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ABSTRACT 

 

Ovarian cancer (OC) is the sixth most common cancer amongst women, with approximately 

7,500 new cases diagnosed each year in the United Kingdom. The complex ovarian tumour 

microenvironment is poorly understood, while the nature and role of tumour-infiltrating NK 

cells in OC progression remains unclear. To analyse the cell type contexture of OC tissue, two 

single cell sequencing techniques were performed on omental tumour biopsies from patients 

with advanced OC. The scRNAseq analysis focused on portraying an immunogenic tumour 

microenvironment and determined the characteristics of a dysfunctional NK cell population, 

implying NK reactivation upon chemotherapy exposure. In contrast, scATACseq data 

identified significant epithelial tumour cell heterogeneity and demonstrated an increase in 

chromatin accessibility for oncogenes and transcription factors related to cancer stem cells 

following chemotherapy treatment. Utilising a large prospective cohort of OC patient samples, 

the phenotype and function of NK cells in peripheral blood, primary ovarian tumour and 

metastatic omental tumour was explored. Flow cytometric analysis has revealed that peripheral 

blood NK cells are activated in OC, while NK cell inhibition occurs following tumour 

infiltration. Results have shown the adaptations to NK cell receptors in advancing disease and 

the specific inhibitory NK features associated with poor patient outcomes. The OC NK cells 

demonstrated a reduced ability to proliferate and expand upon exposure to cells lacking HLA 

and secreted fewer cytokines than the non-cancerous control samples. Instead, the OC NK cells 

were highly cytotoxic towards K-562 cells and primary ovarian tumours. Interestingly, the NK 

cell cytotoxicity to primary ovarian tumours was dependent on the activation receptor, DNAM-

1. The significance of DNAM-1 in the tumour-immune response was demonstrated, identifying 

it as a possible biomarker that can be used as a target for NK-mediated immunotherapy.  
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1.1    Ovarian Cancer  

1.1.1  Epidemiology of Ovarian Cancer 

Ovarian cancer (OC) is the sixth most common cancer amongst women, with approximately 

7,500 new cases diagnosed each year in the United Kingdom. This accounts for 4% of all new 

cancer diagnoses in females. Typically occurring in post-menopausal women, the highest 

incidence rates are in the 75 to 79-year age group, with over a quarter of all new cases occurring 

in those over the age of 75 years. There are roughly 4,100 deaths from OC each year within the 

United Kingdom; almost half are in the cohort women over the age of 75 years [1]. Although 

the age-standardised incidence rates of OC in the United Kingdom actually reduced by 5% 

between the years 2006 and 2018, it is expected that the rate will have increased by almost 15% 

by the year 2035, to 32 new cases per 100,000 women per year [1, 2]. While there are no 

differences in OC incidence based on deprivation, rates are higher in women of White ethnicity 

compared to women from Asian, Black and mixed ethnic groups [1, 3].  

 

Around 90% of OC cases are of epithelial cell (EOC) origin, with the most common and also 

most aggressive subtype being high-grade serous ovarian cancer (HGSOvCa) [1, 4-6]. Other 

less common types of epithelial tumours include low-grade serous OC, endometrioid OC, clear 

cell OC and mucinous tumours. Rarer, non-epithelial tumours can originate within ovarian 

germ cells (such as ovarian teratomas), ovarian sex cords or stroma (sex cord stromal tumours, 

commonly granulosa cell tumours) and surrounding soft tissues (sarcomas) [1]. This thesis 

concentrates on epithelial cell tumours, particularly the high-grade serous subtype because this 

is not only the most prevalent form of OC - it is also the deadliest and currently available 

treatments remain unsatisfactory.  
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1.1.2 Aetiology and Pathophysiology of Epithelial Ovarian Cancer 

The aetiology of EOC remains poorly understood [7]. Evidence suggests that early 

tumorigenesis actually occurs within the fallopian tubes. Through the examination of salpingo-

oopherectomy specimens, prophylactically removed in women who have a hereditary OC risk 

associated with mutated BRCA genes, dysplasia has frequently been discovered in the distal 

fimbria of the tube, the likely site of origin [7-11]. Furthermore, the high-grade serous subtype, 

HGSOvCa, seems to develop from a precursor lesion within the tube, serous tubal 

intraepithelial carcinoma (STIC), before then spreading towards the ovary [1, 4,  8, 9, 12].  

Figure 1.1 illustrates the anatomy of the ovaries and their relationship with the fallopian tubes. 

 

Figure 1.1: Anatomical illustration of an ovarian tumour  

The comparison of a normal ovary to a malignant ovarian tumour, in relation to the fallopian tubes, 

uterus, cervix and vagina.  

 

Figure adapted from St. John’s Cancer Institute, 2023 [13] 
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Following neoplastic transformation, the tumour cells initially metastasise away from the ovary 

and fallopian tube via direct spread and by lymphatic drainage. Here malignant deposits have 

the ability to readily implant on the surface of the peritoneum, omentum and bowel mesentery. 

In addition, tumour cells flow through fluid within the peritoneal cavity, following a natural 

current along the right paracolic gutter up to the liver and diaphragm [11, 14, 15].    

 

Carcinogenesis is thought to occur following the complex interaction between multiple factors; 

a hereditary or genetic predisposition is likely modified by numerous environmental aspects 

[7]. One pathophysiological theory involves the constant and repetitive trauma and repair that 

occurs to the ovarian epithelium during ovulation. The incurred genetic disruptions within the 

epithelial cells then lead to neoplastic transformation. Moreover, the number of ovulatory 

cycles is related to mutations in the tumour suppressor gene p53, resulting in defective DNA 

repair and increasing the risk of ovarian pathogenesis [7, 14-18]. This “incessant ovulation 

hypothesis” supports the notion that reduced ovulation, for example due to pregnancy and oral 

contraceptive use, is protective against OC development [7, 19]. In comparison, increased 

ovulation (through nulliparity, never using oral contraceptives, early menarche or late 

menopause) is shown to increase the risk of OC [20]. 

 

Another hypothesis for ovarian tumour development includes sustained inflammatory insults 

to the ovarian epithelium or fallopian tube, for example with chronic salpingitis, pelvic 

inflammatory disease and endometriosis [7, 21, 22]. Other concepts describe reproductive 

hormones, such as oestrogens and androgens, as well as excess gonadotrophins directly 

stimulating and disrupting the normal ovarian epithelium [23, 24]. Additional risk factors for 

OC include: smoking, obesity, infertility and exposure to environmental toxins (such as Talcum 

powder) [25-28]. 
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While the development of ovarian tumours is associated with several somatic and germline 

mutations, whole exome sequencing has shown they have a low to intermediate mutational 

burden (with between 20 and 40 mutations per tumour) when compared to other malignancies 

[5, 11, 29-32]. Abnormalities within the p53 gene are the most frequent mutations found in 

OC, present in 50% to 80% of serous ovarian tumours, and in almost all (95%) cases of 

advanced high-grade serous tumours [5, 33-36]. Up to 20% of HGSOvCa cases can also have 

altered expression of the proto-oncogenes, HER2/neu and AKT2, as well as silencing of the 

tumour suppressor gene, p16 [37-39]. In contrast, mucinous, endometrioid and low-grade 

epithelial tumours are significantly more likely to have mutations in the oncogenes BRAF and 

KRAS, along with dysfunctional PTEN, a tumour suppressor gene [40-42].  

 

A number of inherited genetic mutations are also associated with OC [11, 43].  In all ovarian 

tumours, between 10% and 15% harbour an inherited germline mutation in the BRCA1 or 

BRCA2 proteins [44], increasing to 20% with acquired somatic BRCA mutations also included 

[35, 45]. These genes are critical in repairing damaged DNA via the homologous recombination 

repair pathway [45-47], with a lifetime OC risk of 30%-44% and 27% caused by BRCA1 and 

BRCA2 mutations respectively [48, 49]. Mutations in DNA mismatch repair genes 

(specifically, MSH2, MSH6 and MLH1) and deletions within the gene EPCAM are seen in the 

condition Lynch Syndrome, previously known as Hereditary non-polyposis colorectal cancer 

(HNPCC). While subjecting women to a lifetime OC risk of around 12%, OC caused by Lynch 

syndrome accounts for 2% to 3% of all ovarian malignancies [43, 50-53].  

 

1.1.3 Symptoms and Diagnosis of Ovarian Cancer 

The signs and symptoms of OC are typically vague and tend to initially be insignificant to most 

patients. Specifically, the common symptoms reported include: abdominal bloating and pain, 
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reduced appetite, early satiety, frequent or urgent urination, weight loss, altered bowel habits 

and generalised fatigue [1]. 

 

 Upon presentation, the diagnostic tools utilised include the serum tumour marker, CA-125 and 

ultrasound scan of the abdomen and pelvis [54]. A risk of malignancy index (RMI) score is 

then calculated using the CA-125 level, ultrasound findings and menopausal status. This 

predicts the likelihood a patient has OC, with all those women with a score of 250 or greater 

referred to a specialist gynaecological cancer centre [47, 54]. Here, following discussion by the 

multi-disciplinary team, patients may undergo additional investigations if deemed necessary. 

These may include further serum tumour markers (for example, CEA), additional imaging (CT 

scan, MRI), cytological analysis of ascitic fluid aspirated from the abdominal cavity or fluid 

obtained from pleural effusions, and histological diagnosis through image guided biopsies or 

laparoscopic biopsies [47]. The results can assist in confirming a diagnosis, explore the 

histological type of OC, evaluate the disease stage and also allow treatment strategies to be 

planned for each patient. 

 

1.1.4   Disease staging 

The majority of patients (over 70%) present when tumours have already spread beyond the 

pelvis and are unfortunately found to have advanced stage disease at the time of diagnosis [1]. 

The International Federation of Gynaecological Oncologists (FIGO) 2014 staging system for 

cancers of the ovary, fallopian tube and peritoneum, which was last updated in 2018, classifies 

each case depending on the size and location of the ovarian tumour and any metastatic spread 

[55-57]. Table 1.1. demonstrates the 2014 FIGO staging system for ovarian, fallopian tube and 

peritoneal cancers. The stage of disease determines the treatment options available and 

influences the rates of recurrence and survival.  
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Table 1.1: The FIGO Staging for Ovarian Cancer (2014) [55-57] 

The FIGO staging system for ovarian, fallopian tube and peritoneal cancers (2014) 

Stage I Tumour confined to ovaries / fallopian tubes 

Stage IA Tumour within one ovary / tube 

Stage IB Tumour within both ovaries / tubes 

Stage IC Tumour within one or both ovaries / tubes plus: 

- IC1: tumour capsule ruptures during surgery 

- IC2: Capsule ruptures prior to surgery or tumour present on ovary / tube 

surface 

- IC3: Neoplastic cells within peritoneal washings or ascites 

Stage II Tumour involving one or both ovaries / tubes, with extension into pelvis 

or peritoneal cancer 

Stage IIA Extension to uterus / fallopian tubes / ovaries 

Stage IIB Extension to other pelvic intraperitoneal structures  

Stage III Tumour involving one or both ovaries / tubes, or peritoneal cancer, plus 

tumour in the peritoneum beyond the pelvis and / or tumour within the 

retroperitoneal lymph nodes 

Stage 

IIIA1 

Tumour within the retroperitoneal lymph nodes only: 

- IIIA1(i): greatest dimension up to 10mm  

- IIIA1(ii): greatest dimension over 10mm 

Stage 

IIIA2 

Microscopic tumour within the peritoneum beyond the pelvis +/- 

retroperitoneal lymph nodes 

Stage IIIB Macroscopic tumour within the peritoneum beyond the pelvis and up to 2cm 

greatest dimension +/- retroperitoneal lymph nodes 

Stage IIIC Macroscopic tumour within the peritoneum beyond the pelvis and over 2cm 

greatest dimension (including to the capsule of liver and spleen without 

parenchymal disease) +/- retroperitoneal lymph nodes  

Stage IV Additional distant metastasis 

Stage IVA Neoplastic cells within pleural effusion 

Stage IVB Parenchyma metastasis / metastasis to extra-abdominal organs, inguinal 

lymph nodes or lymph nodes beyond the abdominal cavity 
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1.1.5 Ovarian Cancer Management 

The National Institute for Health and Care Excellence (NICE) and the British Gynaecological 

Cancer Society (BGCS) have published guidelines for the management of OC [47, 58, 59]. The 

surgical resection for all stages of suspected OC should be performed at a specialist 

gynaecological cancer centre, with evidence that this improves survival [47, 60]. 

 

The treatment of early OC (stages I and II) includes surgical resection of the tumour plus 

sampling of ascitic fluid or peritoneal washings from within the abdominal cavity, biopsies 

taken from the peritoneum, omentectomy and the assessment of lymph nodes if appropriate. 

Following this, platinum-based chemotherapy treatment is offered to all women with early OC, 

except those with low grade stage I disease [47].  

 

Current standard treatment for advanced OC (stages III and IV) consists of cytoreductive 

surgery and chemotherapy [47]. Here, surgical intervention aims to remove all macroscopically 

visible disease (termed complete cytoreduction), which is associated with significantly 

prolonged overall survival (OS) and progression-free survival (PFS) [47, 61-63]. 

Chemotherapy is given with six courses of platinum-based drugs (namely, Carboplatin), either 

as a single agent or in combination with the drug Paclitaxel, determined by patient’s fitness 

[59]. Primary debulking surgery (upfront surgery followed by six adjuvant chemotherapy 

cycles) is the gold standard treatment in patients with a good performance status and where 

complete or optimal cytoreduction (where residual disease is less than 1cm in size) is deemed 

possible [47]. Interval debulking surgery (three or four neoadjuvant chemotherapy cycles 

before surgical resection, followed by three subsequent adjuvant chemotherapy cycles) is non-

inferior and has been shown to reduce morbidity in those patients who have a significant 

disease burden or where achieving complete or optimal cytoreduction remains uncertain [63, 
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64]. Figure 1.2 demonstrates the different treatment pathways; upfront primary debulking 

surgery and upfront neoadjuvant chemotherapy with interval debulking surgery. 

 

 

 

Figure 1.2: Advanced OC is managed with either upfront primary surgery or upfront primary 

chemotherapy followed by interval debulking surgery 

Following suspected FIGO stage III/IV disease, and discussion at the multi-disciplinary team meeting, 

patients may undergo primary debulking surgery followed by six cycles of carboplatin-based 

chemotherapy. Alternatively, three cycles of neoadjuvant carboplatin-based chemotherapy are given 

following a histological diagnosis or cytological confirmation of disease. Interval debulking surgery is 

then performed before three further cycles of carboplatin-based chemotherapy.  

 

 



10 
 

OC has a predilection to metastasise in the first instance to the omentum, a large fatty fold of 

visceral peritoneum that covers the abdominal organs [65, 66]. The omentum is believed to 

create an optimal environment to actively support the rapid growth of tumour deposits [66-70]. 

Metastatic omental disease has an important role in OC progression; it is associated with a poor 

prognosis, including reduced chemotherapy response and worsened survival rates [66, 69, 71]. 

With the majority of stage III/IV disease found to have omental disease, an omentectomy is 

therefore undertaken in all cases of both early and advanced OC [47, 67, 72]. 

 

The chemotherapy response score (CRS) is assigned through pathological examination of the 

omental tissue removed during surgery following chemotherapy treatment. CRS measures the 

degree of cell death following chemotherapy, is used as a surrogate marker to determine the 

response to chemotherapy treatment and predicts PFS [71]. CRS is scored in 3 levels: CRS 3 

indicates a complete response to chemotherapy; CRS 2 indicates a moderate response; and CRS 

1 indicates a poor response.  

 

1.1.6 Ovarian Cancer Prognosis and Patient Outcomes  

Although 80% of patients respond initially to chemotherapy, just over half are alive and disease 

free after 12 months of completing treatment. The majority develop resistance to chemotherapy 

and suffer disease recurrence within two years [64, 73]. Indeed, only one third are alive and 

disease free by 18 months [64]. Risk factors for disease recurrence include advanced stage, 

residual disease following surgery, metastatic spread to lymph nodes and TP53 gene mutations 

[74, 75].   

 

Recurrent disease is managed either by further chemotherapy or additional surgery, termed 

secondary debulking surgery, in very few selected cases; however, survival rates remain poor 
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[47]. Patients who responded to their initial first-line chemotherapy regimens of Carboplatin 

(with or without Paclitaxel) have a greater chance of responding to additional courses of 

chemotherapy. Disease recurrence can only be treated with a regimen of combined Carboplatin 

and Paclitaxel if both agents have not already been used. Paclitaxel can however, be given as 

a monotherapy in cases where advanced disease has not responded to Carboplatin. When these 

first-line therapies cannot be used further, or when they fail to control the disease, second-line 

chemotherapy agents can be offered instead [59, 76].  

 

The 10-year net survival for all disease stages is just 35%. The 5-year survival for stage I is 

high at 95% and is 70% for stage II disease, while rates in advanced OC are just 25% and 15% 

for stages III and IV, respectively [1]. The amount of residual disease following surgical 

resection is also indicative of prognosis, particularly sub-optimal cytoreduction (where disease 

at least 1cm in size remains) leading to inferior survival [64]. The Peritoneal Cancer Index 

(PCI) evaluates the extent of metastatic peritoneal disease in advanced OC and is also a 

significant factor for patient survival [77].  Additional predictors for poor survival outcomes 

include: tumours with high-grade serous histology, poor WHO (World Health Organisation) 

grade of tumour differentiation, the presence of ascites within the abdominal cavity, positive 

lymph nodes, BRCA1 mutations, a reduced number of somatic mutations, patients age over 70 

years at diagnosis, black ethnicity, smoking, obesity, fewer tumour-infiltrating lymphocytes 

and abnormal laboratory markers: higher CA-125 levels, raised platelet-lymphocyte ratio, and 

abnormal fasting glucose [74, 78-88]. 
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1.2 Clinical Challenges in Ovarian Cancer  

1.2.1 The Development of Resistance to Chemotherapy Treatment in Ovarian Cancer   

Along with the majority of OC cases presenting with advanced disease, one of the main clinical 

challenges in managing these patients is the frequent and rapid development of resistance to 

chemotherapy drugs. Despite tumours initially responding to the standard cytotoxic agents, 

carboplatin and paclitaxel, the sensitivity to treatment reduces over time and two thirds of 

women relapse in just eighteen months from diagnosis [39, 89, 90]. The precise mechanisms 

by which cancer cells become tolerant to chemotherapy drugs remain unclear [91]. It is likely 

that both the tumour cells and the surrounding structures adapt during treatment, working 

together to overcome the effects of chemotherapy and create an environment that supports 

tumour growth and progression. The tumour cells that survive chemotherapy, in other words 

those that have developed treatment resistance, have avoided or survived the DNA damage 

caused by the chemotherapy [91]. The methods by which tumour cells establish this ability is 

likely to involve genomic alterations. In addition to the ubiquitous p53 mutation found in 

ovarian cancer, chemotherapy has been shown to induce whole genome mutations, ineffective 

repair following DNA damage, as well as epigenetic alterations and the subsequent deviations 

in cancer cell phenotype [91-95].  

 

In addition, a collection of cells within solid malignancies are recognised as being tumorigenic 

and are termed “cancer stem cells” or “tumour initiating cells”. These cells are known to be 

enhanced within OC and are inherently resistant to chemotherapy drugs [91, 96]. While 

chemotherapy goes on to destroy the other chemo-sensitive tumour cells, these resistant cancer 

stem cells survive, proliferate and form a new, genetically beneficial, chemo-resistant tumour. 

This is described in Figure 1.3 [97]. Furthermore, the process called epithelial-to-mesenchymal 

transition (EMT), whereby cancer cells become capable of invading surrounding structures and 



13 
 

metastasising, plays a crucial role in the development of OC chemo-resistance [98, 99]. It is 

most likely that a combination of these mechanisms, mutations and tumour stem cells all 

contribute to the development of treatment failure and tumour progression.  

 

 

 

Figure 1.3: Cancer stem cells give rise to new chemo-resistant tumour 

The chemo-resistant cancer stem cells (CSC) survive chemotherapy treatment, allowing tumour cells 

to expand and evolve into new, chemo-resistant clones, allowing OC to progress and metastasise despite 

ongoing treatment.   

 

Figure adapted from Roberts et al., 2019 [97] 

 

 

1.2.2 Tumour Heterogeneity in Ovarian Cancer   

Another major obstacle in OC is the wide diversity of tumour cell types. Indeed, OC cells can 

differ in their mutational burden, gene expression profiles, phenotypes, motility, potential for 

angiogenesis, ability to proliferate, immunogenicity and capabilities to metastasise [100-102]. 

Distinct variations in cancer cells can occur between different patients with the same type of 

tumour, called inter-patient heterogeneity. It can also arise between different tumours within 

the same patient, for example between the primary tumour site and metastatic tumour deposits, 

known as inter-tumour heterogeneity. Finally, intra-tumour heterogeneity is seen when 
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differing cell types occur within the same tumour [103-105]. In fact, the complexity of intra-

tumour heterogeneity is demonstrated when altered cells are evident within a single biopsy 

sample as well as between numerous biopsies obtained from different locations within the same 

tumour mass [106]. Figure 1.4 portrays the different types of heterogeneity that occurs within 

OC patients [105]. As tumours progress, the extent of intra-tumour heterogeneity also 

advances, with clusters of cells forming different subpopulations based on their genetic 

signatures and transcription profiles [106, 107].  

 

 

 

Figure 1.4: Types of tumour cell heterogeneity in cancer 

Tumour cell heterogeneity is evident between patients (inter-patient heterogeneity), between different 

tumour sites in the same patient (intra-patient or inter-tumour heterogeneity) and within the same 

tumour mass (intra-tumour heterogeneity).  

 

Figure adapted from Fox et al., 2014 [105] 
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The clinical implications of tumour heterogeneity are seen when these differing subpopulations 

vary in their response to treatments. Due to alterations in their molecular signatures, it is 

common for some tumour subpopulations to have an inferior or minimal response to treatment. 

This creates an opportunity where small populations of drug insensitive cells continue to 

expand and treatments then fail. Indeed, those patients with extensive intra-tumour 

heterogeneity typically have greater treatment resistance and worsened outcomes [107].  In 

addition, certain tumour biomarkers or specific tumour cell populations that can influence 

prognosis, or even determine the therapies offered to patients, may go undetected when 

heterogeneity occurs between tumour locations or biopsy sites within the same tumour mass 

[106]. 

 

1.3 The Tumour Microenvironment and the Immune Response 

1.3.1 Ovarian Cancer and the Tumour Microenvironment   

The tumour microenvironment (TME) describes the complex arrangement of cells and 

structures surrounding a tumour, particularly stromal cells (including fibroblasts and 

adipocytes), immune cells, blood vessels and the extracellular matrix, [108-110] as illustrated 

in Figure 1.5 [111]. Components of the TME communicate though the extracellular matrix, via 

cell-to-cell contact and following cytokine or chemokine secretion [112].  Cancer cells attempt 

to manipulate the TME to create a setting that supports tumour survival and growth, 

angiogenesis and metastatic spread. The TME and the immune cells therein can function to 

both encourage tumour progression as well as acting to suppress and prevent tumour invasion 

[108-110]. Indeed, the net function and the overall effects of the TME influences tumour 

advancement, control and regression [113].  
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Figure 1.5: The structure and components of the tumour microenvironment in OC 

The ovarian TME consists of tumour cells, endothelial cells, various different immune cells, fibroblasts, 

adipocytes, extracellular matrix and red blood cells within blood vessels.  

 

Figure adapted from Cui et al., 2016 [111] 

 

 

Detailed knowledge of the cellular composition within the TME can be acquired through RNA 

sequencing analysis at the single cell level [114].  By interrogating the transcriptional profiles 

and gene expression of individual cells, a detailed characterisation of tumour, immune and 

stromal cells within the TME can be established  [114, 115]. The identification of different 

subpopulations of cells with unique genetic signatures allows cell heterogeneity to be examined 

within samples, across biopsy sites and also between patients. Table 1.2 highlights the key 

findings from the single-cell analysis studies performed in OC.  
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Table 1.2: Significant findings from single cell RNA sequencing studies of the TME in 

ovarian cancer 

Study Sample details Clinical details Key findings 

Winterhoff 

et al. [116] 

1 x tumour biopsy, 

depleted of 

infiltrating immune 

cells, 92 cells 

sequenced 

Stage III HGSOvCa,  

pre-chemotherapy 

Two cell populations identified: epithelial 

and stromal cells. Cancer stem cell and 

EMT genes expressed in stromal cells.  

Xu et al. 

[117] 

7 x tumour + 5 x non-

malignant samples, 

59,324 cells (33,000 

tumour cells) 

Stage I/II/III OC,  

pre-chemotherapy 

 

Tumour samples: large epithelial population 

with 8 tumour subpopulations and EMT 

expressed, cancer associated fibroblasts, 

immune populations with large CD8 T cells 

and macrophage clusters. Normal sample: 

mainly fibroblasts. 

Deng et al. 

[118] 

10 x tumour samples 

+ 1 normal ovary 

sample from 6  OC 

patients, 

55802 cells 

Stage I/II/III,  5 x 

Primary + 3 x 

metastatic 

HGSOvCa, 1 x 

normal ovary, 2 

endometrioid OC. 

Pre-chemotherapy  

10 populations of cells, large epithelial 

subset, immune cells and fibroblasts 

EMT features in malignant samples. 

ERBB2 and HOXB-AS3 genes in 

metastatic samples. 

 

Olalekan et 

al. [119] 

6 omental samples, 

9885 cells 

Stage III/IV, 

5 serous, 1 mixed 

Mullerian tumour 

Pre-chemotherapy 

9 major cell types: large epithelial 

population, immune cells and fibroblasts, 

cancer stem cells identified. 

Shih et al.  

[120] 

8 OC patients, 14 

biopsies: 4 x omental 

+ 9 x ovarian tumour 

+ 1 benign ovary, 

2900 cells 

Stage I/III/IV, low- 

and high-grade serous 

OC + peritoneal 

tumour, 1 post-

chemotherapy 

16 cell populations including 4 epithelial, 

stromal, immune and fibroblasts clusters. 

Majority of cells epithelial in primary 

tumours, mainly immune in metastasis. 

Hornburg et 

al. [121] 

15 OC samples: 5 

samples each of 3  

phenotypes: 

Epcam+CD45- 

(tumour; 40539 cells), 

Epcam-CD45- 

(stromal); 35296 

cells), Epcam-CD45+ 

(immune; 15049 

cells) 

OC, stage/histology 

not clear 

Detailed T cell analysis within the 3 cell 

sorted groups. Large T cell, myeloid and 

fibroblasts populations. Differing T cell 

populations and fibroblasts between  

phenotype groups.  

Izar et al. 

[122]  

1.Ascitic fluid, 11 

patients, 22 samples, 

11,000 cells 

2. 3 ascites, 2 primary 

tumours, xenograft 

models, 35,957 cells 

HGSOvCa, 4 pre-

chemotherapy, others 

exposed to 

chemotherapy. 

 

7 major cell types including 18 

subpopulations: immune cells were most 

common cell type (various subpopulations), 

5 subpopulations of tumour cells, 

fibroblasts. 

Zhang et al. 

[123] 

11 patients 

93,650 cells 

Stage III/IV, 

HGSOvCa, paired 

Pre- and post-

chemotherapy 

omentum/peritoneum 

Stress associated state during 

chemotherapy. Two thirds of cells were 

immune cells (10 clusters), smaller tumour 

populations (12 clusters), 5 stromal clusters 

including cancer associated fibroblasts. 
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1.3.2 Immunosurveillance and Tumour Progression 

The immune system can be separated into two different categories: the innate and adaptive 

immune systems [124]. The non-specific innate immune system generates an initial and rapid 

response to pathogens and tissue damage upon recognition of a limited number of targets [124, 

125]. The innate immune response involves a number of different cells, including: 

macrophages, neutrophils, mast cells, dendritic cells and natural killer (NK) cells [125]. 

Meanwhile, the adaptive immune system is antigen-dependent, where a large number of 

specific antigens can be detected, generating immunological memory for an increased and more 

efficient response following subsequent exposure. Cells involved in the adaptive response 

include T cells and B cells [124, 125].   

 

 The recognition of tumour antigens and the interactions between immune and cancer cells in 

the TME have great importance in controlling tumour cell survival and progression  [126, 127]. 

Following cancer cell detection, the ensuing anti-tumour immune response involves both the 

innate and adaptive immune systems, which act to eliminate the cancer by destroying malignant 

cells through a variety of different mechanisms. These include cytokine secretion to prevent 

tumour proliferation and angiogenesis, as well as inducing tumour cell apoptosis [127-129]. 

Any residual tumour cells are held in equilibrium, controlled by the immune system in a 

dormant state [130]. During this period, genetic and epigenetic changes can allow tumour cells 

to develop mechanisms to overcome this control exerted by the immune cells, enabling them 

to evade the anti-tumour immune response [127-129].  
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1.3.3 Immune Escape Mechanisms in the Ovarian Tumour Microenvironment   

Ovarian tumours evolve a range of mechanisms to reduce immune recognition, including 

recruitment of regulatory T cells (Tregs) which produce inhibitory cytokines, such as 

interleukin (IL)-10 and transforming growth factor (TGF)-beta), and suppress T cell function 

[131-138]. Cytokines also disrupt dendritic cell function whilst tumours secrete indoleamine 

2,3-dioxygenase (IDO), preventing T cell proliferation, and prostaglandin E2, which is 

involved in tumour growth and progression [110, 131, 135, 139-142]. Myeloid-derived 

suppressive cells (MDSC) and cancer-associated fibroblasts (CAF) also have immune 

suppressive properties and [113, 141, 143], as such, the combined actions of multiple 

immunosuppressive factors lead to disease progression, treatment failure and unfavourable 

prognostic implications [113, 131, 141,  143, 144].  

 

1.3.4 The Clinical Importance of the Immune Response in Ovarian Cancer  

The nature of the immune cell infiltrate within the ovarian TME has an important impact on 

prognosis [110, 145]. Increased numbers of tumour infiltrating lymphocytes (TILs) correlate 

positively with patient survival and CD4+ and/or CD8+ TILs are associated with favourable 

outcome [86, 87, 146-153]. However, OC is often defined as a ‘cold’ tumour which describes 

a suppressed immune environment where T cells are excluded, unreactive and unable to 

directly contact tumour cells, limiting T cell-mediated cytotoxicity, a profile that progresses as 

tumours advance and metastasise [110, 154-159].  

 

The mutational burden in OC also impacts upon the immune composition within the TME. 

Tumours with a BRCA or TP53 mutation have higher numbers of TILs, compared to those 

without mutations [160-162]. In addition, the TILs within these mutated tumours have greater 

expression of certain immune checkpoint receptors, such as the programme cell death protein, 
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PD-1. Therefore, OC cases with specific mutations have increased immunogenicity, which 

correlates with treatment response, patient outcomes and survival [160]. 

 

1.3.5 The Tumour-specific Immune Response following Chemotherapy Treatment     

Exposure to chemotherapy has been shown to directly alter the composition of the TME [163]. 

Cytotoxic treatment advantageously modulates and enhances the immune response, seen with 

the expansion and activation of CD4+ T cells, CD8+ T cells, NK cells and B cells [104, 163-

166]. The immunosuppressive nature of the TME is reversed;  there is a reduction of 

inflammatory tumour-promoting cytokines, decreased number of Tregs and MHC class I 

molecules are upregulated, causing antigen presentation and triggering an adaptive immune 

attack [104, 165-168]. In addition, the cellular stress response and tumour cell apoptosis 

following chemotherapy leads to immunogenic cell death. The subsequent production of 

damage-associated molecular patterns, known as DAMPs, recruit antigen presenting cells and 

sensitise tumour cells to a targeted immune response [163, 169-171].   

 

Transcriptomic evaluation with single cell sequencing has detected the chemotherapeutic 

alterations within the TME, including malignant and stromal populations [115, 123, 168, 172, 

168]. Examination of tumour cells has identified an increased stress associated state following 

chemotherapy, with pro-inflammatory cytokines, paracrine signalling and the expression of 

cellular stress gene signatures [123]. In addition, an increase in the proportion of cancer stem 

cells has been observed [168]. By comparing the transformed tumour cell populations in 

treatment resistant samples to those susceptible to chemotherapy, there is differing cell 

adhesion molecules and cell surface signalling [168, 172]. There is also a reduction in the 

tumour-promoting cancer-associated fibroblasts and decreased stromal cell proliferation [163, 

167, 168].  
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1.4 Natural Killer cells in Ovarian Cancer 

1.4.1 Natural Killer cell Development and Maturation  

Natural Killer (NK) cells are lymphocytes and comprise ~10-15% of circulating blood 

lymphocyte cells [173]. They develop within the bone marrow and are also present within 

extramedullary locations such as secondary lymphoid tissues [173-176].  NK cells are a critical 

part of the innate immune system with the ability to destroy both virally infected cells and 

tumour cells without prior sensitisation and in an antigen-independent manner [154, 173, 176-

180].   

 

NK cells are identified by the presence of CD56 and the absence of CD3 cell surface markers 

[179]. Furthermore, there are two differing sub-populations of NK cells based on the expression 

of CD16 and CD56. Firstly, a mature cytotoxic population that makes up around 90% of all 

NK cells and is characterised by low expression of CD56 and high expression of CD16 (termed 

CD56dimCD16bright). A smaller cytokine-producing subset has high levels of CD56 and low or 

negative CD16 expression (either CD56brightCD16dim or CD56bright CD16neg) [173, 180-182].  

 

1.4.2 Identification of Target cells and Natural Killer Cell Activation   

NK cells possess activating receptors, such as the killer activation receptors (known as KAR), 

one of which is the natural-killer group 2, member D receptor (NKG2D). Other key NK 

activating receptors include: NKG2C, DNAM-1 (DNAX accessory molecule-1) and natural 

cytotoxicity receptors such as NKp30 (NK cell p30-related protein) and NKp46 (NK cell p46-

related protein) [175, 183]. When cells within the body suffer DNA damage or a cellular stress 

response occurs, certain ligands are expressed on the surface of the distressed cell. NK 

activation receptors can bind to these stress ligands, triggering NK cell stimulation and 

activation [182, 184-186]. In addition, major histocompatibility complex (MHC) class I-related 
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chain A (MICA) and B (MICB), produced by stressed tumour cells, can also directly activate 

NK cells when they are detected by the activating receptor NKG2D [187-188]. 

 

1.4.3 Natural Killer Inhibition and Recognition of “self” 

NK cells also have inhibitory receptors, such as killer-cell immunoglobulin-like receptors 

(KIR), NKG2A, Ly49A (C-type lectin-like receptor subfamily A) and TIGIT (T-cell 

immunoglobulin and immunoreceptor tyrosine-based inhibitory motif), which act to prevent 

an NK response when stimulated [182, 183, 186]. These receptors, specifically KIRs, recognise 

classical MHC class I molecules, such as the class I human leucocyte antigens (HLA-A, HLA-

B and HLA-C). These are present on normal healthy cells, thereby allowing NK cells to identify 

“self” from damaged, altered neoplastic and virally infected cells that lose their MHC class I 

molecules [173, 177, 182, 186]. Importantly, this “self” recognition of normal cells can 

override NK activation receptor-ligand interactions [175]. Tumours often down regulate HLA 

class I expression, thereby triggering NK cell activation and enhancing NK-mediated killing 

of tumour cells [154, 189-192], as well as expressing activatory stress ligands [141]. Figure 1.6 

demonstrates the different NK cell reactions upon recognition of “self”, “missing self” and 

“altered self” MHC class I molecules. 
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Figure 1.6: NK response following the detection of MHC class I molecules on normal healthy cells 

and tumour cells   

NK cells have varying responses depending on the MHC class I molecules detected: A) “Self” MHC 

class I on normal healthy cells strongly inhibit NK cells, overruling any coinciding NK activation 

signalling, resulting in no NK cell-mediated attack; B) NK cells identify “missing self” when tumour 

cells downregulate MHC class I molecules, leading to a loss of NK inhibition and allowing NK cells to 

initiate tumour cell lysis; C) NK cells are activated and attack tumour cells when they upregulate stress-

induced or “altered self” ligands, superseding any inhibitory signalling. 
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In contrast to the downregulation of classical HLA class I molecules, tumours sometimes 

upregulate the expression of HLA-E. Here, the HLA-E ligands bind to the NK inhibitory 

receptor, NKG2A, thus inactivating the NK cells and preventing NK cytolysis. This ‘escape 

mechanism’ is a further attempt by tumours to avoid an NK-mediated immune response. [193-

196]. The variable expression and stimulation of the NK receptors leads to differing functional 

properties of NK cells, with the overall action determined by the balance of the activating and 

inhibiting receptors [182, 197, 198].  

 

1.4.4 The Functional Response of Activated Natural Killer cells  

NK cells are activated when signalling from activatory receptors overcomes stimulation from 

inhibitory receptors  [173, 177, 186, 199, 200]. The less mature CD56bright NK cell population 

is less cytotoxic but has an immunoregulatory role with production of cytokines and 

chemokines such as interferon (IFN)-gamma, granulocyte-macrophage colony stimulating 

factor (GM-CSF), tumour necrosis factor (TNF)-alpha and IL-10. These recruit additional 

immune cells and enhance immune responses [154, 173, 175, 177-180]. NK cells release 

cytolytic granules containing perforin and granzymes or upregulate the “death receptor” 

ligands FasL (Fas ligand) and TRAIL [175, 201-206]. They are also involved in antibody-

dependent cell-mediated cytotoxicity (ADCC) via recognition of antibody through surface Fc 

receptors (Figure 1.7) [175, 207-209].  
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Figure 1.7: NK cell-initiated antibody-dependent cell-mediated cytotoxicity (ADCC) 

NK cells use antibody-dependent cell-mediated cytotoxicity to kill tumour cells. The Fc receptor (FcR) 

on the NK cell binds to an antigen (Ag) on the tumour cell surface through the Fc portion of a tumour 

specific antibody (Ab). The Fas ligand (FasL or CD95L) on the NK cell also interacts with the tumour 

cell through Fas (CD95). These initiate the release of perforin and granzyme B to cause tumour cell 

death through apoptosis and necrosis. 

 

 

Figure adapted from Mitra et al., 2003 [207] 

 

 

1.4.5 The Role of Natural Killer cells in Advanced Ovarian Cancer  

Studies have shown that tumour infiltrating NK cells have lower levels of proliferation, 

cytokine production and cytotoxicity than those circulating in peripheral blood [156, 210, 211]. 

Growth factors and cytokines, such as TGF-beta, produced by the tumour cells may contribute 

to this profile [131, 132, 150, 151, 154, 180, 199, 212-216]. An example of this is seen with 

frequent downregulation of NK activation receptors in this setting [150, 211, 212, 217].  

 

Chronic expression of tumour ligands can lead to downregulation of NK activating receptors, 

as seen with tumour ligand CD155 and NK receptor DNAM-1 [150, 192, 200]. Tumour escape 
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can also occur through release of soluble forms of tumour ligands which saturate NK receptors. 

[177, 213]. Ovarian tumours can secrete soluble NKG2D ligands such as MICA, MICB and 

the ULBP ligands, leading to the downregulation of activating receptor NKG2D and 

subsequently reducing NK cytokine production and cytotoxicity [192, 187, 213, 218]. In 

contrast to activating membrane-bound NKG2D ligands, the soluble ligands prevent an 

immune response and have unfavourable prognostic outcomes [213, 218-220]. 

 

Another method utilised by ovarian tumours to create an immunosuppressive environment 

includes expression of migration inhibitory factor (MIF). This downregulates NKG2D and 

increases production of the checkpoint protein B7-H6, which reduces the NK activating 

receptor NKp30 [151, 221-229]. Ovarian tumours reduce NK cytokine secretion, while 

producing Mucin-16 (also known as the OC serum biomarker, CA-125) which protects tumours 

from an NK-mediated attack and encourages neoplastic proliferation [151, 223-229]. They can 

also cause the upregulation of the inhibitory NK immune checkpoint receptors such as CTLA-

4, PD-1 and Tactile (CD96), which prevent NK activation towards tumour cells [150, 200, 225, 

226].  

 

NK cells have been shown to have prognostic implications for OC patients. Improved clinical 

outcomes and increased survival are associated with a greater total number of NK cells, 

increased amounts of peripheral blood NK cells, higher expression of NK activation receptors 

and increased NK penetration into ovarian tumour tissues [230-232]. Indeed, high levels of 

tumour-infiltrating NK cells are associated with increased OS, while reduced peripheral blood 

NK cell counts and decreased peripheral blood NK cell activity, measured with cytokine 

production, are related with poor OS [232]. In comparison, the presence of NK cells in 
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malignant peritoneal and pleural effusions have been shown to correlate with reduced OS 

[230]. 

 

1.5 Immunotherapy and Targeted Cancer Drugs  

1.5.1 Currently Approved Agents in Ovarian Cancer 

While immunotherapy drugs have been successful in advancing the management of other 

malignancies, results in OC have been disappointing [147]. This may be partly related to 

recruitment of patients with advanced disease into clinical trials [147, 157, 158, 233, 234] but 

tumour heterogeneity, reduced tumour HLA expression, a lack of targetable antigens, an 

immunosuppressive tumour environment and immune evasion mechanisms are all likely to 

contribute [109, 154]. HGSOvCa has a low to intermediate tumour mutation burden which 

limits a patient’s ability to mount an immune response [180, 235-237]. Chemotherapy has been 

shown to improve response rates to immunotherapy treatment, making immunotherapy drugs 

an attractive therapeutic option alongside and following chemotherapy regimens [166, 238, 

239]. 

 

Two classes of targeted drugs are approved by NICE in the UK and recommended for the 

treatment of advanced OC [47, 240-246]. Anti-angiogenic drugs, such as Bevacizumab, are 

monoclonal antibodies that target vascular endothelial growth factor (VEGF), shown in Figure 

1.8, whilst PARP (poly ADP ribose polymerase) inhibitors, such as Olaparib and Niraparib are 

also approved [240, 241, 243-246]. In the presence of BRCA mutations, resulting in the loss 

of DNA repair via the homologous recombination repair pathway, tumour cells become reliant 

on PARP for DNA repair. By inhibiting PARP and therefore preventing DNA repair, an 

increase in DNA damage can lead to tumour cell death and improved response to chemotherapy 

(Figure 1.9) [45, 247, 248].  
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Figure 1.8: Mechanism of action of anti-angiogenic agents 

The anti-angiogenic agent, Bevacizumab, binds to VEGF and inhibits the signalling required for 

angiogenesis, preventing tumour growth. 

 

Figure adapted from HealioLearn ImmunoOncology [249] 

 
 

 

 

 

Figure 1.9: Mechanism of action of PARP inhibitors 

The homologous recombination (HR) repair pathway and PARP can repair DNA damage. When PARP 

is inhibited, cells rely on HR for DNA repair. In BRCA mutations, HR is prevented and DNA cannot 

be repaired if PARP is also inhibited, leading to cell death.      

 

Figure adapted from Iqbal et al., 2018  [250] 

VEGF 

VEGF 
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Table 1.3 shows the clinal application of these two approved targeted agents and patient 

outcomes following use.  

 

Table 1.3: Clinical application and outcomes of  the NICE approved targeted cancer 

drugs in OC 

Type of 

Immunotherapy 

Agent Clinical application Outcomes 

Anti-angiogenic / 

anti-VEGF 

Bevacizumab 

[47, 240-242, 

251-254] 

- Alongside first-line chemotherapy in 

stage IV 

- With NACT in stage III 

- In stage III if suboptimal cytoreduction 

at surgery 

- Maintenance therapy for up to 15 

months after chemotherapy completed 

- Increased PFS 

- OS not improved 

 

 

 

PARP inhibitor Olaparib, 

 [243, 245] 

With BRCA1/2 mutation: 

- Maintenance therapy in stage III/IV  

-Following good response to first-line 

platinum chemotherapy (incl. in relapse 

of platinum-sensitive disease) 

- Prolonged PFS in 

relapsed platinum-

sensitive OC  

- Delayed time to chemo-

resistance when given as 

maintenance 

PARP inhibitor Niraparib 

[244, 246, 247, 

255]   

 

With BRCA1/2 mutation: 

- Maintenance in stage III/IV following 

good chemotherapy response 

Without BRCA1/2 mutation: 

- Recurrence of platinum-sensitive 

disease 

- Prolonged PFS  

 (improvements in PFS 

are less in those without 

BRCA mutation) 

Combined Anti-

angiogenic 

+ PARP inhibitor 

Bevacizumab + 

Olaparib, 

[242] 

 

-Combined maintenance therapy in stage 

III/IV if previously responded  to 

combined chemotherapy and 

Bevacizumab, and if tumours have 

defective homologous recombination 

repair systems/BRCA mutation 

-Delayed disease 

progression 

 

 

1.5.2 Immunotherapy Clinical Trials in Ovarian Cancer 

Early clinical studies exploring the efficacy of immunotherapeutic agents in OC have been 

discouraging. Tumours upregulate inhibitory receptors, such as CTLA-4 and PDL-1, that limit 

immune activation [150, 200, 255, 256]. Blockade of these checkpoints can elicit anti-tumour 

immunity and trials of checkpoint inhibiting drugs targeting PD-1 and CTLA-4 have shown 

anti-tumour activity, disease stability and delayed progression in some cases [256-258]. 



30 
 

However, response rates have typically been low at just 10-15%, with disease controlled in less 

than half of participants [257, 258].  Similarly, trials of checkpoint inhibitors in combination 

with anti-angiogenic treatments or PARP inhibitors have shown poor response rates and even 

disease progression during treatment [259-262].  

 

Other immunotherapies given alongside chemotherapy have yielded varying results, but 

unfortunately no improvements in PFS or OS in advanced platinum resistant disease [263]. 

Anti-CA-125 monoclonal antibody trials have found conflicting outcomes; some with no 

survival benefits when given as a maintenance therapy, while some positive outcomes are 

evident when given alongside adjuvant chemotherapy [264, 265].  Although early vaccination 

studies initially showed promising findings, recent phase III vaccine studies have unfortunately 

failed to do so [266, 267].  Adoptive cell therapy, specifically using cytokine-induced killer 

cells, has delayed progression in advanced disease but is yet to show increases in OS [268]. 

Regrettably, trials of other adoptive cell therapies have not demonstrated measurable or 

improved responses [269]. Early clinical studies and in vivo studies of engineered T cells (T 

cell receptor and chimeric antigen receptor (CAR)-T cells), targeting mesothelin, folate 

receptor, Her2 and CA-125, have given promising results by eradicating or reducing tumour 

burden, albeit with small numbers of participants [231, 266, 270-272].  

 

Current ongoing clinical trials are exploring additional immunotherapy treatments, typically in 

platinum resistant and recurrent OC. These trials include phase III and IV studies of: immune 

checkpoint inhibitor drugs targeting the PD-1/PD-L1 pathway [273-279], PARP inhibitor 

drugs [276, 280-282], antiangiogenic drugs [283], monoclonal antibodies and cancer vaccines 

targeting P53, CA-125, folate receptor, TGF-beta and cancer testis antigen [266, 267, 284]. 
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1.5.3 Natural Killer cell Therapy in Ovarian Cancer 

Natural Killer cells have the ability to use a number of different methods to target ovarian 

tumour cells and overcome tumour escape mechanisms [109]. As such, there is great potential 

for successful NK immunotherapies in OC.  Unfortunately, the efficacy of such treatments to 

date have mainly been impeded due to high levels of toxicity and adverse effects occurring in 

early phase clinical trials [154, 200]. A number of different NK therapies have so far been 

explored in OC, shown in Table 1.4.  
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Table 1.4: NK cell therapies and outcomes from clinical use 

 

NK cell therapy Clinical findings 

NK cell activation with IL-2 

[285, 286] 

Phase II trial: limited persistence of NK cells and no NK expansion. Further 

trials ongoing. 

NK cell activation with IL-2 

+ 13-cis-retinoic [287] 

Increased NK cell numbers, decreased VEGF, improved PFS and OS in 

platinum sensitive advanced disease.  

NK cell activation with IL-

15 [190, 288] 

Pre-clinical: increases NK cytotoxicity, activates NK cells, increased 

cytokine activity.  

Adoptive transfer of 

cytokine-induced killer 

(CIK) cells [289] 

A phase II trial : improved PFS survival. 

Intraperitoneal NK infusion 

[290-292] 

Pre-clinical studies in mouse xenograft models: increased circulating NK 

levels, kills intraperitoneal tumours. Early clinical safety trials in recurrent 

OC are ongoing. 

Anti-PD-1 treatment [158, 

265, 266, 293] 

 

 

Pre-clinical: improved NK cytokine release and retained cytotoxicity. Phase I 

trial: stable disease in 44%, all patients have partial response, only 4% 

tumours shrink by over 30%. Phase II with Bevacizumab: improved response 

rate in platinum sensitivity:  

Anti-TIGIT treatment [294] Pre-clinical: prevents NK exhaustion.  

Anti- NKG2A treatment 

[295] 

Pre-clinical: prevents NK cell inhibition increases NK cytotoxicity. 

Bispecific monoclonal 

antibody targeting both 

EPCAM and CD3 [296] 

Phase I trial: T and NK cell activation in ascitic fluid of patients. 

Anti-folate receptor 

antibody [297] 

Phase II: improved overall response rate and prolonged PFS. Phase III trial 

ongoing. 

Engineered CAR-NK cells 

directed towards NKG2D 

[298, 299] 

Pre-clinical xenograft modes: prevents tumour growth and prolongs survival, 

less cytotoxic than CAR-T cells. Phase I trial using the NKG2D ligand with a 

CAR-NK is ongoing. 

Engineered CAR-NK 

towards mesothelin [271, 

300]    

Phase I trial: no adverse effects, clearance of pleural effusion. Further trials 

are ongoing. 

Engineered CAR-NK 

towards CD24 [301] 

Pre-clinical: cytotoxicity towards OC cells in vitro. 

 

 

It is likely that a combination of NK therapies will be required to improve patient outcomes. 

Approaches that can block multiple NK inhibition pathways or simultaneously prevent NK 

dysfunction while also augmenting NK activation may be required [154, 200]. As such, while 

NK cells remain a critical component of the OC immune response and have great potential to 
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help improve disease outcomes, further understanding of tumour-immune heterogeneity, NK 

function and tumour evasion is needed to better target therapies.  

 

1.6 PhD Aims and Objectives 

Ovarian cancer is the sixth-leading cause of death from cancer amongst women, and with the 

majority relapsing and developing treatment failure within two years, there is an urgent need 

to identify novel therapeutic approaches for these women [1, 64, 73]. There is a lack of detailed 

understanding surrounding ovarian tumour cell heterogeneity and the specific mechanisms 

associated with resistance to chemotherapy treatment. The complex ovarian TME is also poorly 

understood, with limited knowledge of how these tumours influence and evade the immune 

response. The nature and role of the tumour infiltrating lymphocytes, specifically the NK cells, 

in OC development and progression also remains unclear and warrants further investigation. 

 

The research described in this thesis was compelled by the vital necessity for greater 

understanding of this disease, specifically the need to identify new biomarkers that can be used 

as targets for novel immunotherapy protocols. Throughout this thesis, I have aimed to establish 

the following:  

 

1. A detailed characterisation and transcriptional analysis of both tumour and immune cell 

heterogeneity in ovarian tumours, prior to and after chemotherapy, exploring molecular 

mechanisms associated with treatment resistance and immune recognition within the 

tumour microenvironment. 
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2. An interrogation of the OC immune landscape using an established cohort of OC patient 

samples, focusing on the phenotype of both peripheral and tumour infiltrating NK cell 

populations and their relationship to disease outcomes. 

3. A comprehensive exploration of the typical behaviour and function of NK cells, 

concentrating on the alterations with chemotherapy and methods of immune evasion 

that can guide the introduction of stratified immunotherapy protocols in women with 

OC. 
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Chapter 2: 

 

Materials and Methods  
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2.1  Part 1: Analysis of the study cohort  

2.1.1   The cohort population 

The cohort population consisted of 80 patients with OC who were managed in the Pan 

Birmingham Gynaecological Cancer Centre between 2017 and 2022. Of these, 40 patients 

underwent primary surgery followed by 6 cycles of platinum-based adjuvant chemotherapy. 

The primary surgery was either cytoreductive primary debulking surgery (PDS) for advanced 

OC (stage III/IV; n=28, 70.0%) or standard surgery for early OC (stage I/II; n=12, 30.0%).  

The other 40 OC patients in the cohort received platinum-based neoadjuvant chemotherapy, 

followed by interval debulking surgery (IDS) and additional adjuvant chemotherapy for 

advanced OC.  

 

A further 20 patients who did not have OC (or any other malignancy) were recruited as controls. 

This included 10 patients who had surgery for a benign ovarian mass, with final histology 

showing either an ovarian fibroma or cystadenoma. The remaining 10 patients had 

histologically normal ovaries and fallopian tubes, with surgery performed for benign 

gynaecological conditions (n=8, 80.0%) or risk reduction surgery (n=2, 20.0%) due to an 

increased risk of developing OC.  

 

2.1.1.1   Identification and recruitment to the cohort population 

The patients within the study cohort were identified during the Gynaecological Oncology 

multi-disciplinary team (MDT) meetings held weekly at the Pan Birmingham Gynaecological 

Cancer Centre (PBGCC). Patients were recruited prior to surgical intervention during their 

routine pre-operative management.  
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2.1.1.2   Ethical approval  

All participants were recruited and consented as part of the ethically approved Health Research 

Authority (HRA) trial, titled “Investigation into new biomarkers for diagnosing and treating 

ovarian cancer”, with IRAS project identification 225991 and protocol number RD 17-225. 

Local ethical approval was acquired from the Sandwell and West Birmingham NHS Trust, with 

Research & Development identification 18CAN26. 

 

2.1.1 Clinicopathological characteristics of the cohort population 

The baseline clinicopathological characteristics of the cohort population that were assessed in 

the analysis include: age, ethnicity, disease stage, peritoneal cancer index (PCI), 

histopathological diagnosis, presence of metastatic omental disease, serum CA-125 level and 

the serum absolute lymphocyte count. This data was obtained from clinical records and the 

PBGCC’s electronic database. 

 

2.1.2.1   Definition of the clinicopathological characteristics  

- Age: the age in years recorded on the day of surgical intervention. 

- Ethnicity: the patient’s identity defined by cultural characteristics. 

- Disease stage: patients with OC were staged based on surgical findings and 

following histopathological inspection of resected specimens according to the 

2014 FIGO staging criteria for ovarian cancer. 

- Peritoneal Cancer Index (PCI): the staging score assigned to OC patients at the 

time of surgery based on the presence and size of peritoneal tumours within the 

abdominal cavity [302]. 

- Histopathological diagnosis: the histological type of tumour or benign lesion, as 

determined by the Histopathology consultant. 



38 
 

- BRCA status: the presence of germline or somatic mutations in the BRCA1 or 

BRCA2 proteins. 

- Metastatic omental disease: the presence of metastatic tumour within the omental 

tissue following histopathological inspection of surgical specimens. 

- Serum CA-125 level: the CA-125 value (units per millilitre or U/ml) from 

peripheral blood samples obtained at the time of surgical intervention. 

- Serum absolute lymphocyte count: the value (1x10*9/L) from peripheral blood 

samples obtained at the time of surgical intervention. 

 

2.1.2 Management of the cohort population   

Details of the treatments received by the study population and the management outcomes that 

were collated in the analysis include: the type of surgery undertaken, the surgical procedures 

performed, the surgical cytoreduction score, the use of neoadjuvant chemotherapy and 

chemotherapy response score. The operation records, clinical notes and histopathology 

reports were used to acquire this information. 

 

2.1.2.1   Description of the treatment and management outcomes 

- Type of OC surgical intervention: surgery was defined as primary surgery if no 

previous chemotherapy treatments had been given. This included standard primary 

surgery in early OC (stage I/II disease) or cytoreductive primary debulking 

surgery (PDS) in advanced OC (stage III/IV). Surgery was classed as interval 

debulking surgery (IDS) if patients had received neoadjuvant chemotherapy for 

advanced OC prior to their surgical resection.  

- Surgical procedure: the operation records were utilised to determine the surgical 

procedures undertaken. These included: tissue biopsies only, total abdominal 
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hysterectomy plus bilateral salpingo-oopherectomy (TAH + BSO), omentectomy 

and any additional surgical procedures (including bowel resection and resection of 

upper abdominal organs). Standard primary surgery (for early OC) included TAH 

+ BSO and omental biopsy. Cytoreductive surgery for advanced OC (PDS and 

IDS) consisted of TAH + BSO, omentectomy and any of the additional surgical 

procedures.     

- Cytoreduction score: following thorough inspection of the abdominal cavity by 

the operating surgeons, complete cytoreduction (R0) was assigned when all 

macroscopic disease had been removed surgically. Optimal cytoreduction (R1) 

was classed as remaining visible disease up to 10mm in size, while suboptimal 

(R2) described remaining visible disease greater than 10mm in size.    

- Chemotherapy treatment: for the OC patients who received neoadjuvant 

chemotherapy, details of the type of chemotherapy and number of cycles received 

were obtained from the hospital records. 

- Chemotherapy response score (CRS): following neoadjuvant chemotherapy, the 

cytotoxic effects on tumour cells were graded pathologically and scored according 

to the response to chemotherapy: complete response (CRS 3), moderate response 

(CRS 2) or poor response (CRS 1). The CRS grade was obtained upon review of 

histopathology records.  

 

2.1.3 Study cohort clinical outcomes  

Details on patient outcomes were acquired from the PBGCC’s electronic records and 

included: the development of disease recurrence, the time for disease recurrence to occur, 

survival status, and time to disease-specific death, if applicable. All patients were followed up 

until the study end date of 10.1.2023.  
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2.1.3.1   Disease recurrence and progression free survival  

The time to disease recurrence was calculated from the treatment completion date (the date of 

completing adjuvant chemotherapy) to the date that a recurrence was confirmed, either 

pathologically or radiologically. This time period was used to give the progression free 

survival (PFS). In cases where there was no evidence of disease recurrence, the PFS was 

determined using the date they were last seen and remained free of disease.  

 

2.1.3.2   Patient death and overall survival 

The survival status for all patients in the study cohort were reviewed on the study end date of 

10.1.2023. The time to disease-specific death and overall survival were calculated from the 

date of diagnosis to the recorded date of death. When patients remained alive, their overall 

survival time was established from diagnosis date to the end date of the study follow-up 

period.  

 

2.1.4 Statistical analysis 

Statistical analysis was performed using Graphpad Prism software, version 9.2.0. The Mann-

Whitney U and Kruskal Wallis tests were used to analyse continuous and unpaired variables, 

while the Chi-squared test examined categorical variables. Analysis of Variance (ANOVA) 

was used to compare the means between the different patient groups. Survival rates 

(progression free survival and overall survival) were estimated using the Kaplan Meier method, 

with the Mantel-cox test used to compare survival distributions. Statistical significance was 

regarded with p values of less than 0.05.  
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2.1.5 Study cohort sample collection 

All participants in the study cohort provided a peripheral blood sample and where possible, 

tissue biopsy samples were also obtained.  

 

2.1.6.1   Peripheral blood collection 

Peripheral blood samples were taken from all patients immediately prior to anaesthetic 

induction for their surgical debulking procedure. The blood samples were collected in BD 

Vacutainer heparin tubes, with approximately 10ml of blood obtained from each patient.  

Samples were anonymised, stored at room temperature and transferred to the University of 

Birmingham laboratories for processing.  

 

2.1.6.2   Tissue biopsy collection 

Biopsy samples were obtained from ovarian and omental tissues immediately following their 

surgical removal while in the operating theatre. The specific location and size of all biopsies 

were approved by both the operating consultant Gynaecological Oncology surgeon as well as 

a Histopathology consultant. This guaranteed that optimal tumour tissue was collected for 

research use while ensuring that clinical staging was not affected. Tissue samples were placed 

immediately in basic culture media, anonymised, stored at 4℃ and transferred to the 

University of Birmingham. 
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2.2   Part 2: Laboratory techniques 

2.2.1 Tissue culture 

2.2.1.1   Basic culture medium 

The basic medium used for tissue culture in the experiments described was sterile RPMI 1640 

media (Fisher Scientific Ltd; catalogue number 15450564), with additional 2mM L-

glutamine at pH 7.0 (Gibco, ThermoFisher Scientific; catalogue number 25030081). The 

media was supplemented with 10% sterile heat-inactivated foetal bovine serum (FBS; 

ThermoFisher Scientific; catalogue number 11550356) and 1% sterile antibiotics (penicillin 

10,000 units/ml and streptomycin 10mg/ml; Sigma Aldrich; catalogue number P4333). The 

basic media was stored at 4℃ and warmed to 37℃ prior to use.  

 

2.2.1.2    The K-562 cell line 

The K-562 cell line was sourced from ATCC [303]. It is an immortalised cell line, which 

originated from a patient with chronic myelogenous leukaemia and is known to lack HLA 

expression [304]. It therefore directly stimulates NK cells and generates a cytotoxic NK cell 

response.  

 

The K-562 cells are non-adherent and were cultured in T25 Corning tissue culture flasks, 

using basic tissue culture medium, and were incubated at 37℃ with 5% CO2. The medium 

was renewed every three days: the cell solution was transferred to a sterile 50ml universal 

tube and was centrifuged at 1200rpm for 5 minutes at room temperature. The supernatant was 

discarded and the cell pellet resuspended in 10ml of fresh basic medium before being 

transferred back to a T25 culture flask. The cells were passaged every five to seven days, 

when at a density of 0.7 - 0.8x106 cells per ml. They were re-plated at a concentration of 

0.4x106 cells in every ml of basic media. The cells were cryopreserved by centrifuging the 
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cell solution at 1200rpm for 5 minutes at room temperature, the supernatant removed and the 

pellet resuspended in K-562 freezing medium. This consisted of 90% FBS (ThermoFisher 

Scientific; catalogue number 11550356) and 10% DMSO (Dimethyl Sulfoxide, 

ThermoFisher Scientific; catalogue number J66650-AK), with 1ml added to 5x106 K-562 

cells, which was then transferred to a cryovial. These were cooled slowly within Nalgene Mr 

Frosty freezing containers and placed in -80 freezers.  

 

2.2.2 Preparation of patient samples 

2.2.2.1   Processing of patient blood samples  

Peripheral blood samples (approximately 10ml per sample) were collected in BD Vacutainer 

heparin tubes (ThermoFisher Scientific; catalogue number 19267676) and stored at room 

temperature for up to three hours. The whole blood from each sample was added to 10ml of 

basic media and layered on top of 20ml of sterile Lympholyte-H (Tebu-Bio; catalogue 

number CL5015) solution in a sterile 50ml universal tube. The tube was centrifuged at room 

temperature for 25 minutes at 1800rpm, set to maximum acceleration and minimal 

deceleration. This separated the whole blood sample based on density gradient, creating a 

layer of lymphocyte and monocyte cells, known as peripheral blood mononuclear cells 

(PBMC). The PBMC layer was removed and added to basic media, giving a total volume of 

40ml. The remaining cells from the whole blood (platelets, erythrocytes, neutrophils and any 

non-viable cells) were discarded. The collected PBMC’s were centrifuged for 10minutes at 

room temperature at 1600rpm before the supernatant was removed and 10ml of basic media 

added. Samples were either incubated at 37℃ and used within six hours or were 

cryopreserved for future analysis. 
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2.2.2.2   Processing of patient tissue samples  

Tissue biopsies were preserved in basic media at 4℃ following collection at the time of 

surgical resection. Following transfer to the laboratories, each tissue sample was sectioned 

into pieces of 2mm diameter and transferred into a sterile 6-well culture plate. The samples 

were covered with 2ml of basic media and incubated overnight at 37℃ with 5% CO2. The 

following day, the diced tissue and media from the 6-well plate were sieved through a 40 µM 

cell strainer. This filtered solution was then diluted with 20ml of basic media and centrifuged 

at room temperature for 5 minutes at 1500rpm. The supernatant was removed and the pellet 

resuspended in 2ml of sterile red blood cell lysis buffer (Cambridge, Bioscience; catalogue 

number RBCL-1). After a 10-minute incubation period at room temperature, 8ml of basic 

media was added and the sample centrifuged at 1500rpm for 5 minutes. Following removal of 

the supernatant, red blood cell lysis buffer was added for a second time if the tissue pellet 

seemed heavily bloodstained on visual inspection. Once free from red blood cells, the 

resulting cell pellet was resuspended in 10ml of basic media. If further analysis was not 

performed immediately, samples were cryopreserved for future use.  

 

2.2.2.3   Cryopreservation of patient samples 

Patient samples, including the extracted PBMC, filtered non-enzymatic tissue samples and 

the enzymatic tissue samples, were cryopreserved if not used immediately after processing. 

Samples were centrifuged to give a pellet before being resuspended in 1ml of freezing 

medium, giving a final density of 1x106 per ml. The freezing medium consisted of 50% basic 

media, 40% FBS (ThermoFisher Scientific; catalogue number 11550356) and 10% DMSO 

(ThermoFisher Scientific; catalogue number J66650-AK). The samples were then transferred 

to cryovials and stored within Nalgene Mr Frosty freezing containers in vapor phase nitrogen 
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freezers. All samples were stored at the University of Birmingham, in line with our ethical 

agreement and in compliance with the 2004 Human Tissue Act.  

 

2.2.2.4   Thawing of patient samples 

The cryopreserved patient samples were retrieved from storage in liquid nitrogen 

immediately prior to further use in the laboratory. The cryovials were quickly heated in a 

water bath until samples had completely thawed. The samples were then transferred to sterile 

universal tubes and warmed basic media slowly added. 

 

2.2.2.5   Flash freezing patient tissue samples  

The cancerous biopsies were visually inspected to identify segments containing solid tumour 

deposits. These samples, along with the normal and benign biopsies, were detached from 

excess vascular or fatty tissues and were sectioned into 5mm size pieces. These were placed 

individually into cryovials, which were immersed immediately into liquid nitrogen for at least 

10 minutes for rapid cooling. After this snap freezing, the cryovials were transferred into 

vapor phase nitrogen freezers for storage. 

 

2.2.3 NK cell phenotype analysis  

2.2.3.1   Flow cytometry of patient samples 

Flow cytometric analysis was used to assess the NK cell phenotype in the patient PBMC 

samples and the filtered tissue samples.  Following peripheral blood processing and non-

enzymatic tissue processing (Methods sections 2.2.2.1 and 2.2.2.2, respectively), two 5ml 

FACS tubes were prepared for every blood samples to be analysed, and the same prepared for 

each tissue sample. The single cell solutions from both the PBMC and filtered tissue samples 

were counted using a haemocytometer and each FACS tube had 1x106 of the required cells 
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added. The FACS tubes were centrifuged at 1500rpm for 10 minutes, the supernatant 

removed and the remaining pellet resuspended in 75μl of sterile PBS (ThermoFisher 

Scientific; catalogue number J61196-AP). Antibodies were prepared as described in Tables 

2.1 and 2.2 for two separate NK cell antibody panels and were distributed as shown in Figure 

2.1. The samples were incubated on ice for 30 minutes in the dark before 500μl of sterile PBS 

was added. The tubes were centrifuged at 1500rpm for 5 minutes, the supernatant discarded 

and the pellet resuspended in 150μl of PBS. Propidium iodide (PI; Miltenyi Biotec; catalogue 

number 130-093-233) was added to each sample (1μl) and samples processed on the Gallios 

flow cytometer (Beckman Coulter Life Sciences). Kaluza, Flow Cytometry Analysis 

Software (Beckman Coulter, analysis version 2.1), detected the proportion of NK cells within 

samples, the types of NK cells and expression of activating and inhibiting NK cell receptors.   

 

Table 2.1: NK cell activating receptor antibody panel  

 

 

 

 

 

 

Antibody  Conjugate Antibody details 

 (manufacturer; catalogue number) 

Antibody volume 

per sample (μl) 

CD3 FITC Biolegend; 344804 2.5 

CD16 PE Biolegend; 302008 5 

CD14 ECD Beckman Coulter; B92391 3 

CD19 ECD Beckman Coulter; 6604551 3 

PI ECD Miltenyi Biotec; 130093233 1 

NKp46 PerCP-Cy5.5 Biolegend; 137610 5 

CD56 PE/Cy7 Biolegend; 318318 5 

NKG2C APC Biolegend; 250704  2 

CD45 AF700 Biolegend; 304024 5 

DNAM-1 APC-Fire750 Biolegend; 338320 5 

CD57 PB Biolegend; 359608 2.5 

NKG2D BV510 Biolegend; 320816 5 
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Table 2.2: NK cell inhibiting receptor antibody panel  

 

 

 

 

 

Antibody  Conjugate Antibody details 

 (manufacturer, catalogue number) 

Antibody volume per 

sample (μl) 

CD3 FITC Biolegend; 344804 2 

PD-1 PE Biolegend; 329905 3 

CD14 ECD Beckman Coulter B92391 3 

CD19 ECD Beckman Coulter 6604551 3 

PI ECD Miltenyi Biotec; 130093233 1 

CTLA-4 PerCP-Cy5.5 Biolegend; 349928 3 

CD56 PE/Cy7 Biolegend; 318318 5 

TIGIT APC Biolegend; 372706 5 

CD45 AF700 Biolegend; 304024 5 

CD94 APC-Fire750 Biolegend; 305518 5 

CD16 PB Biolegend; 302008 5 

CD69 BV510 Biolegend; 310936 5 
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Figure 2.1: Analysis of NK phenotype in patient blood and tissue samples   

Patient blood and tissue biopsies were processed and stained with two antibody panels before flow 

cytometric analysis interrogated NK cell phenotype. 

 

 

 

 

 

 



49 
 

2.2.4 Cytotoxicity analysis  

2.2.4.1   NK cell isolation  

NK cell enrichment was performed using The EasySep™ Human NK cell Isolation kit 

(STEMCELL Technologies, catalogue number 17955). Patient PBMC samples were 

centrifuged at 1500rpm for 5 minutes at room temperature. The cell pellet was resuspended in 

4.5ml of sterile MACS buffer, consisting of PBS (ThermoFisher Scientific; catalogue number 

J61196-AP), 2 mmol Ethylenediaminetetra-acetic acid (EDTA; Corning; catalogue number 

46-0340Cl) and 2% newborn calf bovine serum (ThermoFisher Scientific; catalogue number 

16010159). Samples were counted using a haemocytometer, transferred to sterile 5ml 

polystyrene round-bottom tubes and centrifuged at 4℃ for 5 minutes at 1500rpm. The pellet 

was suspended in the MACS buffer, giving a concentration of 1x107 cells in 200μl of MACS 

buffer. Isolation Cocktail (12.5μl; from the EasySep™ kit) was added to each sample, which 

was then incubated at room temperature for 5 minutes. The RapidSpheres vial (from the 

EasySep™ kit) was vortexed for 1 minute and 12.5μl added to each sample. MACS buffer 

was added, giving a total of 2.5ml, and pipetted gently to mix. The tubes were placed in the 

EasySep™ magnet and incubated for 5 minutes. The magnet was then inverted (with the 

tubes still in place), pouring the cell suspension (isolated NK cells) out of the tubes in the 

magnet into new 15ml universal tubes. The amount of NK cells in the collected cell 

suspension were calculated using a haemocytometer and topped up to 10ml with basic culture 

medium. The tubes were centrifuged at 1500rpm for 5 minutes at room temperature, the 

supernatant removed and cells resuspended in basic medium at a concentration of 1x106 cells 

per ml. These isolated NK cells were incubated at 37℃ until used in the co-culture assay, for 

a maximum of 12 hours.  
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2.2.4.2   Labelling of K-562 cells 

K-562 cells were cultured as described in section 2.2.1.2. The number of K-562 cells in each 

ml of medium was calculated using a haemocytometer and 10x105 cells harvested for each 

patient sample to be used in the co-culture. These were transferred into a sterile 15ml 

universal tube and centrifuged at 1500rpm for 5 minutes at room temperature. In a separate 

tube, a 1µM solution of Carboxyfluorescein succinimidyl ester (CFSE; eBioscience; 

catalogue number 65-0850-84) was formulated: 1µl of a 5mM CFSE stock concentration 

(prepared by diluting 100µg CFSE with 36µl DMSO) was added to 5ml of sterile PBS 

warmed to 37℃. The centrifuged K-562 cells were resuspended in 1ml of the 1µM CFSE-

PBS solution. These were incubated for 15 minutes at room temperature, before 10ml of 

basic medium was added and cells incubated again for an additional 10 minutes.  

 

2.2.4.3   Co-culture of NK cells and K-562 cells 

The K-562 cells, labelled with CFSE, were centrifuged at room temperature for 5 minutes at 

1500rpm. The supernatant was discarded and the K-562 cells were suspended in basic 

medium at a concentration of 2x105 per ml of media. Using a sterile, round bottom, 96-well 

plate, 100µl of labelled K-562 cells (2x104 cells) were transferred to six wells. To three of 

these wells, 100µl of the prepared isolated NK cells (1x105) were added, with 100µl of basic 

media added to the remaining three control wells. The 96-well plate was incubated at 37℃ 

for 16 hours.  

 

2.2.4.4   Flow cytometric analysis of NK cell cytotoxicity 

The 96-well plate was centrifuged at 1500rpm for 5 minutes. The supernatant (150µl) was 

pipetted from each well and 150µl of fresh basic medium added to each well. The solution in 

each well was transferred to sperate 5ml FACS tubes. CountBright™ beads (ThermoFisher 
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Scientific; catalogue number C36995) were vortexed and 10µl added to each FACS tube, 

along with 2µl of PI (Miltenyi Biotec catalogue number 130-093-233). The samples were 

processed on the Gallios flow cytometer (Beckman Coulter Life Sciences) and analysed using 

Kaluza, Flow Cytometry Analysis Software (Beckman Coulter, analysis version 2.1). By 

gating on the CFSE+PI cells, the live K-562 cells in each sample were calculated. To 

determine the concentration of K-562 cells per µl, the following equation was used:  

(the number of live K-562 cells divided by the number of CountBright™ beads in each 

sample) x (the bead count per 10µl divided by the total volume of the sample).  The 

concentration of viable K-562 cells from the NK cell co-culture wells were then compared to 

the control wells without NK cells. This allowed the percentage of K-562 cells killed by the 

NK cells to be calculated.  

 

2.2.5 Cytokine production 

2.2.5.1    NK cell stimulation 

Three sterile 5ml FACS tubes were prepared for each patient sample to be analysed: one as 

an unstimulated control tube for PBMC only, the second for PBMC and K-562 added to 

stimulate NK cells, and the third as a positive control with PBMC and eBioscience™ cell 

stimulation cocktail (500X; ThermoFisher Scientific; catalogue number 00-4970-93). The 

processed PBMC solution was counted using a haemocytometer and a total of 1x106 PBMC 

cells transferred to each tube. The K-562 cells were counted and 1x106 cells inserted into the 

second FACS tube for the stimulated sample. The eBioscience™ cell stimulation cocktail 

(1µl) was added to the third FACS tube for the positive control. The tubes were centrifuged at 

1500rpm for 5 minutes at room temperature. The supernatant was discarded and the cell 

pellet was resuspended in 0.5ml of basic medium. To each tube, 1µl of eBioscience™ protein 
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transport inhibitor cocktail (500X; ThermoFisher Scientific; catalogue number 00-4980-03) 

was added and the samples incubated at 37℃ overnight.  

 

2.2.5.2    Intracellular and surface cytokine staining  

Following incubation, the tubes were centrifuged at 1500rpm for 5 minutes at room 

temperature with maximum deceleration. The supernatant was removed and the pellet gently 

mixed with 100µl of sterile PBS. Viability dye (LIVE/DEAD™ fixable red dead cell stain for 

488nm excitation; ThermoFisher Scientific; catalogue number L23102) was prepared by 

diluting 1µl of the dye in 10µl of sterile PBS. The viability dye and surface stain antibodies 

were added as detailed in Table 2.3. Following incubation in the dark and on ice for 30 

minutes, 2ml of sterile PBS was used to wash the samples and they were centrifuged at 

1500rpm for 5 minutes with maximum deceleration. The resulting pellet was suspended in 

100µl of eBioscience™ intracellular fixation buffer (ThermoFisher Scientific; catalogue 

number 00-8222-49). The tubes were vortexed for 10 seconds and incubated at 4℃ for 30 

minutes. A 0.2% concentration of Triton-X 100 solution (Sigma-Aldrich; catalogue number 

9036-19-5) was prepared with PBS and 100µl was transferred to each sample. The tubes were 

incubated on ice for 30 minutes before being washed with 2ml of sterile PBS and centrifuged 

at 2000rpm for 5 minutes at 4℃. The cell pellet was resuspended in 200µl of PBS, 

intracellular antibodies were added (Table 2.4) and samples incubated on ice and in the dark 

for 45 minutes.  The cells were washed with 2ml of PBS, centrifuged at 2000rpm for 5 

minutes at 4℃, and the pellet resuspended in 200µl of PBS.  

 

2.2.5.3   Flow cytometric analysis of NK cell cytokine production 

The samples were processed within 24 hours by the Gallios flow cytometer (Beckman 

Coulter Life Sciences). Kaluza, Flow Cytometry Analysis Software (Beckman Coulter, 



53 
 

analysis version 2.1), was utilised to measure the cytokines produced by the stimulated NK 

cells (PBMC cultured with K-562 cells), compared to the unstimulated NK cells (PBMC 

only) and the positive control NK cells (PBMC with eBioscience™ cell stimulation cocktail).  

 

Table 2.3: Surface stain antibodies utilised in the cytokine assay 

 

 

 

Table 2.4: Intracellular antibodies utilised in the cytokine assay  

 

 

 

 

2.2.6 Real-time quantitative PCR (qPCR) of NK cell ligands  

2.2.6.1   RNA extraction from ovarian tissue 

Snap frozen tissue was utilised to quantify NK cell ligand expression on benign and 

malignant ovarian tissue. RNA extraction from the tissue biopsies was undertaken using the 

RNeasy Mini Kit (Qiagen; catalogue number 74104) and according to the manufacturer’s 

protocol. Snap frozen tissue samples were removed from vapor phase nitrogen storage and 

immediately sectioned on a sterile petri dish with 600µl of buffer RLT (RNeasy lysis buffer 

Antibody  Conjugate Antibody details 

 (manufacturer; catalogue number) 

Antibody volume 

per sample (μl) 

CD14 ECD Beckman Coulter B92391 1.5 

CD19 ECD Beckman Coulter 6604551 1.5 

Viability dye ECD ThermoFisher Scientific; 15530795 1 

CD3 PerCP/Cy5.5 Biolegend; 300327 1.5 

TGF-beta APC Biolegend; 141405 5 

CD56 APC-Cy7 Biolegend; 318331 2.5 

CD16 BV421 Biolegend; 302037 5 

Antibody  Conjugate Antibody details 

 (manufacturer; catalogue number) 

Antibody volume 

per sample (μl) 

TNF-alpha FITC Biolegend; 502906 5 

GM-CSF PE 
Biolegend; 502305 

5 

IL-10 PE-Cy7 Biolegend; 501419 5 

IFN-gamma AF700 Biolegend; 506515 5 

IL-2 BV510 Biolegend; 503833 2.5 
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from the RNeasy Mini Kit) covering the tissue. The diced tissue and buffer were placed in 

sterile 1.5ml DNA-free tubes, which were centrifuged for 3 minutes at 13000rpm. The 

supernatant was removed and placed into a fresh 1.5ml sterile tube, along with 600µl of 70% 

ethanol. This solution was transferred into a RNeasy mini spin column, which was inserted 

into a sterile 2ml collection tube and centrifuged for 1 minute at 13000rpm. The flow-through 

waste was removed from the collection tube and 700µl of buffer RW1 (RNeasy washing 

buffer from the RNeasy Mini Kit) added to the spin column. This was centrifuged for 15 

seconds at 13000rpm, before samples were centrifuged twice at 13000rpm with 500µl of 

buffer RPE (RNeasy washing buffer), initially for 15 seconds and again for 2 minutes. The 

spin column was inserted into a new 2ml collection tube, which was centrifuged at 13000rpm 

for 1 minute, before the spin column was placed into a new 1.5ml collection tube. RNase-free 

water (20µl; Qiagen; catalogue number 129112) was added to the spin column membrane and 

centrifuged again at 13000rpm for 1 minute. This resulted in RNA collecting at the base of 

the 1.5ml tube, which was kept on ice and the RNA concentration (ng/µl) determined using 

the Nanodrop Spectrophotometer version 1.8 (ThermoFisher Scientific).  

 

2.2.6.2   RNA conversion to cDNA 

The iScript cDNA Synthesis Kit (BioRAD; catalogue number 1708890) was used to convert 

RNA into complementary DNA (cDNA). RNase-free water was added to 1µg of RNA, 1µl of 

iScript Reverse Transcriptase and 4µl of 5x iScript reaction mix (from the iScript cDNA 

Synthesis Kit) in a 0.5ml RNA-free tube, giving a total volume of 20µl. The solution was 

processed in the Eppendorf 5333 Mastercyler Thermal Cycler, with priming occurring for 5 

minutes at 25℃, reverse transcription for 20 minutes at 46℃ and reverse transcriptase 

inactivation for 1 minute at 95℃. Finally, the sample was held at 4℃ before the produced 

cDNA was diluted with RNase-free water to give a concentration of 5µg/µl. 
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2.2.6.3   Amplification and measurement of target genes 

Within each well of a 96-well qPCR plate, the diluted cDNA (5µl) was combined with 1.25µl 

of the relevant primer probes (Table 2.5; Applied Biosystems), 12.5µl of TaqMan Universal 

Mastermix II (ThermoFisher Scientific; catalogue number 4440042) and 6.25µl of RNA-free 

water. For control wells, 5µl of either DNA-free water or a standardised plasmid was used 

(instead of the 5µl of cDNA). Standard plasmids containing certain copy numbers of relevant 

target gene sequences were used to generate standard curves. The plate was analysed on the 

7500 real time PCR system (Applied Biosystems) for a total of 50 cycles, with the PCR 

conditions shown in Table 2.6. Figure 2.2 gives an example of cDNA amplification during 

PCR, including the standard curve. The copy numbers for each target gene were normalised 

by comparing to the transcription levels of the reference genes 18S and β2-microglobulin 

(B2M) within each sample. The data was evaluated using SDS software version 1.5 (Applied 

Biosystems).  

 

Table 2.5: Primer probes used in qPCR to detect NK cell ligands   

 

Primer Assay Identification 

MICA Hs00792195_m1 

MICB Hs04187752_Mh 

ULBP1 Hs00360941_m1 

ULBP2 Hs00607609_mH 

ULBP3 Hs00225909_m1 

ULBP4 Hs01026642_m1 

PVR Hs00197846_m1 

PVRL2 Hs00607609_m1 

PDL-1 Hs00204257_m1 

HLA-E Hs03045171_m1 

HLA-A Hs01058806_g1 

HLA-C Hs00740298_g1 

HLA-DR Hs00219575_m1 

18S Hs03003631_g1 

B2M Hs00187842_m1 
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Table 2.6: Conditions for DNA amplification with PCR 

PCR Stage Temperature Time 

Holding stage 50℃ 2 minutes 

95℃ 10 minutes 

Cycling stage 

(50 cycles) 

95℃ 15 seconds 

60℃ 1 minute  

 

 

 

 

Figure 2.2: The amplification plot for cDNA undergoing PCR 

Patient samples undergoing PCR to amplify cDNA using a primer for the MICA gene.  
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2.2.7 Expression of NK ligands on normal and malignant epithelial cells within ovarian 

biopsies 

The expression of NK ligands by the epithelial cells within ovarian tissue biopsies were 

determined using flow cytometric analysis. The filtered tissue samples (processed according 

to section 2.2.2.2) were centrifuged at 1500rpm for 5 minutes at room temperature and the 

pellets resuspended 100μl of sterile PBS. These solutions were transferred to 5ml 

polystyrene, round bottom FACS tubes and stained with antibodies for the epithelial cell 

marker (Epcam) and NK ligands, documented in Table 2.7.  They were incubated in darkness 

at 4°C for 40 minutes before 500μl of PBS was added. The samples were then centrifuged at 

1500rpm for 5 minutes, the supernatants discarded and the pellets resuspended in 200μl of 

sterile PBS. PI (1μl; Miltenyi Biotec; catalogue number 130-093-233) was added and the 

samples processed on the Gallios Flow Cytometer (Beckman Coulter, USA). Kaluza analysis 

software detected the Epcam positive epithelial cell populations: tumour cells with high 

Epcam and low HLA class I expression, and normal healthy epithelial cells with lower 

Epcam and higher HLA class I. The expression of the NK ligands by the cells within the 

epithelial populations could then be evaluated.   

 

Table 2.7: Antibodies to detect epithelial cells within ovarian tissue and their expressed 

NK ligands  

 

 

Antibody  Conjugate Antibody details 

 (manufacturer; catalogue number) 

Antibody volume 

per sample (μl) 

Epcam BV421 Biolegend; 324220 5 

HLA-A/B/C PE/Cy7 Biolegend; 311430 5 

MHC Class II APC/Cy7 Biolegend; 307618 5 

PDL-1 BV510 Biolegend; 329734 5 

MICA/B AF700 R & D Systems; FAB13001N 5 

ULBP1 PerCP R & D Systems; FAB1380C 5 

ULBP2/5/6 APC R & D Systems; FAB1298A 5 

ULBP3 AF488 R & D Systems; FAB1517G 5 

ULBP4 PE R & D Systems; FAB6285P 5 
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2.2.8 NK cell cytotoxicity following co-culture with ovarian tissue   

2.2.8.1   Co-culture of ovarian tissue and NK cells 

Filtered ovarian tissue samples (non-enzymatic processing described in section 2.2.2.2) were 

cultured with NK cells from processed PBMC samples (section 2.2.2.1). These NK cells were 

either obtained from the same patient (autologous NK cells) or from controls (healthy donor 

NK cells). The single cell solution of filtered ovarian tissue was counted using a 

haemocytometer and the sample divided equally between four or six 5ml FACS tubes: two 

tubes for tissue only, two tubes for tissue plus the addition of healthy donor NK cells and, if 

available, two tubes also for tissue along with autologous NK cells. As described in section 

2.2.4.1, NK cells were isolated from PBMC samples and counted using a haemocytometer. 

The NK cells were added to the relevant FACS tubes in a 1:1 ratio to the amount of tissue 

cells. All tubes were topped up to 4ml with basic media and incubated overnight at 37℃.  

 

2.2.8.2   Cytotoxicity of NK cells following co-culture with ovarian tissue 

Following incubation, the FACS tubes were centrifuged at 1500rpm for 5 minutes at room 

temperature. The supernatant was discarded and the cell pellet resuspended in 100μl of sterile 

PBS. Antibodies were added to each FACS tube as described in Table 2.8, which were then 

incubated on ice, in the dark for 45 minutes. Samples were washed with 500μl of sterile PBS 

and were centrifuged for 5 minutes at 1500rpm. The supernatant was removed and the 

samples resuspended in 150μl of PBS with 1µl of PI (Miltenyi Biotec; catalogue number 130-

093-233). The whole volume of the samples was processed on the Gallios flow cytometer 

(Beckman Coulter Life Sciences) and analysed using Kaluza Flow Cytometry Analysis 

Software (Beckman Coulter, analysis version 2.1) to count the live cells with high Epcam 

expression and low MHC class I expression, giving the total number of viable ovarian 

tissue/tumour cells in each sample. The number of live ovarian tissue/tumour cells from the 
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samples without NK cells was compared to the number of ovarian cells in the samples that 

had been co-cultured with additional NK cells. This allowed the degree of killing by NK cells 

to be calculated.  

 

Table 2.8: Antibodies used to detect NK cell killing of ovarian tissue 

 

 

2.2.8.3   NK activation receptor blocking and cytotoxicity 

Filtered tissue samples and isolated healthy donor NK cells were combined in a 1:1 ratio as 

described in section 2.2.8.1. Antibodies to block specific NK activating receptors were also 

added, documented in Table 2.9 and shown in Figure 2.3. Co-cultures were again incubated 

overnight and then processed as defined in section 2.2.8.2. Flow cytometric analysis and 

evaluation with Kaluza software to count the total number of Epcam positive ovarian 

tissue/tumour cells from: a) the isolated tissue cultures, b) the NK cell and tissue co-cultures, 

and c) the co-cultures plus NK receptor inhibiting antibodies.  This determined the impact 

each of the NK cell receptors had on the ability for NK cells to kill ovarian tissue/tumour.  

 

Table 2.9: Antibodies added to co-culture to block NK cell receptors  

 

Antibody  Conjugate Antibody details 

 (manufacturer; catalogue number) 

Antibody volume 

per sample (μl) 

Epcam BV421 Biolegend; 324220 5 

HLA-1 PE/Cy7 Biolegend; 311430 5 

CD56 AF700 Biolegend; 318316 5 

NK cell receptor 

target   

Antibody details 

 (manufacturer; catalogue number) 

Concentration of antibody within 

co-culture 

DNAM-1 Biolegend; 338302 0.5mg/ml 

NKG2D Biolegend; 320813 1mg/ml 

NKp46 Biolegend; 331947 2mg/ml 

NKp30 Biolegend; 325223 2mg/ml 
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Figure 2.3: The NK cell and ovarian co-culture with addition of antibodies to inhibit NK cell 

receptors. 

NK cell-mediated killing of ovarian tissue was established based on the size of Epcam positive cell 

populations.  
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2.3   Part 3: Single Cell Sequencing  

2.3.1    Single cell RNA sequencing    

2.3.1.1   Sample preparation for single cell RNA sequencing  

Omental tumour samples were collected in the operating theatre and were immediately placed 

into MACS storage solution (Miltenyi Biotec; catalogue number 130-100-008) on ice. Within 

30 minutes the tissues were sectioned into 2mm size pieces and placed into a 15ml sterile 

universal tube for digestion. Basic culture medium (3ml) was added along with 500µl of a 

collagenase (1500 units) and hyaluronidase (500 units) solution (StemCell Technologies; 

catalogue number 07912), 500µl of liberase TL (Sigma-Aldrich; catalogue number 

05401020001) and 2µl (500 units) of benzonase nuclease (Merck; catalogue number E1014). 

The tube was rotated at 37°C for 90 minutes. 

 

The digested sample was then filtered through a 100-micron cell strainer into a sterile 50ml 

universal tube. Basic media was used to wash the digestion tube to collect any residual cells, 

which was also filtered through the strainer, with the digested tissue collected in the 50ml 

tube. The sample was then filtered again through a 40-micron cell strainer, ensuring a single 

cell solution of digested tissue.  

 

This was centrifuged at room temperature for 10 minutes at 1500rpm. The supernatant was 

removed and 2ml of red blood cell lysis buffer (Cambridge, Bioscience; catalogue number 

RBCL-1) was added to the cell pellet. This was incubated at room temperature for 10 

minutes, before 8ml of basic medium was added and the sample centrifuged again at 

1500rpm for 10 minutes. The supernatant was discarded, the pellet was mixed with 4ml of 

sterile MACS buffer (PBS, 2mM of EDTA (Corning) and 2% of newborn calf bovine serum 
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(ThermoFisher Scientific)) and the sample transferred to a 5ml sterile round bottom FACS 

tube.  

 

Following a further centrifuge for 5 minutes at 1500rpm, the cell pellet was stained with 15µl 

of Fc receptor blocking solution (Biolegend; catalogue number 422302) and the sample 

incubated at 4°C for 5 minutes. Additional antibodies, described in Table 2.10, were then 

added and the sample incubated at 4°C for 25 minutes. After the addition of 4ml of MACS 

buffer, the sample was centrifuged at 1500rpm for 5 minutes at 4°C. The cell pellet was 

resuspended in 500µl of MACS buffer and 1.5µl of PI added. Keeping the sample on ice, it 

was transferred for cell sorting.  

 

Table 2.10 Antibodies added to the single cell solution for cell sorting   

 

 

2.3.1.2   Cell sorting of tumour samples for single cell RNA sequencing 

The tumour biopsies, digested and processed to give a single cell solution, were sorted to 

identify three different cell types: immune cells with high CD45 expression, epithelial cells 

with high Epcam and low podoplanin expression, and fibroblasts with low Epcam and high 

podoplanin expression. Figure 2.4 shows the gating strategy used to identify and sort the 

different cell types. Dead and non-viable cells were identified with PI staining and removed 

by gating on the live single cell population. This removed and minimised the effect of cellular 

debris, with only live  immune cells, epithelial cells and fibroblasts retained. The cells with 

Antibody   Conjugate Antibody details 

 (manufacturer; catalogue number 

Antibody volume 

per sample (μl) 

CD45 BV785 Biolegend; 304047 3 

Epcam  APC Biolegend; 324207 3 

Podoplanin FITC Biolegend; 337025 3 
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CD45 expression were collected into one FACS tube and the combined Epcam/podoplanin 

positive cells in another, along with basic medium.  These two populations were combined, 

with CD45 positive cells making up 75% and the Epcam/podoplanin cells 25% of the final 

sample.  The sorted cell populations were diluted in basic media to give a concentration of 1 

x 106 cells per ml and centrifuged at 1700rpm for 10 minutes at 4°C. After supernatant was 

discarded the cell pellet was resuspended in basic media, maintaining a density of 1000 cells 

in every µl. The sample was then transferred on ice to the 10X Genomics Laboratory, where 

strict viability checks ensured live, high quality cells were included for sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The gating strategy to identify and sort cell populations within digested omental tumour 

tissue.  

Cell sorting identified: singlets, live cells (using PI, PE-Dazzle), CD45 positive immune cells, 

fibroblasts (high podoplanin and low Epcam expression) and epithelial cells (high Epcam and low 

podoplanin expression). 
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2.3.1.3  Library preparation for 10X sequencing  

The samples were processed by the scientists within the 10X Genomics Sequencing 

laboratory at the University of Birmingham. Here, the Chromium Controller (10X Genomics) 

and the Single Cell 3’ GEM, Library and Gel Bead kit (version 3.1; 10X Genomics; 

catalogue number PN-1000121) aimed to profile up to 10,000 individual live cells from each 

sample, using 10X barcodes to identify the transcriptome of each single cell [305]. 

Specifically, GEMs (Gel beads-in-emulsion) were produced, which combined gel beads with 

barcoded oligonucleotides, a single cell and partitioning oil, as shown in Figure 2.5. Within 

each GEM, the cell was lysed, the mRNA tagged with a 10X barcode and unique molecular 

identifier (UMI), and reverse transcription performed to produce cDNA. All the cDNA from 

each cell had the same oligonucleotide barcode, enabling transcripts to be mapped backed to 

their original cell source.  The GEMs were then broken and the cDNA amplified using PCR. 

The cDNA was processed to generate a library for sequencing:  the amplified cDNA was 

fragmented using enzymes and primer sequences added via end repair, A-tailing and adaptor 

ligation. The cDNA was then size selected with Solid Phase Reversible Immobilization 

(SPRI)-select reagents, cleaned using magnetic beads and the library amplified with PCR. 

The library quality was ensured by using a TapeStation High Sensitivity system. The final 

library to be sequenced included: primers, the 10X barcode (matched for each cell analysed), 

the UMI and the optimised cDNA. Illumina NEXTSeq was then used to sequence the sample, 

identifying 20,000-40,000 transcription reads per cell.  
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Figure 2.5: The generation of GEM’s during library preparation for single cell RNA sequencing  

Figure from the 10X Single Cell 3’ GEM, Library and Gel Bead kit user guide [305]. 

 

 

 

 

2.3.1.4   Analysis of the single cell RNA sequencing data  

The single cell RNA sequencing data was analysed by the Bioinformaticians within the 

Institute of Immunology and Immunotherapy and the Centre for Computational Biology at the 

University of Birmingham. The single cell data produced by Illumina NEXTSeq was 

interrogated using the Cell Ranger (version 5.0.1) analysis pipelines [306, 307]. Here, the BCL 

files containing raw sequencing data were converted into FASTQ files (cellranger mkfastq) 

and the reads were aligned to the Human Reference Genome (version GRCh38) with cellranger 

count. This generated the raw feature (gene) count matrix which corresponds to the counts of 

unique molecular identifiers (UMI) for features in every single cell. The raw UMI matrices 

were imported and further analysed using “R” (version 3.6.2).   

 

Any doublets within the dataset (identified with DoubletFinder version 3.0) were removed. In 

addition, cells were eliminated if they had fewer than 500 genes detected, more than 3500 genes 

detected or if a high proportion (above 10%) of their genes mapped to mitochondrial RNA. 

When a particular gene was expressed in three cells or less, the genes were also discarded from 
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the analysis. Downstream analysis was conducted with Seurat (version 3.2.0). Cell cycle scores 

were calculated using Seurat CellCycleScoring function and the difference between G2M and 

S phase score quantified. Seurat SCTransform pipeline was followed for normalisation, 

regressing out % mitochondrial mapping and G2M-S phase score difference. SCTransform-

normalised data for each sample was integrated following the SCTransform integration 

workflow on the top 8000 most variable features. The most variable features were then used 

for dimensionality reduction by principal component analysis and subsequent uniform 

manifold projection with PCs 1:20 that explained most of the variance observed.  

 

2.3.1.5   Unsupervised clustering and major cell lineage annotation 

To identify major lineage cell types, unsupervised clustering was applied using Seurat 

FindNeighbours and FindClusters which first connected cells together according to the “shared 

nearest neighbour” theory, generating a shared nearest neighbour graph and then optimised the 

modularity using the Louvain algorithm to identify cell clusters. The resolution parameter 

controlling cluster granularity was set to 0.8. Marker genes that were differentially 

overexpressed in each cluster compared to all other clusters were identified using Seurat 

FindAllMarkers with default parameters. Clusters were annotated with major lineage cell type 

using a combination of marker gene expression profiles and interrogating the expression of 

known canonical cell type marker genes.  

 

2.3.1.6   NK cell cluster identification and annotation 

For finer-grained analysis specifically of NK cell type, data was first subset on the NK cells 

before NK-population variable features were calculated with Seurat FindVariableFeatures (n = 

3000 genes). This was followed by dimensionality reduction with PCA and UMAP (using PCs 

1:20). Clustering was applied with FindClusters and canonical major cell type marker gene 
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expression profiles were assessed to remove non-NK cell clusters. Further filtering removed 

any remaining non-NK cells which had raw counts of > 0.5 for the T cell specific CD3D gene. 

Final NK cell-cluster marker genes were identified with FindAllMarkers and NK 

differentiation marker gene expression was assessed to annotate NK cell subsets. Genes of 

interest panels included NK ligands, NK receptors and cytokines. Average expression of these 

within the NK cell clusters, within the tissue types and also within treatment groups were 

calculated using Seurat AverageExpression function. 

 

2.3.1.7   Cluster proportion comparisons 

The proportions of different cell types were compared across the samples analysed, using the 

Wilcoxon rank sum test. This included stratifying cluster proportion between the type of tissue 

analysed (ovarian tumour metastatic deposits in the omentum and a non-malignant normal 

omental sample), and between chemotherapy exposed and chemotherapy naïve tissues.  

 

2.3.1.8   Signature scoring 

Gene set signatures of interest relating to NK cells were explored within the NK cell clusters 

using the AddModuleScore function in Seurat. Here the average gene expression levels within 

the individual cells of a cluster were calculated, removing any background expression from 

randomly selected control features. A positive signature score indicated that the signature is 

expressed more highly than expected given average population expression. The NK cell 

relevant gene-sets included Cytotoxicity, Exhaustion, NK Activating Receptors and NK 

Inhibitory Receptors. Scores were compared across tissue type using Wilcoxon rank sum test.  
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2.3.1.9   Differential expression 

The differential expression of genes between treatment exposed and treatment naïve tissues, as 

well as between recurrence and no recurrence in the treatment exposed tissues, was assessed 

using Seurat FindMarkers with MAST (test.use=”MAST”). 

 

2.3.1.10   Gene Set Enrichment Analysis (GSEA) 

Gene set enrichment analysis was applied to differential expression results using the R package 

fgsea. Genes were ranked by log2FC and fgsea applied using HALLMARK gene set from the 

Molecular Signatures Database (MsigDb). Selected significantly enriched (Adjusted p-value 

<0.01) gene sets were visualised. 

 

2.3.1.11   Correlation analysis 

Spearman correlation was assessed between cell type proportions and the following clinical 

covariates: age; ca125 at surgery; PCI; progression free survival; overall survival using ggcorr. 

Scatter plots of selected correlations were plotted with ggscatter. 

 

2.3.2  Single cell ATAC sequencing    

2.3.2.1   Sample preparation and nuclei extraction for single cell ATAC sequencing 

Tumour biopsies were obtained immediately following the surgical resection of omental 

tissue. The biopsy samples were placed in MACS storage solution (Miltenyi Biotec; 

catalogue number 130-100-008) on ice, were snap frozen in liquid nitrogen within 30 minutes 

and were then stored in vapor phase nitrogen freezers. The sample preparation for single cell 

ATAC sequencing involved the extraction of nuclei from the snap frozen tissues.  
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Prior to removing the biopsies from nitrogen storage freezers, four different buffers were 

prepared. For every sample to be processed, a 4ml wash buffer was formulated by combining: 

3.5ml of nuclease-free water (ThermoFisher Scientific; catalogue number AM9932), 40µl of 

Tris-HCl (pH 7.4; Sigma-Aldrich; catalogue number 77-86-1), 8µl of NaCl (Sigma-Aldrich; 

catalogue number S8776), 12µl of MgCl2 (Sigma-Aldrich; catalogue number 63069), 400µl of 

BSA (Miltenyi Biotec; catalogue number 130-091-376) and 40µl of Tween-20 (Sigma-

Aldrich; catalogue number P1379). A 500µl 1X lysis buffer consisted of: 433µl of the 

nuclease-free water, 5µl Tris-HCl (pH 7.4), 1µl NaCl, 1.5µl MgCl2, 5µl of Tween-20, 5µl 

Nonidet P40 substitute (Sigma-Aldrich; catalogue number 74385), 1µl of Digitonin 

(ThermoFisher Scientific; catalogue number 407560050) and 50µl of BSA. Lysis dilution 

buffer (4.5ml per sample) contained 3.98ml nuclease-free water, 45µl of Tris-HCl (pH 7.4), 

9µl of NaCl, 13.5µl of MgCl2 and 450µl of BSA. Following optimisation, a 0.1X lysis buffer 

for omental tumour processing was prepared with 500µl of the 1X lysis buffer and 4.5ml of 

the lysis dilution buffer. The buffers were kept on ice, along with a 7ml Dounce tissue 

homogeniser.  

 

For the nuclei extraction, the tissue biopsies were removed from nitrogen storage freezers one 

at a time and kept on ice throughout. The tissue was immediately sectioned, while still frozen, 

into 1-2mm pieces and transferred into the cold homogeniser with 1ml of the 0.1X lysis 

buffer. The tissue was pushed to the base of the homogeniser and pestle A was turned 50 

times with pressure. Another 50 turns were applied to the tissue using pestle B. The solution 

was transferred into a sterile 15ml tube and the homogeniser was rinsed with 1ml of the 0.1X 

lysis buffer, which was then also transferred into the new 15ml tube. The sample was 

incubated for of 20 minutes on ice before it was centrifuged at 500xG for 5 minutes at 4°C. 

The supernatant was discarded and the pellet resuspended in 2ml of new 0.1X lysis buffer. 
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Following another 20-minute incubation on ice, the sample was filtered through a 40-micron 

cell strainer and the solution was centrifuged again at 500xG for 5 minutes at 4°C. The 

supernatant was removed and 1ml of the wash buffer added to the cell pellet. The solution 

was filtered through a fresh 40-micron cell strainer and transferred into sterile 1.5ml 

Eppendorf tubes. The individual nuclei within the solution were counted and viability 

assessed using the Countess II FL automated cell counter (ThermoFisher Scientific). Diluted 

nuclei buffer (from the 10X Genomics Single Cell ATAC Library and Gel Bead Kit; 

catalogue number 1000175) was added to the sample to achieve a concentration of between 

2000 to 3000 nuclei per µl for a targeted nuclei recovery of 4000 nuclei.  

 

2.3.2.2   Library preparation for 10X single cell ATAC sequencing  

Following nuclei extraction, the single-nuclei solutions were processed by the 10X Genomics 

Sequencing laboratory at the University of Birmingham. The Chromium Single Cell ATAC 

Solution and the Chromium Next GEM Single Cell ATAC Library and Gel Bead Kit were 

utilised according to the manufacturer’s instructions [308]. Briefly, the diluted nuclei were 

added to a transposition solution, where transposase entered nuclei and fragmented the DNA 

in open chromatin regions, while adapter sequences were merged onto the DNA fragments. 

Individual transposed nuclei were joined with a barcoded gel bead and partitioning oil to 

create a GEM, shown in Figure 2.6. By dissolving gel beads, primers and 10x barcodes were 

added to single-stranded DNA, and the GEM’s fragmented to collect the DNA. All of the 

transposed DNA fractions from the same nucleus were tagged with the same individual 

barcodes to identify the nucleus of origin after DNA pooling.  
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Figure 2.6: Creation of GEM’s and barcoding during library preparation for single cell ATAC 

sequencing 

Figure from Chromium Next GEM Single Cell ATAC Reagent user guide [308].  

 

 

 

The samples were cleaned using Solid Phase Reversible Immobilization (SPRI) and silane 

magnetic beads. The DNA was then amplified using PCR and the quality assessed with 

Agilent TapeStation High Sensitivity D1000 ScreenTape. Sequencing was performed with 

Illumina NextSeq 500, aiming to analyse 4000 individual nuclei at a depth of 25,000 read 

pairs for every nucleus. The sequenced DNA reads could be correlated to each separate 

nucleus using the unique barcodes.  

 

2.3.2.3   Analysis of the single cell ATAC sequencing data  

For scATAC-seq analysis, sequencing reads were processed into FASTQ format and peak-

barcode counts using Cell Ranger ATAC v2.0.0, aligning to the prebuilt Cell Ranger 
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GRCh38 human reference genome. The output of this was used as input to the Signac v1.6.0 

R package. For integration of samplewise data a common peakset was created from 

overlapping peaks across all samples and filtered to remove those with peak width < 20 or > 

10000. For each sample, per-cell fragments aligned to this common peak set was calculated 

using the FeatureMatrix function and stored in a new chromatin assay with 

CreateChromatinAssay function. Normalisation and dimensionality reduction were 

performed using Signac with latent semantic indexing (LSI) which consisted of running 

functions RunTFIDF; FindTopFeatures; RunSVD and finally RunUMAP. This normalised 

using term frequency-inverse document frequency (TF-IDF) and singular value 

decomposition followed by UMAP on the top 50% of peaks in terms of their sample 

variation. LSI components 2:30 were used in UMAP dimensionality reduction. Sample 

integration was performed using harmony RunHarmony function taking the merged sample 

data using reduction = “lsi” and the combined peaks assay as input parameters. 

 

2.3.2.4   Differential peak analysis 

Peak-level differential analysis identified peak sites with differential chromatin accessibility 

between major cell lineages and between treatment exposed and treatment naïve tissue using 

FindMarkers on the combined peaks assay. Peaks were considered differentially accessible if 

absolute log2FC > 0.25 and Benjamini Hochberg adjusted p-value < 0.01. 

 

2.3.2.5   Unsupervised clustering and major cell lineage annotation 

Harmony-adjusted cell embeddings were used for unsupervised clustering using Seurat 

functions FindNeighbours to generate the shared neighbour graph and FindClusters to 

identify clusters using resolution of 0.2 for coarse grained clustering. To estimate per cell 

gene activity from peaks data the Signac function GeneActivity was used and cluster markers 
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peaks and genes were identified using FindAllMarkers on the combined peaks and gene 

activity assays respectively. Clusters were annotated with major cell type lineage 

Lymphocyte, Myeloid, Fibroblast and Epithelial based on canonical cell type marker gene 

activity profile and chromatin accessibility profile at known major cell type defining gene 

loci. 

 

2.3.2.6   Differential transcription factor motif enrichment 

Transcription factor motif position frequency matrices were obtained using the R package 

JASPAR2020 and motif information added to the Signac object using the AddMotifs 

function. Per cell motif activity scores were calculated with RunChromVar on 

BSgenome.Hsapiens.hg38 and the combined peaks assay. Differential activity of motifs was 

assessed between major lineage cell types and between chemotherapy exposed and 

chemotherapy naïve tissues using FindMarkers on the motif activities. 
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3.1   Introduction 

Although 80% of ovarian cancer (OC) patients initially respond to chemotherapy, the majority 

develop resistance and just over half are alive and disease free after 12 months of completing 

treatment [64, 73]. While the precise mechanisms remain unclear, chemoresistance is believed 

to result from the selection of treatment-resistant sub-populations of cells within a 

heterogeneous tumour [91, 116]. It is suggested that the malignant cells, the immune infiltrate 

and the tumour microenvironment (TME) adapt during chemotherapy treatment to support the 

growth and progression of surviving cancerous cells [91]. This would likely involve genomic 

changes, ineffective DNA damage repair and epigenetic alterations [91-95, 309].  

 

As tumours progress, the extent of intra-tumour heterogeneity also advances, with clusters of 

cells forming different subpopulations based on their genetic signatures and transcription 

profiles [106, 107]. These differing malignant subpopulations vary in their response to 

treatments due to discrepancies in their molecular signatures [107].  The challenges in 

managing OC patients, overcoming treatment resistance and introducing novel tumour-specific 

therapeutic strategies are hampered by a lack of understanding of ovarian tumour 

heterogeneity. In addition, details of the precise immune cell infiltrate and the tumour-immune 

response remain unclear in OC, yet play an important role in treatment efficacy and the success 

of new immunotherapies [114, 115]. 

 

Sequencing analysis at the single cell level provides extensive knowledge of the cellular 

composition within the tumour microenvironment (TME) [114]. Any alterations to the tumour 

and immune landscape following exposure to chemotherapy treatment can consequently be 

detected by comprehensive transcriptomics evaluation [115]. Thus, the interrogation of 

individual malignant cells and immunogenomic analysis has identified variable gene 
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expression and transformed cell populations due to chemotherapeutic modulations within the 

TME [123, 168, 172]. This chapter aims to interrogate the heterogeneity of advanced metastatic 

ovarian tumours at the single cell level. This transcriptomic analysis aimed to focus on both 

the tumour and immune cell populations, their interactions within the TME, and mechanisms 

of immune recognition and tumour evasion. The detailed cell characterisation will also examine 

alterations following chemotherapy exposure and the molecular adaptations associated with 

treatment resistance.  Two different sequencing techniques were used to evaluate OC tissue 

samples, undertaking a comprehensive analysis of the cell type contexture within the ovarian 

TME.  

 

3.2   Single cell RNA Sequencing of Ovarian Cancer  

3.2.1   The sample cohort 

Single cell RNA sequencing (scRNAseq) was performed on OC tissue biopsies from  9 women 

with advanced OC. Tissue samples were obtained at the time of debulking surgery, with 

specimens obtained from the omentum due to OC having a predilection to metastasise here in 

the first instance [65, 66]. Indeed, omental tumour deposits are frequently found in advanced 

(FIGO stage III/IV) metastatic OC, which are significantly associated with poor clinical 

outcomes [66, 69, 71, 71]. In addition, from previous experience and earlier laboratory 

experiments, omental tissue samples are relatively straightforward to process and manipulate 

compared to necrotic and fragile ovarian tumour tissue.  

 

All 9 patients in the cohort had high-grade serous OC (HGSOvCa). Cytoreductive primary 

debulking surgery (PDS) was performed in 5 patients, while 4 were recruited at the time of 

interval debulking surgery (IDS) following neoadjuvant chemotherapy (NACT). Metastatic 

tumour deposits within the omentum were histologically confirmed in 8 patients, while there 
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was no evidence of metastatic omental disease in one of the patients who underwent PDS. This 

normal omental sample was included in the analysis for comparison to the patients with 

omental tumours in the PDS and NACT groups.  

 

Table 3.1 shows the characteristics and variables for the patients based on diagnosis and 

treatment group. These were matched for age, ethnicity, disease stage and BRCA status [35, 44, 

45]. Patients also had similar peritoneal cancer index (PCI) and surgical cytoreduction scores 

(described in the Methods sections 2.1.21 and 2.1.3.1).  A third of the patients in the cohort had 

recurred and died from their disease by the follow-up end date (10.01.2023), including 1 in the 

primary surgery group and 2 in the NACT group. There were no differences in progression free 

survival (p = 0.8393) and overall survival (p = 0.2133) between the patient groups in the cohort.  
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Table 3.1: Characteristics and baseline variables of the patients in the scRNAseq cohort 

Variable Primary 

surgery 

 (n=4) 

Neoadjuvant 

chemotherapy 

(n=4) 

Normal 

omentum 

(n=1) 

Age (years)  

 Mean ± SD 

 

60.0 ± 12.1 

 

66.3 ± 8.2 

 

72 

Ethnicity  

 White  

 Asian 

 Black 

n (%) 

3 (75.0) 

0 (0.0) 

1 (25.0) 

n (%) 

2 (50.0) 

1 (25.0) 

1 (25.0) 

n (%) 

1 (100.0) 

0 (0.0) 

0 (0.0) 

Disease stage 

 3 

 4 

n (%) 

3 (75.0)  

1 (25.0) 

n (%) 

1 (25.0) 

3 (75.0) 

n (%) 

0 (0.0) 

1 (100.0) 

PCI    

 Median (range) 

 

21 (14-25) 

 

16 (12-18) 

 

6 

BRCA status 

 normal 

 mutated 

n (%) 

3 (75.0) 

1 (25.0) 

n (%) 

4 (100.0) 

0 (0.0) 

n (%) 

1 (100.0) 

0 (0.0) 

CA-125 (U/ml) 

    Mean ± SD 

 

898 ± 1398 

 

2010 ± 1968 

 

2013 

Cytoreduction  

  R0 

  R1 

  R2 

n (%)  

1 (25.0) 

1 (25.0) 

2 (50.0) 

n (%) 

3 (75.0) 

0 (0.0)  

1 (25.5) 

n (%) 

1 (100.0) 

0 (0.0) 

0 (0.0) 

Chemotherapy 

cycles 

  3 

  4 

  6 

n/a n (%) 

 

1 (25.0) 

2 (50.0) 

1 (25.0) 

n/a 

Chemotherapy 

Response score 

  2 

  3   

n/a n (%) 

 

3 (75.0) 

1 (25.0) 

n/a 

Disease 

recurrence 

   Recurred 

   Disease-free 

n (%) 

1 (25.0) 

3 (75.0) 

n (%) 

2 (50.0) 

2 (50.0) 

n (%) 

0 (0.0) 

1 (100.0) 

Survival 

   Died 

   Alive 

n (%) 

1 (25.0) 

3 (75.0) 

n (%) 

2 (50.0) 

2 (50.0) 

n (%) 

0 (0.0) 

1 (100.0) 
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3.2.2   Composition of the omental samples evaluated by single cell RNA sequencing 

Following tissue processing (described in the Methods section 2.3.1.1), which included 

digestion and the generation of a single cell solution, cell sorting (Methods section 2.3.1.2) 

ensured that each sample consisted of immune cells (with high CD45 expression), fibroblasts 

(with raised podoplanin expression) and epithelial cells (with elevated Epcam expression). To 

guarantee adequate immune cell number, the samples were enriched with sorted CD45 positive 

immune cells. As such, the reconstructed samples were comprised of 75% CD45 positive cells 

and 25% Epcam/podoplanin positive cells. Bioinformatic analysis then explored gene 

transcription patterns within the cell populations. The number of cells sequenced and analysed 

(shown in Table 3.2) from the OC samples ranged from 2271 to 6355 cells per sample, while 

the normal omental sample had a greater number of cells (20494).  

 

Table 3.2: The cells sequenced for every patient in the scRNAseq cohort  

Patient Treatment group Chemotherapy 

exposure  

Cells sequenced 

1 PDS OC Nil 2271 

2 PDS OC Nil 4352 

3 PDS OC Nil 4062 

4 PDS GIT / non-OC  n/a Excluded 

5 PDS normal omentum Nil 20494 

6 PDS OC Nil 6355 

7 NACT OC 6 cycles 6284 

8 NACT OC 3 cycles 5764 

9 NACT OC 4 cycles 3174 

5 NACT OC 4 cycles 5244 
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3.2.3   Analysis of single cell RNA sequencing data 

3.2.3.1   Clustering and identification of major cell types 

The raw sequencing data from all the omental samples were processed and integrated as 

described in Methods section 2.3.1.4. Unsupervised clustering was applied to group together 

cells of a similar transcriptional profile. Highly expressed marker genes for each cluster were 

then interrogated to determine the subpopulation cell type. In total, 19 different major lineage 

cell types were identified: endothelial cells, epithelial cells, fibroblasts, and several immune 

cells, including macrophages, mast cells, monocytes, neutrophils, B cells, T cells and NK cells 

(Figure 3.1). From the CD45 positive immune cell clusters, the predominant cell type was 

CD8+ T cells, while there were also large subpopulations of CD4+ T cells, B cells and NK 

cells, shown in Figure 3.1 (A). Epithelial and fibroblast cell populations contributed the greatest 

proportion of non-immune cells. 

 

 Figure 3.1 (B) illustrates the cell clustering according to each patient sample. The different 

cell subpopulations are relatively consistent across the 9 samples. However, three of the 

patients who had received NACT had greater proportions of certain immune subpopulations: 

the sample from patient 5 (Pt5) had a high proportion of macrophages, the sample from patient 

6 (Pt6) consisted mainly of B cells and the sample from patient 8 (Pt8) had large numbers of 

neutrophils.  
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Figure 3.1  Clustering of high-level cell types in omental deposits from HGSOvCa patients.  

UMAP embedding of integrated scRNAseq data overlaid with high level cell type clusters (A) and 

patient source (B). The patient with normal omentum is labelled Pt5, while Pt4 was the non-OC 

sample and has been excluded from the analysis.  

 

 

Canonical high-level cell marker genes were used to identify the different cell types. The raised 

expression of the specific marker genes by individual cells allowed cells to be clustered into 

the 19 subpopulations. (Figures 3.2 and 3.3). Within the CD45+ immune cells, the NK 

subpopulation was identified through high expression of NKG7 (natural killer cell protein 

granule 7), which regulates NK cytotoxicity and influences tumour growth, and PTPRC 

(protein tyrosine phosphatase, receptor type C) which encodes the CD45 antigen [310, 311]. 

The CD4+ and CD8+ T cells were identified through elevated expression of CD3G (T-cell 

glycoprotein CD3 gamma chain), which is part of the T cell receptor, whilst the CD8+ T cell 

cluster expressed CD8A (CD8 antigen) and CD4+ Treg cells expressed high levels of FOXP3 

A 

B 
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(forkhead box P3) [312-314]. The neutrophil subpopulation had increased expression of 

S100P, the intracellular protein involved in neutrophil activation [315]. The monocyte 

differentiation marker CD14 and gene LYZ (lysozyme) identified these cell clusters [316, 317]. 

Macrophages also expressed CD163, the scavenger receptor that is a macrophage 

transmembrane protein [318]. B cells were recognised with high MS4A1 (membrane spanning 

4-domains A1) expression, which is involved in B cell differentiation [319].  

  

Of the non-immune cell populations, epithelial cells were identified with the gene KRT18 

(keratin 18), which encodes the filament chains found in epithelial tissues [320]. Within the 

high-level epithelial cell subpopulation, there was a subset of tumour cells with enhanced 

expression of OC biomarkers MUC16 and WFDC2. PECAM1 (platelet and endothelial cell 

adhesion molecule 1), a signalling receptor in blood and vascular cells, was used to identify 

the endothelial cell population [321]. The fibroblast cluster was detected with highly expressed 

DCN (the proteoglycan decorin which is produced by fibroblasts in the stroma), COL1A1 (the 

gene collagen type I alpha 1, that is expressed by fibroblasts and produces collagen) and 

MFAP5 (the glycoprotein microfibril associated protein 5 within the extracellular matrix) [322-

325]. The cycling, or proliferating, cells were represented by raised MK167, which encodes the 

proliferation marker Ki-67 [326]. 
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Figure 3.2  Markers utilised to identify major cell types   

Dotplot showing average cluster-wise expression profile of a panel of canonical high-level cell type 

marker genes. The size of the dots indicates the proportion of cells within the cluster that are 

expressing a given gene. 
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Figure 3.3  Identification of major cell types within omental samples. 

UMAP embeddings overlaid with the expression of key marker genes for the major high-level cell 

types within omental tumour samples.  
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3.2.3.2   Cell clustering according to tissue type and OC treatment  

The integrated data for the 8 omental tumour samples was then divided according to the 

treatment received: PDS (chemotherapy-naive) or NACT (chemotherapy-exposed), and 

compared to the single normal omentum sample (Figure 3.4).  

 

 

 

 

Figure 3.4  Clustering of cells based on treatment and tissue type. 

UMAP embedding of integrated OC tissue scRNAseq data split by treatment condition (PDS/NACT) 

compared to the UMAP embedding of a single normal omentum sample. The total cell number is 

dictated above each plot.  

 

 

 

 

The data suggest that chemotherapy exposure alters the proportion of cell types present in the 

tumour microenvironment (Figure 3.5). The combined NACT samples have increased CD8+ 

and CD4+ T cells, neutrophils and B cells, alongside reduced proportions of monocytes, 

macrophages and fibroblasts, when compared to the PDS samples. Omental tumour samples 

have a greater proportion of CD8+ and CD4+ T cells, neutrophils, mast cells and B cells 

compared to normal omentum whilst the normal omentum has increased macrophages and 

fibroblasts. 
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Figure 3.5  Profile of major cell type proportions by sample, treatment and tissue type. 

Compositions of major lineage cell types within each omental sample, treatment category (NACT vs 

PDS) and tissue type (omentum with HGSOvCa/tumour deposits vs normal omentum).  

 

 

Comparison of CD45+ and CD45- cells showed similar amounts of endothelial cells between 

the omental tumour samples and the normal omentum sample (Figure 3.6). Omental tumour 

had greater proportions of epithelial cells and COL1A1 fibroblasts, the cancer-associated 

fibroblasts, while APOD fibroblasts (normal adipose-derived stromal cells) were increased in 

the normal omentum [327]. Macrophages and NK cells were raised in normal omental tissue, 

with omental tumour consisting of more mast cells, monocytes, neutrophils and Treg cells. The 

other cell types (B cells, dendritic cells, cycling cells, plasmablasts, CD4+ and CD8+ T cells) 

were similar between the normal and malignant omental tumour.  
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Figure 3.6  The proportion of major cell types in the CD45+ve and CD45-ve populations based on 

tissue type.  

The proportion of major lineage cell types within the non-immune (A) and immune cell (B) 

compartments, stratified by HGSOvCa and normal omental tissue. 

 

 

3.2.3.3   Annotation of major cell types with chemotherapy exposure    

CD45+ and CD45- populations were then stratified by exposure to chemotherapy treatment 

(Figure 3.7). The only significant alteration was a reduction in the proportion of macrophages 

following chemotherapy (NACT group) (p < 0.03). Although there were trends with NACT, 

particularly reduced endothelial, monocytes, mast and dendritic cells, along with increased 

epithelial, B, Treg and CD8+ T cells, these differences were not significant. 

 

A 

B 
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Figure 3.7: The proportion of major cell types in the CD45-ve and CD45+ve populations based on 

NACT treatment. 

The proportion of major lineage cell types within the non-immune and immune cell compartments of 

OC omental metastatic tissue, stratified by NACT treatment (PDS vs NACT). 

 

 

 

The genes expressed by the major cell types were compared between the chemotherapy-naïve 

group (labelled ‘pre’) and the chemotherapy-exposed group (labelled ‘post’). The modulation 

of gene expression following chemotherapy exposure is shown in Figure 3.8, indicating the 

cell populations which were most affected by treatment. By observing the differentially 

expressed genes (DEGs), it was evident that the epithelial cells, fibroblasts and myeloid 

populations were the most transcriptionally divergent following chemotherapy. The differential 

gene expression analysis of pre versus post treatment demonstrated over-expression of the 

MGP gene by epithelial cells following chemotherapy, while PPP1R14B was expressed 

significantly more by the pre-chemotherapy epithelial cells.   
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Figure 3.8: Modulation of gene expression within major cell types following chemotherapy 

exposure.  

Summary of genes identified as differentially expressed in comparison of post-chemotherapy (NACT 

group) to pre-chemotherapy (PDS group) samples. Total DEG counts are noted alongside the cell type 

label. Coloured points indicate DEGs (Benjamini Hochberg adjusted p < 0.01), with those coloured 

red indicating genes expressed significantly more in pre-chemotherapy tissue and blue points 

indicating genes over-expressed in post-chemotherapy tissue.  
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Focusing on the 4 patients who had NACT, CD45+ and CD45- cells were stratified by the 

chemotherapy response score (CRS; described in the Methods section 2.1.3.1). There were 3 

patients with CRS 2 (moderate response) and 1 patient with CRS 3 (complete response). The 

patient that demonstrated a complete response had elevated epithelial cells and reduced 

COL1A1 (cancer-associated) fibroblasts compared to the patients with CRS 2 and also to the 

primary surgery patients, who had not been exposed to chemotherapy (Figure 3.9). The patient 

with CRS 3 also had increased proportions of monocytes and neutrophils, plus fewer B cells, 

NK cells and T cells.    

 

 

 

Figure 3.9: The proportion of cell types in the CD45-ve and CD45+ve populations based on 

chemotherapy response score. 

The proportion of major lineage cell types within the non-immune and immune cell compartments of 

OC omental metastasis tissue stratified by chemotherapy response score (CRS). 
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The same analysis was undertaken on the 4 patients who had received NACT, but patients were 

divided into those who did not recur within 18 months following completion of treatment (n=2) 

and those who did have a recurrence of OC within 18 months (n=2) (Figure 3.10). Of the non-

immune cell types, there was no difference in the proportion of epithelial cells between the two 

groups. Although not significant, those that recurred had a higher proportion of COL1A1 

fibroblasts and fewer APOD fibroblasts and endothelial cells. In the immune cell population, 

patients who recurred had a trend towards higher proportions of CD8+ T cells, Treg cells, NK 

cells and cycling cells. The recurrence patients also had reduced proportions of B cells, 

macrophages, monocytes and neutrophils. 

 

 

Figure 3.10  The proportion of cell types in the CD45-ve and CD45+ve populations based on 

disease recurrence within 18 months following chemotherapy treatment. 

The proportion of major lineage cell types within the non-immune and immune cell compartments of 

chemotherapy-treated, metastatic omental tumour tissue, stratified by disease recurrence within 18 

months following chemotherapy (0: no recurrence, 1: HGSOvCa recurred following completion of 

treatment). 
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3.2.3.4   Interrogation of NK cell ligands within omental tissue  

A finer analysis then focused on NK cells and their relationship with the omental tissue. The 

expression of NK ligands on major cell types was examined initially. Figure 3.11 shows the 

average expression of key NK activating and inhibitory ligands on the 19 major cell types 

described previously. The ligands that activate NK cells included MICB/A, ULBP1/2/3, PVR 

(CD155), Nectin-2 (PVRL2 or CD112). The ligands that inhibit NK cells were HLA-E, CD274 

(PDL-1), Nectin-1 (PVRL1 or CD111), PDCD1LG2 (PD-L2), Nectin-3 (PVRL3 or CD113), 

MUC16 (CA-125) and Nectin-4 (PVRL4). Based on the expression patterns of these ligands, 

the degree of NK stimulation and the overriding behaviour of the major cells towards NK cells 

could be postulated. The epithelial cell population had high expression of MUC16 and Nectin-

4, which implies an inhibiting function toward NK cells. Endothelial cells showed high levels 

of Nectin-2 and PVR, which are ligands for both the activating receptor DNAM-1 and the 

inhibitory receptors TIGIT and CD96. The fibroblast populations seemed to be inhibitory 

towards NK cells, with elevated expression of inhibitory ligands Nectin-1/2/3 and PD-L2. 

There were high expression levels of the NKG2D ligands on the immune cell populations, 

which could  be an indicator of the activation status of these cells.  
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Figure 3.11: The expression of NK cell ligands on major cell types within omental tumour. 

Cluster-wise average expression profile (heatmap) and UMI count (boxplots) of selected NK ligands 

of interest.    

 

 

The modifications in NK ligand expression following exposure to chemotherapy were then 

examined in the non-immune cell populations. Figure 3.12 demonstrates the differential 

expression of the key NK ligands between the chemotherapy-naïve (pre-NACT) and the 

chemotherapy-exposed (post-NACT) groups. The epithelial cell population in the 

chemotherapy-naive tissue was typically inhibitory, with greater expression of ligands 

MUC16, Nectin-2, Nectin-5 and HLA-E. There were no other significant changes in expression 

across the different cell populations.   
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Figure 3.12: Profile of differential expression of NK ligands following chemotherapy exposure. 

The differential expression of NK ligands on Endothelial, Epithelial and Fibroblast cells in post-

chemotherapy (NACT group) vs pre-chemotherapy (PDS group), where red dots represent increased 

expression pre-chemotherapy and blue represent greater expression post-chemotherapy.  

 

 

 

 

3.2.3.5   Clustering and identification of NK cell subpopulations 

Finer analysis of the NK cells identified 5 different subpopulations across the 9 omental 

samples (Figure 3.13) based on differential expression of key marker genes (Figure 3.14). 

These allowed functional allocation of cell subtypes (Figure 3.15). A cytotoxic NK subset was 

seen with high expression of cytotoxicity marker genes NKG7, FGFBP2, GZMB and FCGR3A. 

A similar subset but with raised activation markers CCL4 and CCL4L2 was identified as an 

activated NK subset. An exhausted NK subset had low levels of the cytotoxic marker GZMB, 

no CD16, and raised inhibitory markers KLRC1 and GZMK. In addition, there were tissue 

resident (with increased CCL4, CCL3, JUN, HSPA1A and CD69 genes) and immature 

(increased IL7R, TPT1, AREG and XCL1/2 genes) NK clusters. The population of NK cells as 

a whole was comprised of relatively equal proportions of these subsets, except for the immature 

NK subpopulation which was comparatively smaller than the other subpopulations.  
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Figure 3.13: Clustering of the major lymphocyte cell populations in all omental samples. 

UMAP embedding of isolated NK cell populations overlaid with the NK cell subpopulations 

identified by unsupervised clustering. 

 

 

 

 

Figure 3.14: Identification of NK subtypes within omental tissue.   

UMAP embeddings of NK cells overlaid with the expression of marker genes for NK cell subtypes. 

 

 

 

 

Figure 3.15  Expression of makers genes within the different NK cell clusters.   

Dotplot to show the average expression of the top marker genes identified as being overexpressed in 

NK subpopulations. The size of the dots indicates the proportion of cells within the cluster that are 

expressing the given gene. 
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3.2.3.6   Interrogation of the NK cell clusters according to tissue type and OC treatment  

The NK cell subtypes were then reviewed separately in the omental tumour (n=8) and normal 

omental (n=1) samples. NK cell marker genes that are representative for NK function were 

compared between these two groups (Figure 3.16). The expression of genes for NK cytotoxicity 

were greater across the clusters in the normal omental sample, with few cells in the tumour 

samples having high expression of the same genes. Agreeing with this, the normal sample had 

increased expression of the genes for activating receptors, while gene expression for NK 

exhaustion and inhibitory receptors were higher in the tumour samples.  

 

 

 

Figure 3.16  Gene expression of NK cell marker genes depicting NK cell function.   

UMAP embeddings overlaid with signature module scores for NK cytotoxicity, exhaustion, activating 

receptors and inhibitory receptors (A). The distributions of module scores stratified by tissue type, 

comparing omental tumour and normal omentum in HGSOvCa patients (B). 

 

 

The expression profiles of NK activation and inhibitory receptors were then compared between 

the tumour and normal omental samples (Figure 3.17). The normal and malignant omentum 

demonstrated raised expression of both activating and inhibiting receptor genes, with no clear 

patterns between the two groups. When focusing on the treatment type (PDS compared to 

NACT), the samples exposed to chemotherapy had raised expression of the genes for NK 
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activation receptors compared to the chemotherapy-naïve (PDS) group.  Increased expression 

of various genes for NK inhibitory receptors were seen in both of the treatment groups. Next, 

the expression of the same receptor genes was examined in the NK subsets; the subpopulations 

all had raised expression of numerous activating receptor genes, apart from the tissue resident 

cluster where few activating genes were highly expressed. The exhausted and tissue resident 

NK clusters had a greater number of inhibitory receptor genes that were highly expressed, with 

minimal overexpression seen in the cytotoxic and activated NK clusters.  

 

 

  

Figure 3.17:  Expression profile of receptors for NK activation and inhibition.   

Average scaled expression across tissue type / chemotherapy treatment (left heatmap) and average NK 

cluster-wise expression profile (right heatmap) of NK receptor genes. Boxplots represent total NK 

raw UMI count for each gene. 
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The expression profile of the genes for NK cytokines were explored (Figure 3.18), clearly 

showing increased expression in the omental tumour samples than in the normal omental 

samples. Within the tumour samples, those that had been exposed to chemotherapy had a 

greater number of highly expressed cytokine genes than the chemotherapy-naïve omental 

tumour.  In addition, highly expressed cytokine genes differed between the NK cell subsets, 

with each NK subset having raised expression of different cytokines. The exhausted cluster 

demonstrated increased expression of the largest number of cytokine genes and also the highest 

levels of cytokine overexpression. While the tissue resident NK subset also had raised 

expression of a number of cytokine genes, fewer genes were highly expressed in the activated, 

cytotoxic and immature NK subsets.  
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Figure 3.18:  Expression profile of genes for NK cytokines.    

Average scaled expression across tissue type / chemotherapy treatment (left heatmap) and average NK 

cluster-wise expression profile (right heatmap) of selected cytokine genes. Boxplots represent total 

NK raw UMI count for each gene. 
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The proportion of each of the 5 NK subsets was determined in the samples and compared 

between tissue type and treatment. Figure 3.19 shows that the normal omental tissue had greater 

proportions of cytotoxic and activated NK subpopulations than the omental tumour. In 

comparison, the omentum with HGSOvCa tumour deposits had increased exhausted, immature 

and tissue resident NK cells. Although not significant, the chemotherapy-exposed tumour had 

fewer exhausted NK cells alongside higher proportions of activated and cytotoxic NK cells 

(Figure 3.20).  

 

 

Figure 3.19: The proportion of NK cell clusters based on tissue type. 

The proportion of NK cell subtypes in omental tumour and normal omental tissue. 

 

 

 

 

Figure 3.20:  The proportion of NK cell clusters based on chemotherapy exposure. 

The proportion of NK cell subtypes in the samples prior to (PDS group) and post chemotherapy 

(NACT group) exposure. 
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3.2.3.7   Annotation of NK cells with chemotherapy exposure    

NK cell clusters were next evaluated according to the cytotoxic effect of chemotherapy towards 

the omental tumour. By comparing the 3 patients with a moderate chemotherapy response 

(CRS 2) to the patient with a complete response (CRS 3), there was a greater proportion of 

activated NK cells and smaller proportion of immature NK cells in patient with CRS 3. Those 

without a CRS score (PDS group, labelled NA) had an increased proportion of exhausted NK 

cells compared to the those who had received chemotherapy. This exhausted NK subtype was 

smallest in the patient with a CRS 3 following neoadjuvant chemotherapy. The proportions of 

the other NK subsets were similar between the groups. 

 

 

 

 

Figure 3.21: The proportion of NK cell clusters by chemotherapy response score. 

The proportion of NK cell subtypes stratified according to the tumour response to chemotherapy. 
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The NK cell clusters varied between those patients with disease recurrence following 

chemotherapy compared to those who remained disease free (Figure 3.22).  Those that recurred 

had higher proportions of exhausted, immature and tissue resident NK cells, with the disease-

free patients having increased cytotoxic and activated NK cells.  

 

 

 

 

Figure 3.22: The proportion of NK cell clusters by disease recurrence following chemotherapy 

treatment. 

The proportion of NK cell subtypes in those who recurred following chemotherapy (1) compared to 

those who remained disease free. 

 

 

Modifications in NK cell gene expression were also seen following chemotherapy exposure. 

Figure 3.23 shows the genes that were over expressed in the neoadjuvant chemotherapy (post-

NACT) and primary surgery (pre-NACT) groups. Following chemotherapy, the most 

significant changes in NK gene expression were seen in HLA-B, IFI27, GNLY, FCER1G and 

MYL12A, all of which were upregulated in response to NACT. In comparison, NK cells in the 

pre-chemotherapy (PDS) group had increased expression of MT-CYB, RPS4X and RPL27. 

Gene set enrichment analysis showed post-chemotherapy enrichments for cytokine production 
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and an inflammatory response, whilst genes for DNA repair and MYC target genes were 

enriched prior to treatment. The relative changes in gene expression in the patients who 

recurred following chemotherapy were seen with over-expression of genes RGS1, BTG1 and 

JUN. Disease recurrence following chemotherapy had gene set enrichments for cytokine 

production, apoptosis, hypoxia, inflammatory response, epithelial mesenchymal transition and 

the p53 pathway. 

 

 

 

 

Figure 3.23  Gene expression and functional divergence following chemotherapy treatment and 

upon disease recurrence. 

Summary of genes identified as differentially expressed on NK cells in comparisons of post-

chemotherapy (NACT group) vs pre-chemotherapy (PDS group) treatment and no recurrence vs 

disease recurrence. Coloured points indicate DEGs (Benjamini Hochberg adjusted p < 0.01). 

Significant functional enrichments from GSEA on Hallmark gene sets are displayed below the 

volcano plots. 
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3.2.4   Summary of the single cell RNA sequencing analysis in ovarian cancer 

A total of 19 transcriptionally distinct major cell types were identified within omental samples 

from patients with HGSOvCa. While the majority were immune cell populations, a cluster of 

epithelial cells was detected, which contained a subset of malignant cells. When comparing a 

normal omental sample with omental tumour samples, greater proportions of epithelial cells 

and cancer-associated fibroblasts were evident within malignant tissue, with differences in the 

types of immune populations also seen. Deviations with chemotherapy treatment included 

changes to the sizes of immune cell populations and variable gene expression profiles. 

Interestingly, with chemotherapy exposure, the epithelial cell population had upregulation of 

the MGP gene, which is associated with chemoresistance in OC [328].  

 

NK cell ligands expressed by epithelial cells and fibroblasts within omentum were broadly 

inhibitory towards NK cells. However, modifications with chemotherapy exposure showed 

elevated activating ligands along with raised checkpoint inhibitors. The finer analysis of the 

NK cell population identified 5 NK subsets across the omental samples, with differing 

expression of genes for cytokine production, activation receptors and inhibition receptors in 

the different subsets. The expression of genes for NK cytokines, cytotoxicity and activating 

receptors were reduced in omental tumour compared to normal samples, while gene expression 

for NK exhaustion and inhibitory receptors were increased. As such, tumour tissue had smaller 

proportions of cytotoxic and activated NK subpopulations alongside larger exhausted, 

immature and tissue resident NK cell populations. Following chemotherapy, gene expression 

for NK activation and cytokine production increased, with higher proportions of activated and 

cytotoxic NK cells in tumour cells. In addition, patients that recurred following chemotherapy 

had higher proportions of exhausted, immature and tissue resident NK cells, with disease-free 

patients having increased cytotoxic and activated NK cells.  
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3.3   Single cell ATAC sequencing of ovarian cancer samples   

3.3.1 The sample population 

Single cell ATAC sequencing (scATACseq) was undertaken to analyse thousands of individual 

nuclei within OC tissue biopsies. This analysis of chromatin accessibility detected the open 

chromatin regions and transcriptionally active genes within each cell. In addition, scATACseq 

also identified transcription factor binding sites and assisted with evaluating the active genomic 

pathways. A cohort of 10 samples was obtained from 9 patients with advanced (FIGO stage 

III/IV) HGSOvCa. Of these, 4 patients had PDS whilst 4 had been treated with platinum-based 

NACT and then had IDS. Two tissue samples were obtained from a ninth patient, one at the 

time of diagnosis and then one following NACT at the time of IDS.   

 

The 5 pre-chemotherapy samples (4 from patients undergoing PDS and 1 diagnostic biopsy) 

were frozen and stored until pathological confirmation of HGSOvCa. The 5 chemotherapy 

exposed (NACT) samples were obtained from patients who had HGSOvCa confirmed prior to 

commencing NACT and then underwent IDS. This ensured all processed and sequenced 

samples had the desired histological diagnosis of HGSOvCa. The tumour biopsies analysed 

were omental tumour tissues, which corresponded with the scRNAseq samples.  

 

The 9 patients in the cohort were matched for age, ethnicity, disease stage, BRCA status, PCI, 

CA-125 level and cytoreduction score. Table 3.3 illustrates the characteristics of patients in the 

cohort, comparing the chemotherapy-naïve (pre-chemotherapy) samples with those following 

NACT (chemotherapy-exposed samples). Of the 9 patients in the cohort, 4 suffered a 

recurrence of their disease and subsequently died. Two of these were pre-chemotherapy and 

two had received NACT. The progression free survival (p = 0.6962) and overall survival (p = 

0.8414) rates between the patient groups were similar.   
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Table 3.3: Characteristics and baseline variables of patients who provided samples for 

scATACseq analysis 

 

Variable Pre-chemotherapy 

 (n=5) 

NACT 

(n=5) 

P value 

Age (years)  

 Mean ± SD 

 

68.6 ± 8.3 

 

64.8 ± 7.7 

 

0.4741 

Ethnicity  

 White  

 Asian 

n (%) 

5 (100.0) 

0 (0.0) 

n (%) 

4 (80.0) 

1 (20.0) 

 

 

>0.9999 

Disease stage 

 3 

 4 

n (%) 

4 80.0)  

1 (20.0) 

n (%) 

3 (60.0) 

2 (40.0) 

 

 

>0.9999 

PCI    

 Median (range) 

 

23 (15-30) 

 

16 (12-26) 

 

0.2254 

BRCA status 

 normal 

 mutated 

n (%) 

4 (80.0) 

1 (20.0) 

n (%) 

5 (100.0) 

0 (0.0) 

 

 

>0.9999 

CA-125 (u/ml) 

    Mean ± SD 

 

1251 ± 1303 

 

1380 ± 1270 

 

0.3137 

Cytoreduction  

  R0 

  R2 

  n/a 

n (%)  

3 (60.0) 

1 (20.0) 

1 (20.0) 

n (%) 

4 (80.0) 

1 (20) 

0 (0.0) 

 

 

 

0.8780 

Chemotherapy 

cycles 

  3 

  4 

n/a n (%) 

 

3 (60.0) 

2 (40.0) 

 

 

 

n/a 

Chemotherapy 

Response Score 

  2 

  3   

n/a n (%) 

 

4 (80.0) 

1 (20.0) 

 

 

n/a 

Disease 

recurrence 

   Recurred 

   Disease-free 

n (%) 

2 (40.0) 

3 (60.0) 

n (%) 

2 (40.0) 

3 (60.0) 

 

 

>0.9999 

Survival 

   Died 

   Alive 

n (%) 

2 (40.0) 

3 (60.0) 

n (%) 

2 (40.0) 

3 (60.0) 

 

 

>0.9999 
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3.3.2 Preparation of specimens  

Individual nuclei were extracted from whole tissue samples that had been snap frozen 

immediately after surgical resection (described in the Methodology section 2.3.2). These 

individual nuclei were sequenced, with bioinformatic analysis detecting open chromatin 

regions to measure chromatin accessibility and the transcriptionally active genes within each 

cell. The number of nuclei sequenced and analysed (Table 3.4) from the OC tumour biopsies 

ranged from 916 to 7254 for the pre-chemotherapy (chemotherapy naïve) samples and 568 to 

2931 for the NACT (chemotherapy exposed) samples.  

 

Table 3.4: The nuclei sequenced in each sample in the scATAC cohort  

Sample Treatment group Chemotherapy 

exposure  

Nuclei sequenced 

1 Pre-chemotherapy PDS Nil 7254 

2 Pre-chemotherapy PDS Nil 4716 

3 Pre-chemotherapy PDS Nil 1989 

4 Pre-chemotherapy PDS Nil 916 

5 Pre-chemotherapy diagnostic biopsy  Nil 3973 

6 NACT + IDS 4 cycles 2105 

7 NACT + IDS 4 cycles 1443 

8 NACT + IDS 4 cycles 2931 

9 NACT + IDS 4 cycles 568 

10 NACT + IDS 6 cycles 1194 

 
      
 

3.3.3 Analysis of single cell ATAC sequencing data 

3.3.3.1   Clustering and identification of major cell types 

Sequencing analysis generated the data to determine the DNA reads at locations of open 

chromatin within individual nuclei, as described in Methods section 2.3.2.3. The measurements 

of chromatin accessibility and recognition of transcriptionally active genes in each cell allowed 

similar cell types to be clustered together. By combining the data from all 10 samples, 7 

different populations of cells were identified. These included the high-level cell types: 
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lymphocytes, myeloid cells, fibroblasts and epithelial cells. Figure 3.24 demonstrates the 

clustering of cells from the ten samples with the detection of cell populations.    

 

 

 

Figure 3.24: Clustering of high-level cell types cells within metastatic omental tumour deposits. 

UMAP embedding integrates scATACseq data overlaid with patient sample label (A), unsupervised 

clustering results B) and major lineage cell types (C). 

 

The raised expression of high-level cell marker genes was used to cluster the cells from all 

samples into different populations and also identify the type of each cell population. Figure 

3.25 shows the expression of the key maker genes used to classify the 4 major cell types across 

all of the cells analysed. The gene activity score of the marker genes for the cells within each 

of the 4 major cell populations is shown in Figure 3.26. The epithelial tumour cell population 
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had increased activity of the genes EPCAM (epithelial cell adhesion molecule), MUC16 

(mucin16 or CA-125), WFDC2 (WAP four-disulfide core domain protein 2) and LAPTM4B 

(Lysosome-associated transmembrane protein 4B). The fibroblast population was identified 

due to raised gene activity of PDPN (podoplanin) and COL1A2 (collagen type I alpha 2 chain). 

Increased IKZF1 (IKAROS family zinc finger 1) and PTPRC (Protein tyrosine phosphatase, 

receptor type, C) activity identified the lymphocyte cells, while myeloid cells had raised 

activity of the genes coding for CD14 and TREM1 (Triggering Receptor Expressed On Myeloid 

Cells 1). Figure 3.27 shows the chromatin accessibility profiles for the key marker genes within 

the 4 major cell types.  

 

 

 

 

Figure 3.25: Identification of the major high-level cell types within metastatic omental tumour 

deposits. 

UMAP embedding overlaid with gene activity scores for canonical high-level cell marker genes.  
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Figure 3.26: Gene activity of major cell type marker genes.  

Dotplot showing average gene activity scores of canonical marker genes for major lineage cell types. 

Dot size indicates the proportion of cells within the cluster that show activity for the given gene.  

Cluster number 1 is the epithelial tumour cell population, cluster 2 is the fibroblast population, cluster 

3 is the lymphocyte population and cluster 4 is the myeloid population.  

 

 

 

 

 

 

 

Figure 3.27: Identification of the major high-level cell types marker genes.  

Genome coverage plots to demonstrate chromatin accessibility profiles at canonical high-level cell 

type marker gene loci within the defined major cell types. 
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The 7 major cell clusters were then analysed in more detail. Figure 3.28 analyses the 

composition of each major cell cluster according to the patient samples. The cells within the 

epithelial tumour cluster (cluster 1), originated from all 10 samples, however greater 

proportions of the cluster were from samples 1, 3, 5 and 7. The fibroblast cluster (cluster 2) 

was comprised of cells from all samples, except for sample 9, and had larger proportions from 

samples 1 and 2. While the myeloid cluster (cluster 4) had cells from all samples in roughly 

equal proportions (apart from having no cells from sample 9),  the lymphocyte cluster (cluster 

3) was made of cells predominantly from sample 1. Interestingly, sample 9 was only seen in 

cluster 0 and cluster 1, the epithelial tumour cluster, suggesting this patient sample was 

predominantly tumour or epithelial tissue. The other patient samples contained cells from the 

cell clusters 0, 1, 2, 3 and 4, signifying these samples were comprised of a number of different 

cell types, including epithelial tumour, fibroblasts, myeloid cells and lymphocytes. Clusters 5 

and 6 contained cells almost entirely from patient sample 3 and 4, respectively.  

 

 

 

 



112 
 

 

 

Figure 3.28: Cluster proportions based on patient sample.  

The proportion of cells within each of the seven cell clusters (A) and the defined major high-level cell 

types (B) based on the patient samples.  

 

 

Further interrogation of the individual patient samples showed that the epithelial tumour cells 

were the predominant population in all 9 of the 10 patient samples (Figure 3.29). Indeed, half 

of the samples (samples 3, 7, 8, 9 and 10) were comprised almost entirely of epithelial tumour 

cells. It may be possible that the epithelial cells were more robust and resistant to damage, 

while other smaller or more fragile nuclei were lost during the processing of samples for 

scATACseq. 

 

The proportion of fibroblast cells varied across the patient samples, with the majority of sample 

2 shown to be fibroblasts. There were minimal proportions of lymphocyte and myeloid cells in 

each sample, confirmed in Figure 3.30, where the total number of these cells clusters was 



113 
 

smallest. It is evident from the total cell counts, that there was a far greater number of epithelial 

tumour cells than the other major cell types across all the samples.    

 

 

 

Figure 3.29: Major high-level cell types within patient samples. 

A per-sample breakdown of the proportion of the four major lineage cell types cells. 

 

 

 

Figure 3.30: Cells within high-level cell clusters.  

The total counts of cells within the four main cell populations.   

 

 

 

 

3.3.3.2   Differences in chromatin landscape following chemotherapy exposure   

The high-level cell clusters were then stratified by exposure to chemotherapy treatment (Figure 

3.31). Each major cell cluster contained cells from pre-chemotherapy samples and samples 

exposed to NACT. The epithelial tumour population and lymphocyte population were 

comprised of more pre-chemotherapy cells than NACT cells. The fibroblast and myeloid 
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populations contained similar amounts of pre-chemotherapy and NACT cells. Figure 3.32 

shows that pre-chemotherapy cells contributed to almost 75% of the epithelial tumour 

population and almost all of the lymphocyte population. There were equal proportions of the 

pre-chemotherapy and NACT cells in the myeloid and fibroblast populations.  

 

 

Figure 3.31:UMAP of cells within metastatic omental tumour deposits based on treatment. 

UMAP embedding overlaid with cell labelling for chemotherapy naïve cells (pre-chemotherapy) and 

those exposed to chemotherapy treatment (NACT).  

 

 

 

 

 

 

Figure 3.32: Cluster proportions stratified by chemotherapy treatment.  

The proportion of treatment-naïve (Pre-chemotherapy) and chemotherapy-exposed (NACT) cells 

within each of the major high-level cell types. 
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The key markers that were used to identify individual cells were then reviewed. Figure 3.33 

shows the chromatin accessibility of these key markers in each patient sample and in the 

different major cell clusters. It is evident that the patient samples had varied accessibility of the 

different chromatin markers. In particular, samples 1, 3, 6, 7, and 10 have clear differences in 

the major cell markers.  The degree of chromatin accessibility for the key markers also differed 

in each of major cell populations. The key markers were then stratified according to 

chemotherapy exposure; there were alterations between the chemotherapy naïve (pre-

chemotherapy group) and chemotherapy exposed (NACT group) samples, but these were less 

obvious.  

 

 

 

 

Figure 3.33: Major cell type chromatin accessibility marker peak profile .  

Accessibility profile of top marker peaks identified as being differentially accessible in each of the 

high-level cell types.  
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The transcription factor motifs that were enhanced in the major cell populations are shown in 

Figure 3.34. The top markers for these motifs varied across the samples, but there were no 

clear patterns when comparing the pre-chemotherapy samples with the NACT samples. The 

epithelial population had increased MEIS1, MEIS2, PBX2, SMAD2/3/4 and TP63, further 

confirming this as a tumour cell cluster. The fibroblast population had raised TCF7L2, TCF7 

and FOS. The enriched transcription factor motifs in the myeloid and lymphocyte populations 

were similar, with no clear alterations following chemotherapy. 

 

 

 

 

 

Figure 3.34: Transcription factor motif enrichment profile of marker motifs enriched within major 

cell type marker peaks. 

Profile of sample-wise average enrichment of top transcription factor motifs identified as significantly 

enriched within major cell type marker peaks. 
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The modifications in chromatin accessibility following chemotherapy treatment differed 

between the major cell types (Figure 3.35).  There were a high number of differentially 

accessible peak loci in the epithelial population following chemotherapy, but few in the other 

cell populations, particularly for the closed chromatin regions. Large deviations in the open 

and closed chromatin regions for transcription factor motifs were evident in the epithelial 

population, with the greatest changes seen in TP63, MAFA and ZIC2, which had increased 

chromatin accessibility after chemotherapy.  

 

 

 

 

Figure 3.35: Chromatin accessibility in the major cell types following chemotherapy treatment.  

Differentially open (blue) and closed (red) chromatin regions following NACT (neoadjuvant 

chemotherapy) in epithelial, fibroblast, myeloid and lymphocyte cell clusters. Coloured points 

indicate differentially accessible peak loci (BH adjusted p < 0.01 and absolute mean log FC > 0.25). 

Motif logos indicate the top enriched transcription factor motifs within post and pre NACT 

differential peaks.   

 

 

Following on from this, the differentially enriched motifs of gene transcription were compared 

between the pre-chemotherapy and NACT samples (Figure 3.36). While the chemotherapy 

naïve (pre-chemotherapy) and exposed (NACT) groups in the lymphocyte population were 

similar, there were clear differences in the epithelial population. There was increased 

expression of cancer-associated transcription factors in both treatment groups in the epithelial 

population. The pre-chemotherapy group had raised transcription factors related with tumour 
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metastasis and progression (such as MEF2A, ZN460 and KLF3), but also transcription factors 

for tumour dormancy (such as NR2F1). In contrast, the NACT group had elevated transcription 

factors for oncogenes (such as MAFA and ZIC2) and cancer stem cells (such as PAX6). There 

were no consistent differences in enhanced transcription factor motifs for treatment groups in 

the myeloid and fibroblast populations.  

 

 

 

Figure 3.36: Motif enrichment analysis of gene transcription in major cells depending on 

chemotherapy exposure and patient samples. 

Transcription factor motif enrichment profile of motifs identified as differentially enriched between 

chemotherapy-naive (Pre-chemotherapy) and following chemotherapy exposure (NACT) within each 

of the major cell types. 

 

 

 

3.3.4   Summary of the single cell ATAC sequencing analysis in ovarian cancer 

Sequencing analysis of scATAC data identified 7 different high-level cell populations within 

omental tumour samples obtained from patients with HGSOvCa. These included lymphocytes, 

fibroblasts, myeloid cells and epithelial cells. An epithelial tumour cell population had 

increased activity of genes associated with OC, such as EPCAM and MUC16, and was the 

predominant cell population in all but one of the samples. Indeed, half of the samples were 

comprised almost entirely of epithelial tumour cells. In contrast, there were minimal 

proportions of lymphocyte and myeloid cells in each of the samples. As expected, there was a 



119 
 

reduction in the epithelial tumour population following chemotherapy, while there was also a 

loss of immune cells. 

 

For the key markers utilised to identify the different cell types, measurements of chromatin 

accessibility differed greatly between patients.  In addition, markers for the transcription factor 

motifs that were enhanced in the major cell populations varied across samples, showing inter-

patient heterogeneity. The modifications in chromatin accessibility and differentially enriched 

motifs of gene transcription occurred following chemotherapy. While there was increased 

expression of cancer-associated transcription factors in both chemotherapy-naïve and exposed 

groups in the epithelial cell population, elevated cancer stem cell transcription was evident post 

chemotherapy.  

 

3.4   Discussion 

A range of techniques such as immunohistochemistry staining, flow cytometry and microarray 

assays, have endeavoured to categorise the cell populations within HGSOvCa in order to assess 

their predictive potential and guide the development of new therapies [5, 116, 118-120, 326]. 

Genomic analysis has failed to discover significant genomic profiles or suitable target genes, 

despite stratifying samples by treatment outcomes [93]. The Cancer Genome Atlas (TCGA) 

identified four transcriptionally distinct HGSOvCa cell subtypes through the assessment of 

RNA expression, promoter methylation and DNA copy number assays [5]. Numerous reviews 

have utilised bulk RNA sequencing to assess these subtypes, but were unsuccessful in 

recognising gene expression patterns to classify cell populations and could not detect intra-

cellular heterogeneity [5, 116, 119, 329-332]. Recent scRNAseq analyses are of interest 

although sample sizes were typically small, ascitic fluid samples were utilised instead of solid 

tumour specimens, the immune cells were not evaluated in depth and chemotherapy-exposed 
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samples were infrequently included [114, 116-118 122, 333]. In this chapter I was able to 

overcome some of these challenges and gain new insights into the single cell architecture of 

HGSOvCa. 

 

Single cell sequencing techniques of omental samples 

This chapter utilised two different 10X Genomics sequencing techniques to explore the cellular 

composition of fresh or snap-frozen tissue samples [305, 308]. Thousands of individual cells 

(scRNAseq) or nuclei (scATACseq) were examined, mapping reads to the human reference 

genome [305, 308, 334]. By identifying the cell types within each tissue sample, as well as 

gene expression (scRNAseq) or the chromatin accessibility (scATACseq) profile, a 

comprehensive analysis of the cell type contexture within the ovarian TME was undertaken. 

 

scRNAseq analyses allowed assessment of 2271-20494 viable cells per sample although few 

epithelial or Epcam+ cells were present, likely due to the loss of fragile and stressed tumour 

cells during tissue digestion. Therefore, cell sorting reconstructed the samples to ensure they 

contained an adequate proportion of epithelial cells. This enrichment enabled the detection of 

a subset of epithelial tumour cells with enhanced expression of OC biomarkers, MUC16 and 

WFDC2 [335-336], albeit a relatively smaller population than initially anticipated. As 

scATACseq samples did not require similar processing, with tissues simply snap frozen 

immediately after collection, the tumour populations in these biopsies are likely unchanged and 

representative of the original malignant tissue. Omental tissue was used in both studies as this 

is typically the first site of metastatic spread in OC [65, 66, 69, 71, 72] and understanding the 

involvement of the omentum in disease progression is of great clinical importance.  
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Identification and clustering of high-level cell types 

Single cell mRNA sequencing successfully detected cell heterogeneity with 19 distinct major 

cell types (Figures 3.1 and 3.2), greater than the number reported (2-16) in previous studies 

[116-123]. This is possibly due to the increased number of cells sequenced within our study 

and could also have been influenced by the clustering methods used. 

 

Most populations were CD45+ (Figures 3.1 and 3.5) with 5 populations of CD45- non-immune 

cells, including a small cluster of epithelial tumour cells expressing OC biomarkers, MUC16 

(Mucin16 or CA-125) and WFDC2 (whey acidic protein four-disulphide core domain protein 

2 or HE4) [335, 336]. While others have identified multiple transcriptionally different epithelial 

cell clusters, these were not apparent in our data and finer grained clustering of the epithelial 

cells is required to depict them [117, 122, 123]. The proportion of epithelial cells in our samples 

(approximately 10%)  was similar to that in another series [123]. However, there is a large 

variety in the epithelial cluster proportion reported in other scRNAseq reviews, regardless of 

the tissue type analysed [116-119]. Typically, epithelial cells are frequently found to be the 

largest cell population, with some reviews finding that they contribute to over half of all cells, 

including within similar omental tumour tissues biopsies [119, 120]. The low numbers of 

epithelial cells within our scRNAseq samples could possibly be associated with the digestion 

and sample processing of the hypoxic and friable omental tumour tissues collected.  

 

Another non-immune major cell cluster detected by scRNAseq was a fibroblast population, 

with two distinct types recognised: those with APOD (apolipoprotein D) expression, which 

were categorised as normal adipose-derived stromal cells, and those expressing COL1A1, the 

cancer-associated fibroblasts (CAFs) [327]. The APOD fibroblasts transition into CAFs during 
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tumour development and are associated with cancer invasion, progressive disease and 

treatment resistance [327, 337].  

 

The composition of the immune cell population varies greatly between scRNAseq studies [118, 

123], and was shown to differ between individual patients in our cohort (Figure 3.5). CD8+ T 

cells were the predominant cell type upon integration of all samples in the scRNAseq cohort. 

A population of CD4+CD8+ double positive T cells was also seen which have previously been 

shown to demonstrate tumour reactivity following antigen stimulation [338]. Interestingly, our 

analysis discovered a relatively large NK cell population, while others have found no or few 

NK cells [119-121, 123].  

 

In comparison, the single cell chromatin accessibility analysis (scATACseq) detected 7 major 

cell populations, fewer than the 19 identified in the scRNAseq cohort. The majority of the cells 

in the scRNAseq samples were immune cells, likely due to the cell sorting and enrichment for 

CD45+ cells in order to primarily focus on the immune populations. The unsorted samples used 

in scATACseq revealed a predominant epithelial cluster with a far smaller lymphocyte (or 

immune cell) cluster (Figure 3.24). This large epithelial cell population identified by 

scATACseq was comprised of a far greater number of cells than the other major cell types 

(Figure 3.30). Epithelial cells were present in all 10 analyses but the proportion varied between 

samples (Figure 3.29). One sample comprised of almost all epithelial cells while another had 

only 30%, demonstrating tumour cell heterogeneity between patients. Interestingly, of the 

smaller immune cluster, almost three quarters were derived from a single patient, with other 

patient samples containing a much lower proportion of immune cells, suggestive of immune 

cell heterogeneity across samples (Figures 3.28 and 3.29).  

 



123 
 

These findings vary somewhat from the scRNAseq analysis, despite the patients and samples 

being similar in both cohorts. As well as the cell sorting and CD45+ cell enrichment in 

scRNAseq, it is possible that the additional processing and digestion required for scRNAseq 

may have damaged fragile epithelial cells. A single published OC scATACseq study supports 

our findings: within two HGSOvCa samples, 6 similar major cell types were identified 

(compared to our 7) and the main cell population was also an epithelial tumour cell cluster 

[339]. While they recognised 4 different tumour subpopulations, we confidently detected 1 

subpopulation. However,  it is possible that there are actually 4 tumour subpopulations within 

our samples (clusters 0, 1, 5, 6), all with profiles of epithelial markers. Further analysis is 

required to confirm these clusters as definitive tumour subpopulations, therefore demonstrating 

a similar level of heterogeneity to the previous study. We discovered a greater number of major 

cell types in scRNAseq than in scATACseq, with 19 and 7 cell types, respectively. Likewise, 

Regner et al. described 24 and 14 recognisable sub-clusters of cells in their paired analysis of 

scRNAseq and scATACseq data, respectively, suggesting that scRNAseq is more sensitive at 

detecting smaller clusters or populations of cells.  

 

Transcriptional profiling of malignant and normal omental tissues 

The inclusion of a normal omental sample in the scRNAseq analysis allowed the comparisons 

of cell heterogeneity and gene transcription following malignant transformation (Figures 3.4 

and 3.5).  Despite this single sample, differences were evident in the proportions of the major 

cell populations (Figure 3.6). The size of the epithelial cell cluster was greater in the omental 

tumour samples than in the normal omentum. The omentum is an adipose rich organ, with few 

epithelial cells, so it was expected that this cluster was larger following invasion of an epithelial 

tumour [339]. In addition, the non-malignant omentum also contained higher levels of normal, 
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adipose-derived stromal APOD fibroblasts. Likewise, the cancer-associated fibroblasts, with 

raised COL1A1 expression, were greater within the tumour tissue, as predicted. 

 

The transcriptional landscape following chemotherapy exposure 

scRNAseq analysis identified that alterations to the composition of the TME were evident 

following chemotherapy exposure despite small sample numbers in each treatment group 

(Figures 3.5 and 3.7). In particular, there were increased proportions of neutrophils, B cells, 

CD8+ T cells and Treg cells, alongside reduced macrophages and APOD fibroblast 

populations. The size of the epithelial tumour population was unchanged between the 

chemotherapy-naïve and chemotherapy-exposed samples. This may indicate inherent 

chemoresistance within the tumours and a failure to eliminate the malignant epithelial cells, 

although it is unclear whether clusters sensitive to chemotherapy have been killed, therefore 

allowing subpopulations of resistant tumour cells to survive and expand.  

 

Interestingly, the patient that demonstrated a complete response to NACT (CRS 3) had a 

greater proportion of epithelial cells compared to the patients with a reduced chemotherapy 

response (CRS 2) and the chemotherapy-naïve primary surgery patients (Figure 3.9). With a 

complete chemotherapy response, all malignant epithelial cells will have been successfully 

targeted by chemotherapy. It is therefore possible that the epithelial cell population initially 

identified in the CRS 3 patient were actually mesenchymal stromal cells. As such, additional 

sequencing analysis is required to further differentiate the epithelial, mesenchymal and 

stromal cell populations. The patient with CRS 3 also had reduced T cells, B cells and NK 

cells, with increased proportions of monocytes and neutrophils, suggesting a different 

response by the TME with successful chemotherapy treatment. As expected, COL1A1 
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cancer-associated fibroblasts were reduced in the complete responder, whilst recurrence and 

chemoresistance was associated with increased COL1A1 and fewer APOD fibroblasts. 

 

A recent scRNAseq analysis of 11 paired pre-chemotherapy and post-chemotherapy samples 

reported outcomes from omental and peritoneal tissues in HGSOvCa [123]. Here, Zhang et al. 

discovered a similar proportion of epithelial cells in chemotherapy-naïve samples to that in our 

cohort. Unlike the minimal response seen in our analysis, their epithelial population reduced 

with treatment, suggesting sensitivity and tumour cell killing. After detecting 12 distinct cancer 

cell clusters in their analysis, they discovered chemotherapy effectively decreased certain 

cancer populations, while certain stress-associated populations survived chemotherapy and 

expanded. The properties and sizes of other stromal and immune populations were analysed 

based on the stress-associated state of cancer cells, but were not stratified based on 

chemotherapy exposure. In another study of paired pre and post-chemotherapy tumour 

biopsies, whole transcriptome analysis has identified T cell expansion, NK cell infiltration and 

immune activation, but no differences in other cell populations [340].  

 

Despite similar proportions of the epithelial populations in the treatment groups of our 

scRNAseq analysis, there was significant differential gene expression following chemotherapy 

in these cells (Figure 3.8). The OC tumour suppressor gene FTH1 (ferritin heavy chain) was 

expressed at a higher level in the pre-chemotherapy epithelial cells than following 

chemotherapy, while MGP (matrix gla protein), which is associated with OC progression and 

treatment resistance, was over-expressed by epithelial cells following chemotherapy [341, 

342]. There was also high deviation in gene expression with chemotherapy in the other major 

cell types, including dendritic cells, fibroblasts and monocytes. In contrast, there was minimal 

variation in the genes expressed following chemotherapy in the endothelial, plasmablast and T 
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cell populations.  Key alterations in the NK cells included upregulation of IFI27 (interferon 

alpha-inducible protein 27), which causes OC invasion, epithelial-mesenchymal transition and 

chemoresistance, and GNLY (granulysin) which stimulates and activates NK cells towards T 

cells [343, 344]. Chemotherapy modulation also resulted in raised PLCG2 (phospholipase C 

gamma 2), which is related to immune activation, in the COL1A1 fibroblast population, and 

raised FOL3R (folate receptor alpha) in neutrophils, which is linked with tumour recurrence 

and poor survival [345, 346]. The gene LTB (lymphotoxin beta), which activates fibroblasts, 

co-ordinates tumour and stroma interactions and influences OC progression, was upregulated 

in B cells following chemotherapy [347]. These modifications are associated with immune cell 

activation and epithelial-mesenchymal transition. It is possible that chemotherapy creates a 

selection pressure in the TME that ultimately promotes treatment resistance, disease recurrence 

and progression. 

 

In contrast to scRNAseq, the scATACseq analysis discovered a far greater proportion of 

epithelial tumour cells and lymphocyte cells prior to chemotherapy than following 

chemotherapy exposure (Figures 3.31 and 3.32). While this suggests that chemotherapy was 

successful in eliminating malignant cells, this also seems to have reduced the size of the 

immune cell populations. Unfortunately, the analysis did not highlight the response of specific 

types of immune cells to chemotherapy, likely due to the limited number of immune 

populations detected. While scATACseq has successfully identified detailed immune cell 

clustering and the differentially accessible genes in other malignancies, there are no other series 

reported in OC [348, 349].  Chromatin accessibility varied significantly between patients, with 

obvious differences in major cell markers across samples (Figures 3.33 and 3.34). Alterations 

following chemotherapy exposure were less clear, although there was greater chromatin 

accessibility in the epithelial tumour cells (Figure 3.35). Here there were increased open 
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chromatin regions for TP63, the transcription factor for TP53 that influences OC 

tumorigenesis, and oncogenes MAFA and ZIC2 [350, 351]. Interestingly, the NACT group had 

elevated transcription factors for cancer stem cells. These undifferentiated stem cells are 

associated with tumour growth, invasion and metastatic spread. Cancer stem cells in OC have 

the ability to survive chemotherapy, thereby allowing a small subpopulation of aggressive and 

treatment-resistant cells to expand, leading to disease recurrence and chemotherapy failure 

[352-354].  

 

NK cells within the tumour microenvironment 

Prior scRNAseq publications have not focussed on NK subsets [119-121, 123]. I assessed the 

NK cell transcriptome and expression of NK ligands in order to interrogate the relationship 

between tumour and NK cells and the response to chemotherapy. The data showed that tumour 

cells and fibroblasts within the omentum are likely to be inhibitory towards NK cells (Figure 

3.11). In particular, activating ligands were reduced (MICB and ULBP1/2/3), whilst ligands 

with inhibitory actions were increased (Nectin and MUC16). In contrast, macrophages and NK 

cells themselves had increased expression of activatory receptors, with increased MICA/B and 

ULBP2/3 ligands, and decreased Nectin, MUC16 and PD-L2. A reported scRNAseq analysis 

of 7 pre-chemotherapy HGSOvCa cases also discovered an immunosuppressive tumour 

microenvironment and induction of inhibitory immune checkpoints on epithelial cells [117]. 

However, this increase in the inhibitory ligands occurred in early stage disease and was reduced 

in advanced disease cases. In addition, genes for the PD-1 ligand and CTLA-4 ligand were low 

in all stages of HGSOvCa cases, even in advanced disease, which corresponds to our data 

where the PD-L1 gene had minimal expression. While ligands for T cell inhibition were raised, 

with corresponding T cell exhaustion, further analysis on additional NK ligands was not 

reported in this review.    
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scRNAseq analysis identified 5 different NK subpopulations (Figures 3.13, 3.14 and 3.15), 

with all showing raised expression of activating receptor genes apart from a tissue resident 

cluster (Figure 3.16). As expected, the exhausted and tissue resident NK clusters had increased 

expression of inhibitory receptor genes, while these were reduced in the cytotoxic and activated 

NK clusters. This NK cell heterogeneity within omental tumour was greater than that identified 

by scRNAseq in primary ovarian and metastatic peritoneal tumours, where just two main NK 

clusters were detected [118].  

 

The comparison of NK cells in normal omentum to those within tumour tissue corresponded 

directly with the examination of NK ligands. Indeed, omental tumour samples had elevated 

expression for inhibitory NK receptor genes and genes associated with NK cell exhaustion 

(Figures 3.16 and 3.17), with greater proportions of exhausted, immature and tissue resident 

NK cells (Figure 3.19). In contrast, the normal omentum had increased gene expression for NK 

cytotoxicity and NK activating receptors, alongside increased proportions of cytotoxic and 

activated NK subpopulations than the omental tumour. Supporting the notion that NK cells 

within solid tumours are dysfunctional, inactive and have reduced cytotoxic function [355-

359], this cohort analysis convincingly suggests that NK cells appears inhibited following 

infiltration into ovarian tumours when compared to those within normal tissue. However, the 

tumour samples within this cohort had increased gene expression for NK cytokine production 

compared to normal omentum (Figure 3.18), which differs to previous reports [354, 360].   

 

Of note, chemotherapy treatment functioned to increase expression of activatory receptors on 

NK cells (Figure 3.17), increase NK cytokine production (Figure 3.18) and increase the 

proportion of activated and cytotoxic NK subpopulations (Figure 3.20). Furthermore, despite 
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assessing small sample numbers, there was a greater proportion of activated NK cells and 

reduced immature NK cells following a complete chemotherapy response (CRS 3), when 

compared to a moderate response (Figure 3.21). In addition, the proportion of exhausted NK 

cells was raised in those who did not receive chemotherapy. With NK activity and cytotoxicity 

seemingly elevated with chemotherapy, especially following a complete response, similar 

findings occurred in those who remained disease free after chemotherapy compared to those 

that recurred (Figure 3.22). The gene set enrichment analysis (Figure 3.23) showed an increase 

in genes associated with cytokine production and an inflammatory response following 

chemotherapy, along with downregulation of genes related to DNA repair. Disease recurrence 

following chemotherapy had gene enrichment for cytokine production, apoptosis, hypoxia, 

inflammatory response and epithelial mesenchymal transition. Chemotherapy therefore 

appears to reverse the degree of tumour-mediated NK inhibition and to promote NK activation. 

This profile has also been seen in other tumours [361]. Furthermore, a large whole 

transcriptome analysis of paired pre and post-chemotherapy OC samples has shown NK cell 

expansion, cytotoxic NK cell infiltration into tumour and increased cytotoxic gene expression 

following neoadjuvant chemotherapy [340]. 

 

Key findings from single cell sequencing of Ovarian Cancer  

The two single cell sequencing techniques have successfully detected heterogeneity within 

metastatic omental tissue samples. While the scRNAseq analysis portrayed an immunogenic 

tumour microenvironment, scATACseq data showed tissues were dominated by epithelial 

cells. The greater sensitivity of scRNAseq detected a greater number of major cell types and 

cell subpopulations. However, scATACseq identified significant tumour and immune cell 

heterogeneity. Epithelial tumour cells persisted despite chemotherapy, with treatment 

increasing the expression of genes associated with immune activation, tumour invasion, 
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treatment resistance and disease progression. Furthermore, chemotherapy was also shown to 

increase chromatin accessibility for oncogenes, transcription factors related to OC 

tumorigenesis and cancer stem cells. The comprehensive NK cell interrogation demonstrated 

an inhibitory tumour microenvironment, leading to NK cell inactivation within tumour tissue. 

A total of five transcriptionally distinct tumour infiltrating NK cell subpopulations were 

present within the omentum. Exhausted, immature and tissue resident subtypes prevailed in 

malignant samples, with NK cells appearing dysfunctional, inhibited and with reduced 

cytotoxicity. However, chemotherapy activated NK cells, increased NK cytokine production 

and elevated cytotoxicity towards tumour cells. These findings highlight the importance of 

NK cells in these heterogenic, aggressive and chemo-resistant tumours. Further 

understanding of the NK cell phenotype and functional response within OC is essential, with 

NK cell manipulation a possible approach for targeted immunotherapy.   

 

 

 

 

 

 

 

 

 



131 
 

 

 

 

 

 

 

Chapter 4: 

 

Analysis of NK cell phenotype in  

Ovarian Cancer 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 
 

4.1   Introduction 

It is known that Natural Killer (NK) cells are directly activated by specific ligands that are 

highly expressed on the surface of stressed tumours and also following the downregulation of 

major histocompatibility complex (MHC) class I molecules by tumour cells [141, 184-188]. 

NK cells possess several activating and inhibiting receptors, enabling targeted NK-mediated 

killing of tumour cells following stimulation [183, 173, 175, 177, 186]. However, the NK cells 

infiltrating into solid tumours from the peripheral blood are inactivated and rendered 

dysfunctional, with reduced NK cell proliferation and a decreased cytotoxic response [150, 

156, 157, 177].  

 

Importantly, the NK cells within ovarian tumour tissue are also thought to be impaired by the 

immunosuppressive tumour microenvironment [151, 154, 210-216]. Nevertheless, a greater 

understanding of the nature and role of the tumour infiltrating NK cells in ovarian malignancy 

is essential. As such, this study aims to extensively evaluate the infiltration and activation of 

NK cells in ovarian cancer (OC). Specifically, the main objective of this chapter is to 

interrogate the proportions and type of NK cells within peripheral blood, primary ovarian 

tumour tissue and metastatic omental tumour deposits; establishing their response and 

interaction with the tumour microenvironment. To this end, a large prospective cohort of OC 

and control patients who underwent surgical intervention at a tertiary gynaecological cancer 

centre was established. The comprehensive examination of patient samples was collated with 

clinical data to explore the characteristics of NK cells within OC and how current 

chemotherapy treatments influence the NK cell response.  
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4.2  Study cohort  

The study cohort consisted of 80 patients with OC who were managed in the Pan Birmingham 

Gynaecological Cancer Centre between 2017 and 2022. Of these, 40 patients underwent 

primary surgery followed by 6 cycles of platinum-based adjuvant chemotherapy. The majority 

who underwent primary surgery (n=28, 70.0%) had advanced OC (FIGO stage III/IV) so were 

scheduled for cytoreductive primary debulking surgery, while 30.0% (n=12) had standard 

upfront surgery for early OC (FIGO stage I/II). The other 40 OC patients in the cohort received 

platinum-based neoadjuvant chemotherapy, with the plan to have interval debulking surgery 

and additional adjuvant chemotherapy for advanced OC.  

 

A further 20 patients who did not have OC, or any other type of malignancy, were recruited as 

controls. These included 10 patients who had surgery for a benign ovarian mass, with final 

histology showing either ovarian fibroma or cystadenoma. The remaining 10 patients had 

histologically normal ovaries and fallopian tubes, with surgery undertaken for benign 

gynaecological conditions (n=8, 80.0%), such as uterine leiomyomas, or had surgery for 

ovarian cancer risk reduction (n=2, 20.0%).   

 

4.3   Analysis of NK cells within the study cohort 

4.3.1 Patient samples evaluated  

 Utilising the study cohort of 100 patients described above, paired blood and tissue biopsies 

were obtained during surgery and processed as described in the Methods sections 2.2.2.1 and 

2.2.2.2, respectively. Peripheral blood samples were analysed using flow cytometry for all 

100 patients within the cohort, along with the corresponding tissue biopsies, whenever these 

were available. Within the normal ovary and benign ovary control groups, ovarian tissue 
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samples were processed for 7 and 6 of the patients, respectively. Ovarian samples were 

obtained from 31 OC patients in the primary surgery group and 18 OC patients in the 

neoadjuvant chemotherapy group.  

 

 As OC typically metastasises in the first instance to the omentum, with metastatic omental 

disease associated with a poor prognosis and decreased chemotherapy response, an 

omentectomy is performed in all OC cases [47, 65, 66, 69, 71, 72].  Therefore, omental tissue 

biopsies were also analysed, with samples processed for 26 patients in the primary surgery 

group and 13 patients in the neoadjuvant chemotherapy group. Paired omental biopsies were 

also available for 5 of the normal ovary patients and 6 of the benign ovary patients. All of the 

blood and tissue samples that were collected and processed were used in the NK cell analysis. 

Figure 4.1 describes the samples that were collected for each patient group. 
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Figure 4.1: Blood and tissue samples collected within the study cohort. 

Peripheral blood samples (PBMC) were obtained and analysed for all patients within the cohort. 

Paired ovarian tissue biopsies were available for 7 (70.0%) and 6 (60.0%) cases in the normal ovary 

and benign ovary control groups, respectively. Matched omental biopsies were collected from 5 

(50.0%) of those with normal ovaries and 6 (60.0%) patients with a benign ovarian mass. A total of 31 

(77.5%) ovarian and 26 (65.0%) omental biopsies were collected from the OC patients who 

underwent primary surgery, with 18 (45.0%) ovarian and 13 (32.5%) omental biopsies obtained from 

the OC patients in the neoadjuvant chemotherapy group.     
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4.3.2 Identification of NK cells  

The NK cells within blood and tissue biopsies were processed as described in the Methods 

sections 2.2.2.1 and 2.2.2.2, respectively. Briefly, whole blood was separated to give 

lymphocyte and monocyte cells, known peripheral blood mononuclear cells (PBMC), and 

tissue biopsies were sectioned, cultured and filtered to collect tumour infiltrating lymphocyte 

cells (TILS). The resulting PBMC and TILS were then stained with a bespoke NK antibody 

panel, detailed in the Methods sections 2.2.3.1. After directing through the Gallios Flow 

Cytometer, data was analysed with the Kaluza, Flow Cytometry Analysis Software (Beckman 

Coulter, analysis version 2.1). Figures 4.2 and 4.3 demonstrate the gating strategies 

implemented to identify the NK cell populations in each PBMC and TILS sample, 

respectively. Initially samples were gated using FS INT and FS Peak to locate the single cell 

population. Using these single cells and gating with FS INT and SS INT, the single 

lymphocyte cells were identified. This lymphocyte population was then used to separate the 

live cells expressing CD45 from those expressing CD19/CD14, giving the live lymphocyte 

cells population with B cells, macrophages and dendritic cells all removed. Finally, using the 

live CD45 positive cells, NK cells were located by CD3 negative and CD56 positive 

expression.  
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Figure 4.2: The gating strategy implemented to identify the NK cell population within each blood 

(PBMC) sample following flow cytometry. 

Analysis of flow cytometric data allowed the detection of: A) single cells, B) lymphocytes, C) the live 

cells with CD45 expression, and D) the NK cell population. 
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Figure 4.3: The gating strategy implemented to identify the NK cell population within each tissue 

biopsy (TILS) sample following flow cytometry. 

Analysis of flow cytometric data allowed the detection of: A) single cells, B) lymphocytes, C) the live 

cells with CD45 expression, and D) the NK cell population. 
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4.3.3 Evaluation of NK cell sub-populations and phenotype 

Following the identification of NK cells within each sample, further analysis determined the 

NK sub-populations, shown in Figure 4.4. Here, gating with CD16 and CD56 expression 

detected four different types of NK cells: low CD56 expression with either high 

(CD56dimCD16bright) or low (CD56dimCD16dim) CD16 expression. Similarly, high CD56 

expression accompanied high (CD56brightCD16brigh) or low (CD56brightCD16dim) CD16 

expression. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: The gating strategy used to identify the different NK cell sub-populations.  

Flow cytometric analysis separated NK cells (diagram A) into four different subtypes (diagram B). 

These included NK cells with: 1) low CD16 and low CD56 expression (B--), 2) low CD16 and high 

CD56 expression (B-+), 3) high CD16 and high CD56 expression (B++), and 4) high CD16 and low 

CD56 expression (B+-).   
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Using the flow cytometric data, various NK receptors were interrogated in order to evaluate 

the phenotype of the NK cells. This included the presence of activatory receptors, such as 

NKp46, NKG2C, DNAM-1, CD57 and NKG2D, as well as the patterns of inhibitory 

markers, such as PD-1, CTLA-4, TIGIT and CD94. Their expression measured the degree of 

activation or inhibition associated with the NK cells in each sample. Figure 4.5 shows the 

expression of the different cell surface receptors on the NK cells from one sample.  
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Figure 4.5: Histograms demonstrating the expression of NK cell surface receptors.   

Flow cytometric analysis evaluated the expression of activating receptors on the surface of NK cells: 

A) NKp46, B) NKG2C, C) NKG2D, D) DNAM-1, and E) CD57. The expression of NK inhibiting 

receptors were also detected, specifically: F) CTLA-4, G) TIGIT, H) CD94, and I) PD-1.   
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4.4   Analysis of peripheral NK cell phenotype 

4.4.1 The proportion of NK cells within the circulating blood  

The proportion of NK cells within the CD45 positive, lymphocyte population was calculated 

from each PBMC sample obtained from every patient in the study cohort.  The OC patients 

had a significantly greater proportion of PBMC NK cells compared to the patients with 

normal ovaries (p = 0.0226), shown in Figure 4.6. The mean proportion of PBMC NK cells 

was 23.1% in the OC patients compared to 13.1% in the normal ovary patients. 
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Figure 4.6: The proportion of CD56 positive NK cells within the peripheral blood of patients with 

OC and with normal ovaries. 

The proportion of NK cells in the PBMC samples from OC patients is compared to the PBMC 

samples from patients with normal ovaries. The OC patients had a significantly greater proportion of 

peripheral NK cells than those in the normal ovary group (p = 0.0226).    
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The patient cohort was then divided into the four patient groups to also include those with 

benign ovarian masses, and the OC patients were separated into those who had undergone 

primary surgery and those who had received neoadjuvant chemotherapy. Analysis of the four 

groups showed that those in the primary surgery group had significantly more NK cells than 

those with normal ovaries (p = 0.0083). The neoadjuvant chemotherapy group also had an 

increased proportion of NK cells compared to those with normal ovaries, although this was 

not statistically significant (p = 0.0971). There were no significant differences in the 

proportion of PBMC NK cells between the patients with benign ovarian masses and either 

OC group or the normal ovary group. Figure 4.7 shows the proportion of NK cells within 

each PBMC across the four patient groups. The mean proportion of PBMC NK cells was 

highest in the primary surgery group at 24.4%, compared to 21.8% in the neoadjuvant 

chemotherapy group (p = 0.4070), 19.9% in the benign group (p = 0.3350) and was 

significantly greater than mean proportion of 13.1% in the normal ovary group (p < 0.001).  
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Figure 4.7: The proportion of CD56 positive NK cells within the peripheral blood of all patients in 

the study cohort.   

The proportion of NK cells in each PBMC sample is shown across the four patient groups. The 

primary surgery group had a significantly greater proportion of peripheral NK cells compared to those 

in the normal ovary group (p = 0.0083; analysed with Analysis of Variance (ANOVA)). There was no 

significant difference in the proportion of peripheral NK cells between the neoadjuvant chemotherapy 

group and the normal ovary group.  

 

 

4.4.2 The type of NK cells within the circulating blood  

The CD16 and CD56 expression pattern on the NK cells in each PBMC sample was then 

determined. The majority of NK cells in the patient cohort had low CD56 and high CD16 

expression, termed CD56dimCD16bri NK cells which are the mature cytotoxic NK cells. The 

mean proportion of NK cells with this phenotype were similar in the normal ovary group 

(76.5%), benign ovary group (73.1%) and primary surgery OC group (75.0%). However, the 
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mean proportion of CD56dimCD16bri NK cells was lower when all OC patients were 

combined (67.7%) and in the neoadjuvant chemotherapy group (60.4%). In contrast, the 

proportion of NK cells with high CD56 and low CD16 expression, the immature cytokine 

producing CD56briCD16neg NK cells, were higher in the combined OC group (6.7%) and in 

the neoadjuvant chemotherapy group (9.1%) compared to the other groups. The mean 

proportions of CD56briCD16neg NK cells were 4.2% in the primary surgery OC group, 6.0% 

in the benign ovary and 3.1% in the normal ovary groups. The CD56dimCD16neg subset, 

where both CD56 and CD16 expression was low, was highest following neoadjuvant 

chemotherapy with a mean proportion of 18.9%. This compared to 6.2%, 5.7% and 13.3% in 

the primary surgery, benign ovary and normal ovary groups, respectively. There were no 

clear differences in the NK cells highly expressing both CD56 and CD16 (CD56briCD16bri) 

across the four patient groups. Table 4.1 shows the mean proportion of each of the four types 

of NK cells within the different patient groups.  
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Table 4.1: The mean proportion of PBMC NK subsets in the different patient groups 

Ovary status Mean % 

CD56dim 

CD16neg 

Mean % 

CD56bri 

CD16neg 

Mean % 

CD56dim 

CD16bri 

Mean % 

CD56bri 

CD16bri 

Normal ovary 

(n=10) 13.3 3.1 76.5 

 

7.0 

Benign ovary 

(n=10) 
5.7 6.0 73.1 16.8 

All OC 

(n=80) 12.6 6.7 67.7 12.1 

Primary 

surgery OC 

(n=40) 6.2 4.2 75.0 14.5 

Neoadjuvant 

chemotherapy 

OC (n=40) 18.9 9.1 60.4 9.7 

 

 

When interrogating the NK subsets in each individual PBMC sample, shown in Figure 4.8, 

the samples from OC patients were evidently different to the samples from patients with 

normal ovaries. In addition, the neoadjuvant chemotherapy samples clearly differed to the 

samples from the other patient groups. Those who had been exposed to chemotherapy had 

fewer CD56dimCD16bri NK cells but increased CD56briCD16neg and CD56dimCD16neg subsets. 
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Figure 4.8: The proportion of the NK subsets within each PBMC sample in the study cohort.  

The type of NK cells in each PBMC sample is shown in: A) patients with normal ovaries, B) patients 

with a benign ovarian mass, C) OC patients who underwent primary surgery, D) OC patients who 

underwent neoadjuvant chemotherapy, and E) all OC patients combined.  
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Indeed, when directly comparing each NK subset in normal ovary PBMC samples to those 

from all OC patients, there was a significant increase in CD56briCD16neg NK cells in the OC 

patients (p = 0.0367), shown in Figure 4.9. Upon interrogation of each NK subset across the 

four patient groups, there were a greater number of CD56dimCD16neg NK cells in neoadjuvant 

chemotherapy OC patients compared to those OC patients who underwent primary surgery (p 

< 0.0001). The CD56briCD16neg subset was also higher in the neoadjuvant chemotherapy 

group than those in both the primary surgery (p = 0.0011) and normal ovary (p = 0.0055) 

groups. In contrast, the proportion of CD56dimCD16bri cells in the neoadjuvant chemotherapy 

group were significantly less than in the primary surgery (p = 0.0007) and normal ovary (p = 

0.0152) groups. The NK cell subsets in the benign ovary samples did not differ significantly 

to any of the other patient groups. The amount of CD56briCD16bri NK cells were also similar 

in all of the patient groups. Figure 4.10 illustrates the proportion of each of the NK subsets in 

the four patient groups.  
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Figure 4.9: Comparison of the proportion of NK cell subsets between patients with normal 

ovaries and patients with OC.  

The CD56briCD16neg NK cell subset was significantly higher in the OC patients than in the 

patients with normal ovaries. There was no difference in the other NK subsets between the 

patients with normal ovaries and patients with OC. 
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Figure 4.10: The proportion of the NK cell subsets across the different patient groups.  

The CD56dimCD16neg (A) and CD56briCD16neg (B) NK cell subsets occurred more frequently in 

chemotherapy exposed patients (neoadjuvant chemotherapy group) than in the chemotherapy 

naïve OC patients (primary surgery group) and in the patents with normal ovaries. The 

CD56dimCD16bri (C) cells were less common in the neoadjuvant chemotherapy group compared to 

the primary surgery and normal ovary groups. There were no differences in CD56briCD16bri (D) 

NK cells between the patient groups. 
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4.4.3 The expression of receptors on NK cells within the circulating blood  

4.4.3.1   Activation receptors on the peripheral NK cells 

The expression of various activation receptors on the whole PBMC NK cells was evaluated 

by further interrogating the flow cytometric data. The proportion of NK cells with high 

expression of the activation markers was calculated and any variances observed between the 

four patient groups. Out of five activation receptors (NKp46, NKG2C, NKG2D, DNAM-1 

and CD57), the expression of NKp46 was the only receptor that differed between the patient 

groups. The proportion of PBMC NK cells with high expression of NKp46 was greater in OC 

patients (mean proportion of 17.8%) than in patients with normal ovaries (mean proportion of 

8.6%), demonstrated in Figure 4.11 (p = 0.0045). This increased expression was also seen 

when the four patient groups were compared, with blood samples from OC patients 

undergoing primary surgery and neoadjuvant chemotherapy having significantly higher 

NKp46 levels (p =0.0008 and p = 0.0481, respectively) than the blood samples obtained from 

patients in the normal ovary group. Figure 4.12 summarises the proportion of NK cells 

expressing the activation receptors across the four groups. 

 

 

 

 

 

 

 

 

 

 



152 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: PBMC NK cells with high expression of activation receptors in patients with OC 

and normal ovaries.    

The percentages of PBMC NK cells with high expression of activating receptors were compared 

between the OC patients and control patients with normal ovaries. The PBMC NK cells in OC 

patients had significantly increased expression of activation receptor (A) NKp46 (p = 0.0045). 

There was no difference between the OC patients and those with normal ovaries in the expression 

of activation receptors: (B) NKG2C, (C) NKG2D, (D) DNAM-1, and (E) CD57.  
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Figure 4.12: PBMC NK cells with high expression of activation receptors in the four patient 

groups.   

PBMC NK cells in primary surgery and neoadjuvant chemotherapy OC patients had increased 

expression of activation receptor NKp46 (A) compared to patients with normal ovaries (p = 

0.0008 and p = 0.0481, respectively). There was no difference between the patient groups in the 

expression of activation receptors: (B) NKG2C, (C) NKG2D, (D) DNAM-1, and (E) CD57.  
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4.4.3.2   Inhibitory receptors on the peripheral NK cells 

The expression of the inhibitory receptors on the PBMC NK cells was also calculated. The 

percentages of NK cells expressing each inhibitory receptor were compared. There was 

higher expression of both immune checkpoint receptors, PD-1 and CTLA-4, on the peripheral 

NK cells in OC patients compared to the NK cells in patients with normal ovaries (mean of 

7.0% for PD-1 in OC vs 2.1% in the normal ovary group, p = 0.0607; mean of 9.8% for 

CTLA-4 in OC vs 4.1% in the normal ovary group, p = 0.0403). There were no differences in 

the receptors CD94 and TIGIT between the OC and normal ovary groups, seen in Figure 

4.13. Upon analysis of the four patient groups (Figure 4.14), it became apparent that the 

PBMC samples from the neoadjuvant chemotherapy group demonstrated raised immune 

checkpoint expression. Here, CTLA-4 was found to be significantly higher in the neoadjuvant 

chemotherapy group than in the normal ovary group (p = 0.0446), with PD-1 also 

significantly raised (p = 0.0150).    
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Figure 4.13: PBMC NK cells with high expression of inhibitory receptors in OC patients 

compared to normal ovary patients.   

PBMC NK cells in the OC patients had increased expression of inhibitory immune checkpoints, 

(A) CTLA-4 (p = 0.0607) and (D) PD-1 (p = 0.0403), compared to the PBMC NK cells in patients 

with normal ovaries. There were no differences in the expression of: (B) TIGT and (C) CD94 on 

the peripheral blood NK cells between patients with OC and normal ovaries.  
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Figure 4.14: PBMC NK cells with high expression of inhibitory receptors in the four patient 

groups.   

PBMC NK cells in the neoadjuvant chemotherapy OC patients had increased expression of 

inhibitory immune checkpoints, (A) CTLA-4 and (D) PD-1, compared to normal ovary patients (p 

= 0.0446 and p = 0.0150, respectively). There were no differences in the expression of these 

inhibitory checkpoints on peripheral NK cells in the primary surgery and benign ovary groups. 

There were also no differences between the expression of: (B) TIGT and (C) CD94 on the PBMC 

NK cells between the patient groups.  
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4.4.4 Summary of the peripheral NK cell phenotype 

The investigation of patient PBMC samples has identified clear variations between the 

number, subset and activation of the peripheral NK cells. OC patients had a greater 

proportion of NK cells (significant in the primary surgery group) compared to the patients 

with normal ovaries, potentially due to NK proliferation and expansion in response to 

malignancy. The chemotherapy exposed samples had a reduction in the mature cytotoxic NK 

cells and increase in immature cytokine producing NK cells, showing chemotherapy 

treatment renders the NK cells less cytotoxic.  However, the CD56dimCD16neg NK subset, 

which is thought to be responsible for natural cytotoxicity specifically against tumours [213], 

was higher following chemotherapy indicating NK differentiation in response to treatment. In 

addition, the NK cells in OC patients had increased expression of activation receptor, NKp46, 

which indicating a more activating phenotype due to the response to malignancy. Whereas 

the inhibitory immune checkpoints, CTLA-4 and PD-1, were upregulated in OC particularly 

following chemotherapy, this observation indicates the NK cells in OC are overstimulated 

and have the potential to become exhausted.  

 

4.5   Assessment of NK cell phenotype following ovarian infiltration 

4.5.1 The proportion of NK cells within ovarian tissue 

The proportion of NK cells that had infiltrated into ovarian tissue was calculated using the 

CD45 positive lymphocyte population. All available ovarian biopsy samples were utilised, 

giving 7 normal, 6 benign, 31 primary surgery OC and 18 neoadjuvant chemotherapy OC 

samples. There were no obvious differences in the proportion of tissue infiltrating NK cells 

when comparing all OC cases to normal ovary, highlighted in Figure 4.15. When evaluating 

the four separate patient groups, there were also no variations between the two OC groups, 

benign ovary or normal ovary groups, shown in Figure 4.16. The mean proportion of NK 
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cells that infiltrated ovarian tissue was highest in benign ovary (26.0%) and primary surgery 

OC (18.5%) samples. While the mean proportion of NK infiltration was 16.6% when all OC 

samples were classed together, infiltration was reduced in OC tissue following chemotherapy 

treatment (13.4%). In addition, there were also fewer NK cells found within normal ovarian 

tissue biopsies (10.9%). 
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Figure 4.15: The proportion of CD56 positive NK cells infiltrating into ovarian tissue. 

The proportion of NK cells in OC tissue biopsies is similar to the proportion of NK cells in biopsies of 

normal ovarian tissue (p = 0.1833). The mean proportion of NK cells in the ovarian tissue from OC 

patients was 16.6%, compared to 10.9% in the normal ovarian tissue samples.  
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Figure 4.16: The proportion of CD56 positive NK cells infiltrating into ovarian tissue. 

The proportion of NK cells in each ovarian tissue biopsy sample is similar across the four patient 

groups. There was no increased proportion of NK cells within OC samples from patients who had 

undergone primary surgery (p = 0.1328) or received neoadjuvant chemotherapy (p =0.4229) 

compared to the proportion of NK cells within the normal ovarian tissue biopsies.  

 

 

4.5.2 The type of NK cells within the ovarian tissue   

The expression patterns of CD16 and CD56 on the NK cells within the ovarian tissue is 

shown in Table 4.2. While normal ovarian tissue and primary surgery OC tissue have very 

similar amounts of CD56dimCD16bri NK cells (mean proportions of 49.0% and 45.5%, 

respectively), decreased amounts of these mature cytotoxic NK cells are seen within the 

ovarian biopsies from the neoadjuvant chemotherapy group and when all OC samples are 

combined (mean proportions of 28.3% and 39.1%, respectively). Instead, the mean 

proportion of CD56dimCD16neg cells within neoadjuvant chemotherapy ovarian tissue was 
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raised at 51.0%, compared to 22.3% in normal ovarian, 9.0% in benign ovarian, 36.6% in all 

OC and 30.2% in primary surgery NK cells. While NK cells within normal ovarian tissue 

were comprised of a higher proportion of CD56briCD16bri NK cells (mean 15.6%) than 

benign, primary surgery and neoadjuvant chemotherapy groups (3.1%, 9.4% and 8.4%, 

respectively), there were no obvious differences in the mean proportion of CD56briCD16neg 

NK cells across the four patient groups. 

 

Table 4.2: The mean proportion of NK subsets within ovarian tissue 

Ovary status Mean % 

CD56dim 

CD16neg 

Mean % 

CD56bri 

CD16neg 

Mean % 

CD56dim 

CD16bri 

Mean % 

CD56bri 

CD16bri 

Normal ovary 

(n=10) 
22.3 21.2 49.0 15.6 

Benign ovary 

(n=10) 
9.0 12.9 75.0 3.1 

All OC 

(n=80) 
36.6 16.7 39.1 9.0 

Primary surgery 

OC (n=40) 
30.2 17.9 45.5 9.4 

Neoadjuvant 

chemotherapy OC 

(n=40) 
51.0 14.2 28.3 8.4 

 

 

The different NK subsets identified within each ovarian tissue biopsy are illustrated in Figure 

4.17. Here, ovarian tumour infiltrating NK cells (also in both primary surgery OC and 

neoadjuvant chemotherapy OC) consist of increased CD56dimCD16neg and decreased C 

CD56dimCD16bri NK subsets, with the greatest alterations seen in the neoadjuvant 

chemotherapy group.  
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Figure 4.17: The proportion of NK subsets within each ovarian tissue biopsy sample.   

The type of NK cells that have infiltrated into: A) normal ovarian tissue, B) benign ovarian tissue, C) 

primary surgery OC, D) neoadjuvant chemotherapy OC, and E) all OC samples combined. There are 

increased proportions of CD56dimCD16neg NK subsets within ovarian tissue biopsies obtained from the 

OC groups. The OC biopsies also have reduced proportions of CD56dimCD16bri NK subsets. 
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Overall, there were significantly more tissue infiltrating CD56dimCD16neg NK cells in the OC 

samples than in the normal ovarian biopsies (p = 0.0210), Figure 4.18. Further examination 

revealed that the infiltrating CD56dimCD16neg NK cells were raised solely in the neoadjuvant 

chemotherapy OC samples, compared to normal ovarian biopsies (p = 0.0171), benign 

ovarian samples (p < 0.0001) and primary surgery tumour tissue (p = 0.0120). In addition, 

there were significantly fewer CD56dimCD16bri infiltrating NK cells in the chemotherapy 

exposed tissue compared to the normal (p = 0.0205), benign (p = 0.0002) and primary 

surgery tumour (p = 0.0154) tissues.  There were no differences in the amount of 

CD56briCD16bri or CD56briCD16neg NK cell infiltration between the four different groups. 

Figure 4.19 illustrates each of the NK subsets in the four patient groups.  
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Figure 4.18: The incidence of the ovarian infiltrating NK cell subsets in OC and normal ovarian 

tissue.  

There were significantly more tissue infiltrating CD56dimCD16neg NK cells in the OC samples than in 

the normal ovarian biopsies (p = 0.0210). There were no differences in the other NK subsets within 

ovarian tissue biopsies between the OC and normal ovary groups.  
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Figure 4.19: The incidence of the ovarian infiltrating NK cell subsets across the different patient 

groups.  

The CD56dimCD16neg (A) subset was significantly greater in the neoadjuvant chemotherapy ovarian 

tumour tissue compared to primary surgery tumour tissue (p = 0.0120), benign ovarian tissue (p < 

0.0001) and normal ovarian tissue (p = 0.0171). The CD56dimCD16bri (C) NK cell subset was 

significantly reduced in the chemotherapy exposed tumour tissue compared to the primary surgery 

tumour tissue (p = 0.0154), benign ovarian tissue (p = 0.0002) and normal ovarian tissue (p = 0.0205). 

There were no differences in the CD56briCD16neg (B) and CD56briCD16bri (D) NK subsets between the 

patient groups.  
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4.5.3 The expression of receptors on ovarian tissue infiltrating NK cells  

4.5.3.1   Activation receptors on the ovarian NK cells 

The expression patterns of the activation receptors on the ovarian tissue NK cells were then 

examined. When comparing NK cells within ovarian tumour tissue to the NK cells in normal 

ovarian tissue, there was increased expression of NKG2D (p = 0.0165), DNAM-1 (p = 

0.0092) and CD57 (p = 0.0013) on the NK cells in the tumour tissue Figure 4.20). When 

analysing the four patient groups (Figure 4.21), there was clear upregulation of DNAM-1 and 

CD57 on the NK cells in both primary surgery OC and neoadjuvant chemotherapy OC 

compared to normal ovarian infiltrating NK cells. The NKG2D receptor however, was only 

over-expressed on the NK cells within the chemotherapy exposed tissue. There were no 

differences in NKp46 and NKG2C expression on the ovarian NK cells between the four 

ovarian tissue groups.  
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Figure 4.20: Activation receptors in normal ovarian and OC tissue. 

Ovarian NK cells within tumour tissue had increased expression of activation receptors: C) NKG2D, 

D) DNAM-1, and E) CD57 compared to those in normal ovarian tissue (p = 0.0165, p = 0.0092 and p 

= 0.0013, respectively). There were no differences between the groups in the expression of: A) 

NKp46 or B) NKG2C.   
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Figure 4.21: Ovarian NK cell activation receptor across four patient groups. 

There was increased expression of the activation receptors DNAM-1 (D) and CD57 (E) on NK cells 

within ovarian tissue in the primary surgery and neoadjuvant chemotherapy OC groups compared to 

normal ovarian tissue. There was increased expression of NKG2D (C) on the NK cells within the 

neoadjuvant chemotherapy samples compared to the normal ovarian samples. There were no 

differences in the expression of NKp46 (A) and NKG2C (B) on the ovarian NK cells between the 

patient groups.  
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4.5.3.2.  Inhibitory receptors on the ovarian NK cells 

The expression of the inhibitory receptors (CTLA-4, TIGIT, CD94 and PD-1) on the ovarian 

tissue NK cells did not differ between the OC samples and the normal ovary samples, 

detailed in Figure 4.22. There were also no differences in the expression of inhibitory 

receptors when comparing the NK cells infiltrating normal ovaries, benign ovaries, treatment 

naïve primary surgery tumours and chemotherapy exposed tumours (Figure 4.23).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: Inhibitory receptors on tissue infiltrating NK within OC and normal ovaries.  

There were no significant differences in the expression of receptors A) CTLA-4, B) TIGIT, C) CD94, 

and D) PD-1 on the NK cells within OC and normal ovarian tissue. 
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Figure 4.23: Ovarian NK cell inhibitory receptors across four patient groups.   

There were no significant differences in the expression of inhibitory receptors A) CTLA-4, B) TIGIT, 

C) CD94, and D) PD-1 on the ovarian tissue infiltrating NK cells between the patient groups.   
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4.5.4 Summary of the ovarian infiltrating NK cell phenotype 

The number of NK cells were similar in all types of ovarian tissue, suggesting that NK cells 

retain their ability to penetrate ovarian tissue despite the development of a solid tumour and a 

malignant microenvironment. However, the type of NK cells differed in the chemotherapy 

exposed tumour tissue (neoadjuvant chemotherapy group). Here, there were fewer mature 

cytotoxic CD56dimCD16bri NK cells, yet an increase in the CD56dimCD16neg NK cells that 

generate tumour specific cytotoxicity, as was seen in the peripheral blood NK analysis. The 

upregulation of activation receptors NKG2D, DNAM-1 and CD57 on NK cells within OC 

samples indicated that the NK cells are recognising and responding to the altered ovarian 

tumour tissue.  

 

4.6   Assessment of NK cell phenotype following omental tissue infiltration 

4.6.1 The proportion of NK cells within omental tissue 

The proportion of NK cells infiltrating into the omentum was calculated using the same 

CD45 positive, lymphocyte population. The omental biopsies utilised included: 11 

pathologically normal omental samples obtained from patients with normal or benign ovarian 

masses and 27 omental tumour samples whereby ovarian tumours had metastasised into the 

omentum. Of these omental tumour samples, there were 14 that had been exposed to 

chemotherapy (neoadjuvant chemotherapy OC group) and 13 chemotherapy naïve (primary 

surgery OC group).  

 

The proportion of NK cells infiltrating into the omentum was significantly lower in the 

omental tumour cases compared to the normal omentum (p = 0.0105), shown in Figure 4.24. 

When the omental tumour cases were divided into the primary surgery and neoadjuvant 

chemotherapy groups, they both had a reduction in NK cell infiltration compared to normal 
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omental tissue, but there was no difference between the two tumour groups, highlighted in 

Figure 4.25. Similarly, the mean proportion of NK cells within the omentum was decreased 

in the malignant tissue: 19.2% in normal omentum and 11.8% in all omental tumour samples 

(p = 0.0260).  The mean proportion in the primary surgery group was also 11.8%, and 11.7% 

in the neoadjuvant chemotherapy group. This indicates that the NK cells were prevented from 

or unable to infiltrate the malignant omentum, but their ability to penetrate into omental 

tumour was not influenced by chemotherapy treatment.  
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Figure 4.24: Proportion of infiltrating NK cells within omental tissue.   

There were significantly fewer NK cells within the omental tumour tissues (biopsies from the primary 

surgery and neoadjuvant chemotherapy OC groups combined) compared to normal omentum obtained 

from patients with normal and benign ovaries (p = 0.0105).  
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Figure 4.25: Proportion of infiltrating NK cells within normal omentum, chemotherapy naïve 

omental tumours and chemotherapy exposed omental tumours.   

There was no difference in NK cell infiltration between the chemotherapy naïve (primary surgery 

group) and chemotherapy exposed (neoadjuvant chemotherapy group) omental tumours (p = 

0.9810). There were significantly fewer NK cells within both omental tumour groups compared to 

the proportion in normal omental tissue (p = 0.0211 in primary surgery vs normal omentum; p = 

0.0234 in neoadjuvant chemotherapy vs normal omentum).  

 

 

 

4.6.2 The type of NK cells within the omental tissue   

The CD16 and CD56 expression on the NK cells within the omental tissue was then 

examined, shown in Table 4.3. The predominant subset in the normal omentum was the 

mature cytotoxic NK cells with low CD56 and high CD16 expression (CD56dimCD16bri), with 

a mean proportion of 60.5%. This subset of NK cells was reduced in the omental tumour 

tissue: mean proportion of 34.6% in the primary surgery group (p = 0.0010) and 42.8% in the 
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neoadjuvant chemotherapy group (p = 0.0930). The CD56dimCD16neg NK cells were 

increased in the omental tumour compared to the normal tissue: mean proportion of 16.7% in 

normal omentum vs 34.8% in the primary surgery group (p = 0.0470) and 42.4% in the 

neoadjuvant chemotherapy group (p = 0.0180). Although the proportion of CD56briCD16bri 

NK cells were similar in all the omental samples, the immature cytokine producing 

CD56briCD16neg NK cells were reduced in the chemotherapy exposed omental tumour 

compared to the chemotherapy naïve omental tumour. The mean proportion in the 

neoadjuvant chemotherapy group was 9.3% compared to 22.7% in the primary surgery group 

(p = 0.0290). There was no significant difference between the neoadjuvant chemotherapy 

samples and the normal omentum (9.3% vs 15.7%, p = 0.2840) or the primary surgery 

samples and the normal omentum (22.7% vs 15.7%, p = 0.3450).  

 

Table 4.3: The mean proportion of NK subsets within omental tissue 

Omentum status 

 

Mean % 

CD56dim 

CD16neg 

Mean % 

CD56bri 

CD16neg 

Mean % 

CD56dim 

CD16bri 

Mean % 

CD56bri 

CD16bri 

Normal omentum 

(n=11) 
16.7 15.7 60.5 7.0 

All omental tumour 

(n=27) 
38.5 16.2 38.5 6.2 

Primary surgery 

omental tumour 

(n=13) 
34.8 22.7 34.6 7.9 

Neoadjuvant 

chemotherapy 

omental tumour 

(n=14) 
42.4 9.3 42.8 5.4 
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The different NK subsets within each individual omental tissue biopsy are detailed in Figure 

4.26. The omental tumour infiltrating NK cells (in the primary surgery, neoadjuvant 

chemotherapy and combined tumour cases) consist of increased CD56dimCD16neg NK cells 

and decreased CD56dimCD16bri NK subsets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26: The proportion of NK subsets within each omental tissue biopsy sample.   

The type of NK cells that have infiltrated into: A) normal omental tissue, B) all omental tumour 

samples combined, C) primary surgery omental tumour, and D) neoadjuvant chemotherapy omental 

tumour. Compared to normal omentum, tumour biopsies have increased CD56dimCD16neg and 

decreased CD56dimCD16bri NK cell subsets. 

 

 

0

20

40

60

80

100

NK cells in all omental tumour cases

Individual patient samples

%
 o

f 
N

K
 c

e
ll
s

0

20

40

60

80

100

NK cells in Normal omentum

Individual patient samples

%
 o

f 
N

K
 c

e
ll
s

%NK CD56DimCD16Neg

%NK
CD56BrightCD16neg

%NK
CD56DimCD16Bright

%NK
CD56BrightCD16Bright

A B 

C D 

0

20

40

60

80

100

NK cells in Neoadjuvant Chemotherapy Omental Tumour

Individual patient samples

%
 o

f 
N

K
 c

e
ll
s



175 
 

When the individual omental samples were compared, the CD56dimCD16neg NK subset was 

significantly larger in all omental tumour cases, compared to normal omental tissue (p < 

0.0001). In contrast, the CD56dimCD16bri NK population was significantly smaller in the 

omental tumour (p = 0.0021), demonstrated in Figure 4.27. The malignant omental cases 

were then separated into primary surgery and neoadjuvant chemotherapy groups, and 

compared to normal omentum (Figure 4.28). Here, the CD56dimCD16neg subset was 

significantly increased in both the omental tumour groups (p = 0.0075 for primary surgery 

and p = 0.0051 for neoadjuvant chemotherapy) compared to normal omentum. The 

CD56dimCD16bri NK cell subset was significantly reduced in both the tumour groups (p = 

0.0179 and p = 0.0474 for primary surgery and neoadjuvant chemotherapy groups, 

respectively) compared to normal omentum. The CD56briCD16neg NK cell subset was 

decreased in the tumour tissue following chemotherapy compared to the chemotherapy naïve 

tumour tissue (p = 0.0222). 
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Figure 4.27: The type of infiltrating NK cell subsets in omental tumour and normal omental tissue.  

There were significantly more tissue infiltrating CD56dimCD16neg NK cells (p < 0.0001) and fewer 

CD56dimCD16bri NK cells (p = 0.0021) in the omental tumour samples than in the normal omentum.  
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Figure 4.28: The proportion of the omental infiltrating NK cell subsets across the different patient 

groups.  

The CD56dimCD16neg (A) subset was significantly increased in both the primary surgery and 

neoadjuvant chemotherapy omental tumour tissue, while the CD56dimCD16bri (C) NK cell subset was 

significantly reduced in both the tumour groups. The CD56briCD16neg (B) NK cell subset was 

decreased in the neoadjuvant chemotherapy group compared to the primary surgery group.   
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4.6.3 The expression of receptors on omental tissue infiltrating NK cells  

4.6.3.1   Activation receptors on the omental NK cells 

Evaluation of the NK activation receptors on the NK cells infiltrating into the omental tissue 

found that DNAM-1 was significantly higher in all OC omental tumour cases compared to 

normal omentum (p = 0.0095). There were no differences in the expression of other 

activation receptors (NKp46, NKG2C, NKG2D and CD57) between normal omentum and 

omental tumour as shown in Figure 4.29. DNAM-1 expression was significantly higher in the 

tumours exposed to chemotherapy compared to the normal omentum (p = 0.0473), but not in 

the primary surgery tumours (Figure 4.30). In addition, NKp46 was shown to be reduced on 

the NK cells in the untreated omental tumour compared to normal omentum (p = 0.0091), but 

this was significantly raised following chemotherapy (p = 0.0021). The expression of the 

other activation receptors was similar between the OC groups and normal tissue.  
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Figure 4.29: NK activation receptors in normal omentum and omental tumour. 

Omental NK cells within tumour tissue had increased expression of activation receptor DNAM-1 (D) 

compared to those in normal omental tissue (p = 0.0095). There were no differences in the expression 

of: A) NKp46, B) NKG2C, C) NKG2D, or E) CD57.  
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Figure 4.30: Omental NK cell activation receptors across the patient groups. 

Receptor NKp46 (A) was reduced on the NK cells within untreated omental tumour compared to 

normal omentum (p = 0.0091), but was then increased following chemotherapy (p = 0.0021). The 

receptor DNAM-1 (D) was also increased on chemotherapy treated omental tumour compared to 

normal omentum (p = 0.0473). There were no differences in the expression of NKG2C (B), NKG2D 

(C) and CD56 (E) between the different groups.   
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4.6.3.2   Inhibitory receptors on the omental NK cells 

There was no difference in the expression of all four inhibitory receptors (CTLA-4, TIGIT, 

CD94 and PD-1) on the NK cells within normal omentum and the omental tumour tissues 

(Figure 4.31). There was also no difference in the expression of these NK receptors between 

omental biopsies taken from primary surgery and neoadjuvant chemotherapy OC patients 

(Figure 4.32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31: NK cell inhibitory receptors in normal omentum and omental tumour.   

The omental tumour and normal omentum infiltrating NK cells had similar expression patterns for the 

inhibitory receptors: A) CTLA-4, B) TIGIT, C) CD94, and D) PD-1.  
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Figure 4.32: Omental NK cell inhibitory receptors across three patient groups. 

There were no differences in the expression of inhibitory receptors: A) CTLA-4, B) TIGIT, C) CD94, 

and D) PD-1 when comparing normal omentum, primary surgery omental tumour and neoadjuvant 

chemotherapy omental tumour.  
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4.6.4 Summary of the omental infiltrating NK cell phenotype 

The ability of the NK cells to infiltrate into omental tissue was impaired in metastatic 

omental disease. This was evident with fewer NK cells found within the omental tumours 

than in the normal omental tissue. However, the amount of NK tumour infiltration was not 

influenced by chemotherapy treatment. There were increased CD56dimCD16neg NK cells and 

decreased mature cytotoxic CD56dimCD16bri NK cells within both the chemotherapy naïve 

and chemotherapy exposed omental tumours, with chemotherapy also reducing the amount of 

immature cytokine producing CD56briCD16neg NK cells. The NK cells in untreated omental 

tumours had lower expression of the activating receptor NKp46 compared to normal tissue, 

but this was then greatly increased upon chemotherapy exposure. In addition, there was 

increased expression of the activating receptor DNAM-1 in omental tumours than in the 

normal omental tissue, which is particularly highly expressed on NK cells following 

chemotherapy. The expression of inhibitory receptors was not altered when NK cells 

infiltrated tumour tissue or following chemotherapy treatment.  

 

4.7   The correlation between peripheral, ovarian tissue and omental tissue NK cells 

4.7.1 The association between paired PBMC NK cells and ovarian NK cells 

4.7.1.1   The proportion and type of NK cells  

For every ovarian tissue sample, the data obtained was compared directly to the matched 

peripheral blood sample that had been taken from the same patient. This included matched 

PBMC-ovarian samples from the 7 patients with normal ovaries, 6 patients with benign 

ovaries, 31 who underwent primary surgery for OC and 18 who were given neoadjuvant 

chemotherapy for OC. The differences between the NK cells from the PBMC and matched 

ovary was determined for each patient.  
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In OC patients, there was a reduction in the number of NK cells infiltrating into the tumour 

tissue than in PBMC (Figure 4.33). Tumour infiltrating NK cells showed a downregulation of 

CD16 compared to their corresponding PBMC NK cells. Figure 4.34 shows an increase in 

both the proportion of CD56dimCD16neg NK cells (p < 0.0001) and the CD56briCD16neg NK 

cells (p = 0.0009) in ovarian tumour when compared to PBMC. As expected, there was a 

reduction in the CD56briCD16bi (p = 0.0084) and CD56dimCD16bri (p < 0.0001) NK cell 

populations in the tumour tissue compared to PBMC. This indicates either the CD16 bright 

NK cells had been excluded and prevented from infiltrating into tumour tissue or the CD16 

had been downregulated by the ovarian tumour microenvironment.  
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Figure 4.33: Correlation between the proportion of NK cells within the PBMC to matched ovarian 

tumour. 

Fewer NK cells infiltrated into the ovarian tumour tissue than were circulating in the peripheral blood 

(p < 0.0001).   
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Figure 4.34: Correlation between CD56 and CD16 expression in PBMC NK cells and paired 

ovarian tumour NK cells. 

The ovarian tumour infiltrating NK cells had a greater proportion of CD56dimCD16neg (A) and 

CD56briCD16neg NK cells (B), along with a reduced proportion of CD56briCD16bri (C) and 

CD56dimCD16bri NK cells (D) compared to their paired peripheral blood samples.  
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Figure 4.35: Correlation between the proportion of NK cells within the PBMC to matched ovarian 

tumour in both primary surgery and neoadjuvant chemotherapy OC patients. 

There were fewer NK cells within the ovarian tumour tissue than in the peripheral blood in both 

primary surgery (A) and neoadjuvant chemotherapy (B) OC patients.  
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Figure 4.36: Correlation between PBMC and ovarian NK cell CD56 and CD16 expression in both 

primary surgery and neoadjuvant chemotherapy patients.  

In the primary surgery patients, the tumour infiltrating NK cells had a greater proportion of 

CD56dimCD16neg (A) and CD56briCD16neg NK cells (B), along with a reduced proportion of 

CD56briCD16bri (C) and CD56dimCD16bri NK cells (D). Likewise, the neoadjuvant chemotherapy 

patients had increased CD56dimCD16neg (E) and decreased CD56dimCD16bri NK cells (H).  
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cells within the normal ovarian tissue, while there was no difference in the CD56briCD16bri 

NK cells. Upon evaluation of the benign ovarian tissue biopsies to their paired PBMC 

samples, there was a reduction in the CD56briCD16bri NK cells in the ovarian tissue, while 

there were no differences in the other NK subtypes between the benign ovarian tissue and 

peripheral blood (Figure 4.38). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.37: Correlation between the proportion of NK cells within PBMC to matched ovarian 

tissue in patients with normal ovaries and benign ovaries.  

There were similar proportions of NK cells in normal ovarian tissue to matched PBMC (A), and in 

benign ovarian tissue to matched PBMC (B).  
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Figure 4.38: Correlation between paired PBMC and ovarian NK cell CD56 and CD16 expression 

in patients with normal and benign ovaries.  

In the normal ovary patients, the tissue infiltrating NK cells had a greater proportion of 

CD56dimCD16neg (A) and CD56briCD16neg NK cells (B), along with a reduced proportion of 

CD56dimCD16bri (C) NK cells. There was no difference in the CD56briCD16bri NK cells between 

normal ovarian and paired PBMC NK cells (D). In the benign ovary patients, there was a reduction in 

CD56briCD16bri NK cells in the ovarian tissue compared to matched PBMC (H). There were no 

differences in the CD56dimCD16neg (E), CD56briCD16neg (F) and CD56dimCD16bri (G) NK cells 

between the PBMC and benign ovarian tissue samples.  
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4.7.1.2   Analysis of NK activation receptors 

The expression of activation receptors on the ovarian tumour infiltrating NK cells in all OC 

patients were compared to the NK cells in their matched PBMC cells (Figure 4.39). The 

expression of activation receptors, NKp46, DNAM-1 and CD57 were found to be 

significantly reduced on the NK cells in in OC tumour samples when compared to their 

corresponding PBMC samples (p = 0.0013, p < 0.0001 and p < 0.0001, respectively). 

However, there was no differences in the expression of activation receptors NKG2C and 

NKG2D between the PBMC and ovarian tumour NK cells. 
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Figure 4.39: Expression of activation receptors on ovarian tumour infiltrating NK cells and 

matched PBMC NK cells in all OC patients.  

There was a reduction in the expression of activation receptors NKp46, DNAM-1 and CD57 on NK 

cells within ovarian tumour tissue compared to the corresponding NK cells in the peripheral blood. 

There were no differences in the expression of NKG2C and NKG2D between the ovarian tumour 

tissue and peripheral blood.  
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4.7.1.3   Analysis of NK inhibition receptors 

The expression of inhibition receptors on the ovarian tumour infiltrating NK cells in all OC 

patients were compared to the NK cells in their matched peripheral blood samples (Figure 

4.40). There was a decrease in the expression of receptor TIGIT on the NK cells within the 

tumour tissue compared to the corresponding NK cells in the peripheral blood (p = 0.0016). 

In addition, there was an increase in the inhibitory checkpoint PD-1 on the NK cells within 

ovarian tumour tissue compared to the PBMC (p = 0.0003). There was no difference in the 

expression of inhibitory receptor CD94 and inhibitory checkpoint CTLA-4 between the blood 

and tumour NK cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.40: Expression of inhibitory receptors on tumour infiltrating NK cells and matched 

peripheral blood NK cells in all OC patients.  

There was a reduction in the expression of inhibition receptor TIGIT and an increase in the inhibitory 

checkpoint PD-1 on the NK cells within ovarian tumour tissue compared to the corresponding NK 

cells in the peripheral blood.  
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4.7.2 The association between matched PBMC NK cells and omental NK cells  

4.7.2.1   The proportion and type of NK cells  

The data obtained from every omental tissue sample was then compared directly to the 

matched peripheral blood sample that had been taken from the same patient. This included 

matched PBMC-omental tissue samples from the 11 patients with histologically normal 

omentum (from the patients with either normal ovaries or benign ovarian masses), and 27 

omental tumour samples from patients with ovarian tumours. Of these tumour samples, 14 

had received chemotherapy (neoadjuvant chemotherapy group) and 13 were untreated 

(primary surgery group). The NK cells from the PBMC and matched omentum were analysed 

for each patient.  

 

In patients with omental tumours, the proportion of the NK cells infiltrating the omental 

tissue was significantly lower than the proportion of NK cells within each of the matched 

blood samples (p < 0.0001), shown in Figure 4.41. Evaluation of the CD56 and CD16 

expression showed that the omental tumour infiltrating NK cells had downregulation of 

CD16 compared to their corresponding PBMC NK cells. Figure 4.42 shows an increase in 

both the populations of CD56dimCD16neg NK cells (p < 0.0001) and the CD56briCD16neg NK 

cells (p = 0.0002) in the omental tumour infiltrating NK cells when compared to the NK cells 

in the corresponding PBMC samples. In addition, there were reductions in the 

CD56briCD16bri (p = 0.0073) and CD56dimCD16bri (p < 0.0001) NK cell populations within 

the tumour tissue compared to the PBMC samples.  
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Figure 4.41: Correlation between the proportion of NK cells within the PBMC to matched omental 

tumour tissue. 

There was a reduction in the proportion of NK cells within the omental tumour tissue than in the 

peripheral blood (p < 0.0001).  
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Figure 4.42: Correlation between CD56 and CD16 expression in PBMC NK cells and matched 

omental tumour NK cells 

The tumour infiltrating NK cells had a greater proportion of CD56dimCD16neg (A) and 

CD56brightCD16neg NK cells (B), along with a reduced proportion of CD56briCD16bi (C) and 

CD56dimCD16bi NK cells (D).  
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reviewed (Figure 4.44), which showed a loss of CD16 expression as the NK cells infiltrated 

the omental tumour. In the primary surgery group, there was a higher proportion of 

CD56dimCD16neg and CD56briCD16neg NK cells, and lower populations of CD56briCD16bri and 

CD56dimCD16bri NK cells in omental tumour compared to the PBMC. In the neoadjuvant 

chemotherapy group, there was an increase in CD56dimCD16neg and reduction in 

CD56dimCD16bri NK cell populations within the omental tumour tissues compared to the 

paired PBMC samples. There were no differences in the CD56briCD16neg and CD56briCD16bri 

NK populations.  
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Figure 4.43: Correlation between the proportion of NK cells within the PBMC to matched omental 

tumour in both primary surgery and neoadjuvant chemotherapy groups. 

There was a reduction in the proportion of NK cells within the omental tumour tissue compared to the 

peripheral blood in both primary surgery (A) and neoadjuvant chemotherapy (B) OC patients.  
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Figure 4.44: Correlation between PBMC and omental NK cell CD56 and CD16 expression in both 

primary surgery and neoadjuvant chemotherapy OC patients.  

In the primary surgery patients, the omental tumour infiltrating NK cells had a greater proportion of 

CD56dimCD16neg (A) and CD56briCD16neg NK cells (B) and reduced proportions of both 

CD56briCD16bri (C) and CD56dimCD16bri NK cells (D). The neoadjuvant chemotherapy patients had 

increased CD56dimCD16neg (E) and reduced CD56dimCD16rbri NK cells (H), while there were no 

differences between CD56briCD16neg NK cells (F) and CD56briCD16bri (G). 
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When normal omental samples were compared to the corresponding PBMC, there were 

similar proportions of NK cells in the peripheral blood as in the omental tissue (Figure 4.45). 

However, the omental tissue infiltrating NK cells had a greater proportion of CD56briCD16neg 

NK cells and a reduced proportion of CD56dimCD16bri NK cells compared to the matched 

PBMC samples (Figure 4.46). There was no difference in the proportion of CD56dimCD16neg 

and CD56briCD16bri NK cells between PBMC and the normal omental tissue.  
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Figure 4.45: Correlation between the proportion of NK cells within the PBMC to matched normal 

omental tissue in patients with normal or benign ovaries.  

There were similar proportions of NK cells in normal omental tissue to the matched PBMC samples.  
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Figure 4.46: Correlation between PBMC and normal omental NK cell CD56 and CD16 expression 

in patients with normal and benign ovaries.  

Evaluation of the PBMC and corresponding normal omental tissue biopsies from patients with normal 

and benign ovaries found that the omental tissue infiltrating NK cells had a greater proportion of 

CD56briCD16neg NK cells (B) and a reduced proportion of CD56dimCD16bri (D) NK cells.  There was 

no difference in the proportion of the CD56dimCD16neg NK cells (A) or CD56briCD16bri NK cells (C) 

between PBMC and these normal omental tissues.  
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4.7.2.2   Analysis of NK activation receptors  

The activation receptors on NK cells were compared between omental tumour from all OC 

patients with the corresponding PBMC NK. There was a reduction in the expression of 

NKp46 (p < 0.0001), DNAM-1 (p < 0.0001) and CD57 (p < 0.0001) on the NK cells within 

omental tumour when compared to PBMC (Figure 4.47). There was no difference in the 

expression of activation receptors NKG2C or NKG2D between them the PBMC and omental 

tumour samples.  
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Figure 4.47: Expression of activation receptors on omental tumour infiltrating NK cells and 

matched PBMC NK cells in all OC patients.  

There was a reduction in the expression of activation receptors NKp46, DNAM-1 and CD57 on NK 

cells within omental tumour tissue compared to the corresponding NK cells in the peripheral blood. 

There was no difference in the expression of NKG2C and NKG2D between the omental tumour and 

PBMC samples.  
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4.7.2.3   Analysis of NK inhibition receptors 

Examination of the inhibition receptors of infiltrating NK cells in omental tumour of OC 

patients and the corresponding PBMC cells (Figure 4.48) revealed an increase in the 

expression of inhibitory checkpoint PD-1 receptor on the NK cells in omental tumour (p = 

0.0004). However, there was no difference in the expression of inhibitory receptors CD94, 

TIGIT or CTLA-4 between the blood and omental tumour NK cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.48: Expression of inhibitory receptors on omental tumour infiltrating NK cells and 

matched PBMC NK cells in all OC patients.  

There was an increase in the expression of inhibitory receptor PD-1 on the NK cells within omental 

tumour tissue compared to the corresponding NK cells in the peripheral blood.  
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4.7.3 The association between paired ovarian tumour and omental tumour NK cells 

4.7.3.1   The proportion and type of NK cells  

The proportion and subtypes of NK cells were compared between ovarian tumour tissue and 

their corresponding omental tumour biopsies from each patient.  There were 23 cases where 

matched ovarian tumour and omental tumour samples were available:13 from the primary 

surgery OC group and 10 from the neoadjuvant chemotherapy group. Overall, there was no 

difference in the proportion of the infiltrating NK cells between the omental tumour and the 

ovarian tumour (Figure 4.49). In addition, there was no difference in the subtypes of NK cells 

between ovarian and omental tumour tissue (Figure 4.50). Similarly, there was no difference 

in the distribution and subtypes of NK cells between ovarian and omental tumour in primary 

surgery and neoadjuvant chemotherapy groups (Figures 4.51 and 4.52). 
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Figure 4.49: Correlation between the proportion of NK cells within ovarian tumour and matched 

omental tumour samples.  

There was no difference in the proportion of NK cells within the ovarian tumour tissue compared to 

the omental tumour tissue.    
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Figure 4.50: Correlation between CD56 and CD16 expression in ovarian tumour NK cells and 

paired omental tumour NK cells. 

Within the ovarian and omental tumour there were similar distribution of infiltrating CD56dimCD16neg 

(A), CD56briCD16neg (B), CD56briCD16bri (C) and CD56dimCD16bri NK cells (D).  
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Figure 4.51: Correlation between the proportion of NK cells within ovarian tumour and matched 

omental tumour in both primary surgery and neoadjuvant chemotherapy OC patients. 

There were no differences in the proportion of NK cells within the omental tumour tissue compared to 

those in the ovarian tumour tissue in both primary surgery (A) and neoadjuvant chemotherapy (B) OC 

patients.  
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Figure 4.52: Correlation between ovarian tumour and omental tumour NK cell CD56 and CD16 

expression in both primary surgery and neoadjuvant chemotherapy OC patients.  

There were no differences in the CD56 and CD16 expression patterns on NK cells within ovarian 

tumour compared to omental tumour in either the primary surgery OC or neoadjuvant chemotherapy 

OC groups. 
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4.7.3.2   Analysis of NK activation receptors  

The activation receptors on the ovarian tumour infiltrating NK cells were compared to the 

matched omental tumour infiltrating NK cells.  There were no differences between the tissue 

types except for the expression of NKG2D (Figure 4.53), which was reduced on the NK cells 

within the omental tumour tissue (p = 0.0060).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.53: Expression of activation receptors on ovarian tumour infiltrating NK cells and 

matched omental tumour NK cells in all OC patients.  

There was a reduction in the expression of activation receptor NKG2D on the NK cells within the 

omental tumour tissue compared to the ovarian tumour tissue. All other activation receptors were 

similar between ovarian and omental tumour tissue samples. 
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4.7.3.3   Analysis of NK inhibition receptors 

On evaluation of inhibitory receptors on the matched ovarian and omental tumour infiltrating 

NK cells in all OC patients, there were no differences in the expression of CTLA-4, TIGIT, 

CD94 or PD-1 (Figure 4.54).   

 

 

 

 

 

 

 

 

 

 

Figure 4.54: Expression of inhibitory receptors on ovarian tumour infiltrating NK cells and 

matched omental tumour NK cells in all OC patients.  

There were no differences in the expression of inhibitory receptors on NK cells in ovarian tumour and 

omental tumour.   
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4.7.4 Summary of the correlation between peripheral, ovarian and omental NK cells 

While there were no significant differences between the peripheral NK cells and those in 

normal ovary and omental tissue, there were clear differences between the NK cells in the 

peripheral blood and those infiltrating into both ovarian and omental tumour tissue. Firstly, 

the proportion of NK cells able to penetrate into ovarian tumour and omental tumour was 

reduced compared to those in the circulating blood. The type of NK cells also varied, with 

downregulation of CD16 expression on the ovarian and omental tumour NK cells in 

comparison to their corresponding peripheral NK cells. In particular, the CD56dimCD16neg 

and CD56briCD16neg NK cells were in higher proportion in tumour tissue compared with 

PBMC samples. In addition, the ovarian tumour and omental tumour NK cells were in an 

inhibitory state compared to their matched peripheral NK cells. Both the ovarian and omental 

tumour NK cells had reduced expression of activation receptors NKp46, DNAM-1 and 

CD57, along with an increase in the inhibitory checkpoint PD-1; thus, implying a potential 

suppression of NK cell function by the tumour and the microenvironment.  

 

Interestingly, when the ovarian tumour and omental tumour NK cells were compared directly, 

there was no difference in the subtypes and distribution of different NK cell populations 

between these two tumours. Apart from omental tumour NK cells having a reduction in 

NKG2D expression when compared to ovarian tumour NK cells, there was no other 

difference in the expression of inhibitory or activation receptors between the two tumour 

tissue types.    

 

In summary, the distribution, subtype and activation state of tumour infiltrating NK cells 

differ significantly to the peripheral NK cells, regardless of whether the tumour is a primary 

ovarian mass or metastatic omental deposit. In addition, chemotherapy did not affect the 
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distribution patterns and proportions of NK cells within primary or metastatic ovarian 

tumour, as NK cells within chemotherapy naïve tumours exhibited a similar phenotype to 

those within chemotherapy exposed tumours.  

 

4.8   Discussion 

This large patient cohort not only allowed the direct comparison of ovarian tumours with 

benign and normal ovarian tissue, it also evaluated primary ovarian malignancies with 

metastatic omental tumour deposits and peripheral blood. In addition, the differences between 

chemotherapy naïve OC and tumours exposed to chemotherapy treatment were explored, 

making this NK cell flow cytometric analysis one of the most substantial studies reported in 

OC. 

 

The proportion of NK cells and Ovarian cancer 

The comprehensive analysis performed describes how the proportion, subtype and activation 

state of tumour infiltrating NK cells within the ovarian and omental tissues were similar, yet 

differed significantly to the peripheral NK cells. With NK cells typically accounting for 10-

15% of circulating peripheral blood lymphocyte cells [173], the 13% average seen in the 

peripheral blood samples from our normal ovary control patients mirrored this. In 

comparison, the peripheral NK cell populations were increased in the OC patients (Figure 

4.6), with an average proportion of 23%, demonstrating NK cell proliferation within the 

circulating blood in response to malignancy. Although peripheral NK cells are known to 

expand in other cancer types, albeit to a lesser extent, previous conflicting reports suggest 

similar proportions of peripheral NK cells in healthy donors to OC patients [362, 363].   
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A reduction in the proportion of NK cells was evident upon infiltration into both the ovarian 

tumour (average proportion 16%) and omental tumour (11%) from the circulating blood 

(Figures 4.15, 4.24, 4.33 and 4.41), which is related to disease progression and poor outcomes 

[110, 175, 362-366].  However, there were similar portions of NK cells within normal and 

benign ovary to the neoplastic ovarian samples (Figure 4.16), suggesting that NK cells retain 

their ability to penetrate the solid ovarian tissues upon malignant transformation and can 

initially withstand the immunosuppressive ovarian tumour microenvironment. In comparison, 

NK cell infiltration into omental tissue was impaired in metastatic omental disease, with fewer 

NK cells within omental tumours than in the normal omental tissue (Figure 4.25). As earlier 

reports suggest, with OC progression, shown with metastatic spread and advancing stage, the 

proportion of NK cells within both malignant ovary and omental tissue decline [110, 175, 362-

366]. This possibly indicates immunosuppressive alterations in the tumour environment or an 

escape response from the tumour to eliminate or prevent further NK infiltration.  

 

NK cell subtypes in Ovarian cancer 

The majority of peripheral NK cells across the patient cohort were of the mature cytotoxic 

CD56dimCD16bri subtype, yet OC patients had an increase in the immature cytokine 

producing CD56briCD16neg NK cells within the circulating blood compared to patients 

without malignancy (Figures 4.8 and 4.9).  This reduction in NK function within OC patients 

is associated with advancing disease and unfavourable outcomes [110, 175, 362-366].  

Confirming the notion that tumour infiltrating NK cells are less cytotoxic than the peripheral 

NK cells [156, 210, 211], there were fewer mature cytotoxic CD56dimCD16bri NK cells within 

tumour tissue (average of 39% in ovarian tumour and 38% in omental tumour) compared to 

the peripheral blood of the cancer patients (average of 67%). The tumour NK cells also had 

downregulation of CD16 expression, with greater amounts of CD56dimCD16neg cells (Figures 
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4.17, 4.26, 4.34 and 4.42). These have been shown to be raised in ovarian malignancy and are 

believed to generate natural tumour specific cytotoxicity [367, 368].  

 

Activating and inhibitory receptors on NK cells in Ovarian cancer 

The degree of NK activation was lower in the ovarian tumour tissue and metastatic omental 

deposits when these tumour NK cells were matched to their corresponding circulating blood 

samples (Figures 4.39 and 4.47). An increase in the inhibitory checkpoint, PD-1, in both 

ovarian tumour and omental tumour tissues compared to the paired blood samples (Figures 

4.40 and 4.48) also confirmed NK cell dysfunction and inactivation following tumour 

infiltration [150, 211, 212, 217].  

 

However, peripheral blood and tissue infiltrating NK cells had greater activation in cases of 

malignancy when compared to the non-cancerous samples, showing cancer recognition and an 

anti-tumour response. There was increased expression of various NK activation receptors: 

NKp46 was raised in the PBMC samples of OC patients compared to control patients (Figures 

4.11. and 4.12), while NKG2D, DNAM-1 and CD57 were all raised in the ovarian tumour 

biopsies compared to the normal ovarian samples (Figures 4.20 and 4.21). Although NK cells 

in omental tumour biopsies demonstrated increased expression of the activation receptor 

DNAM-1 compared to normal omentum (Figure 4.29), there was also a reduction of NKp46 

expression in the untreated omental tumour samples (Figure 4.30). This is consistent with the 

belief that the immunosuppressive metastatic environment attempts to inactivate NK cells, 

thereby preventing an NK-mediated attack towards tumour cells in progressive disease [131, 

150, 151, 154, 177, 180, 199, 200, 212-216, 225, 226].  
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The effect of Chemotherapy on NK cells 

Although chemotherapy did not influence the amount of NK cell infiltration into ovarian 

tumour and omental tumour tissue, the NK cell phenotype was modified with treatment. The 

impeding chemotherapy effect on peripheral and ovarian tumour NK cells, reducing the 

mature cytotoxic subpopulation and increasing the immature cytokine producing subtype 

(Figures 4.10 and 4.19), is in contrast to earlier studies where neoadjuvant chemotherapy 

enhanced the immune response in OC [104, 166, 356, 369]. It is possible that the reduction in 

mature cytotoxic NK cells following neoadjuvant chemotherapy in our cohort was influenced 

by granulocyte-colony stimulatory factor (G-CSF), which is utilised in our cancer centre for 

the treatment of lymphocytopenia after chemotherapy. It is known that G-CSF is associated 

with NK cell suppression, decreased activity and reduced cytotoxicity [370-372]. 

Nevertheless, this cohort analysis identified higher levels of the CD56dimCD16neg NK subset, 

which is responsible for natural cytotoxicity specifically targeted against tumours [368], in 

both peripheral and ovarian NK cells following chemotherapy (Figures 4.8, 4.10 and 4.19). 

Chemotherapy did however, render the peripheral NK cells dysfunctional, with upregulation 

of the inhibitory immune checkpoints, CTLA-4 and PD-1 (Figure 4.14), as previously noted 

in OC cases [166]. The omental tumour NK cells, on the contrary, demonstrated increased 

activation with greater NKp46 and DNAM-1 expression (Figure 4.30), as expected following 

chemotherapy [104, 166, 354, 362]. 

 

In summary, this comprehensive analysis of NK phenotype successfully compared primary 

ovarian tumour and metastatic omental deposits to controls, interrogating the impact of 

chemotherapy and evaluating differences between peripheral blood and tissue biopsies. The 

findings reveal the challenges associated with innate immune function within the 
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immunosuppressive ovarian and omental tumour microenvironment where NK cell 

infiltration, cytotoxicity and activation are impaired.  
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5.1   Introduction 

The majority of ovarian cancer (OC) cases develop resistance to current chemotherapy 

treatments and suffer a recurrence of disease within two years. As such, there is an urgent need 

to identify novel therapeutic approaches for OC patients [1, 64, 73]. It remains hopeful that 

Natural Killer (NK) cell immunotherapy can improve outcomes for patients and assist in 

overcoming the current therapeutic failures. It is known that NK cells have prognostic 

implications in solid and haematological malignancies, including OC. Here, dysfunctional and 

inhibited NK cells are associated with tumour progression, metastatic disease and poor survival 

[100, 152, 175, 192,  223,  225, 230. 231, 285, 364-366]. However, consideration of the specific 

function, interactions and activation of NK cells within advanced and treatment resistant 

ovarian tumours is needed to maximise the potential of NK cell immunotherapy in OC [110].  

 

Therefore, this chapter explores the associations between NK cells and clinical outcomes in a 

large cohort of patients with OC.  Utilising the comprehensive flow cytometric evaluation 

undertaken in chapter 4 of this thesis, the detailed NK cell phenotype analysis on blood and 

tumour samples from OC patients is correlated to prospectively collected clinical data. This 

aims to establish how NK infiltration and activation influences outcomes such as disease 

recurrence, survival, tumour burden and response to current treatments.    

 

5.2   Study cohort  

The study cohort described in Chapter 4 was utilised to correlate NK cell phenotype with 

clinical outcomes. This included 80 patients with OC, 40 who underwent primary surgery 

followed by 6 cycles of platinum-based adjuvant chemotherapy and 40 who received 

neoadjuvant chemotherapy followed by interval surgery. In addition, 20 patients without OC 
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(10 with a benign ovarian mass and 10 with pathologically normal ovaries and fallopian tubes) 

were also included in the assessment as controls. These four patient groups (primary surgery 

OC, neoadjuvant chemotherapy OC, benign ovary and normal ovary) were used to examine 

the relationships between NK cell phenotype and clinical outcomes.  

 

5.3   Explanatory variables of the study cohort 

5.3.1  Patient characteristics and histopathological variables (Table 5.1) 

5.3.1.1   Patient age at the time of surgical intervention 

The ages of women at the time of surgical intervention did not differ statistically between the 

four different patient groups (p = 0.4480). The mean ages were: 60 and 64 years in the 

primary surgery and neoadjuvant chemotherapy groups, respectively. Those in the benign and 

normal ovary groups had a mean age of 62 and 57 years, respectively. The median ages were 

also similar across the categories: 64 years (range 31-84) in the primary surgery group, 64 

years (range 45-82) in the neoadjuvant chemotherapy group, 63 years (range 38-79) in the 

benign ovary group and 56 years (range 39-87) in the normal ovary group. 

 

5.3.1.2   Patient ethnicity  

The majority of the OC patients in the cohort were of White ethnicity: 82.5% (n=33) and 

80% (n=32) of the primary surgery and neoadjuvant chemotherapy patients, respectively. The 

non-cancerous patients were also predominantly of White ethnicity, including 60.0% (n=6) of 

those with benign ovarian masses and 70.0% (n=7) with normal ovaries. The remaining 

women were of Asian, Black or mixed ethnicities.  
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5.3.1.3   Disease stage 

The disease stage was determined using the 2014 FIGO staging system for OC. Staging data 

was complete for all cancer patients. All of the neoadjuvant chemotherapy patients had 

advanced disease: 52.5% (n=21) with stage III and 47.5% (n=19) with stage IV disease. 

While most of the primary surgery patients also had advanced OC; 52.5% (n=21) and 17.5% 

(n=7) with stages III and IV, respectively, a small proportion in this group had early stage 

OC. Here, 27.5% (n=11) had stage I and 2.5% (n=1) stage II OC. However, there was no 

statistical difference in disease stage between the two OC groups (p = 0.7429). 

  

5.3.1.4   Peritoneal Cancer Index  

The Peritoneal Cancer Index (PCI) assesses the degree of metastatic peritoneal disease in 

cases of advanced OC and is also a significant factor in patient survival [77]. The size and 

number of tumour masses within the abdominal cavity are used to calculate the PCI, where a 

greater value equates to more extensive disease. The PCI was calculated for all OC patients 

within the cohort. Although the median PCI in the neoadjuvant chemotherapy group was 

higher (16; interquartile range of 5-18) than in the primary surgery group (11; interquartile 

range of 3-15), there was no significant difference in PCI value between the two treatment 

groups (p = 0.1485).  

 

5.3.1.5   Histopathological findings  

Histopathological data was available for all of the patients in the cohort. The majority of the 

ovarian tumours were identified as serous epithelial cancers: 85.0% (n=34) in the primary 

surgery group and 97.5% (n=39) in the neoadjuvant chemotherapy group. All of the serous 

tumours in the neoadjuvant chemotherapy group were of the high-grade serous (HGSOvCa) 
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subtype. In the primary surgery group, 30 out of the 34 (88.2%) were HGSOvCa, while the 

remaining 4 were low-grade serous tumours.  

 

The neoadjuvant chemotherapy group had just one (2.5%) case of non-serous OC, whereas 6 

(15.0%) tumours in the primary surgery group had alternative pathologies, including clear 

cell (n=3, 7.5%), mucinous (n=2, 5.0%) and endometrioid (n=1, 2.5%) tumours. However, 

the discrepancies in pathological findings between the two OC treatment groups were not 

significant (p = 0.4000). 

 

5.3.1.6   Metastatic Omental disease 

The omentum plays an important role in OC: it is typically the first site of tumour metastases 

in progressive disease, histological assessment evaluates the tumour response to 

chemotherapy and tumour deposits are associated with poor patient outcomes [47, 65, 66, 69, 

72].  As such, an omentectomy is routinely performed during OC surgery. Omental biopsies 

were therefore also collected, where possible, for the patients in this cohort and were 

examined alongside primary ovarian tissue in the NK phenotype analysis.  

 

All OC cases in the cohort had either an omental biopsy or omentectomy to determine the 

presence of metastatic tumour deposits within the omental tissue. There were significantly 

more cases with omental disease in the neoadjuvant chemotherapy group than in the primary 

surgery group, where 92.5% (n=37) and 55.0% (n=22), respectively, had confirmation of 

metastatic disease (p = 0.0001). All patients with a benign ovarian mass had an omental 

biopsy as part of their staging surgery; all were histologically normal. 
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5.3.1.7   Serum CA-125 level at the time of surgical intervention 

The glycoprotein Mucin-16, also known as MUC16 or CA-125, is produced by epithelial 

ovarian tumours and is expressed on the surface of cancer cells [226, 228]. Here it inhibits 

NK cells, supresses the cytotoxic activity of NK cells towards tumour tissue and reduces NK 

cytokine secretion. In addition, CA-125 is associated with OC progression and metastatic 

disease [223-229].  Serum CA-125 is utilised as a tumour biomarker for OC, where levels are 

used to monitor disease burden and treatment response. As standard of care for all OC 

patients, serum CA-125 levels are collected upon diagnosis (pre-treatment), during 

chemotherapy and also post-treatment for surveillance testing.  

 

As such, the serum CA-125 levels obtained upon diagnosis were evaluated for the patients 

within the cohort. Women who had surgery for non-ovarian related pathology (normal ovary 

group) typically had normal serum CA-125 levels (<35 U/ml), as expected. However, CA-

125 is not routinely measured in these women and only six (60%) had a pre-operative serum 

CA-125 level taken. In the women diagnosed with a benign ovarian mass, 90% had serum 

CA-125 measured and the mean value was 150 U/ml. In comparison, the mean serum CA-

125 value was significantly raised in the OC patients, with a mean value of 1049 U/ml (OC 

vs normal ovary: p < 0.0001; OC vs benign ovary: p = 0.0020). The mean value was higher in 

the neoadjuvant chemotherapy group (1146 U/ml) than in the primary surgery group (734 

U/ml), but not significantly so (p = 0.3930).   

 

The proportion of women with a raised CA-125 level was significantly higher in those with 

any ovarian mass, be that malignant or non-malignant, than in women with normal ovaries (p 

= 0.0001). Although most women with OC had an elevated serum CA-125 level (95.0% 

(n=38) in the primary surgery group and 87.5% (n=35) in the neoadjuvant chemotherapy 
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group), 7 OC patients had a normal serum CA-125 level. In comparison, 3 (30.0%) patients 

in the normal ovary group had an elevated serum CA-125.   

 

5.3.1.8   Absolute lymphocyte count at the time of surgical intervention 

The absolute lymphocyte count is a routine serum haematology test that determines the total 

number of lymphocyte cells in the peripheral blood. In OC it is believed to be associated with 

survival, tumour burden and treatment response [373]. It is normally undertaken at diagnosis, 

during treatment and as part of the baseline pre-operative screening blood tests. In this cohort, 

pre-operative results were available for 80% of patients in the benign and normal ovary group 

(n=16), and 77.5% (n=62) of patients with OC. Cases of lymphocytopenia (less than 

1x10*9/L) were observed in 3 patients; 2 in the primary surgery group and another in the 

neoadjuvant chemotherapy group. There were no cases of lymphocytosis (levels above the 

upper limit of 4.5x10*9/L) in either group. The mean lymphocyte counts were similar across 

all four groups.  
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Table 5.1: Patient characteristics and histopathological variables 

Variable Normal ovary 

(n=10) 

Benign ovary 

(n=10) 

Primary 

surgery 

(n=40) 

Neoadjuvant 

chemotherapy 

(n=40) 

P value 

Age (years)  

 Mean ± SD 

 

57.3 ± 13.7 

 

62.1 ± 12.8 

 

60.7 ± 14.6 

 

64.5 ± 11.6 

 

0.4480 

Ethnicity  

 White  

 Asian 

 Black 

 Mixed 

n (%) 

7 (70.0) 

1 (10.0) 

1 (10.0) 

1 (10.0) 

n (%) 

6 (60.0) 

2 (20.0) 

1 (10.0) 

1 (10.0) 

n (%) 

33 (82.5) 

5 (12.5) 

0 (0.0) 

2 (5.0) 

n (%) 

32 (80.0) 

6 (15.0) 

1 (2.5) 

1 (2.5) 

 

 

 

 

0.2960 

Disease stage 

 1 

 2 

 3 

 4 

n/a n/a n (%) 

11 (27.5) 

1 (2.5) 

21 (52.5) 

7 (17.5) 

n (%) 

0 (0.0) 

0 (0.0) 

21 (52.5) 

19 (47.5) 

 

 

 

 

0.7429 

PCI    

 Median ± IQR 

 

n/a 

 

n/a 

 

11 (3-15) 

 

16 (5-18) 

 

0.1485 

Histopathology 

 Serous 

 Clear cell 

 Mucinous    

 Endometrioid       

n/a n/a n (%) 

34 (85.0) 

3 (7.5) 

2 (5.0) 

1 (2.5) 

n (%) 

39 (97.5) 

0 (0.0) 

0 (0.0.) 

1 (2.5) 

 

 

 

 

0.4000 

Omental disease 

Metastasis Present 

n/a n/a n (%) 

22 (55.0) 

n (%) 

37 (92.5) 

 

0.0001 

CA-125 (u/ml) 
 -Patients with  

  raised level  

 -No level taken      

n (%) 

 

3 (30.0) 

4 (40.0) 

n (%) 

 

8 (80.0) 

1 (10.0) 

n (%) 

 

38 (95.0) 

0 (0.0) 

n (%) 

 

35 (87.5) 

0 (0.0) 

 

 

0.0001 

CA-125 (u/ml) 

    Mean ± SD 

 

32.0 ± 20 

 

150 ± 98 

 

734 ± 370 

 

1146 ± 253 

 

0.2649 

Absolute 

lymphocyte 

count (x10*9/L) 

  Mean ± SD 

 

 

 

1.71 ±0.45 

 

 

 

1.88 ±0.39 

 

 

 

1.93 ±0.99 

 

 

 

1.67 ±0.72 

 

 

 

0.8321 
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5.3.2 Patient management and treatment variables (Table 5.2) 

5.3.2.1   Type of surgical intervention  

The surgical procedures performed were analysed for all patients in the cohort. The 10 patients 

with normal ovaries and fallopian tubes either had surgery for benign gynaecological 

conditions (80%, n=8) or had risk reduction surgery with the aim of preventing OC (20%, n=2). 

These patients underwent a total abdominal hysterectomy and bilateral salpingo-oopherectomy 

(TAH + BSO) or oophorectomy alone (70.0% and 30.0%, respectively). The 10 patients with 

a benign ovarian mass were managed with a TAH + BSO (60.0%), oophorectomy alone 

(20.0%) or TAH + BSO and omentectomy (20.0%).  

 

Of the 40 patients who had primary surgery, 12 (30.0%) had FIGO stage I/II disease so had 

standard upfront surgery consisting of TAH+BSO and omentectomy. The remaining 28 

patients (70.0%) were scheduled to have cytoreductive primary debulking surgery (PDS) for 

advanced disease (FIGO stage III/IV). PDS was successfully performed in 26 patients 

(65.0%), with 13 having a TAH+BSO and omentectomy, and the remaining 13 cases (32.5%) 

requiring additional procedures including bowel resection or upper abdominal surgery. All 40 

patients in the neoadjuvant chemotherapy group were booked for cytoreductive interval 

debulking surgery (IDS) for FIGO stage III/IV disease. IDS was performed in 28 (70.0%) of 

the patients in the neoadjuvant chemotherapy group, with 18 (45.0%) having additional 

bowel or upper abdominal surgical procedures.  

 

A total of 68 patients in the cohort had advanced (FIGO stage III/IV) OC and were deemed 

suitable for cytoreductive debulking surgery: 28 in the primary surgery group and 40 in the 

neoadjuvant chemotherapy group.  Of these advanced cases, 31 patients (45.6%) required 

bowel or upper abdominal surgery. There was no significant difference in the proportion of 
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patients who required these additional surgical procedures between the primary surgery and 

neoadjuvant chemotherapy groups: 46.4% (n=13) vs 45.0% (n=18), respectively (p = 

0.9073).   

 

Despite all 68 patients with advanced OC being scheduled for cytoreductive surgery, 

debulking surgery was performed in 54 (79.4%); 26 who underwent PDS and 28 who had 

IDS. Surgeons were unable to proceed with surgery in the remaining 14 patients (20.6%) due 

to extensive disease burden which prevented optimal surgical resection. Hence, these patients 

only had a diagnostic procedure to assess disease distribution, a procedure also known as 

“open and close”. This was more commonly seen in those who had already received 

neoadjuvant chemotherapy than in the primary surgery patients, with debulking surgery 

abandoned in 12 (30.0%) and 2 (7.1%) patients with advanced OC, respectively (p = 0.0218). 

These patients recommenced chemotherapy treatment.  

 

5.3.2.2   Cytoreduction 

OC surgery aims to remove all visible disease, known as complete cytoreduction or R0. This 

is associated with improved overall survival and progression free survival when compared to 

optimal (R1) or suboptimal (R2) cytoreduction, where residual disease following surgery is 

less than or greater than 1cm in size, respectively [47, 61-64]. The cytoreduction score has 

significant prognostic implications for OC and is not applicable to benign disease. It is 

therefore calculated for all patients having surgical resection of an ovarian tumour.  

 

Complete cytoreduction (R0) was achieved in 33 (82.5%) of the patients who underwent 

primary surgery. This included all 12 of the OC patients with stage I/II disease who 

underwent standard primary surgery. Of the 28 patients in the primary surgery group with 



227 
 

advanced (stage III/IV) OC, complete cytoreduction (R0) was achieved in 75.0% (n=21). In 

comparison, complete cytoreduction was achieved in 65.0% (n=26) of patients in the 

neoadjuvant chemotherapy group. There was no significant difference in the rate of R0 when 

comparing the patients with advanced disease in the primary surgery and neoadjuvant 

chemotherapy groups (p = 0.3797). There was also no difference in complete cytoreduction 

when including all primary surgery patients (those with early and advanced OC) and 

comparing to the neoadjuvant chemotherapy group (p = 0.0753). When removing those 

patients with such extensive disease that cytoreductive debulking surgery had to be 

abandoned (2 in the primary surgery group and 12 in the neoadjuvant chemotherapy group), 

R0 was achieved in 80.8% following PDS and 92.9% in the patients who received 

neoadjuvant chemotherapy and had IDS (p = 0.1864).   

 

 Optimal cytoreduction (R1) was achieved in 1 patient (2.5%) in each treatment group, while 

suboptimal cytoreduction (R2) occurred in 4 (10.0%) and 1 (2.5%) of those in the primary 

surgery and neoadjuvant chemotherapy groups, respectively. Overall, there was no difference 

in cytoreduction score between the two groups (p = 0.1274) 

 

5.3.2.3   Chemotherapy treatment and response 

All of the OC patients who received neoadjuvant chemotherapy were given two 

chemotherapeutic agents, carboplatin and paclitaxel. The majority had either three (n=15, 

37.5%) or four (n=12, 30.0%) cycles of neoadjuvant chemotherapy before proceeding to 

surgery. Some patients received five (n=3, 7.5%) or six (n=10, 25.0%) cycles of 

chemotherapy prior to undergoing ovarian cytoreductive surgery. The timing and decision of 

surgery was based on individual case discussions in the gynaecological oncology 

multidisciplinary team (MDT) meeting.  
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Chemotherapy response score (CRS) is assigned through pathological examination of the 

omentum that is removed during ovarian debulking surgery in patients who received prior 

chemotherapy (neoadjuvant chemotherapy group). CRS measures the degree of cell death 

following chemotherapy and is used as a surrogate marker to determine the response to 

chemotherapy treatment. CRS is scored in 3 levels: CRS 3 indicates a complete response to 

chemotherapy; CRS 2 indicates a moderate response; and CRS 1 indicates a poor response. 

Within our cohort of patients who had neoadjuvant chemotherapy, 20.0% (n=8) had CRS 3, 

35.0% (n=14) had CRS 2, and 42.5% (n=17) had CRS 1. 

 

Table 5.2: Patient management and treatment variables  

Variable Normal 

ovary 

(n=10) 

Benign 

ovary 

(n=10) 

Primary 

surgery 

(n=40) 

Neoadjuvant 

chemotherapy 

(n=40) 

P value 

Type of surgery  

- Inspection + biopsies 

- Oophorectomy only  

- TAH + BSO  

- TAH + BSO, omentectomy 

- TAH + BSO, omentectomy 

+ additional procedures 

n (%) 

0 (0.0) 

3 (30.0) 

7 (70.0) 

0 (0.0) 

0 (0.0) 

n (%) 

0 (0.0) 

2 (20.0) 

6 (60.0) 

2 (20.0) 

0 (0.0) 

n (%) 

2 (5.0) 

0 (0.0) 

0 (0.0) 

25 (62.5) 

13 (32.5) 

n (%) 

12 (30.0) 

0 (0.0) 

0 (0.0) 

10 (25.0) 

18 (45.0) 

 

 

 

 

 

 

< 0.0001 

Cytoreduction score 

  R0 

  R1 

  R2 

  n/a   

n/a n/a n (%)  

33 (82.5) 

1 (2.5) 

4 (10.0) 

2 (5.0) 

n (%) 

26 (65.0) 

1 (2.5)  

1 (2.5) 

12 (30.0) 

 

 

 

 

0.1274 

Number of Neoadjuvant 

chemotherapy cycles  

 3 

 4 

 5 

 6 

n/a n/a n/a n (%) 

 

15 (37.5) 

12 (30.0) 

3 (7.5) 

10 (25.0) 

 

 

 

 

 

n/a 

Chemotherapy Response 

Score         

 1 

 2 

 3   

 n/a   

n/a n/a n/a n (%) 

 

17 (42.5) 

14 (35.0) 

8 (20.0) 

1 (2.5) 

 

 

 

 

 

n/a 
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5.4   Patient outcomes  

All OC patients at the cancer centre are followed up for 5 years after completion of treatment. 

At the time of analysis, no patients had been lost to follow-up and there was no difference in 

the post-operative follow up duration between those who had primary surgery or neoadjuvant 

chemotherapy. The mean follow-up duration for patients in the primary surgery group was 27 

months (range 2-60 months), while patients in the neoadjuvant chemotherapy group had a 

mean follow-up of 32 months (range 6-60 months). 

 

5.4.1 Disease recurrence and analysis of progression free survival 

Information regarding disease recurrence was obtained from patient notes and electronic 

records. Disease recurrence was defined as pathological or radiological confirmation of 

disease following the completion of adjuvant chemotherapy. The time to disease recurrence 

was calculated from the treatment completion date (the date of completing adjuvant 

chemotherapy) to the date that a recurrence was confirmed. This time period was used to give 

the progression free survival (PFS). In cases where there was no evidence of disease 

recurrence at the time of analysis, the PFS was determined using the date the patient was last 

seen and remained free of disease.  

 

During the follow-up period, 36 (45.0%) OC patients suffered a recurrence of their disease, 

described in Table 5.3. This accounted for 7 (17.5%) in the primary surgery group and 29 

(72.5%) in the neoadjuvant chemotherapy group, with the latter being significantly more 

likely to recur (p < 0.001). Of the 36 patients who developed a disease recurrence, over half 

(52.8%, n=19) occurred within the first 12 months and almost three quarters (72.2%, n=26) 

within the first 24 months. Although not significant (p = 0.3137), the patients who recurred 

by 12 months were more likely to have had neoadjuvant chemotherapy (58.6%, n=17) than 
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primary surgery (28.6%, n=2). This was also seen in patients who recurred by 24 months: 

57.1% (n=4) compared to 75.9% (n=22) in primary surgery and neoadjuvant chemotherapy 

groups, respectively (p = 0.3210).  

 

Disease recurrence was then examined in those patients who had advanced disease (FIGO 

stage III/IV): the 40 patients in the neoadjuvant chemotherapy group and 28 patients in the 

primary surgery group. Those in the neoadjuvant chemotherapy group were significantly 

more likely to suffer a disease recurrence than the patients with advanced OC in the primary 

surgery group (72.5% (n=29) vs 17.9% (n=5), respectively; p < 0.0001). Again, there was no 

significant difference in recurrence by 12 months (p = 0.1101) or 24 months (p = 0.1041) 

between the advanced cases who had primary surgery and neoadjuvant chemotherapy.  

 

Table 5.3: Disease recurrence based on treatment modality 

 

 

 

Disease recurrence  All OC  

(n=80) 

All Primary 

Surgery 

(n=40) 

Primary Surgery 

Advanced OC 

(n=28) 

Neoadjuvant 

Chemotherapy 

(n=40) 

All recurrences 36/80 (45.0%) 7/40 (17.5%) 5/28 (17.9%) 29/40 (72.5%) 

Recurrences 

occurring within 12 

months  

19/36 (52.8%) 2/7 (28.6%) 1/5 (20.0%) 17/29 (58.6%) 

Recurrences 

occurring within 24 

months 

26/36 (72.2%) 4/7 (57.1%) 2/5 (40.0%) 22/29 (75.9%) 
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The PFS time periods were worse in the neoadjuvant chemotherapy patients. Figure 5.1 

shows the Kaplan-Meier plot for PFS in all OC patients, comparing the primary surgery 

group (early and advanced disease) to the neoadjuvant chemotherapy group (p < 0.0001). The 

average PFS times were lower in the neoadjuvant chemotherapy group, with a median and 

mean PFS of 13.6 and 17.9 months, respectively.  In comparison, the median and mean PFS 

for all patients in the primary surgery group were 19.1 and 22.1 months, respectively. The 

poor PFS outcomes in the neoadjuvant chemotherapy patients correlated to this group having 

more advanced and aggressive disease, for example more cases of FIGO stage III/IV disease, 

higher PCI values, more cases of omental metastases, a greater number of high-grade serous 

cases and fewer patients with complete cytoreduction following debulking surgery. 

Therefore, the PFS was compared between advanced (FIGO stage III/IV) OC patients only, 

shown in Figure 5.2. The PFS remained decreased in the patients with advanced OC who 

received neoadjuvant chemotherapy compared to those who had primary surgery for 

advanced disease (p = 0.0006).  The median and mean PFS for the patients with advanced 

OC who underwent primary surgery were 19.1 and 22.2 months, respectively.  
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Figure 5.1: Kaplan-Meier plot demonstrating progression free survival in all OC patients in the 

primary surgery and neoadjuvant chemotherapy treatment groups.  

PFS was significantly lower in the neoadjuvant chemotherapy group than in the primary surgery 

group when analysing patients with all stages of disease (p < 0.0001).  
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Figure 5.2: Kaplan-Meier plot demonstrating progression free survival in advanced OC (AOC) 

patients in the primary surgery and neoadjuvant chemotherapy treatment groups.  

PFS was significantly lower in the neoadjuvant chemotherapy group than in the primary surgery 

group when comparing patients with stage III/IV OC (p = 0.0006). 

 

 

5.4.2 Analysis of disease specific death  

Information regarding death and the cause of death was obtained from patient notes, 

electronic hospital records and death certificates. The survival status for all patients in the 

cohort were reviewed on the study end date (10.1.2023). The time to disease-specific death 

(death from OC) was calculated from the date of diagnosis to the recorded date of death. This 

time period gave the overall survival (OS). When patients remained alive, their OS was 

established from the diagnosis date to the end date of the study follow-up period.  

 

During the follow-up period, a total of 36 (45.0%) women died from OC, demonstrated in 

Table 5.4. There were no deaths attributed to other causes. Death rates were higher in the 

neoadjuvant chemotherapy group, where 28 (70.0%) died. This compared to 8 (20.0%) 

patients with all stages (early and advanced OC) in the primary surgery group (p < 0.0001) 

and 6 (21.4%) patients in the primary surgery group when including only those with 

advanced disease (p = 0.0001). Of those who died, 33.3% (n=12/36) did so by 12 months, 
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which gave an overall one-year survival rate of 85.0% (n=68/80). In addition, 58.3% 

(n=21/36) of those who died did so by 24 months, giving an overall two-year survival rate of 

73.8% (n=59/80) within the whole OC cohort. With 26 patients dying within 36 months, the 

three-year survival rate was 67.5% (n=54/80).  

 

Women who died within 12 months were just as likely to have had primary surgery (all 

stages) than neoadjuvant chemotherapy: 37.5% (n= 3) in the primary surgery group for all 

cases vs. 32.1% (n=9) in the neoadjuvant chemotherapy group (p = 0.7768). Similarly, there 

was no significant difference in mortality over 24 months between the primary surgery group 

(50.0%, n=4) and neoadjuvant chemotherapy group (60.7%, n=17), (p = 0.5877). When 

focusing on patients with advanced OC only, those who died within 12 months and 24 

months were just as likely to have undergone primary surgery as those who received 

neoadjuvant chemotherapy (p = 0.9549 and p = 0.2203, respectively).  

 

However, the proportion of patients who were still alive and disease-free at the end of the 

follow-up period was significantly higher in the patients of all stages in the primary surgery 

group (p < 0.0001) compared to those in the neoadjuvant chemotherapy group. When 

comparing those with advanced OC, the proportion alive and disease-free was again 

significantly higher in the primary surgery group compared to the neoadjuvant chemotherapy 

group (p < 0.0001). Overall, 40 (50.0%) women with OC in the study cohort were alive and 

remained disease free after treatment: 77.5% (n=31/40) with all stages of OC in the primary 

surgery group and 75.0% (n=21/28) with advanced OC in the primary surgery group, 

compared to 22.5% (n=9/40) from the neoadjuvant chemotherapy group. 
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Table 5.4: OC related death based on treatment modality 

 

 

The neoadjuvant chemotherapy group had significantly shorter overall survival (OS) rates. 

Figure 5.3 shows the Kaplan-Meier plot with OS for patients with all stages of OC: the 

neoadjuvant chemotherapy group had decreased OS compared to patients with early and 

advanced disease who underwent primary surgery (p = 0.0171).  Figure 5.4 shows the OS of 

patients with advanced disease: OS was again worse in the neoadjuvant chemotherapy group 

compared to the patients with stage III/IV OC who had primary surgery (p = 0.0418). The 

median and mean OS for the neoadjuvant chemotherapy group was 22.6 and 29.7 months, 

respectively. This compared to 20.6 and 22.4 months in all primary surgery cases, 

respectively, and 20.7 and 22.4 months in the advanced OC cases in the primary surgery 

group.  

OC related deaths  All OC  

(n=80) 

All Primary 

Surgery 

(n=40) 

Primary Surgery 

Advanced OC 

(n=28) 

Neoadjuvant 

Chemotherapy 

(n=40) 

All OC deaths 36/80 (45.0%) 8/40 (20%) 6/28 (21.4%) 28/40 (70.0%) 

Deaths occurring 

within 12 months  

12/36 (33.3%) 3/8 (37.5%) 2/6 (33.3%) 9/28 (32.1%) 

Deaths occurring 

within 24 months 

21/36 (58.3%) 4/8 (50.0%) 2/6 (33.3%) 17/28 (60.7%) 
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Figure 5.3: Kaplan-Meier plot demonstrating overall survival in all OC patients in the primary 

surgery and neoadjuvant chemotherapy treatment groups. 

OS was reduced in the neoadjuvant chemotherapy group when compared to patients with early and 

advanced OC who underwent primary surgery (p = 0.0171). 
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Figure 5.4: Kaplan-Meier plot demonstrating overall survival in advanced OC (AOC) managed 

with primary surgery and neoadjuvant chemotherapy.  

OS was decreased in the neoadjuvant chemotherapy group when compared to the patients who had 

primary surgery for stage III/IV OC (p = 0.0418). 
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5.5   The association between NK cell phenotype and clinical outcomes 

5.5.1   The correlation between NK cells, patient survival and disease recurrence  

5.5.1.1   Recurrence of disease and the proportion of NK cells 

Throughout the study collection period, 36 (45.0%) of the 80 OC patients suffered a 

recurrence of their disease. To determine the association between the amount of NK cells and 

disease recurrence, patients were divided into two categories based on the proportion of NK 

cells in the CD45 positive lymphocyte population within their blood and tissue samples: 

those with an NK cell proportion at or below the median value (group 1) and those with a 

proportion above the median value (group 2). Analysis of the NK cells within the PBMC 

samples revealed that 17 (47.2%) of the disease recurrence cases occurred in group 1, and 19 

(52.8%) in group 2. There was no difference in the incidence of recurrence between the two 

groups (p = 0.6531), shown in Table 5.5. There was also no significant difference in the 

incidence of disease recurrence when comparing the proportions of NK cells within ovarian 

tumour biopsies (p = 0.4651). Disease recurrence was also similar between the two groups 

when analysing NK cells within omental biopsies (p = 0.3933). 

 

Table 5.5: OC recurrences based on the proportion of NK cells  

 

 

 

 

 

 

Samples Proportion of NK 

cells 

Recurrence 

 

P value 

PBMC 

(n=36) 

1. ≤ median 17 (47.2%)  

0.6531 2. > median 19 (52.8%) 

Ovary 

(n=18) 

1. ≤ median 8 (44.4%)  

0.4651 2. > median 10 (55.6%) 

Omentum 

(n=13) 

1. ≤ median 6 (46.2%)  

0.3933 2. > median 7(53.8%) 
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The relationship between PFS and the proportion of NK cells was then examined. Focusing 

on the proportion of NK cells within PBMC samples, there was no difference in PFS between 

patients with NK cells at or below the median (group 1) and those with NK cells above the 

median value (group 2), shown in Figure 5.5 (p = 0.9138). The PFS was also similar between 

groups 1 and 2 when analysing the proportion of NK cells within ovarian biopsies (Figure 

5.6, p = 0.9728) and within omental biopsies (Figure 5.7, p = 0.8716). 
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Figure 5.5: The progression free survival of OC patients based on the proportion of NK cells within 

their peripheral blood.  

There was no difference in PFS between patients who had a PBMC NK cell proportion below the 

median value to those with a PBMC NK cell proportion above the median value (p = 0.9138).    
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Figure 5.6: The progression free survival of OC patients based on the proportion of NK cells within 

the ovarian tumour tissue samples.  

There was no difference in PFS between patients who had an ovarian NK cell proportion below the 

median value to those with an NK cell proportion above the median value (p = 0.9728).    
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Figure 5.7: The progression free survival of OC patients based on the proportion of NK cells within 

the omental tumour tissue samples.  

There was no difference in PFS between patients who had an omental NK cell proportion below the 

median value to those with an NK cell proportion above the median value (p = 0.8716). 
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5.5.1.2   Patient survival and the proportion of NK cells  

During the follow-up period, a total of 36 (45.0%) women died from OC. To analyse the 

association between the number of NK cells and patient death, patients were separated into 

the same two categories: those with NK cell proportion below and above the median value, 

(groups 1 and 2, respectively), shown in Table 5.6. Based on PBMC samples, there were 

equal number of deaths (n=18/36; 50.0%) reported between the groups with no difference in 

OS (Figure 5.8, p = 0.5929). Analysis of the proportion of NK cells within ovarian biopsies 

showed no difference in patient death between groups 1 and 2 (p = 0.2964). Disease-specific 

death was also similar between the two groups of NK cells within omental tissue (p = 

0.1349). Figures 5.9 and 5.10 show that OS was also similar between the group 1 and 2 in 

ovarian and omental tissue, respectively.  

 

Table 5.6: Disease-specific death and the proportion of NK cells  

 

 

 

 

 

 

 

 

Samples Proportion of NK 

cells 

Death 

 

P value 

PBMC 

(n=36) 

1. ≤ median 18 (50.0%)  

1.0 2. > median 18 (50.0%) 

Ovary 

(n=20) 

1. ≤ median 8 (40.0%)  

0.2964 2. > median 12 (60.0%) 

Omentum 

(n=12) 

1. ≤ median 4 (33.3%)  

0.1349 2. > median 8 (66.6%) 
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Figure 5.8: The overall survival of OC patients based on the proportion of NK cells within the 

peripheral blood.  

There was no difference in OS between patients who had a PBMC NK cell proportion below the 

median value to those with an NK cell proportion above the median value (p = 0.5929). 
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Figure 5.9: The overall survival of OC patients based on the proportion of NK cells within ovarian 

tumour tissue. 

There was no difference in OS between patients who had an ovarian NK cell proportion below the 

median value to those with an NK cell proportion above the median value (p = 0.7700). 
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Figure 5.10: The overall survival of OC patients based on the proportion of NK cells within 

omental tumour tissue.  

There was no difference in OS between patients who had an omental NK cell proportion below the 

median value to those with an NK cell proportion above the median value (p = 0.7334). 

 

 

5.5.1.3   Disease recurrence based on the NK cell subpopulation 

The different NK subpopulations were then correlated to disease recurrence. The samples 

were separated into two categories based on the proportion of each of the NK subpopulations: 

those samples with a proportion of each NK subpopulation at or below the median value 

(group 1) and those with a proportion above the median value (group 2). There were no 

differences in disease recurrence when groups 1 and 2 for the NK subpopulations within 

ovarian and omental tissue were compared. However, differences in disease recurrence were 

evident when the proportions of NK subpopulations in PBMC samples were compared. Table 

5.7 shows the recurrences that occurred in groups 1 and 2 for each of the NK subpopulations 

in PBMC samples. When CD56dimCD16neg NK cells were divided into the two groups, 11 

patients in group 1 (27.5%) and 25 in group 2 (62.5%) suffered a recurrence (p = 0.0017). Of 

the CD56briCD16neg NK cells within PBMC samples, there were 12 (30.0%) recurrences in 

group 1 and 24 (60.0%) in group 2 (p = 0.0070). There was also a significant difference in 
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disease recurrence between group 1 of the PBMC CD56dimCD16bri NK cells and group 2: 23 

(57.5%) vs 13 (32.5%) recurrences, respectively (p = 0.0246). There was no difference in 

disease recurrence between samples with the proportion of CD56briCD16bri NK cells less than 

the median when compared to samples with the proportion above the median value (p = 

0.01775). 

 

 

Table 5.7: OC recurrences based on the proportion of PBMC NK cell subpopulations. 

 

 

 

 

 

 

 

 

 

The association between PFS and the proportion of the NK cell subpopulations was then 

examined. The PFS was significantly reduced when OC patients had increased (above the 

median value; group 2) CD56dimCD16neg NK cells in PBMC samples compared to patients 

with CD56dimCD16neg NK cells below the median value (group 1), shown in Figure 5.11(A), 

(p = 0.0091). Similarly, PFS was significantly decreased in patients with a higher proportion 

(group 2) of PBMC CD56briCD16neg NK cells (Figure 5.11(B); p = 0.0004). In contrast, the 

patients with a greater proportion of PBMC CD56dimCD16bri NK cells above the median 

value (group 2) had improved PFS (Figure 5.11(C); p = 0.0244). There was no difference in 

PBMC NK 

Subpopulation 

Proportion of NK 

cells 

Recurrence 

 

P value 

CD56dimCD16neg 1. ≤ median 11/40 (27.5%)  

0.0017 2. > median 25/40 (62.5%) 

CD56briCD16neg 1. ≤ median 12/40 (30.0%)  

0.0070 2. > median 24/40 (60.0%) 

CD56dimCD16bri 1. ≤ median 23/40 (57.5%)  

0.0246 2. > median 13/40 (32.5%) 

CD56briCD16bri 3. ≤ median 21/40 (52.5%)  

0.1775 4. > median 15/40 (37.5%) 
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PFS between the patients who had increased and decreased proportions of CD56briD16bri NK 

cells in PBMC (Figure 5.11(D)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: The progression free survival of OC patients based on the proportion of NK cell 

subpopulations within peripheral blood samples.  

PFS was reduced in patients who had an increased proportion of CD56dimCD16neg NK cells (A) and 

increased CD56briCD16neg NK cells (B) in PBMC samples. Patients who had an increased proportion 

of CD56dimCD16bri NK cells had improved PFS (C). There was no difference in PFS between patients 

who had reduced or increased proportions of CD56briCD16bri NK cells (D) in PBMC samples.  
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5.5.1.4   Patient survival based on the NK cell subpopulation 

The proportions of NK subpopulations were then correlated to disease specific death. 

Samples were again divided into those with a proportion at or below the median value (group 

1) and those with a proportion above the median value (group 2) for each of the different NK 

subpopulations. Table 5.8 shows the cases of disease specific death that occurred in groups 1 

and 2 for each of the NK subpopulations in PBMC samples. When CD56dimCD16neg NK cells 

were reviewed, 10 patients in group 1 (25.0%) and 26 in group 2 (62.5%) died from OC (p = 

0.0003). On examination of the CD56briCD16neg NK cells, there were 9 (22.5%) deaths in 

group 1 and 27 (67.5%) in group 2 (p < 0.0001). In contrast, there were a greater number of 

deaths in group 1 of the CD56dimCD16bri NK cells (n=23, 57.5%) compared to group 2 (n=13, 

32.5%, p = 0.0246). There was no difference in disease specific death between the 

proportions of CD56briCD16bri NK cells (p = 0.3687). 

 

 

Table 5.8: OC related death based on the proportion of PBMC NK cell subpopulations. 

 

 

 

 

 

 

 

 

 

 

PBMC NK 

Subpopulation 

Proportion of NK 

cells 

Death 

 

P value 

CD56dimCD16neg 1. ≤ median 10/40 (25.0%)  

0.0003 2 > median 26/40 (65.0%) 

CD56briCD16neg 1. ≤ median 9/40 (22.5%)  

< 0.0001 2. > median 27/40 (67.5%) 

CD56dimCD16bri 1. ≤ median 23/40 (57.5%)  

0.0246 2. > median 13/40 (32.5%) 

CD56briCD16bri 1. ≤ median 20/40 (50.0%)  

0.3687 2. > median 16/40 (40.0%) 
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The proportions of the PBMC NK cell subpopulations were then correlated to OS. Patients 

who had an increased proportion of CD56dimCD16neg NK cells had a significantly lower OS 

when compared to the patients with reduced levels of CD56dimCD16neg NK cells in PBMC 

samples (p = 0.0372), shown in Figure 5.12(A). Likewise, OS was significantly reduced in 

patients with a higher proportion of PBMC CD56briCD16neg NK cells (p = 0.0002), shown in 

Figure 5.12(B). There was no difference in OS when patients with raised CD56dimCD16bri NK 

cells were compared to those with CD56dimCD16bri NK cells below the median value (Figure 

5.12 (C); p = 0.0803).  There was also no difference in OS between increased and decreased 

proportions of CD56briD16bri NK cells (Figure 5.12(D); p = 8809).  
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Figure 5.12: The overall survival of OC patients based on the proportion of NK cell subpopulations 

within peripheral blood samples.  

OS was reduced in patients who had an increased proportion of CD56dimCD16neg NK cells (A) and 

increased CD56briCD16neg NK cells (B) in PBMC samples. There was no significant difference in OS 

when proportions of CD56dimCD16bri NK cells (C) and CD56briCD16bri NK cells (D) in peripheral 

blood samples were above or below the median.  
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5.5.1.5   Disease recurrence based on NK cell receptors 

Phenotypic analysis of NK cells in both the ovarian and omental tumour revealed a 

significant reduction in the expression of activation receptors NKp46, DNAM-1 and CD57, 

along with increased expression of the inhibitory checkpoint PD-1 receptor. Following on 

from this, these NK cell receptors were interrogated to determine whether their expression 

patterns on peripheral, ovarian and omental NK cells correlate with disease recurrence. Using 

flow cytometry, tumour samples were divided into those with low expression of each receptor 

below the median value, and those with high expression above the median value. The 

incidence of disease recurrence associated with high and low receptor expression is detailed 

in Table 5.9. Of the 80 PBMC samples from OC patients, the incidence of disease recurrence 

was 57.5% in the samples with low NKp46 expression, compared to a recurrence rate of 

32.5% when NK cells had high NKp46 expression (p = 0.0246). There was no difference in 

the incidence of disease recurrence between high and low DNAM-1, CD57 or PD-1 

expressing NK cells.  

 

Of the 49 ovarian tumour tissue samples available for analysis, there were 18 patients who 

developed disease recurrences (36.7%) within the study period. The incidence of recurrence 

was significantly higher in NK cells expressing PD-1 receptors above the median level 

(n=13/24, 54.2%) when compared to the low expressers (n=5/25, 20.0%, p=0.0066).  There 

was no difference in recurrence rates between high and low expressers for DNAM-1, NKp46 

or CD57 receptors in the ovarian tumour infiltrating NK cells.  

 

Of the 39 omental tumour tissue samples available, there were 12 patients who developed 

disease recurrences (30.8%). The proportion of patients with recurrent disease was 

significantly greater in patients with NK cells showing NKp46 and CD57 expression above 
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the median value: 47.4% vs 15.0% for NKp46 (p = 0.0286) and 52.6% vs 10.0% for CD57 (p 

= 0.0039). The level of DNAM-1 and PD-1 expression did not influence the recurrence rate.  

 

 

Table 5.9: Proportion of women with disease recurrence based on low and high 

expression of NK receptors  

 

NK cell receptor Disease recurrence 

with NK receptor 

expression below 

median 

Disease recurrence 

with NK receptor 

expression above 

median 

P Value 

Peripheral NK cells (n=80) 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

16 (40.0) 

23 (57.5) 

21 (52.5) 

19 (47.5) 

n (%) 

20 (50.0) 

13 (32.5) 

15 (37.5) 

17 (42.5) 

 

0.3687 

0.0246 

0.1755 

0.6531 

Ovarian NK cells (n=49): 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

10 (40.0) 

10 (40.0) 

11 (44.0) 

5 (20.0) 

n (%) 

8 (33.3) 

8 (33.3) 

7 (29.2) 

13 (54.2%) 

 

0.6284 

0.6284 

0.3913 

0.0066 

Omental NK cells (n=39): 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

7 (35.0) 

3 (15.0) 

2 (10.0) 

5 (25.0) 

n (%) 

5 (26.3) 

9 (47.4) 

10 (52.6) 

7 (36.8) 

 

0.5570 

0.0286 

0.0039 

0.4232 
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The expression of these receptors in NK cells from PBMC samples was then correlated to 

PFS. Peripheral NK cells with NKp46 expression below the median level was associated with 

a reduced PFS (p = 0.0386) when compared to those with expression above the median level 

(Figure 5.13). Similarly, PBMC NK cells with CD57 expression below the median value 

correlated with decreased PFS (p = 0.0324) when compared to NK cells with expression 

above the median value (Figure 5.14). The expression of DNAM-1 and PD-1 in PBMC NK 

cells did not influence PFS (Figures 5.15 and 5.16).   
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Figure 5.13: The progression free survival of OC patients based on peripheral NK cell expression 

of activation receptor NKp46. 

There was a reduction in PFS when expression of NKp46 was below the median value on PBMC NK 

cells (p = 0.0386). 
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Figure 5.14: The progression free survival of OC patients based on peripheral NK cell expression 

of activation receptor CD57. 

There was a reduction in PFS when expression of CD57 was below the median value on PBMC NK 

cells (p = 0.0324). 
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Figure 5.15: The progression free survival of OC patients based on peripheral NK cell expression 

of activation receptor DNAM-1. 

There was no difference in PFS between patients who had PBMC NK expression of DNAM-1 above 

the median compared to expression below the median value (p = 0.2339). 
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Figure 5.16: The progression free survival of OC patients based on peripheral NK cell expression 

of inhibiting receptor PD-1. 

There was no difference in PFS between patients who had PBMC NK expression of PD-1 above the 

median compared to expression below the median value (p = 0.8047). 

 

 

PFS was then correlated to the expression of the receptors in NK cells within ovarian tumour 

samples. There was no difference in PFS between patients who had expression of NKp46, 

DNAM-1, CD57 and PD-1 in ovarian NK cells above the median values compared to 

expression below the median (Figures 5.17, 5.18, 5.19 and 5.20, respectively). Likewise, 

there was no difference in PFS when receptor expression above the median values was 

compared to expression below the median in NK cells within omental tumour tissue (Figures 

5.21, 5.22, 5.23 and 5.24).  
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Figure 5.17: The progression free survival of OC patients based on ovarian NK cell expression of 

activation receptor NKp46. 

There was no difference in PFS between patients who had ovarian NK expression of NKp46 above 

the median compared to expression on ovarian NK cells below the median value (p = 0.9244). 
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Figure 5.18: The progression free survival of OC patients based on ovarian NK cell expression of 

activation receptor DNAM-1. 

There was no difference in PFS between patients who had ovarian NK expression of DNAM-1 above 

the median compared to expression on ovarian NK cells below the median value (p = 0.4662). 
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Figure 5.19: The progression free survival of OC patients based on ovarian NK cell expression of 

activation receptor CD57. 

There was no difference in PFS between patients who had ovarian NK expression of CD57 above the 

median compared to expression on ovarian NK cells below the median value (p = 0.4221). 

 

 

 

0 20 40 60

0

50

100

Progression free survival

Survival (months)

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l NK cells < median

NK cells > median

p = 0.4381

 

Figure 5.20: The progression free survival of OC patients based on ovarian NK cell expression of 

inhibiting receptor PD-1. 

There was no difference in PFS between patients who had ovarian NK expression of PD-1 above the 

median compared to expression on ovarian NK cells below the median value (p = 0.4381). 
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Figure 5.21: The progression free survival of OC patients based on omental NK cell expression of 

activation receptor NKp46. 

There was no difference in PFS between patients who had omental NK expression of NKp46 above 

the median compared to expression on omental NK cells below the median value (p = 0.1492). 
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Figure 5.22: The progression free survival of OC patients based on omental NK cell expression of 

activation receptor DNAM-1. 

There was no difference in PFS between patients who had omental NK expression of DNAM-1 above 

the median compared to expression on omental NK cells below the median value (p = 0.3207). 
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Figure 5.23: The progression free survival of OC patients based on omental NK cell expression of 

activation receptor CD57. 

There was no difference in PFS between patients who had omental NK expression of CD57 above the 

median compared to expression on omental NK cells below the median value (p = 0.1282). 
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Figure 5.24: The progression free survival of OC patients based on omental NK cell expression of 

inhibiting receptor PD-1. 

There was no difference in PFS between patients who had omental NK expression of PD-1 above the 

median compared to expression on omental NK cells below the median value (p = 0.8964). 

 

 



256 
 

5.5.1.6   Patient survival based on NK cell receptors 

The same NK cell receptors were examined to determine whether their expression on 

peripheral, ovarian and omental NK cells were associated with disease-specific death and 

overall survival (OS). With samples again separated into those with receptor expression 

below the median value and expression above the median value, the proportion of patients 

who died in each group was established, as shown in Table 5.10. 

 

Of the 80 PBMC samples available from patients with OC, disease-specific death was not 

related to the expression level of NKp46, DNAM-1, CD57 or PD-1 receptors in NK cells. 

Similarly, NK cells receptor expression was not associated with death from OC in the 49 

patients where ovarian tumour tissue samples were available for analysis. However, in 39 

patients with omental tumour tissue available for analysis, disease-specific death was 

significantly higher in those patients with NK cells showing CD57 expression above the 

median (p=0.0286). Death was not associated with the level of NKp46, DNAM-1 or PD-1 

expression in the NK cells which infiltrated the omental tumour. 

 

 

 

 

 

 

 

 

 

 



257 
 

 

Table 5.10: Mortality from OC with low and high expression of NK receptors  

NK cell receptor Women who died 

with NK receptor 

expression below 

median 

Women who died 

with NK receptor 

expression above 

median 

P Value 

Peripheral NK cells (n=80) 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

15 (37.5) 

20 (50.0) 

21 (52.5) 

17 (42.5) 

n (%) 

21 (52.5) 

16 (40.0) 

15 (37.5) 

19 (47.5) 

 

0.1775 

0.3687 

0.1755 

0.6531 

Ovarian NK cell (n=49): 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

11 (45.8) 

11 (40.0) 

12 (48.0) 

7 (28.0) 

n (%) 

9 (37.5) 

9 (33.3) 

8 (33.3) 

13 (54.2%) 

 

0.6435 

0.6435 

0.2964 

0.0625 

Omental NK receptor (n=39): 

DNAM-1 

NKp46 

CD57 

PD-1 

n (%) 

5 (25.0) 

4 (20.0) 

3 (15.0) 

5 (25.0) 

n (%) 

7 (36.8) 

8 (42.1) 

9 (47.4) 

7 (36.8) 

 

0.4232 

0.1349 

0.0286 

0.4232 
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The expression of the receptors in NK cells from PBMC samples was then correlated to OS.  

Peripheral NK cells with DNAM-1 expression above the median value was associated with 

decreased OS (p = 0.0455) when compared to those with expression below the median level 

(Figure 5.25). The expression of NKp46, CD57 and PD-1 in PBMC NK cells did not 

influence OS (Figures 5.26, 5.27 and 5.28).  
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Figure 5.25: The overall survival of OC patients based on peripheral NK cell expression of 

activation receptor DNAM-1. 

There was a reduction in OS when expression of DNAM-1 was above the median value on PBMC 

NK cells (p = 0.0455). 
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Figure 5.26: The overall survival of OC patients based on peripheral NK cell expression of 

activation receptor NKp46. 

There was no difference in OS between patients who had PBMC NK expression of NKp46 above the 

median compared to expression below the median value (p = 0.9223).  
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Figure 5.27: The overall survival of OC patients based on peripheral NK cell expression of 

activation receptor CD57. 

There was no difference in OS between patients who had PBMC NK expression of CD57 above the 

median compared to expression below the median value (p = 0.0825).  
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Figure 5.28: The overall survival of OC patients based on peripheral NK cell expression of 

inhibiting receptor PD-1. 

There was no difference in OS between patients who had PBMC NK expression of PD-1 above the 

median compared to expression below the median value (p = 0.6001).  

 

 

 

OS was then correlated to the expression of receptors in NK cells within ovarian tumour 

samples. Figure 5.29 shows that OS was reduced when DNAM-1 expression on the ovarian 

NK cells was above the median (p = 0.0315). There was no difference in OS when expression 

of NKp46, CD57 and PD-1 was above the median on ovarian NK cells compared to 

expression below the median (Figures 5.30, 5.31 and 5.32). Upon review of OS and the 

expression of receptors in NK cells within omental tissue, DNAM-1 expression above the 

median was also associated with a poorer OS (p = 0.0234), shown in Figure 5.33. Again, 

there was no correlation between OS and the expression of receptors in omental NK cells 

(Figures 5.34, 5.35 and 5.36). 
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Figure 5.29: The overall survival of OC patients based on ovarian NK cell expression of activation 

receptor DNAM-1. 

There was a reduction in OS when expression of DNAM-1 was above the median value on ovarian 

NK cells (p = 0.0315). 
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Figure 5.30: The overall survival of OC patients based on ovarian NK cell expression of activation 

receptor NKp46. 

There was no difference in OS between patients who had ovarian NK expression of NKp46 above the 

median compared to expression below the median value (p = 0.0972).  
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Figure 5.31: The overall survival of OC patients based on ovarian NK cell expression of activation 

receptor CD57. 

There was no difference in OS between patients who had ovarian NK expression of CD57 above the 

median compared to expression below the median value (p = 0.4267).  

 

 

0 20 40 60

0

50

100

Overall survival

Survival (months)

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l NK cells < median

NK cells > median

p = 0.6410

 

Figure 5.32: The overall survival of OC patients based on ovarian NK cell expression of inhibiting 

receptor PD-1. 

There was no difference in OS between patients who had ovarian NK expression of PD-1 above the 

median compared to expression below the median value (p = 0.6410).  
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Figure 5.33: The overall survival of OC patients based on omental NK cell expression of activation 

receptor DNAM-1. 

There was a reduction in OS when expression of DNAM-1 was above the median value on omental 

NK cells (p = 0.0234). 
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Figure 5.34: The overall survival of OC patients based on omental NK cell expression of activation 

receptor NKp46. 

There was no difference in OS between patients who had omental NK expression of NKp46 above the 

median compared to expression below the median value (p = 0.5627).  
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Figure 5.35: The overall survival of OC patients based on omental NK cell expression of activation 

receptor CD57. 

There was no difference in OS between patients who had omental NK expression of CD57 above the 

median compared to expression below the median value (p = 0.0612).  
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Figure 5.36: The overall survival of OC patients based on omental NK cell expression of inhibiting 

receptor PD-1. 

There was no difference in OS between patients who had omental NK expression of PD-1 above the 

median compared to expression below the median value (p = 0.6603).  
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5.5.2   Disease severity and NK cell phenotype  

5.5.2.1   NK cells and disease stage  

To establish whether the severity of OC corresponds with the NK cell phenotype, the stage of 

disease was compared to the proportion and type of NK cells. The mean proportions of 

PBMC NK cells were similar in early stage OC (FIGO stages I and II) and advanced disease 

(FIGO stages III and IV). However, the proportion of NK cells within ovarian tumours and 

omental tumours were significantly lower in cases of advanced OC than in early disease (p = 

0.0236). Figure 5.37 shows the mean proportion of NK cells within peripheral blood, ovarian 

tumour and omental tumour for each disease stage. Based on CD16 and CD56 expression, 

there was no difference in the type of PBMC NK cells between the four OC stages (Figure 

5.38). 
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Figure 5.37: The mean proportion of NK cells in peripheral blood, ovarian tumour and omental 

tumour depending on disease stage.  

Patients with advanced OC (stage III or IV) had lower proportions of ovarian tumour and omental 

tumour NK cells compared to early disease.   
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Figure 5.38: The proportion of each NK cell subtype within the peripheral blood depending on 

disease stage.  

There were no differences in the type of PBMC NK cells across the different disease stages.  

 

 

5.5.2.2   NK cells and tumour burden 

To review the severity of disease and NK cell phenotype, the tumour burden, or peritoneal 

cancer index (PCI), was evaluated.  With PCI data available for 67 patients, 27 had a low PCI 

≤ 10, while 40 patients had a PCI >10, indicating a higher disease burden. There was no 

difference in the proportion of NK cells between the low and high PCI groups. This was true 

for the NK cells in PBMC, ovarian tumour and omental tumour samples. Figure 5.39 shows 

that disease burden did not influence the proportion of NK cells in peripheral blood and 

tumour biopsies.   
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Figure 5.39: The proportion of NK cells within the peripheral blood, ovarian tumour and omental 

tumour depending on PCI value.   

There were no differences in the proportion of NK cells between the low PCI and high PCI groups.  

 

 

Examination of NK activation receptors and PCI (Figure 5.40) showed that patients with a 

greater tumour burden (high PCI), had an increased proportion of ovarian and omental 

tumour NK cells with overexpression of activation receptors NKp46 and NKG2D compared 

to patients with low PCI.  Those patients in the high PCI group also had a greater proportion 

of PBMC NK cells with increased DNAM-1 expression. In contrast, there were fewer PBMC 

and ovarian NK cells with high CD57 expression in the high PCI group compared to the low 

PCI group. 
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Figure 5.40: The proportion of NK cells with high expression of activation receptors based on PCI. 

Patients with high PCI had a greater proportion of ovarian and omental tumour NK cells with 

overexpression of NKp46 (A) and NKG2D (C) compared to patients with low PCI. Those in the high 

PCI group also had increased PBMC NK cells with upregulation of DNAM-1 (D). There were fewer 

PBMC and ovarian NK cells with high CD57 expression in the high PCI group (E).  
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Next, correlation was made between the level of expression of inhibitory receptors and PCI 

value. There was no difference in the proportion of NK cells with high receptor expression 

between the low PCI and high PCI groups (Figure 5.41).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.41: The proportion of NK cells with high expression of inhibitory receptors based on PCI 

value. 

There were no differences in the proportion of NK cells with high expression of inhibitory receptors 

CTLA-4 (A), TIGIT (B), CD94 (C), and PD-1 (D) between the low PCI and high PCI groups.  
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5.5.3 NK cells and chemotherapy response 

The NK cell proportion was then correlated to the chemotherapy response score (CRS) in 

patients who underwent neoadjuvant chemotherapy. Within this group of patients, there were 

20.0% (n=8) who showed an excellent chemotherapy response (CRS 3), 35.0% (n=14) had a 

partial response to chemotherapy (CRS 2) and 42.5% (n=17) had no response to 

chemotherapy (CRS 1). Figure 5.42 shows that the proportion of PBMC NK cells were 

similar despite the differing CRS results. The proportion of ovarian NK cells and omental 

tumour NK cells were also not altered by the response to chemotherapy. When focusing 

solely on the samples with CRS 2, there were fewer NK cells in tumour tissues than in the 

peripheral blood, but there were no other differences between the proportion of NK cells 

based on the CRS results.  
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Figure 5.42: The proportion of NK cells in peripheral blood and tumour tissue based on CRS. 

Ovarian and omental tumour samples with CRS 2 had fewer NK cells than their corresponding PBMC 

samples (p = 0.0078 and p = 0.0023, respectively).   
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The amount of NK cells with high expression of the activation and inhibitory receptors 

(based on the CRS result) were then determined. Focusing on the activation receptors, Figure 

5.43 shows the correlation of NKG2C and NKG2D with the chemotherapy response. There 

are fewer NKG2C positive NK cells in the PBMC and omentum samples from patients who 

generated a better response to chemotherapy, particularly the patients with complete response 

(CRS 3) compared to patients with CRS 2 (Figure 5.43 B). There were more NKG2D 

positive NK cells in the PBMC samples of those patients who generated a better response to 

chemotherapy, specifically the patients with CRS 3 compared to those with CRS 1 (Figure 

5.43 C). When interrogating the inhibitory receptors (Figure 5.44), the amount of NK cells 

with high expression of CD94 was less frequent in the ovarian samples of patients who 

responded well to chemotherapy (CRS 3) compared to the ovarian samples of patients who 

did not respond (CRS 1). There were no other differences in activation or inhibitory receptor 

expression based on chemotherapy response.  
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Figure 5.43: The proportion of NK cells with high expression of activation receptors based on CRS. 

NK cells with upregulation of A) NKp46, B) NKG2C, C) NKG2D, D) DNAM-1, and E) CD57 in the 

peripheral blood, ovarian tumour and omental tumour depending on CRS. 
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Figure 5.44: The proportion of NK cells with high expression of inhibitory receptors based on CRS. 

NK cells with upregulation of A) CTLA-4, B) TIGIT, C) CD94 and, D) PD-1 in the peripheral blood, 

ovarian tumour and omental tumour depending on CRS. 
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5.5.4 DNAM-1 expression and patient outcomes 

Following on from earlier observations that the overall survival of OC patients is 

significantly reduced when the activation receptor DNAM-1 is over expressed in peripheral 

blood, ovarian tumour and omental tumour NK cells (section 5.5.1.6), DNAM-1 expression 

was further interrogated to assess its association with clinical outcomes.  

 

5.5.4.1   DNAM-1 expression and disease stage 

The expression of DNAM-1 on NK cells was correlated to disease stage, showing that the 

proportion of NK cells with high DNAM-1 expression were more likely in advanced disease 

(stages III and IV) when compared to those in stages I and II disease. Indeed, there is 

significantly greater DNAM-1 expression on PBMC NK cells in both stage III and IV disease 

when compared to early staged disease (Figure 5.45). Although DNAM-1 expression was 

raised in both the ovarian and omental tumour NK cells in stage III and IV disease when 

compared to those with early stage disease, the difference was only significant in the 

omentum of patients with stage IV disease.  
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Figure 5.45: NK cells with high expression of DNAM-1 based on disease stage. 

NK cells within A) PBMC, B) ovarian tumour, and C) omental tumour have increased DNAM-1 

expression in advanced stage III and IV disease. 
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5.5.4.2   DNAM-1 expression and CA-125 level 

Further analysis was undertaken to correlate DNAM-1 expression with the level of serum 

CA-125, the tumour marker which is usually raised in OC.  The CA-125 values at the time of 

surgery within this OC cohort ranged from 17 to 4297 U/ml (mean value of 1049 U/ml) and 

were categorised into three groups: <100 U/ml, 100 – 499 U/ml and ≥500 U/ml. The 

expression of DNAM-1 was correlated to the CA-125 level by examining the amount of NK 

cells over expressing DNAM-1 in the three CA-125 groups. Figure 5.46 shows that there is a 

higher DNAM-1 expression in PBMC and omental tumour when CA-125 levels were above 

500 U/ml. 
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Figure 5.46: NK cells with high expression of DNAM-1 based on CA-125 level. 

NK cells within A) PBMC, B) ovarian tumour, and C) omental tumour have increased DNAM-1 

expression when CA-125 is greater than 500 U/ml. 
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5.5.4.3   DNAM-1 expression and omental metastatic disease  

The majority of the OC patients within this cohort had histological confirmation of metastatic 

omental disease at the time of surgical resection (n=59, 73.8%). To evaluate if DNAM-1 

expression was associated with omental metastasis, the OC patients were divided into those 

who had omentum tumours (n=59) and those who had histologically disease free or normal 

omentum (n=21). The proportion of NK cells exhibiting elevated DNAM-1 expression was 

then evaluated within these groups. Figure 5.47 shows that the OC patients with omental 

tumours have a significantly increased proportion of NK cells with DNAM-1 overexpression 

when compared to normal omentum. This was observed in the NK cells within PBMC, 

ovarian tumour and omental tumour samples.  
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Figure 5.47: NK cells with high expression of DNAM-1 based on the presence of omental tumours 

in OC patients.  

NK cells within A) PBMC, B) ovarian tissue, and C) omental tissue have increased DNAM-1 

expression in the patients who have metastatic omental disease compared to those with normal 

omentum.  
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5.5.5   Summary of the association between NK cell phenotype and clinical outcomes  

There were direct associations between clinical outcomes, NK subtypes and the level of 

expression of activation/inhibitory receptors. The proportions of peripheral, ovarian and 

omental NK cells were not associated with disease recurrence, disease-specific death, PFS or 

OS. However, poor patient outcomes were typically related to an inhibitory PBMC and 

ovarian tumour NK phenotype. Disease recurrence occurred more frequently when: PBMC 

NK cells had reduced NKp46, ovarian tumour NK cells had raised PD-1 expression and both 

PBMC and ovarian NK cells had increased expression of CD94. In addition, PFS was 

decreased in the patients who had low NKp46 expression in PBMC samples. Mortality was 

associated with increased CD94 expression in PBMC and ovarian tumour samples, while OS 

was decreased when NK cells showed an over expression of DNAM-1 in PBMC, ovarian and 

omental tumour. Supporting the notion that NK inactivation was related to poor clinical 

outcomes; disease recurrence and death were greater in the patients with increased PBMC 

proportions of immature cytokine producing CD56briCD16neg NK cells and a reduction in the 

mature cytotoxic CD56dimCD16bri NK cells. In accordance to these findings, raised immature 

CD56briCD16neg NK cells were associated with decreased PFS and OS, while reduced 

cytotoxic CD56dimCD16bri NK cells were found in those with poor PFS.  

 

There were fewer NK cells within ovarian and omental tumours in advanced stage OC and in 

patients with high PCI, when compared to early stage and low PCI cases. Nevertheless, the 

tumour infiltrating NK cells in high PCI cases were in an activated state as they showed 

increased expression of DNAM-1, NKp46 and NKG2D. NK cells with raised expression of 

DNAM-1 in PBMC, ovarian tumour and omental tumour samples were associated with 

advanced stage disease, elevated serum CA-125 levels and increased omental metastases.  
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In addition, the patients who responded well to chemotherapy (CRS 3) were also found to 

have an altered NK phenotype, with reduced PBMC and omental NK expression of NKG2C, 

increased PBMC expression of NKG2D and decreased ovarian CD94 expression.  

 

5.6   Discussion 

This chapter builds on the comprehensive flow cytometric analysis of NK cells described in 

Chapter 4 of this thesis. A large, prospective cohort of OC and control patients was 

established, allowing the NK cell phenotype in blood and tissue samples to be interrogated. 

This chapter correlates these findings to collected clinical data. It examines the relationship 

between the proportion of NK cells, type of NK cells and the expression of NK receptors to 

patient outcomes, such as disease recurrence and survival. The associations between NK cells 

and the disease stage, tumour burden, presence of metastatic omental disease, CA-125 levels 

and response to chemotherapy are also evaluated.    

 

The cohort of Ovarian cancer patients. 

Within our patient cohort, the population who received neoadjuvant chemotherapy had more 

advanced and aggressive disease; unsurprisingly their surgical interventions were more 

complex and their PFS and OS outcomes were poor (Figures 5.1 and 5.3). This remained true 

when comparing only those patients with advanced stage III/IV OC (Figures 5.2 and 5.4). 

This was unexpected given that previous data has shown that interval debulking surgery is 

non-inferior to primary surgery, with similar survival and recurrence outcomes reported [64].  

The discrepancies and variable characteristics between the two OC treatment groups 

described here are possibly due to our standard practice of offering upfront chemotherapy in 

cases of significant disease burden, resulting in poorer clinical outcomes [47, 63, 64].  
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There were challenges in patient recruitment to the cohort during the study period due to the 

coronavirus pandemic. As well as reduced opportunities to enlist patients to research studies 

and collect tissue samples, the tertiary gynaecology cancer centre performed fewer 

cytoreductive primary debulking operations [374]. This prevented the described OC cohort 

being unanimously composed of advanced and aggressive high-grade serous cases, our 

desired and intended study population. Instead, early stage OC, less aggressive tumours and 

cases with reduced disease burden were included in the primary surgery group. In addition, 

the management pathways for some OC patients at the cancer centre were slightly altered 

during this period [374]. Although patients still received optimal treatment, some received 

additional neoadjuvant chemotherapy treatment (more than the intended three cycles) before 

interval debulking surgery could be undertaken.  

 

The proportion of NK cells and Ovarian cancer clinical outcomes. 

The flow cytometric analysis in Chapter 4 describes how the proportion of peripheral NK 

cells increases in OC patients, with reduced populations upon infiltration into ovarian and 

omental tumour tissue. While the amounts of peripheral, ovarian and omental NK cells are 

believed to be related to patient outcomes [231, 232], in this cohort they were not associated 

with disease recurrence and patient death (Figures 5.5 – 5.10). This could be due to the 

inclusion of non-consecutive cases and a lack of available tumour samples from certain 

patients during the collection period. The recruitment of less aggressive tumours and patients 

with reduced disease burden may also have influenced findings. With the majority of patients 

suffering treatment resistance and disease relapse within two years [1, 64, 73], the follow-up 

of patients in this cohort was comprehensive and allowed the detection of OC recurrence and 

cases of disease specific death. However, a larger cohort is required, which may demonstrate 

a correlation between NK cell populations and clinical outcomes. 
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NK cell receptors and clinical outcomes in Ovarian cancer. 

The NK cell analysis in Chapter 4 demonstrates NK cell inactivation in ovarian and omental 

tumour tissue compared to paired circulating blood samples. However, peripheral and tissue 

infiltrating NK cells had greater activation in cases of malignancy when compared to the 

corresponding non-cancerous samples. As tumours progressed, seen with advancing stage, 

raised PCI and the development of metastatic omental deposits, the NK cells within blood and 

tumour samples demonstrated further overexpression of activation receptors. Indeed, activation 

receptors were raised in patients with a high PCI: NKp46 and NKG2D in both ovarian and 

omental tumour biopsies, and DNAM-1 in PBMC samples (Figure 5.40). Advanced OC (FIGO 

stage III/IV) was associated elevated DNAM-1 expression in the NK cells within PBMC and 

omental biopsies (Figure 5.45). Furthermore, patients with metastatic omental disease had NK 

cells with increased DNAM-1 expression in peripheral blood, ovarian and omental samples 

(Figure 5.47). This implies possible tumour escape mechanisms or soluble tumour ligand 

release, which work to chronically upregulate and saturate activation receptors, driving the NK 

cells to an exhausted phenotype and further preventing an NK immune response [213, 218-

220]. One feature to support this possibility is the increased expression of inhibiting receptors 

PD-1 and CTLA-4 on NK cells in PBMC samples of OC patients compared with control 

patients (Figure 4.15). In addition, the upregulation of PD-1 was more pronounced in the 

ovarian and omental tumour tissues compared with the corresponding PBMC samples (Figures 

4.42 and 4.50, respectively).  

 

Poor patient outcomes were typically related to an inhibitory PBMC and ovarian tumour NK 

phenotype: disease recurrence occurred more frequently with low PBMC NKp46 and raised 

ovarian PD-1 (Table 5.9). Furthermore, PFS was reduced with low expression of NKp46 

(Figure 5.11) and CD57 (Figure 5.12) on peripheral NK cells. Previous findings coincide with 
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this, as improved clinical outcomes and prolonged survival occurs when peripheral NK cells 

are activated and there is upregulation of NK activation receptors [192, 175, 223, 225, 231, 

285]. Perhaps due to chronic ligand exposure in advancing disease, and the subsequent altered 

receptor expression [212], disease recurrence was seen with high omental NKp46 and CD57 

expression (Table 5.9), while disease specific death was associated with raised CD57 on 

omental NK cells (Table 5.10). In addition, OS was decreased with the overexpression of 

DNAM-1 on PBMC, ovarian and omental tumour NK cells (Figures 5.25, 5.29 and 5.33, 

respectively).  

 

The chemotherapeutic effect on NK cells and clinical outcomes 

Almost half of patients who received neoadjuvant chemotherapy within the cohort had no 

response (CRS 1) to the treatment, while only 20% showed an excellent response (CRS 3), 

which is similar to other previously reported OC cohorts [233]. Despite the response to 

chemotherapy having no influence on the proportions of NK cells within blood and tissue 

samples (Figure 5.42), the NK cell phenotype was altered. The NK cells in patients who 

responded well to chemotherapy (with a CRS 3) were found to be in an activated state. Here 

there was increased expression of NKG2D on peripheral blood NK cells (Figure 5.43) and 

decreased ovarian CD94 expression (Figure 5.44). This supports the anticipated 

chemotherapeutic response of downregulation of inhibiting receptors and overexpression of 

activation receptors [366]. However, it is important to note that patients may have received 

granulocyte-colony stimulatory factor (G-CSF), which is given to treat lymphocytopenia 

during chemotherapy treatment. This is known to effect NK activity and may therefore have 

influenced the findings [368-370]. 
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In summary, this chapter further evaluates the NK cell phenotype in OC by correlating the 

flow cytometric analysis to clinical data. The interrogation of NK cell proportions, subtypes 

and receptor expression examined any associations with patient outcomes. By collating 

extensive clinical information, the importance and influence of NK cells in OC was explored.   

Possible tumour evasion mechanisms were considered with the identification of significant 

targets, such as DNAM-1, which are directly related to patient outcomes and warrant further 

investigation.  Additional analysis will evaluate the significance of continuous variables and 

other clinical factors, such as the type of OC treatment received and chemotherapy exposure.  

This will be conducted with a multivariate analysis and a Cox proportional hazards regression 

analysis, and will also evaluate how the type and proportion of NK cell populations influence 

patient survival and recurrence.  
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6.1   Introduction 

Natural Killer (NK) cells interact with their target cells through various ligands, either 

recognise “self”, causing NK cell inhibition, or detect abnormal and damaged cells, 

stimulating an NK cell attack [173, 177, 182, 184-186, 187, 188]. In cases of malignancy, the 

overriding NK cell action is dependent on the balance between the activating and inhibiting 

NK receptor and tumour ligand interactions [182, 197, 198]. Tumours have the ability to 

downregulate, overexpress or secrete specific molecules to avoid NK recognition and alter 

NK signalling pathways, thus preventing an NK-mediated immune response [141, 150, 154, 

177, 186, 190-195, 187, 213]. If NK cells are successfully activated towards malignant cells, 

their functional response aims to destroy the tumour cells via several mechanisms [173, 177, 

186, 187, 201-208]. 

 

The cytotoxic nature of NK cells and their ability to produce cytokines is impeded upon 

infiltration into cancer tissue. Tumours often utilise various escape mechanisms to evade 

immunity and create an immunosuppressive microenvironment that inactivates the NK cells, 

rendering them dysfunctional [150, 151, 153, 156, 177, 180, 187, 212-216, 221-226, 228, 

210, 211]. Directly related to patient prognosis, NK cell activation is associated with 

improved outcomes and survival, while disease progression, metastases and poor outcomes 

are linked with NK inhibition and reduced NK function [110, 175, 192, 223, 225, 285, 231, 

364-366]. 

 

The overarching aim of this chapter is to explore the functional aspect and behaviour of NK 

cells. In vitro experiments using NK cells obtained from ovarian cancer (OC) patients will 

focus specifically on the NK response to their ovarian tumours. By stimulating and 

challenging the NK cells to mount an attack, their ability to produce cytokines and directly 
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kill tumour cells will be interrogated. This chapter will build on the NK cell analysis and 

clinical correlation described in chapters 4 and 5. Having previously established the 

phenotype and activation of the NK cells in OC patients, here we focus on how the tumour 

microenvironment influences the NK cell function, evaluating possible causes of NK 

dysfunction and tumour evasion. Using tissue biopsies and peripheral blood NK cells from 

the established patient cohort, the interactions and relationships between NK cells and tumour 

cells will be reviewed. Finally, the manipulation of NK activating signalling pathways, and 

the resulting cytotoxic capabilities, will further explore credible targets for NK 

immunotherapies.    

 

6.2   Function of the peripheral NK cells 

6.2.1 NK cell cytotoxicity 

6.2.1.1   Defining NK cell killing  

To ascertain the killing ability of the peripheral NK cells, the cytotoxicity assay described in 

the Methods section 2.2.4 was undertaken. The assay utilised the immortalised K-562 cell 

line, which originated from a patient with chronic myelogenous leukaemia and lacks HLA 

expression, therefore directly stimulating NK cells and initiating a cytotoxic response [304]. 

The K-562 cells were labelled with CFSE (carboxyfluorescein succinimidyl ester), a 

fluorescent staining dye, and either cultured alone or in combination with NK cells obtained 

from peripheral blood samples. Flow cytometric analysis was undertaken to measure the 

absolute cell counts. Figure 6.1 shows an example of the gating strategy used to identify the 

counting beads in each sample by gating on FS INT and SS INT, while the live K-562 cell 

population was measured by gating with CFSE and PI. The ratio of viable K-562 cells to the 

number of counting beads was established, with the control sample (K-562 cells only) 

compared to the combined K-562 and NK cell sample to calculate the percentage of K-562 
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killing achieved by the NK cells. An example of the remaining live K-562 cells from the NK 

cell co-culture is shown in Figure 6.2, and is compared to the K-562 cells from the isolated 

control culture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: The gating strategy implemented to identify live K-562 cells  

Analysis of flow cytometric data allowed the detection of: A) counting beads, and B) live K-562 cells, 

which were used to calculate NK cell cytotoxicity 
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Figure 6.2: Identification of live K-562 cells following NK cell co-culture. 

The NK cell cytotoxicity was calculated by comparing A) isolated live K-562 cells to B) viable K-562 

cells following co-culture with NK cells. 

 

 

 

 

A. Control sample 

B. Co-culture of K-562 and NK cells 
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6.2.1.2  The NK cell cytotoxicity study cohort 

The cohort for the cytotoxicity assay consisted of samples from 10 healthy donor controls and 

20 patients with advanced (stage II/IV), high-grade serous OC (HGSOvCa) previously 

described in the NK phenotype analysis. Of the OC patients, 10 were chemotherapy naïve 

and blood samples were collected at the time of primary surgery.  The remaining 10 patients 

had received either three or four cycles of platinum-based neoadjuvant chemotherapy, with 

blood samples taken at the time of their interval debulking surgery. The patients in the two 

HGSOvCa groups had very comparable baseline characteristics, shown in Table 6.1, and 

there were also no differences in surgical outcomes, disease recurrence and survival. In 

addition, progression free survival (Figure 6.3) and overall survival (Figure 6.4) were similar 

between the primary surgery and neoadjuvant chemotherapy patients. 
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Table 6.1: Cytotoxicity assay patient characteristics and outcomes 

Variable Primary surgery 

 (n=10) 

Neoadjuvant chemotherapy 

(n=10) 

P value 

Age (years)  

 Mean ± SD 

 

63.4 ± 6.7 

 

69.7 ± 7.5 

 

0.2048 

Ethnicity  

 White  

 Asian 

 Black 

n (%) 

9 (90.0) 

1 (10.0) 

0 (0.0) 

n (%) 
8 (80.0) 

1 (10.0) 

1 (10.0) 

 

 

 
>0.9999 

Disease stage 

 3 

 4 

n (%) 

7 (70.0) 

3 (40.0) 

n (%) 

6 (60.0) 

4 (40.0) 

 

 

0.6392 

CRS 

 1 

 2 

 3   

n/a 

 

n (%) 

2 (20.0%) 

7 (70.0%) 

1 (10.0) 

 

 

 

n/a 

Cytoreduction  

  R0 

  R1 

  R2 

n (%) 

8 (80.0) 

0 (0.0) 

2 (20.0) 

n (%) 

7 (70.0) 

1 (10.0) 

2 (20.0) 

 

 

 

>0.9999 

Omental 

disease 

  Present 

  Absent 

n (%) 

 

8 (80.0) 

2 (20.0) 

n (%) 

 
7 (70.0) 

3 (30.0) 

 

 

 

0.5312 

Recurrence  

  Disease free 

  Recurred 

n (%) 
6 (60.0) 

4 (40.0) 

n (%) 
5 (50.0) 

5 (50.0) 

 

 

0.6531 

Survival 

   Died 

   Alive 

n (%) 

3 (30.0) 

7 (70.0) 

n (%) 

4 (40.0) 

6 (60.0) 

 

 

0.6392 
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Figure 6.3: Kaplan-Meier plot demonstrating progression free survival in the primary surgery and 

neoadjuvant chemotherapy patients utilised in the cytotoxicity assay.  

There was no significant difference in PFS between the two OC groups. 
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Figure 6.4: Kaplan-Meier plot demonstrating overall survival in the primary surgery and 

neoadjuvant chemotherapy patients utilised in the cytotoxicity assay. 

There was no significant difference in OS between the two OC groups. 
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6.2.1.3   Peripheral NK cell cytotoxicity analysis 

Upon detection of the live K-562 target cells following co-culture with the NK cells, the 

percentage of cell killing achieved by each patients NK cell sample could be determined. 

Figure 6.5 demonstrates the remaining viable K-562 cells following co-culture with NK cells 

from healthy donor samples and from patients with OC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Killing of K-562 cells by NK cells from healthy donor sample and OC sample 

The ability of NK cells to kill K-562 cells is shown using A) healthy donor NK cells, and B) NK cells 

from a patient with OC. 

B. K-562 cells + NK cells from OC patient 

A. K-562 cells + NK cells from healthy donor 
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Overall, the mean percentage of NK cytotoxicity in the 10 healthy donor samples was 12.6%, 

significantly lower than in the OC patients 31.2% in the OC patients, (p < 0.001), 

demonstrated in Table 6.2. The mean cytotoxicity of the chemotherapy naïve (primary 

surgery) group was 27.5%, while the chemotherapy exposed (neoadjuvant chemotherapy) 

group had a mean cytotoxicity of 34.9%, both significantly higher than the healthy donor 

samples (p = 0.004 and p < 0.001, respectively). There was no significant difference in the 

mean cytotoxicity values between the two OC groups (p = 0.2830).  

 

Table 6.2: Mean cytotoxicity of peripheral NK cells in healthy donors and OC patients 

Sample group Mean NK cytotoxicity (%) 

Healthy Donor (n=10) 12.6 

All OC patients (n=20) 31.2 

Primary surgery OC patients (n=10) 27.5 

Neoadjuvant chemotherapy OC patients (n=10) 34.9 

 

 

The peripheral NK cell cytotoxicity was found to be significantly raised in the OC patients 

when compared to the normal healthy donor NK samples (p < 0.0001), shown in Figure 6.6.  

Similarly, NK cytotoxicity was significantly raised in the chemotherapy naïve and 

chemotherapy exposed groups when compared to healthy controls (chemotherapy naive vs 

control, p = 0.0002; chemotherapy exposed vs control, p = 0.0013), seen in Figure 6.7. 

However, there was no difference in NK cytotoxicity between the two OC groups. 
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Figure 6.6: Cytotoxicity of peripheral NK cells obtained from healthy donors and patients with OC.  

The cytotoxicity of peripheral NK cells in OC patients was significantly greater than the peripheral 

NK cells from healthy donor samples (p < 0.0001).  
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Figure 6.7: Cytotoxicity of peripheral NK cells obtained from healthy donors, primary surgery OC 

patients and neoadjuvant chemotherapy OC patients.  

The cytotoxicity of peripheral NK cells from both primary surgery OC and neoadjuvant chemotherapy 

OC patients was significantly raised compared to the cytotoxicity of the healthy donor blood samples 

(p = 0.002 and p = 0.0013, respectively). There was no difference in NK cytotoxicity between the 

PBMC samples from primary surgery patients and neoadjuvant chemotherapy patients (p = 0.2778).  
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6.2.1.4    Correlations between NK cell cytotoxicity and clinical findings 

The NK cytotoxicity data was then correlated with clinical findings and patient outcomes. 

Focusing initially on OC progression and metastatic disease, there were 5 patients in the OC 

groups without histological evidence of omental metastasis. Their average peripheral NK cell 

cytotoxicity  was 22.6%. In comparison, those with omental metastasis has an increased NK 

cytotoxicity level of 34.0% but the difference was not significant (p=0.0806), shown in 

Figure 6.8. 
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Figure 6.8: Cytotoxicity of peripheral NK cells in OC patients based on the presence of metastatic 

omental disease.  

The ability of peripheral NK killing was raised in the OC patients with omental tumours compared to 

the OC patients with normal omentum, but not significantly so (p = 0.0806).  
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Of the 20 OC patients, a total of 9 patients suffered a disease recurrence and 7 died. There 

were no differences in peripheral blood NK cytotoxicity between those who recurred and 

those who remained disease free (p = 0.5516), shown in Figure 6.9. In addition, there was no 

difference in the PBMC NK cytotoxicity levels in the patients who died compared to those 

who were alive (p = 0.4378), seen in Figure 6.10.  
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Figure 6.9: Cytotoxicity of peripheral NK cells in OC patients who recurred compared to those who 

remained disease free. 

There was no difference in PBMC NK cytotoxicity between those who recurred and those who did 

not (p = 0.5516). 
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Figure 6.10: Cytotoxicity of peripheral NK cells in OC patients who died compared to those who 

were alive. 

There was no difference in cytotoxicity between those who died and those who were alive (p = 

0.4378). 

 

  

The OC patients were then divided into two groups: those with an NK cytotoxicity level 

below the median value and those above the median cytotoxicity value. The progression free 

survival (Figure 6.11) and overall survival (Figure 6.12) were both alike when comparing 

those with raised NK cell killing to those with lower NK killing (p = 0.0716 for PFS; p = 

0.7968 for OS). 
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Figure 6.11: Kaplan-Meier plot demonstrating progression free survival in OC patients with NK 

cytotoxicity below and above the median value.  

There was no significant difference in PFS between those OC patients with peripheral blood NK 

cytotoxicity below the median value and those with cytotoxicity above the median value (p = 0.0716).  
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Figure 6.12: Kaplan-Meier plot demonstrating overall survival in OC patients with NK cytotoxicity 

below and above the median value. 

 There was no significant difference in OS between those OC patients with peripheral blood NK 

cytotoxicity below the median value and those with cytotoxicity above the median value (p = 0.7968).  
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6.2.1.5   Correlations between NK cell cytotoxicity and NK phenotype  

To facilitate further analysis, NK cytotoxicity was correlated to findings from the NK 

phenotype analysis. The proportion of NK cells in peripheral blood samples (described in 

Chapter 4, section 4.4.1) was evaluated in the two NK cytotoxicity groups, those above and 

below the median cytotoxicity value (high and low cytotoxicity, respectively).  There was no 

significant difference in the amount of NK cells between the two groups (Figure 6.13).  The 

type of NK cells (evaluated in Chapter 4, section 4.4.2) was also similar in the two groups, 

with no differences in CD56 and CD16 expression between the samples with high and low 

NK cytotoxicity (Figure 6.14).  
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Figure 6.13: Proportion of peripheral NK cells in OC patients based on degree of NK cytotoxicity. 

There was no difference in the proportion of NK cells in OC patients with NK cytotoxicity below the 

median (low cytotoxicity) and above the median value (high cytotoxicity).  
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Figure 6.14: Type of peripheral NK cells in OC patients based on degree of NK cytotoxicity. 

There was no difference in the CD16 and CD56 expression in the peripheral NK cells in OC patients 

when the samples with low NK cytotoxicity were compared to those with high NK cytotoxicity. 

 

 

 

The same NK cytotoxicity groups were then correlated to NK cell receptor expression 

(shown in Chapter 4, section 4.4.3). NK cells with higher levels of cytotoxicity showed a 

significant increase in the expression of NKp46 (p = 0.0443) and a reduction in NKG2C (p = 

0.0142) when compared to those NK cells with lower cytotoxicity levels. There was no 

difference in the expression of the other activation receptors (DNAM-1, NKG2D and CD57), 

shown in Figure 6.15. The NK cells with higher cytotoxicity levels had decreased expression 

of checkpoint inhibitors PD-1 and CTLA-4 when compared to the NK cells with lower 

cytotoxicity, but this was not significant (p = 0.1655 and p= 0.8358, respectively). There was 

no difference in the expression of the other inhibitory receptors (TIGIT and CD94), 

demonstrated in Figure 6.16.  



304 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15: Expression of activation receptors on NK cells with low and high levels of cytotoxicity. 

There was raised expression of Nkp46 (A) and reduced NKG2C (B) on peripheral NK cells with 

higher cytotoxicity levels (above the median value). There was no difference in the expression of 

NKG2D (C), DNAM-1 (D), and CD57 (E). 
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Figure 6.16: Expression of inhibitory receptors on NK cells with low and high levels of cytotoxicity.  

There were no differences in the expression of CTLA-4 (A), TIGIT (B), CD94 (C), and PD-1 (D) 

between the peripheral NK cells with high and low cytotoxicity. 
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6.2.2   NK cell cytokine production 

6.2.2.1   Detecting NK cell cytokines 

The functional capability of peripheral NK cells in producing cytokines was evaluated 

utilising the protocol described in the Methods section 2.2.5. Peripheral blood (PBMC) 

samples were cultured in isolation and in combination with the K-562 cells. This allowed 

comparison of an unstimulated NK cell population from the isolated PBMC culture and an 

NK cell population that had been stimulated with the K-562 cell line. A selection of 

intracellular and cell surface antibodies was then used to detect cytokines produced by the 

NK cells: tumour necrosis factor (TNF)-alpha, granulocyte-macrophage colony stimulating 

factor (GM-CSF), interleukin (IL)-10, transforming growth factor (TGF)-beta, interferon 

(IFN)-gamma and IL-2. The Gallios flow cytometer and Kaluza software (Beckman Coulter, 

analysis version 2.1) were used to identify the live NK cell population within each sample 

(Figure 6.17). The single cell population was detected using the FS INT and FS Peak, which 

was then used to find the single lymphocyte cells (using FS INT and SS INT gating). 

Utilising these lymphocyte cells, the live cells were retained, while cells with CD19 and 

CD14 expression (B cells, macrophages and dendritic cells), were removed from the analysis. 

The live cells were then divided depending on their CD56 and CD3 expression; the NK cell 

population was located by negative CD3 and positive CD56 expression.  
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Figure 6.17: The gating strategy implemented to identify the NK cell population within peripheral 

blood samples following flow cytometry. 

Analysis of flow cytometric data allowed the detection of: A) single cells, B) lymphocytes, C) live 

cells with cells expressing CD14 and CD19 removed, and D) the NK cell population. 
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The percentage of NK cells in the unstimulated population was then compared to the 

percentage of NK cells in the stimulated population (those that had been co-cultured with 

K562 cells) for every sample. Figure 6.18 demonstrates the unstimulated NK cell population 

and stimulated NK cell population, from the same PBMC sample. These NK cell populations 

from each sample were then analysed to determine the proportion with increased cytokine 

expression (Figure 6.19). This was undertaken in the unstimulated NK cells and the NK cells 

stimulated with K562 for each blood sample.      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: The NK cell population from A) an unstimulated PBMC sample, and B) a stimulated 

PBMC sample co-cultured with K-562 cells. 
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Figure 6.19: Histograms demonstrating NK cell cytokine production.   

The expression of A) TNF-alpha, B) IL-2, and C) TGF-beta by peripheral NK cells.  

 

 

6.2.2.2   The NK cytokine study cohort 

Further study was undertaken to evaluate cytokine production by the peripheral NK cells. The 

samples utilised included 10 controls and 20 advanced (stage III/IV), HGSOvCa patients 

from the NK phenotype cohort. Again, 10 of the OC patients were chemotherapy naïve 

(primary surgery group) and 10 had received neoadjuvant chemotherapy, with both groups  n  

having comparable baseline characteristics, shown in Table 6.3. Patients in the neoadjuvant 

chemotherapy group were significantly more likely to recur and die when compared to the 

chemotherapy naïve group (80% vs 30%, p = 0.0246), despite patients from both groups 

having similar demographic variables and presentation. 
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Table 6.3: Cytokine assay patient characteristics and outcomes 

Variable Primary surgery 

 (n=10) 

Neoadjuvant chemotherapy 

(n=10) 

P value 

Age (years)  

 Mean ± SD 

 

63.3 ± 14.5 

 

62.9 ± 8.6 

 

0.9847 

Ethnicity  

 White  

 Asian 

 Black 

n (%) 

8 (80.0) 

1 (10.0) 

1 (10.0) 

n (%) 

7 (70.0) 

2 (20.0) 

1 (10.0) 

 

 

 

0.8187 

Disease stage 

 3 

 4 

n (%) 

9 (90.0) 

1 (10.0) 

n (%) 

6 (60.0) 

4 (40.0) 

 

 

0.1214 

CRS 

 1 

 2 

 3   

n/a 

 

n (%) 

3 (30.0%) 

4 (40.0%) 

3 (30.0) 

 

 

 

n/a 

Cytoreduction  

  R0 

  R1 

  R2 

n (%) 

8 (80.0) 

1 (10.0) 

1 (10.0) 

n (%) 

6 (60.0) 

1 (10.0) 

3 (30.0) 

 

 

 

0.5258 

Omental 

disease 

  Present 

  Absent 

n (%) 

 

8 (80.0) 

2 (20.0) 

n (%) 

 

9 (90.0) 

1 (10.0) 

 

 

 

0.5312 

Recurrence  

  Disease-free 

  Recurred 

n (%) 

7 (70.0) 

3 (30.0) 

n (%) 

2 (20.0) 

8 (80.0) 

 

 

0.0246 

Survival 

   Died 

   Alive 

n (%) 

3 (30.0) 

7 (70.0) 

n (%) 

8 (80.0) 

2 (20.0) 

 

 

0.0246 

 

 

 

6.2.2.3   Analysis of NK cell cytokine production   

Following the culture of each PBMC sample, both in isolation (unstimulated) and in 

combination with K-562 cells (stimulated), the proportions of NK cells that produce 

cytokines were determined. The proportion of each NK cell population in the stimulated and 

unstimulated samples obtained from healthy donors were compared to the stimulated and 

unstimulated samples in the OC groups. Figure 6.20 demonstrates the proportion of NK cells 

within each of these groups: there was an increase in the percentage of NK cells in the 
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stimulated samples from the healthy donors when compared to the corresponding 

unstimulated samples (p = 0.0355). This determines that the healthy donor NK cells have the 

ability to proliferate and expand upon interaction with cells that have lost HLA expression. In 

contrast, there were no significant differences between the stimulated and unstimulated NK 

populations in either of the OC groups, regardless if the patients were previously exposed to 

chemotherapy.  These results suggest that peripheral NK cells in OC patients have either lost 

their ability to expand when tumour cell HLA expression is reduced. This can be explored 

further and validated through the co-culture of NK cells with ovarian cancer cell lines that 

have confirmed HLA expression as well as with ovarian cancer cell lines that have lost MHC 

class I expression and should therefore stimulate the NK cells. 
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Figure 6.20: Proportion of NK cells within unstimulated and stimulated PBMC samples.  

There was an increase in the proportion of NK cells within the stimulated samples from healthy 

donors compared to the unstimulated healthy donor samples. There were no significant differences in 

the proportions of NK cells between stimulated and unstimulated samples from patients undergoing 

primary surgery and neoadjuvant chemotherapy.  
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Once the NK cell populations had been identified, the percentage of the cytokines produced 

by the NK cells in each sample could be determined. Table 6.4 displays the mean percentage 

of each cytokine produced by the NK cells in stimulated and unstimulated samples from 

healthy donors, primary surgery patients and neoadjuvant chemotherapy patients. The healthy 

donor samples demonstrated increased production of all cytokines (except for IL-10) upon 

stimulation when compared to unstimulated NK cells. Similarly, stimulated NK cells in OC 

patients also produced greater amounts of cytokines when compared to unstimulated NK 

cells. Comparatively, NK cells from heathy donors, both stimulated and unstimulated, had an 

increased mean production of all cytokines when compared to OC patients. There was no 

difference in cytokine production between the two OC groups.  
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Table 6.4: Mean percentage of cytokines produced by stimulated and unstimulated NK 

cells within PBMC samples. 

 

Cytokine Healthy Donor 

 (n=10) 

Mean production (%) 

Primary Surgery  

(n=10)  

Mean production (%) 

Neoadjuvant  

Chemotherapy (n=10)  

Mean production (%) 

Unstimulated Stimulated Unstimulated Stimulated Unstimulated Stimulated 

TNF-α 3.5 5.1 2.2 3.1 1.1 2.4 

GM-CSF 2.1 4.2 1.6 2.5 0.9 2.8 

IL-2 2.3 4.1 1.8 2.5 1.4 2.2 

IFN-ɣ 3.0 3.4 2.3 2.6 1.3 1.7 

IL-10 2.9 2.1 0.9 1.4 1.0 1.1 

TGF-β 2.5 3.7 2.3 2.4 2.0 2.2 

 

 

Figure 6.21 shows the proportion of cytokines produced by unstimulated NK cells in healthy 

donors (HD) and OC patients (primary surgery and neoadjuvant chemotherapy groups). The 

same analysis was then performed for the stimulated NK cells, shown in Figure 6.22.  For the 

unstimulated NK cells, there were significantly less cytokines (TNF-, GM-CSF, IL-10 and 

IFN-) produced by the NK cells in the neoadjuvant chemotherapy group when compared to 

the healthy donor NK cells.  In the primary surgery group, there was reduced IL-10 

production by the unstimulated NK cells compared to the healthy donor samples. In the K562 

stimulated NK cells, the neoadjuvant chemotherapy group produced significantly decreased 

amounts of TNF-, IFN- and IL-2 compared to the healthy donor group, while the primary 

surgery group also produced less IL-2 than the healthy donor group.  
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Figure 6.21: Cytokine production from unstimulated peripheral NK cells.  

Production of A) TNF-alpha, B) GM-CSF, D) IFN-gamma, and E) IL-10 was significantly reduced in 

the neoadjuvant chemotherapy group compared to the healthy donor group. The primary surgery 

group had significantly decreased production of E) IL-10 compared to the healthy donor group. There 

was no difference in the production of C) IL-2 and F) TGF-beta between the groups.  
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Figure 6.22: Cytokine production from stimulated peripheral NK cells  

Production of A) TNF-alpha, C) IL-2, and D) IFN-gamma was significantly lower in the neoadjuvant 

chemotherapy group compared to the healthy donor group. The primary surgery group produced 

significantly less C) IL-2 than the healthy donor group.  There was no difference in the production of 

B) GM-CSF, E) IL-10, and F) TGF-beta between the groups. 
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Next, the increased percentage of cytokine production following NK stimulation was 

calculated by comparing the unstimulated and stimulated NK cells. Figure 6.23 shows that 

there is an increase in TNF-alpha, GM-CSF, IL-2 and IFN- production following NK 

stimulation in each of the healthy donor, primary surgery OC and neoadjuvant chemotherapy 

patients. Although the increase in TNF-alpha, GM-CSF and IL-2 levels following stimulation 

appeared to be greater in healthy donors than the two OC groups, the difference was not 

significant.  The production of Il-10 decreased in the healthy donor group upon stimulation, 

while there was no significant change in IL-10 production following stimulation in the 

primary surgery and neoadjuvant chemotherapy OC patients.  The production of TGF-beta 

was similar before and after NK stimulation between the groups. Figure 6.24 shows the same 

evaluation, observing the increase in cytokine production following NK stimulation, but 

compares healthy donor samples to the OC groups combined. The findings were similar, 

however the increase in IL-2 production following NK stimulation in the healthy donor 

samples was significantly higher than in the combined OC samples (p = 0.0357). 

 

The healthy donor NK cells produced greater amounts of every cytokine compared to the NK 

cells from the OC patients. The decreased ability of OC NK cells to produce cytokines was 

seen prior to NK stimulation (representing baseline NK activation) as well as following 

exposure to HLA-deficient cells. The sustained lack of cytokine production from the 

peripheral OC NK cells, despite direct stimulation, represented a dysfunctional NK response 

in cases of ovarian malignancy.  While the significant cytokine reductions occurred more 

frequently when comparing healthy donor NK cells to those exposed to chemotherapy, there 

were no significant differences in cytokine production between the primary surgery and 

neoadjuvant chemotherapy groups. This demonstrated that chemotherapy treatment did not 

impact upon the ability of OC NK cells to produce cytokines, regardless of any NK 
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stimulation. By deducting the baseline cytokine production (cytokines produced by 

unstimulated NK cells) from the amount produced by stimulated NK cells, the NK response 

to K-562 stimulation and the ability to increase cytokine production could be determined. 

There was no significant difference between the groups, except the increase in IL-2 

production following stimulation by the non-cancerous samples compared to the OC samples 

combined. This implies the NK response and the potential to produce cytokines with NK 

stimulation, in general, does not differ between healthy donor and OC patients.  
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Figure 6.23: The difference in cytokine production between unstimulated and stimulated NK cells 

in healthy donor, primary surgery and neoadjuvant chemotherapy samples. 

The difference in the production of A) TNF-alpha, B) GM-CSF, C) IL-2, D) IFN-gamma, E) IL-10, 

and F) TGF-beta in healthy donor (HD), primary surgery and neoadjuvant chemotherapy groups 

following NK cell stimulation. The NK response to stimulation was similar between the groups.  
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Figure 6.24: The difference in cytokine production between unstimulated and stimulated NK cells 

in healthy donor and combined OC samples. 

The difference in the production of A) TNF-alpha, B) GM-CSF, C) IL-2, D) IFN-gamma, E) IL-10, 

and F) TGF-beta in healthy donor (HD) and OC groups following NK cell stimulation. The NK 

response to stimulation and the resulting alterations in cytokine production were similar between the 

healthy donor and OC groups, apart from greater IL-2 production by the HD samples. 
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6.2.2.4   Correlations between NK cytokine production and clinical outcomes  

Further analyses were undertaken to evaluate the association of NK stimulation and cytokine 

production with clinical findings and patient outcomes. First of all, the effects of NK 

stimulation and differences in NK cytokine production were compared between patients who 

had metastatic omental disease and those with normal omentum. There were 3 OC patients 

without histological evidence of omental metastasis; the average proportion of peripheral NK 

cells in these patients was 6.0% prior to stimulation, increasing to 8.2% following NK 

stimulation (p = 0.0310). In contrast, the average proportion of peripheral NK cells in the 17 

patients with omental metastasis decreased significantly from 9.1% to 7.1% following 

stimulation (p = 0.0120). While the PBMC NK cells from patients without omental 

metastasis underwent proliferation upon stimulation as expected, the NK cells from cases 

with omental metastasis were unable to expand with stimulation. Figure 6.25 demonstrates 

the PBMC NK cell expansion in response to stimulation in patients with normal omentum, 

although not significant (p = 0.1000). There was no change in the proportion of NK cells with 

stimulation in the patients with omental tumours.   
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Figure 6.25: Proportion of peripheral NK cells in OC patients based on presence of omental 

disease.  

There was an increase in the proportion of PBMC NK cells following stimulation in the samples from 

OC patients with normal omentum, although not significantly so (p = 0.1000). There was no 

difference in the amount of NK cells following stimulation in the PBMC samples from OC patients 

with omental tumours.  

 

 

Of the 20 OC patients evaluated, a total of 11 suffered a disease recurrence while 9 remained 

free of disease. There were no differences in the proportion of peripheral NK cells, either 

before or after stimulation, between the patients who had a recurrence and those who did not 

(Figure 6.26). This suggests both groups of patients have a similar NK response upon 

interaction with cells deficient in HLA. In addition, the production of cytokines from 

stimulated NK cells was similar between those who recurred and those who were disease free 

(Figure 6.27). The same 11 patients who suffered disease recurrence subsequently died from 
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the disease shortly after. Thus, there was also no difference in NK cell expansion and 

cytokine production following stimulation between those patients who were alive and those 

who died from OC.   
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Figure 6.26: The proportion of NK cells with and without stimulation in OC patients who suffered 

a recurrence of disease compared to those who remained disease free.  

There were no differences in the proportion of NK cells following stimulation.  
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Figure 6.27: Cytokine production in stimulated NK cells based on disease recurrence. 

There were no differences in the production of cytokines in patients who remained free of disease 

compared to those who suffered a recurrence of disease.   
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To facilitate further analysis on clinical outcomes, the 20 OC patients were then divided into 

two groups based on the level of cytokine production from the stimulated NK cells: those 

with cytokines production below the median value (low cytokine production) and above the 

median (high cytokine production). Progression free survival (PFS) and overall survival (OS) 

were then measured within these 2 groups of patients as shown in Figure 6.28 and Figure 

6.29. There were no differences in PFS and OS with regards to the level of cytokine 

production.   
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Figure 6.28: Kaplan-Meier plots demonstrating progression free survival in OC patients based on 

the level of cytokines produced by NK cells. 

There were no differences in PFS with low or high NK cell cytokine production.   
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Figure 6.29: Kaplan-Meier plots demonstrating overall survival in OC patients based on amount of 

cytokine production. 

There were no differences in OS with low or high NK cell cytokine production.   
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6.2.2.5   Correlations between NK cell cytokine production and NK phenotype  

The cytokines produced by the stimulated peripheral NK cells from the OC patients were 

then correlated to the flow cytometry NK phenotype data. The degree of cytokine production 

was again characterised as being low (below the median value) or high (above the median 

value), and was compared to the NK subpopulations in the PBMC samples. For each of the 

six cytokines investigated in this study, the proportion of each NK subpopulation (based on 

CD56 and CD16 expression) was determined in both of the low and high cytokine groups. 

The samples with high levels of TNF-alpha, IL-2, IFN-gamma and IL-10 had significantly 

more D56briCD16bri NK cells than the samples with low levels of cytokines. There was no 

difference in this NK subtype based on GM-CSF and TGF-beta production levels. The other 

NK subtypes were similar between the low and high cytokine groups, shown in Figure 6.30.  
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Figure 6.30: Comparison of the proportion of NK cell subpopulations between patients with  

high and low cytokine production.  

There were significantly more CD56briCD16bri NK cells with high production of TNF-alpha, IL-2, 

IFN-gamma and IL-10 compared to the cohort with low cytokine production.  
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The cytokines produced (again categorised as low or high levels of production) by the 

stimulated peripheral NK cells from OC patients were correlated to the expression of the 

receptors on the NK cells. Figure 6.31 shows that there were significantly higher levels of 

NKG2D expression and CD57 expression in the NK cells with high TNF-alpha production 

compared to NK cells with low TNF-alpha production. There were no associations between 

the expression of activation receptors NKp46, DNAM-1 and NKG2C and the degree of 

cytokine production. Focusing on the inhibitory receptors (Figure 6.32), the immune 

checkpoints CTLA-4 and PD-1 were significantly increased in the NK cells with reduced 

GM-CSF. PD-1 expression was also upregulated in the NK cells with low IFN-gamma 

production. There were no alterations in CD94 expression between the cytokine groups, but 

the expression of TIGIT was greater in NK cells that had high production levels of TNF-

alpha, IL-2 and IL-10. These correlations suggest that when the peripheral NK cells in OC 

patients are activated, along with the upregulation of activation receptors, production of TNF-

alpha increases. Supporting this notion, greater NK cell checkpoint inhibition was related to 

poorer cytokine secretion. In contrast, the upregulation of TIGIT was associated with high 

cytokine production. TIGIT is also known as an activating receptor for NK cells during the 

early stage of NK activation. Thus, these findings could represent an escape mechanism 

whereby the tumour cells attempt to inhibit a stimulated NK cell by causing upregulation of 

the inhibitory receptor.  
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Figure 6.31: The correlation between the expression of NK activation receptors and degree of 

cytokine production.  

There was significantly higher NKG2D (D) and CD57 (E) expression in the cohort with high TNF-

alpha production compared to the cohort with low TNF-alpha production. There were no differences 

in NKp46 (A), DNAM-1 (B), or NKG2C (C) expression based on low or high cytokine production.  
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Figure 6.32: The correlation between the expression of NK inhibitory receptors and degree of 

cytokine production.  

There was significantly increased immune checkpoint inhibitors CTLA-4 (A) and PD-1 (D) 

expression in the cohort with low GM-CSF. PD-1 was also raised in the cohort with low IFN-gamma. 

The expression of TIGIT (B) was greater in the cohorts with high production of TNF-alpha, IL-2 and 

IL-10. 
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demographic characteristics. Here, the OC NK cells demonstrated increased cytotoxicity 

compared to controls, regardless of chemotherapy exposure, which did not enhance or hinder 

the NK response in the OC patients. However, there was no clear association between 

cytotoxicity and the presence of omental metastasis, PFS and OS. In addition, the proportions 

of peripheral cells and NK subtypes were not influenced by the degree of cytotoxicity. The 

expression of NK receptors was also not associated to NK cell killing, except for decreased 

NKG2C and raised NKp46 in the NK cells with higher levels of cytotoxicity. This increase in 

NKp46 with greater NK cytotoxicity correlates with the previous finding of a greater PFS 

with higher NKp46 expression. 

 

The functional capability of peripheral NK cells to produce cytokines was also examined in a 

cohort of OC patients and healthy donor controls. While the OC NK cells demonstrated a 

reduced ability to proliferate and expand upon exposure to cells lacking HLA, their cytokine 

production improved following direct stimulation. However, the OC NK cells (both 

unstimulated and stimulated) secreted fewer cytokines than the NK cells in the corresponding 

healthy donor samples. The NK response to stimulation and the ability to increase cytokine 

production was similar between healthy donor and cancer samples, except for an increase in 

IL-2 production by the healthy donor samples compared to the OC samples. This implies 

there is a lack of cytokine production from peripheral OC NK cells, yet the response to 

stimulation  is comparable with healthy controls.  

 

Again, chemotherapy treatment did not influence NK cell function and cytokine production 

when compared to chemotherapy naïve NK cells from OC patients.  In addition, PFS and OS 

were not affected by the ability of NK cells to produce cytokines. However, there were 

changes in the phenotype of the NK cells based on the cytokines produced. There was a 
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greater proportion of CD56briCD16bri NK cells and increased expression of activation 

receptors (NKG2D, CD57) in patients with higher cytokine levels. Similarly, in those with 

low cytokine levels, there was a greater proportion of NK cells expressing checkpoint 

inhibition receptors CTLA-4 and PD-1.   

 

In summary, the peripheral NK cells in OC patients are highly cytotoxic, which corresponds 

with the NK phenotype study (chapter 4) that demonstrated activated NK cells. However, 

their killing ability does not correlate with clinical outcomes, likely due to the cohort size. 

The dysfunctional NK cells in OC patients lack the ability to expand following stimulation 

and have poor cytokine secretion, which is related to the higher expression of checkpoint 

inhibitor receptors, but again has no relation to clinical outcomes. 

 

6.3   Interaction between ovarian tumour tissue and NK cells  

6.3.1 Identification of NK cell ligands on tumour tissue  

This analysis explored the ligands expressed on ovarian tumour tissue to gain an understanding 

of the interactions between malignant ovarian cells and the tumour infiltrating NK cells, as well 

as evaluating the immune evasion mechanisms utilised by the tumours. The specific ligands 

which induce activation of NK cells were interrogated: MICA, MICB and ULBP1/2/3/4 which 

bind to NK activation receptor NKG2D; along with PVR and PVRL2 which bind to activating 

receptor DNAM-1. NK cell inhibiting ligands were also included in this study: PDL-1 which 

binds to the immune checkpoint inhibitor PD-1; HLA-E which binds to inhibiting receptors 

CD94 and NKG2A; HLA-A and HLA-C which are involved in “self” recognition by NK cells; 

and HLA-DR which is a ligand for inhibiting receptor LAG3 [375]. 
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Real-time quantitative PCR (qPCR) was undertaken to determine the transcription patterns of 

the NK ligands, as described in the Methods section 2.2.6. Snap frozen, solid tissue biopsies 

were obtained from both ovarian tumours and benign ovaries, with copy numbers of NK ligand 

target genes compared to the transcription of reference genes 18S and B2M (β2-microglobulin). 

This housekeeping control genes normalised any discrepancies in qPCR findings, specifically 

disparities in cDNA quantity and copy number variation between samples [376-379]. The ratios 

obtained gave standardised transcription levels for each target gene in both the benign and 

tumour biopsies.  

 

6.3.2 The study cohort for NK ligand analysis 

To explore the NK ligands on ovarian tissue samples, a total of 30 solid tissue biopsy samples 

from the original study cohort were processed. This included 16 ovarian tumour biopsies 

from patients with stage III or IV HGSOvCa. There were a further 14 samples from patients 

with a benign ovarian mass, including ovarian fibroma, cystadenoma and simple cyst. The 

characteristics of the patients within the HGSOvCa and benign cohorts are shown in Table 

6.5. These included 11 OC patients who had not received any previous chemotherapy, with 

their tissue biopsies collected at the time of primary debulking surgery, and 5 women who 

had received either three or four cycles of neoadjuvant chemotherapy (NACT), with biopsies 

obtained at interval debulking surgery. Complete surgical cytoreduction was achieved in 

81.3% (n=13/16) of the OC patients, with 60.0% (n=3/5) of those who had neoadjuvant 

chemotherapy treatment demonstrating a complete chemotherapy response. Within the cohort 

of OC patients, 56.3% (n=9/16) developed disease recurrence and 50.0% subsequently died at 

the time of analysis (average follow-up of 26 months). 
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Table 6.5: Characteristics and outcomes of the patients included in the NK ligand 

analysis 

 

Variable Ovarian tumour  

(n=16) 

Benign ovarian mass 

(n=14) 

Age (years)  

 Mean ± SD 

 

64.1 ± 10.9 

 

58.3 ± 14.3 

Ethnicity  

 White  

 Asian 

 Black 

n (%) 

14 (87.5) 

2 (12.5) 

0 (0.0) 

n (%) 

9 (64.3) 

4 (28.6) 

1 (7.1) 

Disease stage 

 3 

 4 

n (%) 

11 (68.8) 

5 (31.3) 

n/a 

Chemotherapy 

 Nil 

 NACT  

n (%) 

11 (68.8) 

5 (31.3) 

n/a 

CRS (n=5) 

 2 

 3   

n (%) 

2 (40.0) 

3 (60.0) 

n/a 

Cytoreduction  

  R0 

  R1 

  R2 

n (%) 

13 (81.3) 

2 (12.5) 

1 (6.3) 

n/a 

Recurrence  

  Disease-free 

  Recurred 

n (%) 

7 (43.8) 

9 (56.3) 

n/a 

Survival 

   Died 

   Alive 

n (%) 

8 (50.0) 

8 (50.0) 

n/a 

 

 

6.3.3 Transcription analysis of NK cell ligands on ovarian tumour tissue 

The standardised transcription levels (formulated by comparing copy numbers for each target 

gene per 25ng of cDNA to 18S copy numbers) were obtained using qPCR. These values from 

HGSOvCa biopsies were compared to those from benign ovarian biopsies. The transcription 

levels of housekeeping gene and internal control 18S is shown in Figure 6.33, with no 

differences evident between the benign and malignant biopsies.  
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Figure 6.33: Quantitative PCR data demonstrating the transcription level of 18S within HGSOvCa 

and benign ovarian tissue biopsies. 

There was no difference in 18S between the two groups.   

 

 

The transcription level ratios for the NK ligand target genes are illustrated below. Initially 

focusing on the ligands for NK activation receptors, shown in in Figure 6.34, the expression 

levels of MICB, PVR and ULBP1 were significantly raised in the HGSOvCa tissues 

compared to the benign ovarian tissues (p = 0.0279, p = 0.0007 and p = 0.0005, respectively). 

There were no significant differences between the expression of MICA, PVRL2, ULBP2, 

ULBP3 and ULBP4 in HGSOvCa tissues and the benign ovarian tissues biopsies. Figure 6.35 

shows the ratios for the inhibitory NK ligands. There was no difference in the expression 

levels of HLA-A, HLA-C, HLA-E, HLA-DR and PDL-1 between HGSOvCa and benign 

ovaries.  
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Figure 6.34: Quantitative PCR data demonstrating the relative transcription of NK cell activating 

ligands on HGSOvCa tissue and benign ovarian tissue.  

There was significantly increased MICB, PVR and ULBP1 on HGSOvCa tissue compared to benign 

ovarian tissue. 
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Figure 6.35: Quantitative PCR data demonstrating the relative transcription of NK cell inhibition 

ligands on HGSOvCa tissue and benign ovarian tissue. 

There were no significant differences in the inhibitory ligands between tumour tissue and benign 

ovarian tissue. 

 

 

6.3.4 Correlations between tumour ligands and patient outcomes 

The transcription level ratios from the HGSOvCa samples were compared with clinical 

characteristics and outcomes. The expression of NK ligands on ovarian tumour biopsies were 

first compared between chemotherapy naïve (n=11) and chemotherapy exposed (n=5) 

patients to determine if chemotherapy treatment influences their expression. There was no 

observed difference in the level of expression between the two groups except for the two 

inhibitory ligands, PDL-1 and HLA-DR (Figure 6.36). The expression of both PDL-1 (p = 

0.0286) and HLA-DR (p = 0.0022) was significantly reduced in chemotherapy exposed 

tumour biopsies when compared to chemotherapy naïve tissue.  
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Figure 6.36: Transcription of NK ligands on HGSOvCa tissue based on chemotherapy exposure. 

There were no significant differences in the ligands for NK cell activation upon tumour tissue that had 

been exposed to chemotherapy compared to chemotherapy naïve tumour tissue (A).  There was a 

significant reduction in the inhibitory ligands PDL-1 and HLA-DR on tumour tissue following 

chemotherapy treatment (B).  
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The transcription level ratios were then compared between the 9 patients who suffered a 

recurrence of disease and the 7 who remained disease free. Figure 6.37 shows that the 

expression of NK activating ligands, MICB and ULBP3 were significantly lower (p = 0.0043 

and p = 0.0419) in the tissue biopsies from the disease recurrence group when compared to 

those who did not recur. Similarly, the inhibitory ligands PDL-1 and HLA-DR were reduced 

(p = 0.0190 and p = 0.0022) in patients with recurrent disease. Survival outcomes were then 

evaluated for these ligands that were associated with disease recurrence (Figure 6.38): MICB, 

ULBP3, HLA-DR and PDL-1 were all significantly lower in the patients who died compared 

to the women who were alive at the end of the study follow-up period, which had an average 

follow-up duration of 26 months (p = 0.0108 for MICB, p= 0.0260 for ULBP3, p = 0.0159 

for HLA-DR and p = 0.0079 for PDL-1). Patients were then divided into two groups 

depending on their ligand transcription levels, with ratios below and above the median value 

classed as low and high expression, respectively. Figures 6.39 and 6.40 show that there were 

no differences in progression free survival and overall survival between those with low and 

high expression levels.   
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Figure 6.37: Disease recurrence and the transcription of NK ligands on HGSOvCa tissue.  

The activation NK ligands MICB and ULBP3 (A) and the inhibitory ligands HLA-DR and PDL-1 (B) 

were decreased in patients who suffered a recurrence of disease compared to those who remained 

disease free.   
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Figure 6.38: Survival and the transcription of NK ligands on HGSOvCa tissue.  

The activation NK ligands (MICB and ULBP3) and the inhibitory ligands (HLA-DR and PDL-1) 

were significantly decreased in the patients who died from OC compared to those who were alive.    
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Figure 6.39: Kaplan-Meier plot showing progression free survival based on transcription levels for 

NK ligands on tumour tissue.  

There were no differences in PFS with low or high transcription levels of MICB, ULBP3, PDL-1 and 

HLA-DR.    
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Figure 6.40: Kaplan-Meier plot showing overall survival based on transcription levels for NK 

ligands on tumour tissue.  

There were no differences in OS with low or high transcription levels of MICB, ULBP3, PDL-1 and 

HLA-DR.    
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tumour tissue. The activating NK receptor-ligand interactions analysed included the DNAM-

1 receptor with tumour ligands PVR and PVRL2, the NKG2D receptor with ligands MICA, 

MICB, ULBP1 and ULBP3 (Figure 6.42). There was no difference in DNAM-1 expression 

on NK cells between those tumours that had low and high levels of PVR. Similarly, there was 

no difference in NK expression of DNAM-1 on the NK cells between the tumours with low 

and high PVRL2 levels. There was a significant increase in the expression of NKG2D on the 

NK cells found in tumours with low levels of MICB expression compared to those with high 

expression (p = 0.0159). However, there were no differences in NKG2D expression on the 

NK cells within tumours that had low and high levels of the other NKG2D ligands, MICA, 

ULBP1 and ULBP3. Figure 6.43 illustrates the inhibiting NK receptor-ligand interactions. 

There were no differences in the NK expression of CD94 between tumours with low and high 

levels of HLA-E. The NK expression of PD-1 was also similar in tumours with low and high 

PDL-1.  
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Figure 6.41: Comparison of the type of tumour infiltrating NK cells between tumours with high 

and low transcription levels for the NK ligands 

There were no differences in the type of NK cells based on low and high levels of MICB, ULBP1, 

ULBP3, PVR, HLA-A and PDL-1.  
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Figure 6.42: Expression of activating receptors on NK cells within tumour tissue based on the 

levels of corresponding NK ligands.   

There were no differences in the NK cell expression of DNAM-1 within tumour that had low and high 

levels of ligands PVR (A) and PVRL2 (B). NKG2D was significantly upregulated on NK cells within 

tumours that had low MICB levels compared to tumours that had high MICB (C). There were no 

differences in NKG2D expression in tumours with low and high levels of the other corresponding 

NKG2D ligands: MICA (D), ULBP1 (E) and ULBP3 (F). 
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Figure 6.43: Expression of inhibiting receptors on NK cells within tumour tissue based on the 

levels of corresponding NK ligands.   

There were no differences in the NK cell expression of CD94 (A) or PD-1 (B) within tumour tissue 

that had low and high levels of the corresponding ligands HLA-E and PDL-1.  
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following chemotherapy and the expression of NK ligands associated with poor clinical 

outcomes. 

  

6.4   The expression of NK ligands on epithelial cells within ovarian biopsies 

 

6.4.1 Detecting NK ligands expressed by epithelial cells within ovarian biopsies 

Following the qPCR transcription level analysis for the NK ligands in whole tumour biopsies, 

the surface expression of the same ligands on the epithelial cells within OC samples was 

determined using flow cytometric analysis. By identifying the epithelial cell population 

within each ovarian tumour biopsy, the normal epithelial cells could be separated from the 

epithelial tumour cells in every individual sample. This allowed the expression of NK ligands 

in the normal epithelial cells to be compared to the expression of ligands in the malignant 

epithelial cells from the same biopsy. 

 

Ovarian tumour samples, obtained from 9 patients with advanced stage HGSOvCa from the 

cohort described in Chapter 4, were processed according to Methods section 2.2.7 and stained 

with antibodies for the epithelial cell marker (Epcam) and NK ligands (HLA-A/B/C, MHC 

class II, PDL-1, MICA, MICB, ULBP1, ULBP2/5/6, ULBP3 and ULBP4). Figure 6.44 

demonstrates the gating strategy used to detect the single, live epithelial cells within the 

ovarian tumour samples before the proportion of Epcam positive epithelial cells was 

identified. The ovarian tumour cells are generally believed to express high levels of Epcam 

and have low HLA class I expression levels. Within each HGSOvCa biopsy sample, these 

tumour cells were separated from likely coinciding normal epithelial cells by the degree of 

Epcam and HLA-I expression, as shown in Figure 6.45. Although not completely indicative 

of normal epithelium, HLA class I molecules typically remain upregulated on non-malignant 
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epithelial cells and Epcam expression was considered to be lower on normal epithelium than 

that seen on the tumour cells. As such the altered expression of HLA class I and Epcam was 

used to isolate possible normal epithelial cells from tumour cells. The expression (median 

florescence intensity, MFI) of the NK ligands within each of the tumour and normal cell 

populations, obtained from the same biopsy sample, was then be assessed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.44: The gating strategy to detect Epcam positive epithelial cells within tumour biopsies.  

Flow cytometric analysis of ovarian tumour biopsies identified: A) singlets, B) lymphocyte cells, and 

C) live cells. The single, live lymphocyte cells within OC tumour biopsies with upregulation of 

Epcam could then be detected (D). There was a greater proportion of cells highly expressing Epcam 

within an OC biopsy, compared to a normal ovarian biopsy (E).  
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Figure 6.45:  Identification of epithelial cell population and their expression of NK ligands.   

Within each OC tissue biopsy, the epithelial tumour cells had high Epcam and low HLA-I expression 

compared to the normal epithelial cells (A). The expression of NK ligands could then be assessed, 

including: ULBP4 (B), ULBP1 (C), MICA/B (D), MHC class II (E), and PDL-1 (F).   
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6.4.2 Comparison of NK ligands between normal and malignant epithelial cells  

Once the cancer cell population and normal epithelial cell population had been identified 

within each HGSOvCa biopsy, the expression of NK ligands could be determined. For each 

of the 9 biopsy samples used in this assay, the median florescence intensity (MFI) value for 

every ligand was compared between the cancer and normal cell populations.  Figure 6.46 

shows that there were significantly lower levels of HLA class I on the cancer cells than on the 

normal cells (p = 0.0008). There was upregulation of both PDL-1 and ULBP1 in the tumour 

cells compared to the normal population (p = 0.0040 for both ligands). There were no 

differences in the expression of MHC class II, MICA/B and ULBP2/3/4/5/6, between the 

normal and cancer cells.  
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Figure 6.46: The expression of NK ligands upon normal epithelial cells and malignant cells within 

ovarian tumour biopsies.  

Compared to normal epithelial cells, there was significantly less HLA-I on the epithelial tumour cells. 

There was upregulation of PDL-1 and ULBP1 on tumour epithelial cells compared to normal 

epithelial cells from the same OC biopsy.   

 

 

6.4.3 Summary of NK ligand expression in normal and malignant epithelial cells  

Within a single ovarian tumour biopsy, it is possible to detect the Epcam positive cancer cell 

population as well as any coinciding normal epithelial cells that are also present. This allows 

a detailed analysis of the surface expression levels of NK ligands on primary ovarian cancer 

cells. As expected, the expression of NK cell ligands on the surface of ovarian cells change 
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with malignant transformation. The MHC class I molecules (HLA-A/B/C), which bind to 

inhibitory receptors on NK cells, were reduced on the cancer cells compared to the normal 

epithelial cells. Decreased HLA-A was also apparent from the qPCR analysis, where 

HGSOvCa tissue had lower transcription levels than the benign ovarian tissue. The 

expression of the immune checkpoint ligand, PDL-1 was raised in the ovarian tumour cell 

population, where it acts to inhibit NK cells. The activating NKG2D ligands (ULBP1, 

ULBP3, and UBP4) were all overexpressed on the tumour cell populations compared to the 

normal epithelial cells. The upregulation of the NKG2D ligand, ULBP1 was consistent with 

the qPCR analysis where the transcription of ULBP1 was greater on the tumour tissue 

compared to benign ovarian tissue.  

 

6.5    The recognition of primary ovarian tumour cells by NK cells 

6.5.1 NK cell cytotoxicity following co-culture with ovarian tumour cells   

6.5.1.1   Detecting NK cell killing of tumour cells  

To establish the NK response and degree of cytotoxicity towards ovarian tumour cells, NK 

cells isolated from peripheral blood were co-cultured with processed primary ovarian tumour 

cells in a 1:1 ratio, as described in the Methods section 2.2.8. The cultured samples were 

stained with antibodies for Epcam (the epithelial cell marker that is overexpressed in 

epithelial ovarian tumours [377, 378]), HLA-I (the MHC class I molecule that is present on 

healthy cells but downregulated on tumour cells) and CD56 (the NK cell identifying marker). 

The population of the Epcam positive cancer cells was detected using Gallios flow cytometry 

and Kaluza analysis software, shown in Figure 6.47. The FS INT and FS Peak gates 

identified the single cells within the samples, which gave rise to the single lymphocyte cells 

and subsequently the live single lymphocyte cells using PI staining. High CD56 expression 

identified the NK cells within the co-cultured samples, which were removed to leave the 
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Epcam positive tumour cells (high Epcam expression with low HLA-I expression). Those 

remaining cells with raised HLA-I expression were classed as healthy non-cancerous 

epithelial cells, and were not used for the analysis. The absolute count of the Epcam positive 

cancer cell population following co-culture with NK cells was compared to the same primary 

cancer cells cultured without NK cells. This established whether the NK cells were able to 

recognise and destroy the primary cancer cells. To determine the efficacy of the peripheral 

NK cells obtained from OC patients towards their own tumour tissue, NK cells from 

autologous PBMC samples were compared to unrelated healthy donor PBMC samples.  
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Figure 6.47: The gating strategy implemented to identify the live ovarian tumour cells following co-

culture with NK cells.  

Analysis of flow cytometric data allowed the detection of: A) single cells, B) lymphocytes, C) live 

cells, D) live cells with the NK cell (high CD56 expression) population removed, and E) the tumour 

cell population (high Epcam and low HLA-I expression). 
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6.5.1.2   The co-culture study population 

The patient cohort used for the NK-ovarian cell co-culture is described in Figure 6.48. The 

study population included ovarian tumour samples from 20 patients with advanced, stage III 

or IV HGSOvCa from the original NK phenotype cohort, where biopsies were taken from the 

ovarian mass at the time of surgical resection. All 20 of these cancer samples were cultured 

alone and also in combination with healthy donor peripheral NK cells. In addition, 5 of these 

tumour samples were also co-cultured with autologous NK cells, with PBMC samples 

obtained at the time of surgery. To thoroughly interrogate the killing ability of NK cells 

towards tumour tissue, these 20 HGSOvCa samples were compared to 10 of the normal ovary 

samples. All 10 normal samples were processed and cultured with healthy donor peripheral 

NK cells, with two of these also cultured with autologous NK cells. As a further control, 2 

benign ovarian masses were cultured with both healthy donor peripheral NK cells and 

autologous NK cells. The characteristics of the study cohort are shown in Table 6.6. Of the 

20 HGSOvCa patients, 9 (45.0%) had received neoadjuvant chemotherapy, while the other 11 

(55.0%) had primary surgery without prior chemotherapy. Complete surgical resection (R0) 

was achieved in 70% (n=14), with 60.0% (n=12) suffering a recurrence of their disease and 

55.0% (n=11) of the patients died.  
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Figure 6.48: The cohort of samples used in the NK cell – ovarian tissue co-culture assay 

Of the total cohort of 32 patients, 20 had OC while there were 12 controls (2 with a benign ovarian 

mass and 10 with normal ovaries). A combination of NK cells from healthy donor (HD) peripheral 

blood samples and autologous blood samples were used.   
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Table 6.6: Characteristics and outcomes of the patients included in the Ovarian-NK cell 

co-culture analysis 

 

Variable Ovarian tumour  

(n=20) 

Benign ovarian mass 

(n=2) 

Normal ovary 

(n=10) 

Age (years)  

 Mean ± SD 

 

62.2 ± 10.1 

 

70.5 ± 4.9 

 

57.9 ± 15.6 

Ethnicity  

 White  

 Asian 

 Black 

n (%) 

18 (90.0) 

2 (10.0) 

0 (0.0) 

n (%) 

2 (100.0) 

0 (0.0) 

0 (0.0) 

n (%) 

5 (50.0) 

4 (40.0) 

1 (10.0) 

Disease stage 

 3 

 4 

n (%) 

11 (55.0) 

9 (45.0) 

n/a n/a 

Chemotherapy 

 Nil 

 NACT  

n (%) 

11 (55.0) 

9 (45.0) 

n/a n/a 

CRS (n=9) 

 1 

 2 

 3   

n (%) 

1 (11.1) 

3 (33.3) 

5 (55.6) 

n/a n/a 

Cytoreduction  

  R0 

  R1 

  R2 

n (%) 

14 (70.0) 

4 (20.0) 

2 (10.0) 

n/a n/a 

Recurrence  

  Disease-free 

  Recurred 

n (%) 

8 (40.0) 

12 (60.0) 

n/a n/a 

Survival 

   Died 

   Alive 

n (%) 

11 (55.0) 

9 (45.0) 

n/a n/a 

 

 

6.5.1.3   Ovarian - NK cell co-culture analysis  

Upon detection of the Epcam positive tumour cell populations, cultured alone and with the 

addition of peripheral NK cells, the killing ability of the NK cells could be calculated for 

each tumour biopsy. Figure 6.49 shows an example of healthy donor NK killing of both a 

tumour sample and a normal ovarian sample. The capacity of autologous NK cells to kill 

tumour cells is shown in Figure 6.50. The average cytotoxicity of healthy donor NK cells 

when combined for the 20 HGSOvCa samples was 57.1% (range of 18.8% to 95.1%). The 

autologous NK cells had an average cytotoxicity of 39.3% against the tumour cells (range of 
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17.7% to 81.3%). While the average NK cytotoxicity rates in the benign ovarian co-cultures 

were similar to the HGSOvCa samples, the average NK cytotoxicity was lower when co-

cultured with normal ovarian tissue (Table 6.7). Although the healthy donor NK cells were 

more cytotoxic than the autologous NK cells towards the primary tumour cells, seen in each 

of the different ovarian tissue types, this was not significant.  
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Figure 6.49: Healthy donor NK cell killing after co-culture with ovarian tissue.  

NK cell cytotoxicity was determined by comparing the population of live Epcam positive tumour cells 

in C) isolated ovarian tumour tissue to D) ovarian tumour cells co-cultured with healthy donor (HD) 

NK cells. NK cell killing was also observed in non-malignant ovaries by comparing the Epcam 

positive populations in A) benign ovarian tissue to B) co-cultured benign ovarian tissue and healthy 

donor (HD) NK cells.  
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Figure 6.50: Autologous NK cell killing after co-culture with ovarian tissue.  

The killing ability of autologous NK cells was determined by comparing A) the population of live 

Epcam positive tumour cells cultured in isolation to B) the tumour cell population cultured with 

autologous NK cells.   

 

 

Table 6.7: Cytotoxicity of healthy donor (HD) NK cells and autologous NK cells when 

cultured with ovarian tumour, benign ovary and normal ovary 

Co-culture Cytotoxicity 

average (%) 

Cytotoxicity 

range (%) 

P Value 

Ovarian tumour 

                + HD NK cells 

                + autologous NK cells 

 

57.1 

39.3 

 

18.8 - 95.1  

17.7 - 81.3 

 

 

0.1690 

Benign ovary 

                + HD NK cells 

                + autologous NK cells 

 

67.9 

31.6 

 

66.7 – 69.2 

12.5 – 50.7 

 

 

0.3333 

Normal ovary 

                + HD NK cells 

                + autologous NK cells 

 

25.6 

20.7 

 

7.8 – 37.1 

16.7 – 24.7 

 

 

0.6061 

 

 

Ovarian tumour tissue Ovarian tumour tissue 
+ autologous NK cells 

A B 
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Figure 6.51 shows that the healthy donor NK cells were more cytotoxic towards ovarian 

tumour cells than the normal ovarian cells (p = 0.0019). Healthy donor NK cytotoxicity was 

also greater in the benign ovary co-cultures than with the normal ovary samples (p = 0.0303). 

There was no difference in healthy donor NK cell killing between tumour and benign ovary 

co-cultures.  
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Figure 6.51: NK cell killing after co-culture with ovarian tissue. 

The killing ability of healthy donor (HD) NK cells and autologous (Aut) NK cells in ovarian tumour, 

benign ovary and normal ovary samples. Healthy donor NK cells were more cytotoxic in tumour and 

benign ovary samples than in normal ovary samples.      

 

 

 

 



364 
 

6.5.1.4   Correlation between NK cell killing and clinical outcomes 

The sensitivity of NK cell killing following culture with ovarian tumour tissue was examined 

in those patients who received neoadjuvant chemotherapy and those who were chemotherapy 

naïve. Figure 6.52 demonstrates there was no variation in sensitivity to cytotoxicity following 

chemotherapy treatment, in cultures with both HD NK cells (p = 0.8820) and autologous NK 

cells (p = 0.8000). However, when cytotoxicity was correlated to recurrence data, healthy 

donor NK cytotoxicity was greater against the tumours derived from patients with recurrent 

disease when compared to those who remained disease free after treatment (p = 0.0096), 

shown in Figure 6.53. Furthermore, there was amplified tumour cell killing by the healthy 

donor NK cells in the cohort of patients that died (Figure 6.54), compared to those who were 

still alive at the end of the follow-up period (p = 0.0381). There were no differences in 

autologous NK cell cytotoxicity between those who recurred and remained disease free, or 

those who were alive and died.  
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Figure 6.52: NK cell killing after co-culture with ovarian tumour treated with and without 

chemotherapy. 

 The killing ability of healthy donor (HD) NK cells and autologous NK cells in ovarian tumour was 

similar prior to any chemotherapy (primary surgery group) and following chemotherapy exposure 

(neoadjuvant chemotherapy group).  
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Figure 6.53: NK cell killing of ovarian tumour in those who recurred and those who remained free 

of disease.    

Healthy donor NK cells had increased cytotoxicity when cultured with tumours that recurred 

compared to those tumours that did not recur.  
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Figure 6.54: NK cell killing of ovarian tumour in those who died and those alive.     

Healthy donor NK cells had increased cytotoxicity when cultured with tumours from patients who 

died compared to those from patients who were alive at the end of the follow-up period.  
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The tumour tissue associated with raised NK cell cytotoxicity was from the patients with 

poorer progression free and overall survival. For the 20 ovarian tumours cultured with 

healthy donor NK cells, those with the higher levels of NK cytotoxicity (above the median 

value) were compared to those with reduced levels (cytotoxicity below the median value). 

Both progression free survival (Figure 6.53) and overall survival (Figure 6.54) were 

significantly decreased in the population with high NK cytotoxicity and tumour cell killing (p 

= 0.0009 and p = 0.0002, respectively).   
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Figure 6.55: Kaplan-Meier plot showing progression free survival in those with low and high levels 

of NK cell cytotoxicity following culture with ovarian tumour tissue. 

Increased tumour killing by healthy donor NK cells (above the median value) was associated with 

poorer progression free survival. 



368 
 

0 10 20 30 40 50

0

50

100

Overall survival based on NK cytotoxicty

following culture with ovarian tumour

Survival (months)

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

p = 0.0002

< median

> median

 

Figure 6.56: Kaplan-Meier plot showing overall survival in those with low and high levels of NK 

cell cytotoxicity following culture with ovarian tumour tissue. 

Increased tumour killing by healthy donor NK cells (above the median value) was associated with 

reduced overall survival. 

 

 

6.5.2 The contribution of NK activating receptors to NK cell cytotoxicity 

6.5.2.1   Receptor inhibition and NK cell killing  

To explore which activating signalling pathways stimulate NK cells to exert their cytotoxic 

effects on ovarian tumour tissue, selected inhibitors were used to suppress NK cells. NK cells 

isolated from the peripheral blood of healthy donors were cultured with primary ovarian 

tumour cells, as described in the previous co-culture assay (Methods section 2.2.8.1). The 

NK-ovarian co-cultures were then treated with NK receptor inhibiting antibodies and NK cell 

cytotoxicity compared to untreated control cultures (Methods section 2.2.8.3). The NK 

activation receptors that were impeded were DNAM-1, NKG2D, NKp46 and NKp30, with 

each inhibited separately by their respective antibody. Following the co-culture +/- antibody 

treatment, samples were again stained for Epcam, HLA-I and CD56. The absolute count of 

the Epcam positive tumour cells was calculated as previously defined in Figure 6.45 using 

Gallios flow cytometry and Kaluza analysis. The proportion of tumour cells that were still 
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alive following NK cell co-culture were measured to determine the cytotoxic effects of the 

NK cells towards OC cells after selective receptor inhibition. 

 

6.5.2.2   The co-culture population for receptor inhibition 

A total of 15 of the primary ovarian tumour samples from the co-culture analysis were used. 

All were from patients with stage III or IV HGSOvCa, with 6 (40.0%) previously exposed to 

chemotherapy and 9 (60.0%) from the chemotherapy naïve group. At the end of the study 

period, 8 were still alive and disease free, 7 (46.7%) had suffered a recurrence and 6 (40.0%) 

had died from the disease.  

 

6.5.2.3   Analysis of NK activation receptor inhibition  

The mean cytotoxicity of healthy donor NK cells towards ovarian tumour tissue was 62.4%. 

This was reduced to 10.9% when DNAM-1 receptors were inhibited (p = 0.008) and 44.0% 

with NKG2D receptor inhibition (p = 0.257). There were no changes in the NK cell 

cytotoxicity when the NKp46 and NKp30 receptors were inhibited, with mean cytotoxicity 

levels of 75.2% and 69.0%, respectively. There were no significant differences in NK cell 

cytotoxicity between control and experimental arms where NKG2D, NKp46 and NKp30 

receptors were inhibited with their respective antibody. However, there was a significant 

reduction in NK cytotoxicity when the DNAM-1 receptor was inhibited (p = 0.0012), shown 

in figure 6.57. Representative examples of the flow cytometric analysis are shown in Figure 

6.58, where the DNAM-1 inhibiting antibody prevented NK cell killing.  
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Figure 6.57: NK cell killing of ovarian tumour cells with the inhibition of NK activating receptors.      

NK cell cytotoxicity was reduced when the DNAM-1 receptor was inhibited on the NK cells, while 

there were no differences in cytotoxicity when NK receptors NKG2D, NKp46 and NKp30 were 

inhibited.  
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Figure 6.58: Flow cytometric analysis of NK cell killing following NK receptor inhibition. 

NK cell cytotoxicity with inhibition of A) DNAM-1, B) NKp30, C) NKp46, and D) NKG2D. 
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6.5.3 Summary of the NK cell response to ovarian tumour tissue 

Ovarian cancer primary cultures were incubated with autologous NK cells and NK cells 

derived from health donors to evaluate their ability to respond to and kill ovarian cancer cells. 

It was evident that healthy donor NK cells had a higher cytotoxicity level towards tumour 

tissue than the autologous NK cells. The small sample size of ovarian co-cultures with 

autologous NK cells prevented a thorough assessment of their cytotoxic abilities towards the 

primary ovarian tissue, however it is important to note that autologous NK cells were indeed 

cytotoxic with K-562 cells as their target as shown earlier in this chapter.  

 

When co-cultured with chemotherapy exposed primary OC cultures, the cytotoxic effects of 

NK cells were not altered, with no changes to the live tumour cell populations when 

compared to the chemotherapy naïve OC co-cultures. However, when healthy donor NK cells 

were co-cultured with primary OC cells from patients with poor PFS and OS, there was an 

increase in tumour cell death when compared to the co-cultures of tumours from patients who 

were remained disease-free. This implies an increase in NK cell cytotoxicity towards cancer 

cells from those with poor clinical outcomes. This is related to the observation that 

upregulated activating receptor (DNAM-1) expression is related to worse OS; the tumour 

cells from these patients likely have greater expression of ligands, increasing their sensitivity 

to NK killing.  

 

When NK cells derived from healthy donors were manipulated by selectively inhibiting the 

NK activating receptors, DNAM-1 receptor inhibition led to an increase in cytotoxicity 

against cancer cells, while inhibition of other activation receptors had no impact on the level 

of cytotoxicity activities.     
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6.6   Discussion 

The extensive interrogation of NK cell phenotype and clinical correlation in a large OC 

cohort was described in the previous chapters. Following on from these, this chapter has 

focused on the NK functionality and the interaction with the tumour microenvironment. The 

relationship between NK cells and ovarian tumour cells has been explored, highlighting 

possible causes of NK dysfunction and tumour evasion. The chapter has evaluated the 

fundamental NK activation pathways necessary to produce a successful NK-cell mediated 

attack towards ovarian tumours, highlighting possible targets for potential NK 

immunotherapies.  

 

Ovarian tumour microenvironment 

The interactions between ovarian tumours and NK cells were explored using qPCR to 

quantify the transcription levels of the key NK ligands expressed by the tumour tissues. The 

comparison to benign ovarian controls gave an insight into the relationship between the 

malignant tissues and the tumour infiltrating NK cells, as well as an understanding of 

alterations and adaptations made by the tumours. Highly expressed NK activation receptors 

are known to bind to their corresponding ligands that are upregulated by tumour cells, 

including the receptor DNAM-1 and its ligand PVR, triggering an NK-mediated attack [182, 

184-186]. The NKG2D ligands, specifically major histocompatibility complex (MHC) class 

I-related chain A (MICA) and B (MICB), are produced by stressed tumour cells, also 

activating NK cells upon interaction with the receptor NKG2D [187, 188]. The chronic 

expression of these activating ligands is an escape mechanism that tumours use to desensitise 

the NK activation receptors, prevent NK activation signalling and reduce cytotoxicity [150, 

192, 200, 225, 226].  This cohort analysis confirmed these notions, where HGSOvCa samples 

had significantly raised levels of NK activating ligands MICB, MICA, PVR and ULBP1, 
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another NKG2D ligand, compared to the controls (Figure 6.34). In addition, the comparison 

of NK ligands expressed on the surface of malignant epithelial cells to normal epithelial cells 

from within the same tumour biopsies also confirmed that ovarian tumours have elevated 

activating ligands. Here there was increased expression of the NKG2D ligands ULBP1, 

ULBP3, and UBP4 on the tumour epithelial cells (Figure 6.46).  

 

OC cells attempt to avoid immune recognition by deliberately downregulating the classical 

MHC class I molecules, such as the class I human leucocyte antigens (HLA-A, HLA-B and 

HLA-C). While typically allowing self recognition of normal healthy cells and preventing an 

NK attack, their loss upon tumour tissue eliminates their inhibiting function and NK 

activation towards the tumour ensues [154 173, 177, 182, 186, 189-192]. Indeed, our series of 

advanced HGSOvCa cases demonstrated a reduction of HLA-A transcription (Figures 6.35). 

Upon comparison of NK ligand expression between epithelial tumour cells and normal 

epithelial cells from the same OC biopsy (Figure 6.46), the tumour cells had a reduction of 

the MHC class I molecules, supporting our qPCR analysis. Tumours are also known to 

upregulate the atypical MHC class I molecules, such as HLA-E, which binds to the NK 

inhibitory receptor NKG2A and inactivates NK cells [193-196]. However, our cohort did not 

show a reduction in these ligands compared to controls or compared to their coinciding 

normal cells. Although not evident from the qPCR transcription evaluation, the inhibitory 

immune checkpoint ligand, PDL-1, was overexpressed on the ovarian tumour cells compared 

to the normal cell populations within tumour tissue (Figure 6.46). The infiltrating 

lymphocytes within ovarian tumours can cause upregulation of PDL-1 on tumour cells, 

increasing NK cell inhibition [150, 200, 225, 226, 379].  
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Overall, these findings portray a tumour microenvironment that serves to directly stimulate NK 

cells. The tumour behaviour following chemotherapy was then reviewed by comparing the 

tumours exposed to neoadjuvant therapies to untreated cancer biopsies. Although there were 

no alterations in activation ligands, chemotherapy downregulated the inhibitory ligands PDL-

1, HLA-C and HLA-DR (Figure 6.36). This suggests the ovarian tumour response to 

chemotherapy is to further activate the NK cells. Indeed, chemotherapies have been shown to 

sensitise other tumours to immune cells by modulating their ligands, including a reduction of 

inhibitory molecules, thus improving NK cell activation and attack [361].  

 

The NK ligands differed in the tumours obtained from patients with poor clinical outcomes. 

Specifically, a reduction of both activating (MICB and ULBP3) and inhibiting (HLA-DR and 

PDL-1) ligands were associated with disease recurrence and death (Figures 6.37 and 6.38). 

This supports previous studies that have shown increased levels of the MICB, ULBP3 and 

PDL-1 ligands are linked to improved survival and favourable outcomes in OC and other 

malignancies [380-384]. 

 

The functionality of NK cells in OC patients 

The function of peripheral NK cells in OC patients was determined by the degree of tumour 

cell killing and cytokine production. OC NK cells from peripheral blood were highly 

cytotoxic, demonstrating increased elimination of the HLA-deficient cell line compared to 

NK cells from healthy non-cancerous controls (Figure 6.6). This supports the phenotype 

analysis where PBMC NK cells in OC patients had an increase in NKp46 expression which 

has been demonstrated to be related to higher NK cytotoxicity and is associated with lower 

rates of recurrence. However, with inferior expansion and proliferation following similar 

stimulation, the peripheral NK cells from OC patients had reduced cytokine production 
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compared to the controls (Figures 6.20, 6.21 and 6.22). This suggests that the NK cells in the 

peripheral blood of OC patients have a highly activated phenotype, but are unable to mount 

an effective response following direct stimulation [156, 210]. This could be due to these NK 

cells being overstimulated, leading to an exhausted phenotype, which has been corroborated 

with high expression of checkpoint receptors, including PD-1 and CTLA4.   

 

The NK cell function in the presence of low HLA, shown with high cytotoxicity levels and 

poor cytokine secretion, was not influenced by chemotherapy treatment and had no 

association with clinical outcomes (Figures 6.7, 6.9 - 6.12, 6.21, 6.22, 6.27 - 6.29). The main 

chemotherapeutic agent used in OC, carboplatin, has been shown to have minimal effects on 

NK cell populations and does not interfere with their cytotoxic effects. However, the addition 

of the drug paclitaxel to treatment regimes, which all but one of our cohort received, does 

alter NK cell function and prevent tumour killing [385]. However, these effects from 

paclitaxel were not apparent in our study population.  

 

The NK killing ability was also unrelated to phenotypical features, yet enhanced cytokine 

secretion was seen in the CD56briCD16bri NK cells (Figure 6.30). The immature CD56bri NK 

subpopulations are known to be the predominant cytokine producing NK cells with the aim of 

regulating and improving the tumour immune response [154, 173, 175, 177-180]. As 

expected, NK activation, seen with upregulation of activation receptors CD57 and NKG2D, 

was related to increased cytokine production (Figure 6.31), while NK cell checkpoint 

inhibition through PD-1 and CTLA-4 was linked with impaired NK function and poor 

cytokine secretion (Figure 6.32) [386]. 
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The sensitivity of primary OC tumour cells to NK killing 

The abilities of both healthy donor allogeneic and autologous NK cells to respond to and 

directly kill primary ovarian tumour tissue were evaluated in the co-culture assay. In line with 

the literature [199, 218], healthy donor NK cells had higher cytotoxicity levels towards the 

same cultured tumour tissue than the autologous NK cells (Table 6.7 and Figure 6.51). 

Nevertheless, the autologous NK cells were still able to kill the primary tumour cells, even 

without pre-activation with IL-2. In addition, while the NK cells demonstrated greater 

cytotoxicity towards tumour cells, they were, importantly, still cytotoxic towards the normal 

ovarian tissue (Figure 6.51). This raises the question of why tumour cells have not been 

eliminated by NK cells in patients with OC. Firstly, the infiltration of NK cells into the 

malignant tissue is poor, particularly within metastatic tumour deposits such as the omentum. 

Secondly, the hostile microenvironment of ovarian tumours acts to quickly inactivate and 

impair the function of the infiltrated NK cells. However, the demonstrated sensitivity of 

primary ovarian tumours to NK cells implies that NK therapy has the potential to effectively 

treat OC, even with autologous NK cells, which provide a safer therapeutic option.   

 

Furthermore, the tumours associated with poor clinical outcomes generated an increased 

killing response from the healthy donor NK cells (Figures 6.53 – 6.56), suggesting further 

alterations within the TME occurred with advancing disease that stimulated a greater NK 

response. The previous NK analysis (chapter 5) demonstrated that increased NK activating 

receptors, like DNAM-1, are related with advanced disease and higher tumour burden. It is 

reasonable to hypothesize that elevated DNAM-1 expression on NK cells is associated with 

increased DNAM-1 ligands on the OC tissue, which renders the tumour cells sensitive to NK 

killing. This increased NK killing response is related with poorer patient outcomes. 
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Through the manipulation of NK activation signalling pathways following tumour 

recognition, the activation receptors NKG2D, NKp46 and NKp30 were found to have limited 

significance for NK cells to successfully target tumour cells. Nevertheless, the DNAM-1 

receptor was shown to be critical for effective NK cell killing of ovarian tumour tissue 

(Figure 6.57). Others have also recognised the importance of interactions between the tumour 

PVR ligand and the DNAM-1 receptor for NK cell degranulation and cytotoxicity in ovarian 

tumours [199]. In the transcription assay (Figure 6.34), the PVR ligand was shown to be 

upregulated in tumour biopsies compared with normal ovarian tissue. As DNAM-1 

expression was downregulated on the tumour infiltrating NK cells compared to the peripheral 

blood NK cells (chapter 4, Figures 4.39 and 4.4.7), NK cells that overexpress DNAM-1 have 

therapeutic potential in OC, assuming they can be protected in the tumour microenvironment.   

 

In conclusion, the large NK cell populations present in OC were highly cytotoxic when 

stimulated by cell lines, yet showed minimal expansion capabilities and poor cytokine 

secretion. While the interrogation of the ovarian tumour ligands revealed a TME that should 

support NK activation, tumour evasion mechanisms in advancing disease seemingly 

prevented the OC NK cells from mounting an effective response. Interestingly, both allogenic 

and autologous NK cells have shown strong cytotoxicity to primary OC tumour cells without 

activation. Finally, the interaction between PVR and DNAM-1 was highlighted as an 

essential signalling pathway, warranting further exploration and manipulation for possible 

targeted NK cell therapy.  
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7.1   Tumour Heterogeneity and Transcriptional Profiling of Ovarian Cancer  

Utilising metastatic omental tumour samples, single cell sequencing interrogated the 

heterogeneity and transcriptional profiles of advanced high-grade serous OC. This chapter 

(Chapter 3) aimed to perform a comprehensive analysis of the cell type contexture within the 

ovarian TME and evaluate the characteristics and relationship of the tumour and immune cell 

populations. Another key objective of this sequencing study was to examine any alterations to 

the TME following chemotherapy exposure and the molecular adaptations associated with 

treatment resistance.  

 

Two different single cell sequencing techniques were successfully optimised and detected 

multiple immune, tumour and stromal cell populations within the omental tissue. Indeed, 

significant tumour and immune cell heterogeneity was detected across the patient samples 

using both sequencing techniques. Substantial modifications occurred following 

chemotherapy, with scRNAseq analysis showing elevated expression of genes associated with 

immune activation, tumour invasion, treatment resistance and disease progression. In addition, 

scATACseq revealed that chemotherapy increased chromatin accessibility for oncogenes, 

transcription factors related to OC tumorigenesis and cancer stem cells.  

 

The detailed analysis of the NK cell population provided insight into the characteristics of this 

important immune subtype, and how interactions with the TME influence the NK cell response 

to ovarian malignancy. The scRNAseq analysis was able to identify and classify 5 

transcriptionally distinct tumour-infiltrating NK cell subpopulations. Notably, the inhibitory 

features of the TME correlated to dysfunctional features of the NK cells, with inhibition and 

reduced cytotoxicity towards tumour cells. The reactivation and stimulation of NK cells 
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following chemotherapy was also evident, confirming the significance of this population for 

disease control and treatment response.   

  

While our scRNA sequencing study is the first to undertake such a comprehensive 

immunogenomic analysis of OC and describe the complex modifications with chemotherapy, 

it also complements the earlier studies reported [114, 116-123, 333, 340]. With just a single 

published OC scATACseq study [339], where just two HGSOvCa samples were utilised, our 

in-depth analysis of the major cell subpopulations, transcription factor activity and chromatin 

accessibility following chemotherapy, provided additional insight into the chromatin landscape 

in OC. 

 

The single cell solutions utilised for the scRNAseq analysis were cell sorted and enriched for 

CD45 positive immune cells. This ensured that adequate numbers of small cell clusters could 

be detected for the immunogenomic analysis and allowed me to focus on the immune 

environment for OC. There were small numbers of Epcam positive epithelial cells within our 

samples, likely due to the processing of fragile and hypoxic tumour tissue or due to low mRNA 

levels of Epcam within these cells. However, cell sorting and the reconstruction of samples 

also allowed the maximum possible number of epithelial cells to be sequenced. 

 

An advantage of scATACseq is the ability to utilise stored frozen tissue biopsies. This enables 

histological diagnosis to be confirmed prior to undertaking sequencing, allowing samples to be  

selected for desired outcomes and characteristics. This also gives the option of including 

matched samples from the same patient, where tissue can be collected at the time of diagnosis, 

and again following chemotherapy when IDS is performed. These paired chemotherapy-naïve 

and chemotherapy-exposed samples from the same patient can provide a direct insight of 
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treatment modifications within individual patients. Indeed, within our scATACseq cohort there 

was one pair of these matched biopsies collected and sequenced. Future work includes 

obtaining additional paired samples and performing a detailed patient specific analysis of these 

corresponding pre and post chemotherapy samples. In addition, using frozen tissues gives the 

possibility of matching the stored scATACseq samples to selected scRNAseq samples 

following successful sequencing of the fresh tissues. Within our cohort, adjacent biopsies 

obtained from the same tissue site were used in both scRNAseq and scATACseq for three 

patients. Further data analysis is required to investigate these samples, comparing the two 

sequencing methods using the same patients and tissue samples. This will provide additional 

insight into the link between gene expression and chromatin accessibility.  

 

Additional work required to enhance this single cell study of OC is a more comprehensive 

cancer stem cell analysis, following the detection of this population following chemotherapy. 

Further interrogation of the scATACseq dataset will also aid the discovery of the different 

lymphocyte subpopulations. A deeper review of the tumour cell cluster identified in both 

sequencing techniques is also required. By categorising the subpopulations of tumour cells, 

those that are inherently chemo-resistant can be recognised and examined in more detail. Here, 

possible targets could be detected for immunotherapeutic strategies to try and overcome the 

current treatment failures.  
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7.2   NK cell Phenotype, Functionality and Clinical Relevance in Ovarian Cancer 

Building on the findings from previous NK cell studies, which are summarised in Figure 7.1, 

my subsequent chapters explored the characteristics, behaviour and clinical significance of NK 

cells in OC. The primary aim of Chapter 4 was to interrogate the proportions, types and features 

of NK cells within peripheral blood, primary ovarian tumour tissue and metastatic omental 

tumour deposits obtained from patients with OC. By evaluating the degree of activation, the 

NK cell response to the ovarian TME could be explored along with the impact of chemotherapy 

on NK cell phenotype. To this end, a large prospective cohort of OC and control patients was 

established. Utilising this cohort, a direct comparison of ovarian tumours with benign and 

normal ovarian tissue was made, while also evaluating chemotherapy naïve and exposed 

tumours.  
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Figure 7.1: Comparison of tumour-infiltrating NK cells and peripheral NK cells in OC 

The peripheral NK cells in OC patients have increased expression of activating receptors, such as 

DNAM-1 and NKp46, and have elevated cytotoxicity levels. In comparison, the tumour-infiltrating NK 

cells are impaired by the suppressive ovarian tumour microenvironment. They develop an inhibitory 

phenotype with reduced activation receptors, particularly DNAM-1, NKp46 and CD57, and increased 

expression of the checkpoint inhibitor, PD-1 [150, 200, 211, 212, 217, 225, 226]. Tumour NK cells 

have reduced proliferation, produce fewer cytokines and decreased cytotoxicity levels [156, 210, 211]. 
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7.2.1   NK cell Phenotype 

The complex flow cytometric analysis undertaken in Chapter 4 detected clear differences in 

the NK cells within samples from OC patients. There was an increased proportion of peripheral 

NK cells in cases of OC compared to non-cancerous control patients, suggesting stimulation 

and proliferation in malignancy. While NK cells retained their ability to penetrate the solid 

ovarian tissues upon malignant transformation, NK cell infiltration into metastatic omental 

tumour was impaired compared to normal omental tissue. However, following infiltration into 

tumour tissues, the NK cells had less cytotoxic capacity (with fewer mature cytotoxic 

CD56dimCD16bri NK cells) and expressed a less activated phenotype (with decreased 

expression of activation receptors and increased inhibitory checkpoint PD-1) compared to the 

peripheral blood NK cells. Nevertheless, when compared to controls, NK cells in the blood and 

tissue of OC patients had increased expression of various NK activation receptors, showing the 

potential for cancer recognition and an anti-tumour response. 

 

The analysis also showed that NK cell phenotype was modified following chemotherapy; 

peripheral NK cells were rendered less functional, with upregulation of the inhibitory immune 

checkpoints (CTLA-4 and PD-1), while there was increased activation of the omental tumour 

NK cells. There was also a reduction in the mature cytotoxic NK subpopulation in blood and 

ovarian samples following chemotherapy, which contradicts previous findings of an increased 

immune response [104, 166, 361, 369].  

 

It is important to note that patients who receive chemotherapy are more likely to develop 

lymphocytopenia. While lymphocyte counts often normalise spontaneously prior to surgery, 

patients may require treatment with granulocyte-colony stimulatory factor (G-CSF) for 

persistent lymphocytopenia in order to reduce intra-operative and post-operative sepsis. 
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However, G-CSF can cause NK cell suppression, reduced NK activity and decreased 

cytotoxicity [370-373]. Therefore, it is possible that the reduction in mature cytotoxic NK cells 

following chemotherapy in our cohort was influenced by G-CSF administration. Unfortunately, 

the use of G-CSF in the cohort was unknown at the time of analysis and it was not possible to 

stratify NK cell subtypes accordingly. However, this data can now be acquired and future work 

will determine the impact of G-CSF on the NK populations in this cohort.  

 

In addition, patients typically undergo interval debulking surgery four to six weeks after their 

last cycle of NACT, allowing the immune system and NK populations to recover from 

chemotherapy prior to surgery. As our samples were all collected at the time of surgery, the 

immediate impact of NACT on the NK cells could not be entirely appreciated. Future studies 

should aim to assess NK cells at the time of diagnosis (prior to any treatment) and when NACT 

is completed, comparing to the samples obtained at the time of surgery. This would allow the 

direct influence of chemotherapy on NK cells to be assessed, as well as the alterations as they 

recover in the period between NACT and surgery. Further collection points, post-operatively 

and with adjuvant chemotherapy, will allow NK cells to be reviewed after treatment is 

completed and also as disease is progressing and recurring. Additional correlations, such as the 

relation between CA-125 and NK phenotype, can be made as patients respond to treatment or 

develop chemoresistance.  

 

7.2.2   NK cell Phenotype and Clinical Relevance 

Following on from this assessment of the NK cell phenotype, Chapter 5 examined the 

relationship between NK cells and clinical outcomes in the same cohort of patients with OC. 

Thus, the overarching aim was to determine how NK cell infiltration and activation influences 

disease recurrence, patient survival, tumour burden and response to current treatments. It was 
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evident that as tumours progressed, seen with advancing stage, raised PCI and the development 

of metastatic omental deposits, the expression of activation receptors increased on NK cells 

within blood and tumour samples. This implies possible tumour escape mechanisms or the 

release of soluble tumour ligands acting to chronically upregulate and saturate activation 

receptors, leading to exhausted NK cells and a diminished NK response [213, 218-220]. In 

support of this notion, checkpoint inhibitors (PD-1 and CTLA-4) were raised in OC blood 

samples compared to controls, with PD-1 also raised in ovarian and omental tumour tissues.  

 

Poor patient outcomes, specifically disease recurrence and reduced PFS, were typically related 

to an inhibitory NK phenotype (reduced activation receptors and raised checkpoint inhibitors) 

in blood and ovarian tumour samples. In contrast, disease recurrence and disease specific death 

were associated with omental NK activation, perhaps caused by chronic ligand exposure in 

advancing disease and a subsequent increase in activation receptors [212]. A noteworthy 

discovery was the significant reduction in OS when activating receptor DNAM-1 was increased 

on PBMC, ovarian and omental tumour NK cells. The biological basis for this association is 

not clear and requires additional study. Further associations were evident between NK cells 

and chemotherapy treatment: NK cells were in an activated state in patients who responded 

well to chemotherapy (CRS 3), however it is unclear whether G-CSF also influenced these 

findings.  

 

7.2.3   NK cell Functionality 

The assays described in Chapter 6 explored the interactions between NK cells and primary 

ovarian tumour. This supplemented existing knowledge of the tumour-NK cell relationship, 

highlighted in Figure 7.2. Not only did my assessment aim to establish the functionality and 

cytotoxic abilities of NK cells, it also focused on the ways in which the TME influences and 
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responds to the NK cells. Finally, I attempted to manipulate NK activating signalling pathways 

to identify credible targets for NK immunotherapies.  

 

 

 

Figure 7.2: The mechanisms utilised by ovarian cancer cells to inactivate NK cells and reduce NK 

cell-mediated cytotoxicity. 

Tumour cells respond to cytotoxic NK cells by: 1) secreting soluble ligands to saturate and deactivate 

NK activation receptors, 2) chronically expressing ligands to desensitise NK activation receptors, 3) 

downregulating NK activation receptors, 4) increasing NK inhibitory receptors, 5) expressing Mucin-

16 (CA-125) which protects them from an NK cell attack, 6) increasing immune checkpoint ligands to 

inhibit NK cells, and 7) secreting cytokines and immunosuppressive factors into the TME [131,132, 

150, 151, 154, 177, 180, 192, 199, 200, 211-217, 223-229]. 
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Interrogation of the key NK ligands expressed by tumour cells portrayed a TME that serves 

to directly stimulate NK cells; tumour cells had elevated levels of numerous NK activating 

ligands alongside a reduction of MHC class I molecules. Downregulation of MHC class I on 

tumours is thought to reflect selection of cells that can evade T cell immune recognition, but 

this also serves to increase their susceptibility to NK cell recognition [154, 173, 177 182, 186, 

189-192]. A number of NK inhibitory ligands are also downregulated following 

chemotherapy [361].  

 

The functionality of NK cells towards ovarian tumours was determined by the degree of tumour 

cell killing and cytokine production. In the presence of an HLA-deficient cell line, peripheral 

blood NK cells from OC patients were highly cytotoxic yet had poor cytokine secretion and 

minimal expansion capabilities, suggesting that NK cells are unable to mount a comprehensive 

functional response following stimulation. This may be due to overstimulation resulting in NK 

exhaustion, which is supported by the corresponding high expression of checkpoint inhibitors.    

 

Co-culture assays evaluated the sensitivity of primary ovarian tumours to NK killing and here 

it was notable that both healthy donor and autologous NK cells were able to kill the primary 

tumour cells without pre-activation with IL-2. This therefore suggests that NK therapy has the 

potential to effectively treat OC, even with autologous NK cells, which is a safer therapeutic 

option. Interestingly, tumours associated with poor clinical outcomes generated an increased 

killing response from the healthy donor NK cells, implying alterations within the TME in 

advancing disease stimulated a greater NK response. Manipulation of NK activation signalling 

pathways identified the DNAM-1 receptor as being essential for effective NK cell killing of 

the primary ovarian tumour tissue.  
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7.2.4   DNAM-1 in Ovarian Cancer 

Throughout the NK cell analysis, the importance of the NK activating receptor DNAM-1 

became clear with several significant findings. Primarily, DNAM-1 was shown to be highly 

expressed on ovarian and omental tumour compared to normal tissues, with expression greater 

still in the peripheral blood of OC patients. DNAM-1 was increased in cases with advanced 

stage, high tumour burden, omental metastasis and elevated CA-125, showing the consistent 

association with worsening disease state. Indeed, DNAM-1 expression was significantly 

elevated in peripheral blood, ovarian and omental tumour in patients with reduced OS. Upon 

examination of the tumour tissue, the corresponding activating ligand, PVR was increased in 

HGSOvCa tissue compared to normal ovary. Furthermore, NK cytotoxicity towards primary 

ovarian tumour was reduced when DNAM-1 was inhibited, highlighting the significance of the 

receptor in NK killing.  

 

Others have also recognised the importance of the DNAM-1 receptor in the cytotoxic NK 

response towards ovarian tumours [199, 387, 388]. Carleston et al. have demonstrated that the 

interaction between DNAM-1 and PVR is critical for NK activation and tumour killing in OC 

[199]. Here, they also report a reduction in NK degranulation and cytotoxicity upon DNAM-1 

inhibition, but using peritoneal effusion samples and from a small number of OC patients. In 

addition, while ascitic fluid NK cells had reduced DNAM-1 expression, Maas et al. show the 

NK cell response towards OC cells is increased when inhibitory receptor TIGIT is blocked, 

principally when PVR/DNAM-1 signalling occurs concurrently [387]. 

 

These findings, along with ours, therefore highlight the significant therapeutic potential of 

DNAM-1 as a target in OC management. With ovarian NK cells having lower DNAM-1 

expression than the NK cells in the blood of OC patients, elevating the DNAM-1 expression 
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within tumour tissue is likely to potentiate the NK response, provided these NK cells can be 

protected in the TME. Direct stimulation of DNAM-1, through manipulation of the tumour 

ligands and activating pathways, is also likely to enhance an NK-mediated attack. Examination 

of tumour ligands in the single cell sequencing analysis revealed that the DNAM-1 ligands 

PVR and Nectin-2 were not strongly over-expressed by tumour cells, suggesting that 

downregulation may potentially act to evade NK activation or possibly that additional unknown 

DNAM-1 ligands are present in OC. Indeed, further understanding of the interactions between 

tumour tissue ligands and the DNAM-1 receptor is crucial for effective manipulation of 

DNAM-1 signalling pathways with immunotherapy. There is a rationale to simultaneously 

target multiple activating and inhibitory receptors, synergistically stimulating DNAM-1 and 

other activating receptors, while also blocking the critical inhibitory signalling pathways. 

Further approaches for DNAM-1 based therapy in OC could explore the use of engineered NK 

cells. Indeed, in other malignancies, in vitro studies have reported greater cytotoxicity 

following the adoptive transfer of NK cells that have been engineered to stimulate and 

manipulate cell signalling through the DNAM-1 receptor [389, 390].  

 

7.3   Limitations and Future Directions 

Although the NK cell analysis and functional experiments described in Chapters 4, 5 and 6 

have demonstrated important findings and have identified a potential target for 

immunotherapy, a major limitation of the research was being restricted to performing each 

assay just once per patient sample. The sample collection relied on patients agreeing to 

additional blood tests and tumour biopsies being obtained for research, with clinical specimens 

rightly prioritised for diagnostic and treatment purposes in the first instance. Following the 

processing and manipulation of samples for multiple assays, the tissue lymphocyte populations 

were exhausted after just one experimental run. As such, it was not possible to undertake 
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additional assays, but ideally each would have been performed three times per patient sample. 

Therefore, the number of patients in the cohort was increased to compensate for this 

insufficiency. However, it is recognised that biological variation between patients could 

influence findings. Nevertheless, the large patient cohort, with blood and multiple tissue 

samples for every patient, is the most substantial and comprehensive reported in the literature.  

 

The analysis of this cohort can be further explored with statistical review of continuous 

variables and multivariant analysis. Additional understanding of the relationship between NK 

cells and tumour cells will be acquired through tissue microarrays and multiplex 

immunostaining of primary ovarian and metastatic omental tissue. Here, the anatomical 

distribution of NK cells within the ovarian and omental tumours can be determined and will be 

compared to the NK cells in normal ovarian tissue. As well as locating the NK cells within the 

tissue, the expression of key NK cell receptors, such as DNAM-1, TIGIT, NKG2D and NKp46, 

will be reviewed. The presence of NK cell ligands, such as PVR and HLA class I molecules, 

will also be detected and located within the tumour and normal tissues, observing their 

association with the tissue-infiltrating NK cells. Finally, chemotherapy-naïve tumour will be 

compared to chemotherapy resistant samples (CRS 1 following NACT) to evaluate the 

differences in NK cell distribution and the expression of NK cell ligands with treatment.  

 

7.4   Conclusion  

In summary, this thesis has examined the heterogeneity in ovarian cancer using single cell 

sequencing, identifying transcriptionally distinct tumour and immune cell populations. The 

detailed characterisation of the OC landscape has detected alterations to the cell type contexture 

and molecular modifications following chemotherapy treatment. Indeed, it has recognised the 

genes and transcription factors associated with immune activation, tumorigenesis and treatment 
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resistance. A comprehensive immunogenomic analysis of the NK cell population has described 

the characteristics of differing NK cell subtypes, showing how inhibitory features of the tumour 

microenvironment influence the NK cell response to malignancy. Additional exploration 

determined how the dysfunctional NK cells, which were inhibited and with decreased 

cytotoxicity, were reactivated with chemotherapy.  

 

Utilising a large prospective cohort of OC patient samples, the thesis has also explored the 

phenotype and function of NK cells in peripheral blood, primary ovarian tumour and metastatic 

omental tumour. Flow cytometric analysis has shown the expansion and activation of 

peripheral NK cells in OC patients, alongside NK inhibition upon tumour infiltration. 

Alterations with chemotherapy treatment highlighted further inhibition and reduced 

cytotoxicity of blood and ovarian tumour NK cells. Furthermore, the nature and role of the 

tumour-infiltrating NK cells in progressive disease was evaluated, showing adaptations to NK 

receptors and possible methods of tumour evasion. By examining the relationship of NK cells 

to clinical data, specific inhibitory NK features were shown to be significantly associated with 

poor patient outcomes. The importance of NK cells in metastatic disease was evident with 

reduced NK infiltration into omental tumours, an activated omental NK response to 

chemotherapy and clear correlations with survival. Finally, primary ovarian tumours were 

shown to be sensitive to NK killing, but dependent on the activation receptor, DNAM-1. The 

importance of DNAM-1 has been demonstrated throughout this thesis, identifying it as a likely 

biomarker that can be used as a target for NK-mediated immunotherapy.  
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