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ABSTRACT 

Ovarian cancer is one of the most common gynecologic cancers, with the highest mortality 

rate. It is often diagnosed at an advanced stage when patients already present with metastatic 

disease. In that case, first-line therapies such as debulking surgery and primary chemotherapy 

are often not curative. Poor prognosis and high mortality rate for patients at an advanced stage, 

can be related to extensive intraperitoneal metastasis and chemotherapy resistance. Available 

therapies can prolong progression-free survival but not overall survival, indicating that novel, 

improved therapeutic strategies are needed. It has been shown that treatment effectiveness after 

immunotherapy is directly impacted by tumor antigen-driven responses to weakly immunogenic 

self- and neoantigens. In this study, I have examined the effects of CXCR4-antagonist-armed 

oncolytic virotherapy on innate and adaptive immune responses which lead to tumor control and 

tumor growth, using orthotopically grown ovarian cancer cells expressing SV40 T antigen in 

wild-type and tolerogenic murine models. Mouse models such as antigen-naïve wild-type and 

TgMISIIR-TAg-Low transgenic mice expressing TAg protein in epithelial cells lining fallopian 

tubes under the transcriptional control of the Müllerian inhibiting substance type II receptor 

gene promoter as a self-antigen are a suitable tool for studies aiming to improve understanding 

of T cell biology in the context of the tolerogenic tumor microenvironment.  

Using immunostaining and single-cell RNA sequencing analyses, I have compared 

phenotypic and transcriptomic changes in the peritoneal tumor microenvironment of untreated 

tumors in tolerogenic TgMISIIR-TAg-Low mice and syngeneic wild-type mice with SV40 T 

antigen serving as a neoantigen. The study revealed distinctions in the tumorigenicity of TAg-

expressing MOVCAR 5009 ovarian cancer cells between mouse models. Transgenic TgMISIIR-

TAg-Low mice had poor immune activation, polarized M2 tumor-associated macrophages, and 

immunosuppressive cancer-associated fibroblasts. On the other hand, performed analyses in 

untreated wild-type mice showed the presence of SV40 T antigen-specific CD8+ T cells, 

a balanced M1/M2 transcriptomic signature of tumor-associated macrophages, and 

immunostimulatory cancer-associated fibroblasts. 

Additionally, I have demonstrated that intraperitoneal injection of CXCR4-antagonist-

armed oncolytic vaccinia virus resulted in induction of SV40 T antigen-specific CD8+ T cells 

in both murine models, but their therapeutic efficacy and activation states differed. In tumor 
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microenvironment of OV-CXCR4-A-treated wild-type mice CD8+ T cells had elevated 

expression of genes important in regulating T cell development, differentiation, survival, 

regulation of T cell homeostasis, activation and maintenance of effector cells, and effector 

function of cytotoxic T lymphocytes. However, CD8+ T cells in TgMISIIR-TAg-Low mice 

despite maintaining some of the effector cell gene expression patterns, they expressed genes 

characteristic of dysfunctional tumor-specific T cells. They had an increased expression of genes 

associated with tumor-induced exhaustion and a reduced level of the TCRTag-I tetramer binding 

compared to CD8+ T cells from wild-type mice. Moreover, changes in the transcriptomic 

signature of CD8+ T cells correlated with their functional activities. Functional assays showed 

that CD8+ T cells were less effective in managing tumor growth in transgenic TgMISIIR-TAg-

Low mice and exhibited reduced cytotoxic activity after OV-CXCR4-A treatment compared 

with their counterparts in non-tolerogenic wild-type mice. Further studies on cell depletion 

demonstrated that CD8+ cells were predominantly responsible for the therapeutic impact of 

armed oncolytic virotherapy. OV-CXCR4-A-induced epitope spreading, and TAg-specific 

antigen activation can reprogram unresponsive tumor-specific CD8+ T cells in MOVCAR 5009-

challenged transgenic mice. Moreover, administered viral treatment led to nearly total 

elimination of cancer-associated fibroblasts and M1 polarization of macrophages in transgenic 

mice.  

My observations emphasize the potential of TgMISIIR-TAg-Low murine model in 

preclinical evaluation of ovarian cancer therapeutic agents. The findings showed that, in an 

immunocompetent ovarian cancer model, CXCR4-A-armed oncolytic virotherapy, by targeting 

the immunosuppressive interaction between tumor-associated macrophages and cancer-

associated fibroblasts, induces tumor/self-specific CD8+ T cell responses that participate in 

controlling ovarian tumor growth. This approach significantly increases therapeutic efficacy and 

may hold great potential to improve the outcome of cancer treatment when rationally combined 

with other treatment approaches. 

Keywords: ovarian cancer, immunotherapy, tumor microenvironment, immunological 

tolerance, CXCR4 antagonist, oncolytic vaccinia virus 
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STRESZCZENIE 

Przeprogramowanie mikrośrodowiska guza raka jajnika przy wykorzystaniu 

wirusoterapii onkolitycznej wycelowanej w oś sygnałową CXCL12/CXCR4 

Rak jajnika jest jednym z najczęstszych nowotworów ginekologicznych i charakteryzuje 

się najwyższym wskaźnikiem śmiertelności. Często diagnozuje się go w zaawansowanym 

stopniu, gdy u pacjentów pojawiają się już przerzuty. W takich przypadkach terapie pierwszej 

linii leczenia, takie jak operacyjne usunięcie guza i chemioterapia często są nieskuteczne. 

Niepomyślne rokowanie i wysoki wskaźnik śmiertelności u pacjentów w zaawansowanym 

etapie nowotworzenia mogą być związane z rozległymi przerzutami wewnątrzotrzewnowymi 

i opornością na chemioterapię. Dostępne obecnie leczenie może wydłużyć przeżycie wolne od 

progresji, ale nie wpływa na ogólną przeżywalność, co wskazuje, że są potrzebne nowe, 

ulepszone strategie terapeutyczne. Skuteczność leczenia metodą immunoterapii jest 

bezpośrednio uzależniona od odpowiedzi immunologicznej na słabo immunogenne antygeny 

nowotworowe, zarówno własne jak i neoantygeny. W tej pracy zbadałam wpływ onkolitycznej 

wirusoterapii, z wykorzystaniem rekombinowanego wirusa krowianki wykazującego ekspresję 

antagonisty receptora CXCR4, na nabytą i wrodzoną odpowiedź układu odpornościowego, co 

w efekcie doprowadziło do kontroli wzrostu guza. Badania przeprowadziłam używając 

ortotopowo rosnące komórki raka jajnika wykazujące ekspresję dużego antygenu T SV40 

w tolerogennych i dzikich myszach. Mysie modele, takie jak antygenowo-naiwne myszy 

dzikiego typu i transgeniczne myszy TgMISIIR-TAg-Low wykazujące ekspresję antygenu T 

SV40 w komórkach nabłonka wyścielającego jajowody pod kontrolą promotora genu receptora 

typu II czynnika hamującego rozwój przewodów Müllera jako własny, są odpowiednie do badań 

mających na celu zwiększenie zrozumienia biologii limfocytów T w kontekście tolerogennego 

mikrośrodowiska nowotworowego. 

Przy użyciu techniki barwienia immunologicznego oraz sekwencjonowania RNA na 

poziomie pojedynczej komórki porównałam zmiany fenotypowe i transkryptomiczne 

w otrzewnowym mikrośrodowisku nowotworowym nieleczonych guzów u tolerogennych 

myszy TgMISIIR-TAg-Low. Równolegle te same analizy zostały wykonane u myszy dzikiego 

typu dla których antygen T SV40 pełnił funkcję neoantygenu. Badania wykazały różnice 

w tumorogenności komórek raka jajnika MOVCAR 5009, które wykazują ekspresję antygenu 
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T SV40, pomiędzy dwoma modelami myszy. Myszy transgeniczne TgMISIIR-TAg-Low 

charakteryzowały się słabą aktywacją immunologiczną i obecnością związanych z nowotworem 

makrofagów (TAM) spolaryzowanych w kierunku typu M2 oraz fibroblastów związanych 

z nowotworem (CAF) wykazujących właściwości immunosupresyjne. Natomiast analizy 

przeprowadzone na myszach dzikiego typu, niepoddanych żadnej terapii, wykazały obecność 

limfocytów T CD8+ skierowanych przeciwko antygenowi T SV40, zrównoważoną M1/M2 

transkryptomiczną sygnaturę makrofagów oraz obecność fibroblastów o właściwościach 

immunostymulujących. 

Dodatkowo wykazałam, że dootrzewnowe podanie rekombinowanego wirusa krowianki 

wykazującego ekspresję antagonisty receptora CXCR4 prowadzi do indukcji limfocytów T 

CD8+ skierowanych przeciwko antygenowi T SV40 w obu modelach myszy, ale ich skuteczność 

terapeutyczna i stan aktywacji jest odmienny. W mikrośrodowisku guza u myszy dzikiego typu 

poddanych wirusoterapii OV-CXCR4-A, limfocyty T CD8+ wykazywały podwyższoną 

ekspresję genów ważnych dla regulacji rozwoju, różnicowania i przeżycia limfocytów T, 

regulacji ich homeostazy, aktywacji i utrzymania komórek efektorowych oraz funkcji 

efektorowych limfocytów T cytotoksycznych. Jednakże limfocyty T CD8+ u myszy TgMISIIR-

TAg-Low, mimo że zachowały częściowo ekspresję genów komórek efektorowych, 

wykazywały cechy dysfunkcyjnych limfocytów skierowanych przeciwko komórkom 

nowotworowym. Miały one zwiększoną ekspresję genów związanych z „wyczerpaniem” 

indukowanym przez guza oraz mniejsze wiązanie tetrameru TCRTag-I w porównaniu 

z limfocytami T CD8+ pochodzącymi od myszy typu dzikiego. Ponadto zmiany w sygnaturze 

transkryptomicznej limfocytów T CD8+ odpowiadały ich zmienionym właściwościom 

funkcjonalnym. Testy funkcjonalne wykazały, że limfocyty T CD8+ były mniej skuteczne 

w hamowaniu wzrostu guza u myszy TgMISIIR-TAg-Low i wykazywały zmniejszoną 

aktywność cytotoksyczną po terapii OV-CXCR4-A w porównaniu z ich odpowiednikami 

u myszy typu dzikiego. Dalsze badania polegające na usunięciu limfocytów T CD8+ lub CD4+ 

wykazały, że to limfocyty T CD8+ były głównie odpowiedzialne za terapeutyczny wpływ 

zastosowanej wirusowej terapii onkologicznej. Rozprzestrzenianie się antygenów powodowane 

wirusoterpią OV-CXCR4-A oraz aktywacja antygenu T SV40 mogą przeprogramować 

niewrażliwe limfocyty T CD8+ skierowane przeciwko komórkom nowotworowym u myszy 

TgMISIIR-TAg-Low. Ponadto zastosowana terapia wirusowa doprowadziła do niemal 
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całkowitej eliminacji fibroblastów oraz polaryzacji makrofagów w kierunku typu M1 u myszy 

transgenicznych. 

Moje obserwacje podkreślają potencjał modelu mysiego TgMISIIR-TAg-Low 

w przedklinicznej ocenie leków w terapii onkologicznej raka jajnika. Uzyskane wyniki 

pokazały, że u immunokompetentnych myszy obarczonych rakiem jajnika, terapia oparta na 

rekombinowanym wirusie krowianki wykazującym ekspresję antagonisty receptora CXCR4, 

poprzez celowanie w immunosupresyjne interakcje pomiędzy makrofagami a fibroblastami, 

wywołuje odpowiedzi CD8+ limfocytów T, które uczestniczą w kontroli wzrostu guza jajnika. 

Ta metoda znacznie zwiększa skuteczność terapeutyczną i może prowadzić do nowych, 

skutecznych interwencji immunoterapeutycznych. 

Słowa kluczowe: rak jajnika, immunoterapia, mikrośrodowisko guza, tolerancja 

immunologiczna, antagonista receptora CXCR4, onkolityczny wirus krowianki 
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1. INTRODUCTION 

1.1 Ovarian cancer 

Ovarian cancer (OC) is classified in epithelial and non-epithelial subtypes. They vary not 

only in their origin, but also in risk factors, molecular profile, pathogenesis, and medical 

prognosis. Ovarian cancer may occur at any age, but it is infrequent in women under 40 years. 

In this age group non-epithelial germ cell tumors are the most common. Above that age, more 

than 90% are epithelial ovarian cancer (EOC). This is the most common type of ovarian cancer 

and the leading cause of death in gynecological malignancies. Incidence of ovarian cancer can 

differ significantly by race and ethnicity [1,2]. The highest incidence of OC is reported in high-

income level countries in Central and Eastern Europe, followed by Northern Europe, Polynesia, 

and North America, whereas the lowest incidence is found in Central Africa. In 2020 313,959 

new cases of OC were reported, with a global incidence rate 6.6 per 100,000. That year age-

standardized rate (ASR) mortality reached 4.2 per 100,000 [3].  

The International Federation of Gynecology and Obstetrics (FIGO) staging system defines 

four ovarian cancer stages: Stage I when tumors are confined to ovaries or fallopian tubes, Stage 

II when tumors involve one or both ovaries with pelvic extension or primary peritoneal cancer, 

Stage III where tumor involves one or both ovaries with intraperitoneal metastases outside the 

pelvis and/or metastasis to the retroperitoneal lymph nodes. Finally, Stage IV includes distant 

metastasis out of peritoneal implants [2]. Ovarian cancer is often diagnosed at an advanced stage 

when patients already present with metastatic disease. In that case, first-line therapies such as 

debulking surgery and primary chemotherapy are often not curative. Poor prognosis and high 

mortality rate for patients at an advanced stage, with a 5-year survival rate of only 17%, can be 

related to extensive intraperitoneal metastasis and chemotherapy resistance [4,5].  

1.1.1 Treatment strategies 

Surgery in conjunction with platinum-based chemotherapy is the primary treatment for 

ovarian cancer patients. They effectively induce remission, however for most women the disease 

is recurrent and therapy-resistant. Surgical debulking is performed to remove all visible sites of 

disease but recurrence rates are very high and may vary by the stage. Probability of recurrence 

within two years of diagnosis for Stages III and IV reaches 70-75%. Platinum sensitive patients 
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are defined when the disease recur after 6 months from the last platinum dose, and they usually 

respond to platinum-based doublet retreatment. Platinum resistant patients recur within 

6 months from the last dose and the treatment for these patients typically requires second-line 

cytotoxic chemotherapies, including pegylated liposomal doxorubicin, topotecan, gemcitabine, 

paclitaxel, or experimental therapy. Aforementioned therapies can be administered alone or in 

combination with bevacizumab, humanized monoclonal antibody that inhibits VEGF-A. 

A median overall survival (OS) for platinum-resistant ovarian cancer patients is less than 

16 months [6,7]. Available therapies can prolong progression-free survival (PFS) but not overall 

survival, indicating that novel, improved therapeutic strategies are needed. 

1.2 Vaccinia virus 

Vaccinia virus (VV) is a large, enveloped member of the poxvirus family, closely related 

to cowpox virus. It has linear, double-stranded DNA genome with harpin loop at each end, 

encoding approximately 200 genes. It replicates within the cytoplasm of the infected cell, 

outside of the nucleus. Large genome is crucial for encoding all agents, such as DNA-dependent 

RNA polymerase, transcription factors, poly(A) polymerase and various enzymes involved in 

viral replication and gene transcription, so VV can synthesize translatable mRNAs 

independently from the host cell. Vaccinia virus produces four types of infectious particles, and 

majority of them are of the intracellular form. Particles differ mainly in their outer membranes. 

Intracellular mature virions (IMV) and the intracellular enveloped virions (IEV) have a single 

lipid bilayer envelope and are mostly located inside the infected cell until its lysis. Two other 

forms are cell-associated enveloped virions (CEV) and the extracellular enveloped virions 

(EEV) with an extra lipid bilayer and perform budding from the host cell without lysis. Large 

transgenes can be efficiently inserted into VV genome using standard techniques to manipulate 

genetic material. Moreover, VV can be easily produced to high titers and its particles are stable 

without infectivity loss for prolonged periods of time. Therefore, vaccinia virus is a very 

attractive research tool and is used for the treatment of many diseases, especially cancer. Its 

highly immunogenic nature, which produces a strong cytotoxic T lymphocyte (CTL) response 

is crucial for its continued use in immunotherapy [8,9]. 

Vaccinia virus can be used for cancer therapy in different ways. It can serve as a gene 

delivery vector, because of its high infectivity, efficient gene expression and can hold up to 
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25 kb of foreign DNA. VV has been shown to efficiently infect tumor cells directly lysing them, 

therefore it is a safe and effective agent in ovarian cancer treatment. Lastly, VV can be used as 

a cancer vaccine to induce anticancer immunity. Furthermore, cytoplasmic replication of the 

virus lowers the chance of recombination or integration of viral DNA into recipient cells, 

positively impacting its safety. There are many vaccinia virus strains that induce different 

immune responses in vivo. They were given different names, reflecting the locality or health 

agency in which the virus was propagated [10]. 

1.2.1 Oncolytic vaccinia virus 

Oncolytic potential depends on the vaccinia virus strain. Western Reserve strain, derived 

from Wyeth strain through passaging in mice, has the strongest oncolytic effect and high tumor 

selectivity. The antitumor effect can be achieved through different mechanisms of action. One 

of them is rapid, direct lysis of infected tumor cells, caused by viral replication process. The 

first viral particles are secreted from cells within 8 hours and infected cells are destroyed 48 to 

72 hours after infection, releasing 10,000 new virions. The other mechanism is immune-

mediated cell death induction. Because of the highly destructive nature of this virus, after cell 

destruction, cellular agents are released at the site of infection, such as damage-associated 

molecular pattern molecules (DAMPs), viral danger signals (pathogen-associated molecular 

pattern molecules, PAMPs) as well as tumor-associated antigens. Lastly, oncolytic vaccinia 

virus (OVV) has been shown to induce vascular collapse within tumors. VV strains are capable 

of infecting tumor vascular endothelial cells, after intravenous delivery [11]. 

High tumor selectivity is based on the natural biology of the viruses. What is important, 

viral biology, genetic engineering and modifications can be utilized to further enhance tumor 

selectivity. It has been shown that oncolytic viruses naturally target cancers overexpressing 

molecules such as DNA repair enzymes or anti-apoptotic proteins, that tend to make tumor cells 

therapy resistant. Different genetic engineering approaches have been used not only to increase 

cancer tissue specific replication of the viruses, but also to augment the therapeutic effects by 

arming them with therapeutic transgenes. The products of these transgenes can include 

cytokines to help overcome immunosuppressive tumor microenvironment, anti-angiogenic 

agents targeting the vasculature endothelial growth factor (VEGF) to lower blood vessel 

densities within the tumor tissue, or enzymes for gene-directed enzyme prodrug therapy to 
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selectively activate prodrugs within the tumor [12]. Schematic representation of tumor-selective 

viral replication and oncolysis is presented in Figure 1.  

Figure 1. Schematic representation of armed oncolytic virus’s mechanism of action. Presented steps: 

infection, viral replication and transgene production (marked in blue), cell lysis, transgene product and 

virus release and spread within tumor tissue but not normal cells. Reproduced from [13]. 

Increased tumor selectivity can be achieved, among others, through the deletion of the 

thymidine kinase (TK) gene, which is involved in deoxyribonucleotides synthesis. Cellular 

thymidine kinase, regulated by the E2F transcription factors, is only induced during DNA 

replication in normal cells and low level of TK protein in the cytoplasm is not sufficient to 

support viral replication. Nonetheless, TK is constitutively expressed at high levels in most 

cancers regardless of proliferation status. Because normal cells have generally low nucleotide 

content, deletion of TK in VV genome leads to dependence of the virus on cellular thymidine 

kinase expression and limits viral replication to nucleotide rich cancer cells. Another approach 

to strengthen tumor selectivity is to remove vaccinia growth factor (VGF) from its genome. 

Vaccinia virus encodes two copies of VGF, an EGF homologue functioning as mitogen by 

binding epidermal growth factor receptor (EGFR) on both infected and surrounding non-

infected cells, inducing proliferation. VGF is produced and secreted at early phase of viral 

infection and deletion of the this gene dramatically diminishes viral replication in resting cells 

[14]. Moreover, it was reported that the effect of deleting TK and VGF genes was 

synergistic [15]. 
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1.3 Chemokine receptors as therapeutic targets 

Chemokines (or chemotactic cytokines) are a large family of small (8-10 kDa) cytokines or 

signaling proteins. Most chemokines have four cysteine residues, which stabilize the tertiary 

structure of the protein. Based on the number and spacing of their N-terminal cysteine residues, 

chemokines are classified into four subfamilies: CXC, CC, CX3C and C. In the largest groups, 

CXC and CC, the first two cysteines are separated by one amino acid (aa) residue (CXC motif) 

or are adjacent (CC motif). CX3C motif has three intervening aa between the first two cysteine 

residues, whereas C chemokines have only one N-terminal cysteine. Chemokines regulate 

various biological processes, such as migration of different cell types, regulate leukocyte 

trafficking, maturation, cytoskeletal rearrangement, and angiogenesis [16]. 

Chemokine receptors belong to a class A (also known as rhodopsin-like receptors) of 

G protein-coupled receptors (GPCRs) superfamily characterized by seven transmembrane 

α-helix domains. To date, 19 conventional chemokine receptors (cCKRs) and four atypical 

chemokine receptors (ACKRs) have been characterized in humans. Chemokine receptors are 

classified based on the type of their ligands, for example, CXC receptors bind only CXC ligands, 

etc. Intracellular signaling by chemokine receptors is dependent on neighboring G-proteins, 

which exist as heterotrimer composed of α, β and γ distinct subunits. G-protein is in the 

inactivated state when bound to guanosine-5'-diphosphate (GDP). Following interaction with 

their specific chemokine ligand, the activation signal allows the exchange of GDP for another 

molecule guanosine-5'-triphosphate (GTP) at the Gα subunit, leading to dissociation from the 

Gβγ dimer. Different G protein subunits transduce downstream signaling contributing to cell 

survival, cell proliferation, chemotaxis and gene transcription [17]. 

Chemokine system plays a significant role in various biological functions and pathology, 

therefore the chemokine ligand-receptor interactions have been the focus of targeted therapy.  

1.3.1 CXCL12 ligand 

CXCL12, also known as stromal cell-derived factor 1 (SDF-1), is a homeostatic chemokine 

protein ubiquitously expressed in many cell types and organs such as liver, thymus, lung, brain, 

kidney, lymph nodes, heart, colon, and bone marrow by stromal fibroblasts, vascular endothelial 

cells, and osteoblasts. CXCL12 is produced in two forms, CXCL12a and CXCL12b, 
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by alternative splicing. It is essential during development and critical for the homeostatic 

regulation of leukocyte trafficking and tissue regeneration. CXCL12 directs the migration of 

hematopoietic cells from fetal liver to bone marrow and the formation of large blood vessels. It 

is expressed in hypoxic and pro-angiogenic conditions and intratumoral hypoxia induces 

CXCL12 secretion by cancer-associated fibroblasts (CAFs) [18]. 

1.3.2 CXCR4 receptor 

The chemokine system is highly promiscuous as several chemokines can bind to the same 

receptor and some chemokine receptors can interact with multiple ligands. The chemokine 

receptor 4 (CXCR4) is unique in that as it exclusively interacts with the endogenous ligand 

CXCL12. CXCR4, also known as fusin and CD184, is a G-protein coupled receptor widely 

expressed by most cells, including endothelial mature and precursor cell, pericytes, neuron and 

stem cells. Its downstream signaling pathways lead to altered gene expression, migration, 

survival, and proliferation. During the metastatic process of tumorigenesis, aforementioned 

pathways are utilized, where tumor cells expressing CXCR4 are chemotactically attracted to 

organs that have high levels of CXCL12 [19]. There is an evidence that CXCR4 overexpression 

is present in many human tumor types, such as ovarian and breast cancer [20-23]. Additionally, 

there is a correlation between CXCR4 overexpression, increased tumor aggressiveness, and 

a higher likelihood of recurrence [24-26].  

1.3.3 CXCL12/CXCR4 signaling pathway 

It has been shown that CXCL12-CXCR4 interaction activates several signaling pathways, 

including mammalian target of rapamycin (mTOR), phosphoinositide-3 kinase/protein kinase B 

(PI3K/AKT) and nuclear factor kappa light chain enhancer of activated B cells (NF-κB). 

Initiation of those pathways can lead to diverse responses such as chemotaxis, cell survival, 

proliferation, an increase in intracellular calcium levels, and transcription of different genes 

[27]. After binding of CXCL12 chemokine to CXCR4, GDP is exchanged for GTP, and the 

heterotrimeric G protein (Gαβγ) dissociates into Gαi subunit and Gβ/Gγ dimer. The dissociated 

Gβ/Gγ subunit activates phospholipase C (PLC). PLC catalyzes the hydrolysis of 

phosphatidylinositol (4,5)-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol (1,4,5)- 

trisphosphate (IP3), which increases intracellular calcium. DAG activates protein 

kinase C (PKC), which together with intracellular free calcium activates mitogen-activated 
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protein kinase (MAPK) pathway contributing to chemotaxis. Either the Gβ/Gγ dimer or the Gαi 

subunit can activate PI3K, which can activate serine-threonine kinase AKT, thus stimulating the 

downstream transcription nuclear factor NF-κB and mTOR pathways, which play key roles in 

tumor cell survival and proliferation. The Gαi subunit also decreases cyclic adenosine 

monophosphate (cAMP) by inhibiting adenylate cyclase (AC) [28]. Adenylyl cyclase when 

activated elevates cAMP levels and triggers the downstream cAMP-dependent protein kinase A 

(PKA). Under most circumstances increased cAMP inhibits proliferation and can also stimulate 

apoptosis [29,30]. In result, cAMP suppression is a critical growth-promoting event downstream 

of CXCR4 activation [31]. Aforementioned pathways are shown schematically in Figure 2. 

 

 

Figure 2. Selected pathways 

involved in CXCL12-CXCR4 

signaling. Binding of CXCL12 

chemokine to chemokine receptor 

CXCR4, activates downstream 

signaling through G proteins. 

Dissociation of the Gαβγ protein 

complex activates PI3K-AKT-

NFκB/mTOR and MAPK 

signaling pathways, thereby 

promoting cell survival, 

proliferation, migration and 

metastasis in tumors. CXCL12 

binding to CXCR4 results in 

inhibition of AC. 

 

CXCL12/CXCR4 signaling pathway plays a crucial role in promoting metastasis by many 

solid tumor types. Activation of this pathway upregulates VEGF expression, a critical mediator 

of angiogenesis and tumor proliferation, at both mRNA and protein level via PI3K/AKT 

pathway activation [32]. Induction of migration of ovarian cancer cells and invasion through the 

extracellular matrix, plays a central role in the progression of epithelial ovarian cancer. 

CXCL12/CXCR4 expression can be correlated with prognosis and survival rates. High 

expression of CXCR4 and CXCL12 was shown to be significantly associated with liver and 
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lymphatic metastasis [33] and low overall and disease-free survival rates [34,35]. Therefore, 

CXCL12/CXCR4 has the potential to serve as an independent predictor of poor survival 

outcomes in cancer patients [24,36]. 

1.4 Tumor microenvironment 

Within the tumor microenvironment we can distinguish cellular and non-cellular parts. 

Stromal cells that form cellular part can include pericytes, cancer cells, cancer stem cells, 

cancer-associated fibroblasts (CAFs), endothelial cells (ECs) and immune cells. On the other 

hand, extracellular matrix (ECM) creates non-cellular part and consists of chemokines, 

inflammatory cytokines, integrins, matrix metalloproteinases (MMPs) and other secreted 

molecules. The interaction between cancer cells and their microenvironment is extremely 

dynamic and can be influenced by the release of extracellular paracrine signals such as 

cytokines, chemokines or DAMPs promoting for example peripheral immune tolerance or tumor 

angiogenesis [37]. The consequence of such an intensive crosstalks is often reflected in tumor 

maintenance, poor response to therapy and multi-drug resistance (MDR). The tumor 

microenvironment within the peritoneal cavity is a major component determining peritoneal 

metastasis and plays a pivotal role in prognosis and progression of ovarian cancer. Several 

specific types of immune cells have been identified to play crucial roles in tumor 

microenvironment. 

1.4.1 Myeloid cells 

Myeloid cells are the main cell branches generated during hematopoiesis from 

hematopoietic stem cells (HSC) in bone marrow. HSCs have both self-renewal potential and 

multipotency to generate all the blood cells, that be categorized into myeloid or lymphoid 

lineage. These two lineages can be distinguished at the oligopotent progenitor level: common 

myeloid progenitor (CMP) and common lymphoid progenitor (CLP). CMPs can give rise to 

different myeloid cell types such as erythrocytes, megakaryocytes, mast cells, granulocytes and 

monoblasts, which serve as progenitors for macrophages and monocytes. Dendritic cells (DCs) 

are not clearly grouped either in lymphoid or myeloid lineage, as they can be derived from either 

CMPs or CLPs [38]. Myeloid cells are key players of the innate immune system. Among many 

of their functions we can distinguish first response to inflammation by neutrophils, maintenance 

and defense of host tissues by macrophages, processing and presenting antigens by dendritic 
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cells, homeostasis and wound healing by platelets. Myeloid cells play an important role in 

cancer-cell recognition, initiation of inflammation and antitumor responses. However, they can 

also lead to chronic cancer-associated inflammation by promoting local inflammation [39,40]. 

Myeloid cells are the most abundant cell population infiltrating the tumor microenvironment, 

therefore, are important modulators of anticancer therapies, hence functional activities of those 

cells in tumors are raising increasing interest.  

Heterogeneous group of immature myeloid cells, that was found in pathological settings 

with Gr-1+CD11b+ signature, have immunosuppressive potential and is characterized as pro-

tumorigenic [41]. In 2007 Gabrilovich et al. [42] proposed the term myeloid-derived suppressor 

cells (MDSCs) to describe them. This term has been subdivided to distinguish the differences 

between granulocyte-like MDSCs (G-MDSCs) versus monocyte-like MDSCs (M-MDSCs). 

Predominantly, mouse G-MDSCs have been described as CD11b+ Ly6G+ Ly6Clow and 

M-MDSCs as CD11b+ Ly6G- Ly6C+. Immune suppression of both the innate and adaptive 

responses distinguish MDSCs from other myeloid cell populations, despite their morphological 

and phenotypical similarities to neutrophils and monocytes. MDSCs lower antitumor immune 

responses by inhibition of T cell proliferation, cytokine secretion and regulatory T cells 

recruitment. In the context of cancer, MDSCs are produced abnormally, recruited to tumor 

microenvironment and contribute to tumor angiogenesis and metastasis. Elevated levels of 

MDSCs correlate with poor prognosis, shortened relapse-free and overall survival [43]. 

1.4.2 Tumor-associated macrophages 

Macrophages are myeloid cells that are essential members of the innate immune response 

and play important role in the tissue development, homeostasis, immune surveillance and the 

tumor microenvironment. Macrophages are highly heterogeneous and have different biological 

functions such as phagocytosis, exogenous antigen presentation and immunomodulation 

through cytokine and growth factor secretion. Multiple populations of macrophages are known 

to be present within the same microenvironment and each phenotype has a distinctive 

combination of expressing receptors, secreting chemokines and cytokines. In response to variety 

of microenvironmental stimuli, such as different cytokines, macrophages may present reversible 

changes in their functional phenotypes and distribution. Macrophages infiltration can be 
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mediated by the cytokines colony-stimulating factor 1, vascular endothelial growth factor and 

selected chemokines [44].  

Tumor-associated macrophages (TAMs) can be derived from resident macrophages or 

peripheral blood monocytes that infiltrates into solid tumor tissues. It is proposed to classify 

TAMs into anti-tumor M1 (classically activated) and pro-tumor M2 (alternatively activated) 

types. Those two major phenotypes can be activated under different conditions. When 

stimulated with interferon-gamma (IFN-γ), bacterial lipopolysaccharide (LPS) or granulocyte-

macrophage-colony-stimulating factor (GM-CSF), monocytes differentiate into M1 

macrophages [45]. M1 macrophages promote antitumor immune responses secreting 

proinflammatory cytokines and chemokines. However, stimulation with cytokines, including 

IL-4, IL-10, and IL-13 differentiates monocytes into M2 macrophages that mainly promote 

tumor progression [46]. TAMs can be defined as CD45+, CD11b+ and F4/80+ cells [47]. 

However, expression of major histocompatibility complex class II (MHCII) antigen can be used 

to distinguish M1-like from M2-like macrophages, as lack of MHCII is often associated with 

M2 immunosuppressive phenotype [48].  

TAMs are abundant in the ovarian cancer microenvironment and are usually associated 

with tumor invasion, metastasis and angiogenesis, therefore, can affect the prognosis of patients. 

TAMs secrete epidermal growth factor (EGF) in large amounts, which activate EGFR on 

ovarian cancer cells. This results in upregulated integrin, ICAM-1 and VEGF/VEGFR signaling 

pathways, creating a positive autocrine feedback loop that promotes aforementioned invasion, 

proliferation and migration [49]. M1 infiltration in tumors is associated with a good prognosis 

in some cancers [50]. Compared with patients with benign OC, the proportion of M2 

macrophage infiltration is significantly increased in peritoneal metastases. M2 TAMs can inhibit 

the proliferation of T cells, take part in tissue repair, ECM remodeling and angiogenesis, which 

are strictly involved in tumor progression. In addition to regulating the metastasis of ovarian 

cancer, TAMs are involved in chemoresistance. By secretion of a variety of cytokines, 

chemokines, enzymes, and exosomes containing microRNAs that can, for example, upregulate 

and activate different signal transducers, they trigger in tumor cells pro-survival signaling 

pathways [51]. Recognition of TAMs’ involvement in tumor progression and chemoresistance 

has provided opportunity to develop many successful therapies for ovarian cancer. 
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1.4.3 Lymphocytes 

Lymphocytes are the major component of the tumor microenvironment, include 

B lymphocytes and T lymphocytes and mediate innate and adaptive immune response, 

respectively. T cells originate from bone marrow hematopoietic stem cells and migrate for 

maturation to thymus. T lymphocytes are important in the process of tumor cells elimination. 

Mature T cells, due to exclusive expression of CD4 and CD8 markers, are categorized into three 

main cellular subtypes: CD3+CD8+ effector cells, CD3+CD4+ helper cells and CD4+ Treg cells 

[52]. Through T-cell receptors naïve CD8+ T cells interact with antigen-presenting cells, and 

followed by a specific co-stimulatory signals, activated CD8+ T cells differentiate into IL-2 

dependent and highly cytotoxic effector CD8+ T cells. Cytotoxic CD8+ T cells have long been 

recognized as important mediators of tumor protection, because of their cytotoxic functions and 

ability to clonally expand. However, their presence is not sufficient for tumor rejection [53]. 

Enhancements in the cytotoxic activity of tumor antigen-specific cytotoxic T cells in the tumor 

microenvironment are crucial for the development of cancer immunotherapy. CD4+ T helper 

cells are very important regulators in TME, mainly through the activation of CD8+ T cells and 

macrophages [54]. Upon recognition of an antigen and receiving appropriate co-stimulation, 

naïve T helper cells become activated and undergo clonal expansion. The differentiation of 

subtypes of effector T helper cells is determined by the specific cytokines release. These 

subtypes have different functions, as they can mediate both anti- and pro-tumorigenic responses. 

CD4+ TH1 helper cells producing interferon gamma and CD8+ cytotoxic cells are the key players 

against tumor cells. Other subtypes of CD4+ cells in conjunction with different cell types, 

including MDSCs or TAMs, can have pro-tumorigenic properties that together with secreted 

factors inhibit anti-tumor innate and adaptive immune responses, promoting tumor growth and 

progression [55]. 

The balance between antitumor effector T cells and Tregs may be critical in determining 

the outcome of immune responses within tumors. A high CD8/CD4 ratio in tumor 

microenvironment correlates with improved outcome in ovarian cancer patients, while higher 

infiltration of highly suppressive CD4+CD25+FOXP3+ Tregs is associated with worse clinical 

outcomes and reduced long-term survival. The infiltration of Tregs into a tumor can reduce the 

amount or response of cytotoxic cells in the tumor microenvironment and allow cancerous cells 

to escape destruction by the immune system [56,57]. 
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1.4.4 Cancer-associated fibroblasts 

Cancer associated fibroblasts (CAFs) originate from activated fibroblasts with 

a mesenchymal cell lineage in local tissues. They are one of the key components of the tumor 

microenvironment influencing tumor cell growth and invasion, by secretion of cytokines 

promoting the epithelial-mesenchymal transition of tumor cells. They participate, among others, 

in immune regulation, angiogenesis, ECM remodeling and metabolic responses. CAFs as well 

as activated fibroblasts are known to be very heterogeneous, displaying different expression 

patterns. They have an elongated spindle morphology but lack markers that are exclusively 

expressed on their surface. To distinguish CAFs populations, a combination of different 

morphological features and biomarkers is required [58,59]. Many biomarkers have been 

proposed to isolate CAFs, including mesenchymal biomarkers such as fibroblast activation 

protein (FAP), Thy1 (CD90), integrin alpha 5 (CD49e), podoplanin (PDPN), alpha-smooth 

muscle actin (α-SMA), vimentin (VIM) and platelet-derived growth factor alpha (PDGF-α), but 

they lack non-mesenchymal biomarkers [60,61]. Abundance and phenotype of CAFs may vary 

in different tumors. It has been shown that pre-existing CAFs are associated with 

immunotherapy outcome in melanoma. Thy1+CAFs and FAP+CAFs were significantly 

positively correlated with progression-free survival and overall survival, whereas that of 

SMA+CAFs was negatively correlated with the prognosis of patients receiving programmed cell 

death protein 1 (PD-1) immunotherapy [62]. Cancer-associated fibroblasts can affect tumor 

initiation, progression and therapeutic resistance. Transformation of peritoneal fibroblasts into 

CAFs is one of the important causes of peritoneal metastasis of ovarian cancer. With the rapid 

development of personalized medicine and immunology, CAFs have become a promising target 

in tumor immunotherapy and targeted therapy [63]. 

The cross-talk between CAFs and TAMs is a dynamic state capable of altering each other’s 

functions. In addition, both CAFs and TAMs are in a reciprocal communication with the nearby 

tumor cells and the interplay between cancer cells, immune cells, CAFs and TAMs is very 

complex. CAFs may increase monocyte recruitment and differentiation into TAMs. Also, 

podoplanin+ CAFs were reported to be associated with CD204+ TAM infiltration in lung 

squamous cell carcinoma and lung adenocarcinoma. Different studies showed that CAFs 

isolated from human invasive breast cancer facilitated the differentiation of monocytes into M2 

pro-tumoral macrophages, in contrast to normal breast-derived fibroblasts. Interestingly, M2 
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type TAMs can activate CAFs and reciprocally, CAFs can play its part in M1 to M2 macrophage 

switch in the tumor microenvironment and thus help in tumor progression. CAFs produce high 

amounts of CXCL12 and CXCL14, which can promote monocyte recruitment and polarization 

into M2 macrophages [64-66]. Those finding stress the pivotal role of CXCL12/CXCR4 axis in 

the progression of many cancers. 

1.5 Immunological tolerance 

A state of unresponsiveness in which immunocompetent host cannot exert effector 

functions and fails to respond to a specific antigen is called immunological tolerance. It is 

an active antigen-dependent process and applies to many layers of protection provided by the 

immune system to prevent attack against its own tissues and components. Active tolerance also 

prevents inflammatory reactions to many innocuous airborne and food antigens at mucosal 

surfaces. Mechanisms that protect an individual from anti-self immune attacks are collectively 

termed self-tolerance and a failure of the host’s immune system to distinguish self from non-self 

results in autoimmunity, causing destruction of self-cells and organs. Establishing self-tolerance 

is a complicated process and involves both the elimination of immune cells that can react against 

self-antigens and active inhibition of immune responses against self-proteins. While the most 

important form of tolerance is non-reactivity to self-antigens, it is possible to induce tolerance 

to non-self-antigens. In this case form, time and location is important, as depending on how and 

where the same compound is presented to the immune system, it can act as immunogen or 

tolerogen [67,68]. 

There are two types of immunological tolerance: central and peripheral. The first type, 

central tolerance, occurs in the primary lymphoid organs – for T cells in the thymus and for 

B cells in the bone marrow. The mechanism of this process is based on clonal deletion, where 

T or B cell clones that have expressed receptors that recognize self-antigens with high affinity, 

are removed through apoptosis before the cells are allowed to mature. Because some low affinity 

self-reactive lymphocytes find their way into the periphery and secondary lymphoid tissues, 

a second type of tolerance is necessary. Peripheral tolerance ensures that self-reactive T cells 

are deleted or become anergic and can occur through three mechanisms: anergy, cell death or 

immune deviation to a less harmful response by regulatory processes. Anergy occurs when 

T cells are functionally unresponsive to an antigen and it happens when an antigen is presented 
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to T cells without appropriate co-stimulation. A third mechanism for maintaining tolerance, in 

addition to T cell anergy and apoptosis, is through the activity of regulatory T cells (Tregs). 

They can be generated by intermediate affinity to self-antigens encountered in the thymus or 

after induction by antigen in the peripheral tissues. Generation of Tregs requires up-regulation 

of transcription factor Foxp3. Tregs recognize specific self-antigens, and sometimes foreign 

antigens, via TCR interactions and down-regulate immune processes when they engage with 

these antigens in the periphery [69,70]. 

1.5.1 Immune responses to neoantigens 

Tumor neoantigens are immunogenic molecules that are found on the tumor cell surface 

and can be specifically recognized by TCRs in the context of MHC molecules. In recent years, 

emerging evidence has suggested that neoantigens play a pivotal role in tumor-specific T cell-

mediated antitumor immunity. Treatment effectiveness after immunotherapy is directly 

impacted by tumor antigen-driven responses to weakly immunogenic self- and neoantigens. 

Neoantigens are recognized as non-self and activate an immune response that is not subject to 

central and peripheral tolerance. Previous studies showed the importance of tumor-specific 

neoantigens as critical targets of antitumor immune responses [71]. Immune recognition of 

neoantigens has the potential to destroy developing cancers or, when manipulated in the 

appropriate therapeutic manner, promote the immune elimination of growing tumors. It can 

occur via specific T cell responses to neoantigens in tumors with high mutational loads, where 

the immune system recognizes foreign epitopes due to sufficient amount of DNA damage. 

Moreover, neoantigen vaccines are an effective approach for stimulating, enhancing and 

diversifying anti-tumor T cell responses. They are characterized by general safety and are easy 

to manufacture. Many forms of neoantigen-based vaccines are being evaluated in clinical trials, 

including peptide, nucleic acid and dendritic cell vaccines. In addition, neoantigen-based 

adoptive cell therapies have promising clinical outcomes. Highly immunogenic neoantigens are 

excellent targets for therapies that employ genetically engineered tumor-infiltrating 

lymphocytes. Other cancer therapies that use the potential of immune responses to neoantigens 

are antibody-based therapies, checkpoint inhibitor-based immunotherapies such as anti-

PD1/PD-L1/CTLA4 and combinational therapies that integrate therapies with different 

mechanisms of action to overcome the resistance induced by tumor heterogeneity [72]. 
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1.6 Single-cell RNA sequencing 

Ribonucleic acid (RNA) is involved in many biological processes such as cell to cell 

communication, embryonal development, tissue homeostasis and tumor formation, progression 

or metastasis. There are various types of RNA that are essential for cell growth and 

differentiation. Studying the full range of RNA molecules would help in understanding 

development and disease, as well as interpreting the functional elements of the genome. It is 

known that mRNA processing is crucial for gene expression and is constantly altered in cancer. 

Various gene expression profiles may indicate different cancer subtypes, the stage of cancer 

development or tumor microenvironment [73]. 

Because of RNA’s pivotal role in various biological processes, RNA sequencing (RNAseq) 

is a powerful tool for studying molecular mechanisms in tumorigenesis, cancer prevention and 

treatment development. RNAseq, which often refers to a bulk RNAseq, is a technique that 

examines constantly changing cellular complete set of coding and non-coding RNA transcripts, 

known as transcriptome, using next generation sequencing (NGS) to determine the presence and 

the amount of RNA in any biological sample. This sequencing approach relies on an average 

gene expression from a cell population during the time of measurement. Therefore, this 

technique can determine differences between sample conditions. This method allows to study 

the differential gene expression and can reveal any gene fusions, mutations or splicing variants. 

The introduction of high-throughput NGS technologies transformed transcriptomics where 

RNA analysis through cDNA sequencing is possible at the massive scale. 

Single cell RNA sequencing (scRNAseq) has evolved from classic bulk RNA sequencing 

and in 2013 was titled as one of the most anticipated technologies of the year in Nature Methods 

[74] with a follow up nomination in 2019. The introduction of this method has revolutionized 

genomic research and made significant progress since its beginning. scRNAseq research began 

in 2009 with the characterization of cells in their early developmental phases [75]. This 

tremendous progress was driven by the rapid development of computational analysis methods, 

modern technologies and broadening our biological knowledge about cellular heterogeneity and 

its implications for cell functions. ScRNAseq method enables researchers to conduct genome-

wide profiling at the level of individual cell. By studying the fluctuations of gene expression at 

the single-cell level, this technology has given transcriptomics a new life and provided insight 
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into intricate biological processes like cancer and embryogenesis. In the recent years, several 

scRNAseq technologies have been created, such as plate-, microfluidic-, valve- and droplet-

based [76], but all of them have similar basic steps conducting scRNAseq: sample preparation, 

single-cell capture, cell lysis with mRNA preservation, transcription and amplification, library 

preparation, sequencing and analysis.  

The 10X Genomics Chromium single cell RNAseq technology is a rapid droplet-based 

encapsulation of single cells using gel beads in emulsion (GEM) approach. The first step in this 

process is the effective isolation of viable, single cells from the tissue of interest. Next, sample 

multiplexing is performed and each sample is labeled with unique sample tag and then pooled 

together. Next step involves GEM generation. Each functional GEM is formed on a microfluidic 

chip using partitioning oil and contains a single cell, a single Gel Bead with barcoded 

oligonucleotides and reverse transcription reagents. Immediately following GEM generation, 

the Gel Bead is dissolved releasing reaction reagents and lysis of a single cell and barcoded 

reverse transcription of polyadenylated mRNA is performed within each GEM reaction vesicle. 

As a result, all cDNA from a single cell are labeled with the same barcode, allowing to analyze 

and track back the sequencing results to their original single cell. In the next step after 

incubation, GEMs are broken and barcoded cDNA is pooled and separated from post GEM-RT 

reaction mixture. Preparation of NGS libraries is carried out in a highly efficient bulk 

reaction [77]. Described process is shown schematically in Figure 3. 

Figure 3. 10X Genomics Chromium single cell RNAseq. Schematical representation of workflow of 

scRNAseq technology including GEMs and libraries generation, sequencing and analysis steps. 

Reproduced from the current version of the 10x Genomics User Guide (Chromium Single Cell 3' Reagent 

Kits User Guide (v3.1 Chemistry)). 
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2. METHODOLOGY 

2.1 Mice and Ovarian Carcinoma Cell Line 

In this study, six week old female wild-type C57BL/6 mice were purchased from Charles 

River Laboratories (Wilmington, MA, USA). The C57BL/6 TgMISIIR-TAg-Low transgenic 

mice were obtained from Dr. Denise Connolly (Fox Chase Cancer Center, Philadelphia, PA, 

USA) and bred in the Laboratory Animal Resources at Roswell Park Comprehensive Cancer 

Center (Buffalo, NY, USA). To generate these mice, SV40 large T antigen (TAg)-positive male 

transgenic founders were crossed with wild type C57BL/6 mice to produce female offspring 

with low TAg transgene expression without obvious pathology. The C57BL/6 TgMISIIR-TAg-

Low mice express the TAg protein in epithelial cells lining fallopian tubes under the 

transcriptional control of the Müllerian inhibiting substance type II receptor gene promoter and 

have little or no susceptibility to spontaneous tumor development [78]. All animal studies were 

performed following guidelines established by the Institutional Animal Care and Use 

Committee (IACUC) under an approved protocol.  

MOVCAR 5009 is one of the MOVCAR cell lines derived from ascites of C57BL/6 

TgMISIIR-TAg mice expressing a high level of TAg, that recapitulate crucial features of serous 

ovarian carcinoma such as metastatic potential. MOVCAR 5009 murine ovarian carcinoma cell 

line expressing TAg, transduced with a retroviral construct encoding luciferase gene (pWZL-

Luc) for in vivo imagining [78,79], was provided by Dr. Denise Connolly (Fox Chase Cancer 

Center, Philadelphia, PA, USA). This cell line was established from ascites of the spontaneous 

ovarian tumors developed in TgMISIIR-TAg mice, characterized by rapid tumor growth and 

production of voluminous ascites associated with 

expression of VEGF and selected based on 

tumorigenicity in both syngeneic TgMISIIR-TAg-

Low and wild type C57BL/6 mice [80]. Scheme 

of TgMISIIR-TAg-Low mice and MOVCAR 

5009 cell line generation is shown in Figure 4. 

Figure 4. Development of C57BL/6 TgMISIIR-

TAg-Low mice and MOVCAR 5009 cell line. 
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MOVCAR 5009 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, 10-

017-CV, Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS, 35-011-CV, 

Corning, NY, USA), 5 μg/ml gentamicin sulfate (30-005-CR, Corning, NY, USA) and 

maintained at 37°C, 5% CO2 in Thermo Fisher Scientific (Waltham, MA, USA) incubator using 

75 cm2 sterile culture flasks (TL32, Alkali Scientific, Fort Lauderdale, FL, USA). Confluency 

of cells did not exceed 80%. MOVCAR 5009 cells grow as adherent cells, therefore Dulbecco’s 

Phosphate-Buffered Saline (DPBS, 20-031-CV, Corning, NY, USA) and 0.25% trypsin solution 

(25-053-CI, Corning, NY, USA) were used. Aforementioned cell line was authenticated by short 

tandem repeat (STR) profiling in ATCC (Gaithersburg, MA, USA).  

2.2 Vaccinia viruses 

Vaccinia viruses used in this study are of Western Reserve stain with disrupted TK and 

VGF genes for enhanced cancer cell specificity. The generation and characterization of 

oncolytic vaccinia viruses expressing enhanced green fluorescent protein (OV-EGFP) and the 

CXCR4 antagonist in the context of the Fc portion of murine IgG2a (OV-CXCR4-A) have been 

described by Gil et al. [81]. Briefly, vaccinia viruses used in this study were created by 

homologous recombination of EGFP or the CXCR4-A-Fc fusion protein into the TK gene of 

VSC20, VGF deleted vaccinia virus. VSC20, used as a background virus, has the lacZ gene 

inserted into its VGF sites. The expression of EGFP in OV-EGFP infected NXS2 cells was 

confirmed by immunofluorescence microscopy [82,83]. For OV-CXCR4-A generation, mouse 

IgG2a Fc fragments were cloned in-frame with the annealed oligonucleotides 

AAGGGAGTCAGCCTGAGCTACAGA corresponding to the CTCE-9908 peptide, which is 

an analog of CXCL12 that competitively binds to CXCR4. As a result, first eight amino acids 

(KGVSLSYR) of CTCE-9908 were expressed in the 

context of the IgG2a Fc portion with disulfide bonds 

in a hinge region for preservation of its dimeric 

structure (Figure 5). 

Figure 5. CXCR4-A-Fc fusion protein construct. 

First eight amino acids of CTCE-9908 expressed in 

the context of the Fc portion of murine IgG2a with 

disulfide bonds in a hinge region. Adapted from [81]. 
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2.2.1 Vaccinia virus amplification 

Vaccinia viruses were amplified from viral stocks by infection of successively larger 

number of 293 LTV cells. For continuous culture 293 LTV cells were seeded to 75 cm2 sterile 

culture flasks (TL32, Alkali Scientific, Fort Lauderdale, FL, USA) at approximately 2,5 x 106 

cells in 30 ml DMEM (10-017-CV, Corning, NY, USA) supplemented with 5% fetal bovine 

serum (FBS, 35-011-CV, Corning, NY, USA), 50 μg/ml gentamicin sulfate (30-005-CR, 

Corning, NY, USA) and maintained at 37°C, 5% CO2. Cells were passaged after the culture 

reached 90-95% confluency. Monolayer of 293 LTV cells was infected with multiplicity of 

infection (MOI) = 1 in 10 ml of DMEM (10-017-CV, Corning, NY, USA) supplemented with 

2% fetal bovine serum (FBS, 35-011-CV, Corning, NY, USA) and 50 μg/ml gentamicin sulfate 

(30-005-CR, Corning, NY, USA) using original vaccinia virus stock. Cells were incubated at 

37°C, 5% CO2 for 2 hours, with gentle agitation at approximately 15 minutes intervals to achieve 

an evenly spread infection. Infected cells were cultured for 48 hours in a fresh 30 ml DMEM 

(10-017-CV, Corning, NY, USA) supplemented with 2% fetal bovine serum (FBS, 35-011-CV, 

Corning, NY, USA) and 50 μg/ml gentamicin sulfate (30-005-CR, Corning, NY, USA). After 

this incubation time cells were scraped, centrifuged and vaccinia-infected cell pellet was stored 

at -80ºC. For subsequent rounds of infections, infected cell pellets were used instead of viral 

stocks. Freeze-thaw cycling were carried out to release the recombinant virus from the cells. 

Total of 100 viral pellets were collected for purification. 

2.2.2 Vaccinia virus purification 

Vaccinia viruses were purified by zonal sucrose (84097-1KG, Sigma-Aldrich, Saint Louis, 

MO, USA) gradient centrifugation. This method allowed to reduce infected-cell proteins 

contamination and increase the virus titer. Previously collected viral pellets were subject to 

freeze-thaw cycling and homogenized in 10 mM Tris-Cl pH 9.0 using a tight fitting glass 

Dounce homogenizer. Obtained suspension was centrifuged for 5 minutes at 300 x g for nuclei 

removal. Supernatant was sonicated and gently layered on 36% sucrose in 10 mM Tris-Cl pH 

9.0 and centrifuged at 32 900 x g at 4ºC for 80 minutes. Virus pellet was collected, sonicated on 

ice and gently layered on previously prepared continuous sucrose gradient 40%, 36%, 32%, 

28%, 24%. After centrifugation at 26 000 x g for 50 minutes at 4ºC, milky bands containing the 

virus were collected. Aggregated virus that appeared as a pellet at the bottom was sonicated and 



METHODOLOGY 

 

34 

 

rebanded. Virus bands were centrifuged again in 1 mM Tris-Cl pH 9.0 at 32 900 x g for 60 

minutes at 4ºC. Purified virus pellet thus obtained was resuspended in pure DMEM (10-017-

CV, Corning, NY, USA) and used as viral stocks for all experiments. 

2.2.3 Vaccinia virus plaque assay titration 

Plaque assays remain one of the most accurate methods for the direct quantification of 

infectious virions through the counting of discrete plaques in cell culture. A confluent 

monolayer of CV-1 host cells was infected with a serially diluted, to a countable range, purified 

vaccinia virus stock of an unknown concentration. CV-1 cell line exhibits fibroblast morphology 

that was isolated from the kidney of a male adult African green monkey. Cells were seeded at 

5 x 105 in 3 ml Roswell Park Memorial Institute Medium (RPMI, 10-040-CV, Corning, NY, 

USA) on 6-well plates (92006, TPP, Switzerland) and maintained for 24 hours at 37°C, 5% CO2. 

Culture medium was discarded and vaccinia virus serial dilutions in RMPI (10-040-CV, 

Corning, NY, USA) supplemented with 2% fetal bovine serum (FBS, 35-011-CV, Corning, NY, 

USA) were added to wells. Visible plaques were formed within three days. Cellular monolayers 

were counterstained by crystal violent in order to readily identify plaques. Crystal violet 

provided a rapid and distinct counter stain which allowed for the identification of very small 

plaques. A log drop was noted between serial dilutions, distinct plaques counted and 

concentration was calculated. 

2.3 In Vivo Studies 

Mice were injected intraperitoneally with 5 x 106 MOVCAR 5009 cells resuspended in 

sterile 300 µl of Phosphate Buffered Saline (PBS, 20-040-CM, Corning, NY, USA). Ten days 

after tumor challenge, mice were treated intraperitoneally with 5 x 107 plaque-forming units 

(PFU) of OV-EGFP or OV-CXCR4-A and control mice were injected with PBS (20-040-CM, 

Corning, NY, USA). Tumor growth was monitored by bioluminescence imaging. Each mouse 

received 150 mg D-Luciferin (LUCK-1G, GoldBio, St Louis, MO, USA) per kilogram body 

weight. The quantification of bioluminescence signal was determined using IVIS Spectrum In 

Vivo Imaging System (PerkinElmer, Waltham, MA, USA). Average radiance 

(photons/sec/cm2/sr) in the standard region of interest (ROI) was determined using the Living 

Image 4.7.3 Software for IVIS Spectrum.  



METHODOLOGY 

 

35 

 

2.4 Flow Cytometry 

10 days after OV treatment single-cell suspensions were obtained from peritoneal fluids of 

MOVCAR 5009-bearing mice for flow cytometry analysis. ACK Lysing Buffer (118-156-101, 

Quality Biological, Gaithersburg, MD, USA) was used for red blood cells lysis prior to 

incubation with anti-mouse CD16/CD32 Fc blocker (553142, BD Biosciences, San Jose, CA, 

USA) for 20 min at 4°C. Next, cells were stained with selected cell surface markers. For 

intracellular assays, the Transcription Factor Buffer Set (562574, BD Biosciences, San Jose, 

CA, USA) was used according to the manufacturer’s recommendation. All fluorochrome-

conjugated antibodies were purchased from BD Biosciences (San Jose, CA, USA), BioLegend 

(San Diego, CA, USA), Thermo Fisher Scientific (Waltham, MA, USA) or Sigma-Aldrich 

(Saint Louis, MO, USA), as detailed in Table 1. The TAg-Db/SAINNYAQKL tetramer 

conjugated to PE was obtained from MBL International Corporation (Woburn, MA, USA) and 

B8R-Kb/TSYKFESV tetramer conjugated to PE was purchased from Baylor College of 

Medicine (Houston, TX, USA). All samples were analyzed on the LSR Fortessa flow cytometer 

(BD Biosciences, San Jose, CA, USA) and data analysis was performed using WinList 3D 9.0.1 

(Verity Software House, Topsham, ME, USA). During the analysis doublets were excluded 

using forward scatter-height (FSC-H) vs forward scatter-area (FSC-A), followed by exclusion 

of dead cells stained with LIVE/DEAD Fixable Aqua Dead Cell Stain (L34957, Invitrogen, 

Waltham, MA, USA). 

Table 1. Antibodies used in flow cytometry analysis. 

Antibody Clone Catalog Number Source 

Extracellular staining 

CD8α-V450 53-6.7 560471 BD Biosciences 

CD3-Alexa Fluor 700 17A2 561388 BD Biosciences 

CD38-FITC Ab90 558813 BD Biosciences 

CD101-Ax647 307707 564473 BD Biosciences 

CD45-PerCP-Cy5.5 30-F11 550994 BD Biosciences 

CD45-V450 30-F11 560501 BD Biosciences 

CD11b-BV786 M1/70 740861 BD Biosciences 

Ly6G-PE 1A8 561104 BD Biosciences 
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Ly6C-FITC AL-21 561085 BD Biosciences 

I-A\I-E-BV605 M5/114.15.2 107639 BioLegend 

F4/80-FITC BM8 123107 BioLegend 

CD25-FITC 3C7 101908 BioLegend 

CD4-PE GK1.5 553730 BD Biosciences 

TAg-Db/SAINNYAQKL-PE - TB-M539-1 MBL International 

B8R-Kb/TSYKFESV-PE - - Baylor College of Medicine 

CD45-APC/Fire750 30-F11 103154 BioLegend 

CD31-FITC 390 102405 BioLegend 

CD90.2-PE/Cy7 30-H12 105325 BioLegend 

CD49e-BV786 5H10-27 740863 BD Biosciences 

PDPN-BV421 8.1.1 127423 BioLegend 

FAP 73.3 MABC1145 Sigma-Aldrich 

Mouse IgG1-APC A85-1 560089 BD Biosciences 

CD4-APC RM4-4 116013 BioLegend 

CD8α-FITC CT-CD8α MA5-17597 Thermo Fisher Scientific 

Intracellular staining 

Foxp3-Alexa Fluor 647 MF23 560401 BD Biosciences 

 

2.5 T cell depletion study 

The following antibodies from Bio X Cell (Lebanon, NH, USA) were used for T cell 

depletion study: anti-CD4 (rat IgG2b, clone YTS 191), anti-CD8 (rat IgG2b, clone YTS 169.4) 

and isotype control (anti-KLH, rat IgG2b, clone LTF-2) antibodies. For sufficient T cell 

depletion in mice, beginning one day before MOVCAR 5009 tumor challenge, mice were 

injected intraperitoneally with 100 µg per injection of anti-CD4 or anti-CD8α in 300 µl PBS 

(20-040-CM, Corning, NY, USA), followed by the same dosing on days 2, 6, 10, and 14. Control 

mice received an equal dose of anti-keyhole limpet hemocyanin (KLH) as an isotype control. 

Mice were treated intraperitoneally ten days post-inoculation with 5 x 107 PFU of OV-EGFP or 

OV-CXCR4-A. An experimental scheme is presented in Figure 6. To confirm reductions of the 

respective T cell subsets, flow cytometry staining of peripheral blood CD8 and CD4 

lymphocytes with noncompetitive anti-CD8 (clone CT-CD8, Thermo Fisher Scientific, 
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Waltham, MA, USA) and anti-CD4 (clone RM4-4, BioLegend, San Diego, CA, USA) 

monoclonal antibodies was performed one day after the last antibody treatment. Tumor growth 

was monitored by bioluminescence imaging. 

Figure 6. T cell depletion study - an experimental scheme. WT or TgMISIIR-TAg-Low mice (n = 5 per 

group) were injected intraperitoneally with 5 x 106 MOVCAR 5009 cells 10 days before treatments with 

OV-EGFP or OV-CXCR4-A. Control mice were treated with PBS. Anti-CD8 or anti-CD4 antibodies 

(100 µg/injection) were injected intraperitoneally 1 day before and on days 2, 6, 10, and 14 after the 

tumor inoculation. 

2.6 Adoptive cell transfer 

Donor mice, WT or TgMISIIR-TAg-Low, were injected intraperitoneally with 5 x 106 

MOVCAR 5009 cells. Peritoneal fluids were collected 20 days after tumor inoculation for 

TAMs or CAFs isolation for adoptive cell transfer (ACT) to the recipient MOVCAR 5009-

challenged WT mice. 

2.6.1 TAMs adoptive cell transfer 

For the adoptive transfer of TAMs, CD45+CD11b+F4/80+ cells were sorted from single-

cell suspensions obtained from peritoneal fluids of WT or TgMISIIR-TAg-Low tumor-bearing 

mice using BD FACS Aria Cell Sorter under sterile conditions. 1 x 106 isolated cells, that were 

>95% CD11b+F480+, were injected intraperitoneally to MOVCAR 5009-challenged WT mice 

10 days after tumor inoculation. Subsequently, mice were treated intraperitoneally with 300 µl 

of either OV-CXCR4-A (5 x 107 PFU) or PBS (20-040-CM, Corning, NY, USA) twelve hours 

after the transfer. Tumor growth was monitored by bioluminescence imaging.  
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2.6.2 CAFs adoptive cell transfer 

For the adoptive transfer of CAFs, CD45- cells were isolated by negative selection from 

single-cell suspensions obtained from peritoneal fluids of control WT or TgMISIIR-TAg-Low 

tumor-bearing mice (n = 10) using CD45 MicroBeads (130-052-301, Miltenyi Biotec, 

Baltimore, MD, USA) and LS columns (130-042-401, Miltenyi Biotec, Baltimore, MD, USA) 

following the manufacturer’s instructions. The CD49e-enriched CAF populations (>90% 

CD49e+, <5% CD31+, and <3% CD45+) were resuspended in PBS (20-040-CM, Corning, NY, 

USA) and injected intraperitoneally to MOVCAR 5009-bearing WT mice (1 x 106 cells) one 

day after tumor inoculation. Subsequently, mice were treated intraperitoneally with 300 µl of 

OV-CXCR4-A (5 x 107 PFU) or PBS (20-040-CM, Corning, NY, USA) nine days after CAFs 

transfer. Tumor growth was monitored by bioluminescence imaging.  

2.7 Cytotoxic assay 

Effector CD8+ T cells were obtained from single-cell suspensions of peritoneal fluids 

collected from MOVCAR 5009-challenged mice 10 days after the OV-CXCR4-A treatment 

using the CD8+ T Cell Isolation Kit (130-104-075, Miltenyi Biotec, Baltimore, MD, USA) and 

LS columns (130-042-401, Miltenyi Biotec, Baltimore, MD, USA) following the 

manufacturer’s instructions. MOVCAR 5009 target cells were labeled with CellTracker Blue 

CMF2HC (C12881, Thermo Fisher Scientific, Waltham, MA, USA) for 45 minutes in serum 

free DMEM medium (10-017-CV, Corning, NY, USA) at 37ºC. Labeled MOVCAR 5009 target 

cells were mixed with isolated effector CD8+ T cells at a 1:1 ratio in 500 µl of DMEM medium 

(10-017-CV, Corning, NY, USA) supplemented with 10% FBS (35-011-CV, Corning, NY, 

USA) and incubated in triplicates on 24-well plates (92012, TPP, Switzerland) at 37 °C for 

17 hours. Cell cultures containing CellTracker Blue CMF2HC-labeled MOVCAR 5009 cells 

only were included as controls. After the incubation time, cultures were collected and analyzed 

on an LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA). Cell killing was 

calculated using the following formula:  

% 𝐿𝑦𝑠𝑖𝑠 = 100% − (
 % 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑔𝑟𝑜𝑢𝑝

% 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠
 𝑥 100%) 
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2.8 Single-cell RNA sequencing 

2.8.1 Sample preparation 

For scRNAseq experiments WT and TgMISIIR-TAg-Low mice were treated as shown in 

Figure 7. Peritoneal fluid of MOVCAR 5009-bearing mice was isolated 10 days after OV-

CXCR4-A treatment and single-cell suspensions were prepared using cell strainers (22-363-

548, Thermo Fisher Scientific, Waltham, MA, USA). Untreated tumor-bearing mice served as 

controls.  

Figure 7. Schematic 

representation of 

experimental design 

and samples for 

scRNAseq.  

 

After red blood cell lysis with ACK Lysing Buffer (118-156-101, Quality Biological, 

Gaithersburg, MD, USA), cells were washed in 0.04% BSA (A9418-5G, Sigma-Aldrich, Saint 

Louis, MO, USA) in DPBS (20-031-CV, Corning, NY, USA), stained with Cell Multiplexing 

Oligos from a 3’ CellPlex Kit Set (PN-1000268, 10x Genomics, Pleasanton, CA, USA) for 

5 min at room temperature and washed three times with 1% BSA (A9418-5G, Sigma-Aldrich, 

Saint Louis, MO, USA) in DPBS (20-031-CV, Corning, NY, USA). For single-cell gene 

expression libraries generation, the Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel 

Bead Kit v3.1 (PN-1000121, 10x Genomics, Pleasanton, CA, USA) was used. To determine the 

concentration, viability, and absence of clumps and debris that could interfere with single-cell 

capture, cells previously tagged with CellPlex oligos were first analyzed with Trypan Blue 

(15250061, Thermo Fisher Scientific, Waltham, MA, USA), using a Countess II FL Automated 

Cell Counter (Thermo Fisher Scientific, Waltham, MA, USA). Before loading into the 

Chromium Controller (10x Genomics, Pleasanton, CA, USA) two samples with different 

CellPlex tags were pooled together in equal amounts for multiplexing. Reverse transcription 

was performed, and the resulting cDNA was amplified following the manufacturer’s 

instructions. Amplified cDNA was separated into full-length transcript and CellPlex Barcode 

fractions using SPRISelect beads (Beckman Coulter, Brea, CA, USA). The transcriptome 

libraries were generated by enzymatic fragmentation, end-repair, a-tailing, and adapter ligation 
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using the full-length amplified cDNA. CellPlex barcode-derived cDNA was PCR amplified to 

incorporate Illumina adapter sequences and unique sample indexes. The resulting libraries were 

evaluated on D1000 screen tape using a TapeStation 4200 (Agilent Technologies, Santa Clara, 

CA, USA) and quantitated using the Kapa Biosystems qPCR quantification kit for Illumina 

platform. Final libraries were then pooled, denatured, and diluted to 300 pM (picomolar) with 

1% PhiX control library added. The PhiX control is a reliable, adapter-ligated library derived 

from the small, well-characterized bacteriophage genome with an average size of 500 bp. The 

obtained pool was then loaded into the NovaSeq Reagent cartridge and sequenced on 

a NovaSeq6000 (Illumina Inc., San Diego, CA, USA) following the manufacturer’s 

recommended protocol.  

2.8.2 Single-cell RNAseq analyses 

The Cell Ranger output was used for detailed data analysis. The raw sequencing data from 

the 10x Genomics libraries, mapping results (BAM files), and quantification matrices were 

processed and generated using Cellranger version 6.0.0 [84] software with mouse mm10 

genome and GENCODE annotation database. CellPlex barcodes were used to identify different 

samples in the pool and data was separated for individual samples with Cellranger multi-

function. For further analysis, the filtered gene-barcode matrices which contain barcodes with 

the unique molecular identifier (UMI) counts that passed the cell detection algorithm were used. 

The downstream analyses were performed primarily using Seurat single cell data analysis R 

package [85]. First, cells with unique RNA feature counts over 7500 or less than 500, or cells 

that have >15% mitochondrial RNA contents were filtered out from the analysis to remove dead 

cells and doublets. Then, the normalized and scaled UMI counts were calculated using 

the SCTransform method. Dimension reductions including principal component analysis 

(PCA), uniform manifold approximation and projection (UMAP), and t-distributed stochastic 

neighbor embedding (tSNE) were performed using the highly variable genes. Cell clusters were 

identified using the shared nearest neighbor (SNN)-based clustering on the first 12 principal 

components. The cell clusters were annotated by SingleR packages [86] using the ImmGen 

reference database of the celldex R package [86]. Seurat’s AddModuleScore function was used 

to calculate M1 and M2 macrophage scores with M1 and M2 macrophage signature genes. 

Differentially expressed genes between clusters and samples were identified using 
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the FindMarkers function with the Wilcoxon rank sum test from Seurat. Fgsea R package [87] 

was carried out for pathway analysis with gene list ranked by average log2 fold change. 

The volcano plots were generated with EnhancedVolcano R package [88] and the heatmaps were 

prepared using heatmap R package [89]. 

2.8.3 Pathway analyses 

Gene set enrichment analysis (GSEA) of selected differential expression profiles identified 

between groups or clusters was done using enrichR and clusterProfiler in R. AUCell [90] was 

used for single-cell functional enrichment analysis, which applies an area under the curve 

method to query cell-to-cell pathway activity that is robust to noise typical of scRNAseq 

datasets. Six pathway databases (Hallmark Pathways, GO biological processes, BioCarta, 

KEGG, Reactome, and the Pathway Interaction Database (PID)) were compiled from 

the Molecular Signatures Database (MSigDB) [91] and used as reference sets for functional 

enrichments. For GSEA, only gene sets with p < 0.05 and false discovery rate (FDR) q < 0.25 

were considered significantly enriched. Also, I generated heat maps of normalized enrichment 

scores (NES) of relevant biological pathways, to visualize selected functional enrichments. 

2.8.4 scRNA sequencing data availability 

The raw data and quantification matrices of scRNA sequencing have been deposited in 

the database of Gene Expression Omnibus (GEO) under the accession number GSE199880. 

2.9 Statistical analysis 

GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA) was used to conduct all 

statistical analyses. Unless otherwise noted, data are presented as mean ± SD. All quantitative 

results were assessed by an unpaired Student’s t-test. The Student t-test assumed two-tailed 

distributions to calculate statistical significance between groups. Animal survival impact was 

determined by the Kaplan-Meier analysis, and median survival times were determined for 

tumor-challenged groups of mice. Sample size estimation was done taking into consideration 

previous experience with animal strains, assay sensitivity and tissue collection methodology 

used. Statistical differences in the survival across groups were assessed using the log-rank 

Mantel-Cox method. The threshold for statistical significance was set to p < 0.05. 
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3. RESULTS 

3.1 OV-CXCR4-A exhibits reduced antitumor efficacy in TgMISIIR-TAg-Low mice 

compared to their wild type counterparts 

For the analysis of tumor and self-antigen expression in the host and its effect on efficacy 

of OV-CXCR4-A treatment, I have compared the progression of TAg+ MOVCAR 5009 tumor 

in syngeneic WT (TAg-) and TgMISIIR-TAg-Low (TAg+) mice. Murine ovarian carcinoma 

MOVCAR 5009 cells (5 x 106/mouse) were injected intraperitoneally into both groups of mice 

(n = 5 - 6 mice per group) and 10 days later treated intratumorally with 5 x 107 PFU/mouse of 

OV-EGFP or OV-CXCR4-A, while control mice received PBS, as summarized in Figure 8. 

Tumor growth was quantified by bioluminescence imaging and representative photos are shown 

in Figure 9. 

Figure 8. Analysis of tumor/self-antigen expression effect on efficacy of OV treatment - an experimental 

scheme. TAg antigen in syngeneic WT mice is marked as neoantigen, whereas in TgMISIIR-TAg-Low 

mice as self-antigen. 
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Figure 9. Bioluminescence images of mice treated with OV-EGFP or OV-CXCR4-A. Presented signals 

were measured on day 0, 19 and 34. 

In this study, treatment with OV-EGFP served as a control of parental vaccinia virus and 

was used to delineate the effects of the OV over PBS control and armed OV-CXCR4-A over 

the virus itself. In both WT and TgMISIIR-TAg-Low mice, kinetic tumor study showed that OV-

CXCR4-A treatment exhibited significant therapeutic efficacy compared to the OV-EGFP virus 

(Figure 10A; left panel p = 0.02 and right panel p = 0.04). Comparing to the untreated tumors 

in both WT and TgMISIIR-TAg-Low mice, OV-EGFP therapy reduced tumor volume 

(Figure 10B) and extended survival in WT mice for approximately 10 days and in transgenic 

group of mice for 4 days (Figure 10), however those differences did not reach statistically 

significant levels. Those findings are consistent with previous studies conducted by Gil et al. 

[92] using oncolytic virotherapy to target mouse ID8-T ovarian epithelial cells and human 

CAOV2 ovarian cancer cells in syngeneic (C57BL/6) and xenograft (SCID) murine models, 

respectively. Furthermore, I found that the tumor growth in WT mice after OV-CXCR4-A 

treatment was noticeably slower than in TgMISIIR-TAg-Low mice (Figure 10A, left panel p = 

0.02 and right panel p = 0.04) compared to control group. Tumor remained dormant for over 20 

days in WT mice after OV-CXCR4-A treatment in contrast to approximately a 10-day dormancy 
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period in TgMISIIR-TAg-Low mice. That difference in tumor growth rate was also reflected in 

longer survival. Median survival for OV-CXCR4-A treated WT mice was 69 days, whereas in 

transgenic mice survival period was 41 days (Figure 10B). Based on these data, and since both 

the tumor cancer cells and treatment were identical, I have reasoned that the differences in 

observed treatment efficacy were likely due to microenvironment impact on the ability to 

generate OV-induced antitumor immunity through immune modulation. 

Figure 10. Tumor growth and survival of mice treated with OV-EGFP or OV-CXCR4-A. (A) Tumor 

volume curves in WT (left panel) and TgMISIIR-TAg-Low (right panel) mice after different treatments. 

Individual data points represent mean ± SD. *p < 0.05. (B) Kaplan-Meier survival plots. Survival was 

defined as the point at which mice were euthanized due to the development of abdominal distention. 

Significance was calculated using the log-rank method. *p < 0.05, **p < 0.01. 
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3.2 Immunosuppressive myeloid cells accumulate in MOVCAR 5009-challenged 

TgMISIIR-TAg-Low mice. 

To further investigate the potential of OV-treatment to induce antitumor immune responses 

and the heterogeneity of the tumor microenvironment, I have performed flow cytometry analysis 

of single-cell suspensions isolated from peritoneal fluids of untreated and OV-treated mice 

10 days post-virotherapy. It revealed robust, more than 70% accumulation of CD11b+ myeloid 

cells in control tumors both in WT and TgMISIIR-TAg-Low mice, with lower numbers after 

viral therapy (p < 0.05). Differences between OV-EGFP and OV-CXCR4-A did not reach 

statistically significant levels (Figure 11A). The frequency of Ly6GhighLy6Clow granulocytic 

myeloid-derived suppressor cells (G-MDSCs) among the CD11b+ myeloid populations was 

visibly higher in untreated TgMISIIR-TAg-Low mice (10.9%) than in their WT (7.3%) 

counterparts (Figure 11B, left panel p = 0.02). OV-EGFP treatment in WT mice increased 

percentages of G-MDSCs almost two times compared to the untreated control, whereas this 

increase in tumor-bearing transgenic mice was not that prominent, but still statistically 

significant (Figure 11B, left panel, in WT mice p = 0.006, in TgMISIIR-TAg-Low mice p = 0.04). 

The accumulation of G-MDSCs after OV-CXCR4-A treatment was significantly reduced 

compared to their untreated (in WT mice from 7.3% to 3.5%, p = 0.02 and in TgMISIIR-TAg-

Low mice from 10.9% to 7.1%, p = 0.02) and OV-EGFP-treated (in WT mice from 12.5% to 

3.5%, p = 0.0005, in TgMISIIR-TAg-Low mice from 15.2% to 7.1%, p = 0.005) counterparts in 

both groups of mice (Figure 11B, left panel). CD11b+Ly6G-Ly6C+ monocytic myeloid-derived 

suppressor cells (M-MDSCs) comprised less than 10% of the CD45+ leukocytes and no changes 

were detected between treatment groups (Figure 11B, right panel).  
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Figure 11. Accumulation of peritoneal myeloid cells in MOVCAR 5009 tumor-bearing mice. Cells were 

analyzed by flow cytometry for the percentages of (A) CD11b+ myeloid cells, (B) CD11b+Ly6GhiLy6Clo 

G-MDSCs (left panel) and CD11b+Ly6G-Ly6C+ M-MDSCs (right panel) among CD45+ leukocytes. *p 

< 0.05, **p < 0.01, ***p < 0.001.  

Next, I have examined accumulation of CD11b+F4/80+ tumor-associated macrophages (TAMs) 

in both untreated and OV-treated WT and TgMISIIR-TAg-Low mice. Gating strategy used to 

subset TAMs population in peritoneal tumor microenvironment by flow cytometry is presented 

in Figure 12.  
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Figure 12. TAMs gating strategy. Representative flow cytometric plots showing differences in MHC 

class II expression among F4/80+ TAMs in control, OV-EGFP- and OV-CXCR4-A-treated tumors in (A) 

WT and (B) TgMISIIR-TAg-Low mice. 

After choosing cells of interest, first step in gating TAM populations was doublets 

elimination. Doublet and clump exclusion were performed by plotting height against the area 

for forward scatter. Doublets had approximately the same height, but area was doubled, so any 

disproportion between height and area was used to identify doublets. Next, to remove dead cells 

from the analysis LIVE/DEAD Aqua viability dye was used. In cells with compromised 

membranes, the dye reacts with free amines both on the cell surface and in the cell interior, 

resulting in intense fluorescent staining. For viable cells, fluorescence is less intense because 

dye’s reactivity is restricted to the cell-surface amines only. After choosing viable population, 

CD45+ (lymphocyte common antigen positive) cells were selected to exclude nonimmune cells. 

To pick myeloid-lineage populations, all CD11b+ cells were then gated. In this particular 

analysis I gated also F4/80 which is a specific marker for murine macrophages, and MHC class 

II marker. Figure 13 shows that the frequency of CD11b+F4/80+ TAMs in the CD45+ leukocyte 

population decreased after OV-EGFP and OV-CXCR4-A treatment compared to untreated WT 

mice (p = 0.004 and p = 0.005, respectively) and TgMISIIR-TAg-Low mice (p = 0.03 and p = 

0.009, respectively). 

 
Figure 13. TAMs population in peritoneal 

TME after virotherapy. The left panel shows 

the percentages of CD11b+F4/80+ TAMs 

among CD45+ leukocytes. The right panel 

shows the ratios of class II+ to class II- TAMs 

in WT and transgenic mice. Data points 

represent the mean of 5 mice per group ± SD. 

*p < 0.05, **p < 0.01, ***p < 0.001.  

 

A lack of MHC II expression on TAMs can be associated with their immunosuppressive 

phenotype, and it was previously shown that MHC class IIlow TAMs inhibit T cell activation 

and promote tumor growth and invasion of tumor cells [48]. Hence, I investigated MHC class 

II expression on TAMs. I observed strong differences in MHC II expression between untreated 
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tumor-bearing WT and TgMISIIR-TAg-Low mice (Figures 12 and 13 right panel). The ratios of 

MHC class II+ to MHC class II- CD11b+F4/80+ TAMs in the untreated tumors of WT mice 

ranged between 2.0 to 3.8 (mean 2.9 ± 0.9) and showed small increases after OV-EGFP (mean 

4.3 ± 0.9) and OV-CXCR4-A treatments (mean 4.9 ± 0.8). The ratios of MHC class II+/MHC 

class II- TAMs in both untreated (mean 0.7 ± 0.06) and OV-EGFP-treated (mean 0.8 ± 0.11) 

tumors of TgMISIIR-TAg-Low mice were reversed and significantly lower compared to their 

counterparts in WT mice (p = 0.01 and p = 0.003, respectively). The ratios of MHC class 

II+/MHC class II- TAMs in transgenic mice after OV-CXCR4-A (mean 3.6 ± 0.3) treatment 

were similar to those measured in OV-CXCR4-A-treated WT tumors and significantly higher 

compared to untreated and OV-EGFP-treated tumors (p = 0.0001 and 0.0002, respectively). 

3.3 Accumulation of CAFs in the ovarian TME is reduced by OV-CXCR4-A treatment 

Recent studies show that CAFs can be a key component of the tumor microenvironment of 

all solid tumors, including ovarian cancer, and have important effects on tumor behavior such 

as cancer cell proliferation, rate of cancer progression, promotion of cancer cell migration and 

invasion [93]. The relationship between M2 macrophages and CAFs is reciprocal [65], so I have 

next examined whether the qualitative differences within TAM subsets between tumors of WT 

and transgenic mice also reflect changes in the CAFs subsets. Representative phenotypic 

analysis of single-cell suspensions isolated from the peritoneal fluids of tumor-bearing WT and 

transgenic mice is presented in Figure 14A-B. Single-cell suspensions prepared from peritoneal 

fluids of tumor-bearing mice were stained with monoclonal antibodies specific for CD45 and 

CD31, to exclude hematopoietic and endothelial cells, respectively. Cells negative for both 

antigens were analyzed for expression of CAF markers CD49e and CD90.2. This analysis 

revealed higher frequencies of CAFs in the untreated MOVCAR 5009 tumors in TgMISIIR-

TAg-Low than in WT mice (Figure 14C, p = 0.02). The CD49e+CD90.2+ cells were then gated 

and analyzed for expression of fibroblast-activation protein (FAP) and podoplanin (PDPN). 

FAP is upregulated in many cancers [94], and both FAP and podoplanin were reported to restrain 

the proliferation of activated T cells in a nitric oxide-dependent manner [95]. The accumulation 

of double positive cells is visible in untreated tumors in both groups of mice (Figure 14D). The 

numbers of CAFs decreased after OV-treatment, which was consistent with previous findings 

that proliferating CAFs show higher sensitivity to oncolytic viruses compared with regular 
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fibroblasts [96,97]. Although the treatment with OV-EGFP decreased numbers of CAFs 

compared to untreated tumors in both mice groups, the differences did not reach statistical 

significance. OV-CXCR4-A treatment boosted the impact of OV on reducing numbers of CAFs, 

resulting in a significant drop in the percentage of CAFs compared to untreated tumors in both 

WT (from 14.9% to 4.7% ) and transgenic mice (from 23.7% to 4.8%) (Figure 14C, p = 0.014 

and p = 0.0003, respectively). It is worth noting that OV-CXCR4-A treatment visibly ablated 

the FAP+PDPN+ CAF subsets in both groups of mice (Figure 14D, p < 0.01). 

 

 

 

Figure 14. CAFs in peritoneal TME of WT and TgMISIIR-TAg-Low mice. Representative staining of 

CAFs in MOVCAR 5009-challenged control, OV-EGFP- and OV-CXCR4-treated (A) WT and (B) 

TgMISIIR-TAg-Low mice. (C) Relative proportions of tumor-infiltrating CD90.2+CD49e+ CAFs are 

presented as a percentage of total CD45- cells. (D) FAP+ CAFs were depicted as PDNP-positive or 

PDNP-negative. Results are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
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3.4 OV-CXCR4-A treatment induces antigen-specific CD8+ T cell responses 

Due to the discovery that immune suppression by the FAP-positive CAFs is mediated by 

CXCL12/CXCR4 interaction and inhibition of CXCR4 leads to the elimination of tumor cells 

through accumulation of cytotoxic CD8+ T cells [98], I have investigated the effect of 

OV-CXCR4-A treatment on tumor-associated lymphocytes (TALs) in the peritoneal tumor 

microenvironment of the WT and TgMISIIR-TAg-Low mice. Tumor microenvironment was 

poorly infiltrated by CD4+ TALs in control mice, that comprised 7.5% in WT and 5.1% in 

transgenic mice of CD45+ leukocytes (Figure 15A). OV-treatment slightly increased the 

percentages of CD4+ TALs within each group of mice compared to their respective controls. 

A significant difference was detected only in the TgMISIIR-TAg-Low mice after OV-CXCR4-A 

treatment (8.8%, p = 0.01).  

Figure 15. The changes in the intraperitoneal accumulation of CD4+ TALs after OV-treatment. (A) The 

percentages of CD4+ TALs of total CD45+ leukocytes in the peritoneal TME of untreated, OV-EGFP- 

and OV-CXCR4-A-treated mice presented as mean ± SD. *p < 0.05. (B) Flow cytometry plots 

demonstrating the accumulation of CD4+CD25+Foxp3+ T lymphocytes in peritoneal TME of untreated, 

OV-EGFP-, OV-CXCR4-A-treated mice and (C) percentages of Tregs of CD4+ TALs (n = 5). *p < 0.05, 

**p < 0.01.  

In the untreated tumor microenvironment, I have found approximately 15% of T regulatory 

(Treg) cells, CD4+ T cells that express CD25 and Foxp3 antigens (Figure 15B and 15C). 

Treatment with OV-CXCR4-A, that inhibits the CXCL12/CXCR4 signaling pathway, reduced 

percentages of Tregs infiltrating the peritoneal tumor microenvironment compared to control 
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(from 13.5% to 5.6%, p = 0.004) and OV-EGFP-treated (from 8.7% to 5.6%, p = 0.03) tumors 

in WT mice. Similarly, Treg frequencies in the peritoneal tumor microenvironment of 

TgMISIIR-TAg-Low mice decreased after OV-CXCR4-A treatment compared to untreated 

(from 13.9% to 8.5%, p = 0.03) and OV-EGFP-treated counterparts (from 11.8% to 8.5%, 

p = 0.04), though differences between respective treatment groups in WT and TgMISIIR-TAg-

Low mice did not reach significance (Figure 15C). Those results were consistent with the finding 

that CXCR4 antagonism selectively reduces intratumoral CD4+CD25+Foxp3 Tregs infiltration 

in ovarian cancer [99].  

Figure 16 shows the intraperitoneal accumulation of CD8+ TALs. After OV-CXCR4-A 

treatment in WT mice percentages of CD8+ TALs were increased compared to their CD4+ 

counterparts to 27.7% of CD45+ leukocytes. They were also significantly elevated compared to 

untreated (8.4%) and OV-EGFP-treated (17%) tumors (Figure 16; p = 0.007 and p = 0.049, 

respectively). The percentages of CD8+ TALs in the untreated 

TgMISIIR-TAg-Low mice were lower (4.5%) than those in the WT 

mice (p = 0.03), but their numbers increased after OV-CXCR4-A 

treatment (16%) compared to untreated and OV-EGFP-treated 

(10%) tumors (Figure 16; p = 0.005 and p = 0.04, respectively).  

Figure 16. Intraperitoneal accumulation of CD8+ TALs. The differences 

in percentages of CD8+ TALs between different groups of mice and 

treatments were analyzed and presented as mean ± SD. *p < 0.05, 

**p < 0.01.  

Because my data showed an increased accumulation of CD8+ TALs, I have decided to check 

by flow cytometry how tumor microenvironment influences induction of antigen-specific CD8+ 

T cell responses to both the vaccinia virus B8R protein and the SV40 TAg antigen. For staining 

I used B8R-Kb/TSYKFESV tetramer for vaccinia virus responses study and TAg-

Db/SAINNYAQKL (TCRTag-I) tetramer for SV40 TAg antigen-specific CD8+ TALs. As shown 

in Figures 17A (upper panel) and 17B, no B8R-specific responses were detected in the untreated 

mice. In WT mice approximately 13% of CD8+ TALs were vaccinia-specific after OV-EGFP 

treatment and this was further increased to 16% in OV-CXCR4-A-treated mice (Figures 17B; 

p = 0.02), probably due to reduction of immunosuppressive elements in the microenvironment 
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after the armed-virotherapy treatment [100]. Approximately 3% of CD8+ TALs were SV40 

TAg-specific in untreated tumor-bearing WT mice and their percentages increased to 5.3% after 

OV-EGFP treatment, though the differences were not significant. After OV-CXCR4-A 

treatment in WT mice we observed an increase to 8% of TAg-specific CD8+ T cell responses 

compared to control and OV-EGFP-treated tumors (Figures 17A, lower panel and 17B, p = 

0.007 and p = 0.03, respectively).  

Figure 17. Antigenic specificity of CD8+ TALs in WT mice. (A) Representative flow cytometry plots 

demonstrating specific binding of B8R tetramer+ and TCRTag-I tetramer+ to CD8+ TALs (upper and lower 

panels, respectively) and (B) percentages of tetramer-positive CD8+ TALs of total CD45+ leukocytes in 

peritoneal TME of WT mice. *p < 0.05, **p < 0.01.  

The same analysis was performed for TgMISIIR-TAg-Low mice. As shown in Figures 18A 

(upper panel) and 18B, B8R-specific responses generated by OV-EGFP or OV-CXCR4-A were 

over 2-fold lower compared to those detected in their WT counterparts and did not exceed 7% 

of CD8+ TALs. OV-CXCR4-A treatment resulted in higher numbers of vaccinia specific CD8+ 

TALs (6%) compared to those detected in OV-EGFP-treated tumors (3%, p = 0.02). CD8+ 

TCRTag-I
+ TALs were not detected in the untreated or OV-EGFP-treated tumors of TgMISIIR-

TAg-Low mice, and the TAg-specific CD8+ T cell responses reached 5% only in OV-CXCR4-

A-treated mice (Figures 18A, lower panel and 18B).  
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Figure 18. Antigenic specificity of CD8+ TALs in TgMISIIR-TAg-Low mice. (A) Representative flow 

cytometry plots demonstrating specific binding of B8R tetramer+ and TCRTag-I tetramer+ to CD8+ TALs 

(upper and lower panels, respectively) and (B) percentages of tetramer-positive CD8+ TALs of total 

CD45+ leukocytes in peritoneal TME of TgMISIIR-TAg-Low mice (n = 3 - 5). *p < 0.05.  

Moreover, SV40 TAg antigen-specific tetramer biding was measured as median fluorescence 

intensity (MFI) and was 4-fold higher in WT mice than in TgMISIIR-TAg-Low mice (Figure 

17A and 18A lower panels; MFI = 93.3 ± 7.5 vs MFI = 22.3 ± 2.5, p = 0.001). This difference 

could be indicative of changes in activation status for tolerant self-reactive CD8+ T cells to 

ovalbumin (Ova) in iFABP-Ova mice producing Ova in the small intestine [101]. 

3.5 CD8+ T cells depletion nullifies the therapeutic effect of OV-CXCR4-A treatment 

To investigate the role of CD4+ and CD8+ T responses in OV-CXCR4-A therapy 

effectiveness, I performed a depletion study. WT and transgenic mice were treated 

intraperitoneally with rat IgG2b anti-CD4 and anti-CD8 monoclonal antibodies before and after 

MOVCAR 5009 inoculation. Keyhole limpet hemocyanin is not expressed by mammals, which 

makes it an ideal isotype-matched control for rat IgG2b antibodies. Therefore, an equal dose of 

anti-KLH antibodies was used as an isotype control [102]. Ten days after tumor injection 

OV-EGFP or OV-CXCR4-A treatment was performed. Depletion efficiency was determined by 

flow cytometric analysis and revealed that administration of anti-CD4 and anti-CD8 antibodies 

depleted more than 92% of both CD4+ and CD8+ T cell subsets as demonstrated in Figure 19.  
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Figure 19. Depletion study efficiency check by flow cytometry analysis. Peripheral blood was isolated 

and stained for CD4 and CD8 lymphocytes in control mice, one day after the last depleting antibody 

treatment. Representative flow cytometry plots for WT mice (A) and TgMISIIR-TAg-Low mice (B) after 

different antibody treatments are shown.  

Next, tumor growth after each treatment was measured in time and results are shown in 

Figure 20. CD8 depletion effect in MOVCAR 5009 tumor-bearing WT untreated or OV-EGFP-

treated mice (Figure 20, upper panel) was modest and did not reach significant values compared 

to their respective isotype controls. Due to cytolytic effect of the virus, temporary inhibition of 

tumor growth was observed within the first ten days after OV-EGFP treatment. Interestingly, 

CD8 depletion in WT mice abrogated OV-CXCR4-A treatment effect compared to its isotype 

control (p = 0.03) and this reduction was more pronounced compared to CD4+ T cells depletion. 

The same analysis was performed for transgenic mice. Consistent with the absence of TAg-

specific CD8+ TALs in peritoneal cavities in TgMISIIR-TAg-Low mice (Figure 18B), depletion 

of either CD4+ or CD8+ T cells in control and OV-EGFP-treated tumors had minimal antitumor 

effect (Figure 20, lower panel). On the other hand, the depletion of CD8+ T cells abrogated the 

OV-CXCR4 treatment effect on tumor growth compared to anti-KLH treated mice (p = 0.007). 

Similarly to WT mice, this effect was more pronounced compared to CD4+ T cells depletion. 
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Presented data shows that OV-CXCR4-A therapy-induced CD8+ T cell responses cause the 

reduced growth rate of MOVCAR 5009 tumors in mice. This treatment is associated with robust 

immune changes in tumor microenvironment and can induce TAg-specific CD8+ TALs. 

Interestingly, OV-EGFP treatment induced only medium changes in tumor environment and 

was insufficient to break self-tolerance. 

 

Figure 20. Tumor growth curves in T cell depletion study. Tumor volume curves in WT (upper panel) 

and TgMISIIR-TAg-Low (lower panel) mice after different treatments are indicated. Individual data 

points represent mean ± SD. *p < 0.05. 
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3.6 OV-CXCR4-A treatment overcomes the immunosuppressive landscape of TAMs in 

tumor-bearing TgMISIIR-TAg-Low mice  

Based on the observed differences in tumor microenvironment between WT and the 

transgenic mice and the impact of OV-CXCR4-A on a single cellular phenotype, to further 

define local changes I have reasoned that a global analysis of the cellular landscape of the tumor 

microenvironment would allow me to better assess key differences between the treatment 

groups. The scRNAseq profiling of the peritoneal TME in WT and TgMISIIR-TAg-Low mice 

before and after OV-CXCR4-A treatment, confirmed the myeloid-driven phenotype of 

MOVCAR 5009 tumors in both groups of mice 

(Figures 21A-C). I have performed the clustering 

analysis shown in Figure 21A, followed by cell-type 

annotation (Figure 21B) and the fraction graph (Figure 

21C). Cell types on UMAP plots in Figures 21B and 

21D are highlighted by matching colors on the data 

panel in Figure 21C. Thirteen clusters were identified  
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Figure 21. OV-CXCR4-A-mediated changes in the immune profile of myeloid populations. (A) 

Clustering all single cells isolated from the peritoneal fluids of MOVCAR 5009 ovarian tumor-bearing 

untreated and OV-CXCR4-A-treated WT and TgMISIIR-TAg-Low mice. (B) UMAP plot of the peritoneal 

TME with cell-type annotation and (C) fraction graph. (D) Distribution of cell type populations in 

control and OV-CXCR4-A treated tumors in WT and TgMISIIR-TAg-Low mice. 

 

and the majority of macrophages or monocytes were organized in clusters: C0 (M2 TAMs), C1 

and C6 (M1 TAMs), C2 (M1 TAMs and monocytes), C4, C7 and C9 (M0 TAMs). Other clusters 

contained neutrophils (C6, C8), DCs (C10), T cell/NKT cells (C5 and C11), B cells (C12), and 

CD45- fibroblasts, tumor and endothelial cells (C3). In Figure 21D we can observe differences 

in cluster distribution between cells isolated from the peritoneal TME of untreated and OV-

CXCR4-A-treated mice based on the mouse background. Most prominent dissimilarity is 

presence of M2 macrophages cluster only in the untreated group of TgMISIIR-TAg-Low mice. 

Additionally, cluster depicting tumor cells, fibroblasts and endothelial cells is notable in control 

tumor-bearing mice but not detected in the OV-CXCR4-A-treated tumors in mice of both 

genetic backgrounds. This is opposite to the lymphoid clusters (T cell/NKT cells) which are 

prominent in the OV-CXCR4-A-treated tumors of WT and TgMISIIR-TAg-Low mice, but 

underrepresented in untreated tumor-bearing mice. These differences in cluster distribution 

between cells are consistent with the distinctly heterogeneous transcriptomic profile of 

individual clusters presented in Figure 22. Within the TAM subsets we could distinguish 

different transcriptomic profiles associated with anti-tumor activity M1-like macrophages and 

pro-tumorigenic M2-like phenotypes. Expression of M1 markers such as H2-Aa, Irf8, Irf1, 

Stat1, that are essential for type 1 response generation, was significantly lower in the tolerogenic 

TME of control tumors of TgMISIIR-TAg-Low mice compared to their WT counterparts (Figure 

23A). Concomitantly, expression of key M2 macrophages and MDSCs markers, such as Arg1, 

Retnla, Chil3, Cd209a and Spp1, was upregulated (Figure 23C). Arg1, Retnla and Chil3 can 

mediate T cell suppression [103-105], Cd209a promotes CD4+Foxp3+ Treg cell expansion [106] 

and Spp1 foster angiogenesis and modify tumor-associated inflammatory cell migration and 

function [107,108]. After OV-CXCR4-A treatment the transcriptomic M2 signature detected in 

the control tumors of TgMISIIR-TAg-Low mice was no longer observed, and this resulted in 

similar M1-to-M2 scores in both groups of mice (Figures 23B and 23D). 
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Figure 22. Heatmap of genes of lymphoid and non-lymphoid TME cells. Thirteen clusters (0 to 12) were 

identified as: C0 - M2 TAMs; C1 - M1 TAMs; C2 - monocytes/M1 TAMs; C3 - tumor cells/endothelial 

cells/fibroblasts; C4 - M0 TAMs; C5 - T cells/NKT; C6 - M1 TAMs/neutrophils; C7 - M0 TAMs; C8 - 

neutrophils, C9 - M0 TAMs; C10 - DC; C11 - T cells; C12 - B cells. 
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Figure 23. M1 and M2 signature genes. (A) Violin plots showing expression of selected M1 genes (H2-

Aa, Irf8, Irf1, and Stat1) in TAMs with significant changes in gene expression. (B) M1 score with 

significant changes in gene expression between indicated groups. (C) Violin plots showing expression 

of selected M2 genes (Arg1, Retnla, Chil3, Cd209a, and Spp1) in TAMs with significant changes in gene 

expression. (D) M2 scores with significant changes in gene expression between indicated groups. 

To further analyze and understand TAMs high heterogeneity I selected and re-clustered the 

macrophage populations. Nine separate clusters were identified (Figure 24A), where C4 was 

detected only in control tumor-bearing WT mice and C0 was unique for untreated tumors in 

transgenic mice (Figure 24B). Treatment with OV-CXCR4-A enriched TAM populations with 

cells assembled in cluster 5 for WT mice and cluster 1 for TgMISIIR-TAg-Low mice. The 

transcriptomic differences between TAMs across the treatment conditions were analyzed by 

UMAP plots showing the expression of selected M1 (H2-Aa, Irf8, Irf1, and Stat1) and M2 

(Arg1, Spp1, Retnla, Chil3, and Cd209a) genes (Figures 24C and 24D, respectively), and 

a normalized expression of selected genes in each myeloid cluster shown in Figure 24E. 

Macrophages from cluster 4, derived from untreated MOVCAR 5009-bearing WT mice, had 

elevated expression of M1 markers (H2-Aa, Irf8, Irf1, Stat1, H2-DMb1) and low levels of some 

M2 markers (such as Spp1, Retnla, Cd209a) except for Arg1, Chil3, and Cd274.  
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Figure 24. Transcriptional analyses of re-clustered TAMs. UMAP plots of re-clustered TAM subsets in 

the peritoneal TME of (A) all tumors and (B) individual control and treated MOVCAR 5009 tumors in 

WT and TgMISIIR-TAg-Low mice. TAM subsets were analyzed for expression of (C) H2-Aa, Irf8, Irf1, 

Stat1 and (D) Ag1, Spp1, Retnla, Chil3, and Cd209a. (E) Heatmap displaying a normalized expression 

of selected genes in each myeloid cluster in control and OV-CXCR4-A-treated tumors in syngeneic WT 

and TgMISIIR-TAg-Low mice.  

In contrast, TAMs in cluster 0 of control tumors in tolerogenic mice, exhibited a highly 

pro-tumorigenic immunosuppressive (M2-like) transcriptional profile with strongly elevated 

Arg1 and Chil3, and other M2 markers such as Spp1, Retnla, and Cd209a. M1 markers (H2-Aa, 

Irf8, Irf1, Stat1, and H2-DMb1) had a uniformly low expression in this cluster. OV-CXCR4-A 

treatment in TgMISIIR-TAg-Low mice sufficiently ablated this highly immunosuppressive 

cluster 0, and enriched TAMs with genes encoding M1 markers (H2-Aa, Irf8, Irf1, Stat1, and 

H2-DMb1), except of Arg1 and Mrc1, in clusters 1 and 2. Armed virotherapy treatment enriched 

also population in cluster 3 with cells that highly express S100A8/9 genes of low-molecular-

weight intracellular calcium-binding proteins, which are the markers used to distinguish 

monocytic (M)-MDSCs from monocytes [109]. Cluster 5, uniquely presented in OV-CXCR4-

A-treated WT mice, had a high expression of genes encoding M1 markers (H2-Aa, Irf8, Irf1, 

Stat1, and H2-DMb1), similarly to cluster 1, but also elevated levels of immunosuppressive 

Arg1 and Mrc1 genes (Figure 24E). 

After transcriptional analysis, I wanted to determine if there are any functional changes in 

TAMs of untreated and OV-CXCR4-A-treated TgMISIIR-TAg-Low mice. I performed a gene 

set enrichment analysis (GSEA) showing normalized enrichment score (NES) as shown in 

Figure 25. OV-CXCR4-A treatment in tolerogenic mice increased expression of genes that are 

involved with MHC class I and MHC class II antigen processing and presentation and co-

stimulation of lymphoid cells compared to untreated tumors. Those processes were largely 

downregulated in the untreated tumors of TgMISIIR-TAg-Low mice. These results suggest that 

OV-CXCR4-A treatment overcomes the immunosuppressive landscape of TAMs in tolerogenic 

tumors. 

Although OV-CXCR4-A treatment increased DC numbers, they represented a minor 

portion of myeloid cells among the other subsets examined. DCs were mainly concentrated in 

the cluster 6 with unique expression of Flt3, Itgae, and Xcr1. The Flt3 gene was mostly 
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expressed in OV-CXCR4-A-treated tumors, and Itgae, Xcr1 were expressed predominantly in 

DCs from virus-treated WT mice (Figure 24E). Similar to TAMs, the DC population in the 

control tolerogenic tumors had reduced expression of H2-Aa (Figure 26), which was increased 

by OV-CXCR4-A treatment to levels comparable to those measured in the WT mice. In tumor-

bearing TgMISIIR-TAg-Low mice after the OV-CXCR4-A treatment I also observed a higher 

expression of the inhibitory leukocyte immunoglobulin-like receptor Lilrb4a [110] and Epstein-

Barr virus-induced gene (Ebi3) involved in the regulation of Th17 and Treg cells [111] (Figure 

26). 

Figure 25. Functional analysis of re-

clustered TAMs. Heatmap of gene set 

enrichment analysis of TgMISIIR-TAg-

Low OV-CXCR4-A vs TgMISIIR-TAg-Low 

CONTROL, WT OV-CXCR4-A vs WT 

CONTROL, and TgMISIIR-TAg-Low 

CONTROL vs WT CONTROL in TAMs 

showing normalized enrichment score 

(NES). 

 

 

Figure 26. Analysis of 

DCs in the peritoneal 

TME. Bar plots 

displaying a normalized 

expression of selected 

genes in tumor-

infiltrating DCs in 

control and OV-

CXCR4-A-treated WT 

and TgMISIIR-TAg-

Low mice. 
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scRNAseq data suggests that TAMs in control transgenic mice have an increased ability of 

immunosuppressive responses in comparison to the same cells in mice with WT background. 

To test how the differences in phenotypes and transcriptional signatures of TAMs relate to their 

functional activities, I performed adoptive cell transfer experiment to tumor-bearing WT mice. 

As shown in Figure 27A, CD45+CD11b+F4/80+ TAMs were isolated from single-cell 

suspensions of peritoneal fluids of tumor-bearing WT or TgMISIIR-TAg-Low mice by cell 

sorting. Isolated cells were injected intraperitoneally (1x106 cells/mouse) into tumor-challenged 

control and OV-CXCR4-A-treated WT mice 12 hours before the OV-CXCR4-A treatment. 

Tumor-bearing mice treated with PBS served as controls. 

Figure 27. TAMs adoptive cell transfer. (A) Graphical summary of immunosuppressive activity assay of 

TAMs (CD45+CD11b+F4/80+) isolated from peritoneal fluids of MOVCAR 5009 tumors in control WT 

and TgMISIIR-TAg-Low mice (n = 10). (B) Representative bioluminescence images of mice from 

different treatment groups. Presented signals were measured on day 0, 9 and 19. (C) Tumor progression 

was monitored by bioluminescence and presented as the mean ± SEM. *p < 0.05 
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Progression of tumor growth was quantified by bioluminescence imaging and representative 

results are presented in Figure 27B. Data showed that adoptively-transferred TAMs derived 

from TgMISIIR-TAg-Low mice have stronger pro-tumorigenic properties than their WT 

counterparts, resulting in a little elevated signal 19 days after the adoptive cell transfer in 

untreated mice. TAMs isolated from TgMISIIR-TAg-Low mice significantly augmented tumor 

growth in the untreated group of mice (Figure 27C, left panel, day 19: p = 0.03), and the effect 

was even stronger in OV-CXCR4-A-treated mice (Figure 27C, right panel; days 9 and 19: 

p = 0.03 and p = 0.01, respectively). 

3.7 Expression profiling of heterogeneous and functionally divergent CAFs in MOVCAR 

5009-challenged WT and TgMISIIR-TAg-Low mice  

As shown previously, delivery of OV-CXCR4-A led to depletion of CAF populations 

(Figure 14C). This prompted me to investigate their heterogeneity in the composition and 

function in MOVCAR 5009-challenged WT and TgMISIIR-TAg-Low mice. Using CAFs 

isolated from tumor-bearing untreated or OV-CXCR4-A-treated WT and transgenic mice, I 

have performed differential gene expression and GSEA analyses. In Figure 28A and 28B we 

can see some differences in the transcriptional profiles of genes involved in immune responses 

and cell cycle pathways. Differential gene expression study underlined an enrichment in WT 

mice for expression of genes characteristic for transcriptionally unique population of ilCAFs 

(interferon-licensed CAFs) that are interferon (IFN)-responsive, including members of the 

guanylate-binding protein (Gbp) family, genes encoding for MHC proteins and MHC-related 

molecules (i.a. H2-K1, H2-D1, B2m, Tap1) and chemoattractants for antigen-experienced T 

cells, indicating that ilCAFs may have essential roles in directing T cell trafficking within 

tumors [112] (Figure 28A). This data also pointed to the upregulation of IFN signaling 

responses, including antigen processing and presentation (Figure 28B). On the contrary, CAFs 

in TgMISIIR-TAg-Low mice had upregulated gene expression of S100a6 and its target, Anx2 

that are positively correlated with the progress of ovarian cancer by regulating the dynamics of 

cytoskeletal constituents and other membrane-associated cellular processes [113-115]. Also, 

Wnt signaling pathway, known to regulate stemness in a broad spectrum of stem cell niches 

including the ovary, was activated (upregulation of Wnt4 expression). It is worth mentioning 

that Wnt activity was previously shown to correlate with grade, epithelial to mesenchymal 
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transition, chemotherapy resistance, and poor prognosis in ovarian cancer [116]. Lastly, 

observed high expression of an early growth response protein 1 (Egr1) correlates with an 

increase in proliferation of specific types of tumor cells by affecting the cell cycle, tumor 

invasion and metastasis [117,118]. Gene set enrichment analysis, presented in Figure 28B, 

correlates with differential gene analysis in CAFs isolated from untreated transgenic mice 

showing upregulated signaling pathways related to cell cycle, transcriptional regulation by 

TP53, pyrimidine metabolism, and tricarboxylic acid (TCA). 

Figure 28. Transcriptional and functional differences of CAFs. (A) Volcano plot showing enrichment of 

differentially expressed genes in CAF clusters between control tumors of WT and TgMISIIR-TAg-Low 

mice. Each red and blue dot denotes an individual gene with a Benjamini-Hochberg-adjusted p-value < 

0.05 and fold change > 1.2. (B) Heatmap of gene set enrichment analysis of WT CAF vs TgMISIIR-TAg-

Low CAF and WT TAM vs TgMISIIR-TAg-Low TAM showing NES. 

Next, I have examined if the differences in CAF transcriptomes may translate also to their 

function. To measure their immunosuppressive activity I have performed the adoptive cell 

transfer experiment to MOVCAR 5009-challenged WT mice. CAFs were isolated by negative 

selection from single-cell suspensions obtained from peritoneal fluids of WT or TgMISIIR-TAg-

Low tumor-bearing mice using the CD45+ column. Over 88% CD49e+ FAP+ enriched CAF 

populations, as shown in Figure 29A, were injected intraperitoneally to MOVCAR 5009-bearing 

WT mice one day after tumor inoculation. Progression of tumor growth, measured by 
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bioluminescence activity (Figure 29B), revealed that CAFs derived from the tumor-challenged 

transgenic mice generated a significant increase in tumor load on days 9 and 10 in control 

(Figure 29C, left panel, p = 0.02 and p = 0.03, respectively) as well as OV-CXCR4-A-treated 

mice (p = 0.007 and p = 0.02, respectively). This data confirmed that TgMISIIR-TAg-Low-

derived CAFs exhibited higher pro-tumorigenic activities compared to their WT counterparts. 

Figure 29. CAFs adoptive cell transfer. (A) Graphical summary of CAFs isolation. CD45-negative cells 

were isolated from peritoneal fluids of MOVCAR 5009 tumor-bearing control WT and TgMISIIR-TAg-

Low mice 20 days after tumor challenge by negative selection using CD45 MicroBeads. The expression 

of FAP and CD49e antigens on the isolated cells was analyzed by flow cytometry. (B) Representative 

bioluminescence images of mice from different treatment groups. Presented signals were measured on 

day 0, 9 and 19. (C) Tumor volume curves were generated with data points representing mean ± SEM 

of five mice per group (right panel). *p < 0.05, **p < 0.01. 



RESULTS 

 

67 

 

3.8 Expression profiling and cytotoxic activities of CD8+ TALs in TME. 

Prompted by the flow cytometry findings demonstrating that OV-CXCR4-A treatment 

induces rapid accumulation of cytotoxic CD4+ and CD8+ TALs, I have performed scRNAseq 

profiling analysis on these cell populations. Results shown in Figure 30A-D confirmed the low 

numbers of infiltrating both CD4+ and CD8+ TALs in the control tumors, and their increase after 

the OV-CXCR4-A treatment. CD8+ TALs were organized in four main clusters 0, 1, 2, and 5, 

CD4+ TALs were concentrated in cluster 3, whereas the cluster 4 consisted of NK/innate 

lymphoid cells (ILC) cells. In OV-CXCR4-A-treated tumors CD8+ TALs exhibited upregulated 

expression of Zap70 (Figure 30E) and Lck (Figure 30F) genes, indicating that they have been in 

contact with antigens, as T cell antigen receptor (TCR) signaling requires the sequential 

activities of the Lck and Zap70 kinases. Upon TCR stimulation, Lck phosphorylates the TCR, 

leading to the recruitment, phosphorylation, and activation of Zap70. The consequences of these 

early signaling events lead to T-cell activation, proliferation, and differentiation [119,120]. 
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Figure 30. Analyses of re-clustered TALs in the peritoneal TME. UMAP plots of TAL clusters with cell-

type annotation in all (A-B) and untreated or OV-CXCR4-A-treated tumors in WT and TgMISIIR-TAg-

Low mice (C). (D) UMAP plots of re-clustered CD8+ T cells (left panel) and CD4+ T cells (right panel). 

UMAP plots denote the expression of Zap70 (E) and Lck (F) genes in tumor-infiltrating CD8+ T cell 

clusters in WT and transgenic OVCXCR4-A-treated mice. 

Expression profiling was performed only on CD8+ T cells in OV-CXCR4-treated tumors, 

because of very low numbers of CD4+ TALs and NK/ILC cells. Results are depicted as 

individual clusters of the heatmap in Figure 31A. In tumor microenvironment of OV-CXCR4-

A-treated WT mice CD8+ T cells were mostly concentrated in cluster 1 and 2 (Figure 30C) with 

elevated expression of genes important in regulating T cell development, differentiation, or 

survival (Tcf7) [121], genes involved in the regulation of T cell homeostasis (Klf2, Il7r and 

Itgb1) [122,123], activation and maintenance of effector cells (Ifitm1) [124], and effector 

function of cytotoxic T lymphocytes (Gzma) [125]. Expression of these genes was relatively 

lower in CD8+ T cells of OV-CXCR4-A-treated transgenic mice, concentrated mostly in cluster 

0. However, higher co-expression of Gzmb, Eomes and PD-1 protein encoded by the Pdcd1 gene 

could indicate their exhaustion status [126]. This hypothesis seems to be confirmed by higher 

expression of genes associated with tumor-induced exhaustion (Eomes, Gzmk, Pdcd1, Tox, and 

Lag3) in cluster 0 [127-130] as well as upregulation of Klre1 – a lectin-like receptor gene, that 

by cross-linking forms functional noncovalent heterodimers with killer-cell lectin-like receptor 

(KLRI1) and inhibits natural killer (NK) cell cytotoxicity [131,132]. Differential gene 

expression (DGE) analysis, demonstrated in Figure 31B, in line with previous results showed 

increases in Gzmk, Gzmb, Pdcd1, Tox, and Klre1 gene expression aligned with downregulation 

of Tcf7, Klf2, Il7r, Itgb1, Ifitm1 and Gzma in CD8+ T cells of the OV-CXCR4-A-treated 

transgenic mice. In parallel, I performed gene set enrichment analysis to compare different 

conditions such as OV-CXCR4-A treatment vs untreated transgenic or WT mice, and the same 

treatment in WT mice vs their transgenic counterparts (Figure 31C). The analysis revealed that 

OV-CXCR4-A treatment activated CD8/TCR signaling pathways, interleukin-1 and mTOR 

signaling in CD8+ T cells derived from the TgMISIIR-TAg-Low mice. In mice with WT 

background, armed virotherapy increased the expression of genes that are known to be involved 

in cell migration pathways, such as Runx3 [133]. 
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Figure 31. Transcriptional analyses of CD8+ TALs. (A) Heatmap displays a normalized expression of 

selected genes in each CD8+ T cell cluster in OV-CXCR4-A-treated tumors in WT and TgMISIIR-TAg-

Low mice. (B) Volcano plot showing enrichment of differentially expressed genes in CD8+ T cell clusters 

between OV-CXCR4-A-treated tumors in TgMISIIR-TAg-Low and WT mice. Each red and blue dot 

denotes an individual gene with a Benjamini-Hochberg-adjusted p-value < 0.05 and fold change > 1.2. 

(C) Heatmap of gene set enrichment analysis in CD8+ TALs of TgMISIIR-TAg-Low OV-CXCR4-A vs 

TgMISIIR-TAg-Low CONTROL, WT OV-CXCR4-A vs WT CONTROL, TgMISIIR-TAg-Low OV-CXCR4-

A vs WT OV-CXCR4-A, and TgMISIIR-TAg-Low CONTROL vs WT CONTROL showing NES.  

Lastly, I performed cytotoxic assay to investigate whether transcriptomic differences of 

CD8+ TALs correlate with their functional activities. Effector cells were isolated from single-

cell suspensions of peritoneal fluids of control and OV-CXCR4-A-treated WT or TgMISIIR-
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TAg-Low mice and target MOVCAR 5009 tumor cells were stained with fluorescent dye to 

determine a number of live cells by flow cytometry after 17 hours of incubation. In Figure 32A 

we can see reduced lysis of tumor cells by CD8+ TALs isolated from OV-CXCR4-A-treated 

transgenic mice, which confirms lower cytotoxic activity of those cells compared to their WT 

counterparts (p = 0.03). This data is consistent with previous results showing that those cells 

have an increased expression of genes associated with tumor-induced exhaustion and a reduced 

level of the TCRTag-I tetramer binding compared to TALs from WT mice. Additionally, about 

4% of OV-CXCR4-A-treated transgenic mice-derived CD8+ T cells are positive for CD101 and 

CD38 markers (Figure 32B,C). Elevated expression of aforementioned proteins is correlated 

with a fixed dysfunctional state, described as terminal exhaustion, in which the cells are resistant 

to reprogramming [134,135] indicating that immune responses to the viral treatment in 

tolerogenic mice were less sustainable compared to those in WT mice. 

Figure 32. CD8+ TALs functional activity. (A) Cytotoxic activity presented as the percent of lysis of 

target MOVCAR 5009 cells in control and OV-CXCR4-A-treated WT and TgMISIIR-TAg-Low mice. 

Results are presented as mean ± SD of five mice per group. *p < 0.05, **p < 0.01. (B) Graphical 

depiction of CD101 and CD38 expression by CD8+ TALs in peritoneal cavities of tumor-bearing mice. 

Data presented as mean ± SD. *p < 0.05. (C) Representative flow cytometric plot of CD101 and CD38 

expression on CD8+ TALs in control and OV-CXCR4-A-treated tumors of WT and transgenic mice. 
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4. DISCUSSION 

In this study, I demonstrated that induction of tumor/self-specific CD8+ T cell responses 

involved in tumor control was possible by targeting the interaction between immunosuppressive 

TAMs and CAFs in the tolerogenic tumor microenvironment using armed oncolytic virotherapy. 

The results of transcriptomic studies showed that CD8+ TALs in TgMISIIR-TAg-Low mice 

expressed genes characteristic of dysfunctional tumor-specific T cells despite maintaining some 

of the effector cell gene expression patterns. Moreover, functional assays showed that they were 

less effective in managing tumor growth compared to CD8+ T cell in non-tolerogenic WT mice. 

The study also revealed distinctions in the tumorigenicity of TAg-expressing MOVCAR 5009 

ovarian tumor and the effectiveness of antitumor CD8+ T cell responses induced by OV-

CXCR4-A in presenting TAg either as a neoantigen in syngeneic WT mice or as a tumor/self-

antigen in TgMISIIR-TAg-Low transgenic mice. The obtained data demonstrates that OV-

CXCR4-A-induced epitope spreading, and TAg-specific antigen activation can reprogram 

unresponsive tumor-specific CD8+ TALs in MOVCAR 5009-challenged transgenic mice. 

However, transcriptomic analysis of reprogrammed cells showed upregulation of Tox 

(thymocyte selection-associated HMG BOX) gene and inhibitory receptors genes, such as Lag3 

and Pdcd1, which indicates exhaustion state of those T cells. It is known that the immune co-

inhibitory receptors: lymphocyte activation gene-3 (LAG3) and programmed cell death 1 (PD1) 

collaborate and interact to regulate T cell function and synergistically contribute to 

autoimmunity and tumor evasion [128,136]. These findings are consistent with the literature 

demonstrating that robust and systemic stimulation with self-antigens overcomes CD8+ T cell 

tolerance to self- and tumor antigens, by altering previously fixed transcriptional signature. 

Targeted expansion of both self- and tumor neoantigen-specific T cells acts synergistically to 

boost anti-tumor immunity and elicits protection against tumor [101,137-139]. My study 

highlights the role of TAM-CAF crosstalk in tumor growth regulation and efficient induction of 

antitumor immunity in the context of immune tolerance to tumor/self-antigens. My results 

showed that the TME in transgenic mice is not only influenced by M2 TAMs, though, this data 

is consistent with the meta-analysis study performed on OC patients indicating that M2 

macrophage infiltration in tumors was associated with poor prognosis and low overall survival 

[140]. However, TME is also largely influenced by CAFs. Adoptive cell transfer to MOVCAR 

5009-challeneged WT mice of immunosuppressive CAFs accelerated tumor growth and 
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targeting CAFs by OV-CXCR4-A was essential in reversing their immunosuppressive 

properties. These findings emphasize the pivotal role of M2 TAMs and CAFs in maintaining 

a pro-tumoral niche and regulating tumor-stroma interactions [141]. It seems that the 

transcriptional and functional dichotomies of CAFs in MOVCAR 5009-bearingWT and 

TgMISIIR-TAg-Low mice were less dependent on FAP and PDPN antigen expression because 

both markers were detected on pro-inflammatory and protumorigenic CAFs.  

M2 macrophages undoubtedly dominated the landscape of peritoneal MOVCAR 5009 

tumor microenvironment in TgMISIIR-TAg-Low mice. I reason that highly immunosuppressive 

CAFs influenced the generation and maintenance of those M2 TAMs, which, in turn, suppressed 

the recruitment of CD8+ T cells to TME, inhibited their proliferation and activation in a cell to 

cell contact-dependent manner [142]. It is possible that the therapeutic effect of OV-CXCR4-A 

treatment is based on M2 TAMs depletion, confirmed by scRNAseq analysis, in MOVCAR 

5009-bearing TgMISIIR-TAg-Low mice. This resulted in proinflammatory repolarization of M2-

like TAMs and activation of TAg-specific CD8+ T cells. A similar effect of M2-like macrophage 

repolarization was reported by Freedman et al. [143]. The research group modified oncolytic 

group B adenovirus enadenotucirev to express a stroma-targeted bispecific T-cell engager 

(BiTE), which binds to CAFs leading to T-cell activation and fibroblast death. It also caused 

upregulation of proinflammatory cytokines, increased gene expression of markers of antigen 

presentation, T cell function, trafficking and proinflammatory repolarization of M2-like ascites 

macrophages [143]. However, on the other hand, the mechanism behind the nearly complete 

depletion of CAFs by OV-CXCR4-A in my research is not clear. It can be speculated that binding 

of virally-delivered CXCR4 antagonist to CXCR4-expressing CAFs can result in apoptosis, as 

previously reported [144]. It would be of special interest to perform additional epigenomic 

profiling studies to better understand changes in CAFs from the tumor-bearing WT and 

TgMISIIR-TAg-Low mice. It would help us to identify potential ways to reprogram CAFs to 

support immune activation and design effective combination therapy regimens. Current 

treatments for gynecologic cancers in the advanced stage are not sufficiently effective for good 

outcome in most patients. Especially, immune checkpoint blockade-based therapies, like PD-

1/PD-L1 inhibitors, alone have limited efficacy for OC treatment. Combination with other 

therapeutics might be a promising treatment option [145,146]. This lack of effective anti-tumor 
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therapy stresses the need for new therapeutic approaches combined with an improved 

understanding of T cell biology in the context of the tolerogenic tumor microenvironment. 

In 2021 research group Lal et al. [147] compared syngeneic and autochthonous models of 

breast cancer and tested their response to anti-CTLA4 and anti-PD-L1 therapy. They have 

revealed that TME of tumors from syngeneic models were vastly different from the 

autochthonous models [147]. Results obtained in the course of my study were consistent with 

aforementioned findings. MOVCAR 5009 cancer cells implanted in WT mice do not repeat the 

tolerogenic model of the same tumor-bearing TgMISIIR-TAg-Low mice. Establishing WT and 

tolerogenic OC syngeneic murine models allowed us to study and explain some mechanisms 

underlaying the CAFs and TAMs interaction. Orthotopic implantation of MOVCAR 5009 cells 

resulted in spreading of tumor cells through the abdominal cavity. Both groups of mice 

developed a malignant, bloody ascites. However, tumor/self-antigen expressing transgenic 

TgMISIIR-TAg-Low mice had increased tumorigenicity, which could be explained by 

a defective ability to generate effective antitumor immune responses due to tolerance. It is also 

possible that generated niche after tumor implantation is more or less favorable for tumor 

initiation process. Oncogenic SV40 TAg is not directly associated with human cancer 

development, but its expression at the tumor site results in functional inactivation of the critical 

tumor suppressors p53 and retinoblastoma protein (Rb), generating various tumor-derived 

factors that accelerate accumulation of immunosuppressive CAFs. Mutation of TP53 is, by far, 

the most common genetic alteration observed in EOC, particularly the serous subtype. When 

p53 protein is mutated, the cell cycle is unrestricted and the damaged DNA is replicated, 

resulting in uncontrolled cell proliferation and tumorigenesis. Disruption of Rb signaling 

pathway is also a frequent event in development of human malignancies, resulting either from 

loss of function of negative regulators or from events leading to overexpression of proto-

oncogenes [78,148]. In addition, SV40 TAg binds to and inhibits the activity of the protein 

phosphatase 2A (PP2A) family of serine-threonine phosphatases, which regulates multiple 

signaling pathways including phosphoinositide-3 kinase/protein kinase B (PI3K/AKT), 

mitogen-activated protein kinase (MAPK), Wnt, NF-kB, PKC, and Ca2+-calmodulin-dependent 

signaling pathways as well as downstream targets of these and other pathways. Activation of 

the PI3K/AKT pathway may contribute to tumorigenesis, as AKT mediates survival signals that 

protect cells from apoptosis. Aforementioned signaling pathways are also frequently activated 
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in human OC [149,150]. Altogether, murine model where non-tumor prone TgMISIIR-TAg-Low 

mice with the TAg antigen expression at the tumor site and murine ovarian carcinoma 

MOVCAR 5009 cells manifesting relevant for human OC genetic alterations is the exemplary 

research tool for the in vivo studies on the effects of oncogenic changes in the tumorigenic niche 

and dynamic interactions between cancer cells, immune cells and other components of tumor 

microenvironment in immunocompetent host.  

My study explored the mechanisms of how the tumor microenvironment within the 

peritoneal cavity plays a pivotal role in the progression of ovarian cancer due to a wide range of 

different cellular components that have distinct functions and could be targeted or boosted by 

different immunotherapeutic strategies. For example, in 2019 my research that was focused on 

intratumoral CD103+ dendritic cells revealed an important role of these cells in stimulating 

cytotoxic T cells and driving antitumor immunity. I demonstrated that local delivery of the 

CXCR4-A-armed virus augmented tumor infiltration of CD103+ dendritic cells that were 

capable of phagocytic clearance of cellular debris from virally infected cancer cells and 

generating protective antitumor immunity. Thus, increased overall survival of tumor-bearing 

mice indicated that expansion of intratumoral CD103+ dendritic cells by CXCR4-A-armed 

oncovirotherapy treatment could potentiate in situ cancer vaccine boosting [151]. Further study 

of tumor microenvironment and its interactions with ovarian cancer during oncolytic 

virotherapy treatment inspired the present investigation. My research has been focused on how 

these effects influence the tumor microenvironment itself and the activation of tumor/self-

antigen- and neoantigen-specific CD8+ T lymphocytes in tolerogenic and antigen-naïve wild-

type murine ovarian cancer models, respectively. The findings of this study were published in 

2023 [152] and are briefly summarized in Figure 33. Performed analyses revealed that in the 

tolerogenic murine ovarian cancer model, OV-CXCR4-A treatment led to a profound reduction 

in tumor load, the generation of TAg-specific CD8+ T cells, nearly complete depletion of 

immunosuppressive CAFs, and M2 to M1 repolarization of macrophages. In conclusion, this 

study showed that reprogramming the tumor microenvironment can significantly improve the 

efficacy of immunotherapy and highlighted the importance of targeting the immunosuppressive 

interaction between TAMs and CAFs by the CXCR4-antagonist-armed oncolytic virotherapy. 
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Figure 33. Graphical summary of tumor microenvironment reprogramming by oncolytic virotherapy in 

tolerogenic mice. 

The great heterogeneity and complexity of ovarian carcinoma represents a challenge in the 

search for new treatments that are effective, especially at an advanced and metastatic stage. 

Common knowledge about ovarian cancer has made remarkable progress over the last years, 

yet still, there are many limitations and challenges related to disease complexity and current 

experimental techniques. Future studies are expected to employ clinically relevant models. My 

observations emphasize the potential of TgMISIIR-TAg-Low murine model in preclinical 

evaluation of OC therapeutic agents. The current literature suggests that the collaboration of 

TAMs with CAFs plays a crucial role in tumor progression, yet it is not fully understood and 

a better recognition of the multidimensional interactions of CAFs, TAMs and cancer cells in 

tumor microenvironment will help in identification of novel therapeutic agents in order to better 

target the crucial mechanisms of carcinogenesis. There is a shortage of comprehensive studies 

describing the interplay between these cells as well as variable results with efforts to target CAFs 

or TAMs individually. Therefore, targeting TAM-CAF interactions by CXCR4-A-armed 

oncolytic virotherapy may hold significant potential to improve the outcome of cancer treatment 

when rationally combined with other treatment approaches. Oncolytic viruses are one of the 

most promising tumor-selective methods for targeting and remodeling the TME into an 

antitumor environment by enhancement of the infiltration, activation and effector function of 
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other components of the immune system. A major challenge to progress in cancer 

immunotherapy is the availability of reliable preclinical mouse models that reflect the 

complexity of human malignancy and immune responses within the tumor microenvironment. 

These models, such as one presented here, are urgently needed not only in OC but also across 

all malignancies to interrogate and predict antitumor immune responses and therapeutic efficacy 

in clinical trials. Therefore, to develop new effective immunotherapeutic approaches for patients 

with poor prognosis, it is essential to conduct further mechanistic interrogation that helps to 

explain molecular mechanisms that maintain tumor antigen-driven, dysfunctional 

differentiation of tumor/self- and neoantigen-specific T cells. 
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