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Location of the PhD/research

The following PhD research project was conducted at both Swansea University (SU) and the Houston
Methodist Research Institute (HMRI). The initial literature review to understand the topic and the
challenges associated with ovarian cancer, as well as training in in vitro cell culture techniques and the
application of non-coding RNA treatments, were carried out at Swansea University. The studies
involving the administration of L-NMMA, cisplatin, the combination of both drugs, and the development
of the two in vivo models were conducted at the Houston Methodist Research Institute. As part of an
ongoing collaboration between the Houston Methodist Research Institute, the Department of
Histopathology at Galway University Hospital (Ireland), and the Discipline of Pathology at the University
of Galway (Ireland), the pathological evaluation of mouse tissues from the syngeneic in vivo model was

performed at those institutions.
Abstract

Ovarian cancer represents a significant challenge in oncology, largely because reliable strategies for
early detection are still lacking. In its initial stages, the disease is frequently asymptomatic or
associated with vague and nonspecific symptoms that often resemble different gynecological or
abdominal disorders. Consequently, most patients receive a diagnosis only when the disease has
already progressed to an advanced stage, typically after extensive peritoneal dissemination has
occurred. This late diagnosis severely limits therapeutic options and is associated with poor clinical
outcomes. The management of ovarian cancer is further complicated by the high rate of relapse and by
the immunosuppressive characteristics of the tumour microenvironment. Among these factors, nitric
oxide (NO) plays a particularly relevant role. In many cancers, including ovarian cancer, NO is
predominantly produced by inducible nitric oxide synthase (iNOS), and elevated NO levels have been
associated with enhanced tumour progression as well as suppression of antitumour immune
responses. Given the challenges posed by late-stage diagnosis, the presence of an immunologically
“cold” tumour microenvironment, and the aggressive dissemination of ovarian cancer cells, this study
explores an alternative therapeutic strategy to complement conventional chemotherapy. Specifically,

the work investigates the potential of the INOS inhibitor L-NMMA as a means of modulating nitric oxide
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production, both as a single agent and in combination with Cisplatin. The experimental approach
integrates in vitro and in vivo models to evaluate whether targeting NO signalling can simultaneously
impair tumour cell behaviour and disrupt protumoural interactions within the tumour
microenvironment. The main objective of this research is therefore to develop a therapeutic strategy
capable not only of directly affecting ovarian cancer cells but also of altering the tumour
microenvironment by limiting excessive nitric oxide production. This goal was addressed through the
identification of Vimentin, a marker of epithelial-mesenchymal transition (EMT), as a molecular target
affected by L-NMMA treatment. In OVCARS8 ovarian cancer cells, L-NMMA administration resulted in a
reduction of Vimentin expression exceeding 50%. To further investigate the role of nitric oxide in tumour
biology, OVCAR8 NOS2 knockout cell lines were specifically developed and used for both in vitro and
in vivo studies. In addition, the combined treatment with Cisplatin and L-NMMA was associated in a
syngeneic in vivo model with enhanced immune activation, characterized by increased markers of
CD4" T-cell activation and a reduction in CD4" naive T-cell markers, together with an overall increase
in T cells and natural killer (NK) cells. This combination therapy demonstrated the capacity to modulate
the immune response while simultaneously reducing total tumour cell number, percentages of tumour
cellnumbers and tumour area. Complementary evidence was obtained using a xenograft model based
on NSG mice implanted with OVCAR8 NOS2 knockout cells. In this system, reduced peritoneal
dissemination was observed, suggesting diminished migratory capacity associated with decreased
Vimentin expression and impaired nitric oxide production. Furthermore, mice treated with Cisplatin
displayed prolonged survival and improved control of tumour progression when compared with models
using NOS2 parental OVCARS8 cell lines. Overall, the results presented in this work highlight the
potential of targeting nitric oxide signalling as a strategy to enhance the efficacy of standard
chemotherapy in ovarian cancer. By integrating experimental approaches across two research
institutions, this project expands current understanding of the role of nitric oxide in ovarian cancer
biology and provides evidence supporting the development of therapeutic interventions aimed at
modulating the tumour microenvironment. In conclusion, the findings presented in this study, may
contribute to the design of more effective treatment strategies capable of improving clinical outcomes

for patients affected by ovarian cancer.



Acknowledgments

| would like to express my sincere gratitude to Dr. Recep Bayraktar, Dr. Jenny C. Chang, and Professor
Lewis Francis for their continuous guidance, support, and mentorship throughout the course of this
PhD project. | am deeply grateful to Professor Lewis Francis for his understanding, encouragement, and
for sharing the same vision and ambition for this research. His constant support and guidance were
fundamental in the development of my expertise in non-coding RNA research during my time at
Swansea University as well as opening a new frontier of research in the RBGO group. | would also like
to thank Dr. Jenny Chang for welcoming me into her laboratory and for fostering a supportive and
stimulating research environment at the Houston Methodist Research Institute. My sincere thanks also
go to Dr. Hong Zhao and Agne Baseviciene for their essential assistance in the RNA-seq data analysis.
I am grateful to the RBGO research group for their training in fundamental in vitro techniques, which
were essential for the screening of innovative therapeutic strategies in ovarian cancer within this
project. Special thanks to Dr. Marcos Quintela-Vazquez. for his guidance and training in Western blot,
gPCR, and RT-gPCR techniques. | would also like to thank Dr. David Howard and Dr. Kadie Edwards for
their training in cell culture techniques and for our conversation about nanoparticle formulation, now
extremely useful for future scenarios of this research. | extend my appreciation to the members of Dr.
Jenny C. Chang’s laboratory for their valuable support in the design and execution of innovative
experiments that contributed significantly to this thesis. | am grateful to Nermin Kahraman for providing
OVCARS cell lines and Dr. Polina Matre for her intermediary role between us. | am particularly thankful
to Dr. Liliana Guzman for providing key experimental materials and for assisting with the generation of
knockout models. | would also like to thank Dr. Thomas Christophoros for sharing his expertise on the
biological principles underlying knockout model generation and on the use of L-NMMA. My thanks also
go to Jenying Deng for her training in flow cytometry and data analysis, and to Maria Florencia Chervo
for her assistance in preparing samples for RNA-seq analysis. | am grateful to Mailin Li for her helpful
suggestions regarding the cytokine mixture used to stimulate iINOS expression. | would like to
acknowledge lvonne Uzair and Karina Ortega Martinez for their support during experimental work and
for their constructive feedback. | am also thankful to Kristina D. Zambo and Fotis Nikolos for providing
the flow cytometry panel used in this research, and to Fotis Nikolos for his assistance with the

operation of the flow cytometer. | am grateful to Jianying Zhou and Wei Qian for their training and

5



supportinthe animalfacility, particularly during experiments requiring the processing of large numbers
of mice, and to Aireana Phillips for her assistance during extensive animal analyses. Finally, | would like
to thank Sean Hynes, Adam Freegrove, and Fidelma Kaar for their support with the histological analysis

of the mouse peritoneum.

List of contents

Thesis title 1
Declaration 2
Location of PhD/research, Abstract 3
Aknowledgments 5

Chapter 1 - Ovarian cancer and its microenvironment

1.1 Ovarian cancer, a global gynecological challenge 18
1.2 The ecology of the ovarian cancer tumor microenvironment (OC-

TME) and the metastatic process 21
1.2.1 Cancer-associated fibroblasts (CAFs) 22
1.2.2 Mesenchymal stem cells 24
1.2.3 Adipocytes 25
1.2.4 The immune microenvironment 25
1.2.5 Macrophages 27



1.2.6 Dendritic cells - DCs
1.2.7 Neutrophils

1.2.8 Natural killer cells
1.2.9 Tumor associated mast cells (TAMCs)

1.2.10 CD8+T cells

1.2.11 CD4+T helper

1.2.12 T-regulatory (Treg) cells

1.2.13 Myeloid derived suppressor cells (MDSCs)

1.3 HGSOC Advanced therapies

1.3.1 Antibody based immunotherapy

1.3.2 TAM —targeting antibodies

1.3.3 Immune checkpoints inhibitors

1.3.4 Anti-PD-L1

1.3.5 Cancer vaccines

1.4 Targeting stromal components

1.4.1 The role of NO across the stroma and in the TME

1.4.2 Crosstalk Between iNOS and TIME Components in HGSOC
1.4.3 Pan-tumor microenvironment agents

1.5 Targeting iINOS

1.6 L-NMMA as a broad NOS inhibitor and potential implication of
HGSOC

1.7 Perspectives on future targeted therapies

1.8 Thesis context

1.9 Thesis hypothesis

Chapter 2 - Ovarian cancer cell lines show basal expression of iNOS
and increased sensitivity to Cisplatin in combination with L-NMMA

2.1 Introduction

2.1.1 Hypothesis and Aims of the chapter

2.2 Materials and methods

2.3 Results

2.3.1 NOS2 is expressed in ovarian cancer

2.3.2 Expression levels in different tissues

2.4 Ovarian cancer cell lines expression of NOS2 - in-house panel
2.4.1 Cytokine cocktail and iNOS expression in HGSOC cell lines
2.5iINOS is expressed at basal levels in OVCARS cell line

2.6 L-NMMA shows killing activity on HGSOC NOS expressing cell lines
2.6.1 Cisplatin IC50 on HGSOC NOS2 expressing cell line

2.6.2 L-NMMA increases the efficacy of Cisplatin

2.7 INOS expressing cell line show expression of Vimentin

2.7.1 L-NMMA reduces Vimentin expression

28
28
28
29
29
29
30
31
32
33
33
34
35
35
36
37
40
42
43

44
45
46
46

49
52
53
57
57
59
60
62
66
67
69
70
72
73



2.8 Discussion

Chapter 3-L-NMMA increases the efficacy of Cisplatin in vivo and
stimulates the immune response

3.1 Introduction

3.1.1 Aims and objective

3.2 Materials and methods

3.3 Results

3.3.1 Syngeneic model optimisation

3.3.2 Body weight and abdomen diameter increase over the weeks
3.3.3 Metastasis accumulation simulates the late stage of ovarian
cancer

3.3.4iNOS is expressed in the ascites

3.4 Experimental design and treatment regimens in the ID8 syngeneic In
vivo model

3.4.1 Body weight changes following treatment with L-NMMA, Cisplatin,
and their combination

3.4.2 Abdomen diameter changes following treatment with L-NMMA,
Cisplatin, and their combination

3.4.3 Mice grouping and injection were consistent

3.4.4 Cisplatin and Cisplatin +L-NMMA showed a reduction in ROl signal
3.4.5 Omentum revealed a lower signal in the combination treatment
3.4.6 Flow cytometry reveals a more active phenotype in the
combination treatment group

3.4.7 Lymphoid panel showed significant changes in the combination
treatment group

3.4.8 CD4+ and CD8+ T cells

3.4.9 CD4+T cells are stimulated after the combination treatment
3.4.10 CD8+T cells activation status

3.4.11 Myeloid panel showed changes following the four treatment
conditions

3.5 Pathologic evaluation reveals a tumor regression in the peritoneum
3.5.1 Tumor area is reduced in the peritoneum after the combination
treatment

3.5.2 Tumor cell number is reduced in the peritoneum after the
combination treatment

3.5.3 Percentage of tumor cells is reduced in the peritoneum after the
combination treatment

3.5.4 Percentage of tumor area is reduced after the combination
treatment

3.6 Discussion

75

81
85
86
90
90
92

94
95

96

97
101
104
105
108
110
110
112
113
114

115
117

119

121

122

123
124



Chapter 4 -iNOS knockout cell line reveals a higher sensitivity to
Cisplatin in vitro and in vivo

4.1 Introduction

4.1.1 Hypothesis and aim of the study

4.2 Materials and methods

4.3 Results

4.3.1 Double nickase assay causes iNOS expression loss

4.3.2 NOS2 impacts on cell morphology

4.3.3 Vimentin reduction following NOS2 KO

4.3.4 Vimentin reduction is confirmed through siRNA knockout in
another iNOS expressing cancer cell lines resistant to chemotherapy
4.3.5 NOS2 KO has a higher sensitivity to Cisplatin

4.3.6 Scratch wound assay

4.3.7 Colony formation assay

4.4 Mechanistic understanding through transcriptome level analysis
4.4.1 Molecular level understanding of NOS2 KO in OVCARS cells
4.4.2 RNAseq workflow

4.4.3 Sample sequencing statistics

4.4.4 Distribution of read counts

4.4.5 Sample similarity assessment

4.4.6 PCA analysis

4.4.7 GO reveals differentially expressed pathways

4.4.8 Dysregulated pathways are associated to NO

4.4.9 DEGs find correspondence in patient’s data

4.5 Pathways analysis reveal involvement of NOS2 in proliferation,
migration and apoptosis

4.5.1 Apoptosis

4.5.2 Cell growth

4.5.3 Hypoxia pathways

4.5.4 Morphogenesis and migration

4.6 In vivo OVCAR8 KO model optimization

4.6.1 KO group shows a decrease in the ROls levels

4.6.2 OVCARS8 KO has a slower tumor growth into the peritoneum and
higher sensitivity to Cisplatin

4.7 Discussion

Bibliography

130
134
135
139
139
141
142

144
146
149
150
152
152
153
155
157
158
159
160
162
164

166
166
167
168
169
171
172

173
178

195



List of figures
Chapter 1 - Ovarian cancer and its microenvironment

Figure 1.1. The heterogeneity of the tumor microenvironment
Figure 1.2. NO related activities in the TME.

Figure 1.3. Anatomical regions of the ovary with a primary cancer
spot, omentum and peritoneum.

Figure 1.4. The immune population into the OC-TME.

Figure 1.5. Representation of the immune-cold tumor
microenvironment.

Figure 1.6. Potential role of nitric oxide (NO) overexpression in
ovarian cancetr.

Figure 1.7. First chapter results are schematized per chapter

Chapter 2 - Ovarian cancer cell lines show basal expression of
iNOS and increased sensitivity to Cisplatin in combination with L-
NMMA

Figure 2.1. Role of NO in the tumor microenvironment.

Figure 2.2. The Human Protein Atlas NOS2 expression reports.
Figure 2.3. CCLE top ovarian cancer cell lines expressing NOS2.
Figure 2.4. NCI-60 top ovarian cancer cell lines expressing NOS2.
Figure 2.5. NOS2 expression in healthy, primary site tumor and
metastatic ovarian samples.

Figure 2.6. gPCR on NOS2 panel.

Figure 2.7. Western blot and densitometry analysis showing the in-
house iINOS expression panel among different ovarian cancer cell
lines.

Figure 2.8. Expression of iNOS after the induction of A2780 and
CAOQOVS3 with cytokines mix.

Figure 2.9. OVCARS cell line doesn’t need stimuli to express or to
boostiNOS expression.

Figure 2.10. A2780cis doesn’t need stimuli to express iNOS, but its
expression can be increased using a cytokines mix.

Figure 2.11. OVCARS8 has basal iINOS expression.

Figure 2.12. Effects of L-NMMA in OVCARS cell viability.

Figure 2.13 (A-B). Effects of Cisplatin on OVCARS cell viability.
Figure 2.14 (A-B). L-NMMA increases the efficacy of Cisplatin.
Figure 2.15. Only iNOS expressing cell lines express Vimentin.

19
20

21
25

31

39
48

49
57
58
59

60
61

62

63

64

65
67
68
70
71
73

10



Figure 2.16 (A-B). Effects of L-NMMA administration on Vimentin
protein expression.

Chapter 3-L-NMMA increases the efficacy of Cisplatin in vivo
and stimulates the immune response

Figure 3.1. Overview of the most common in vivo models used to
represent ovarian cancer.

Figure 3.2. ID8 cell line is responsive to proinflammatory stimuli.
Figure 3.3. Syngeneic in vivo model optimization.

Figure 3.4 (A-B). Morphological parameters showed an accumulation
of body fluids and an increase in body weight.

Figure 3.5 (A-C). Peritoneum and omentum collected at the endpoint
show a high grade of metastasis formation.

Figure 3.6. Detection of iINOS expression in ascites samples from
three mice samples.

Figure 3.7. Experimental design for the syngeneic in vivo model.
Figure 3.8 (A-D). Body weight trends across different experimental
groups over time.

Figure 3.9. Body weight trends comparison per single arm treatment.
Figure 3.10 (A-D). Abdomen diameter trends over time for each
treatment group.

Figure 3.11. Abdomen diameter trends comparison per single arm
treatment.

Figure 3.12. ROl level per group at the beginning of the treatments.
Figure 3.13 (A-D). ROl trends over time for each treatment group.
Figure 3.14. ROl trends comparison per single arm treatment.
Figure 3.15 (A—C). ROl detection in the omentum at the endpoint.
Figure 3.16 (A-E). Levels of various lymphocyte populations in
ascites across four different treatment groups.

Figure 3.17 (A-B). CD4 and CD8 changes across four different
treatment groups.

Figure 3.18 (A-B). CD4 T cells increase their activation status and
reduce naive levels after the combination therapy.

Figure 3.19 (A-B). CD8 T activation and naive markers don’t change
after the combination therapy.

Figure 3.20 (A-D). Myeloid immune population has slight changes
after the combination therapy.

Figure 3.21. Representative image of the pathological analysis
workflow.

Figure 3.22. Representative image of metastatic spread in the mice
abdominal cavity.

74

83
91
92
93
95

96
97

98
99

102

103

105

107

108

109

111

113

114

115

117

118

119

11



Figure 3.23. Tumor area has a significant reduction after the
combination therapy.

Figure 3.24. Tumor cell number has a significant reduction after the
combination therapy.

Figure 3.25. Percentage of tumor cells has a significant reduction
after the combination therapy.

Figure 3.26. Percentage of tumor area has a significant reduction
after the combination therapy.

Chapter 4 -iNOS knockout cell line reveals a higher sensitivity to
Cisplatin in vitro and in vivo

Figure 4.1. Generation of NOS2 OVCARS8 knockout clones.

Figure 4.2. Morphology of OVCAR8 NOS2 knockout clones

Figure 4.3. iINOS is related to Vimentin expression

Figure 4.4. siRNA1 and siRNA2 led to a complete reduction of NOS2
mRNA.

Figure 4.5. siRNA treatments show that iNOS expression levels are
related to the levels of Vimentin expression

Figure 4.6 (A-B). NOS2 knockout clones show higher sensitivity to
Cisplatin.

Figure 4.7 (A-B). Figure 4.7 (A-B). NOS2 knockout clone OVCARS cell
line shows a lower migration efficiency.

Figure 4.8 (A-B). Reduction in colony formation is related to iNOS
depletion.

Figure 4.9. From the generation of a knockout to the observed
phenotype.

Figure 4.10. Schematic representation of the RNA-seq library
preparation workflow.

Figure 4.11. Workflow summarizing the procedure step by step for
the bioinformatic analysis.

Figure 4.12. Distribution of unnormalized reads count for gene.
Figure 4.13. Distribution of normalized reads count for genes.
Figure 4.14. Heatmap of sample-to-sample distance.

Figure 4.15. PCA of gene expression profiles

Figure 4.16. GO biological process enrichment analysis of
differentially expressed genes.

Figure 4.17 (A-B). Volcano plot showing the top up and down-
regulated genes obtained in a visual output through
EnhancedVolcano.

120

121

123

124

140
142
143
145
146
148
150
151
153
155
155
157
158
159
160

161

162

12



Figure 4.18. Venn Diagram showing the cross-analysis between the
differentially expressed genes list on TNMplot and the differentially
expressed gens list obtained in our RNAseq analysis.

Figure 4.19. Bubble plot showing dysregulated pathways related to
apoptosis and p53 activity.

Figure 4.20. Bubble plot shows dysregulated genes related to cell
growth.

Figure 4.21. Bubble plot shows dysregulated pathways related to
hypoxia.

Figure 4.22. Bubble plot shows dysregulated genes related to
morphogenesis and migration.

Figure 4.23. ROl signal from day 0 to week 4 (day 28) in the two group
analyzed, OVCARS8 parental and OVCARS8 knockout.

Figure 4.24. In vivo project plan for the OV8RFP-Luc NOD SCID
Gamma model.

Figure 4.25. OVCARS8 KO has a slower growth rate compared to its
parental counterpart.

Figure 4.26. Kaplan-Meyer curve shows better survival of the
OVCARS8 KO group.

Figure 4.27. The beneficial effects of combining NOS inhibitors to
chemotherapy.

Figure 4.28. Vimentin nitrosilatyion and L-NMMA activity

List of tables

165

167

168

169

171

173

175

176

177

186
189

Chapter 3-L-NMMA increases the efficacy of Cisplatin in vivo and stimulates

the immune response

Table 3.1. Main features summary of the syngeneic, xenograft and PDX model.

Chapter 4 -iNOS knockout cell line reveals a higher sensitivity to Cisplatin in
vitro and in vivo

Table 4.1. Samples grouping for the RNAseq.

Table 4.2. Sample sequencing statistics.

Table 4.3. Statistics related to the mapping phase of the amplified transcripts.
Table 4.4. Statistics from the comparison of gene expression between OVCARS8
parental and OVCARS8 KO using DESeq2.

Table 4.5. Gene ontology analysis statistics obtained through the software
GeneSCFv.1.1-p2.

Table 4.6 (A-B). Representative table of the top up- and downregulated genes.

84

154
156
156

156

157
163

13



Key words and abbreviations

ACTB - 3-Actin (gene or mRNA)

B-Actin - B-Actin protein

a-SMA - a-smooth muscle actin

CAFs - Cancer-associated fibroblasts

CCLE - Cancer Cell Line Encyclopedia

DC1 - Type 1 dendritic cells

DC2 - Type 2 dendritic cells

DC(s) - Dendritic cells

EMT - Epithelial to Mesenchymal Transition
EndOC - Endometrioid ovarian cancer

eNOS - Endothelial Nitric oxide synthase (protein)
EVs - extracellular vesicles

GO - Gene Ontology

HGSOC - High-grade serous ovarian cancer
IFN-Y - Interferon-Y

IL-6 - Interleukin-6

IL-B1 - Interleukin-beta 1

iNOS - Inducible Nitric oxide synthase (protein)
IP - Intraperitoneal

KO - Knockout

14



L-NIL - N6-(1-iminoethyl)-L-lysine

L-NMMA - N*G-Monomethyl-L-arginine

LPS - Lipopolysaccharide

MDSCs - Myeloid-derived suppressor cells
MEOC - Murine epithelial ovarian cancer cell line
MMPs - Matrix metalloproteinases

MSCs - Mesenchymal stem cells

NE — Neutrophils

NK - Natural killer

NO - Nitric oxide

nNOS - Neuronal Nitric oxide synthase protein
NOS - Nitric Oxide Synthases

NOS1 - Neuronal Nitric oxide synthase (gene or mRNA)

NOS2 - Inducible Nitric oxide synthase (gene or mRNA)

NOS3 - Endothelial Nitric oxide synthase (gene or mRNA)
nTPM - Number of transcripts per million

NSG - NOD Scid Gamma

OC-TME - Ovarian cancer tumor microenvironment

OSE - Ovarian surface epithelium

OvCa - Ovarian cancer

PCA - Principal component analysis

15



PARP - Poly adenosine diphosphate-ribose polymerase
PDXs - Patient-Derived Xenografts

RNAi - RNA interference

RNAseq - RNA sequencing

ROIs - Regions of interest

ROS - Reactive oxygen species

RT-gPCR - Quantitative Real-Time PCR
siRNAs - short interfering RNA

TAMC - Tumor-associated Mast cells
TAMs - Tumor-associated macrophages
TME - Tumor microenvironment

TIME - Tumor Immune microenvironment
TNBC - Triple-negative breast cancer
TNF-a - Tumor necrosis factor alpha
Tregs - Regulatory T cells

VEGF - Vascular endothelial growth factor

16



The results and material obtained from the thesis have been published in the research journal

Molecular Therapy Nucleic Acids in April 2026

Melone G, Bayraktar R, Zhao H, Hynes SO, Kaar F, Freegrove A, Deng J, Baseviciene A, Uzair |, Martinez
KO, Guzman-Rojas L, Chervo MF, Li M, Qian W, Zhou J, Phillips A, Zambo KDA, Nikolos F, Chan KS,
Thomas C, Francis L, Chang JC, Nitric Oxide Dependent Stabilization of Vimentin Confers
Chemoresistance in Ovarian Cancer, Molecular Therapy - Nucleic Acids (2026), doi:

https://doi.org/10.1016/j.0mtn.2026.102924.

As well as this paper the skills and training were also utilized in other papers connected to HGSOC,

namely:

1. RNAseq skills - Vaiasicca, S., Melone, G., James, D.W. et al. Transcriptomic analysis of stem
cells from chorionic villi uncovers the impact of chromosomes 2, 6 and 22 in the clinical
manifestations of Down syndrome. Stem Cell Res Ther 14, 265 (2023).
https://doi.org/10.1186/s13287-023-03503-4

2. RNAseq skills and EV characterization — Salvatore Vaiasicca, Gianmarco Melone, David W
James, Marcos Quintela, Jing Xiao, Seydou Yao, Richard H Finnell, Robert S Conlan, Lewis W
Francis, Bruna Corradetti, Transcriptomic analysis reveals the anti-cancer effect of gestational
mesenchymal stem cell secretome, Stem Cells Translational Medicine, Volume 13, Issue 7, July
2024, Pages 693-710

3. RNAseq skills and co-colture analysis - Vaiasicca, S., James, D.W., Melone, G. et al. Amniotic
fluid-derived mesenchymal stem cells as a therapeutic tool against cytokine storm: a
comparison with umbilical cord counterparts. Stem Cell Res Ther 16, 151 (2025).

https://doi.org/10.1186/s13287-025-04262-0

17



Chapter 1 - Ovarian cancer and its microenvironment

1.1 Ovarian cancer, a global gynecological challenge

Ovarian cancer (OvCa) is a multifaceted malignancy where 310,000 new cases and up to 200,000
deaths are estimated every year [1]. Due to the lack of early detection methods and the ambiguity of its
symptoms, itis often diagnosed at an advanced stage and the 5-year survivalrate is less than 50% with
poor prognosis [2, 3]. Approximately 90% of primary malignant ovarian tumors are epithelial and are
originated from the ovarian surface epithelium (OSE) [4]. The four major classifications of these
epithelial ovarian tumors are High Grade Serous, Endometroid, Clear cell, Mucinous and Low Grade
Serous [5]. Among these subtypes, High-grade serous ovarian cancer (HGSOC) represents the 70% of
all the OvCa subtypes and it is often diagnosed at stage Il (51%) and IV (29%) when the metastasis
progression has already started [6]. Recent discoveries suggested as, the metastasis process doesn’t
only happen from the primary tumor site with a predilection from the omentum [7, 8], but there are
recent discoveries suggesting metastatic spread from tumor cells found in the blood, as it has been
identified from different investigations [9, 10]. This other metastasis formation scenario could
potentially change the idea about how metastasis is formed, but what remains clear is the deleterious
role that has in all the patients due to their wide dissemination. Different advanced therapy are
currently adopted in addition to surgery and chemotherapy, such as antiangiogenic agents, poly
adenosine diphosphate-ribose polymerase (PARP) inhibitors, hormone receptor modulators, and
immune checkpoint inhibitors [11]. The first approach however is still based on tumor debulk and
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carboplatin/paclitaxel chemotherapeutic treatment [12]. Even if most patients initially respond
positively to the standard therapeutic approaches, recurrence typically occurs in a median time of 15
months from the first diagnosis [13] and this is due to genetic and epigenetic mutations that may lead
to the extrusion or inactivation of cytotoxic drugs [14], impaired apoptosis and enhanced induction of

repair mechanisms.

Another key factor for OvCa complexity and recurrence, is the presence of a ‘cold immune
microenvironment’ where immune cells are either inactive or have a pro-cancer effect, implementing
the deleterious effect of the tumor niche [15]. In addition to the immune component, often described
as “cold” due to its limited activity, the tumour microenvironment is highly heterogeneous. This
heterogeneity arises from the presence of multiple cell populations, including cancer-associated
fibroblasts at different activation stages, endothelial cells, stromal cells, and adipocytes. These
components coexist with the malignant cells themselves. [16-18]. Alltogether, these factors contribute
to making OvCa an open challenge in the scientific and clinical communities. In Figure 1.1 it is

possible to observe the main populations of the tumor microenvironment (TME).
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Figure 1.1. The heterogeneity of the tumor microenvironment. Cancer cell growth is supported by cancer activated fibroblasts and the extracellular
matrix secreted by them with the role of supporting angiogenesis and representing a physical barrier for immune cells infiltration. Another key factor in
ovarian cancer is the presence of immunosuppressive immune cell populations that, together with CAFs and stromal cells, contribute to generate a “cold”

tumour microenvironment. Created in https://BioRender.com.

The main events happening into the tumor microenvironment related to each single population of the

TME are shown in Figure 1.2.
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Figure 1.2. NO related activities in the TME. It is possible to see as each cell line into the tumour niche drives cancer cell metastasis. CAFs activity
supports cancer growth, adipose tissue provides metabolic support to cancer cells and releases inflammatory cytokine and the immunosuppressive cell

population prevents immune response and supports cancer growth. . Created in https://BioRender.com.

1.2 The ecology of the ovarian cancer tumor microenvironment (OC-TME) and the metastatic

process

Ovarian cancer (OvCa) is often diagnosed at advanced stages, making it difficult to treat due to already
established metastatic progression. In many patients, the disease has already spread to the omentum
and the peritoneum. Figure 1.3 illustrates the anatomical regions of the ovary, omentum, and
peritoneum. Considering these factors and the dissemination of cancer cells, tumor debulking through
surgery is an important and essential step to arrest the metastatic spread. Chemotherapy is also
necessary to arrest the duplication and spread of ovarian cancer cells. The TME plays a key role in in

supporting tumor growth, stimulating the Epithelial to Mesenchymal Transition (EMT), protecting
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cancer cells growth and stimulating the EMT. Cancer-associated fibroblasts (CAFs), derived from
resident fibroblasts, mesenchymal stem cells (MSCs), adipocytes, and mesothelial cells, secrete pro-
inflammatory cytokines and remodeling enzymes that promote EMT, invasion, and therapy resistance
[19]. Mesenchymal stem cells contribute to CAFs populations and support tumor growth by
differentiating into myofibroblasts under TME cues such as hypoxia and inflammation [20]. Adipocytes,
particularly in the omentum, undergo dedifferentiation into fibroblast-like cells, releasing fatty acids
that fuel cancer cell metabolism and enhance metastatic potential [21]. Lymphocytes, including
regulatory T cells and tumor-infiltrating cytotoxic T cells, are modulated by stromal signals to promote
immune evasion, further influencing EMT and tumor aggressiveness. Indeed, this integrated stromal
network not only facilitates peritoneal dissemination but also contributes to chemoresistance and

immune suppression, making it a critical target for therapeutic intervention in HGSOC [22].

Omentum (yellow) Ovary
Peritoneum (half section - pink) (With primary tumor site)

Figure 1.3 Anatomical regions of the ovary with a primary cancer spot, omentum and peritoneum. Created in https://BioRender.com.

1.2.1 Cancer-associated fibroblasts (CAFs)

Cancer-associated fibroblasts (CAFs) are key components of the tumor microenvironment,
characterized by high heterogeneity, diverse phenotypes, and varied functional activities. They are
typically located within or adjacent to the tumor mass, where they provide direct support to cancer

cells [23]. Another peculiarity of fibroblasts is their diverse origins, which contribute to their
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heterogeneity. In particular, they can be derived from resident fibroblasts, bone marrow mesenchymal
stem cells (MSCs), epithelial cells, endothelial cells, or adipocytes [24-29]. CAFs can exist in two
distinct states: quiescent and activated. The activated state is often associated with the expression of
various markers, including a-smooth muscle actin (a-SMA), fibroblast activation protein, low levels of
caveolin-1, CD10, integrin B1, platelet-derived growth factor receptors a and 3, and G protein-coupled
receptor 77 [30-36]. Once activated, fibroblasts exhibit increased proliferation rates and a heightened
metabolic state. The primary function of cancer-activated fibroblasts (CAFs) is to support tumor
growth, invasion, and the proliferation of cancer cells. One way they achieve this is by releasing
cytokines that modulate various sighaling pathways. Among these cytokines, TGF-f is one of the most
well-known, playing a crucial role in promoting tumor initiation and facilitating immune escape [37].
Many TGF-B-related genes expressed by CAFs play key roles in their interaction with ovarian cancer.
These include Periostin, Collagen type Xl alpha 1, Collagen triple helix repeat containing 1, and
Versican [38-44]. Another important function of CAFs is to supply nutrients to cancer cells. In the early
stages of cancer, when nutrient availability is limited, CAFs support cancer cell growth by providing
energy through the tricarboxylic acid cycle. This process helps maintain the biological activities
necessary for tumor progression and is often referred to as the “reverse Warburg effect.” [45] The
support that CAFs provide to cancer cells also contributes to promoting cancer cell stemness [46, 47].
In addition, CAFs can reduce or limit the effectiveness of Cisplatin. Since many drugs are delivered
through blood vessels into the tumor vasculature, CAFs can hinder drug delivery not only by creating a
physical barrier but also by producing glutathione and cysteine. These molecules inhibit the
accumulation of Cisplatin in the nuclei of cancer cells, thereby reducing its cytotoxic effects [48]. In
addition to providing support and replenishing energy for cancer cells, CAFs can also stimulate a
critical process frequently observed in ovarian cancer: the epithelial-to-mesenchymal transition (EMT).
Specifically, it has been demonstrated that CAF-conditioned medium can induce EMT by regulating
and modulating the expression of key markers such as E-cadherin and vimentin. Moreover, itinfluences
other genes involved in metastasis, including MMP2 and VEGF, both in vitro and in vivo [49]. CAFs also
participate in communication with cancer cells through the release of exosomes. Notably, exosomes
released by CAFs contain higher levels of TGF-B1 compared to those from normal fibroblasts [50].

These exosomes can induce EMT by activating the SMAD signaling pathway, along with increasing the
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release of IL-6, which is linked to STAT3 activation. Together, these factors contribute to the induction
of EMT [51]. Anotherimportant factor thatinduces EMT and protects cancer cells from drug penetration
is the stiffness of the extracellular matrix, which results from the accumulation of matrix components
secreted by CAFs. This increased stiffness can promote the formation of lamellipodia and
invadosomes [52]. A further important function of CAFs is the stimulation of chemoresistance in
cancer cells. Beyond matrix stiffness, CAFs can contribute to acquired chemoresistance by
upregulating the expression of immune checkpoint molecules PD-1 and CTLA-4 on regulatory T cells
(Tregs), thereby promoting an immunosuppressive environment [53]. In addition to this role, fibroblasts
also support and stimulate angiogenesis by providing a scaffold that facilitates blood vessel formation,
ensuring nutrient supply to cancer cells. In particular, CAFs are a significant source of VEGFA [54, 55].
In summary, CAFs have a relevant role in different functions of ovarian cancer and for that reason they

are one of the key elements into the ovarian cancer TME.

1.2.2 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are controversial elements in cancer research, with some studies
reporting their ability to suppress cancer activity. For example, it has been shown that MSCs can inhibit
the proliferation of MCF-7 breast cancer cells by suppressing the Wnt signaling pathway [56].
Conversely, other studies have reported that MSCs can promote tumorigenesis. For example, MSCs
have been shown to enhance the proliferation of melanoma cells [57]. Another study on breast cancer
demonstrated that through cross-talk with breast cancer cells, MSCs were stimulated to produce
CCL5, which in turn promotes breast cancer cell motility and invasion [58]. A study by McLean et al.
reported the presence of MSCs in ovarian cancer and demonstrated that, upon interaction with cancer
cells, MSCs promote tumor growth in vivo [20]. Considering all these different studies and what still to
be elucidated about this population, MSCs have all the potential to be considered important players in

the tumor microenvironment.
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1.2.3 Adipocytes

Adipocytes are important components of the tumor microenvironment, especially given recent findings
supporting their potential role in chemoresistance. Considering the abundance of adipocytes in the
omentum, the primary site of metastatic spread in ovarian cancer, their interaction with cancer cells is
particularly significant. Notably, conditioned media derived from adipocytes has been reported to
increase cancer cell viability following Cisplatin treatment [59]. Other studies have shown that co-
cultures of adipocytes and ovarian cancer cells result in the direct transfer of lipids from adipocytes to
cancer cells, promoting tumor development both in vitro and in vivo. Additionally, omental adipocytes
are known to secrete cytokines such as IL-8, which enhance the invasiveness of cancer cells.
Adipocytes, also, undergo synchronized development alongside ovarian cancer cells, supported by the
release of Interleukin-8 (as mentioned earlier), Interleukin-6 (IL-6), Monocyte chemoattractant protein-
1, Tissue inhibitor of metalloproteinase-1, and Adiponectin, all of which contribute to ovarian cancer
progression. Interestingly, similar to what is observed in peritoneal metastasis, omental adipocytes
can transfer fatty acids directly to cancer cells through cell-to-cell contact, thereby influencing the

metabolic activity of these carcinogenic cells [21].

1.2.4 The immune microenvironment

In the OC-TME one of the main features is the heterogeneity of the cell population into the niche. In
particular, the heterogeneity of the immune cells population makes it difficult to develop a unique
targeted therapy for the immune system control and reactivation. The difficulty lies in the fact that there
are multiple cells to target, and one single therapy is not wide and at the same time specific enough to
target multiple cell lines at the same time. Another factor which makes things more complicated is that
as the tumor develops and the tumor microenvironment adapts to support the growth, atthe same time
immune cells can switch their function making it difficult to find the exact timing to start a potential
immunotherapy. In Figure 1.4 a summary of the immune cells population that is possible to find in the

ovarian cancer tumor microenvironment (OC-TME) is shown.
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Figure 1.4. The immune population into the OC-TME. Immune cells in the tumor microenvironment undergo functional inactivation through reciprocal

interactions with cancer cells and other immune cells, contributing to immune suppression and tumor progression.

Understanding the heterogeneity and complexity of the immune population will be beneficial not only
to expand the actual knowledge about the ovarian cancer immune microenvironment, but also to
develop a specific and more targeted immunotherapy. For that reason, it is an important element to
comprehend the crosstalk between these different cells, to inhibit the immunosuppressive role
operated by some specific subtypes. The heterogeneity of the immune population is given by the
presence of different immune components such as components of the innate immune response like
Macrophages (M1, M2), Dendritic cells (DCs), Neutrophils (NE), Natural killer (NK) cells, Tumor-
associated Mast cells (TAMC). There are also components of the adaptive immune response where we
can mention T-cells and all of their different categories like cytotoxic CD8+ T-cells, Helper CD4+ T-cells
(and the subdivision in Th1 cells and Th2 cells) and also T-regulatory cells (Tregs). To complete the

components of the adaptive immune components, it is also important to mention B-cells. These
26



populations can also be divided into immunosuppressive (pro-tumor) populations where M2
Macrophages, Tregs, Myeloid-derived suppressor cells (MDSCs), Th2 cells and Tumor-associated Mast
cells belong. The second group is composed of M1 Macrophages, Cytotoxic CD8+ T-cells, Th1 Cells
(CD4+), NK cells and Dendritic cells (even if their polarization might change their function). Together
with these two groups there are also immune cells which have been found to have a dual function and
for that they are a mixed population. These populations are B cells, even if much can vary according to

their subtype and neutrophils.

1.2.5 Macrophages

Macrophages have an important role in the innate immune response and its homeostasis. They have
different functions that can vary according to the site of activity, the niche where they can be found and
their polarization. In general, their function is related to antigen presentation, phagocytosis and
homeostasis of the TME which has on his hand the potential of influencing macrophages polarization
[60]. Macrophages canreach the tumor niche through chemotaxis according to signals present into the
niche [61]. The polarization of macrophages has two different scenarios which can transform non
polarized macrophages into Tumour-associated macrophages (TAMs). In the first scenario the
polarization drives macrophages in anti-tumourigenic M1 macrophages, in the second scenario they

become pro-tumourigenic M2 macrophages [62].

M2 Tumor-associated macrophages are known as pro-tumourigenic and immunosuppressive
macrophages because of the secretion of IL-4, IL-5 and IL-6 which have a role in the enhancement of
angiogenesis and in the suppression of the immune response [63]. They are also involved in
angiogenesis enhancing endothelial cell migration via IL-8 upregulation [64]. Their deleterious effects
are not only reported in the stimulation of angiogenesis, but also suppressing T-cells response by
secreting molecules such as CCL-22, B7-H4 and CD206. B7-H4+ macrophages, for example, are able

to suppress T cell immunity driven by antigen driven [65].

M2 and M1 macrophages express both MHCII, but the difference between them is that M2

macrophages don’t express MHCII at levels sufficient for all the functions of antigen presentation [66].
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For that reason, M1 macrophages can be considered the efficient counterpart in anti-tumorigenic

activity compared to M2 macrophages.

1.2.6 Dendritic cells-DCs

Dendritic cells are known to be Antigen Presenting Cells with relevant functions both in the innate and
adaptive system. Due to their ability to present tumor antigens to naive T cells, DCs are essentialin the
immune response against cancer [67], and many efforts are currently ongoing to develop efficient
cancer vaccines based on DCs. For that reason, the immune escape operated by ovarian cancer cells

could be related to the alteration of the DCs response in the tumor niche [68].
1.2.7 Neutrophils

Neutrophils play an important role in cancer-related inflammation which can be either pro-tumorigenic
or anti-tumorigenic according to the TME crosstalk and factors release. It has been observed by Charles
et al. that, in patients, neutrophils are recruited by different factors such as tumor necrosis factor alpha
(TNF-a) in an Interleukin-17-dependant way and it is correlated with a pro-tumourigenic effect [69].
Also, TGF-beta plays an important role in the recruitment of neutrophils. In particular, it has been
observed how TGF-beta is able to recruit Tumor associated neutrophils with an immunosuppressive
and pro-tumourigenic role and contrarily, the blockade of TGF-beta has shown a higher recruitment of

neutrophils with a more relevant antitumour phenotype [70].

1.2.8 Natural killer cells

Natural killer (NK) cells are part of the innate immune system. One key feature of these cells is their
capability of killing cancer cells without prior sensitization [71]. Their activity is related to the CD16
receptor, the NKG2D receptor and the NKp30 cytotoxicity receptor. The dysfunction of NK cells can be
related to an impaired cytotoxicity/cytokine secretion, alterations in the receptor or alteration in the
ligand, reduced infiltration of NK cells into the tumor site due to the biological barriers of the tumor

niche. [72] - Another examples of NK inactivation has been observed into patients ascites through the
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inhibition of NKG2D [73] and NKp30 [74, 75] According to Krockenberger et al., cancer cells express
factors responsible for the transcriptional downregulation of NKG2D [73] . The release of the soluble
factor B7-H6 which is known to bind to NKp30 is also responsible for reducing the cytotoxic activity of
NK cells into ascites [74]. In addition to these inactivation elements observed in ovarian cancer and in
particular in ascites, it has also been reported by Radke et al. and Trotta et al. how TGF-B and IL-8 are

also able to suppress the activity of NK cells [76, 77].

1.2.9 Tumor associated mast cells (TAMCs)

Mast cells derive from a bone marrow progenitor cell, they migrate in the tissue where they grow and
differentiate according to the conditions of the microenvironment. For that reason, there are different
subdivision and possible developmental scenarios of mast cells according to the microenvironment,
the release of cytokines and the potential crosstalk with different cell types influencing also their
secretion profile in the tumor niche itself [78]. This cell population is so versatile in terms of
differentiation and localization that in tumor they have been reported to have ambivalent roles. For
example, TAMs secrete IL-8 which is a factor that influences angiogenesis and it is also known to be a
tumor mitogen factor [79]. On the other hand, they are also capable of expressing, for example, IL-4
which by binding to the IL-4 receptor expressed by human breast carcinoma cells, it could induce

apoptosis in breast cancer cells [80].
1.2.10 CD8+T cells

Multiple immunotherapies have the main goal of reactivating and stimulating CD8+ T cells as they are
powerful effectors in the anti-cancer immune response [81]. Many studies highlighted how high
infiltration of CD8+T cells is associated with a good clinical outcome [82-85], but even if the
intraepithelial presence of CD8+T showed a favorable overall, Hamanishi et al. showed that the
infiltration of CD8+T cells into the stroma didn’t show the same positive overall positive progression in
patients [86]. CD8+T cells exhaustion is associated with the expression of PD-1 and the blockade of

PD-1 enhances T-cells immunity specifically in ovarian cancer [87]. Together, CD8+ and CD4+ TILs
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secrete cytokines such IFN-gamma and IL-2 [88] that can enhance the antitumor activity and promote

longer survival [89].

1.2.11 CD4+T helper

CD4+ T cells are a broad range of immune cells that undergo specific functionalization and
differentiation after the interaction with MHCII of Antigen Presenting Cells (APCs). In general, there are
six subpopulations of CD4+ T cells which are Th1, Th2. Th9, Th17, Treg, follicular T helper [90]. As per
the majority of the immune components in ovarian cancer, their role can be ambivalent according to
their differentiation pathway, for example, Th1 are considered as positive elements against cancer [91]
and regulatory T cells (Tregs) are considered, even if also in this case the literature shows contrasting
evidences, pro-tumourigenic factors. In general, studies reported how CD4+T cells stimulate the
immune response against the tumor by secreting cytokines like IL-2 and IFN-Y that are able to regulate
and stimulate the response of APCs in order to keep cytolytic CD8+T cells active against tumor [92, 93].
They also stimulate APCs maturation via interaction of CD40 on APC cells and the ligand CD154 on T
cells. This interaction stimulates the secretion of IL-12 and stimulates the maturation of naive T cells
against antigens [94-96]. Their activity is not only related to the support of the immune response or
keeping CD8+ T cells active, but CD4+T cells can also have a role in directly targeting cancer cells and
how reported by different authors, cytotoxic CD4+T cells (CD4-CTLs or Th-CTLs) are able to act similarly
to CD8+T cells cytotoxic by secreting granzyme and perforin [97-99]. In particular, the cytotoxic
functions related to these subtypes of CD4+T cells are related to transcription factors already present
in natural killer (NK) and CD8+ T cells that are Eomes, T-bet and Blimp1 [100-102]. Another recent
subtype that should be mentioned, in addition to the ones previously mentioned, is the counterpart
related to the innate immune response. These subtypes are called Innate lymphoid cells [103-105]
which don’t express antigen receptors. The progenitors of these cells are found in the bone marrow

where mature ILCs are considered tissue- resident [106].

1.2.12 T-regulatory (Treg) cells
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Treg cellinfiltration is correlated with a metastatic phenotype and advanced cancer stage with a typical
genomic signature with several immune related pathways involved [107]. Qiao et al. reported also how
Tregs infiltration and the expression of its marker FOXP3 correlated with angiogenic factors like VEGFA
and VASH1, all factors, together with FOXP3 related to a poor prognosis in patients [108]. FOXP3 in
Tregs has also been associated with other pro-tumourigenic effects; in particular, as reported by Qiao
et al. TAMs are able to secrete IL-12 which increase the frequency of Tregs by activating FOXP3 during
the T-cell differentiation. Considering these factors and the negative correlation between poor
prognosis and infiltration of Tregs, they can be used as potential targets for immunotherapeutic

approaches.

1.2.13 Myeloid derived suppressor cells (MDSCs)

Another cell type which can inhibit the immune response is the Myeloid derived suppressor cells
(MDSCs). They usually accumulate at the late stage of tumourigenesis when there is a level of cytokines
release which is able to support MDSCs growth and recruitment [109] . These cell types can modulate
immune response activity both in physiological and pathological conditions [110]. Another relevant
factor is that MDSCs enhance cancer stem cell gene expression and sphere formation by inducing
microRNA101 and suppressing the corepressor CtBP2 [111]. Recruitment of MDSCs in the TME is
mainly mediated by chemokine receptors CXCR2, CCR2, CCR5 which mainly interact with CXC
chemokines like CXCL1, CXCL2 and CXCL5 [112, 113]. As mentioned before for the
immunosuppressive role of Tregs and their recruitment, also MDSCs can recruit Tregs through CD40-
CDA40 signaling [114]. The following figure (Figure 1.5) summarizes the immune cell populations and
highlights the imbalance between the tumor microenvironment and the surrounding tissue. It also

depicts the main molecules involved in immune suppression.
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Figure 1.5. Representation of the immune-cold tumor microenvironment. Immune cell inactivation is primarily mediated by regulatory T cells (Tregs),
M2-polarized macrophages, and myeloid-derived suppressor cells (MDSCs). Tregs and MDSCs contribute, among other mechanisms, to the release of
immunosuppressive factors such as IL-10, TGF-B, and VEGF, which promote an immune-cold environment and inhibit the activity of CD8+ and CD4+ T

cells. Created in https://BioRender.com

1.3 HGSOC Advanced therapies

One of the main challenging aspects of ovarian cancer is the detection at the late stage of the disease.
Rarely patients are diagnosed with ovarian cancer at the early stages. For that reason, an essential
aspect of the treatment is, when patients are diagnosed at the late stage, a surgical operation for tumor
debulking [115], followed by chemotherapy which is a key strategy to reduce and prevent tumor growth
[116-118], but considered the frequent relapses that characterize this tumor, the scientific community
is seeking for new strategies to improve chemotherapy and/or offering valuable. As examples,
immunotherapies have the main role of reactivation or engineering immune cells to target cancer cells
[119]. Pan-drug microenvironment has the role of destabilizing the entire crosstalk between cells and
their microenvironment [120]. These new approaches, together, will be extensively treated in the

sections below.
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1.3.1 Antibody based immunotherapy

Considering the high heterogeneity of the immune population resident in the tumor microenvironment,
which is inactive or in a quiescent state, reactivating all the immune machinery is one of the main
approaches that are taking place in the current scenario. In particular, the complexity of the tumor
immune microenvironment (TIME) is given not only by the interaction among cancer cells, immune
cells and CAFs, but also by the immunosuppressive role of some specific immune cells population
which are recruited by cancer and components, with the role of inhibiting the immune response. This
aspect is one of the main causes which allow cancer cells to proliferate. For this reason, reactivating
the immune response may counteract immune escape and tumour progression. It may also enhance

the effectiveness of treatments such as chemotherapy.

The antibody based therapy that is widely used in different types of cancer; they are well established
for hematologic cancers, but there are increasingly antibody therapies that are started to use in ovarian
cancer [121]. Examples of this therapy are Bevacizumab (Avastin®, Roche) which is a humanized
monoclonal antibody (mAb) that binds to vascular endothelial growth factor (VEGF) receptor ligand.
The reason for using this specific antibody is that in ovarian cancer, after biopsies VEGF gene
expression is often correlated with a poor prognosis [122]. Another interesting antibody tested is
Catumaxomab (Removab®, Fresenius Biotech GmbH) which has the dual function of binding to the
epithelial celladhesion molecule EpCAM and the T cell antigen CD3. EpCAM has already been reported
by Bellone et al. to be expressed by primary and metastatic ovarian cancer [123] and the binding of this
antibody could represent an important mechanism to arrest the proliferation and migration of ovarian
cancer. The second function of this antibody is to bind to CD3 binding domains in order to recruit and
activate immune effectors which are not active in the tumor site [124]. This antibody has also been
adopted in chemotherapy — refractory ovarian cancer with malignant ascites and it is showing

promising results [125].

1.3.2 TAM - targeting antibodies
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Tumor-associated macrophages (TAMs) are a relevant component of the stroma in solid tumor. They
are very active in the crosstalk between cells and in tumor progression. TAMs are classified into two
subset with different cytokine profile, surface phenotypes, effects and influence on tumor progression
[126]. In particular, the higher presence of M2 macrophages subset is often characterize by poorer
prognosis compared to a higher presence of M1 macrophages. The immunosuppression exerted by M2
macrophages is often related to secretion of the chemokine CCL22 which enhances the activity of T
regulatory cells (Tregs) and according to what reported by Curiel et al., treatment with anti-CCL22
decreased Tregs migration in tumors [127]. Considering the importance of cytokines both released by
macrophages and their function in determining the polarization of these components, the use of anti-
CCL22 mAb is one of the adopted strategies to reduce the migration of Tregs in order to block the
deleterious effect of M2 macrophages in ovarian cancer. There is another function currently used to
limit the activity of M2 macrophages which works on their depletion of the tumor microenvironment by
blocking Macrophage Colony Stimulating Factor receptor by using an antibody (anti-CSF-1R mAb). How
shown by Ries et al. the administration of this antibody significantly reduced the presence of TAMs
together with anincreased ratio of cytotoxic CD8+T cells and CD4+ T cells while decreasing the number

of FoxP3+ T regs [128].

1.3.3 Immune checkpoints inhibitors

Other strategies which are currently used to reactivate T cells functions are the immune checkpoints
inhibitors. During an immune response, immune checkpoint signaling prevents self-tissue damage or
collateral damage by regulating and controlling the immune response, but this mechanism could be
used by the same cancer cells and other deleterious stromal components to secrete
immunosuppressive molecules in the TME to evade the immune response and stimulating tumor
progression [121] . Examples of these new therapies are reactivating CD4+ and CD8+ effector T cells
through blocking the cytotoxic T-lymphocite-associated protein 4 (CTLA). In various preclinical models,

the administration of an anatagonistic anti-CTLA-4 antibody induced tumor rejection [129].
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1.3.4 Anti-PD-L1

Another potential target which is acquiring relevant importance in the field is the development of
strategies to target PD-1 to stop PD-L1 effects. Maine et al. reported how PD-L1 expression on
monocytes in the ascites of patients is correlated with a poorer outcome [130] and for that reason,
adding this targets together with common strategies might represent an additional weapon to fight

ovarian cancer and to reactivate the immune system in the TME.

1.3.5 Cancer vaccines

Vaccine strategies open to the possibility for patients to have their immune system “trained” in an
individual and specific way to target cancer cells and malignant elements in tumor microenvironment.
One of the most used and theorized approaches based on vaccines are dendritic cell vaccines [121].
Dendritic cells have the capability to drive and to direct the immune response and this feature could
represent a key role especially in extreme cold immune microenvironment like ovarian cancer. Another
interesting feature of DC vaccines is that they can be conducted both in vivo and ex vivo. By “training”
DCs cells with long amminoacids, as reported by Bijker et al. it has been possible to stimulate and
reactivate CD8+ effector and CD4+ T cells, also inducing immune memory [131]. Together with that,
another interesting option is the development of DNA and RNA vaccines. Both have shown good
immunogenicity and good safety for patients [132, 133]. Both types of nucleic acids can be extracted
with excellent purity and can be easily amplified through Polimerase Chain Reaction. Also, for that
reason, they don’t even require much patients’ material. DNA vaccines are developed from bacterial
plasmids modified to express specific genes. DNA vaccines can either be administered
intramuscularly, intradermally or subcutaneously with good results inducing CD8+ T cells [134],
humoral response [135] and memory response [136, 137]. Same administration methods for RNA
vaccines which could also be electroporated into DCs [138]. Another type of vaccines are the viral
vectors which have the advantage of being immunogenic and have the propension for the infection of
mammalian cells. Their riskis the possibility of integrating into the host genome in coding genes altering

their function, but on the other hand they can also be loaded with relatively big amount of DNA for some
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double DNA stranded viruses like the ones from poxviridae family with the ability of infecting a broad

range of hosts [139].

1.4 Targeting stromal components

Stromal components (extracellular matrix, fibroblasts, vascular structure etc.) that develop around the
tumor have a key role in creating a safe environment for cancer to stimulate their growth, proliferation
and migration. The formation of a tumor niche due to the stromal components is also responsible for a
slower drug penetration in the tumoural niche and for a reduced infiltration of immune cells in addition
to all the anti-immune stimuli that accumulates in the niche. The evidence of the stromal component
relevance is given first by the consideration of the metastatic spread into the peritoneum and as second
factor, they play a key role in supporting tumor growth. Ascites, in this point of view, have also a relevant
role considering their support to the metastatic spread and their pro-tumourigenic activity in ovarian
cancer [140]. Among the stromal components, some which have a key role are fibroblasts. Fibroblasts
in cancer are known to support different processes like angiogenesis, remodeling of the extracellular
matrix and modulation of the immune response [31, 141, 142]. The roles of activated CAFs are multiple
starting from the extracellular matrix formation which represents a natural barrier from immune cell
penetration and drug penetration too. Another function is the production of a protein scaffold which
supports cancer cell proliferation and vascularization associated with cancer. One of the molecules
mentioned above is TGF-beta. TGF-beta has also a role in the immune escape mechanism played by
cancer cells to evade immune response [37]. TGF-beta is often secreted by stromal components, CAFs
and myofibroblasts. The role of this molecule is also to regulate innate and adaptive immunity. NK cells
are afflicted by this mechanism, CD4+ and CD8+ T cells, macrophages and various cells that are part
of the immune system [143]. CAFs can also recruit immune cells with anti-immune activity by their
release of cytokines and regulation of signaling pathways [144]. In terms of immune inactivation and
exclusion, as reported by Debois et al. there are three methods to exclude T cells from tumors. The first
is through the loss of MHC-I presentation tumor cells, the second is through TGF-beta with its role in
the ECM formation and fibroblasts activation and the third is the activation of various stromal

components which actively act in the exclusion of T-cells from the tumor niche [145]. Considering this
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aspect, fibroblasts play a key role in forming a selective and protective tumour niche through extensive
signalling with other stromal components. Their activation from a quiescent to an activated state alters
their metabolism and reshapes the tumour microenvironment, affecting both extracellular vesicle (EV)
cargo and cytokine secretion. Notably, recent studies have also suggested a potential beneficial role of
cancer-associated fibroblasts (CAFs) in pancreatic ductal adenocarcinoma (PDAC). Odzemar et al.
reported how fewer myofibroblasts are correlated with a reduced survivalin PDAC patients [146]. Apart
from sporadic examples, most of the time, even if CAFs are always correlated to negative roles in
cancer. Another recent role discovered about CAFs is the enhancement of tumor progression providing
energy through the tricarboxylic acid cycle (TCA) as reported by Curtis et al. [45] . Taking together all
these aspects related to CAFs, the hypothesis emerges on how they can be considered potential target
for innovative strategies. For example, there is a current strategy which is related to targeting TGF-beta
1 and TGF-beta 2 now under investigation in clinical trials [147]. Other possible approaches could also
be the depletion of CAFs via specific surface markers, conversion of activated fibroblasts into
quiescent state by inhibitors or targeting downstream effectors related to CAFs pathways [144]. CAFs
can be considered a potential target for therapies as well as elements that should be explored more to
have a better understanding of their multiple effects in cancer. Another example is MSCs which,
according to what stated above, are a controversial element which has still to be elucidated. An
interesting perspective is using some specific miRNA like miR-18a-rp extracted from EVs isolated from
this cell type which shows to have inhibitory effects on ovarian cancer proliferation, migration and
invasion [148]. It has been also reported how MSCs epigenetic reprogramming happening into the
tumor microenvironment is responsible for acquired pro-tumourigenic functions and interaction with
cancer cells to drive metastasis through specific key pathways like WT1 and EZH2 [149]. Impairing
these specific pathways into MSCs could represent also a possible approach to destabilize stromal
component and their role in supporting cancer. Adipocytes, as also stated above, might have a role in
tumor progression and metabolism [21, 59] and for that reason, they also represent potential targets
for therapies. Treatment with hypomethylating agents such guadecitabine showed a reduced migration

and invasion of ovarian cancer cells toward adipocytes themselves [150].

1.4.1 The role of NO across the stroma and in the TME
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Nitric oxide (NO) is a versatile signaling molecule that plays diverse physiological roles in the human
body. It functions as a neurotransmitter, a regulator of vascular tone, and a mediator of intracellular
signaling in conjunction with reactive oxygen species (ROS) [151]. Additionally, NO is produced by cells
of the immune system as a key effector in inflammatory responses [151]. NO synthesis is catalyzed by
a family of enzymes known as Nitric Oxide Synthases (NOS), which exist as three distinct isoforms:
neuronal NOS (nNOS when referred to the enzyme or NOS1 when referred to the gene or mRNA),
inducible NOS (iNOS when referred to the enzyme or NOS2 when referred to the gene or mRNA), and
endothelial NOS (eNOS when referred to the enzyme or NOS3 when referred to the gene or mRNA).
While all isoforms generate NO, their expression is context-dependent, varying by cell type and
physiological or pathological conditions. Neuronal NOS predominantly produces NO within the
nervous system, consistent with its established role in neurotransmission. Endothelial NOS is
constitutively expressed in endothelial cells, where it synthesizes NO to mediate vasodilation and
maintain vascular homeostasis. In contrast, inducible NOS is expressed primarily in immune cells,
such as macrophages, upon stimulation by pro-inflammatory cytokines or bacterial endotoxins,
resulting in sustained and high-output NO production. Inflammatory stimuli critically regulate iNOS
expression and consequent NO production [152]. Under chronic inflammatory conditions, such as
those associated with tumorigenesis, NO can be overexpressed and facilitate tumor growth [153]. The
role of inducible nitric oxide synthase (iNOS) and its related NO accumulation in the OC-TME, remains
incompletely characterized. Given the immunosuppressive nature of the TME and the disease’s high
metastatic potential, nitric oxide (NO) signaling may significantly contribute to these pathological
processes. Mechanisticallyy, NO modulates diverse cellular pathways, notably through post-
translational modifications such as S-nitrosylation [154]. This covalent modification, involving the
attachment of a NO moiety to cysteine thiol groups, can alter protein function by affecting
conformation, enzymatic activity, stability (e.g., via ubiquitination), and transcriptional regulation.
Consequently, S-nitrosylation represents a critical regulatory mechanism through which NO influences
cellular signaling networks. In the context of the TME, dysregulated S-nitrosylation may facilitate tumor
progression by promoting proliferation, survival, and metastatic dissemination [155]. For these
reasons, iINOS likely plays a key role in cancer progression, and the inhibition of NO synthesis has been

explored clinically in various cancer types. Several NOS inhibitors exist, among which N”*G-
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Monomethyl-L-arginine (L-NMMA) acts as a competitive enzymatic inhibitor that blocks NO production
[156]. Although L-NMMA functions as a pan-NOS inhibitor, reducing NO levels in environments with
NOS overexpression, particularly when combined with chemotherapy, immunotherapy, or both, has
demonstrated therapeutic benefit. The Houston Methodist Research Institute conducted a Phase I/l
clinical trials combining L-NMMA with a taxane in patients with triple-negative breast cancer (TNBC), a
malignancy characterized by iNOS overexpression, enrolling a total of 35 patients. Previous in vivo
models had demonstrated encouraging results in terms of tumor burden reduction; therefore, a similar
therapeutic approach was applied to patients with chemorefractory, locally advanced breast cancer
(LABC) or metastatic TNBC. Specifically, 35 patients with metastatic TNBC were enrolled: 15 in the
Phase I trial and 24 in the Phase Il trial (including 4 patients treated at the recommended Phase Il dose
from Phase I). The study reported positive outcomes for the combination of chemotherapy and L-
NMMA. In particular, the overall response rate was 45.8% (11 of 24 patients): 81.8% (9 of 11) among
patients with LABC and 15.4% (2 of 13) among those with metastatic TNBC. Additionally, among
patients with LABC, three (27.3%) achieved a pathological complete response at surgery. Although
grade =3 toxicity was observed in 21% of patients, no adverse events were attributed to L-NMMA,
suggesting that this agent can be safely combined with other drugs without compromising efficacy or
patient health status. More specifically, this study also investigated immune cell correlates of
chemotherapy response, focusing not only on the direct effects of chemotherapy but also on the
associated immune response. From an immunological perspective, CyTOF analysis revealed that
chemotherapy nonresponders exhibited higher expression of markers associated with M2 macrophage
polarization, along with increased circulating levels of IL-6 and IL-10. In contrast, responders showed
an increase in CD15" neutrophils in peripheral blood and a decrease in arginase expression (a marker
of protumor N2 neutrophils) in tumor biopsies collected at the end of treatment. Overall, the promising
results of this combination suggest that similar therapeutic strategies could potentially be extended to
other cancer types. [157]. Composed of a range of cells, from cancer cells, fibroblasts, immune cells,
and cancer stem cells, the TME plays a key role in tumor progression and development. Cells are
continuously engaged in crosstalk, forming pro-stimulatory niche environments, where immune
system activity is reduced [158-160]. Also, tumor microenvironment factors known to stimulate the

release of NO by NOS2 include hypoxia and proinflammatory cytokines such as Interferon-gamma
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(IFN-y), Tumor Necrosis Factor-alpha (TNF-a), and Interleukin-beta 1 (IL-B1) [161]. As mentioned
before, within tumors, once released, NO can promote tumorigenesis due to its ability to nitrosylate
multiple factors, thereby altering pathways related to cancer progression, development and Epithelial-
to-Mesenchymal transition (EMT), such as the RAS pathway and NF-kB [162]. For this reason, therapies
targeting NOS2 could have a significant impact on the entire tumor microenvironment ecosystem,
given its important role in the tumor niche. The potential deleterious role of NO overexpression in

ovarian cancer is represented in the following figure (Figure 1.6)
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Figure 1.6. Potential role of nitric oxide (NO) overexpression in ovarian cancer. The release of pro-inflammatory cytokines promotes the production of
NO, which in turn can further amplify cytokine release. Elevated NO levels, together with a pro-inflammatory microenvironment, may contribute to
fibroblast activation into cancer-associated fibroblasts (CAFs), metastasis formation, and suppression of immune cell activity within the tumor niche.

Created in https://BioRender.com.

1.4.2 Crosstalk Between iNOS and TIME Components in HGSOC
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A key role of NO, as stated above, is to mediate not only proliferation and metastasis but also to act as
a mediator between different cell populations in the tumor microenvironment (TME) [163]. It is
important to mention that NO, being produced by different cellular types [164, 165], may exhibit
distinct roles depending on the cell of origin and the specific location within the stroma where it is
present. Generally, NO is a ubiquitous molecule capable of diffusing easily across the stroma. For this
reason, its role as a mediator is considered highly significant. Cancer-associated fibroblasts (CAFs)
can produce NO, a function linked to the stimulation of tumor growth and angiogenesis. Notably, CAFs
are also known to secrete TGF-B, a molecule that not only promotes a pro-inflammatory environment
but also induces nitric oxide production. Considering these aspects, the release of NO by CAFs likely
plays an important role, especially given that CAFs contribute to the development and stimulation of
chemoresistance [144]. CAFs stimulate chemoresistance and cancer progression not only through NO
production but also by recruiting immunosuppressive cells that act as blockers of the immune
response [166, 167]. Mesenchymal stem cells, as mentioned above, have a controversial role. They
may either stimulate or inhibit cancer proliferation, thus exhibiting a dual function [56, 57]. It has also
been demonstrated that these cells, under pro-inflammatory stimuli, can express iINOS [168]. The
presence of pro-inflammatory stimuli is a well-established characteristic of various cancer types [169,
170], including ovarian cancer [171], and the induction of INOS expression can exacerbate the
detrimental effects associated with NO overexpression in cancer, such as enhanced angiogenesis,
tumor growth promotion, and metastasis [172]. Interestingly, adipocytes are also associated with the
release of pro-inflammatory stimuli. Several studies support their involvement in secreting cytokines
that stimulate INOS expression [173-175]. The role attributed to adipocytes extends beyond the release
of pro-inflammatory cytokines, as they also provide lipids to cancer cells through direct mechanical
contact [18]. Given their contribution to pro-inflammatory cytokine release [176], adipose tissue
constitutes a major component that may negatively influence disease progression. Interactions
between NO and other stromal components include processes involving TGF-B release and matrix
metalloproteinases (MMPs). Some studies suggest that NO can induce the activity of
metalloproteinases, particularly MMP2 and MMP10, which degrade collagen and protein components
of the stroma, facilitating the release of TGF-B. This cytokine subsequently interacts with target cells

[177], promoting CAF proliferation and enhancing the pro-inflammatory milieu, thereby increasing
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iNOS expression. As noted above, iNOS is also a mediator of immune responses; it is produced by
macrophages, especially M2 macrophages with immunosuppressive activity [178], but also by
myeloid-derived suppressor cells (MDSCs) [179], which possess immunosuppressive functions in the
tumor niche. Furthermore, it has been observed that when expressed by regulatory dendritic cells, NO

contributes to T cell inhibition.

1.4.3 Pan-tumor microenvironment agents

An interesting strategy for targeting the tumour microenvironment is to focus on the inflammatory
stimuli and signalling pathways that regulate tumourigenesis and tumour progression An example
could be targeting cytokines which are related to inflammatory status and often related to tumor
progression. In particular, Infliximab, a monoclonal antibody against TNF-a has been tested in different
studies [69, 180, 181]. Another option is Bevacizumab, a monoclonal antibody that targets VEGF-A
[182, 183], a well know factor related to angiogenesis providing a vascularization system that provides
supply to cancer cells. Another interesting approach, which has been extensively studied in the next
chapters, is the role of NO in tumor development. iNOS is often related to the regulation of the immune
response [184], and, in ovarian cancer an immunosuppressive response and at the same time to tumor
progression [185, 186]. An interesting trial, proposed by Chung et al. for breast cancer is taking into
clinics the use of aiNOS inhibiting drug, L-NMMA in triple negative breast cancer [157], very well-known
cancer cell lines for the expression of INOS [187]. This approach represents a promising and innovative
strategy for targeting ovarian cancer, particularly given that iINOS is produced not only by epithelial
cancer cells but also by immune cells and stromal components. As a key mediator within the tumor
microenvironment, iINOS plays a critical role in intercellular communication that promotes tumor
progression. Consequently, targeting iNOS offers the potential to simultaneously disrupt the
immunosuppressive microenvironment, modulate stromal interactions, and directly affect cancer
cells. This multi-faceted intervention could enhance the efficacy of chemotherapy by addressing
several tumor-promoting factors concurrently, opening new avenues for combination therapies in
ovarian cancer treatment. Under chronic inflammatory conditions, such as those associated with

tumorigenesis, NO can exhibit dual and context-dependent roles [188]. In the tumor microenvironment
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(TME), chronic inflammation often leads to recruitment of immunosuppressive cell populations rather
than effector immune cells, thereby facilitating immune evasion. This phenomenon is exemplified in
ovarian cancer, characterized by an immunologically “cold” microenvironment, where infiltration of
immunosuppressive cells expressing iNOS contributes to immune suppression and tumor progression.
The presence of immunosuppressive cells expressing iINOS may promote immune tolerance by
dampening anti-tumor immune responses [189]. Furthermore, the TME is typically characterized by
factors that inhibit effective immune cell infiltration and activate oncogenic signaling pathways that
support tumor cell survival and proliferation. Within this milieu, NO may shift from a cytotoxic or
regulatory molecule to one that supports tumor growth and metastasis [188]. Notably, several cancer
cell lines, including those derived from breast carcinoma, have been shown to express iNOS, further
amplifying NO production in the TME. This autocrine and paracrine production of NO may establish a
positive feedback loop that promotes tumor survival, suppresses immune responses, and contributes

to an aberrantly high NO concentration within the TME.

1.5 Targeting iNOS

The importance of targeting the tumor microenvironment has been discussed in the sections above.
The presence of a molecule within the tumor microenvironment whose production is in most cases,
significantly upregulated [169, 187], warrants particular attention, especially due to its broad ability to
communicate among various cell populations within the tumor niche. This has prompted investigation
into several preclinical models. A study was conducted using Melanoma Xenograft models, where N6-
(1-iminoethyl)-L-lysine (L-NIL), a selective inhibitor of INOS, demonstrated a clear inhibitory effect on
tumor growth and reduced microvessel density. Moreover, when combined with chemotherapy, L-NIL
enhanced the efficacy of the chemotherapeutic agent [190]. A third study, focused on Triple Negative
Breast Cancer (TNBC) models, employed NG-Monomethyl-L-arginine (L-NMMA) and showed
decreased cell proliferation, reduced migration, and suppression of EMT [157]. The relevance of these
findings lies in the potential for combination therapies, not only using chemotherapy, but also
incorporating agents that disrupt ovarian cancer crosstalk and pro-tumourigenic signaling pathways.

Notably, nitric oxide (NO), through S-nitrosylation [155], can promote [EMT] via interactions with
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proteins such as HIF-1a [191-193] and MMPs [194]. Therefore, targeting these pathways, especially
those linked to EMT, may not only limit tumor progression but also enhance the efficacy of
chemotherapeutic agents. Such a strategy aims to impair cancer cell survival while concurrently
modifying the tumor microenvironment to be less permissive for tumor growth and to block the

activation of signaling pathways that sustain malignancy.

1.6 L-NMMA as a broad NOS inhibitor and potential implication of HGSOC

L-NMMA is structurally similar to L-arginine, the natural substrate for NOS. It binds to the active site of
NOS enzymes, competing with L-arginine. By blocking L-arginine binding, L-NMMA prevents the
enzymatic conversion of L-arginine to nitric oxide and L-citrulline. Considering the overexpression of
iNOS in cancer and inflammation [195], L-NMMA may play a beneficial role by reducing NO release,
thereby limiting EMT, acquired chemoresistance, and angiogenesis [196]. Although L-NMMA is a pan-
inhibitor of NOS and not selective for iINOS, this characteristic may still yield therapeutic advantages.
Among the three known isoforms of NOS, nNOS, eNOS, and iNOS, L-NMMA may exert cross-inhibitory
effects. It is important to note that nNOS is predominantly expressed in the nervous system, where it
performs specialized neuronal functions. However, regarding eNOS, L-NMMA may induce additional
effects. This is particularly relevant given the role of angiogenesis and vascular remodeling in
supporting tumor progression [197]. Thus, although inhibition of eNOS may be viewed as a potential
side effect, it could also contribute positively by impairing the vascular support system of tumors.
Importantly, iINOS is the principalisoform expressed within the tumor niche, being produced by cancer
cells [169, 171], immune cells [198], and stromal cells [199]. This leads to a sustained presence and
overexpression of iINOS, which is associated with the deleterious effects described above. Therefore,
L-NMMA-based therapeutic strategies not only directly target INOS but may also secondarily inhibit the
transient expression of NO mediated by eNOS within the tumor microenvironment. A significant study
evaluating the use of L-NMMA in combination with chemotherapy demonstrated positive outcomes,
particularly in reducing EMT markers and inhibiting tumor growth [157]. This study was conducted in
triple negative breast cancer, a subtype of cancer characterized by high iINOS expression. Based on

these findings, other tumor types exhibiting elevated iINOS expression may also benefit from similar
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therapeutic approaches. In the context of the immunosuppressive, or “cold,” tumor microenvironment
characteristic of ovarian cancer, where immunosuppressive cells such as M2 macrophages and
MDSCs, both associated with NO production, are present, additional contributors like CAFs, also
linked to NO expression [167], may present new therapeutic opportunities. However, limited
information is available regarding iINOS expression specifically in ovarian cancer. Further studies
confirming iINOS expression in ovarian cancer cells could provide the rationale for initiating clinical

investigations of L-NMMA in this malignancy.

1.7 Perspectives on future targeted therapies

Ovarian cancer is a highly heterogeneous tumor not only for the differences of its specific subtypes,
but also for the differences between cell types into the tumor niche. These different cells collaborate
and cross-interactto build a solid and safe niche to allow cancer proliferation. This crosstalk is the main
characteristic that makes the ovarian cancer TME an extreme cold environment, makes a safe
environment where drugs and immune cells struggle to penetrate and exploit their function.
Considering this aspect, in the future single patient’s approaches could be able to characterize each
type of tumor with its specific niche and ratio between cells components, which may vary from patient
to patient. With that perspective, genomics, single cell RNA sequencing and all the omics fields in
science can guarantee a more tailored single patient treatment which can help to make treatment more
efficientaccordingto the patients’ needs. Another relevant approach is the characterization of different
cell types within the tumour microenvironment. This includes analysing their transcriptomic and
genomic profiles to obtain a snapshot of their activity, as well as their RNA and protein expression
patterns. Such analyses can provide a broader understanding of cancer biology. Rather than focusing
on a single target, effective strategies may require destabilizing the tumour microenvironment and
disrupting the cross-talk between its cellular components For that reason, the development of drugs
more efficient in targeting cancer cells are essential, but also the combination of these drugs together

with tumor microenvironment destabilizing agents will make a big change into the fight against cancer.
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1.8 Thesis context

The crosstalk between cancer cells, stromal components and immunosuppressive immune cells lead
to a high heterogeneous and complex tumor microenvironment where it is difficult to penetrate
because of the extracellular matrix produced by stromal components and also, cytokines, EVs and
molecules released in the tumor microenvironment create a niche favorable for cancer cells
proliferation and growth. For those reasons, immune escape is favored in these conditions, allowing
cancer cells to spread and proliferate regardless of the recruitment of the immune system. Taking
together all these aspects, the importance of reactivating the immune population into the niche either
targeting the immunosuppressive components and destabilizing the microenvironment components,
is an approach which must be taken into consideration for future medicine. Combination therapies can
represent avalid approach to allow multitargeting into the tumor niche. New approaches and strategies
are in continuous expansion and further studies are required to develop a therapy which can effectively
target multiple elements by contrasting cancer cell proliferation, metastatization, cross-talk between
cells in the stroma and immune suppression trying to face the difficult change represented by ovarian
cancer and its consequences on patients’ life. This thesis focuses on exploring new possibilities for
combining chemotherapy with L-NMMA, a drug that has the potential to interfere with and disrupt the

cross-communication between cancer cells.

1.9 Thesis Hypothesis

The hypothesis for the project states that “The disruption of the crosstalk between cancer cells within
their environment can suppress cancer cell proliferation, metastatic progression and reactivate the

immune tumor microenvironment (TIME), to drive anti-cancer responses in ovarian cancer”.

The major aim of this project is to define the role of INOS in ovarian cancer, its implications in cancer
progression, and its involvement in cancer proliferation within the tumor microenvironment (TME). To

fulfil these aims, a series of objectives were identified:
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1. Conduct a bioinformatic investigation to establish the expression of iINOS and downstream

nitorsylated genes in HGSOC

2. Develop in vitro investigation of iINOS, considering the potential of different cell lines to express iNOS

and its promotion of metastatic events

3. Optimize the in vitro use of INOS inhibitor L-NMMA to target the Epithelial-to-Mesenchymal Transition

and increase the efficacy of Cisplatin.

4. Develop a syngeneic in vivo model using ID8 murine epithelial ovarian cancer cells into C57BL/6
mice, to characterize the efficacy in reduction of tumor proliferation and immune system reactivation

using a combination of Cisplatin and L-NMMA.

5. Develop an iNOS knockout ovarian cancer cell line to better investigate the role of INOS in ovarian

cancer.

6. Develop a xenograft in vivo model using NOD Scid Gamma (NSG) mice to compare metastasis

formation and survival rates between knockout clones and parental cell lines

7. Treat the xenograftin vivo model with Cisplatin comparing the survival between knockout clones and

parental cell lines.

These objectives map clearly to the thesis structure shown in Figure 1.7.
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Figure 1.7. First chapter results are schematized per chapter. The second chapter has been based on iNOS detection in ovarian cancer cells (left). The
third chapter continued with the development of a syngeneic in vivo model, ascites immune profiling and peritoneal metastasis analysis (center). The
fourth chapter is based on the development of a human knockout cell line analyzed through RNAseq to identify the main dysregulated pathways related

to NO and the development of a second in vivo model. Created in https://BioRender.com.
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Chapter 2 - Ovarian cancer cell lines show basal expression of iNOS and increased sensitivity to

Cisplatin in combination with L-NMMA

2.1 Introduction

The role of inducible nitric oxide synthase (iNOS) has still to be elucidated. As already mentioned, NO
modulates diverse cellular pathways, notably through post-translational modifications such as S-
nitrosylation [154]. This modification can afflict stability, can alter protein degradation cycles, but also
their transcriptional regulation. S-nitrosylation represents a critical regulatory mechanism through
which NO influences cellular signaling networks. Dysregulated S-nitrosylation promotes, as stated
above, proliferation, survival, and metastatic dissemination [155]. For these reasons, iNOS represent
a potential candidate as drug with the capability of targeting the communication across cells in the

TME. Figure 2.1 illustrates the consequences of an excessive accumulation of NO in the TME.
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Figure 2.1. Role of NO in the tumour microenvironment. NO can influence the creation of a proinflammatory status and its overexpression leads to the

S-nitrosylation of proteins which in turn lead to the dysregulation of many pathways in cancer [155]. Created in https://BioRender.com.
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Given the clinical challenges associated with ovarian cancer, the combination of NOS inhibition with
existing therapeutic approaches represents a promising strategy to overcome these limitations. In this
context, the present study aimed to assess iINOS expression in OvCA, an area that remains relatively
underexplored, and to investigate the potential therapeutic application of L-NMMA in targeting iNOS-
associated deleterious functions in this malignancy. The development of suitable in vitro models is
essential due to the marked heterogeneity of ovarian cancer. In particular, epithelial ovarian cancer
comprises five major subtypes: HGSOC, endometrioid ovarian cancer (EndOC), mucinous ovarian
cancer, clear cell ovarian cancer, and low-grade serous ovarian cancer. The frequency of each subtype
is as follows: HGSOC 60%, EndOC 10%, mucinous ovarian cancer 3%, clear cell ovarian cancer 10%,
and low-grade serous ovarian cancer < 5% according to World Cancer Report - IARC. Although these
subtypes share certain features, they are primarily distinguished by specific genetic alterations,
particularly mutations in p53 [200].

In addition, resistance to standard chemotherapeutics is a common and significant challenge in
ovarian cancer [201], further contributing to the genetic and phenotypic diversity observed in tumor
cells [202]. Therefore, it is critical to consider the diversity of ovarian cancer subtypes when designing
experimental studies, as each subtype may respond differently to therapeutic agents. Although
starting with specific cell lines may appear to streamline research efforts, this approach may overlook
important biological variability, such as differences in tumor origin and histology [202]. This is
particularly relevant when studying iNOS and, consequently, nitric oxide (NO), as their expression
varies significantly across different cancer types and even among subtypes within those cancers. The
emergence of omics technologies has provided valuable tools for characterizing the molecular
features of different cancer subtypes and, also, ovarian cancer subtypes. These technologies enable
patient-specific screening approaches that were unimaginable two decades ago. Bioinformatic
analysis is how regarded as a critical initial step in identifying relevant genetic, transcriptomic, or
proteomic profiles in cancer cell lines. In this study, three independent ovarian cancer cell line
databases were consulted to guide the selection of cell models. This strategy was employed to reduce
the risk of false positives and to assess the differential expression profiles of NOS2 across diverse cell

lines.
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The application of these omics-based tools constituted the foundational step of this investigation.
The selection of representative ovarian cancer cell lines for this study was based on the analysis of
multiple publicly available databases, enabling the identification of the most suitable candidates for
investigating NOS2 expression. Although NOS2 expression was found to be heterogeneous across
ovarian cancer subtypes, and notably absent in clear cell ovarian cancer cell lines, the primary criteria
guiding cell line selection were, first, the presence of specific cell lines in all three databases consulted
and, second, their relative NOS2 expression levels. Among the ovarian cancer subtypes, HGSOC cell
lines exhibited the highest NOS2 expression. Special attention was given to the OVCARS cell line, a
widely studied model classified as HGSOC. OVCAR8 demonstrated the highest NOS2 expression
across databases, and its chemoresistant variant exhibited an even greater expression level.

Based on these observations, additional representative cell lines of high-grade serous ovarian cancer
(HGSOC) and endometrioid ovarian cancer (EndOC), which also showed NOS2 expression, were
included to validate NOS2 levels using an in-house ovarian cancer cell line panel developed in this
study. This in-house panel was developed to confirm both mRNA and protein-level expression of
NOS2, specifically focusing on its protein product, inducible nitric oxide synthase (iNOS). Notably, only
the cell lines that expressed iINOS also expressed Vimentin, a well-established epithelial-to-
mesenchymal transition (EMT) marker. Vimentin expression has been associated with aggressive
features, including enhanced migratory capacity and metastatic potential [203]. Furthermore,
Vimentin is linked to the development of acquired chemoresistance [204], which is a major clinical
concern given the high prevalence of chemoresistance in ovarian cancer [205]

Following this screening, OVCAR8 was selected for further investigation, as it demonstrated basal
expression of both iINOS and Vimentin, features not observed in the other HGSOC cell lines included
in the panel. Also, OVCARS is a well-characterized model frequently used in studies investigating
chemoresistance and its underlying molecular mechanisms [206]. Therefore, this cell line was
deemed the most suitable model for conducting functional studies on NOS2 and its role in ovarian
cancer progression and therapy resistance. After establishing an appropriate in vitro model, the next
step was to determine the optimal treatment conditions and dosing parameters for targeting NOS2-
expressing ovarian cancer cells. Several studies have evaluated the administration of Cisplatin to

OVCARS, including both dosage and treatment duration [207, 208]. Based on prior research, this study
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tested a concentration range of 4 uM to 24 uM over a 72-hour period. Following Cisplatin treatment,
the half-maximal inhibitory concentration (IC50) was calculated to establish the effective dose for
potential combination treatments. Determining the IC50 is essential not only for identifying optimal
drug concentrations in combination therapies but also for downstream experiments requiring accurate
viability assessment, such as the RealTime-Glo™ viability assay. While the Cisplatin dosing aligned with
values reported in the literature, the optimal concentration of L-NMMA had to be determined
empirically, as it is not commonly used in ovarian cancer treatment protocols. A wide concentration
range, from 2 mM to 30 mM, was tested to evaluate the cytotoxic effects of L-NMMA. Although L-NMMA
has been studied in other cancer types, such as metaplastic breast cancer [209], its efficacy and
impact in ovarian cancer remain largely unexplored. As previously mentioned, iNOS expression was a
critical inclusion criterion for this study; however, the expression of Vimentin was also considered
essential. One of the objectives was to investigate the potential relationship between iNOS and
Vimentin in ovarian cancer, a topic that remains poorly characterized in the current literature. Vimentin
expression was assessed both directly through immunoblotting and indirectly via a scratch wound
assay, which will be discussed in the following section. Given the lack of existing studies on the
combined use of L-NMMA and Cisplatin in ovarian cancer, an extensive range of drug combinations
was tested to evaluate potential synergistic effects. The rationale for this approach was to assess
whether L-NMMA, a less conventional therapeutic agent in the context of ovarian cancer, could
enhance chemosensitivity when used in combination with Cisplatin and simultaneously impair
epithelial-to-mesenchymal transition (EMT), a process associated with treatment resistance and
metastasis. To this end, the impact of L-NMMA on Vimentin expression was specifically evaluated. In

this study, Vimentin has been identified as an EMT marker associated with iNOS expression.

2.1.1 Hypothesis and Aims of the chapter

Building on prior evidence from other cancers, particularly breast cancer studies conducted at
Houston Methodist Research Institute, we aimed to investigate the potential role of NOS inhibitors,
specifically L-NMMA, in OvCA cell lines expressing iNOS. The therapeutic rationale for reducing NO

levels in the TME, where iNOS is often overexpressed, includes attenuation of tumour progression,
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decreased cancer cell viability, and reprogramming of the immune microenvironment from an
immunosuppressive (“cold”) to an immunoreactive (“hot”) state. The objectives of this study were two:
to establish evidence of iINOS expression in ovarian cancer through analysis of publicly available
databases as well as by constructing an in-house iINOS expression panel and to determine the effects
of L-NMMA in ovarian cancer iNOS expressing cell lines. Following the establishment of this panel, we
evaluated the effects of INOS downregulation, and consequent NO reduction, on cell viability and EMT

in selected ovarian cancer cell lines.

2.2 Materials and methods

Tissue culture. HGSOC OVCAR8 was a gift from Nermin Kahraman. Other High Grade Serous Ovarian
Cancer cell lines SKOV3, OVCAR3 were a gift from Dr. Francesca Taraballi. High Grade Serous Ovarian
Cancer cellline CAOV3 was purchased from ATCC (Cat# HTB75). Endometrioid Ovarian Cancer (EOC)
A2780 (Cat# 93112519) and Endometrioid Ovarian Cancer Cisplatin resistant A2780cis (Cat#
93112517) were purchased from ECACC. OVCAR8-RFP-Luc were generated after transfection using a
lentiviral vector. Murine epithelial ovarian cancer cell line (MEOC) ID8 was purchased from Sigma-
Aldrich (Cat# 9Q04TP) and ID8-Luc were purchased from Creative Biolabs (Cat#lOC-ZP310). OVCARS8
and OVCAR8-RFP-Luc were cultured in RPMI1640 with 10% FBS and 1% Penicillin/Streptomycin at 37C
supplied with 5% CO2. SKOV3 was cultured in McCoy’s 5a medium with 10% FBS and 1%
penicillin/streptomycin at 37% and 5% CO2. OVCAR3 were cultured in RPMI1640 with 20% FBS, 1%
penicillin/streptomycin and 1 mg/mL of bovine insulin at 37C with 5% CO2. A2780 was cultured using
RPMI1640 supplied with 10%FBS, 1% penicillin/streptomycin and 2 mM glutamine at 37C and 5% CO2.

A2780cis were cultured at the same condition as A2780 with the addition of 1 uM of Cisplatin.

Cytokine mix and LPS administration. Cells were cultured under regular cell culture conditions. In
order to stimulate iINOS expression, LPS (100ng/mL, Millipore Sigma # L2018- 5MG) or a cytokine mix
composed by IFN-y (25 ng/mL, Peprotech # 300-02-100UG), TNF-a (10ng/mL, Peprotech # 300-01A-
50UQG), IL1-B (10 ng/mL, Peprotech # 200-01B-10UG) were administered. Cytokines were administered
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only once and cells were maintained in culture after the cytokine or LPS administration for 72 hours.

Experiments were conducted in triplicates and considered statistically significant when p < 0.05.

Bioinformatic analysis. Bioinformatic analyses were performed to evaluate NOS2 expression levels
across various cell lines and tumour tissues using three different platforms. Specifically, RNA
expression levels in different ovarian cancer cell lines were assessed via the Human Protein Atlas
database, Cancer Cell Line Encyclopedia (CCLE) and NCI-60. Analyses of the CCLE and NCI-60
datasets were conducted with the assistance of Dr. Hong Zhao, who contributed to the filtering and
classification of the multiple cell lines and groups represented in these databases. Additionally,
expression levels in normal tissues, primary tumours, and metastases were analysed using the

TNMplot database.

Immunoblotting. Whole-cell lysate was extracted using Cell Signaling lysis buffer (20 mM Tris-HCL (pH
7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3V04, 1 ug/ml leupeptin, Cat #9803). Proteins were separated by SDS-
PAGE gel and transferred to a PVYDF membrane (Millipore Sigma, Cat #NX0095). The membranes were
blocked with 5% non-fat milk and incubated with primary antibody overnight at 4oC with gentle
agitation using the following antibody: rabbit anti-iNOS (1:1000, Cell Signaling, Cat #95423), rabbit
anti-Vimentin (1:1000, Cell Signaling, Cat #5741), rabbit anti-B-Actin HRP conjugate (1:7000, Cell
Signaling, Cat#5125). Signals from iINOS and Vimentin were detected and amplified by using a
secondary anti-rabbit HRP-conjugated antibody (1:3000, Cell Signaling, Cat #7074). Signals were
detected using Clarity ECL Western Blotting Substrates from Bio-Rad (Cat #1705060S). Experiments
were performed in triplicate (or in duplicate, where specified in the Results section) and considered

statistically significant when p < 0.05.

RealTime-Glo™ MT Cell Viability Assay. 1.500 cells were seeded in white opaque 96-well plate
(Greiner Bio-One, Cat# 655074). After 24 hours, gradients of Cisplatin (MCE®, Cat #HY-17394)
concentration (from 4uM to 24 uM) and L-NMMA (from 2 mM to 30 mM) were added to the desired well
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together with MT Cell Viability Substrate and NanoLuc® luciferase (Promega, Catalog #G9711). Cells
were maintained under regular culture conditions and luminescence was measured 72 hours after
Cisplatin administration using a luminometer (GloMax navigator, Promega, Cat# E5302). Experiments
were performed in triplicate (or in duplicate, where specified in the Results section) and considered

statistically significant when p < 0.05.

siRNA transfection. siRNA transfection was performed using Dharmacon validated siRNA and
transfection reagent, both purchased from Dharmacon®. The siRNA was prepared at a final
concentration of 50 nM by diluting in 195 uL of serum-free medium. Separately, 5 yL of transfection
reagent was also diluted in 195 pL of serum-free medium. Both solutions were incubated at room
temperature for 5 minutes. Following this initial incubation, the siRNA and transfection reagent
solutions were combined and gently mixed. The resulting complex was incubated for an additional 20
minutes atroom temperature to allow for complex formation. The transfection mixture was then added
dropwise to each well, followed by the addition of 1.6 mL of serum-free medium. After six hours, the
transfection solution was removed and replaced with standard complete growth medium. Protein
samples were collected after 48 hours of downstream analysis. The related immunoblot NOS2 siRNA

knockdown was conducted once as proof of concept using validated Dharmacon anti-NOS2 siRNA.

Reverse Transcription, Quantitative Real-Time PCR (RT-gPCR). Total RNA was extracted using
RNeasy mini kit from Qiagen (Cat# 74104) according to the manufacturer’s protocol. RNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription kit (ThermoFisher, Cat # 4368813). RT-
gPCR was performed using the QuantStudio 12K Flex Real-Time PCR System (ThermoFisher, Cat#
4471134). Following primers for TagMan™ Gene Expression Assay were purchased from ThermoFisher;
human NOS2 (Cat #4453320) and human ACTB (Cat # 4333762F). Experiments were performed in

triplicate and considered statistically significant when p <0.05.

Statistical analysis.

55



Two-way analysis of variance (ANOVA) or ordinary one-way ANOVA, when possible, was performed
using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA) to evaluate the effects of two
independent factors and their interaction on the dependent variable. Prior to analysis, data were
checked for normality and homogeneity of variances. When significant effects were detected, multiple
comparisons were conducted using Tukey’s test to identify specific group differences. Results were

considered statistically significant at p < 0.05.
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2.3 Results

2.3.1 NOS2is expressed in ovarian cancer

To first detect the expression of NOS2 both at protein and RNA levels we used The Human Protein Atlas
database, an important resource for clinical research. This database represents an integrated omics
approach combining protein expression in immunohistochemistry and high-throughput RNA
sequencing (RNAseq) data [210]. Transcriptomic was expressed in number of transcripts per million
(nTPM). RNA-seq profiles were generated by integrating the HPA (n=69) and the Cancer Cell Line
Encyclopedia (CCLE 2019, n=1019). Proteomic data were obtained through mass-spectrometry (MS).
The circles represent where mass spectrometry data were available, where no circles means that MS
data were not available and white circles that the protein was not detected through MS. NOS2 and

iINOS expression profile across these ovarian cancer cell lines is presented in Figure 2.2.
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Figure 2.2. The Human Protein Atlas NOS2 expression reports. RNA expression levels of NOS2 in ovarian cancer represented in pink bars and expressed

in number of transcripts per million (nNTPM).

Some cell lines showed NOS2 expression at RNA levels. Among HGSOC cell lines, OVCARS8
demonstrated the highest NOS2 RNA expression (nTPM 2.6). A2780, a well-studied endometrioid
ovarian cancer cell line [211], demonstrated the seventh highest NOS2 RNA expression level (nTPM
0.5). It is important to mention that although two other cell lines, COLO704 and HCC630, showed
elevated NOS2 expression, HCC630 was identified as harboring a Y chromosome, indicating a non-

female origin as reported in CCLE, while COLO704, despite its high NOS2 expression, has been
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documented by Moore G.E. as originating from a pleural effusion of a 50-year-old female patient. After
analyzing the data available in The Human Protein Atlas, we analyzed the CCLE database. CCLE is a
database with an extensive number of cancer cells (n=1019, as mentioned above) and the top ovarian
cancer expressing cell lines are shown in the figure below (Figure 2.3). In this database, OVCARS8 is still
confirmed as the highest High Grade Serous Ovarian Cancer NOS2 expressing cell line (over 1.5 log2

TPM+1) and how A2780 still confirms good NOS2 expression levels.
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Figure 2.3. CCLE top ovarian cancer cell lines expressing NOS2. The values are represented in a logarithmic scale of Transcript per Million and show

how different cell lines express NOS2. OVCARS is confirmed to be top HGSOC cell line expressing NOS2.

To complete the analysis, we also screened a third database called CellMiner NCI-60. We selected an
ovarian cancer cell line panel among the different cells lines and types available in the dataset and we
still found encouraging data supporting how NOS2 expression can be strongly correlated to High Grade
Serous Ovarian Cancer. Y-axis represents NOS2 gene expression measured as log2(FPKM+1). FPKM

stands for "Fragments Per Kilobase of transcript per Million mapped reads," a common unit for
quantifying gene expression from RNA sequencing data. OVCARS is still, also in this database, among
the top NOS2 expressing ovarian cancer cell lines and. Interestingly, NCI/ADR-RES which in this
database shows the highest expression, is a derivative cell line of OVCARS8 obtained after their
exposure to Adriamycin (Doxorubicin) to obtain a multidrug-resistant phenotype. The NOS2 expression

levels reported in CellMiner NCI-60 are shown in Figure 2.4.
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Figure 2.4. NCI-60 top ovarian cancer cell lines expressing NOS2. NOS2 expression is reported as log2(FPKM+1). It is possible to observe as OVCAR8
and NCI/ADR-RES (a derivate of OVCAR8) show the highest expression of iINOS also in this database.

As previously mentioned, CellMiner NCI-60 reports OVCARS8 and its chemoresistant counterpart as the
top NOS2-expressing cell lines, suggesting that chemoresistant lines may exhibit a basal expression
ofthis gene. Interestingly, the only other cellline in this database showing higher NOS2 expressionthan
OVCARS is also chemoresistant. The connection between chemoresistance and elevated NOS2

expression will be explored in the subsequent sections of this work.

2.3.2 Expression levels in different tissues

After assessing NOS2 expression in various ovarian cancer cell lines, we extended our analysis to
compare NOS2 expression levels across non-cancerous or normal, tumour, and metastatic ovarian
tissues in a specific database called TNMPlot. This database allows to make cross-analysis not only
between healthy ovarian samples and primary tumour sites, but also between metastatic samples with
healthy ovarian samples and between metastatic samples and primary tumour sites. TNMplot, an
online database compiling Gene chip data from patient samples, showed (Figure 2.5), that NOS2
expression was increased in tumour tissues (N = 744) compared to normal tissues (N = 46).
Interestingly, NOS2 expression was reduced in metastatic tissues (N = 44) relative to both normal and

tumour tissues. Although the difference in NOS2 expression between normal and tumour tissues was
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not statistically significant, contrasts between normal versus metastatic and tumour versus
metastatic tissues were significant. It is still possible to observe how tumour tissues exhibited a higher

median and greater variability in NOS2 expression compared to normal ovarian tissues.
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Figure 2.5. NOS2 expression in healthy, primary site tumour and metastatic ovarian samples. The bars obtained from Gene chip analysis in TNMPlot
show differences in NOS2 expression among healthy ovaries (normal), ovarian cancer tumour spots (tumour) and metastasis (metastatic). The table
shows how different and spread is the expression of NOS2 in tumors compared to the other two groups. The Kruskal-Wallis test (a non-parametric one-

way ANOVA) for this comparison yielded a p-value indicating significant differences among groups.

2.4 Ovarian cancer cell lines expression of NOS2 - in-house panel

Following the bioinformatic screening of NOS2 expression, a panel of Ovarian Cancer cell lines were
analysed for expression at the protein level using western blotting. OVCAR-3 and CAOV3, A2780 both
wild-type and Cisplatin Resistant, as well as OVCARS8, which is the High-Grade-Serous cell line that
showed the highest levels of NOS2 according to the databases previously mentioned, were assessed.
NOS2 expression levels were detected through gPCR using our in-house ovarian cancer panel (Figure

2.6).
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Figure 2.6. qPCR on NOS2 panel. The figure shows the mRNA expression levels in the in-house ovarian cancer panel built to detect the expression of
NOS2 in accordance with what was found in different databases. OVCAR8 confirms its high expression of NOS2 and A2780cis shows the highest

expression among the cell lines tested. This analysis has been conducted in three independent replicates and expresses the NOS2 mRNA levels related

to ACTB.

The graph above presents interesting results, showing NOS2 mRNA levels relative to B-Actin (ACTB
when referred to the mRNA) without any group comparisons, simply reflecting pure NOS2 expression.
These data align perfectly with the previous bioinformatic findings. According to various databases,
particularly CellMiner NCI-60 regarding chemoresistant cell lines, A2780cis appears to be the highest
NOS2-expressing cell line with a normalized ratio of 0.0004, followed by OVCARS, which is confirmed
as the highest NOS2-expressing ovarian cancer cell line in HGSOC with a ratio of 0.00017, followed by

A2780 wild type with a level of 0.00014.

We also confirmed the expression of iINOS through western blotting procedures. Figure 2.7 shows the
blots and densitometry analysis of all 5 cell lines, confirming expression of iNOS in OVCARS, A2780
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and A2780cis, and no expression in the OVCAR-3 and CAOV3 cell lines, in agreement with The Human
Protein Atlas data. These data are in line not only with the previous bioinformatic findings (even if
expressed in terms of MRNA expression only), but also with the in-house gPCR panel shown before.
Regarding the chemoresistant cell line taken in exam before, A2780cis appears to be the highestiNOS
expressing cell line with a normalized expression of INOS corresponding to 0.4, followed by OVCARS8
with a level of 0.17, which is confirmed again as the highest iINOS-expressing ovarian cancer cell line

in HGSOC.
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Figure 2.7. Western blot and densitometry analysis showing the in-house iNOS expression panel among different ovarian cancer cell lines. It is
possible to observe that only OVCAR8 (HGSOC) and As2780cis show the expression of iINOS at basal level, differently from the other ovarian cancer cell
lines. Protein data confirmed what already observed in mRNA data where OVCAR8 and A2780 show a basal and high expression of NOS2. This analysis

has been conducted in three independent replicates and expresses the iINOS protein levels related to ACTB.

2.4.1 Cytokine cocktail and iNOS expression in HGSOC cell lines

Cytokine cocktails are a useful tool used in different works [212, 213] to induce iINOS expression, as

they simulate an inflammatory environment, an essential component to induce the expression of INOS
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[214]. For that reason, we evaluated iINOS expression in the cell lines which didn’t show a basal
expression of iINOS by treating them with a cytokine cocktail or LPS [215]. The cytokine cocktail
contained IFN-y (25 ng/mL), TNF-a (10 ng/mL), and IL-1B (10 ng/mL), while LPS was applied at 1 uyg/mL.

The results, for all cell lines, are shown in Figure 2.8.
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Figure 2.8. Expression of iNOS after the induction of A2780 and CAOV3 with cytokines mix. It is possible to observe how the expression of INOS2 in
A2780 wild type is inducible and strongly related to the use of cytokine mixes, differently from CAOV3. This analysis has been conducted in three

independent replicates and expresses the iINOS protein levels related to B-Actin.

For the A2780 wild-type cellline, western blot analysis aligned with data from The Human Protein Atlas
as well as our in-house RNA panel, demonstrating NOS2 expression following treatment with a
cytokine cocktail. Specifically, A2780 cells treated with the cytokine mix showed a normalized iINOS

expression level of approximately 0.03, whereas untreated A2780 cells exhibited no detectable iINOS
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expression. Similarly, CAOVS3 cells showed no iNOS expression regardless of cytokine treatment.
These findings align with the Human Protein Atlas data and with the other databases previously

mentioned (CCLE and NCI-60).

To assess the effects of cytokine mix on the cell lines shown to have continuous expression of iNOS,
western blotting was utilised. Figure 2.9 shows the results after treating OVCAR8 with
Lipopolysaccharide (LPS) (1 ug/mL) or cytokine cocktail (IFN-y (25 ng/mL), TNF-a (10 ng/mL), and IL-1
(10 ng/mL).
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Figure 2.9. OVCARS8 cell line doesn’t need stimuli to express or to boost iNOS expression. In this figure it is possible to observe as iINOS is continuously
expressed regardless of the administered treatment in OVCAR8 cell line. This analysis has been conducted in three independent replicates and expresses
the iNOS protein levels related to B-Actin. Significance was considered only in case of p < 0,05. Here it is possible to observe how the two treatments

didn’t show any significant difference compared with OVCARS8 not treated.

OVCARS8 was identified in The Human Protein Atlas as the most significant expressor of NOS2 and we
confirmed it in Figure 2.9 under basal conditions. Following treatment, a similar pattern of NOS2
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expression was observed after 24 hours independently from the conditions showing no difference
regardless of the treatment and their potential aggressiveness. What can be observed is a not
statistically significant change in INOS expression after the administration of the cocktail even if a little
variation has been observed in the two groups where OVCARS treated with LPS reached a level of 0.87
(expressed as fold change compared to Not treated) and a level of 1.26 in OVCARS8 Cytokine mix group.

These data show how cytokines mix cannot change OVCAR8 iNOS expression.

Following this analysis, the same procedure was adopted for A2780cis. Figure 2.10 shows the same
treatment operated on A2780cis, which consisted in the administration of LPS (1 pg/mL) or cytokine

mix (IFN-y (25 ng/mL), TNF-a (10 ng/mL), and IL-18 (10 ng/mL)
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Figure 2.10. A2780cis doesn’t need stimuli to express iNOS, but its expression can be increased using a cytokines mix. In this figure it is possible to

observe how A2780cis is able to express iNOS at basal levels and how, in this case, the treatment with LPS and cytokine mix can increase iNOS expression.
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In particular, A2780cis treated with LPS showed a fold change of 2.11 (p < 0.05), compared to A2780cis not treated, and a fold change of 2.15 (p < 0.05) in

A2780cis cytokine mix group compared to A2780cis not treated. The experiments have been conducted in three independent biological repliates.

A2780cis showed an increase in iINOS expression after the treatments, showing how the environment
after the chemoresistance could interfere, and potentially boost INOS expression. This result shows
and confirms also the continuous expression of iNOS operated by this cell line even if the effects of
cytokine mixes appear to boost iINOS expression in A2780cis. What can be observed is a change, in
this case, in INOS expression after the administration of the cocktail. A2780cis treated with LPS
reached a level of 2.11 (p < 0.05), expressed as fold change compared to A2780cis not treated, and a
level of 2.15 (p < 0.05) in A2780cis cytokine mix group. These data show how cytokines mix can

influence INOS expression which is already expressed at a basal level in this chemoresistant cell line.

2.5iNOS is expressed at basal levels in OVCARS cell line

Since their discovery, short interfering RNA (siRNAs) have increasingly gained a key role in RNA
interference (RNAI) therapies and research approaches. They can be used therapeutically as well as to
disrupt specific pathways, helping to uncover cancer specific mechanistic functions, in vitro [216].
RNAi was employed here, to confirm the specificity of INOS expression in OVCARS cells, which exhibit
constitutive INOS expressions regardless of induction with cytokine cocktail or LPS. The constitutive
expression of this enzyme makes them a potential object of study considering the deleterious
overexpression of NO in the tumour microenvironment [187]. The results of the iINOS inhibition

obtained with siRNA are shown in the western blot and densitometric analysis of Figure 2.11.

66



c -
S 0.15
o v e
T g N =
& £ O® g T
S §F F £3
s £ £ £ s @ 0107
< 3 & N o
£ s
o
iINOS131kDa  umim L o9
=
88 0.05-
014 00 0.0 0.10 ®
S E
= 0
B-ACUN42kDa [ s S ) 8L
Q
(14 0.00

Figure 2.11. OVCARS has basal iNOS expression. The siRNAs showed the expression of iINOS in the not treated lane. Similar expression in the scramble

siRNA lane. Complete knockout has been obtained for the two anti-NOS2 siRNA tested in lane two and three.

Both untreated and NTC-treated OVCARS cells maintained iNOS expression, unlike the siRNA-treated
samples where iINOS was effectively silenced. Data was presented as relative protein expression
(compared to B-Actin) to test the efficacy and specificity of the siRNAs in targeting and silencing iNOS.
Untreated cells showed normal iNOS expression corresponding to a relative protein expression of
0.14, while cells treated with a non-targeting control siRNA (NTC siRNA) exhibited 0,10 of relative INOS
expression compared to ACTB. Treatment with both anti-NOS2 siRNAs (siRNA1 and siRNA2) resulted

in a complete knockout of the INOS, with NOS2 expression reduced to 0%.

2.6 L-NMMA shows killing activity on HGSOC NOS expressing cell lines
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L-NMMA is structurally similar to L-arginine, the natural substrate for NOS. It binds to the active site of
NOS enzymes, competing with L-arginine. By blocking L-arginine binding, L-NMMA prevents the
enzymatic conversion of L-arginine to nitric oxide and L-citrulline. Considering the overexpression of
iINOS in cancer and inflammation [195], L-NMMA may play a beneficial role by reducing NO release,
thereby limiting EMT, acquired chemoresistance, and angiogenesis [196]. Given the constant and
consistent expression of NOS2 by OVCARS cells, we evaluated the effects of LNMMA treatment on the
viability of OVCARS cells after 72 hours of treatment. A range of L-NMMA concentrations, from 2 mM

to 30 mM, were tested and resulting cell viability shown in Figure 2.12.
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Figure 2.12. Effects of L-NMMA in OVCARS cell viability. In this figure it is possible to observe the effect of different concentration of L- NMMA after 72
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hours of administration of the drug. Cell viability decreases according to the increasing concentration of L-NMMA adopted. A statistically significant
difference (p< 0.05) is observed starting with 8 mM of L-NMMA. In particular, the administration of 2 mM and 4 mM of L-NMMA showed no significant
impact on cell viability, with values of 102.9% and 100.7%. At 8 mM, cell viability decreased to 91.6% (p < 0.05), and at 10 mM, it further declined to 86.7%
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(p < 0.05). Treatment with 12 mM L-NMMA reduced viability to 83.2% (p < 0.05), 14 mM led to 76.5% viability (p < 0.05). The next three concentrations
showed continued reductions: 16 mM resulted in 72.1% viability (p < 0.05), 20 mM reduced viability to 65.7% (p < 0.05), and the highest concentration
tested, 30 mM, caused a substantial drop to 30.8% (p < 0.05). All the experiments were conducted in three independent biological replicates and results

were considered significant with p values < 0.05.

The lowest concentrations, 2 mM and 4 mM showed no significant impact on cell viability, with values
of 102.9% and 100.7%, respectively, compared to untreated cells (p > 0.05). At 8 mM, cell viability
decreased to 91.6% (p < 0.05), and at 10 mM, it further declined to 86.7% (p < 0.05). Treatment with 12
mM L-NMMA reduced viability to 83.2% (p < 0.05), while 14 mM led to 76.5% viability (p < 0.05). The
next three concentrations showed continued reductions: 16 mM resulted in 72.1% viability (p < 0.05),
20 mM decreased viability to 65.7% (p < 0.05), and the highest concentration tested, 30 mM, caused a
substantial drop to 30.8% (p < 0.05), which is below the IC50 threshold.

2.6.1 Cisplatin IC50 on HGSOC NOS2 expressing cell line

Cisplatin is one of the most used chemotherapeutic agents worldwide. It is also commonly used in
ovarian cancer, due to its efficiency in damaging the DNA of cancer cells. [217]. To evaluate the
effectiveness of chemotherapeutic agents on OVCAR8, an HGSOC NOS2 expressing cell line, we
performed a dose response curve with increasing dose of cisplatin from 4 uM to 24 uM over 72 hours
and monitored cellular proliferation using the RealTime-Glo™ MT Cell Viability Assay. The purpose of
this assay was to detect and define the IC50 or values close to it to optimize the chemotherapeutic
concentration to administer together with L-NMMA, an enzymatic inhibitor of iINOS. The role of
combining this known chemotherapy approach based on Cisplatin together with L-NMMA remains
unexplored and the opportunity to combine these two drugs represent an interesting opportunity in key
of future ovarian cancer treatments and novel therapies. The efficacy of Cisplatin was measured after
72 hours of treatment, consistent with commonly reported protocols in the literature [218] (Figure 2.13

A-B).
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Figure 2.13 (A,B). Effects of Cisplatin on OVCARS cell viability. Figure 2.13A shows the dorse obtained after administering Cisplatin at different
concentrations for 72 hours. It is possible to observe how increasing concentration of Cisplatin cause the reduction in viability over time. Figure 2.13B
shows a pharmaceutical curve of Cisplatin (in logarithmic concentrations) and the relative percentage of proliferation. The mathematically calculated
IC50 for OVCARS parental cell il is 7.205 pM. The goodness of the curve has been expressed as R?value, in this case corresponding to 0.8770. The

experiments have been conducted in three independent replicates.

All tested concentrations resulted in reduced cell proliferation. The lowest dose, 4 uM Cisplatin,
induced a normalized residual cell viability of 72.35%. Doubling this concentration to 8 uM decreased
viability further to 55.1%. At 10 uM, the IC50 was reached, with cell proliferation reduced to 48.4%. A
slightly higher concentration of 12 pM caused a close effect on the previous concentration tested,
reducing viability to 46.1%. The three highest concentrations showed more pronounced effects: 16 uM
led to 32.9% residual viability, 20 uM to 27.7%, and the maximum tested dose of 24 uM resulted in the
lowest residual viability of 17.8%, as shown in Figure 2.13A. The IC50 for OVCARS8 has been identified
in Figure 2.13B to be 7.205 pM, which aligns with previously reported data on the efficacy of platinating
agents in OVCARS cells. The reliability of the curve is represented by the R squared value obtained over

the replicates corresponding to 0.8770.

2.6.2 L-NMMA increases the efficacy of Cisplatin

Considering the novel option that we propose in this study of combining ovarian cancer together with
L-NMMA, whose potential application in ovarian cancer remain unexplored, we tested in vitro the

combinatorial effects of Cisplatin with L-NMMA. The treatment of the OVCARS8 parental cell line with
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Cisplatin, L-NMMA, and their combination resulted in differential proliferation rates after 72 hours
(Figure 2.14A). The Cisplatin concentration was consistently maintained at 10 pM throughout the
experiments, while different concentrations of L-NMMA were tested. Treatment with 10 uM Cisplatin

alone resulted in a proliferation rate of 56%.
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Figure 2.14 (A-B). L-NMMA increases the efficacy of Cisplatin. Figure 2.14A shows the effects of combining Cisplatin with L-NMMA. A gradient of L-
NMMA (ranging from 2 mM to 30 mM) demonstrates its ability to enhance the efficacy of Cisplatin in the reduction of proliferation of OVCARS. Statistically
significant results were determined using a two-way ANOVA with a threshold of p < 0.05. A significant increase in Cisplatin's effect was observed starting
at 16 mM L-NMMA, when comparing the residual proliferation of OVCARS parental cells treated with 10 pM Cisplatin only. When combined with L-NMMA,
residual proliferation rates were as follows: 54.8% with 2 mM, 49.7% with 4 mM, 44.3% with 8 mM, 47.8% with 10 mM, 45.9% with 12 mM, and 45.3% with
14 mM. At 16 mM L-NMMA combined with 10 pM Cisplatin, proliferation was reduced to 40% (p < 0.05). Treatment with 20 mM L-NMMA plus Cisplatin
further decreased proliferation to 34.7% (p < 0.05). Finally, the combination of 30 mM L-NMMA and 10 pM Cisplatin led to the lowest residual proliferation
rate of just 12.9% (p < 0.05). The experiments were performed in three independent replicates. Figure 2.14B compares four conditions in OVCARS parental
cells: untreated, treated with L-NMMA alone, treated with Cisplatin alone, and treated with the combination of both drugs. Statistical significance was
again assessed using two-way ANOVA (p < 0.05). The combination treatment produced a significantly greater reduction in cell proliferation compared to
either treatment alone, showing an increased effect in the reduction of OVCARS cells proliferation. 16 mM of L-NMMA combined with 10 pM Cisplatin,
reduced proliferation to 40% (p < 0.05). Treatment with 20 mM L-NMMA plus Cisplatin further decreased proliferation to 34.7% (p < 0.05). Finally, the
combination of 30 mM L-NMMA and 10 uM Cisplatin led to the lowest residual proliferation rate of just 12.9% (p < 0.05). The experiments were performed

in three independent replicates.
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When combined with L-NMMA, residual proliferation rates were as follows: 54.8% with 2 mM, 49.7%
with 4 mM, 44.3% with 8 mM, 47.8% with 10 mM, 45.9% with 12 mM, and 45.3% with 14 mM. At 16 mM
L-NMMA combined with 10 pM Cisplatin, proliferation was reduced to 40% (p < 0.05). Treatment with
20 mM L-NMMA plus Cisplatin further decreased proliferation to 34.7% (p < 0.05). Finally, the
combination of 30 MM L-NMMA and 10 uM Cisplatin led to the lowest residual proliferation rate of just
12.9% (p < 0.05). Figure 2.14B shows a comparison between untreated cells, L-NMMA treated cells,

Cisplatin treated cells and treatment from the combination of Cisplatin and L-NMMA.

2.6.3 Notes on the combinatorial effects of Cisplatin and L-NMMA

After evaluating the effects of the combined treatment in comparison with the single agents, it was
observed that the combination of cisplatin and L-NMMA produced predominantly additive effects
across low to intermediate concentrations, except for 30 mM of L-NMMA, where borderline for
synergistic effects was observed. The implications of higher L-NMMA concentrations, particularly in
terms of their biological impact and potential clinical applicability, will be discussed in the following
chapters. Importantly, at lower concentrations L-NMMA consistently exhibited additive effects in
combination with cisplatin, suggesting a potentially favorable therapeutic window for in vivo
applications. These findings are further supported by the effects of L-NMMA on Vimentin expression
and the epithelial-mesenchymal transition (EMT) process, which will be addressed in the next chapter,

highlighting its possible relevance in future clinical investigations.

2.7 iINOS expressing cell line show expression of Vimentin

Vimentin is a protein involved in cytoskeleton reorganization [219] and also plays a role in EMT

transition [220]. Numerous studies have investigated the potential implications of Vimentin in cancer

progression and its role and involvement in cancer [203]. A recent study highlighted the relationship

between iNOS, NO, and EMT [209] in metaplastic breast cancer. To explore a possible correlation
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between ovarian cancer, iNOS expression, and Vimentin expression, a Vimentin panel, similar to what

has been proposed in the sections above, is shown in Figure 2.15.
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Figure 2.15. Only iNOS expressing cell lines express Vimentin. In the figure it is possible to observe how only the cell lines that have been previously
proved to express iINOS which are, OVCARS8, A2780cis and A2780 wild type, express Vimentin. The ovarian cancer cel lines which didn’t show Vimentin

expression don’t have any detectable Vimentin expression. The experiments were performed in three independent replicates.

Notably, OVCARS8, A2780cis, and A2780 wild type are the only cell lines that showed Vimentin
expression. Only iINOS-expressing ovarian cancer cell lines are able to express Vimentin, revealing an
interesting correlation between this enzyme and Vimentin production. This result is particularly
relevant considering a publication on breast cancer showing that Vimentin expression is associated
with poor prognhosis in breast carcinoma [221]. Another study conducted on patient samples
demonstrates that increased Vimentin expression is also correlated with malignant cases of ovarian
cancer [222]. Considering this aspect, along with the key role of Vimentin in EMT [187] and recent
studies reporting the role of L-NMMA in EMT [187], the following section explores the effect of L-NMMA

on Vimentin expression.

2.7.1 L-NMMA reduces Vimentin expression
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Vimentin is positively correlated with cancer progression as tumour starts to spread and invade
surrounding areas [203]. The changes that occur during metastatic invasion and tumour spread are all
related to a phenomenon called Epithelial-to-Mesenchymal Transition (EMT) which is often related to
a change in cell shape and morphology. All these changes are supported by a structural reorganization
of cells starting from their cytoskeleton where Vimentin is one of the main elements. Targeting NOS2
through L-NMMA and enzymatic inhibitor of nitric oxide synthase could have a potentialrole in EMT and
cytoskeletal reorganization, as described in a recent publication [209]. To assess L-NMMA effect on
Vimentin expression, total protein isolates were prepared from OVCARS cells following treatment with

4,6, 8 and 10 mM L-NMMA (Figure 2.16).
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Figure 2.16 (A-B). Effects of L-NMMA administration on Vimentin protein expression. L-NMMA was tested at four different concentrations starting from
4 mM up to 10 mM. It is possible to observe a strong reduction of Vimentin expression that can be observed from 6 mM of L-NMMA to 10 mM. The data
obtained were considering significant with p <0.05. At4 mM, L-NMMA did not cause a significant decrease in Vimentin levels, which remained comparable
to untreated cells with a fold change relative to control corresponding to 0.98. After the administration of 6 mM the Vimentin level decreased to 0.43 (p <
0.05), 8 mM showed a decrease, but less than the previous one, reaching the level of 0.57 (p < 0.05) and at the end, 10 mM showed residual Vimentin

levels corresponding to 0.41 (p < 0.05). The analysis was performed in three independent replicates.

74



Treating OVCARS parental cell line with L-NMMA for 48 hours resulted in a decrease in Vimentin protein
levels. This reduction followed a dose-dependent gradient, particularly noticeable between 6 mM and
10 mM of L-NMMA. At 4 mM, L-NMMA did not cause a significant decrease in Vimentin levels, which
remained comparable to untreated cells with a fold change relative to control corresponding to 0.98.
We observed a significative reduction in Vimentin levels after the treatment with 6 mM L-NMMA which
led to Vimentin residual levels corresponding to a fold change relative to control of 0.43 (p < 0.05), 8
mM L-NMMA led to a fold change corresponding to 0.57 (p < 0.05), and 10 mM L-NMMA led to 0.42 fold

change when compared to control (p < 0.05).

2.8 Discussion

NOS2 plays multiple roles within the tumour microenvironment (TME), with many well-known
functions in proinflammatory responses, vasodilation, and neurotransmission [151], modulating
cancer cell behaviour by targeting specific proteins through S-nitrosylation [223]. In this chapter, a
novel approach and findings have been proposed, showing that OvCA cell lines express iNOS both
constitutively and following induction with proinflammatory cytokines. OVCAR8 cell line,
representative of HGSOC, displayed significantly elevated and constitutive iINOS expression, which
persisted regardless of treatment with LPS or a cytokine mixture (IFN-y, TNF-qa, IL-1B). Similarly, the
cisplatin-resistant A2780 cell line exhibited constitutive NOS2 expression, whereas its cisplatin-
sensitive counterpart expressed iNOS exclusively upon cytokine stimulation. These observations are
consistent with data from the Human Protein Atlas, confirming OVCARS8 as one of the highest NOS2-
expressing HGSOC cell lines and justifying its selection for knockout studies that have been analyzed
in the following chapters. More specifically, the in-house panel, developed in this work, correlated not
only with the Human Protein Atlas but also with datasets from CCLE and the NCI-60 panel. Whatit also
to be mentioned in this first part of our work is that, while HGSOC represents around the 70% of all

types of ovarian cancer [224], EOC is composed of different subtypes. Although it is known that cancer
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is associated with a proinflammatory environment [225] and a subsequent release of cytokines [225],
there is limited evidence regarding which specific subtype or cell line is capable of expressing iNOS.
Even though databases collect data from omics sciences, as we reported in CCLE, NCI-60, and The
Human Protein Atlas, the novelty we present lies in demonstrating that iNOS can be expressed both at
baseline and in response to a proinflammatory environment. This expression shows differences
between Cisplatin-resistant and Cisplatin-sensitive cell lines. We propose a new potential perspective
that links iINOS expression to Cisplatin resistance. It is already known that a proinflammatory
environment and the release of NO may be related to chemotherapy resistance [171], butin this study,
we specifically suggest a potential connection between iINOS expression and chemotherapy
resistance in ovarian cancer, as observed in the A2780 cell line. Another important aspect of our
findings is that we demonstrated the induction of iINOS by a cytokine cocktail, previously shown to be
effective in other cancer types [173], but not yet demonstrated in ovarian cancer. We demonstrated
the effect of the cytokine mix on ovarian cancer and identified two important findings. The first is that
some ovarian cancer cell lines showed basal expression of INOS. The second is that INOS expression
in ovarian cancer did not require a pro-inflammatory environment. Additionally, we provided evidence
that iINOS is not only expressed at the RNA level, as reported in The Human Protein Atlas, which lacks
protein-level data, but also at the protein level. This significantly expands the existing data on ovarian
cancer cell lines by showing that not only A2780 wild-type cells express iNOS, but also their Cisplatin-
resistant counterparts. These data are absent fromthe three databases we consulted and are currently
lacking in scientific literature. What will make a future impact in tailoring and defining ovarian cancer
research is the complete characterization of the (eventual) role of INOS across all subtypes, as their
origin sites differ and the disease progresses differently. This could enable the development of specific
combinatorial therapies for each subtype that should be taken into consideration. In our study, we
mainly focused on HGSOC due to its prevalence among all EOC subtypes but we also included EndOC,
which, although representing approximately 10-15% of all EOC cases [226], is associated with
previous endometriosis and obesity in patients [227]. These conditions lead to an increased
percentage of adipose tissue and consequently increased release of cytokines, which can potentially
increase iINOS expression [228] and provide metabolic support to the tumour, as previously mentioned

in the previous chapter of this work. As previously mentioned, tailoring therapies to specifically
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address the distinct features of each subtype is essential. For this reason, this study identifies the
context in which a treatment designed to inhibit NO could be effective in sensitizing cancer cells. This
level of discrimination in the use of L-NMMA has not yet been reported in the literature. It has to be
reported that, as also previously mentioned in other parts of this work, L-NMMA has been studied for
clinical trials in combination with Taxane. L-NMMA is a drug that, considered its effects and according
to how reported in literature, is not a drug thought to be a standalone treatment. The same clinical trial
Phase I/ll reports among the beneficial effects of the combination treatment, apart from the reduced
toxicity, also the stimulation of the immune system, as it will be reported in the following sections in a
syngeneic in vivo model. The concentrations of the drug reported in this study, even if are in the range
of millimolar (from 4mM to 30 mM) have the main aim of proving the potential efficacy of this drug also
in ovarian cancer and its effects on EMT. In particular, as it will be reported in the in vivo section of this
work, L-NMMA has been modulated to reach optimal doses with no toxicity in vitro sustained by daily
injections of L-NMMA in order to avoid side effects avoiding high concentrations of the drug. In addition,
the potential applicability of L-NMMA for clinical trials in ovarian cancer has been proved in this work,
but still lacks of real tests and optimization of the system. The clinical applicability will be a potential
following step of this work to be conducted with medical expertise with knowledge in the exact dosage
of the drug into patients. Therefore, this work provides novel insights into where the benefits of
combining L-NMMA with Cisplatin are most evident. By analyzing the differences among ovarian
cancer subtypes, we demonstrated not only where L-NMMA can be used most efficiently, but also
where a proinflammatory environment contributes to increased NO expression, and where it does not.
With this knowledge, it becomes possible to enhance treatment specificity by testing the Cisplatin + L-
NMMA combination according to the subtype, as has already been done in other cancer types or
subtypes [157, 209]. After characterizing iINOS expression, we conducted a series of analyses to
evaluate the cells’ responses to chemotherapy, L-NMMA, and combinatorial treatment with Cisplatin
and L-NMMA. Following determination of the IC50 for Cisplatin and assessment of L-NMMA'’s effects
alone on OVCARS8 (we saw a viability reduction starting at 8 mM), we investigated the combined
treatment. Our results were encouraging, demonstrating enhanced efficacy of Cisplatin when
combined with various concentrations of L-NMMA, indicating a synergistic interaction with

chemotherapy. Following lines of a previous study conducted on breast cancer [18], given EMT’s
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established role in metastasis and chemoresistance, we investigated a potential downregulation of
Vimentin related to the deletion of NOS2. Supporting this, treatment of parental OVCARS cells with the
NOS2 inhibitor L-NMMA resulted in approximately a 50% decrease in Vimentin expression at
concentrations starting from 6 mM, reinforcing the connection between NOS2 activity and Vimentin
regulation for ovarian cancer. In this chapter, an innovative approach using L-NMMA to increase the
susceptibility of ovarian cancer cells to chemotherapy has been proposed. These findings suggest
potentially interesting scenarios regarding the connection between chemoresistance, iINOS and
Vimentin expression in ovarian cancer [229]. While identifying subtype-specific responses in ovarian
cancer treatment was important, as previously stated, equally crucial was the optimization of a
treatment regimen to serve as a reference point for future studies involving combination therapies with
Cisplatin and nitric oxide synthase inhibitors. This work provides standardized concentrations for in
vitro treatments and, as will be shown in the following sections, also for in vivo applications.

These data demonstrate that targeting EMT in ovarian cancer cells is a valid strategy to improve
chemotherapy efficiency and potentially extend treatment windows by increasing sensitivity to
cisplatin. This association may also connect Vimentin expression with chemoresistance [203] as we
found iINOS is constantly expressed in our chemoresistance ovarian cancer cell line. Considered that
L-NMMA reduces Vimentin expression levels, it might potentially suggest that reducing Vimentin might
lead to an increased chemotherapy sensitivity, considering that after tumour debulk and
chemotherapy, 50-70% of patients experience recurrence associated with chemoresistance [230].
Thus, targeting INOS could be a promising strategy to improve therapy efficacy in patients with
acquired chemoresistance, addressing a major challenge in ovarian cancer. Further supporting these
hypotheses, immunoblotting revealed that not all ovarian cancer cell lines screened expressed iNOS;
some had basallevels while others showed inducible expression following cytokine treatment and only
iNOS-expressing celllines displayed detectable Vimentin protein levels, suggesting a role foriINOS and
NO in regulating Vimentin expression. Currently, literature lacks comprehensive information on the
relationship between iINOS and Vimentin expression for ovarian cancer. In this work, a new and
interesting scenario is proposed in which Vimentin expression may be linked to NO-related pathways.
Numerous studies in the literature support the role of S-Nitrosylation in promoting EMT[191, 231, 232].

However, limited evidence exists regarding this mechanism in ovarian cancer. Interestingly, while
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Vimentin has already been associated with increased chemoresistance in cancer, as previously
mentioned, no studies have directly examined the effect of L-NMMA on reducing Vimentin levels in
ovarian cancer. Although one study explored EMT, Vimentin expression, and L-NMMA in metaplastic
breast cancer [209], this connection remains largely unexplored in ovarian cancer. Targeting Vimentin
may also have implications for modulating the tumour microenvironment, as increased EMT, of which
Vimentin is a key marker, is linked to a supportive role of stromal cells. This relationship was discussed
in the introductory section of this work. Therefore, future investigations into the role of L-NMMA in
regulating a broader panel of EMT markers could further support its potential to disrupt the tumour
microenvironment and improve therapeutic outcomes.

Another consideration that can be reached from the previous chapter is the extensive presence of an
immune cold microenivornment into the TME with immune cells which also have the capacity of
expressing iNOS. This suppression is driven in part by regulatory T cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and M2 macrophages [233]. Given NO’s role in modulating immune
responses and its secretion by multiple immune components, targeting NO represents a promising
strategy to reactivate the silenced antitumor immune response silenced by cancer cells or other
tumour microenvironment components. For that reason, an important avenue for future research, to
be addressed in the following chapter, involves evaluating the effects of L-NMMA in vivo. Developing a
system where all these factors can be analyzed represents an interesting and necessary step to
elucidate the role of Cisplatin in combination with L-NMMA. What makes an in vivo model an
interesting way to study the effects of INOS and L-NMMA in ovarian cancer is that targeting iINOS, and
consequently, NO, could potentially make L-NMMA a pan-tumour microenvironment drug, particularly
considering what has been stated in the previous section of this work: many cells are able to express
iNOS, not only immune system cells but also other cell types that compose the stroma, such as
fibroblasts [234], adipocytes [235], and mesenchymal cells [168]. All these cells have the potential not
only to stimulate tumour growth but also to inactivate the immune response, creating a safe
environment for cancer cells to grow and proliferate. In addition, the abundance of proinflammatory
cytokines, abundantin ovarian cancer [236], can create a deleterious loop where iINOS is continuously
expressed, leading to a final overexpression that favours cancer growth. Considering allthese aspects,

developing a treatment strategy that not only targets cancer cells but also disrupts the tumour
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microenvironment may represent a key advancement in the fight against ovarian cancer. The ability to
modify the composition of the tumour microenvironment, an area often characterized by a dense,
drug-resistant stroma, could improve drug penetration and delivery. By compromising this protective
barrier formed by stromal components, such an approach could enhance the specificity and efficiency
of therapeutic agents, allowing them to reach both tumour cells and other resident cell types more

effectively.

Conclusions

In the second part of this work, iINOS expressing ovarian cancer cell lines were identified. An in-house
panel has been developed to confirm iINOS expression at both the RNA and protein levels. In this work
potential combinatorial treatment has also been proposed using Cisplatin and L-NMMA,
demonstrating an increased efficacy of chemotherapy. Additionally, a role for L-NMMA in reducing
Vimentin levels has been identified. This result could open interesting possibilities, especially
considering that Vimentin is commonly associated with poor prognosis, acquired chemoresistance,

and metastatic progression in cancer.
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Chapter 3-L-NMMA increases the efficacy of Cisplatin in vivo and stimulates the immune response

3.1 Introduction

Considering the disease complexity of OvCa, late-stage diagnosis and the clinical challenge of the
characteristic cold tumor microenvironment observed in both primary tumors and metastatic niches
[237], the development of appropriate in vivo models is essential for comprehensive investigation of
this disease. Encompassing the diverse stages of disease progression, the various histological
subtypes of epithelial ovarian cancer, and their distinct molecular profiles, it is imperative to establish
and characterize an optimal in vivo model. Such a model should accurately recapitulate the biological
complexity of ovarian cancer to facilitate the investigation of tumor pathogenesis, progression, and
therapeutic response. The development of in vivo models for ovarian cancer remains challenging,
because itis necessary taking into consideration several intrinsic limitations. These include difficulties
in tumor detection, the high metastatic potential of ovarian cancer which complicates the acquisition
of consistent and robust signals, as well as the frequent development of ascites [238]. Additionally, the
choice of mouse strain also imposes limitations. Immunocompetent models allow the study of the
hostimmune response. However, they cannot support engraftment of human ovarian cancer cell lines,
which may better reflect the human disease than murine-derived lines. Conversely,

immunocompromised mouse strains facilitate the engraftment and study of human ovarian cancer cell
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lines, thus allowing the analysis of human tumor progression, but they inherently lack a functional
immune system. This limitation is particularly significant given the immunologically “cold” nature of
ovarian cancer, characterized by a subdued immune response, which is critical to understand for
therapeutic development. In general, there are some in vivo models which are mainly and widely used
inresearch. These models are xenograft models, PDXs and syngeneic models. Xenograft models, which
involve engrafting human tumor cells into immunodeficient mice, are limited primarily by the absence
of an intact immune system. Another notable limitation is the confinement of tumor formation to the
site of injection, resulting in localized tumor aggregates [239, 240]. Nonetheless, these models offer
the advantage of permitting the investigation of tumor progression from early to advanced stages [241,
242], In combination with the ability to study tumor developmentin human cell lines with targeted gene
knockout or downregulation, enabling the investigation of how specific genes influence tumor growth
and progression. Despite this potential, the lack of an immune response represents a significant
drawback, as tumor development in vivo is not merely a function of cellular proliferation but is also
modulated by immune-tumor interactions, which are absent in these models [243]. An alternative
approach for modeling ovarian cancer involves Patient-Derived Xenografts (PDXs). A key advantage of
PDX models is the retention of certain patient-derived stromal components within the murine host,
thereby allowing the study of tumor behavior in the context of a microenvironment partially composed
of human stromal cells [244]. This is particularly relevant given the critical role of the tumor
microenvironment in ovarian cancer. However, a major limitation of PDX models is the progressive
replacement of human stroma by murine stromal cells over time, leading to a loss of the original human
microenvironmental features. Consequently, although PDXs provide valuable insights, they do not fully
recapitulate the complex interactions between human tumor cells and their native stromal
microenvironment, thus limiting the comprehensiveness of microenvironmental studies in ovarian
cancer [245]. Syngeneic in vivo models are widely employed, in particular considering that they
possess an intact immune system [246]. Specifically, syngeneic models utilize immunocompetent
mice, which enable unique investigations into immune system adaptation within the tumor
microenvironment and evaluation of therapeutic strategies aimed at immune reactivation. Given the
significant advances and emphasis on immunotherapy in contemporary cancer treatment, syngeneic

models offer promising avenues for pre-clinical research [247]. However, it is important to consider

82



that these models require the use of murine cancer cell lines to maintain immune competence.
Consequently, the biological features of tumors derived from murine cells do not perfectly replicate
human tumor biology. Moreover, murine tumors exhibit less genetic heterogeneity compared to human
tumors, which may lead to discrepancies in tumor progression dynamics and limit direct translational

applicability [248]. A summary of some of the previously described in vivo models is represented in

Syngeneic model - MEOC Xenograft model - human cancer cell lines PDX - Patient derived xenograft

Figure 3.1.

Figure 3.1. Overview of the most common in vivo models used to represent ovarian cancer. Several in vivo models are commonly employed to simulate
the heterogeneity of ovarian cancer, each with distinct characteristics and applications. The syngeneic model utilizes murine ovarian cancer cell lines
implanted into immunocompetent mice, allowing for the study of tumor progression within an intact immune system. The xenograft model involves the
transplantation of human ovarian cancer cell lines into immunodeficient mice, such as nude or NSG strains, enabling the assessment of human tumor
biology in the absence of adaptive immunity. The patient-derived xenograft (PDX) model involves engrafting fragments of primary human ovarian tumors,
including both malignant and stromal components, into immunocompromised mice, thereby preserving tumor heterogeneity and more closely

recapitulating the human tumor microenvironment. Created in https://BioRender.com.
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The main features of these models are also summarized in Table 3.1.

Type of in vivo model Advantages Disadvantages
Syngenic in vivo model Immune response analysis Murine cancer cells
Xenograft model Human cancer cell lines Immunocompromised mice

Immunocompromised mice

PDX model Cancer and stroma and risk of false positive for

stromal elements

Table 3.1. Main features summary of the syngeneic, xenograft and PDX model. The table present to principal advantages and disadvantages of three

of the most common in vivo models adopted to simulate ovarian cancer.

Considering the purpose of our study, an essential factor that drove the selection of in vivo models was
iINOS expression. In particular, the potential expression of iINOS in one of these in vivo models was
considered a key factor. The reason for the selection of a syngeneic in vivo model was the presence of
the immune system which is well known for its response to and production of proinflammatory stimuli.
Inflammatory stimuli are an essential factor for iNOS production, also considering that iINOS itself is a
key player during the inflammatory response due to its involvement in multiple functions [198, 249,
250]. In particular, the dysregulated expression of this enzyme [251] may contribute to an altered
immune response and, as proposed in this work, to enhanced tumor proliferation and increased
metastatic potential. An in vivo model that retains intact inducible nitric oxide synthase (iNOS)
expression could provide valuable insight into the role of INOS in modulating both immune dynamics
and disease progression. Notably, in this work, it has been detected iNOS expression in the murine
epithelial ovarian cancer (MEOC) cell line ID8, particularly in response to proinflammatory cytokine
stimulation, making this cell line an interesting candidate for further in vivo studies in an in vivo model
where the immune system might play a key role in the release of cytokines. Having the chance of

studying an in vivo model which can specifically investigate the immune regulation and tumor
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progression, makes the ID8 syngeneic in vivo model a solid choice to investigate the role of INOS in
ovarian cancer. In addition to these factors, ID8 murine ovarian cancer cell lines are widely used for the
purpose of studying ovarian cancer and its progressioninimmunocompetent mice [246, 252, 253]. This
cellline has extensively been engineered for the expression of some reporters gene like Luciferase, RFP
or GFP allowing to study the tumor from the development at the earlier stages up to the latest stages
and the development of ascites [246]. Another important factor that can be obtained with this model
and not in other in vivo systems is the development of ascites [254] and the characterization of the
immune niche into them. The development of this peculiar factor is indicative of the last stage of the
disease, similarly to what happens into human patients and represents a source of information about
the cell population contained into this extravasation fluid [255]. Developing an in vivo model that
faithfully recapitulates the key pathophysiological features of ovarian cancer is critical for translational
research. The ID8 syngeneic ovarian cancer model not only mirrors essential aspects of human
disease, including tumor growth, ascites formation, and an intactimmune microenvironment, but also
provides a robust platform for therapeutic evaluation. This model allows for initial assessment of
cisplatin efficacy, a key chemotherapeutic agent in ovarian cancer treatment. Importantly, it also
facilitates investigation of combination therapies aimed at modulating the tumor microenvironment.
For instance, L-NMMA, a potent inhibitor of iINOS, has been extensively studied in preclinical models
of triple-negative breast cancer, characterized by elevated iNOS expression, at the Houston Methodist
Research Institute under Dr. Jenny Chang’s laboratory [157]. Given the role of iNOS in ovarian cancer
progression and chemoresistance, combining cisplatin with L-NMMA in the ID8 model represents a
promising strategy to disrupt the tumor microenvironment, potentially enhancing therapeutic efficacy
and overcoming drug resistance. The option of combining Cisplatin and L-NMMA in ovarian cancer
represents an insight which should be considered following the proof provided in the previous chapter
about the expression of INOS in ovarian cancer cell lines together with the well-known iINOS expression
from immune cell line components such as macrophages [256] and other different immune cell

subtypes [257, 258].

3.1.1 Aims and objective

85



A combinatorial treatment strategy has been developed by using a syngeneic in vivo ovarian cancer
model to study tumor progression, metastasis, and the transition of the tumor immune
microenvironment (TIME) from "cold" to "hot." To achieve this, an intraperitoneal injection of the ID8-
Luc murine ovarian cancer cell line has been employed, monitorin early-stage tumor development and
evaluate treatment effects on metastasis, immune system activation, and physical parameters such

as abdominal volume and body weight.

3.2 Materials and methods

Animal model. Training in animal handling procedures for murine models was conducted at the
Houston Methodist Research Institute (animal facility, 6670 Bertner Avenue). The training followed
institutional requirements and included instruction on cage maintenance, food and water
replacement, and euthanasia procedures. All animal protocols for the experiments were approved by
the Houston Methodist Hospital Research Institute Animal Care and Review Office (IACUC number
IS00007220). ID8 (Millipore Sigma®, Cat. SCC145) and ID8Luc (Creative Biolabs®, Cat. IOC-ZP310) cell
lines were regularly cultured at 37°C in 5% CO2 in High Glucose DMEM with 4% FBS, 1% of
Penycillin/Streptomicin and ITS Liquid Media Supplement (Millipore Sigma® Cat. I13146). C57BL/6 mice
6 weeks old female were purchased from Jackson Laboratory. Mice received intraperitoneal (IP)
injection of 5x 10’6 ID8-Luc cells in 200 pL of PBS. Luminescence signals were analysed using Perkin
IVIS Spectrum CT with Luminescence detection in automatic mode. Mice were treated daily with L-
NMMA, receiving 400 mg/kg at the start of each treatment cycle, followed by 200 mg/kg on subsequent
days. Based on previous studies investigating L-NMMA use in both in vivo and clinical settings,
stabilization of blood pressure following L-NMMA treatment was achieved by administering amlodipine
ataconcentration of 1 mg/mL. Cisplatin was administered once weekly at a dose of 2 mg/kg. Mice body
weight was detected using a regular laboratory balance and the abdomen diameter with a regular
caliper. Mice were monitored for tumor growth and overall health, with body weight measured regularly
using a laboratory balance. Bioluminescence signals from labeled cells were analyzed using the Perkin
Elmer IVIS Spectrum CT under automatic luminescence detection mode. The experiment was

conducted using n = 7 mice per group (control, L-NMMA treatment, cisplatin treatment, and cisplatin
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+ L-NMMA treatment). Animals were sacrificed at the study endpoint (12 weeks), in accordance with
the previously cited publication and in-house optimization of the model, coinciding with the

development of ascites..

Ascites immune profiling. The following mouse antibodies were used for flow cytometry analysis of
lymphoid ascites collected from C57BL/6 mice at the experimental endpoint. Samples were processed
fresh on the same day as euthanasia. Red blood cells were lysed, and a portion of the remaining cells
were reserved for immunoblotting, while the rest were analyzed by flow cytometry. The following
antibody panelwas used to characterize immune lymphoid cells. The following mouse antibodies were
used in a flow cytometry for analyzing mouse lymphoid cells FITC-CD8a (Tonbo, ref. #35-0081-U025),
PerCP-Cy5.5-TCR-B (Tonbo, ref. # 65-5961-U025), PE-Cy5-CD25 (Tonbo, ref. # 50-0621-U025), PE-
CD62L (Tonbo, ref. # 55-0251-U025), PE-Cy7-CD44 (Tonbo, ref. # 60-0441-U025), APC-Cy7-CD3
(Tonbo, ref. # 25-0032-U025), BV421-NK-1.1 (BDBiosciences, ref. # 562921), violetFluor 500-CD45
(Tonbo, ref. # 85-0451-U025), cFluorV610-CD4 (Cytek, ref. # R7-20270), BV650-CD159a
(BDBiosciences, ref. # 755252), CD127 (BDBiosciences, ref. # 567540), Ghost Dye Violet540 (Tonbo,
ref. # 13-0879-T100), TruStain FcX™ (CD16/32) (BioLegend, ref. # 101320). The myeloid panel was
composed by FITC-CD80 (Tonbo, ref. # 35-0801-U025), PerCP-Cy5.5-Ly-6¢ (Tonbo, ref. # 65-5932-
U025), PE-F4/80 (Tonbo, ref. # 50-4801-U025), PE-Cy5-CD86 (BioLegend, ref. # 105015), PE-Cy7-
CD11c (Tonbo, ref. # 60-0114-U025), APC-R700-CD11b (BDBiosciences, ref. # 564985), APC-CD40
(BioLegend, ref. # 124611), APC-R700-MHCII (Tonbo, ref. # 25-5321-U025), violetFluor450-Ly-6G
(Cytek, ref. # 75-1276-U025, Ghost Dye Violet540 (Tonbo, ref. # 13-0879-T100), TruStain FcX™
(CD16/32) (BioLegend, ref. # 101320). The experiment was performed with a number of n=7 mice per

group and the results were considered statistically significant when p < 0.05.

Image analysis. H&E slides from mice tissues were scanned as whole slide images (TIFF based format)
using a 20X objective with a DP200 scanner (Roche Diagnostics). The images were then analysed using
QuPath open-source software* version Version: 0.5.1. Tumor deposits were identified and annotated

by a Consultant/Attending level Clinical Histopathologist (SH). Thereafter the cell detection
87



parameters were set at default. A binary classifier type which was trained to identify tumor cells and
lymphocytes was applied within the annotated areas (tumor spots) on the image to prevent overcalling
of other cells including mesothelial or other tissue as tumor cells. The tumor areas, tumor cell count,
total area and total cell count were calculated based on default cell parameters in QuPath and the
classifier as described. Mitotic counts were assessed visually out as per standard clinical assessment
using 10 high power fields. Lymphovascular invasion was also assessed by visual assessment of the
slide by a Consultant/Attending level Clinical Histopathologist. The analysis was conducted with the
contribution of Dr. Sean Hynes, Dr. Fidelma Kaar and Dr. Adam Freegrove from the department of
Histopathology, Galway University Hospital, Ireland and the discipline of Pathology, University of
Galway, Ireland. Experiments were conducted with n = 7 mice per group, with five slides prepared per
tissue from each individual mouse sample. The results were considered statistically significant when p

<0.05.

Immunoblotting. Whole-cell lysate was extracted using Cell Signaling lysis buffer (20 mM Tris-HCL (pH
7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 ug/ml leupeptin, Cat #9803). Proteins were separated by SDS-
PAGE gel and transferred to a PVDF membrane (Millipore Sigma, Cat #NX0095). The membranes were
blocked with 5% non-fat milk and incubated with primary antibody overnight at 4°C with gentle agitation
using the following antibody: rabbit anti-human iNOS (1:1000, Cell Signaling, Cat #95423), rabbit anti-
B-Actin HRP conjugate (1:7000, Cell Signaling, Cat#5125). Signals from iNOS was detected and
amplified by using a secondary anti-rabbit HRP-conjugated antibody (1:3000, Cell Signaling, Cat
#7074). Luminescence from antibodies was amplified using Clarity ECL Western Blotting Substrates
from Bio-Rad (Cat #1705060S). Experiments were performed in triplicate unless otherwise specified

and considered statistically significant when p <0.05).

Cytokine mix administration. Cells were cultured under regular cell culture conditions. In order to
stimulate iINOS expression, a cytokine mix composed by IFN-y (25 ng/mL, Peprotech # 315-05-100UG),
TNF-a (10ng/mL, Peprotech # 315-01A-20UG), IL1-B (10 ng/mL, Peprotech # 211-11A-10UG) was
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administered. Cytokine mix was administered only once and cells were maintained in culture after the

cytokine administration for 72 hours.
Statistical analysis

Two-way analysis of variance (ANOVA) or ordinary one-way ANOVA, when possible, was performed
using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA) to evaluate the effects of two
independent factors and their interaction on the dependent variable. Prior to analysis, data were
checked for normality and homogeneity of variances. When significant effects were detected, multiple
comparisons were conducted using Tukey’s test to identify specific group differences. Results were

considered statistically significant at p <0.05.
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3.3 Results
3.3.1 Syngeneic model optimisation

The syngeneic in vivo model has been conducted by using the C57BL/6 mice strain, an
immunocompetent mouse strain which received an injection of a MEOC cell line, ID8. ID8 is a well
know cell line used for studies in ovarian cancer [246]. The expression of iINOS in this murine epithelial
cell line has not been clearly documented, indicating a gap in the scientific literature. Therefore, we
chose to stimulate this cell line with a cytokine mix composed by IFN-y (25 ng/mL), TNF-a (10 ng/mL).
IL1-B (10 ng/mL), based on findings from human cell lines discussed in the previous chapter, to
determine whetheritis capable of expressing iINOS and responding to well-known inflammatory stimuli
that typically induce iNOS expression [184, 198, 259, 260]. In the following figure (Figure 3.2), it is
shown that ID8 cell line responds to proinflammatory stimuli producing iINOS after the administration

of cytokines
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Figure 3.2. ID8 cell line is responsive to proinflammatory stimuli. The figure shows the expression of iNOS obtained after stimulating ID8 cell line with

cytokines mix known to induce iINOS expression. The administration of cytokines mix was able to induce a high iINOS expression. Cytokine mix was

composed by (IFN-y (25 ng/mL), TNF-a (10 ng/mL). IL1-B (10 ng/mL).
After detecting the expression of iINOS in the cell line designated for this study, female C57BL/6 mice,

6 weeks old, have been used to conduct the following pilot study. The experiment design is reported in

the figure below (Figure 3.3).
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Figure 3.3. Syngeneic in vivo model optimization. Experiment setup showing the beginning of the experiment at week 0 with the injection of murine
cancer cells through the constant detection of Region of interest (ROIs) and body weight until the endpoint where ascitic mice were obtained. Created in

https://BioRender.com.

The injection has been conducted accordingly to publications related to IP injection of cancer cells
with the aim to simulate the late stage of ovarian cancer where ascites is formed. 5 x 10’6 cells were
injected IP [246] and were able to show at the experiment endpoint the formation of ascites and the

increase of body weight and abdomen diameter.

3.3.2 Body weight and abdomen diameter increase over the weeks

In the syngeneic in vivo model used in this study, a consistent increase in body weight was observed
from the point of tumor cell injection (week 0) through the endpoint (week 11), suggesting progressive
tumor growth and ascites formation. The average body weight of the mice at the time of injection was
19.41 g. Subsequent weekly measurements showed the following increases: week 1 —20.75 g, week 2
-21.18 g, week 3-21.09 g (p <0.05), week 4 -21.35 g (p < 0.05), week 5-21.78 g (p < 0.05), week 6 —
22.60 g (p <0.05), week 7-22.59 g (p < 0.05), week 8 —24.24 g (p < 0.05), week 9 —24.94 g (p < 0.05),
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week 10-25.80¢g (p <0.05),andweek 11 (endpoint)-28.28 g (p <0.05). These results reflect the gradual
accumulation of fluid and tumor burden associated with advanced disease progression (Figure 3.4A).
In parallel with the increase in body weight, a progressive enlargement of the abdominal diameter was
also observed, consistent with ascites development. The abdominal distension became apparent
starting from week 6, when the average abdominal diameter was 6.54 cm. A slight decrease was noted
atweek 7 (6.52 cm), but a marked increase followed in subsequent weeks: 7.35 cm at week 8 (p < 0.05),
7.58 cm at week 9 (p < 0.05), and 7.50 cm at week 10 (p < 0.05). By the endpoint at week 11, the
abdominal diameter reached an average of 7.92 cm (p < 0.05). These measurements support the
conclusion that ascites accumulation contributed significantly to the observed body weight gain and

abdominal swelling in the late stages of disease progression (Figure 3.4B).
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Figure 3.4(A-B). Morphological parameters showed an accumulation of body fluids and an increase in body weight. Figure 3.4A shows the
body weight increase week by week in C57BL/6 mice which received an injection of 5 x 10’6 ID8 cells in 200 pL of PBS. A consistent increase in
body weight was observed from the point of tumour cell injection (week 0) through the endpoint (week 11), suggesting progressive tumour
growth and ascites formation. The average body weight of the mice at the time of injection was 19.41 g. Subsequent weekly measurements
showed the following increases: week 1 -20.75 g, week 2-21.18 g, week 3-21.09 g (p < 0.05), week 4 -21.35 g (p < 0.05), week 5-21.78 g (p <
0.05), week 6 -22.60 g (p < 0.05), week 7-22.59 g (p < 0.05), week 8 - 24.24 g (p < 0.05), week 9 - 24.94 g (p < 0.05), week 10 - 25.80 g (p < 0.05),
and week 11 (endpoint) —28.28 g (p < 0.05). Results were considered significant with p < 0.05. Figure 3.4B shows the abdomen diameter in mice
detected week by week (starting from week six, where an increase has been observed). The abdominal distension became apparent starting

from week 6, when the average abdominal diameter was 6.54 cm. At week 7 a little reduction was observed (6.52 cm), but a significantincrease
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was observed at week 8 corresponding to 7.35 cm (p < 0.05). 7.58 cm were registered at week 9 (p <0.05), and 7.50 cm at week 10 (p < 0.05). By

the endpoint at week 11, the abdominal diameter reached an average of 7.92 cm (p < 0.05).

3.3.3 Metastasis accumulation simulates the late stage of ovarian cancer

At the endpoint of the treatment (week 12) the peritoneum and abdominal cavity of the sacrificed mice
were carefully examined. We observed widespread metastases throughout the peritoneal lining as well
as within the abdominal cavity. Metastatic lesions were found at multiple sites on the peritoneum
(Figure 3.5 A), varying in size, which likely reflects different timing and progression of cancer cell
invasion into the peritoneal cavity. Notably, several abdominal organs exhibited diffuse metastases
(Figure 3.5 B-C). The omentum showed numerous metastatic nodules dispersed across this fatty layer.
Additional metastatic foci were detected in the stomach and intestines, along with micrometastases
in the liver. Corresponding to these findings, serial observations and images revealed a progressive

increase in abdominal volumes over the weeks, consistent with substantial ascites accumulation.

94



Figure 3.5(A-C). Peritoneum and omentum collected at the endpoint show a high grade of metastasis formation. In Figure 3.5A, it is possible to
observe (as indicated by the arrows) the presence of metastasis in the peritoneum. Figures 3.5B and 3.5C show the accumulation of metastatic lesions
in abdominal organs (as indicated by the arrows).

3.3.4iNOS is expressed in the ascites

To detect NOS2 expression in this in vivo model, and considering the abundant ascitic fluid where
cancer cells, immune cells, and tumor spheroids accumulate [261], INOS expression in ascites
samples has been analyzed. Our Controls included a human High-Grade Serous Ovarian Cancer cell
line (OVCARS8) and the same cell line treated with NOS2-specific siRNA as a negative control. Samples
labeled #1, #2, and #3 exhibited NOS2 expression consistent with our positive control (Figure 3.6). It is
important to highlit that both human iINOS and murine iINOS shown in the following picture were

detected using a human antibody anti-iNOS from Cell Signaling (Cat.Ref. E2M9F).
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Figure 3.6. Detection of iINOS expression in ascites samples from three mice samples. It is possible to observe as cells recovered from the ascitic fluid
from three mice samples, showed iNOS expression. OVCARS cells served as positive control, while OVCARS cells treated with siRNA targeting INOS2 were

used as the negative control to confirm specificity of the signal.

3.4 Experimental design and treatment regimens in the ID8 syngeneic in vivo model

Based on the characteristics observed during the generation and optimization of the ID8 syngeneic in
vivo model, particularly the timing of ascites accumulation, changes in body weight, and progression
of abdomen diameter, a four-arm experimental study to evaluate different treatment options was
designed. The groups included a control group, in which mice received intraperitoneal (IP) injection of
ID8 cells without subsequent treatment; an L-NMMA treatment group, receiving daily L-NMMA
administration; a Cisplatin treatment group, receiving Cisplatin only; and a combination treatment
group, treated with both Cisplatin and L-NMMA. Treatment began at week 5 post-ID8 cellinjection, one
week prior to the onset of ascites accumulation as indicated by abdomen diameter measurements
from the optimization study. Cisplatin was administered intraperitoneally at a dose of 2 mg/kg every
two weeks starting at week 5. L-NMMA was given daily with a dosing regimen of 400 mg/kg on the first
day of each week, followed by 200 mg/kg on subsequent days. This treatment schedule was designed
to investigate the therapeutic efficacy of L-NMMA alone, Cisplatin alone, and their combination on

tumor progression and ascites development in the ID8 model (Figure 3.7).
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Figure 3.7. Experimental design for the syngeneic in vivo model. Experimental design showing the time point of the treatments, experimental groups
and the treatment per single group. Three Cisplatin and L-NMMA cycle treatments have been used. The experiment was divided into four arms starting
with control group, L-NMMA group, Cisplatin group and a combination between Cisplatin and L-NMMA.

3.4.1 Body weight changes following treatment with L-NMMA, Cisplatin, and their combination

Following administration of the different treatment regimens, L-NMMA alone, Cisplatin alone, and the
combination of Cisplatin and L-NMMA, mice’s body weight over time was monitored. The following
body weight trends are reported: the untreated group (Figure 3.8A) showed a general increase in
average body weight, starting at 20.32 grams at week 5 and rising to 24.9 grams by week 10. This weight
gain likely reflects tumour progression and ascites accumulation. The mice treated with L-NMMA alone
(Figure 3.8B) displayed a similar pattern to the untreated group, with body weightincreasing from 21.12
grams at week 5 to 25.1 grams at week 10, indicating that L- NMMA alone did not significantly inhibit
tumour growth or ascites development. Mice receiving Cisplatin alone (Figure 3.8C) exhibited a little
overall increase in body weight among all groups. Their average body weight decreased from 21.12
grams at week 5 to 19.82 grams at week 6, followed by partial recovery and fluctuations over the

subsequent weeks, ultimately reaching 23.4 grams at week 10. This pattern of weight loss followed by
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partial recovery suggests that Cisplatin treatment could potentially have an impact on both tumour
progression and the overall physiological status of the mice. The combination treatment group (Figure
3.8D) reported a slower increase of body weight when compared to all groups. Their average body
weight rose from 20.32 grams at week 5 to 23.0 grams at week 10. This weight gain might indicate a
beneficial effect in the combination of Cisplatin and L-NMMA treatment in slowing disease progression

and ascites accumulation relative to single-agent treatments or no treatment.
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Figure 3.8 (A-D). Body weight trends across different experimental groups over time. Figure 3.8A depicts the body weight of the control group, which
received no treatment and only cell injections, starting from week 5, the time point when treatments began in the other groups. It is possible to observe an
increase in average body weight, starting at 20.32 grams at week 5 and rising to 24.9 grams by week 10. Figure 3.8B shows the body weight changes in
mice treated with L-NMMA. The pattern was similar to the untreated group, with body weight increasing from 21.12 grams at week 5 to 25.1 grams at week
10. .Figure 3.8C illustrates the weight trend for the Cisplatin-treated group. Their group average body weight decreased from 21.12 grams at week 5 to
19.82 grams at week 6, ultimately reaching 23.4 grams at week 10.. Figure 3.8D presents the body weight progression in the group receiving the
combination treatment, where their average body weight rose from 20.32 grams at week 5 to 23.0 grams at week 10.
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Analysis of the body weight curves across all treatment groups revealed that the combination of
Cisplatin and L-NMMA resulted in the slowest increase in body weight over time. This group exhibited a
reduction in weight gain compared to the untreated control as well as the groups treated with either L-
NMMA or Cisplatin alone. Both the control and L-NMMA groups showed a higher increase in body
weight, consistent with tumor progression and ascites accumulation. The Cisplatin-only group
displayed fluctuations characterized by periods of weight loss and a slower overall increase in body
weight. In contrast, the combination therapy group demonstrated the most controlled and gradual body
weight gain, suggesting a potential beneficial inluence of combining Cisplatin and L-NMMA inin the
attenuation of the disease progression and associated ascites. This comparative analysis underscores
the enhanced therapeutic efficacy of combining Cisplatin with L-NMMA in the syngeneic ID8 ovarian

cancer model, as reflected by the collective body weight trends (Figure 3.9).
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Figure 3.9. Body weight trends comparison per single arm treatment. Body weight trends for each treatment group. L-NMMA alone has minimal impact
on body weight, whereas both the Cisplatin and the combination Cisplatin + L-NMMA groups exhibit a reduction in body weight.
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The body weight curve showed a decrease following two distinct trends. The L-NMMA and control
groups exhibited a similar reduction in body weight by the endpoint. In contrast, the Cisplatin and
Cisplatin + L-NMMA groups followed a different trend, with both showing a more pronounced weight
loss due to a smaller abdominal volume, as it will be shown in the next section. Notably, these latter
groups had the lowest body weight compared to the L- NMMA and control groups, highlighting the

impact of chemotherapy on ascites formation
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and tumour progression. However, no significant difference was observed between the Cisplatin and

Cisplatin + L-NMMA groups at this stage.

3.4.2 Abdomen diameter changes following treatment with L-NMMA, Cisplatin, and their

combination

In addition to monitoring body weight, it was also measured the abdomen diameter of the mice
throughout the treatment period to assess ascites progression, a hallmark of the ID8 syngeneic model
characterized by significant accumulation of ascitic fluid. Tracking abdomen diameter thus serves as
a critical indicator of both disease progression and treatment efficacy. In the untreated control group
(Figure 3.10A), abdomen diameter gradually increased over time, starting at 7.00 cm at week 5 and
peaking around week 8 at 7.50 cm, followed by a slight decrease in the final weeks. This trend reflects
progressive ascites accumulation, with the minor reduction possibly due to biological variability or
other physiological factors. Similarly, the L-NMMA treated group (Figure 3.10B) exhibited comparable
fluctuations in abdomen diameter, with decreases and increases at various time points, including a
peak diameter of 7.78 cm at week 9. These variations suggest that while L-NMMA may transiently
influence ascites accumulation, it does not consistently prevent the increase in abdomen diameter
characteristic of fluid buildup. In contrast, the Cisplatin-treated group (Figure 3.10C) displayed a
distinct pattern characterized by an overall reduction in abdomen diameter during the treatment
period. Beginning at 7.25 cm at week 5, the diameter decreased to 6.36 cm by week 7, with minor
fluctuations thereafter, ultimately reaching 6.64 cm at week 10, below the baseline measurement. This
trend indicates that Cisplatin had a potential role in limiting ascitic fluid accumulation relative to
untreated and L-NMMA groups. The combination treatment group (Cisplatin + L-NMMA) (Figure 3.10D),
showed a decreasing trend throughout the study despite an increase at week 9. Starting from 6.9 cm at
week 5, the diameter declined to 6.22 cm (p < 0.05) by week 10. These data collectively indicate that
the combination therapy produced the strongest reduction in abdomen diameter and, consequently,
ascites accumulation among all treatment groups.
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Figure 3.10 (A-D). Abdomen diameter trends over time for each treatment group. In Figure 3.10A, the control group shows a consistent abdomen
diameter remaining above 7 cm throughout the study. In particular, the abdomen diameter increased over time, starting at 7.00 cm at week 5 and peaking
around week 8 at 7.50 cm, followed by a decrease in the final two weeks. Figure 3.10B shows the trend of the L-NMMA group, wherethe abdomen diameter
at the starting point is less than 7,50 cm and even by including a peak diameter of 7.78 cm at week 9, the diameter comes back to slightly more than 9 cm
at the endpoint. Figure 3.10C shows that Cisplatin treatment reduces the abdomen diameter to below 7 cm. Beginning at 7.25 cm at week 5, the diameter
decreased to 6.36 cm by week 7, ultimately reaching 6.64 cm at week 10.Figure 3.10D reveals that the combination treatment further decreases the
abdomen diameter to under 6.3 cm. In particular, starting from 6.9 cm at week 5, the diameter declined to 6.22 (p < 0.05) cm by week 10.
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When comparing the abdomen diameter curves across all treatment groups, the combination therapy
(Cisplatin + L-NMMA) produced the most sustained reduction in abdomen diameter over time. This
decrease was more impactful in particular at the endpoint, where the control group and L-NMMA had
an abdomen diameter higher than 7 cm, the Cisplatin group higher than 6.5 cm and the combination
group reached the diameter of 6.3 cm (p < 0.05). These results highlight a potential beneficial efficacy
of the combinatorial treatment in limiting ascites accumulation, a hallmark of disease progression in

the ID8 syngeneic ovarian cancer model (Figure 3.11).
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Figure 3.11. Abdomen diameter trends comparison per single arm treatment. This figure presents the abdomen diameter trends for all treatment
groups combined. It clearly demonstrates that the combination treatment produced the most pronounced reduction in abdomen diameter, during week
10, compared to the other groups.

When analyzed collectively, a clear distinction emerges between the groups. Specifically, the
abdominal diameter trend reveals three distinct patterns. The first, which shows the largest abdominal

diameter, corresponds to the control and L-NMMA groups. Similar to the body weight trend, these
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groups exhibit an abdominal diameter exceeding 7 cm by the endpoint. A different trend is observed in
the Cisplatin group, which shows a reduction in abdominal diameter compared to the control and L-
NMMA groups, although it does not fall below 6.5 cm. As previously mentioned, the Cisplatin + L-NMMA
group demonstrates a higher reduction, with abdominal diameter reaching a minimum of 6.22 cm at

the endpoint (p < 0.05).

3.4.3 Mice grouping and injection were consistent

As mentioned above, the experiment was conducted by dividing mice into four groups. This in vivo
tumor modelrepresents late-stage ovarian cancer characterized by widespread metastasis throughout
the peritoneum and abdominal organs. Due to the diffuse nature of tumor spread, traditional
measurements of solid tumors are not applicable. Instead, tumor nodules were detected using

bioluminescent imaging.

For this purpose, the murine epithelial ovarian cancer cell line ID8 was genetically engineered to
express Luciferase, enabling direct detection of ROIs from the intraperitoneally (IP) injected cells.
Following injection, bioluminescence signals were monitored weekly to track tumor dissemination
within the abdominal cavity and assess progression over time. As will be discussed later, a major
reduction in tumor signal was observed in the Cisplatin + L-NMMA and Cisplatin alone treatment
groups, consistent with the trends seen in body weight and abdomen diameter measurements.
Importantly, in line with previous model optimization, a peak in bioluminescence signal was observed
afterweek 5. The bioluminescence data collected untilweek 5 were used to form homogeneous groups
prior to initiating treatment. Tumor progression during this pre-treatment period followed the expected
trend, allowing for balanced distribution of tumor burden across the four experimental arms at the start
of therapy. At week 5, on the day of treatment assignment, the mice were divided into groups based on
their last recorded bioluminescence maintaining an equal and consistent signal among the new

formed groups to start treatments without any bias (Figure 3.12).
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Figure 3.12. ROl level per group at the beginning of the treatments. The ROIs were consistent and equivalent across all groups before starting
treatments. For all the considered group, the ROIs were between 4 x 10’5 and 2 x 10’5 with a p value > 0.05.

Mice were divided based on equal ROI values to ensure comparable tumor burden and peritoneal
spread across groups, allowing treatment to begin from equivalent baseline conditions and ensuring

unbiased, consistent results.

3.4.4 Cisplatin and Cisplatin +L-NMMA showed a reduction in ROl signal

Following the grouping of mice based on bioluminescence signal intensity, treatments were initiated

according to the assigned experimental arms. The results are presented sequentially beginning with
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the control group, followed by the L-NMMA group, the Cisplatin group, and finally the combination
treatment group (Cisplatin + L-NMMA). As shown in Figure 3.13A, the control group exhibited an
increase in bioluminescence signal week by week until the experimental endpoint at week 11. After the
initial peak immediately following cell injection (time 0), the luciferase signal began to rise after week
5, reflecting progressive tumour growth within the abdominal cavity. Total Flux values (photons per
second [p/s]) reached 1.1 x 10° at week 11, with minor fluctuations along the way, indicating a
continuous increase in tumour burden in untreated mice. The L-NMMA-treated group (Figure 3.13B)
showed fluctuating Total Flux levels throughout the treatment period, until reaching 7.6 x 10° at week
11. These data suggest that while L-NMMA treatment temporarily stabilized tumour growth at certain
time points, the overall control of tumour progression was incomplete. The Cisplatin-treated group
(Figure 3.13C) demonstrated a distinct trend characterized by fluctuating but generally lower tumour
burden compared to the control and L-NMMA groups. Total Flux values reached 4.5 x 10°at week 11.
This pattern indicates a suppressive effect of Cisplatin on tumour progression. Also, the combination
treatment group (Figure 3.13D) exhibited a controlled tumour progression overall where Total Flux
values reached 4.9 x 10°at week 11. This marked reduction in bioluminescence signal during the final
week reflects a decrease in tumour burden under the combinatorial therapy, suggesting a potential

improved efficacy compared to single-agent treatments.
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Figure 3.13(A-D). ROl trends over time for each treatment group. Figure 3.13A shows the ROl detected in the control group, The luciferase signal began
to increase after week 5, with Total Flux values (photons per second [p/s]) reaching 1.1 x 10° at week 11, indicating a continuous increase in tumour burden
in untreated mice. Figure 13B shows the ROIs levels obtained in the L-NMMA group. It is possible to observe fluctuating ROls levels throughout the
treatment period, until reaching 7.6 x 10° at week 11. Figure 3.13C shows the levels obtained in the cisplatin group, where a different trend of the ROl curve
was observed. After the beginning of the treatments at week 5, an increase in the ROl was observed, followed by a decrease at week 8. Week 9 and 10
showed another increase in the trend which resulted again in a reduction of the signal, where Total Flux values reached 4.5 x 10° at week 11. and Figure

3.11D shows the ROI trend obtained in the combination group. After treatment began at week 5, a decrease was observed at week 8, followed by an
increase in signal in the following weeks. ROl values reached 4.9 x 10° at week 11.

The signal obtained per single arm starting from week five is represented in the following figure (Figure
3.14).
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Figure 3.14. ROl trends comparison per single arm treatment. The control group exhibited the highest signal intensity, while the L-NMMA group showed
reduced levels. Both the Cisplatin and combination treatment groups demonstrated a reduction in regions of interest (ROIs).

Control Group shows an increase in tumor signal from week 5 to week 11, with some fluctuations but
an overall upward trend reaching the highest signal levels toward the endpoint. L-NMMA group follows
a similar trend to the control, with increases and decreases, but the signhal remains slightly lower than
the control at most time points, indicating a mild effect on tumor progression. Cisplatin Group exhibits
a more fluctuating tumor signal compared to control and L-NMMA groups. Combination Group shows
a tumor bioluminescence comparable with the Cisplatin group. Even with this parameter, it is still
possible to distinguish distinct trends for each individual group. Specifically, the control group
exhibited the highest ROl peak, reflecting the most extensive tumor spread within the abdominal cavity.
The L-NMMA group showed a reduction in ROl signal. However, both the Cisplatin and Cisplatin + L-
NMMA groups showed lower ROls levels compared to the other groups, even the data were not
significant, suggesting that while both are effective in limiting tumor spread, the addition of L-NMMA

does not further enhance Cisplatin’s efficacy in this context.

3.4.5 Omentum revealed a lower signal in the combination treatment

After reaching the endpoint of the treatment, the signal obtained from the omentum, extracted from

mice abdominal cavity, was analyzed. The signal has been detected by using ROI, similarly to what we
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did for the whole abdominal cavity. The signal was measured in Total Flux of Photons [p/s] too. In Figure
3.15A it is possible to observe a representative selection of all samples and Figure 3.15B shows the
ROI quantification (expressed in [p/s]) in each group. Analysis of the signal obtained from the omentum
at the study endpoint revealed distinct differences among the treatment groups. The control group
exhibited a mean signal intensity of 9 x 10° p/s. Treatment with L-NMMA resulted in an increased mean
signal of 4.4 x 10° p/s. Both Cisplatin alone and the combined Cisplatin + L-NMMA treatments
demonstrated a reduction in signal intensity compared to control. Specifically, the Cisplatin group
showed a mean signal of 3.5 x 10° p/s, while the Cisplatin + L-NMMA group exhibited a further

decreased mean signal of 1.3 x 10° p/s (Figure 3.15C).
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Figure 3.15 (A-C). ROl detection in the omentum at the endpoint. Figure 3.15A presents a representative image of the signal detected in the omentum
following mouse sacrifice. Figure 3.15B compares the ROl signal from the omentum across all treatment groups. In particular, the control group exhibited
a mean signal intensity of 9 x 10° p/s. Treatment with L-NMMA resulted in an increased mean signal of 4.4x 10° p/s. the Cisplatin group showed a mean
signal of 3.5 x 10° p/s, while the Cisplatin + L-NMMA group exhibited a mean signal of 1.3 x 10° p/s Figure 3.15C highlights the reduction of ROl observed
in the combination treatment group compared to the Cisplatin only group, where the Cisplatin group showed a mean signal of 3.5 x 10° p/s, while the
Cisplatin + L-NMMA group exhibited a mean signal of 1.3 x 10°p/s

Omentum colonization exhibited different trends across the groups, although no statistically
significant differences were observed. As the omentum is typically the first site of tumor colonization,
it appears to be particularly challenging to treat effectively, which may explain the absence of
significant group differences. Nonetheless, both the Cisplatin and Cisplatin + L-NMMA groups showed

the lowest ROI signhals, suggesting a potential inhibitory effect on tumor proliferation. When the data

109



are analyzed and visualized side by side in Figure 3.15C, it is possible to observe that, although not
statistically significant, the Cisplatin + L-NMMA group displays a slight lower ROI sighal compared to

Cisplatin alone.

3.4.6 Flow cytometry reveals a more active phenotype in the combination treatment group

After the collection of the ascites at the endpoint, ascites from each mouse were collected and profiled
through FACS. Immune profiling was conducted by using antibodies for myeloid and lymphoid markers.
Samples were divided into a myeloid and lymphoid group. In the lymphoid group we found the presence
of T lymphocytes, NKT cells, NK_NKT cells and NK cells. There are also Tregs, CD4+ and CD8+ T cells
together with markers (CD62L and CD44) both related to the activation status of T cells. For what
concerns the myeloid panel, the presence (in terms of percentages) of DC1, DC2, MDSC and
neutrophils was analysed. This type of analysis opened to the opportunity to identify the presence of
immune cells by comparing four different treatment arms, as reported above. Changes in the immune
system collectively present into ascites changes in accordance with the type of treatment
administered were observed. We observed an overall improvement by using the combination of
Cisplatin and L-NMMA (even if it must be registered an increase of Tregs after the combination
treatment) with a significative increase of T lymphocytes, an increase of NK_NKT and an increase of

activation markers in the CD4+ T cells population.

3.4.7 Lymphoid panel showed significant changes in the combination treatment group

Analysis of immune cell infiltration revealed that the combination treatment with Cisplatin and L-
NMMA significantly enhanced T lymphocyte infiltration compared to single-agent therapies and
untreated controls. Specifically, T lymphocyte expression reached 43.5% in the combination group (p
< 0.05), markedly higher than the Cisplatin (30.7%), L-NMMA (26.34%), and untreated control groups
(24.7%) (Figure 3.16A). Similarly, NKT cell infiltration was substantially increased in the combination
group, reaching 3.27% (p < 0.05), which was significantly greater than levels observed in the Cisplatin

(0.34%), L-NMMA (0.28%), and untreated (0.14%) groups (Figure 3.16B). The NK_NKT cell population
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also showed a pronounced increase with combination therapy (7.09%) (p < 0.05), exceeding the
proportions found in the Cisplatin (2.67%), L-NMMA (2.81%), and untreated control groups (2.96%)
(Figure 3.16C). Although no statistically significant differences were observed in NK cell populations
across groups, a positive trend (even if not reaching significance), was observed, with the combination
group exhibiting the highest percentage (3.0%), followed by the untreated (2.77%), L-NMMA (2.3%), and
Cisplatin (2.16%) groups (Figure 3.16D). Additionally, regulatory T cell (Treg) infiltration was influenced
by treatment; the combination therapyincreased Treg presence to 1.75% (p < 0.05), compared to 0.65%

in the Cisplatin group, 0.55% in the L-NMMA group, and 0.48% in the untreated controls (Figure 3.16E).
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Figure 3.16 (A-E). Levels of various lymphocyte populations in ascites across four different treatment groups. Figure 3.16A shows the levels of T
lymphocytes in each group, showing a significant increase in the combination group compared to the others. T lymphocyte expression reached 43.5% in
the combination group (p < 0.05), markedly higher than the Cisplatin (30.7%), L-NMMA (26.34%), and untreated control groups (24.7%). Figure 3.16B
highlights the levels of NKT cells, showing a significant increase in the combination group compared to the others. The combination group, reached 3.27%
(p < 0.05), which was significantly greater than levels observed in the Cisplatin (0.34%), L-NMMA (0.28%), and untreated (0.14%) groups. Similarly, Figure
3.16C presents the percentage of NK_NKT cells within the total CD45+ population, revealing an increase in the same group relative to the other treatment

groups. The NK_NKT cell population had a pronounced increase with combination therapy (7.09%) (p < 0.05), compared to the percentages found in the
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cisplatin (2.67%), L-NMMA (2.81%), and untreated control groups (2.96%). Figure 3.16D depicts the levels of NK cells, which, although not statistically
significant, exhibit a trend toward higher levels in the combination treatment group. The combination group exhibited the highest percentage (3.0%),
followed by the untreated (2.77%), L-NMMA (2.3%), and Cisplatin (2.16%) groups. Finally, Figure 3.16E shows regulatory T cells (Tregs), which display a
significant increase (p < 0.005) in the combination group compared to all other treatments. The combination therapy increased Treg presence to 1.75% (p

< 0.05), compared to 0.65% in the Cisplatin group, 0.55% in the L-NMMA group, and 0.48% in the untreated controls

The results from the initial analysis of the lymphoid panel demonstrate that, at the treatment endpoint,
the combination of Cisplatin and L-NMMA was the most effective in reactivating the immune system.
Ovarian cancer is well known for its immunologically “cold” tumor microenvironment [237], which
poses a challenge for immunotherapy. Numerous strategies have been explored to convert this cold
environment into a “hot,” immune-responsive one. In this study, the use of L-NMMA to inhibit nitric
oxide release, combined with Cisplatin, led to a significant increase in key immune cell populations,
including T lymphocytes, NKT cells, and NK_NKT cells, compared to the other treatment groups. This

suggests that the combination therapy promotes a more robust immune activation.

3.4.8 CD4+ and CD8+ T cells

The levels of CD4+ and CD8+ T cells in ascites did not show significant changes across treatment
groups. CD4+ T cell infiltration remained stable, with no significant increase observed in response to
any therapy, as shown in Figure 3.17A. No significant changes were observed for the CD8+ T cells
(Figure 3.17B) indicating that the combinatorial and single-agent treatments did not significantly

impact the levels of these T cell subtypes.
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Figure 3.17 (A-B). CD4 and CD8 changes across four different treatment groups. Figure 3.17A shows a trend towards increased levels of CD4 T cells,
although this difference is not statistically significant. Figure 3.17B illustrates the levels of CD8 T cells across the treatment groups, still not reporting any
significant change.

When analyzing the T cell subpopulations, specifically CD8+ and CD4+ T cells, no statistically
significant differences were observed among the groups. Although higher levels of CD4+ T cells were
detected, these increases did not reach statistical significance. Similarly, CD8+ T cell levels remained

unchanged across all groups.

3.4.9 CD4+ T cells are stimulated after the combination treatment

Interestingly, there was an increase in activation markers (CD62L- CD44+) (Figure 3.18A) and a
decrease in naive markers (CD62L+ CD44-) (Figure 3.18B) on CD4+ T cells following treatment.
Specifically, the combination treatment resulted in 59.7% of CD4+ T cells expressing activation
markers (p < 0.05), compared to 35.66% with Cisplatin alone, 38.6% with L-NMMA alone, and 24.7% in
untreated controls. The level of naive CD4+ cells (CD62L+ CD44-) was significantly reduced in the
combination treatment group to 23.35%, while Cisplatin, L-NMMA, and untreated groups showed

levels of 50%, 44%, and 62%, respectively.
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Figure 3.18 (A-B). CD4T cells increase their activation status and reduce naive levels after the combination therapy. Figure 3.18A shows an increase
in activation markers (CD62L- CD44+) following the combination treatment which resulted in 59.7% of CD4+ T cells expressing activation markers (p <
0.05), compared to 35.66% with Cisplatin alone, 38.6% with L-NMMA alone, and 24.7% in untreated controls.. In Figure 3.18B the combination group
exhibits a more pronounced reduction of naive markers (CD62L+ CD44-) when compared to the other treatment groups, which was significantly reduced
in the combination treatment group to 23.35%, while Cisplatin, L-NMMA, and untreated groups showed levels of 50%, 44%, and 62%, respectively.

These results highlight where the combination treatment exerts its strongest impact on the immune
population. Among the lymphoid cells analyzed, the CD4*CD62L"CD44" T cell subpopulation showed
a significant increase, indicating enhanced activation of memory T cells. Concurrently, the
CD4'CD62L*CD44™ T cell population decreased, reflecting a reduction in naive T cells and,
consequently, fewer immune cells in a resting, non-responsive state. This suggests that the
combination therapy primarily promotes the expansion and activation of memory T cells, which can, in

turn, stimulate and coordinate broader anti-tumor immune responses [262].

3.4.10 CD8+ T cells activation status

No significant changes were observed in the overall percentage of CD8" T cells across treatment
groups. Notably, L-NMMA treatment increased the proportion of activated CD8" T cells (CD62L-
CD44+) (Figure 3.19A), reaching 24.3% (p < 0.05) compared to 14.1% in the control group, suggesting

a role for L-NMMA in promoting CD8+ T cell activation. Additionally, L-NMMA treatment resulted in a
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reduction of naive CD8* T cells (CD62L+CD44-) (Figure 3.19B), decreasing from 56.5% in controls to

42.25% (p < 0.05), further indicating a shift toward an activated phenotype.
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Figure 3.19 (A-B). CD8T activation and naive markers don’t change after the combination therapy. Figure 3.19A illustrates the effect of each treatment
on activation markers of CD8+ T cells, with L-NMMA showing a significant increase. Combination treatment exhibited a p value close to 0.05, value
considered as statistically significant. In particular, L-NMMA treatment significantly increased the proportion of activated CD8* T cells (CD62L- CD44+)
(Figure 3.1A), reaching 24.3% (p < 0.05) compared to 14.1% in the control group, suggesting a role for L-NMMA in promoting CD8+ T cell activation. Figure
3.19B shows a significant decrease in naive CD8+ T cell markers following treatment with L-NMMA, but no difference in the combination treatment. In
particular, L-NMMA treatment resulted in a reduction of naive CD8" T cells (CD62L+CD44) decreasing from 56.5% in controls to 42.25% (p < 0.05), further
indicating a shift toward an activated phenotype.

Notably, for what concerns CD8 cells only, L-NMMA alone induced a significant increase in activation
markers (CD62L"CD44%) on CD8" T cells. Although the combination treatment did not reach statistical
significance when compared to control, it showed a strong trend toward increased activation with a p-
value approaching 0.05. Similarly, for naive markers (CD62L*CD447), L-NMMA caused a significant
decrease, while the combination group exhibited a comparable, albeit less pronounced, trend that did

not approach statistical significance as closely.

3.4.11 Myeloid panel showed changes following the four treatment conditions
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The myeloid panel revealed several changes across treatment groups. Regarding the myeloid
population, combinatorial therapy resulted in a significant reduction in the percentage of type 1
dendritic cells (DC1) (p < 0.05) (Figure 3.20A). Specifically, the frequency of DC1 was 0.97% in the
combination treatment group, compared to 2.7% in the Cisplatin group, 3.07% in the L-NMMA group,
and 2.37% in the untreated controls. Type 2 dendritic cells (DC2) showed a similar trend where the
combination treatment reached a level of 1.47%, the Cisplatin group showed a level of 3%, L-NMMA a
level of 3.48% and the control group a level of 2,76% (Figure 3.20B). A marked decrease was also
observed in the population of myeloid-derived suppressor cells (MDSCs) following combination
therapy (Figure 3.20C). The residual MDSC levels were 0.2% in the combination group, versus 1.67%in
the Cisplatin group, 2.5% in the L-NMMA group, and 1.045% in untreated animals. No significant
differences were detected in neutrophil frequencies among groups (Figure 3.20D); however, a modest
reduction was noted in the combination treatment group relative to Cisplatin alone. Specifically,
neutrophil percentages were 11.5% in the combination group, 13.49% in the Cisplatin group, 11.6% in

the L-NMMA group, and 9.87% in the untreated control.
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Figure 3.20 (A-D). Myeloid immune population has slight changes after the combination therapy. Figure 3.20A shows the levels of DC1 cells following
treatments across all groups, with a noticeable decrease in the combination group compared to the others. The frequency of DC1 was 0.97% (p < 0.05) in
the combination treatment group, compared to 2.7% in the Cisplatin group, 3.07% in the L-NMMA group, and 2.37% in the untreated controls. Figure 3.20B
illustrates the levels of DC2 cells, which are also reduced after combination treatment, which reached a level of 1.47%,. The Cisplatin group showed a
level of 3%, L-NMMA a level of 3.48% and the control group a level of 2,76%. Figure 3.20C shows the levels of MDSC which were 0.2% in the combination
group, versus 1.67% in the Cisplatin group, 2.5% in the L-NMMA group, and 1.045% in untreated animals. . Figure 3.20D presents the levels of neutrophils

after treatment. In the combination group, neutrophil percentages were 11.5% 13.49% in the Cisplatin group, 11.6% in the L-NMMA group, and 9.87% in
the untreated control.

In this case, a decrease in conventional type 1 Dendritic Cells (DC1) was observed. This result can be
considered a side effect, as DC1 cells are often correlated with a good prognosis. However, it should
also be noted that dendritic cells are capable of expressing and producingcan express and produce NO
[263], which could make them an intrinsic target of L-NMMA. Furthermore, regarding the MDSC
population, although the reduction did not reach statistical significance, a strong decrease was

observed following Cisplatin + L-NMMA treatment, with a p-value of 0.055.

3.5 Pathologic evaluation reveals a tumor regression in the peritoneum
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To evaluate the effects of the treatments on tumor progression within the peritoneum and omentum,
histological sections from these tissues were analyzed. Several quantitative parameters were
assessed, including tumor area, number of tumor cells, percentage of tumor cells, percentage of tumor
area, number of tumor foci (tumor spots), and mitotic counts. All measurements were performed using

QuPath software, as illustrated in the accompanying images (Figure 3.21A-E).

Figure 3.21. Representative image of the pathological analysis workflow. Representative tissue section examined as a whole slide image (Figure 3.21A)
with a total cell count carried out using QuPath (Figure 3.21B,C). One of the areas of tumor is shown inset (Figure 3.21D). The tumor cells (pink) and
lymphocytes (yellow) as identified by the classifier are seen (Figure 3.21E).

By using QuPath we were also able to identify micrometastasis which were nest into peritoneum,

omentum, but also in the vascular structure (Figure 3.22 A-C).
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Figure 3.22. Representative image of metastatic spread in the mice abdominal cavity. An example of the lymphovascular invasion is identified in
Figure 3.22A as well as a mitosis identified in Figure 3.22B and at higher maghnification in Figure 3.22C.

As previously discussed, both figures show tumour dissemination in the peritoneum and vasculature
of the mice’s abdominal cavity. Given the extent of these micrometastases and their often small size,
an analysis was performed slide by slide using automated software capable of detecting even the

smallest tumour spots.

3.5.1 Tumor area is reduced in the peritoneum after the combination treatment

The images below show the tumor area (in pmz) in the peritoneum and omentum across different
treatment groups. In the peritoneum (Figure 3.23), a significant reduction in tumor area was observed
in the treatment groups compared to the control. Specifically, the control group exhibited an average
tumor area of 4.67 x 10° pm?>. Treatment with Cisplatin alone reduced the tumor area to 2.23 x 10° pm?,
while the combination treatment group showed the most pronounced reduction, with an average area

of 9 x 10° pm? (p < 0.05).
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Figure 3.23. Tumor area has a significant reduction after the combination therapy. In the figure it is possible to observe a significant reduction in tumor
area within the peritoneum following treatment with the combination group. In particular, the control group showed an average tumour area of 4.67 x 10°
pum?. Treatment with Cisplatin alone showed an average tumour area to 2.23 x 10° um?, while the combination treatment group showed the strongest
reduction, with an average area of 9 x 10° um? (p < 0.05).

Peritoneal metastases are the condition in which most patients are diagnosed, often because
diagnosis occurs at a late stage of the disease [266]. Given this, the first line of treatment typically
involves surgery to achieve tumor debulking, followed by chemotherapy to prevent tumor progression
and eliminate any residual cancer cells within the abdominal cavity. In this study, the combination of
Cisplatin and L-NMMA demonstrated a significant reduction in tumor area compared to Cisplatin
alone, suggesting that this combination therapy has the potential to enhance the effects of

chemotherapy while also promoting immune cell reactivation, as shown earlier.
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3.5.2 Tumor cell number is reduced in the peritoneum after the combination treatment

In the peritoneum, for what concern tumor cell number showed interesting results (Figure 3.24). The
control group showed the highest number of tumor cells, with an average of 2.8 x 10° cells. Treatment
with Cisplatin alone reduced this number to 1.2 x 10%, while the combination treatment (Cisplatin + L-
NMMA) resulted in the most substantial reduction, with 5.7 x 10° tumor cells (p < 0.05). These results
indicate that the combination therapy was significantly more effective in reducing tumor cell numbers

compared to both the control and the Cisplatin-only group.
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Figure 3.24. Tumor cell number has a significant reduction after the combination therapy. In the figure it is possible to observe a significant reduction
in tumor cell numbers following the combination treatment, with a greater impact than the Cisplatin-only group. The control group showed the highest number
of tumour cells, with an average of 2.8x 10* cells. Treatment with Cisplatin alone reduced this number to 1.2 x 10*, while the combination treatment (Cisplatin + L-NMMA)
resulted in the most impactful reduction compared to Cisplatin, with 5.7 x 10% tumour cells (p < 0.05).

In addition to the reduction in tumor area, a decrease in the total number of tumor cells was also
observed. This finding highlights how the combination treatment of Cisplatin and L-NMMA not only
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reduces tumor burden but also lowers the overall number of cancer cells. This provides a more specific
and integrative analysis compared to standard ROl measurements. Furthermore, this approach
enables the detection of micrometastases and small tumor spots that are often difficult to identify in
the murine abdominal cavity due to physiological barriers such as ascites, fur, and limitations in

imaging sensitivity.

3.5.3 Percentage of tumor cells is reduced in the peritoneum after the combination treatment

We also analyzed the percentage of tumor cells in the peritoneum (Figure 3.25). This analysis
confirmed the trends observed in absolute tumor cell numbers in the peritoneum. The control group
exhibited a tumor cell percentage of 10.3%. Treatment with Cisplatin reduced this to 5.3%, while the
combination treatment resulted in the lowest percentage at 2.6%. This reduction observed in the
combination group was statistically significant when compared to the control (p < 0.05), whereas the

difference between the Cisplatin group and control did not reach statistical significance.
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Figure 3.25. Percentage of tumor cells has a significant reduction after the combination therapy. The stronger impact of the combination treatment
in the peritoneum is shown. A significant reduction has been obtained following the combination treatment, which exhibited a tumour cell percentage of
10.3%. Treatment with Cisplatin reduced this to 5.3%, while the combination treatment resulted in the lowest percentage at 2.6% (p < 0.05)

This result also demonstrates a strong and significant reduction in the percentage of tumor cells
relative to all cells identified in the tissue sections following treatment with the Cisplatin + L-NMMA
combination. Overall, these findings suggest not only a reduction in tumor burden but also an improved
clearance of metastatic spots in the peritoneum compared to treatment with Cisplatin alone, which

did not show a similar decrease.

3.5.4 Percentage of tumor area is reduced after the combination treatment

We also confirmed the strong impact of the combination treatment by analyzing the percentage of
tumor area. Similar to the analysis of tumor cell percentages, this was calculated as the ratio between
the total area occupied by tumor cells and the total tissue area within each section. In the peritoneum
(Figure 3.26), the control group showed the highest percentage of tumor area at 2.8%. The Cisplatin-
treated group exhibited a reduced percentage of 1.3%, while the combination treatment resulted in the
lowest tumor area percentage at 0.89% (p < 0.05). These findings further support the enhanced
therapeutic efficacy of the combination treatment in this murine model, confirming its stronger impact

compared to Cisplatin alone or no treatment.
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Figure 3.26. Percentage of tumor area has a significant reduction after the combination therapy. The figure shows the reduction in the percentage of
tumor area in the peritoneum among different treatment groups. The stronger effect was observed in the combination treatment group which showed the
strongest reduction among the different conditions. More specifically, the control group had the highest percentage of tumour area corresponding to 2.8%.
The Cisplatin-treated group exhibited a percentage of 1.3%, while the combination treatment resulted in the lowest tumour area percentage corresponding
t0 0.89% (p < 0.05).

The percentage of tumor area followed the same trend as the percentage of tumor cells, where a
reduced number of cells corresponded to, as mentioned above, a clearer peritoneal area with fewer

metastases compared to the Cisplatin and control groups.

3.6 Discussion

Identifying an ideal in vivo ovarian cancer model remains challenging due to the distinct characteristics

related to each in vivo system. What can be achieved is the selection of the in vivo model that best
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aligns with the specific objectives of the study. We selected an immunocompetent mouse strain, the
C57BL/6 mice, which allows the investigation of both the cancer progression from the early stage and
immunosuppressive effects on the immune system during tumor development. Additionally, this
model enables the assessment of the impact of our combination and single-agent therapies on
immune modulation and tumor regression. Previous studies have investigated the use of L-NMMA in
vivo [156, 157]. The combination of Cisplatin and L-NMMA presented in this section represents a novel
strategy. Exploring the effects of L-NMMA in ovarian cancer further may offer significant therapeutic
potential. This is particularly relevant given the demonstrated expression of iINOS in both ascites and
cancer cells, as well as in immune cell populations known to produce nitric oxide, including MDSCs
[265], macrophages [266], dendritic cells [263], and also in stromal components [167]. This
combination therapy provides an innovative strategy to assess the therapeutic effects of L-NMMA in
ovarian cancer, targeting both tumor and immune compartments. It was also confirmed that thisin vivo
model expresses iINOS both in vitro and in vivo. Recapitulating what this work has showed about the
use of ID8 synegenic in vivo model for ovarian cancer is that, first, the intraperitoneal injection of the
ID8 cell line induces the formation of ascites in mice, accompanied by an increase in abdominal
volume and body weight due to fluid accumulation. This work demonstrated that different treatment
regimens exert distinct effects on tumor progression, not only when comparing control versus treated
groups but also between single-agents and combination therapies. In particular the single-agent that
have been used are L-NMMA, a drug previously employed in breast cancer clinical trials [157] , and
recognized for its potent inhibitory effect on iNOS activity in vivo, and cisplatin, the standard
chemotherapy agent for ovarian cancer patients. The combination of Cisplatin and L-NMMA may offer
synergistic benefits for several reasons. As extensively discussed in the introduction, the
immunosuppressive tumor microenvironment not only maintains the tumor in a “cold” state but also
actively promotes tumorigenesis. The crosstalk within the tumor microenvironment profoundly
influences and often counteracts the beneficial effects of the immune response [267]. In this context,
the immune system acquires an immunosuppressive phenotype, predominantly silencing anti-tumor
immunity. Tumor-associated macrophages play a critical role in this process, exhibiting
immunosuppressive functions, promoting tumor progression, and being stimulated by the tumor

microenvironment to produce iNOS [268]. Furthermore, iINOS drives the accumulation of myeloid-
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derived suppressor cells MDSCs at sites of expression, thereby reinforcing immune suppression [271].
In this chapter, it was also demonstrated that iINOS can be induced in MEOC cell lines following
stimulation with pro-inflammatory cytokines, agents previously shown to induce iNOS in other cancer
types [213]. Importantly, iINOS expression is hot confined to cell lines but persists in late-stage disease
within eurthis syngeneic model, as evidenced by iNOS detection in ascites samples. Therefore,
administration of L-NMMA may reduce NO production, thereby mitigating the deleterious effects of
iINOS overexpression in the tumor microenvironment [270]. While the efficacy of platinating agents is
well established, their associated side effects are also well documented. For example, Cisplatin can
induce renal tubular damage as a side effect by increasing the levels of ROS in the kidneys [271].
Considering this, the administration of L-NMMA may also mitigate the deleterious off-target effects of
Cisplatin, and potentially its less toxic derivative, Carboplatin, thereby reducing therapy-associated
toxicity and allowing a more focused cytotoxic effect on cancer cells. Moreover, it has been previously
reported that the immune system is capable not only of expressing iNOS but also of responding to
inflammatory stimuli, which may either initiate or result from iNOS production [198]. In the study
presented in this chapter, it was also observed that the combination of L-NMMA and Cisplatin not only
reduced body weight and abdominal diameter, indicating morphological improvements, but also
promoted reactivation of the immune system. These effects were evident exclusively with the
combination therapy, highlighting that monotherapy was less effective in exerting broad impacts
involving both direct cancer cell targeting and immune stimulation. This combination demonstrated
the potential to modulate the TIME by influencing the release and activity of molecules such as NO,
which are critical regulators of immune cell migration, activation, and function. Specifically,
administration of the combinatorial treatment led to increased infiltration of T lymphocytes into
ascites, elevated numbers of NK cells, further expansion of NK_NKT cells, and notably, an increase in
activation markers accompanied by a decrease in naive markers within the CD4+ T cell population.
Many publications have highlighted the importance of CD4" T cells and their memory subpopulations
in ovarian cancer, suggesting these cells play a crucial role in stimulating and activating immune
responses against tumors [262]. While L-NMMA has already been evaluated in clinical trials for breast
cancer [157], the results presented in the previous sections of this study suggest a potential role for L-

NMMA, especially in combination with Cisplatin, in reactivating and stimulating the memory
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compartment of the immune system in ovarian cancer. Alongside the reactivation of effector CD4* T
cells, a reduction in naive markers was observed, indicating that the shift in memory populations
involves not only increased activation but also clearance of inactive or unstimulated cells within the
ascites. Future studies should aim to elucidate the mechanisms underlying the enhanced CD4" T cell
activity and their interaction with L-NMMA. These findings underscore the role of NO-mediated
inflammatory signaling in the recruitment and activation of immune effector cells. Another significant
observation was that the combination therapy not only enhanced the immune response within ascitic
fluid but also effectively reduced tumor progression in the peritoneum. The combination treatment
uniquely decreased tumor area, tumor cell count, and the proportion of tumor cells, demonstrating a
better efficacy compared to Cisplatin alone. This ability to simultaneously suppress metastasis
formation and boost immune recruitment may improve chemotherapy outcomes. While initial
responses to chemotherapy, especially with platinating agents, are often favorable, approximately 80%
of patients become refractory after initial treatments [272]. This represents a major therapeutic
challenge in ovarian cancer. The proposed model and combinatorial treatment indicate that adding L-
NMMA sensitizes cancer cells to chemotherapy, suggesting thatiINOS may contribute not only to tumor
progression but also to chemoresistance. Also, based on a previous publication demonstrating
metastatic accumulation in the peritoneum along with an immune composition characterization [246],
this study quantified and characterized peritoneal metastases to evaluate the effect of chemotherapy
combined with L-NMMA on reducing tumor burden. Overall, the combination treatment increases
cancer cell sensitivity to chemotherapy. This approach could help delay or overcome
chemoresistance, which commonly develops in a large proportion of patients after initial treatment
with platinating agents. Additionally, it suggests potential for longer or adjusted treatment schedules
to maintain therapeutic response. Another key aspect is the development of an in vivo model that
replicates essential features of late-stage ovarian cancer in humans. This model also offers a valuable
platform to study cytokine responses, inflammatory status, and the role of nitric oxide within the
tumour microenvironment.As highlighted in the introduction, the heterogeneity and diverse
characteristics of ovarian cancer complicate the selection of an appropriate model. With this work it
has been established a model which, although it does not employ human cells for studying tumor

progression, demonstrates ascites formation and may serve as a useful tool for future investigations
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related to the role of nitric oxide and, specifically, iNOS. Importantly, this expression is not confined to
cancer cells alone but also involves the heterogeneous cell populations that emerge following ascites
accumulation. The optimization of an iINOS-expressing in vivo model may hold significant utility,
especially in light of ongoing clinical trials employing L-NMMA in other cancer types, as mentioned
earlier. Such a model could facilitate a deeper understanding of the interplay between iNOS, NO, and
tumor progression, thereby aiding the development of targeted therapeutic strategies. A future
perspective for extensively studying ovarian cancer involves the development of in vivo models that
consider one of the most critical and detrimental aspects of the disease, relapse. As previously
mentioned, 70-80% of patients experience relapse [273], which complicates therapeutic approaches
due to the acquisition of resistance to commonly used chemotherapeutic agents, particularly
platinating agents like Cisplatin. The resensitization of Cisplatin- or platin-resistant cancer cell lines
could reveal a potential connection between NO signaling and acquired chemoresistance. A previous
study has already shown that NO plays a role in chemoresistance [274], but demonstrating that L-
NMMA can effectively treat ovarian cancer cells that no longer respond to chemotherapy would
represent a significant advancement in combating this disease. Another important aspect for future
researchisto investigate how treatment with Cisplatin, L-NMMA, and their combination affects survival
rates in mice over time. If the combination therapy can extend the efficacy of Cisplatin, potentially
allowing longer treatment durations while reducing the dosage, it could widen the therapeutic window.
Therefore, performing survival assays in mice would provide valuable insights into how effectively these
treatments improve survival outcomes. Additionally, since the mice in this study did not undergo any
surgical procedures to remove metastatic tumor nodules, there is translational potential in using the
Cisplatin + L-NMMA combination at lower doses to reduce side effects. This approach could be applied
before tumor debulking surgery to shrink tumor masses, making physical removal of metastases easier,
and possibly also post-surgery to eliminate residual metastatic spots. Such a strategy might optimize
the surgical outcome and overall treatment effectiveness. Moreover, as demonstrated, the reactivation
of the immune system not only converts the tumor microenvironment from immunologically cold to
hot but also enhances the cytotoxic activity of chemotherapy combined with L-NMMA. Taken together,
these considerations highlight the value of developing in vivo models that evaluate treatment efficacy

at lower doses, which could optimize traditional chemotherapy and pave the way for innovative
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combination therapies, including immunotherapies. Optimizing tumor killing in this way may be crucial

for improving outcomes in ovarian cancer patients.

Conclusions

Taken together, we present a novel perspective on treating ovarian cancer by proposing a dual
combination therapy as a potential strategic approach. The relationship between ovarian cancer and
the role of INOS, and consequently, nitric oxide (NO), within the tumour microenvironment remains
underexplored. Building upon previous findings presented in this work, which support the deleterious
role of INOS in ovarian cancer, an in vivo model was developed that recapitulates the late-stage disease
conditions observed in human patients. This model demonstrated that combining platinating agents
with INOS inhibitors exerts beneficial effects, not only by shifting the tumour immune
microenvironment from “cold” to “hot,” but also by inhibiting metastatic progression, as confirmed
through pathological analysis of collected samples. These findings suggest new opportunities for
targeting ovarian cancer that extend beyond direct cytotoxicity against cancer cells to include
rebalancing the inflammatory response and modulating the tumour microenvironment. Such an
approach holds promise as a component of combinatorial therapeutic strategies which can be applied

in future for innovative therapies.
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Chapter 4 -iNOS knockout cell line reveals a higher sensitivity to Cisplatin in vitro and in vivo

4.1 Introduction

Given the detrimental features of the OC-TME, targeting the cross-talk among its primary components
represents a promising therapeutic strategy. Specifically, the OC-TME is enriched with EVs [275], pro-
inflammatory cytokines [181], hormones like estrogens [276], and NO [277]. All of them is part of an
established and solid network all made and developed to allow tumour progression guaranteeing
protection from drugs and immune escape. There is substantial evidence about the role of pro-
inflammatory cytokines in the establishment and induction of signals that can inhibit the immune
response in the tumour niche [278], and it has also been reported that oestrogens are able to stimulate
and influence tumour progression in ovarian cancer [279]. Also, EVs can stimulate cancer progression
by releasing pro-cancer miRNAs [280]. Even if the pathological role of dysregulated NO has been
extensively studied in other cancers, particularly in breast cancer [281], its precise functions in ovarian
cancer remain insufficiently understood. As previously discussed, multiple cell populations within the
TME express iNOS, leading to increase NO levels. Among the diverse functions attributed to NO, S-
nitrosylation stands out as a key post-translational modification. This process involves the addition of
aNO group to cysteine thyol residues of target proteins, thereby altering protein activity and modulating
downstream signalling pathways [223]. Through this mechanism, NO can influence a wide range of
cellular functions and contribute to tumour progression. S-nitrosylation is also known to play a role in
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stabilizing proteins and, consequently, preventing their degradation. Several studies proposed the
involvement of S-Nitrosylation in EMT [191, 231, 282] and one study proposed a mechanism in which
S-nitrosylation acts as a stabilizer of proteins, including Vimentin, by inhibiting the binding of ubiquitin
units. Specifically, a NO group can interact with the thiol group of the E3 subunit, thereby preventing its
interaction with ubiquitinase subunits and, as a result, regulating the activity of this enzyme [283]. It
has also been showed that S-nitrosylation targets the Cys328 residue of Vimentin, potentially
influencing its functions and stability [284]. The primary mechanism by which NO groups prevent
ubiquitinase binding is through mechanical impairment of the interaction between the enzyme's active
site and its substrate. Other detrimental effects of excessive S- nitrosylation include the interaction of
NO moieties with transcription factors, leading to conformational changes that alter their activity and
transcriptional potential [282]. Additionally, the accumulation of NO, beyond its role in S-nitrosylation,
can act as a ROS, disrupting the redox balance within the tumour microenvironment [285]. To
investigate the molecular consequences of NO depletion, a NOS2 knockout (KO) model was generated.
This approach allowed us to study the impact of sustained iINOS loss on tumour cell behavior,
mimicking the pharmacological inhibition of NO synthesis by L-NMMA. The NOS2 KO cell line provides
an advanced toolto characterize NO-dependent pathways, as previously demonstrated in other cancer
types [209]. Furthermore, the analysis conducted in this work was extended to a second OC cell line,
A2780cis, to determine whetheriNOS plays a consistentrole across different OC subtypes. In A2780cis
cell lines, the effects of INOS knockdown were evaluated by using siRNA, a strategy widely adopted
since their discovery and increasingly explored for therapeutic applications [286]. siRNA-mediated
silencing reproduced the phenotypic changes seen with L-NMMA treatment in the OVCARS8 parental
cell line. This supports the validity of our pharmacological model across another ovarian cancer
subtype. The results highlight the link between nitric oxide, EMT, and cancer cell migration. The
opportunity to temporarily disrupt NO-related pathways provides a valuable approach for gaining
deeper insight into the deleterious effects of NO overexpression in a second cell line. Investigating the
potential role of INOS in regulating Vimentin expression could offer a meaningful perspective on one of
the mechanisms contributing to EMT. In addition to EMT progression through Vimentin, bulk RNAseq
was employed to comprehensively map the transcriptomic alterations induced by iINOS depletion. This

omics approach, now a standard in modern research, offers broad insights into transcriptomic,
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proteomic, genomic, and lipidomic changes [287], especially valuable given the complexity of NO
signalling. The impact of INOS loss in HGSOC cells was investigated through RNA-seq to identify the
most affected pathways. The importance of omic sciences has already been discussed in previous
sections; however, it is worth emphasizing how impactful these approaches can be in contexts where
NO has a broad and diverse range of potential targets. In this context, the selective inhibition of only
one of the three nitric oxide synthase isoforms allowed for the specific correlation of pathway activation
with NO produced exclusively by iNOS. This type of analysis has already been applied to metaplastic
breast cancer, where Reddy et al. [209] identified a potential connection between iINOS expression and
the EMT, opening new avenues for understanding iNOS-driven mechanisms. Given the encouraging
data presented thus far, applying a similar approach to ovarian cancer could reveal a broader role for
iNOS across various cancer types. While omic sciences are undoubtedly valuable, conducting meta-
analyses across omic datasets from different contexts is even more critical. The data presented in the
previous section of this work have been cross-referenced with patient-derived data from external
databases. This meta-analysis has yielded more consistent and robust evidence supporting the
essential role of INOS, not only in vitro but also in clinical settings, bridging the gap between laboratory
research and patient outcomes. To validate the in vitro findings presented in this work, an in vivo model
was also developed. Tumour growth and metastatic potential were compared between mice injected
with parental OVCARS cells and those injected with OVCARS8 iNOS KO cells, with or without Cisplatin
treatment. This experimental design allowed the evaluation of the role of iNOS in tumorigenesis and
therapy response invivo. The importance of proceeding with a second in vivo model lies in the fact that,
as previously mentioned, each in vivo model, particularly for ovarian cancer, has distinct features.
Introducing an additional model allows for the investigation of aspects that a syngeneic in vivo model
cannot fully address due to its intrinsic characteristics. The heterogeneity of ovarian cancer
necessitates, when feasible and contextually appropriate, the expansion of available in vivo models to
better reflect the disease’s complexity. In this regard, the genetic background of the tumour plays a
crucial role in selecting a suitable model. When aiming to study the immune system in its entirety,
syngeneic in vivo models offer the advantage of preserving immune integrity; however, the genetic
characteristics of the cancer cells remain equally important. As previously discussed, one of the most

common and widely distributed mutations in ovarian cancer is the TP53 mutation [200]. Utilizing
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human ovarian cancer cell lines that harbor typical mutations in TP53 as well as BRCA1 and BRCA2,
such as the OVCARS cell line, enables the generation of a second in vivo model that more closely
resembles the genetic landscape observed in human patients. This approach offers a more accurate
representation of how treatments like Cisplatin and L-NMMA might perform in a clinically relevant
context. To overcome this limitation, we utilized NSG mice, which enabled the study of tumour
development, metastatic potential, tumour dissemination, and the efficacy of chemotherapeutic
agents using human ovarian cancer cell lines. Previous studies using human ovarian cancer cell lines
have demonstrated that different lines produce varying outcomes in immunocompromised mouse
models. Mitra et al. tested several human ovarian cancer cell lines and reported that OVCAR3 did not
generate peritoneal metastases in any of the six mice tested. A similar lack of metastatic behavior was
observed for OVCAR4 and OVCAR5. OVSAHO and CAOV3 also followed this trend, with CAOV3
producing peritoneal metastases in only one mouse. Notably, OVCARS8 induced metastases in all five
mice tested [288]. This highlights the unique ability of OVCARS to closely mimic the clinical scenario of
advanced-stage ovarian cancer, where patients are often diagnosed after peritoneal metastasis has
already occurred [289]. Continuing with the same study, OVCAR8 showed complete tumour uptake in
all mice following intraperitoneal injection, in contrast to other cell lines such as COV362, OVKATE,
Kuramochi, SNU119, and UWB1.289 (BRCA-null), where no tumour uptake was observed [288].
Furthermore, at endpoint analysis, OVCARS8 exhibited full omental colonization in all five mice tested.
This feature was not replicated in other cell lines: OVCAR3 showed omental metastasis in only two of
six mice, OVCAR5 showed none, and OVSAHO also failed to demonstrate this behavior [288].
Considering these findings, along with the previously discussed genetic profile of OVCARS, particularly
its TP53 and BRCA mutations, the decision to include OVCARS8 in an expanded in vivo panel was driven
by the goal of more accurately mimicking the human ovarian cancer setting. In addition, the benefits of
including this second in vivo model are further supported by its ability to evaluate chemotherapy
responses in human cell lines, specifically by comparing OVCARS8 parental and OVCAR8 iNOS KO cell
lines. This aspect enabled the completion of the translational framework initiated in the first part of the
study through L-NMMA administration, providing a comprehensive evaluation of INOS depletionin both
in vitro and in vivo settings. Considered the encouraging results that have been obtained in vitro still

working with OVCARS, and, as will be showed in the above sections of this work, on A2780cis, having
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the opportunity of bridging in vitro results with in vivo results presented an excellent opportunity to give
solid proofs about the real effect of Cisplatin in combination with L-NMMA in ovarian cancer. Another
significant advantage of this model is the absence of ascites formation, which allowed for improved
follow-up of tumour initiation and progression. Collectively, this study presents a comprehensive
approach, spanning genetic models, pharmacological inhibition, siRNA knockdown, and
transcriptomic profiling, to elucidate the multifaceted role of INOS and NO in ovarian cancer
highlighting the effects on EMT, chemotherapy treatment and combination of chemotherapy with L-

NMMA.

4.1.1 Hypothesis and aim of the study

iINOS plays a critical role in regulating EMT, and its depletion has been associated with reduced tumor
growth, downregulation of Vimentin, and enhanced sensitivity to Cisplatin, both in vitro and in vivo. To
better replicate the sustained suppression of nitric oxide observed with clinical administration of L-
NMMA, NOS2 knockout clones were generated to investigate the long-term consequences of iINOS
loss. Considered the encouraging results that have been showed in the previous sections of this work,
for what concerns in vitro administration of L-NMMA on OVCARS cell lines, generation of an in vivo
model expanded the consistency of the data previously reported. In this work, to even give more
information spanning also to different ovarian cancer subtypes increasing consistency about the role
of INOS expressed at basal condition, a second cell line has been added, A2780cis, in order to detect

the effects of iINOS on EMT in different ovarian cancer subtypes.
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4.2 Materials and methods

Cell culture. HGSOC OVCAR8 was a gift from Nermin Kahraman (Houston Methodist Research
Institute). OVCAR8-RFP-Luc were generated after transfection using a lentiviral vector. OVCARS8 and
OVCARB8-RFP-Luc were cultured in RPMI1640 with 10% FBS and 1% Penicillin/Streptomycin at 37°C
supplied with 5% CO2. A2780cis was cultured using RPMI1640 supplied with 10%FBS, 1%
penicillin/streptomycin and 2 mM glutamine at 37°C and 5% CO2 with the addition of 1 pM of Cisplatin

weekly.

Immunoblotting. Whole-cell lysate was extracted using Cell Signaling lysis buffer (20 mM Tris-HCL (pH
7.5), 150 MM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3V0O4, 1 ug/ml leupeptin, Cat #9803). Proteins were separated by SDS-
PAGE gel and transferred to a PVDF membrane (Millipore Sigma, Cat #NX0095). The membranes were
blocked with 5% non-fat milk and incubated with primary antibody overnight at 4oC with gentle
agitation using the following antibody: rabbit anti-iNOS (1:1000, Cell Signaling, Cat #95423), rabbit anti-
Vimentin (1:1000, Cell Signaling, Cat #5741), rabbit anti-B-Actin HRP conjugate (1:7000, Cell Signaling,

Cat#5125). Signals from iNOS and Vimentin were detected and amplified by using a secondary anti-
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rabbit HRP-conjugated antibody (1:3000, Cell Signaling, Cat #7074). Signals were detected using
Clarity ECL Western Blotting Substrates from Bio-Rad (Cat #1705060S). Experiments were conducted
in triplicates, or duplicates, where indicated in the relative results section. Results were considered

statistically significant when p < 0.05.

RealTime-Glo™ MT Cell Viability Assay. 1.500 cells were seeded in white opaque 96-well plate
(Greiner Bio-One, Cat# 655074). After 24 hours, gradients of Cisplatin (MCE®, Cat #HY- 17394)
concentration (from 4uM to 24 uM) were added to the desired well together with MT Cell Viability
Substrate and NanoLuc?® luciferase (Promega, Catalog #G9711). Cells were maintained under regular
culture conditions and luminescence was measured 72 hours after Cisplatin administration using a
luminometer (GloMax navigator, Promega, Cat# E5302). Experiments were conducted in triplicates,

and the results were considered statistically significant when p < 0.05.

Reverse Transcription, Quantitative Real-Time PCR (RT-qPCR). Total RNA was extracted using
RNeasy mini kit from Qiagen (Cat# 74104) according to the manufacturer’s protocol. RNA was reverse
transcribed with the High-Capacity cDNA Reverse Transcription kit (ThermoFisher, Cat # 4368813). RT-
gPCR was performed using the QuantStudio 12K Flex Real-Time PCR System (ThermoFisher, Cat#
4471134). Following primers for TagMan™ Gene Expression Assay were purchased from ThermoFisher;
human NOS2 (Cat #4453320) and human ACTB (Cat # 4333762F). Experiments were conducted in

triplicates, and the results were considered statistically significant when p <0.05.

Double nickase assay. Double nickase plasmids were obtained from Santa Cruz Biotechnology.
Transfections were performed in 6-well plates, with 1.5 x 10° cells seeded per well. All reagents used in
the procedure, including the double nickase plasmid (SC- 400666-NIC), the transfection reagent (SC-
395739), and the transfection medium (SC- 108062), were also purchased from Santa Cruz. Puromycin
was sourced from Gibco. For the transfection, 3 ug of the double nickase plasmid was resuspended in

transfection medium and incubated for 5 minutes. The transfection reagent was prepared using the
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same procedure. The plasmid solution was then combined with the transfection reagent and incubated
for 30 minutes at room temperature to allow complex formation. The resulting transfection mixture was
added dropwise to the cells in antibiotic-free medium. After five hours, the transfection solution was
removed and replaced with fresh antibiotic-free medium. Forty-eight hours post-transfection, the
medium was replaced with fresh medium containing 1 pg/mL puromycin to initiate selection. Surviving
clones were selected for GPF, expanded and screened for successful NOS2 knockout using Western

blot analysis.

RNAseq. Differential expression analysis was performed using R (version 4.2.1) with the limma
package. The parental cell line was used as the control group. Genes with an absolute log fold change
(|lLogFC]) greater than 0.58 and an adjusted p-value (p.adj) less than 0.05 were considered differentially
expressed. Gene ontology (GO) and KEGG pathway analyses were visualized using ggplot2 (version
3.4.4) in R. The development of the pipeline, data mining, and pathway analysis were obtained with the
contribution of Dr. Hong Zhao and Agne Baseviciene, who also contributed to the visualization of the

results.

Scratch wound assay. The scratch wound assay was conducted on the OVCARS8 parental cell line and
knockout clones KO1 and KO2. Cells were seeded at a density of 3 x 10* cells per well in Sartorius
ImagelLock plates, which are compatible with the Incucyte® S3 live-cell imaging system. This seeding
density ensured 100% confluency within 24 hours, a prerequisite for the assay. After 24 hours, a
uniform scratch was introduced in each well using the Sartorius WoundMaker™ tool. Wound closure
was monitored at six-hour intervals over a 24-hour period using the Incucyte® S3 system. Image
analysis and quantification of wound closure were performed using the Incucyte 2022B Rev2 software.
Experiments were conducted in triplicates, and the results were considered statistically significant

when p <0.05.

Clones phenotype. The pictures of the KO clones were taken using Revolve microscope (Echo®). The

images were taken at different magnifications, from 4X to 20X.
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siRNA transfection. siRNA transfection was performed using siRNA Dharmacon validated and
transfection reagent, both purchased from Dharmacon® The siRNA was prepared at a final
concentration of 50 nM by diluting in 195 pL of serum-free medium. Separately, 5 uL of transfection
reagent was also diluted in 195 pyL of serum-free medium. Both solutions were incubated at room
temperature for 5 minutes. Following this initial incubation, the siRNA and transfection reagent
solutions were combined and gently mixed. The resulting complex was incubated for an additional 20
minutes at room temperature to allow for complex formation. The transfection mixture was then added
dropwise to each well, followed by the addition of 1.6 mL of serum-free medium. After six hours, the
transfection solution was removed and replaced with standard complete growth medium. Total RNA
was extracted 24 hours post- transfection, and protein samples were collected after 48 hours for

downstream analysis.

Colony Formation Assay. Cells were seeded in 6-well plates at a density of 500 cells per well. After
seeding, cells were incubated at 37 °C in a humidified atmosphere with 5% CO, and allowed to grow
undisturbed for 14 days, or until visible colonies (=50 cells per colony) had formed. Growth medium
was replaced every 4 days to maintain optimal conditions. At the endpoint, colonies were gently
washed twice with phosphate-buffered saline (PBS) to remove residual medium and non-adherent
cells and stained with crystal violet solution for 15 minutes at room temperature. Excess stain was
removed by washing the wells thoroughly with tap water until background was minimal. Plates were air-
dried at room temperature before imaging and analysis. Stained colonies were visualized and imaged
using a flatbed scanner or imaging system. Quantification was performed either manually by counting
the total area of colonies or using ImagelJ software (NIH) with a colony analysis plugin. All experiments

were independently repeated in triplicates and considered statistically significant when p <0.05.

Animal model. Training in animal handling procedures for murine models was conducted at the animal
facility of the Houston Methodist Research Institute (6670 Bertner Avenue, Houston, TX, 77030). The
training followed institutional requirements and included instruction on cage maintenance, food and
water replacement, and euthanasia procedures. All animal protocols for the experiments were

approved by the Houston Methodist Hospital Research Institute Animal Care and Review Office (IACUC
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number IS00007220). NOD SCID gamma mice 4 weeks old females were used for the xenograftin vivo
model. Mice received IP injection of 5 x 10¢ OVCAR8-RFP-Luc and OVCAR8NOS2-KO-RFP-Luc in 200
uL of PBS. For this experiment, a number n=6 of mice which received the injection of OVCAR8-RFP-Luc
(parental group) and a number of n=6 of mice which received the injection of OVCAR8NOS2-KO-RFP-
Luc was used for the tumor development detection through the ROIs and a number of n=6 of mice
which received the injection of OVCAR8-RFP-Luc (parental group) and a number of n=6 of mice which
received the injection of OVCAR8NOS2-KO-RFP-Luc was used for the survival experiment. Mice body
weight was detected using a regular laboratory balance and luminesce signal from labelled cells was
analysed using Perkin IVIS Spectrum CT with Luminescence detection in automatic mode. Mice
received a single injection of cisplatin (6.4 mg/kg) during the second week of treatment. ROls were
monitored every four days, and the survival analysis was conducted until the last mouse in one of the
two experimental groups had died. For the survival experiments, in addition to animals found dead due
to illness or distress, mice were euthanized in accordance with the Houston Methodist Research
Institute animal facility guidelines when body weight fell below 15 g or upon veterinary assessment
indicating severe illness and animal distress. The experiment was considered concluded when the

number of mice in any one of the study groups was depleted.
Statistical analysis.

Two-way analysis of variance (ANOVA) or ordinary one-way ANOVA, when possible, was performed
using GraphPad Prism version 7.0 (GraphPad Software, San Diego, CA) to evaluate the effects of two
independent factors and their interaction on the dependent variable. Prior to analysis, data were
checked for normality and homogeneity of variances. When significant effects were detected, multiple
comparisons were conducted using Tukey’s test to identify specific group differences. Results were

considered statistically significant at p <0.05.

4.3 Results

4.3.1 Double nickase assay causes iNOS expression loss
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The double nickase system works by transfecting two plasmids which encode for a gDNA which guides
the CRISPR/CASS system to cut in the desired area of the genome, in this case, NOS2 gene. After the
cut, positive clones are selected through Puromycin treatment (1 pg/mL) as the plasmids carry the
resistance to this antibiotic giving cells a temporary resistance to it. After 72 hours from the
administration of Puromycin, positive clones were expanded and screened through western blotting.
Shown in Figure 4.1 is the expression of iINOS following treatment and sub clone isolation. A clear
difference in protein expression was observed between the parental OVCARS8 cells and the three

clones, named KO1 and KO2. The immunoblot above shows the strong impairment that has been

obtained after the double nickase assay.
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Figure 4.1. Generation of NOS2 OVCARS knockout clones. Figure 4.1A shows the expression of NOS2 into OVCARS8 parental and the knockout 1, 2 and
3 obtained by using the SantaCruz double nickase assay. It is also possible to observe the consistency of protein loading through the B-Actin expression
levels. The knockout clone 1 showed a strong reduction of iNOS with residual iNOS levels corresponded only to 35% (p < 0.05). An even stronger reduction

has been observed for the KO clone 2 (KO2) with a minimal residual level of iINOS corresponding to 1% (p < 0.05). Experiments were conducted in three

independent replicates.
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Itis possible to observe how the knockout clone 1 showed a solid reduction of INOS where the residual
iNOS levels corresponded only to 35% with a strong statistically significant p value (p < 0.05). An even
stronger reduction has been observed for the KO clone 2 (KO2) with a minimal residual level of iINOS
corresponding to 1% (p < 0.05). These results showed how the constitutive expression of iNOS can be
significantly reduced, as it has already been conducted in a recent publication in Nature
communications for metaplastic breast cancer [209], with similar reduction in protein expression

levels showing the consistency of these results.

4.3.2 NOS2 impacts on cell morphology

Impairment of iINOS function, and consequently of NO production, affected cell morphology. As
previously mentioned in the first part of this work, it has already been demonstrated that L-NMMA, and
therefore INOS inhibition, has a direct impact not only on cell viability but also on Vimentin expression.
Vimentin is a protein associated with EMT [203] and cytoskeleton organization [220], and it may play
important roles in regulating cell morphology and structural organization. Figure 4.2 shows the

morphological differences between the OVCARS parental cell line and OVCARS8 knockout clones.
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Figure 4.2. Morphology of OVCAR8 NOS2 knockout clones. The two images on Figure 4.2A show on the left a 4X magnification of parental OVCARS (left)
and OVCARS8 KO in 4X. In Figure 4.2B It is possible to observe a change from an epithelial shape to a rounded and clustered shape of the knockout clones

with a more senescent aspects and vacuolization procedures.

Clones KO1, KO2, and KO3 showed a clear morphological change as it is possible to observe in Figure
4.2. These changes also influenced their growth patterns; all the clones mentioned above (clone KO1,
clone KO2) showed a greater tendency to grow in clusters rather than spreading evenly across the
culture plate surface. An entire reorganization of cell shape can indicate a total reassert of cells
cytoskeleton which may influence their potential to spread in the plate in vitro, in vivo in terms of
metastatic spread. It is important to highlight that this morphological reorganization didn’t afflict cell
viability inducing senescence, as it will be demonstrated in the following viability assays comparing
parental and knockout cell lines without receiving any treatments. Interestingly, as it will also be
reported in the following sections, the downregulation of INOS lead to vimentin downregulation, higher

sensitivity to Cisplatin and a slower efficiency in formation of colonies and migration.

4.3.3 Vimentin reduction following NOS2 KO

As targeting NOS2 could have an important role in the EMT transition, the morphology change was
investigated in the context of EMT marker Vimentin [219-221]. A recent publication reports, in breast
cancer, a role of NOS2 in the expression of some EMT markers [209]. One of the markers analyzed is
Vimentin. Itis one of the key players in EMT [203] and considering the late diagnosis that occurs in most
patients, metastasisis an event thatis already present at the moment of the diagnosis. For this reason,
the potential impact of iINOS reduction on Vimentin expression in ovarian cancer was investigated

(Figure 4.3).
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Figure 4.3. iINOS is related to Vimentin expression. The figure shows the level of Vimentin in parental OVCAR8 and in the knockout clones. The reduction
of Vimentin is observed when iNOS2 is downregulated. B-Actin shows the consistency in the protein loading. Vimentin expression was reduced to 16% (p

< 0.05) in clone KO1 and 13% (p < 0.05) in clone KO2. Experiments were conducted in three independent replicates.
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The reduction of NOS2 levels resulted in decreased expression of downstream genes associated with
NOS2 activity. Specifically, Vimentin levels in the two knockout clones were lower than those in the
parental cells, as illustrated in Figure 4.3. Vimentin expression was reduced to 16% (p < 0.05) in clone
KO1and 13% (p <0.05) in clone KO2, compared to 100% in the parental line. The observed effects were
comparable with the impact observed when parental cell lines were treated with L-NMMA, indicating
similar outcomes in the knockout clones and how potentially these knockout clones are potentially

more sensitized for chemotherapy, as will be shown in the following sections.

4.3.4Vimentinreduction is confirmed through siRNA knockout in another iNOS expressing cancer

cell lines resistant to chemotherapy

To validate previous findings presented in this work, where L-NMMA treatment resulted in reduced
Vimentin expression and consistent observations in our KO model, two siRNAs targeting NOS2 were
administered to assess whether RNAi would replicate these effects in A2780cis ovarian cancer cell line,
which exhibits basal NOS2 expression as demonstrated earlier, to further corroborate the results
identified in this work restitts across different cellular models. NOS2 mRNA levels were significantly
reduced following siRNA treatment as shown in Figure 4.4 where A2780cis cells exhibited a substantial

decrease in NOS2 mRNA, with both siRNAs achieving reductions lower than 50% of fold change.

144



1.59  A2780cis

-
o
|

o
(4]
1
*
£
%
%

NOS2 mRNA level
(Relative to ACTB)

Figure 4.4. siRNA1 and siRNA2 led to a complete reduction of NOS2 mRNA. In the figure it is shown a strong reduction of NOS2 mRNA in A2780cis too
where over a 50% of reduction is observed. siRNA1 resulted in a strong reduction of NOS2 mRNA levels, reaching a level of 0.2 compared to scramble
siRNA (p < 0.05). siRNA2 also produced a significant decrease, reducing NOS2 mRNA to 0.37 relative to scramble siRNA (p < 0.05).Experiments were

conducted in three independent replicates.

The results shown above led to an interesting observation, already discussed in earlier sections of this
work. Specifically, siRNA1 resulted in a significant reduction of NOS2 mRNA levels, reaching a fold
change of 0.2 compared to scramble siRNA (p < 0.05), while siRNA2 also produced a significant
decrease, reducing NOS2 mRNA to 0.37 relative to scramble siRNA (p < 0.05). This siRNA-mediated
knockdown demonstrated, first, that INOS is expressed at a basal level in A2780 cells (as previously
shown in this study), and second, that it is possible to achieve specific targeting of NOS2 using siRNA
technology. Together with RNA reduction levels, a reduction was observed in iINOS protein levels,
followed by a reduction in Vimentin expression levels as shown in Figure 4.5. The levels of Vimentin
went down together with the levels of INOS reaching a fold change level of 0.4 for siRNA1 and 0.3 for
siRNA2. These results showed how also for other types of cancer there might be a correlation between

the expression and release of NO with the expression of Vimentin.
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Figure 4.5. siRNA treatments show that iNOS expression levels are related to the levels of Vimentin expression. The Figure on the left shows a
complete iNOS expression inhibition following the administration of two different siRNAs, confirmed by densitometric analysis in the center. The Figure on
the right shows that concurrently, Vimentin levels also decreased reaching a fold change level of 0.4 for siRNA1 and 0.3 for siRNA2, suggesting a potential

relationship between iNOS and Vimentin across different subtypes of ovarian cancer. Experiments were conducted in two independent replicates.

Itis also possible to observe that, in a different ovarian cancer subtype, vimentin expression remains
impacted. While the differences between ovarian cancer subtypes, as well as the known
transcriptional and translational variations between chemosensitive and chemoresistant cell lines,
must be considered, iINOS appears to play a regulatory role in vimentin expression in this second cell
line as well. Given this, and considering the high recurrence rate of ovarian cancer (approximately 80%

of patients) [290], the administration of L-NMMA could potentially be explored as part of innovative

therapeutic strategies following relapse.

4.3.5 NOS2 KO has a higher sensitivity to Cisplatin
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Platinating agents are the first-line treatment approach for ovarian cancer [291]. Chemotherapy is
administered immediately after tumour debulking surgery, during which metastatic lesions are
removed [291]. This strategy aims to prevent any residual tumourigenic events in the abdominal cavity,
especially in cases where complete removal of all metastatic spots is not achievable during surgery.
Unfortunately, a significant proportion of patients experience relapse, and cancer cells often acquire
chemoresistance, rendering standard treatments ineffective. Here, it has been demonstrated that the
modulation of iINOS can enhance the efficacy of cisplatin in cancer cells, thereby increasing the
cytotoxic effects of chemotherapy. This improvement may translate to reduced side effects for
patients, prolonged treatment effectiveness, and a decreased likelihood of developing
chemoresistance due to the drug’s heightened killing efficiency. MT-Glo Viability assay (also known as
RT-Glo viability assay) is an efficient procedure to detect viability over time of cell with or without any
treatments. The purpose of the experiment was to detect the effect of Cisplatin in the parental cell line
after 72 hours, similarly to what has been done to detect the IC50 in the parental cell line. Viability was
measured detecting luminescence produced after the reduction of a substrate (RT-Glo Max substrate,
Promega®) which can be reduced only if cells are viable. The proliferation assay showed higher
sensitivity of the knockout models compared to the parental OVCARS cells. Across the entire tested
range of Cisplatin concentrations (4 uM to 24 pM), both clones consistently showed lower proliferation

rates (Figure 4.6).
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Figure 4.6. NOS2 knockout clones show higher sensitivity to Cisplatin. 4 uM of cisplatin achieved the IC50 for KO1 where the cell viability was 42.41%
(p <0.05), 58% in KO2 and 72.35% of OVCARS parental. At 8 uM Cisplatin, viability for KO1 was 55.1% in the parental cells compared to 28.71% (p < 0.05)
in KO1 and 43.71% in KO2. At 10 pM, viability decreased to 48.43% in the parental line and 23.7% (p < 0.05) in KO1 and 33.1 % (p < 0.05) in KO2. At 12 uM,
the viability values were 46.1% for parental cells and 20.53% (p < 0.05) in KO1 and 33.1% (p < 0.05) in KO2. With 16 uM, viability dropped to 32.9% in
parental cells versus 13.1% (p < 0.05) in KO1 and 17.01% (p < 0.05) in KO2. At 20 uM, parental cells showed 27.75% viability, while KO1 was at 9.17% (p <
0.05) and 9.78% (p < 0.05) in KO2. Finally, at the highest concentration of 24 uM, proliferation was reduced to 17.86% in the parental cells and only 2.23%
(p <0.05) in KO1 and 2.72% (p < 0.05) in KO2. Experiments were performed in three independent replicates.
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The lowest tested concentration (4 uM) already achieved the IC50 for KO1 where the cell viability was
42.41% (p <0.05), 58% in KO2 and 72.35% of OVCARS8 parental. At 8 uM Cisplatin, viability for KO1 was
55.1% in the parental cells compared to 28.71% (p <0.05) in KO1 and 43.71% in KO2. At 10 pM, viability
decreased to 48.43% in the parental line and 23.7% (p < 0.05) in KO1 and 33.1 % (p < 0.05) in KO2. At
12 uM, the viability values were 46.1% for parental cells and 20.53% (p < 0.05) in KO1 and 33.1% (p <
0.05) in KO2. With 16 pM, viability dropped to 32.9% in parental cells versus 13.1% (p < 0.05) in KO1 and
17.01% (p < 0.05) in KO2. At 20 uM, parental cells showed 27.75% viability, while KO1 was at 9.17% (p
< 0.05) and 9.78% (p < 0.05) in KO2. Finally, at the highest concentration of 24 yM, proliferation was
reduced to 17.86% in the parental cells and only 2.23% (p < 0.05) in KO1 and 2.72% (p < 0.05) in KO2.

4.3.6 Scratch wound assay

NO can modify cytoskeletal components directly through nitrosylation [231] orindirectly by modulating
sighaling pathways such as focal adhesion kinase [292], and MMPs [293]. These pathways collectively
influence cellular migration and invasion. The scratch wound assay is a widely used technique to
evaluate the efficiency of cells in recovering from an artificially induced scratch in a fully confluent well.
The purpose of this experiment was to monitor the cells’ capacity to close the wound after scratch
induction in a 96-well plate. In this study, we compared the wound closure efficiency between OVCARS8

parental cells and the knockout cell lines. The results are presented in Figure 4.7A and Figure 4.7B.
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Figure 4.7 (A-B). NOS2 knockout clone OVCARS cell line shows a lower migration efficiency. Figure 4.7A shows the wound closure efficiency over a
period of 24 hours. After six hours, wound closure was 4.3% (p < 0.05) for KO1 and 1.8% (p < 0.05) for KO2, compared to 14.27% in the parental cells. At
twelve hours, closure increased to 9.74% (p < 0.05) for KO1 and 4.39% (p < 0.05) for KO2, while the parental line reached 27.43%. After eighteen hours,
KO1 showed 14.34% (p < 0.05) efficacy of wound closure and KO2 for 8.35% (p < 0.05), whereas the parental cells had closed 40.18% of the wound. At the
24-hour endpoint, wound closure was 18.93% (p < 0.05) for KO1 and 12.05% (p < 0.05) for KO2, significantly lower than the 50.85% closure observed in
the parental OVCARS8 cells. Figure 4.7B shows pictures of different time lapses comparing the closure of the wound in OVCAR8 parental and KO2.

Experiments were performed in three independent replicates.

The knockout had a significant impact on the migration ability of the knockout models. The percentage
of wound closures in KO1 and KO2 clones differed significantly from the OVCARS8 parental cell line.
Wound closure was monitored every six hours over a 24-hour period. After six hours, wound closure
was 4.3% for KO1 and 1.8% for KO2, compared to 14.27% in the parental cells. At twelve hours, closure
increased to 9.74% for KO1 and 4.39% for KO2, while the parental line reached 27.43%. After eighteen
hours, KO1 showed 14.34% efficacy of wound closure and KO2 for 8.35%, whereas the parental cells
had closed 40.18% of the wound. At the 24-hour endpoint, wound closure was 18.93% for KO1 and
12.05% for KO2, significantly lower than the 50.85% closure observed in the parental OVCARS8 cells. In
figure 4.7B it is possible also to observe the difference in migration over the time and how OVCARS

parental had a quicker efficiency in wound closure compared to the knockout clones.

4.3.7 Colony formation assay

As mentioned in the section above, iINOS plays a significant role in cell motility. It has already been

demonstrated that Vimentin expression decreases following iNOS inhibition, and that wound closure
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efficiencyis markedly impaired in NOS2 knockout clones. In line with these findings, a colony formation
assay was conducted to specifically assess the ability of ovarian cancer cells to proliferate and spread
across the surface of a 12-well plate (Figure 4.8A-B). For that reason, the efficacy of forming colonies
was tested by seeding OVCARS8 parental and the two knockout clones at a density of 500 cells per well
in a 12-well plate. the same experiment was performed on the second cell line taken into analysis,
A2780cis, by administering two different siRNAs to simulate, also in this cell line, which were the

effects of iINOS depletion in terms of colony formation.
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Figure 4.8 (A-B). Reduction in colony formation is related to iNOS depletion. Figure 4.8A shows a marked reduction in colony formation in the knockout
(KO) clones compared to the parental cell line, with more than of a 50% decrease observed in KO1 (p < 0.05) and more than the 40% for KO2 (p < 0.05)..
Similarly, Figure 4.8B highlights a significant reduction in colony formation in A2780cis cells, with over 85% reduction noted for both siRNAs (p < 0.05).

Experiments were performed in three different replicates.

A significant reduction in colony formation was observed in OVCARS8 (Figure 4.8A), as well as in
A2780cis (Figure 4.8B). In Figure 4.8Aitis possible to observe how KO-1 and KO-2 had areduction close
to the 50% when compared with the total area of the control. Same results showed in Figure 4.8B even
with a stronger impact, where more than the 85% of reduction of colony formation was observed using
siRNA1 and siRNA2 on A2780cis. This experiment confirmed that iNOS plays a crucial role in cellular
motility, morphology, and migration, three key features involved in EMT. The effects observed with the
use of L-NMMA suggest that inhibiting iINOS can directly impact EMT, potentially limiting one of the
most deleterious aspects of ovarian cancer: metastasis, which often occurs alongside acquired

chemoresistance.
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4.4 Mechanistic understanding through transcriptome level analysis

Phenotypic alterations associated initially with the activity of L-NMMA and subsequently with the
generation of a knockout were observed. These alterations impacted overall cellular viability following
Cisplatin treatment and were evident in markers of the Epithelial to Mesenchymal transition, with
particular emphasis on Vimentin expression. Morphological changes, including vacuolization and
alterations in cellular morphology, were also detected, collectively indicative of cytoskeletal
reorganization. These changes, linked to iINOS and consequently to NO, the terminal enzymatic
product, may modulate S-Nitrosylation, a post-translational modification characterized by the
covalent attachment of a NO group to a thiol residue of a protein Cysteine group [285]. Overproduction
of NO, resulting from upregulated expression of NOS enzymes, can lead to dysregulated cellular states
frequently associated with oncogenesis [294]. Due to the unique properties of NO, including its
capacity to diffuse across cellular membranes independent of specific receptors, the abundance of
cysteine residues in diverse proteins, and the extensive repertoire of potential post-translational
modifications, a comprehensive analysis was warranted to delineate the molecular pathways involving
iINOS and NO. Accordingly, bulk RNA sequencing was conducted, the results of which will be presented

in the subsequent chapter.

4.4.1 Molecular level understanding of NOS2 KO in OVCARS cells.

Omics technologies have fundamentally transformed the analysis of cellular pathways and
interactions. Since their initial applications in the early 2000s, these technologies have made
significant advancements and have become indispensable tools for comprehensive analyses at
resolutions previously unimaginable. Transcriptomic profiling offers a revolutionary approach to
gaining deep insights into cellular mechanisms. Consequently, as mentioned above, bulk RNAseq was
conducted to compare the transcriptional landscapes of OVCARS8 parental cells and OVCARS8 KO cells.
In Figure 4.9, the procedure and experimental plan adopted from the generation of the knockout to the
sequencing are illustrated.
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Figure 4.9. From the generation of a knockout to the observed phenotype. The following map shows the procedures adopted to identify all the possible

dysregulated pathways after the generation of a knockout. Created in https://BioRender.com.

4.4.2 RNAseq workflow

RNA samples were analyzed following this grouping system (Table 4.1). OVCAR8 NOS2 parental were
considered as control and were compared with OVCAR8 NOS2 KO.
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Samples grouping
ID Condition
Pt-3 Control
Pt-2 Control
Pt-1 Control
KO-1 KO
KO-3 KO
KO-2 KO

Table 4.1. Samples grouping for the RNAseq. OVCARS parental and OVCARS8 KO cells were analyzed in triplicate. Pt-1, Pt-2, and Pt-3 represent the three

replicates of the OVCARS8 parental cells, while KO-1, KO-2, and KO-3 represent the three replicates of the OVCARS8 KO clone.

After grouping our samples, a library from the transcripts obtained from each sample has been

prepared. A schematic representation of the RNAseq library preparation workflow is represented in

figure below (Figure 4.10).
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Figure 4.10. Schematic representation of the RNA-seq library preparation workflow. The figure illustrates each step of the library preparation process,

starting from mRNA enrichment, followed by cDNA synthesis, dA-tailing, and concluding with sequencing.

After the library preparation step and the final sequencing, the sequenced fragments are undergone to

a bioinformatic procedure which is represented in the following figure (Figure 4.11)

Evaluate Sequence Quality

Map reads to Genome

Generate hit counts for genes/exons

Compare exon hit counts Compare gene hit counts

Analyze Gene Ontology

Figure 4.11. Workflow summarizing the procedure step by step for the bioinformatic analysis. In this figure it is possible to observe the bioinformatic

pipeline needed to generate the data presented above.

4.4.3 Sample sequencing statistics

A summary of the sequencing statistics is represented in Table 4.2.
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Sample ID # Reads Yield (Mbases) Mean Quality Score % Bases >= 30
Pt-1 35118395 10536 38.48 92.82
Pt-2 34438978 10332 38.46 92.73
Pt-3 37877451 11363 38.47 92.77
KO-3 37804510 11341 38.51 92.92
KO-1 33821953 10147 38.52 92.98
KO-2 32764103 9829 38.5 92.91

Table 4.2. Sample sequencing statistics. In the following table are reported the statistics per sample. Itis possible to observe the high-quality score (the
maximum score is considered 40).

The mapped reads to the reference genome and all the statistics related to the mapping are reported
in Table 4.3

Sample ID Total Reads Total Mapped Reads % Total Mapped Reads Unique Mapped Reads % Unique Mapped Reads
KO-1 33512193 32911547 98.20767922 32039428 95.60528611
KOo-2 32469284 31899705 98.24579131 30979705 95.41234417
KO-3 37449049 36789880 98.23982446 35770360 95.51740553
Pt-1 34764310 34121082 98.1497461 33220093 95.55803926
Pt-2 34088887 33420664 98.09731677 32502934 95.40356866
Pt-3 37508849 36800460 98.11140832 35802442 95.45065486

Table 4.3. Statistics related to the mapping phase of the amplified transcripts. In the following table is represented a summary of the statistic after

mapping the reads to the reference genome.

After extracting gene hit counts, the resulting count table was used for downstream differential
expression analysis. Using DESeq2, we compared gene expression between the user-defined groups
of samples. The Wald test was applied to generate p-values and log, fold changes. Genes with an
adjusted p-value <0.05 and an absolute log, fold change > 1 were considered significantly differentially
expressed in each comparison. The number of significantly differentially expressed genes for all

comparisons is summarized below in Table 4.4.

Comparison Upregulated Genes Downregulated Genes | Total Significantly Differentially Expressed Genes
Control-vs-KO 199 203 402

Table 4.4. Statistics from the comparison of gene expression between OVCARS parental and OVCARS8 KO using DESeq2. In this table it is possible to

observe a summary of the upregulated, dysregulated and significantly differentially expressed genes.
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Next, a Gene Ontology (GO) analysis was performed on the set of statistically significant genes using
GeneSCF v1.1-p2. The goa_human GO list was used to cluster the genes based on their associated
biological processes and to assess their statistical significance. The resulting list of genes, grouped

according to their Gene Ontology categories, is presented in Table 4.5.

Comparison Number of Enriched GO Terms Total GO Terms % Enriched GO Terms
Control-vs-KO 200 1656 12.07729469

Table 4.5. Gene ontology analysis statistics obtained through the software GeneSCF v.1.1-p2. In this table it is possible to observe a summary of the

GO analysis obtained after sequencing and comparing the samples in order to associate the genes for their biological function.

4.4.4 Distribution of read counts

The distribution of read counts in the libraries was examined before and after normalization. Original
read counts were normalized to account for factors such as variation in sequencing yield between
samples. These normalized read counts were then used to accurately identify differentially expressed

genes. Figure 4.12 shows the read counts for each sample before normalization.
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Figure 4.12. Distribution of unnormalized reads count for gene.
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Figure 4.13 shows the read counts for each sample after the normalization.
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Figure 4.13. Distribution of normalized reads count for genes.

4.4.5 Sample similarity assessment

Data quality assessments were performed to identify any samples that were not representative of their
group and could potentially affect the analysis quality. The overall similarity among samples was
evaluated using the Euclidean distance between them. This method allowed us to examine which
samples were similar or different and whether they conformed to the expectations of the experimental
design. A shorter distance indicates greater similarity between samples. Based on these distances,

samples were clustered as shown in Figure 4.14.
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Figure 4.14. Heatmap of sample-to-sample distance. In this mapitis possible to observe how close and how different are the samples related

to each others, in a colorimetric scale from light blue to dark blue (considered as the closest match).

4.4.6 PCA analysis

Principal component analysis (PCA) is another method used to reveal similarities between samples
based on the distance matrix. In Figure 4.15, samples are projected onto a 2D plane defined by the first
two principal components. This type of plot is useful for visualizing the overall effects of experimental
covariates and potential batch effects. The x-axis represents the component explaining the greatest
variance, while the y-axis represents the second greatest. The percentage of total variance explained

by each componentis indicated in the axis labels.
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Figure 4.15. PCA of gene expression profiles. Samples are projected onto the first two principal components, which explain 97.03% (PC1) and 1.76%
(PC2) of the total variance, respectively. Red dots represent control (OVCARS8 parental) samples, while blue dots represent KO samples. The separation

along PC1 indicates distinct transcriptional profiles between the two groups.

4.4.7 GO reveals differentially expressed pathways

After assessing the quality of our samples through PCA and Euclidean distance analysis, we clustered
the significantly differentially expressed genes based on their GO terms. The enrichment of GO terms
was tested using Fisher’s exact test implemented in GeneSCF v1.1-p2. Figure 4.16 displays the GO

terms with an adjusted p-value less than 0.05 from the differentially expressed gene sets, showing up

to 40 terms.
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Figure 4.16. GO biological process enrichment analysis of differentially expressed genes. The bar plot displays the top GO terms significantly enriched
in the set of differentially expressed genes, ranked by the negative log10 of the adjusted p-value. Enrichment was assessed using Fisher’s exact test via
GeneSCFv1.1-p2, and only terms with an adjusted p-value < 0.05 are shown (up to 40 terms). The x-axis represents the —log10(adjusted p-value), indicating

the statistical significance of each term’s enrichment, while the y-axis lists the GO biological process terms. The most significantly enriched processes

include regulation of cell proliferation, angiogenesis, signal transduction, and various developmental and immune responses.

This GO enrichment analysis represents 40 significantly enriched terms associated with differentially

expressed genes. Several GO terms align well with our previous in vitro results, including negative
regulation of cell proliferation, negative regulation of pathway-restricted SMAD protein

phosphorylation, cell morphogenesis, wound healing, negative regulation of cell migration, cell

adhesion, and response to wounding.
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4.4.8 Dysregulated pathways are associated to NO

After comparing the OVCARS parental cell line with its knockout counterpart using DESeq2 to identify
differentially expressed genes, we visualized the results with a volcano plot (Figure 4.17A) generated
using the EnhancedVolcano software. The plot clearly shows the separation of genes between
knockout and parental clones, highlighting the involvement of NO in regulating various genes. Figure
4.17B presents a heatmap of gene expression data, displaying the top 30 upregulated and top 30
downregulated genes identified by DESeq2. These genes exhibit a log fold change of approximately 2.
The heatmap also demonstrates the clustering of these genes across samples, confirming the

consistency of the sample groups used in our analysis.
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Figure 4.17 (A-B). Volcano plot showing the top up and down-regulated genes obtained in a visual output through EnhancedVolcano. The gene names
present in Figure 4.17A are representative of the top 25 dysregulated genes. Figure 4.17B represents a Heatmap which shows the clustering of the top up-

and downregulated genes with a logFC =/- 2. The heatmap provides also a representation of consistency over replicated among samples.
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We also generated a table representative of the top up- and down-regulated genes summarizing each
single logFC, Average expression and adjusted p value. In Table 4.6A it is possible to observe the list of
the top downregulated genes, in Table 4.6B it is possible to observe the list of the top upregulated

genes. All these comparisons are made by analyzing the knockout clones in relation to their parental

Counterpa rts.
A B
1D logFC AveExpr P.Value adj.P.Val ID logFC AveExpr P.Value Adj.P.Val
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NEURL1 -4.92389026 0.73303619 4.395E-05 0.00460742 AC022335.1 2.45866778 -1.6342122 0.04320073 0.17578605
ENT 47059306 5.71945887 5.7613E-08 0.00029715 CALCRL 2.48393627 -4.21240769 0.01963206 0.1078807
LINC00452 -4.69264445 | -1.14863136 | 0.00080417 0.01883616 AR 283903 2N NS V254 01S BRECE00 DE011215368
AC002480.3 -4.64930804 0.07169838 3.5387E-08 0.00024644 S8 250880052 DS UG DS
AC083967.1 2.53456222 6.14007792 6.9479E-07 0.00074658

LINC01819 -4.62967454 | -1.00488484 0.00320345 0.03915344
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IL13RA2 -3.54636641 0.23518143 0.00283191 0.04267046 CDK15 2.66378285 _2.41944995 0.03465482 0.15261497
PSG7 -3.39911195 -2.76307867 0.0010004 0.021147 DISP3 2.69066711 -4.35743589 0.00781046 0.06390355
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SDR42E] -3.35627126 | -1.78313817 6.8291E-07 0.00074658 HOXB13 2.71844842 1.24078007 2.6303E-07 0.00051466
OPRD1 -3.21092374 | -3.94279881 0.00768244 0.06332971 NTSR1 2.72135716 -3.11741149 0.02052408 0.11031585
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AC002480.1 -3.1507857 -0.35173419_| 0.00196012 0.03003926 ESBE 2Z835L 50 39910 S IR0E0 0123939 DA02357506
I A rEes || e DL DEEHG AC114912.1 2.87517838 -0.05174927 0.00198193 0.03020805
e o || D N RS AC087854.1 2.89514323 -0.91267237 0.00182771 0.0289526
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Table 4.6(A-B). Representative table of the top up- and downregulated genes. Table 4.6A shows the top thirty downregulated genes identified through
DESeq?2 analysis. Among these, genes such as FN1, MMP1, and IL6 are notable. These genes are known to influence the tumor microenvironment and are
implicated in regulating Vimentin expression, a key marker of EMT and tumor invasiveness. Table 4.6B presents the top thirty upregulated genes from the
same analysis. Interestingly, LSAMP, a gene typically reported as downregulated in many cancers, is strongly upregulated here. This upregulation correlates

with reduced tumor growth, invasion, and metastasis, highlighting a potential tumor-suppressive role in this specific context.

Within the downregulated genes list, it is possible to identify several genes associated with the tumor
microenvironment and its stability, many of which are potentially involved in regulating Vimentin

expression. Notably, Fibronectin 1, one of the most downregulated genes, plays a role in modulating
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cell adhesion and consequently affects EMT-related markers, including Vimentin [295, 296]. Another
significant gene, IL6, is also strongly downregulated and has been reported to regulate vimentin
expression [297]. Additionally, MMP1, a member of the MMP family known for its crucial role in the
tumor microenvironment and its potential expression by fibroblasts [298], has been shown to influence
Vimentin expression. Specifically, studies in cervical cancer have demonstrated that MMP1

knockdown correlates with decreased Vimentin levels [27].

4.4.9 DEGs find correspondence in patient’s data

After obtaining the list of differentially expressed genes and assessing the differences between
samples through the heatmap and volcano plot described earlier, we performed a cross-analysis
comparing our cell line data with patient data from the TNMplot database introduced at the beginning
of this chapter. To identify overlapping genes between the two datasets, we generated a Venn diagram.
Figure 4.18 presents the results of this cross-analysis, highlighting the shared and unique differentially

expressed genes.
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Figure 4.18. Venn Diagram showing the cross-analysis between the differentially expressed genes list on TNMplot and the differentially expressed
gens list obtained in our RNAseq analysis. In this figure it is possible to observe the intersection between the two datasets, one produced in this work

and a second one extrapolated from TNMplot. The intersection corresponded to 87 differentially expressed genes list, equivalent to 3.8%.

This cross-analysis gave us the opportunity to identify potential candidates of the changes of
phenotype identified in our in vitro experiment having the consistency of matching our results with one
related to patients obtained through TNMplot. According to the intersection obtained in this diagram
we moved with the selection of more specific pathways which could be linked to observed phenotypes
in our OVCAR8 NO2 KO cell lines. More details about the selected pathways will be given in the

following paragraphs.

165



4.5 Pathways analysis reveal involvement of NOS2 in proliferation, migration and apoptosis

4.5.1 Apoptosis

After identifying the differentially expressed genes, we mapped these genes to their respective
pathways. We used ggplot2 to visualize the dysregulated pathways found when comparing the OVCARS8
parental cell line to the C20 KO clone. Several significantly dysregulated pathways were identified.
Figure 4.19 presents a dot plot highlighting apoptosis-related pathways that were affected. All
pathways considered significant had an adjusted p-value below 0.05. The size of the dots in the plot
(shown on the right side of Figure 4.19) represents the number of counts per transcript. The pathways
with the highest counts included the regulation of apoptotic signaling, intrinsic apoptotic signaling, and
extrinsic apoptotic signaling pathways. Along with other pathways shown in the figure, these results

demonstrate that apoptosis regulation and cell death are strongly influenced by NOS2.
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Figure 4.19. Bubble plot showing dysregulated pathways related to apoptosis and p53 activity. In the figure it is possible to observe how some
dysregulated genes belong to transduction by p53 class mediator, negative regulation of apoptotic signaling pathways, regulation of apoptotic signalling

pathway. All might have an important role in determining cancer cell proliferation.

4.5.2 Cell growth

The deletion of NOS2 has impacted not only the regulation of apoptosis and cell death, but also the
regulation of growth in the KO clones. Pathways like negative regulation of growth and positive
regulation of cell cycle are afflicted by the deletion of NOS2 in the KO clones (as itis possible to observe
in Figure 4.20). Another factor which is dysregulated and has a key role in ovarian cancer is
transforming growth factor beta production. In line with this dysregulated pathway, there are others
which follow this trend with a key role in ovarian cancer, always related to the transforming growth
factor. These pathways are, respectively, regulation of cellular response to transforming growth factor
beta stimulus, negative regulation of cellular response to growth factors stimulus and regulation of
transforming growth factor beta receptor signaling pathway. What itis possible to observe is that NOS2
has a connection and can influence the production and response of cells related to transforming

growth factor beta.
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Figure 4.20. Bubble plot shows dysregulated genes related to cell growth. Relevant pathways related to cell growth are showed in the picture like

regulation of cell growth, transforming growth factor beta production or regulation of cellular response to transforming growth factor beta stimulus.

4.5.3 Hypoxia pathways

The knockout also led to dysregulation of hypoxia-related pathways. Specifically, pathways involved in
the cellular response to oxidative stress, regulation of reactive oxygen species metabolism, response
to hypoxia, and response to decreased oxygen levels were affected (Figure 4.21). These pathways are

closely linked to cancer development considering that hypoxia is a common feature of the tumor
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microenvironment and that plays a critical role in tumor progression. In addition, literature supports
that HIF-1 alpha can directly induce NOS2 expression and regulate key factors in cancer, such as
Vimentin expression. This regulation may contribute to metastasis, cancer progression, and

chemoresistance.
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Figure 4.21. Bubble plot shows dysregulated pathways related to hypoxia. Hypoxia related pathways are shown in this figure, all with a potential

involvement in cancer progression and proliferation.

4.5.4 Morphogenesis and migration

Dysregulated pathways were also obtained in morphogenesis, proliferation, differentiation and wound
healing. All these pathways have a fundamental role in terms of migration of cells, metastasis
formation and stemness. In the list of dysregulated pathways represented in the dot plot of Figure 4.22.
It is possible to observe the presence of pathways like extracellular structure organization, and this
might be important also considering the role of the extracellular matrix in the ovarian cancer
microenvironment. Other relevant pathways are positive regulation of cell projection organization,
mesenchymal cell differentiation, epithelial to mesenchymal transition, microtubule polymerization.
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All together these pathways suggest an implication of NOS2 in cell EMT and polymerization of
microtubules which are essential for cell cytoskeleton formation and structure. Other significant
pathways are regulation of epithelial cell proliferation, positive regulation of epithelial to mesenchymal

transition and epithelial cell migration.
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Figure 4.22. Bubble plot shows dysregulated genes related to morphogenesis and migration. Relevant pathways related to EMT function are shown in
this figure. It is possible to mention some dysregulated pathways like wound healing, epithelial tube morphogenesis, epithelial to mesenchymal transition

with a potential relevant involvement in the metastatic process.

4.6 In vivo OVCAR8 KO model optimization

After analysing an immunocompetent murine model (ID8 syngeneic in vivo model), the following aim
was to optimize a second in vivo model in order to assess the metastatic potential and tumour
proliferation specifically related to iINOS. This model involved a comparison between a human ovarian
cancer cell line with normal iINOS expression (OVCARS8 parental) and a genetically edited counterpart,
in which iNOS expression was inhibited using the CRISPR-Cas9 double nickase system. To facilitate
the engraftment of human cells, NSG mice were adopted, as they are an immunocompromised murine
strain specifically designed to tolerate xenografts derived from different species, including Homo
sapiens. The primary goal of this experiment was to evaluate tumour spread and overall survival at the
experimental endpoint. Based on previously published studies conducted in athymic nude mice, key
experimental parameters were identified, including the approximate duration of tumour progression,
the lack of ascites formation, the high metastatic potential of the model, and the recommended
number of cells for inoculation [288]. The study was structured into two arms respectively including a
group of mice (n=3) which received the inoculation of OVCAR8 parental and the second group
composed of mice (n=5) which received the inoculation of OV8 NOS2 KO cell line. Both OVCARS8
parental and OVCAR8 NOS2 KO cells were injected intraperitoneally at a concentration of 5 x 10° cells
in 200 pL of PBS per mouse. Following injection (week 0), mice were monitored weekly using an IVIS
Spectrum CT imaging system to detect and quantify ROls, expressed as photons per second [p/s], as a
measure of tumour burden. The endpoint was established at the week corresponding to the death of

the first mouse part of the experiment.
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4.6.1 KO group shows a decrease in the ROIs levels

As we previously mentioned, at the dead of the first mouse (parental group), we analyzed the ROl levels
obtained during the weeks from this first experiment. The levels of ROls, expressed in photons per
second [p/s], were monitored over time to assess tumor progression in mice injected with either the
NOS2 parental or NOS2 knockout (KO) OVCARS cell lines (Figure 4.23). At baseline (Week 0), both
groups exhibited comparable ROI levels, with an average of 4.34 x 10° [p/s], indicating similar initial
tumor engraftment. By Week 1, a divergence in tumor signal became evident. The parental group
showed a significantincrease to 7.5 x 10" [p/s], whereas the KO group displayed a much lower signal
at 5.2 [p/s], suggesting delayed tumor proliferation in the absence of NOS2. At Week 2, the gap
persisted but narrowed, with ROI levels rising to 1.99 x 10" [p/s] in the parental group and 8.81 x 10"°
[p/s]inthe KO group. By Week 3, the difference between groups further diminished. The parental group
reached 2.93 x 10"" [p/s], while the KO group exhibited a comparable signal of 2.52 x 10" [p/s]. At the
endpoint of the experiment reached by the death of a mouse belonging to the parental group, the signal
showed still a separation in the two group. The gap is reduced compared to the biggest difference
observed at week two, but it is still possible to observe also how at the endpoint the signal remains

separated between parental and knockout.
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Figure 4.23. ROl signal from day 0 to week 4 (day 28) in the two group analyzed, OVCARS8 parental and OVCARS8 knockout. The left panel displays the
region of interest (ROI) signal measured over four weeks in the in vivo model, showing a reduced tumour signal in the OVCAR8 knockout (KO) group
compared to controls. The right panelillustrates an example of tumour dissemination observed in the OVCARS parental group. At baseline (Week 0), both
groups exhibited comparable ROI levels, with an average of 4.34 x 10° [p/s], indicating similar initial tumour engraftment. By Week 1, a divergence in tumour
signal became evident. The parental group showed a significant increase to 7.5 x 10'° [p/s], whereas the KO group displayed a much lower signal at 5.2
[p/s], suggesting delayed tumour proliferation in the absence of NOS2. At Week 2, the gap persisted but narrowed, with ROI levels rising to 1.99 x 10" [p/s]
in the parental group and 8.81 x 10" [p/s] in the KO group. By Week 3, the difference between groups further diminished. The parental group reached 2.93
x 10" [p/s], while the KO group exhibited a comparable signal of 2.52 x 10" [p/s]. At the endpoint of the experiment, reached by the death of a mouse
belonging to the parental group, the signal showed still a separation in the two group with the KO group reaching levels lower than 4 x 10’11 [p/s].

It is possible to observe that, during the initial optimization of the model, tumor uptake was achieved
in all mice. Starting from similar baseline signals, due to a consistent number of cells injected per
group, a separation between groups emerged, gradually diminishing by week four, which was the
endpoint of this model. This initial optimization revealed a potentially reduced proliferation rate of the
knockout clones in vivo compared to the parental cells. Another observation was the extensive tumor
dissemination and the high ROI levels detected, indicating rapid and widespread tumor growth starting

as early as the first week.

4.6.2 OVCAR8 KO has a slower tumor growth into the peritoneum and higher sensitivity to
Cisplatin

Consistent with earlier observations in this study where the combination of Cisplatin with L-NMMA or
NOS2 knockout (KO) clones led to increased sensitivity to Cisplatin, along with impaired migratory and

colony-forming abilities, a second in vivo experiment was conducted with a larger cohort size (n =6 per
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group) and expanded treatment conditions. One cohort of six mice received an intraperitoneal (IP)
injection of the OVCAR8 NOS2 parental cell line, while a second cohort received an IP injection of the
OVCAR8 NOS2 KO cellline. Tumour growth and proliferation were monitored via region of interest (ROI)
measurements every four days. In parallel, two additional cohorts, following the same injection
regimen, were treated with Cisplatin. For this second experiment, a survival analysis was performed to
evaluate Cisplatin efficacy detecting how Cisplatin could affect the spread of cancer cells and

proliferation in vivo. The experimental timeline and protocol are outlined in Figure 4.24.
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Figure 4.24. In vivo project plan for the OV8BRFP-Luc NOD SCID Gamma model. After the injection of cancer cell lines, we monitored the tumor growth
for four weeks with repeated measurements every four days. We also administered Cisplatin to designated group for the survival experiment. Created in

https://BioRender.com.

Upon reaching the experimental endpoint, defined, in accordance with the optimized model, as the
death of the first mouse within any group (in this case, from the OVCARS8 parental group), we analyzed
the ROl data collected throughout the study. The resulting ROl curve demonstrated a clear divergence
in tumor growth dynamics, with a distinct separation observed for the OVCARS8 KO group. This group
exhibited a marked decline in signal intensity over time, consistent with our in vitro findings that
OVCARS8 KO cells possess reduced proliferative and migratory capacities. The ROI curve illustrating

these differences is presented in Figure 4.25.
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Figure 4.25. OVCARS KO has a slower growth rate compared to its parental counterpart. In the figure it is possible to observe how the signal detected
from the mice starts to separate as early as eight days and how at the endpoint a significant separation is observed in the knockout group when compared
to the parental group at the endpoint. Significant reductions in ROl were observed at day 20 where the parental ROl was1.18 x 10" [p/s] against 7.6 x 10"°

[p/s] of parental group (p < 0.05) and day 24 where parental ROl was 1.3 x 10"" [p/s] against 7.24 x 10'°[p/s] of knockout group (p < 0.05).

The results presented above lead to an important observation regarding the proliferation efficiency of
the knockout cells, which is further detailed in the following figure. Specifically, there is a strong and
significant reduction in the ROI signal, indicating a lower proliferation rate and decreased metastatic
potential within the abdomen of mice. This finding aligns with earlier observations in this study, where
impaired migration efficiency in the scratch wound assay and reduced colony formation capacity
collectively supports the role of INOS in promoting migration and EMT when overexpressed. Notably,
significant reductions in ROl were observed at day 20 where the parental ROl was1.18 x 10" [p/s]
against 7.6 x 10"°[p/s] of parental group (p < 0.05) and day 24 where parental ROl was 1.3 x 10" [p/s]
against 7.24 x 10" [p/s] of knockout group (p < 0.05), with a final drop at day 24, highlighting how
targeting NO in ovarian cancer correlates with diminished cancer cell proliferation. In accordance with
the previously described experimental design, we conducted a parallel survival assay under the same
conditions. Mice were treated with the standard in vivo dose of Cisplatin for the OVCAR8 model (6.4
mg/kg), taking into account the rapid tumor progression characteristic of this model. The results
strongly supported our in vitro findings, demonstrating that OVCAR8 KO tumors are more sensitive to

Cisplatin treatment. Notably, 33% of the mice bearing OVCAR8 KO tumors survived beyond the
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established endpoint, in contrast to the parental group, which exhibited no survival beyond this

timepoint. The Kaplan—-Meier curve is presented in Figure 4.26.
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Figure 4.26. Kaplan-Meyer curve shows better survival of the OVCAR8 KO group. The figure illustrates the survival timepoints for the two experimental
groups. Notably, 33% of mice in the OVCAR8 KO group survived beyond the predefined endpoint, in contrast to the OVCARS8 parental group, in which no
mice survived past this timepoint. In particular, 33% (p < 0.0004) of the mice bearing OVCAR8 KO tumours survived beyond the established endpoint, in
contrast to the parental group, which exhibited no survival beyond this timepoint. The experiment was conducted using six mice per group and was

terminated once any group had no remaining mice.

In line with previous sections of this work, a significant Kaplan-Meier survival curve (p < 0.0004)
demonstrated that the knockout group survives longer compared to the parental group. It has already
been shown that knockout cell lines are more sensitive to cisplatin, indicating increased

chemotherapy-induced cell killing relative to the parental cell line. Here, we confirm the in vitro
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observation of heightened chemotherapy sensitivity, which translates into prolonged survival due to
improved tumor targeting by the treatment. This finding is further supported by Figure 4.25, where a
significant reduction in the detected ROI indicates that knockout cell lines grow more slowly and
proliferate less within the mouse abdomen. These results suggest the potential for extending cisplatin

treatment duration in clinical settings, along with enhanced drug efficacy.

4.7 Discussion

One of the main challenges in the treatment of ovarian cancer is represented by the metastatic
process, as this disease is frequently diagnosed at a late stage, when metastatic spread has already
occurred [299]. Following tumor debulking through surgical intervention, a chemotherapy regimen is
typically initiated. A diffuse metastatic process complicates surgical debulking, rendering the
procedure both technically challenging and prolonged due to the difficulty in identifying all metastatic
sites [300]. For this reason, appropriate chemotherapy plays a dual role: firstly, in eradicating residual
malignant cells, and secondly, in preventing further tumorigenesis. Chemotherapeutic intervention
thus has a pivotal role in mitigating the deleterious effects associated with the ovarian cancer
metastatic process [301]. Although chemotherapy is initially highly effective, relapse occurs in
approximately 70% of patients, rendering subsequent treatments less effective [273]. Given these
considerations, enhancing the efficacy of chemotherapy and preventing the development of
chemoresistance are critical goals. Numerous mechanisms underlying chemoresistance have been
proposed, including the involvement of NO pathways [274], although further research is required to
fully elucidate the mechanisms by which resistance to platinum-based agents is acquired in ovarian
cancer. Strategies aimed at increasing cancer cell sensitivity to chemotherapeutic agents, thereby
prolonging the therapeutic window and preventing the survival of subpopulations that could develop
chemoresistance, represent a promising approach. Such strategies may lead to the development of
novel therapeutic interventions that enhance the cytotoxic efficacy of chemotherapy and reduce the
likelihood of treatment failure due to acquired resistance. Motivated by these findings, we generated a
NOS2 knockout clone to mimic the effects of L-NMMA by substantially reducing nitric oxide (NO)
production in the target cell line. Generation of knockout clones is an advanced approach that enables

functional, metabolic, and phenotypic investigations of gene depletion [302]. Another study has
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reported the generation of an iINOS knockout model in metaplastic breast cancer, demonstrating that
INOS, and consequently nitric oxide (NO), can influence chemosensitivity and epithelial-mesenchymal
transition (EMT) markers [209]. Motivated by these findings, this work proposes the development of an
iNOS knockout model for ovarian cancer to explore similar regulatory mechanisms. Previous studies
have shown that NOS knockouts can produce diverse biological outcomes, affecting multiple
pathways associated with the targeted gene’s depletion [303]. Although the role of NOS2 depletion
remains underexplored, especially in ovarian cancer, this study showed that NOS2 knockout clones
lost their typical epithelial morphology. Instead, they adopted a more rounded, senescent-like
appearance with pronounced vacuolization.. This morphological change was accompanied by a
significant reduction in Vimentin, a key mesenchymal marker linked to epithelial-to-mesenchymal
transition (EMT) [203]. The importance of expanding current knowledge about the role of vimentin in
ovarian cancer lies in the fact that this protein is often associated with epithelial-mesenchymal
transition (EMT) [203]. EMT is a key phenomenon in many types of cancer; however, given the high
metastatic spread typically observed at the time of diagnosis in ovarian cancer, it represents a
particularly critical and deleterious factor impacting patient survival. By targeting this protein,
especially considering its constitutive expression in chemoresistant ovarian cancer cell lines, the
potential involvement of iINOS inhibitors as therapeutic agents against chemoresistant ovarian cancer
warrants further investigation. The reduction in Vimentin correlated with decreased cell migration and
proliferation, as evidenced by impaired wound healing and increased sensitivity to Cisplatin in NOS2
knockout clones. These NOS2 knockout clones also exhibited a significantly lower IC50 for cisplatin
compared to parental cells, consistent with prior reports involving OVCAR8. While L-NMMA
monotherapy had a limited effect on cell viability, it markedly potentiated cisplatin’s cytotoxicity at sub-
IC50 doses. The combination of cisplatin and L-NMMA reduced cell viability more effectively than
either agent alone. We observed a pronounced decrease in viability, particularly when considering the
IC50 values of the cell lines analyzed. The knockout clone exhibited an IC50 of 4 uM whereas its
parental counterpart showed higher tolerance at this concentration, remaining far from its own IC50.
In this study, as previous findings confirmed, it has been demonstrated that inhibition of iINOS in
knockout models enhances the sensitivity of the cells to chemotherapeutic agents, thereby advancing

the current understanding of Cisplatin sensitivity in ovarian cancer cells. The results obtained in our
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ovarian cancer NOS2 knockout model suggest novel therapeutic opportunities, potentially supporting
combined treatment regimens incorporating cisplatin to enhance efficacy. Furthermore, as also
mentioned before, scratch wound assays revealed that NOS2 knockout clones displayed severely
impaired migratory capacity, achieving less than 15% wound closure over 24 hours compared to nearly
50% closure by parental cells. To strengthen the consistency of our findings, we employed siRNAs
targeting NOS2 to induce its knockdown and investigate potential correlations with a second cell line
belonging to another ovarian cancer subtype, A2780cis, characterized by cisplatin resistance, to
broadenthe scope of our study. This approach was motivated by several factors: first, to validate results
in an independent cell line; second, to evaluate a distinct ovarian cancer subtype; third, to analyze a
model exhibiting resistance to platinum-based agents. Since its discovery in the early 2000s, siRNA
technology has been widely utilized as a mean to induce RNA interference (RNAI) in laboratory settings
[304], and increasingly, as a therapeutic strategy in clinical contexts [305-307]. This versatility makes
siRNA anideal tool for assessing the effects of NOS2 depletion in our models. Following treatment with
two distinct siRNAs, we observed a significant reduction in Vimentin expression in A2780, consistent
with the effects seen upon L-NMMA treatment and in knockout models obtained from OVCARS. These
findings corroborate our previous observations, reinforcing the role of NOS2 in regulating this
mesenchymal marker across different ovarian cancer models. Furthermore, we examined the impact
of NOS2 knockdown on cellular proliferation by conducting colony formation assays in both OVCARS8
knockout clones and A2780cis cells treated with siRNAs. Administration of the two siRNAs led to a
marked impairment in colony growth A2780cis cell line as well as in OVCARS8 KO clones, suggesting
that inducible Nitric Oxide Synthase (iNOS) plays a critical role in promoting cell proliferation when
overexpressed. Overall, the reduction in colony formation upon NOS2 silencing complements our
experiments demonstrating decreased cell viability following combined treatment with L-NMMA and
cisplatin, thereby reinforcing the potential of targeting iINOS as a therapeutic strategy to overcome
chemoresistance. The opportunity to arrest colony proliferation, which in vivo may correspond to
omentum or peritoneal colonization, is a crucial possibility. Specifically, as has already been reported,
the metastatic cascade can be associated with various factors, such as Vimentin [203], as well as
different pathways like JAK/STAT [308]. An important contribution of this work is the evidence that Nitric

Oxide Synthase also plays a key role in the metastatic cascade in ovarian cancer. Collectively, these
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data underscore NOS2’s role in regulating Vimentin expression and thereby modulating cancer cell
morphology, migration, proliferation, and chemotherapy response, consistently with findings in the
literature [220, 309]. To elucidate the transcriptional pathways influenced by NOS2, and to have a full
overview of its involvement in different pathways, we performed bulk RNA sequencing comparing NOS2
knockout and parental OVCARS8 cells. Differential gene expression analysis identified significant
alterations in pathways associated with epithelial morphogenesis, stem cell differentiation, hypoxia
response, and cellular growth. Notably impacted pathways included wound healing, epithelial tube
morphogenesis, regulation of cell shape, epithelial-to-mesenchymal transition (EMT), stem cell
proliferation and development, and epithelial cell migration. These pathways are critical regulators of
cancer cell proliferation, metastasis, and tumor microenvironment interactions. Collectively, these
data suggest that targeting NOS2 could disrupt multiple oncogenic signaling cascades, thereby
attenuating cancer cell migration, proliferation, and chemoresistance. Moreover, our findings indicate
that L-NMMA may prolong chemotherapy efficacy and enable dose reduction, potentially mitigating
cisplatin-associated toxicities. Although it remains to be definitively demonstrated that L-NMMA can
resensitize cisplatin-resistant ovarian cancer cells, our data suggests that it may delay resistance onset
or enhance chemotherapy susceptibility, that must still be elucidated in further investigation. This is
particularly relevant given the differential NOS2 expression observed between cisplatin-resistant
A2780 cells (constitutive NOS2 expression) and their cisplatin-sensitive counterparts (inducible NOS2
expression). Taken together, these findings position NOS2 as a promising therapeutic target for
combination regimens in ovarian cancer, alongside NOS1, which has been studied previously [310].
After extensively investigating the involvement of iNOS in various pathways, including its relationship
with cell proliferation, EMT, and colony formation, we progressed to testing an in vivo model. Using
immunocompromised mice, we optimized parameters such as timing, ROl capture efficiency, and
endpoint duration to establish the most suitable experimental conditions. Once optimized, we
conducted our experiments under these conditions. Consistent with previous in vivo experiments
performed in immunocompetent mice, we observed dissemination of cancer cells throughout the
peritoneum and abdominal cavity, characteristic of late-stage ovarian cancer. However, the extent of
tumor spread differed notably between the OVCARS8 parental and OVCARS8 knockout cell lines. Despite

starting with comparable [p/s] signal intensities, longitudinal measurements over five time points
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revealed a slower progression of tumor spread in mice injected with knockout clones. Remarkably,
prior reaching the experimental endpoint, the knockout group exhibited a decrease in signal intensity,
suggesting reduced tumor burden. These in vivo findings support our prior in vitro data demonstrating
significantly impaired colony formation following NOS2 knockdown with siRNAs. Moreover, our in vivo
model corroborated previous observations regarding cisplatin sensitivity. Initial screenings revealed
that co-treatment with cisplatin and L-NMMA enhanced cisplatin’s cytotoxic efficacy at IC50 doses.
Similarly, the knockout clones displayed increased cisplatin sensitivity, consistent with colony
formation and scratch wound assays where the clones exhibited reduced proliferation and migration
capacity over 24 hours. Notably, mice injected with OVCARS8 knockout cells and treated with cisplatin
showed improved survival compared to those receiving parental cells, with 33% survival observed in
the knockout group. As explained before, patients have a poor survival rate over five years from the time
of cancer diagnosis and the start of treatments [311]. In this in vivo model, mice with iNOS inhibition
survived longer compared to their counterparts with basal iINOS expression, suggesting that the
integration of Nitric Oxide Synthase inhibitors could be a potential and effective addition to current
therapies to extend treatment duration as well as reduce the side effects of the drug itself. By first
reducing the IC50 for Cisplatin, then showing a reduced ROI, and finally demonstrating longer survival,
L-NMMA, an enzymatic inhibitor of Nitric Oxide Synthases, may represent strong candidates to support
patients and extend their survival following cancer detection. This further reinforces the critical role of
iNOS in tumor progression, proliferation, and metastasis. Although much remains to be clarified
regarding iNOS’s role in ovarian cancer, our study proposes that combining conventional
chemotherapy with iNOS inhibition may enhance therapeutic efficacy and improve tumor clearance.
Future investigations are necessary to explore iNOS’s involvement in chemoresistance, a major
challenge in ovarian cancer treatment. Developing in vivo models using chemoresistant cell lines and
knockout clones will be crucial for elucidating the mechanisms underlying resistance and for
determining whether iINOS depletion, demonstrated here in a pre-chemoresistance context, can
modulate proliferation, migration, metastasis, and chemosensitivity. The opportunity to further
investigate the specific role of INOS and NO in promoting chemoresistance, as already reported in

another study relative to OC [171], could represent a future direction in ovarian cancer research. This
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may lead to more effective responses to relapses and ultimately help ensure longer survival for

patients.

Conclusions

Taken together, our results reveal a novel role for iNOS in cancer cell development, proliferation, and
chemotherapy sensitivity. We demonstrated that NOS2 depletion, achieved through siRNA-mediated
knockdown and genetic knockout in in vitro models, significantly impairs tumor cell growth and
migratory capacity. Importantly, our in vivo studies further confirmed that iINOS depletion reduces
tumor proliferation and enhances sensitivity to cisplatin, highlighting the therapeutic potential of

targeting iNOS to improve treatment outcomes in ovarian cancer.

Final considerations - contribution to the field

This PhD presented a comprehensive preclinical investigation into the role of inducible nitric oxide
synthase (iNOS) inhibition in ovarian cancer (OC), integrating bioinformatics, in vitro modelling, and in

vivo experimentation to elucidate its therapeutic potential.

Major results

Initial bioinformatic analyses leveraged publicly available patient and cell lines datasets to establish
differential INOS expression across OC subtypes and correlate its upregulation with a more aggressive
phenotype and potentially acquired chemoresistance, particularly to platinating agents. These findings
provided a rationale for targeting iINOS as a therapeutic strategy and informed the subsequent
experimental design. In vitro studies employed OC cell lines to test, as first, the efficacy of L-NMMA in
cell viability, then the efficacy of Cisplatin in ovarian cancer cell lines which showed a basal expression
of INOS. The combination of the two drugs has been tested showing how L-NMMA has beneficial effects
inincreasing the efficacy of Cisplatin. Relevantly, L-NMMA was also reported to significantly impair the

overexpression of Vimentin with its implication in EMT. Inhibition of INOS through knockout of its gene,
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NOS2, led to increased sensitivity to Cisplatin with a strong reduction of Vimentin levels correlated to
an impaired migration efficacy, implicating nitric oxide signalling in modulating EMT. These results were
cross-referenced with transcriptomic data, reinforcing the link between iNOS activity and EMT together

with apoptotic signalling, growth stimuli and extracellular matrix organization.

Building on these in vitro insights, the thesis transitioned to in vivo models to assess the translational
relevance of iINOS inhibition. A syngeneic mouse model was employed, enabling evaluation of iINOS
inhibition alone and in combination with cisplatin. The administration of the combination of Cisplatin
and L-NMMA led, also in this in vivo model, to a significant reduction of tumour area, tumour cells
number and, in general, presence of metastasis in the peritoneum when compared to Cisplatin only.
Importantly, immune profiling of treated tumours revealed increased infiltration of T cells and an
increase of activation markers and reduced immunosuppressive populations for CD4+ T cells,
suggesting that INOS inhibition may also potentiate anti-tumour immunity. In addition to the previous
model, a xenograft mouse model was developed by injecting KO NOS2 human cell lines to investigate
the role of iINOS in tumour growth, progression and establishment, revealing a significant reduction in
tumour burden in the knockout group when compared with its parental counterpart together with an
increased survival when Cisplatin was administered. These findings suggested that iNOS contributes
not only to tumour cell- intrinsic resistance but also to shaping the tumour microenvironment.
Collectively, this work provides a robust preclinical foundation for the clinical exploration of INOS-

targeted therapies in OC, particularly in combination with platinum-based chemotherapy.
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What this work helped to overcome

This study, based on the initial aims and hypotheses, aimed to evaluate the current standards of care

for ovarian cancer while exploring novel avenues for combinatorial treatment strategies. Traditional

chemotherapy, which primarily targets cancer cells, does not adequately address the complex

deleterious interactions occurring within the TME. In particular, the intercellular crosstalk mediated by

NO plays a significant role in tumour progression and resistance mechanisms. Therefore, the use of

NOS inhibitors may represent a promising approach to disrupt the nitric oxide-mediated

communication within the tumour microenvironment, potentially enhancing therapeutic efficacy (as

shown in Figure 4.27)
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Figure 4.27. The beneficial effects of combining NOS inhibitors to chemotherapy. The figure illustrates how NOS inhibitors have the potential to

suppress all NO related functions within the tumour niche when NO is overexpressed. Created in https://BioRender.com.

Why NO is important — Uncovering iNOS expression in ovarian cancer

TME is highly heterogeneous, with many cell types being reprogrammed through continuous crosstalk.
All stromal components contribute to this, including cancer-associated fibroblasts [144], adipose cells
[21], mesenchymal stem cells [20], and the tumour immune microenvironment (TIME), which is part of
the tumour niche and plays a key role in tumour progression and maintaining an immunosuppressive
status [17]. There is intense cross- communication between these cell types, mediated by EVs [312],
cytokines [225] and, nitric oxide (NO) [277]. Nitric oxide (NO) is a versatile signaling molecule that plays
diverse physiologicalroles in the human body. It functions as a neurotransmitter, a regulator of vascular
tone, and a mediator of intracellular signaling in conjunction with reactive oxygen species (ROS) [151].
Additionally, NO is produced by cells of the immune system as a key effector in inflammatory
responses [151]. Inducible NOS is expressed primarily in immune cells, such as macrophages, upon
stimulation by pro-inflammatory cytokines or bacterial endotoxins, resulting in sustained and high-
output NO production. Inflammatory stimuli critically regulate iNOS expression and consequent NO
production [152]. As previously reported, the widespread expression of inducible nitric oxide synthase
(INOS) by various cell types within the tumour niche results in a systemic overexpression of this enzyme
where the continuous and basal expression of INOS leads to overproduction of NO within the niche,
which can, according to studies in other cancer types, result in increased chemoresistance [274].
However, in ovarian cancer, iNOS expression has not been as extensively or thoroughly investigated as
in this work. Although biobank data and existing literature have documented iNOS expression, there
remains a lack of definitive evidence regarding the basal levels of iINOS expression specifically in

ovarian cancer.
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The inflammatory status in ovarian cancer has arole in iNOS upregulation

In the TME, chronic inflammation often leads to the recruitment of immunosuppressive cell
populations rather than effectorimmune cells, thereby facilitating immune evasion. This phenomenon
is exemplified in ovarian cancer, characterized by animmunologically “cold” microenvironment, where
the presence of immunosuppressive cells expressing iINOS may promote immune tolerance by
dampening anti-tumour immune responses [313]. Furthermore, the TME is typically characterized by
factors that inhibit effective immune cell infiltration and activate oncogenic signaling pathways that
support tumour cell survival and proliferation. A key finding of this study is the role of
immunosuppression, often associated with chronic inflammation, in the upregulation of iNOS
expression. Rather than activating immune cells, this immunosuppressive environment inhibits them
and contributes to increased iINOS levels. Additionally, cytokine expression can stimulate ovarian
cancer cell lines that do not express iINOS at basal levels, leading to enhanced aggressiveness. This
observation aligns with previous reports linking nitric oxide overexpression in the tumour

microenvironment to increased tumour malignancy.

The role of NO in EMT and the interference operated by L-NMMA

The finding that only the iINOS-expressing ovarian cancer cell lines show expression of Vimentin it was
a field this work helped to uncover. Vimentin has already been linked to iNOS expression in metaplastic
breast cancer [209], and this study proves that a similar condition is present in ovarian cancer.
Considering the expression of INOS demonstrated in this context, new scenarios open for anti-Nitric
Oxide Synthase drugs in the treatment of this cancer type. In particular, L-NMMA was tested in OVCARS
with encouraging results. The reduction in viability observed in this cell line, which continuously

expresses iINOS, showed that at high concentrations L-NMMA affects viability, but most importantly,
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the combination of Cisplatin and L-NMMA demonstrated that L-NMMA can increase the efficacy of
Cisplatin's IC50. In addition, an innovative aspect which wasn’t taken into consideration before this
work is related to the use of L-NMMA to impair EMT by reducing Vimentin levels by over 50%. In
particular, according to data reported in literature, the potential activity of L-NMMA on Vimentin might
be related to a key Cysteine residue on Vimentin itself. More specifically, it has been reported how
Vimentin has one key point which is responsible for all the post-translational modifications which are
related to Vimentin. This hotspot is its Cysteine 328 which can be, because of its thiolic residue,
potentially nitrosylated. In particular, the role of nitric oxide could be interacting with this Cysteine
residue through nitrosylation and by acquiring NO moiety, making the Cysteine residues not accessible
to the ubiquitinase proteins, making Vimentin more stable by avoiding degradation. The hypothesis of
Cys328 nitrosylation and the role of L-NMMA in increasing Vimentin stability, is reported in the figure

above (Figure 4.28).
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Figure 4.28. Vimentin nitrosilatyion and L-NMMA activity. The hypothesis reported in the figure above shows how NO is able to interact through
nitrosylation in the Cys328 residue of Vimentin through S-Nitrosylation avoiding ubiquitination. When administered, L-NMMA is able to reduce NO levels,

and consequently, S-Nitrosylation which, in turn is not able to prevent Vimentin degradation through ubiquitination. Created in https://BioRender.com.

The administration of L-NMMA in ovarian cancer cell lines expressing iINOS shows a potential direct
effect on EMT, which may influence many aspects of ovarian cancer, starting from metastatic spread,
where Vimentin is involved [203], to global EMT transition [203] and even acquired resistance to
chemotherapy. These results were also confirmed by the generation of KO cell lines which reported the
same effects inthe NOS2 knockout clones generated as model for L-NMMA clinical administration. The
connection between L-NMMA and Vimentin in ovarian cancer opens new frontiers in treating this
condition, with the potential to both kill cancer cells and limit their spread by targeting and disrupting

the communications between cells into the tumour niche.

The effect of combining Cisplatin + L-NMMA

The appropriate use of chemotherapy is a critical factor in the fight against OC. While Cisplatin is an
effective drug, it also presents many side effects, such as nephrotoxicity, organ damage, and increased
release of ROS [314]. The effectiveness of the drug also depends on how well the patient can tolerate
the treatment, including the concentrations and number of cycles that can be sustained. For this
reason, reducing side effects can help improve both the duration and effectiveness of treatment.
Another important aspect is that, even with the first-line approach, comprising surgical tumour
debulking and chemotherapy, almost 70-80% of patients experience relapse [290], making
chemotherapy less effective as cancer cells develop resistance to treatment. A drug that is effective at
low doses and suitable for long-term use could provide significant benefits in the treatment of this
disease. A drug exhibiting strong anticancer activity at low doses could help minimize the risk of
chemoresistance. Beyond treatment efficacy and duration, the tumour microenvironment plays a

critical role in cancer progression. Therefore, this study proposes a novel approach that not only
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enhances the cytotoxic effects of Cisplatin, allowing for dose reduction and decreased likelihood of
chemoresistance, but also targets the disruption of cellular communication within the tumour
microenvironment. This strategy aims to destabilize and inhibit epithelial-mesenchymal transition
(EMT) and immune suppression, thereby delivering a comprehensive assault on the entire tumour

niche.

The combination therapy reactivates the immune system and reduces the metastatic spread

The selection of a syngeneic in vivo model enabled the study not only of tumour progression but also of
the possible effects of INOS in animmunocompetent mouse model. Itis well known that many immune
cells can express iINOS, as previously stated. Additionally, the ovarian cancer tumour
microenvironment is recognized as a cold immune environment, where the immune response is low
[315], and immune suppression is maintained by immunosuppressive cells, which may play a critical
role. For this reason, targeting iNOS and interfering with NO release and intercellular communication
may have significant implications in modulating immune responses. Using this in vivo model, a novel
approach was explored, combining a pan-microenvironment drug with a classical chemotherapeutic
agent, which demonstrated enhanced efficacy. This combination increased the activity of Cisplatin and
was associated with the reactivation of key immune cells such as NK, NKT, and increased infiltration of
T lymphocytes. This study also showed that L-NMMA treatment led not only to greater immune cell
infiltration into ascites but also to increased expression of activation markers on CD4+ T cells.
Specifically, L-NMMA enhanced CD4+ T cell activation while simultaneously reducing naive cell
markers, indicating a more activated and functionally engaged T cell population. Furthermore, the
combination of Cisplatin and L- NMMA demonstrated a stronger effect in inducing tumour cell death,
as confirmed by pathological analysis. The combined treatment significantly reduced tumour area,
tumour cell count, and the percentage of tumour cells in peritoneal tissues when compared to
Cisplatin alone. These findings support the potential of combining L-NMMA with Cisplatin not only to
enhance cytotoxic efficacy but also to modulate the tumour microenvironment and immune response,

offering a promising therapeutic strategy for ovarian cancer. Considering all the aspects, this work
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opened a new scenario of the benefits of a combination therapy between Cisplatin and L-NMMA not
only in more aggressively targeting cancer cells, but also, as previously stated, in destabilizing the
tumour niche. If, as already stated, the immune cold tumour microenvironment represents one of the
main challenges in this disease, this work showed how L-NMMA has specificity in the increase of T cells
infiltration and activation of CD4+ T cells showing again that NO plays an important role in the immune

suppression of cancer.

KO cells in xenograft mice models are more sensitive to Cisplatin

A specific INOS KO model has already been tested in vitro in metaplastic breast cancer [209], a type of
cancer known for its iNOS expression and consequent overproduction of NO. In this work, OVCARS8
NOS2 KO clones were injected intraperitoneally into NOD SCID gamma (NSG) mice to closely mimic
human ovarian cancer, including its specific subtype and the genotypical and phenotypical
characteristics of the adopted cell line. Cisplatin treatment was more effective in the iINOS KO model,
as shown by a marked reduction in tumour burden and prolonged survival of the mice belonging to the
knockout group. The impairment of pathways such as wound healing, epithelial tube morphogenesis,
extracellular matrix organization, EMT transition, and other proliferation-related mechanisms, as
observed in the RNAseq data, might play a strong role in regards with what was observed. This was
further supported by the observed drop in ROI (region of interest) signal at the final measurement point
upon reaching the experimental endpoint, confirming that iINOS knockout cells led to slower
tumourigenesis and increased survival in mice compared to those injected with parental cells. This
model was intended to demonstrate that the observed effects are not limited to immunocompetent
mice, where immune system reactivation may contribute to reduced tumour proliferation, but also hold
true in a context where NO signaling is directly suppressed. Notably, the use of L-NMMA in this study
revealed a dual mechanism of action: targeting the tumour microenvironment and simultaneously

reducing both primary tumour growth and metastatic progression.
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Future work priorities: current status of iNOS knowledge in ovarian cancer compared to other

cancer types

This thesis aims to investigate the role of iINOS in ovarian cancer, a topic that remains insufficiently
explored in the current literature. In contrast, iNOS has been extensively studied in breast cancer,
where it has been associated with adverse clinical outcomes. Notably, INOS has been shown to
promote epithelial-mesenchymal transition (EMT), while its inhibition increases cellular sensitivity to
chemotherapy. Furthermore, clinical studies conducted in Dr. Jenny Chang’s laboratory have evaluated
the use of the nitric oxide synthase inhibitor L-NMMA, which is now being incorporated into clinical
treatment protocols. Collectively, these studies, including clinical trials, demonstrate a
comprehensive understanding of iINOS function in breast cancer, highlighting the need to further
elucidate its role in ovarian cancer. To establish L-NMMA as an effective therapeutic option for ovarian
cancer, several steps are required. These include optimizing its dosage in vivo and, ultimately, in
patients. Ovarian cancer presents unique biological challenges that complicate treatment. For
instance, the accumulation of ascites in the abdominal cavity can act as a barrier, limiting drug
penetration and reducing therapeutic efficacy. Additionally, the activity of fibroblasts and the
deposition of extracellular matrix create a dense stromal environment that furtherimpedes the delivery
of drugs and immune cells to both primary and metastatic tumor sites. These obstacles underscore
the need for innovative strategies to improve treatment outcomes. One potential approach involves
optimizing L-NMMA delivery through nanoparticles designed to enhance drug distribution within the
tumor microenvironment. Moreover, the development of improved in vivo models will be essential to
determine the optimal concentration and therapeutic window of L-NMMA, as well as to assess its
combined efficacy with chemotherapy across different experimental systems. With the accumulation
of robust preclinical data, it may become feasible to initiate clinical trials in ovarian cancer, similar to
those already conducted in breast cancer. Ultimately, this could lead to the development of a novel

therapeutic strategy, offering an additional treatment option for patients with high iNOS expression.
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Weaknesses of the study

This study aims to introduce and demonstrate the potential applicability of L-NMMA as a novel
therapeutic agentin ovarian cancer. To date, both the use of this drug and its investigation in the context
of ovarian cancer remain largely unexplored in the literature. Given the challenges associated with this
work, and considering that L-NMMA has been extensively studied in breast cancer but not in ovarian
cancer, dose optimization represents a critical aspect for future research. As with any emerging
therapeutic approach, further studies are required to refine its use, particularly in combination with
standard chemotherapy. Moreover, since L-NMMA is often administered alongside Amlodipine as a
blood pressure stabilizer, careful optimization of dosing regimens will be essential to minimize
potential side effects associated with treatment. Another important area for improvement is the
expansion of in vivo studies. Increasing the number of experimental models, including a larger cohort
of animals, would strengthen the robustness of the findings presented in this thesis. In particular, the
use of patient-derived xenograft (PDX) models could provide valuable insights into the efficacy of L-
NMMA in systems that more closely recapitulate human disease, thereby enhancing the translational
relevance of the results. Finally, further investigation into the role of iINOS in cisplatin-resistant ovarian
cancer cellsis needed. Itis well established that ovarian cancer frequently develops chemoresistance,
typically within approximately 18 months of treatment. Therefore, evaluating the effects of L-NMMA in
chemoresistant models would be a crucial step toward addressing one of the most significant
challenges in ovarian cancer therapy, namely, the loss of treatment efficacy over time. Such studies
could contribute to the development of more effective strategies to overcome resistance and improve

patient outcomes.

Future perspectives

While the role of INOS has been extensively studied in other cancers, this research introduces new
insightsintoits role in ovarian cancer. By identifying ovarian cancer cell lines that express iNOS at basal
levels, as well as after cytokine stimulation, it was also demonstrated that iINOS is expressed at basal
levels in Cisplatin-resistant ovarian cancer cell lines. This opens new avenues for investigating the

connection between iINOS overexpression and chemoresistance. New and promising approaches are
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emerging in the fight against cancer, especially those that combine drug treatments to target both
cancer cells and their supporting microenvironment. The opportunity to pair chemotherapy with agents
that can disrupt the tumour microenvironment, inhibit EMT, and simultaneously stimulate the immune
response presents a potential breakthrough. This combined strategy may help prevent metastatic
spread, overcome acquired chemoresistance, and, in part, reactivate the suppressed immune
landscape in ovarian cancer. Taken all together, considered the most recent application in
immunotherapy, where many efforts of the scientific community are directed, L-NMMA represents also
a potential drug to pair in immunotherapy as it can also implement the immune response by

reactivating and stimulating the immune response.
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