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Abstract 

Germline BRCA1 mutation carriers are disproportionately at risk of developing ovarian 

cancers that arise from extra-uterine Müllerian sites, such as the fimbrial fallopian 

tube. The tissue specificity for this site remains unknown. Beyond the cellular 

contribution to dysfunctional DNA repair attributable to a BRCA1 mutation there are 

likely other contributing mechanisms. Natural killer (NK) cells represent a core 

component of protective host tumour immunosurveillance. Relative to other 

conventional cytotoxic or prototypic adaptive lymphocytes NK cells rapidly induce a 

robust functional response towards cancer targets. Determining baseline functionality 

and the potential scope for immunobiological modulation within sites of interest is vital 

in understanding mechanisms for potential óimmune escapeô, which is highly relevant 

for high-grade serous ovarian cancer (HGSOC) pathogenesis at the fimbrial fallopian 

tube. Here, NK cell activity is described in premenopausal women taking a methodical 

approach to ascertain baseline functionality of circulating NK cells in an attempt to 

mimic exposure effects specific to the fimbrial microenvironment. HGSOC cytotoxicity 

is shown to be differential based on ovarian cycle phase and cell autonomous 

presence of a BRCA1 mutation. Direct exposure to mediators aberrantly released in 

carriers (hypoxia, supra-physiological concentrations of progesterone) further 

abrogates anti-tumour activity. Alterations in a host cytokinome or secretory profile 

may contribute to findings relevant to NK cell activation and responses to tumour 

targets. Exposure to cyclical periods of reduced NK cell activity across the 

reproductive lifetime of a premenopausal BRCA1 mutation carrier may in turn support 

site-specific tumorigenic events via cancer immune invasion, making these findings 

highly relevant in understanding HGSOC carcinogenesis.  

 

 

 



Impact statement 

Cancer globally can be considered a growing wildfire, attenuated by the severe 

disruptions incurred following the pandemic of COVID-19. Health inequalities have 

highlighted issues in the accessibility of gynaecological services for diagnosis and 

treatment. Immune responses towards disease have since been brought to the 

forefront, specifically natural killer (NK) cell activity in predicting disease severity. 

Recognising disparities with outcomes associated with advanced stage disease, the 

National Health Service Long-Term Plan aims to diagnose ~75% of all cancers at an 

early stage (improving outcomes for recurrence, morbidity, and mortality) shifting focus 

towards cancer prevention. Harnessing the immune system for cancer prevention is a 

growing field given its success in established solid tumours. However, for highly 

prevalent high-grade serous ovarian cancer (HGSOC) immunotherapy remains 

limited. This is postulated to be due to the site-specific differences of a fimbrial fallopian 

tube microenvironment which carries immunobiological importance. There are 

limitations in using established cancer states or via mice models to study NK cells 

given there can be large immunophenotypic, functional, or transcriptomic variations. 

Instead, use of a ópre-cancerô biological model with propensity for ovarian 

carcinogenesis, prior to cancer onset, allows substantial value in helping identify early 

tumorigenic events which may be targeted prior to cancer invasion. Through the kind 

support of the BRCA community we have been able to further our understanding of 

ovarian cancer origins using biological specimens derived from germline BRCA1 

mutation carriers. This novel research aims to now determine immune-specific 

biological differences in otherwise healthy women, with and without a BRCA mutation, 

to determine if aberrant profiles can be identified to allow for the future development 

of highly efficacious non-surgical adjuncts aimed at definitive risk-reduction.  

  



Precision-based medicine and individualised care is the future. These findings 

highlight the importance to consider phase-specific differences in immune cell activity 

across a menstrual or ovarian cycle. Specific targeting of factors shown to further 

inhibit NK cell cytotoxicity, such as hypoxia (1% O2) and progesterone, emphasis the 

need to consider interim use of non-surgical chemo-preventative agents or the 

development of targeted therapies. This research supports the suppression of 

ovulatory cycles which has already demonstrated benefit for high-risk carriers. 

However, the role of progestin containing agents need careful consideration. 

Feasibility studies should consider the use of anti-progestins (such as mifepristone) or 

the development of agents capable of targeting progesterone-induced blocking factor 

(PIBF) to enhance NK cell activity. PIBF as an immunomodulating protein is already 

implicated in genital tract immunosuppression and understanding its activity alongside 

progesterone dynamics may help understand other reproductive-related pathological 

conditions. Use of genome editing or the development of engineered NK cells with a 

second chimeric antigen receptor, capable of evading trogocytosis, may allow a 

potential breakthrough for improving the delivery of ovarian cancer immunotherapy. 

These findings require further validation in larger scale, multi-centre, recruitment to 

allow for biological differences with different ethnic groups. This research recognises 

and give thanks to the kind support of women who have participated in ovarian cancer 

research. Without the involvement of the BRCA community there would not be an 

opportunity to understand biological events underpinning heterogenous disease 

entities such as HGSOC. Through the óBRCA Uniteô clinical research study and 

EUTOPS Institute we aim to disseminate these exciting novel findings via publication. 

I hope this work inspires others to continue collaborative efforts between the scientific 

and BRCA community as part of our global pursuit in preventing ovarian cancer.  
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1 Introduction 

1.1 Cancer 

Cancer represents a major global health burden with total cancer mortality rates higher 

in women in the United Kingdom (UK) relative to men (Dalmartello et al. 2022). Ovarian 

cancer is the largest contributor to estimated gynaecological cancer-related death, 

with poorer prognoses noted in countries with a low Human Development Index (HDI) 

(Sung et al. 2021; Siegel et al. 2022). Given the large disparity in survival for early- 

versus late-stage disease, with ~50% of all cancers diagnosed at an advanced stage, 

there is a fundamental drive to shift the paradigm towards cancer prevention and early 

detection (Widschwendter and Dubeau 2020; Crosby et al. 2022). These effects are 

reflected by the National Health Service (NHS) Long Term Plan to diagnose ~75% of 

cancers early (Stage I or II) and the European Union Cancer Plan working in tandem 

with the Horizon Europe Mission (Alderwick and Dixon 2019; Albreht 2021). Despite 

efforts to identify a ógolden window of opportunityô prior to cancer invasion, variable 

susceptibility makes robust screening and biomarker identification challenging in a 

heterogenous population (Menon et al. 2021). At a biological level multi-cellular 

organismal tissues are composed of morphologically stable compartments or niches 

that are regulated by homeostatic mechanisms (Foo, Leder, and Michor 2011). In cells 

undergoing rapid cellular replication there can be genetic or epigenetic alterations can 

arise that conferring a survival advantage for transformed host cells that exhibit a 

capability for sustained proliferation, migration, and invasiveness. Accumulation of 

driver events can further enhance the aggressive phenotype of an initiated clone which 

adopts hallmark features of genomic instability, allowing tumour immune evasion from 

protective host immunosurveillance (Hanahan and Weinberg 2000, 2011; Hanahan 

2022). Identification of individuals deemed óat-riskô involves prior assessment utilising 

a known significant familial history, which itself can carry ascertainment bias, or 

recognised inheritability of a cancer predisposing mutation (such as a BRCA1/2 

mutation). Under restricted NHS eligibility criteria for genetic screening there is the 

potential those with a likely pathogenic mutation to be missed resulting in a failure of 

surveillance being undertaken or the consideration of preventative measures (Andoni 
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et al. 2022). Study of multi-gene panels have shown that 55.6% of those with a 

germline pathogenic variant (BRCA1/BRCA2/RAD51C/RAD51D/BRIP1) may be 

missed from family history ascertainment alone (Chandrasekaran et al. 2021). Whilst 

a cell autonomous genetic component is an important aspect of cancer predisposition 

there is a growing appreciation for the cell-nonautonomous interplay between diversity 

of a tumour microenvironment and subclone heterogeneity. This refers to the 

mechanism by which genetically altered cells trigger non-autonomous changes of 

molecular or homeostatic processes that may result downstream in a variable 

penetrance or invasive phenotype in cancer-prone tissues (Ho et al. 2022; 

Widschwendter and Dubeau 2020). Consideration of these factors are important for 

the prevention of heterogenous disease entities, particularly for those at significant 

disease predisposition or in understanding treatment resistance (Whelan et al. 2022).  

1.1.1 Ovarian cancer 

Globally ovarian cancer is the third most diagnosed gynaecological cancer and is the 

second highest cause of reproductive-related death in the third millennium (Sung et 

al. 2021). It remains a major contributor for female-specific morbidity and mortality with 

a low all-stage 10-year survival rate of ~35% (Labidi-Galy et al. 2017; Jayson et al. 

2014; Rumford et al. 2020). Despite efforts to reduce age-adjusted incidence rates 

European regions account for three of the top five globally affected areas, with a 

lifetime risk of 1 in 50 for women in the UK (Zhang, Luo, et al. 2019; Siegel et al. 2022). 

The majority (~70%) will present with advanced disease at primary presentation 

resulting in a poor 5-year survival rate that is three-fold lower than survival for locally 

occurring disease (Arora, Mullangi, and Lekkala 2022). Epithelial ovarian cancer 

(EOC) represents >90% of all ovarian carcinomas with relapse following clinical 

remission high and dependant on pathological subtype (Wang, Zheng, et al. 2021).  

1.1.1.1 EOC classification 

Since 1930s the classification of EOC has utilised distinct histopathological features 

based on cell of origin to denote five major subtypes: serous (~52 to 70%), 

endometrioid (~10 to 12 %), mucinous (~3 to 6%), and clear cell (~6 to 12%) 

carcinomas. Serous EOC is histologically classed as low-grade serous ovarian 
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carcinomas (LGSOCs; 3 to 10%) or high-grade serous ovarian carcinomas (HGSOCs; 

70 to 90%), the latter being highly aggressive and the most prevalent form of ovarian 

carcinoma (Arora, Mullangi, and Lekkala 2022; Kobel and Kang 2022). Earlier models 

proposed used a dualistic classification of óType Iô or óType IIô tumours, later adopted 

by the World Health Organisation to aid conceptualisation (Kurman and Shih Ie 2016; 

Labidi-Galy et al. 2017; Salazar, Campbell, and Gorringe 2018). With evolution in the 

field of molecular biology this form of classification is now considered to be potentially 

misleading given it does not reflect the heterogenicity of EOC (Salazar, Campbell, and 

Gorringe 2018). Phenotypic-based assessment utilising immunohistochemistry (IHC) 

has provided further stratification of subtypes for inclusion as part of major histotypes 

adopted by the World Health Organisation Classification of Female Genital Tumours 

(Berek et al. 2021; Hohn et al. 2021) (Kobel and Kang 2022).  

1.1.1.1.1 Ovarian cancer aetiology 

Generally considered a disease burden in a postmenopausal population the median 

age of ovarian cancer diagnosis is 65 years amongst European populations with an 

increase in incidence and disseminated disease associated with age (Doufekas and 

Olaitan 2014; Zhang, Luo, et al. 2019). Ovarian cancer is part of a hereditary breast 

and ovarian cancer (HBOC) syndrome linked to genetic variants as demonstrated by 

genome-wide association studies (GWAS) (Lisio et al. 2019; Rosenthal et al. 2017). 

Whilst inherited susceptibility is thought to contribute to 5 to 15% of EOC, pathological 

variants of BRCA1/2 account for most cases (~20%) (Amit et al. 2022). Recognition of 

the pedigree is an important consideration given families with an affected first-degree 

relative have a three-fold increased risk relative to those unaffected (Lisio et al. 2019). 

Non-hereditary risk factors aside from age include increased exposure to ovulatory 

cycles (early menarche, late menopause, number of ovulatory cycles, parity),  body 

mass index (BMI) >30, use of combined oral contraceptive pills (COCP), use of 

hormone replacement therapy (HRT), previous fertility treatment (ovarian-stimulation), 

concurrent or previous breast cancer, smoking, and socio-economic status (Vargas 

2014; Lisio et al. 2019). There is a reported 24% excess risk amongst nulliparous 

women, with a 6% reduction in risk with each birth for parous women (Gaitskell et al. 

2018). Previous breast cancer is associated with a two-fold increase with a four-fold 
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increase if diagnosed <40 years (Bergfeldt et al. 2002). In the UK predominately 

affected races are White (87%) with a smaller proportion noted in Asian (3.5%), Black 

(1.4%), Mixed (0.5%), and women of unknown ethnicity (7.6%). Carcinogenesis from 

environmental factors have been explored (i.e., smoking, perineal talc, pesticides, 

radiation) and there is growing evidence that there is a racial disparity for certain 

subgroups geographically, such as non-Hispanic Black women versus non-Hispanic 

White women (Reid, Permuth, and Sellers 2017; Sipos et al. 2021; Peres et al. 2022). 

More emerging areas of research are now looking at the role of the microbiota as a 

potential contributor to the development of an oncobiome (Sipos et al. 2021; Nene et 

al. 2019). Despite the recognition of possible aetiological factors Cancer Research UK 

(CRUK) previously reported that a large proportion (up to 93%) of ovarian cancers 

may be non-preventable (Whiteman et al. 2015). Over a 10-year period there is 

growing concern that rising figures in Central and South America, Asia and Central 

and Eastern Europe will be associated with a prevalence of smoking, adaptation of 

westernised dietary patterns, obesity, decreased parity, or age of first pregnancy 

making this disease process a global health burden (Zhang, Luo, et al. 2019).  
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1.1.1.1.2 HGSOC 

HGSOC is one of the most lethal gynaecological malignancies worldwide and its 

aggressive nature, lack of responsiveness to chemotherapy, and risk of recurrence 

suggests a highly heterogenous disease process (Sung et al. 2021). Histopathological 

characterisation of these tumours include pleomorphism, prominent nucleoli, complex 

papillary structures, glandular irregularities with slit-like lumina morphology, and a 

frequency of mitotic figures (>12) (Khashaba et al. 2022). Simply they can be 

considered papillary or ósolid, pseudo-endometrioid and transitional cell carcinomaô 

(SET)-like (Kobel and Kang 2022). HGSOCs of Müllerian origin (PAX8) are 

complemented by WT1 and/or abnormal p53 expression to enhance specificity rates 

to 99% (Kobel and Kang 2022). Given its nature the proliferative subtype is 

characterised by Ki67+ expression (100% of cases) and does not correlate with an 

immune reactive phenotype (Khashaba et al. 2022). As a ósilent killerô it can present 

at an advanced stage (<1.25% of HGSOC are diagnosed with Stage I disease) 

resulting in a greater risk of sub-optimal surgical debulking (<1cm residual disease), 

higher rates of recurrence (~60% within three years), and a median remission interval 

of 16-months following initial treatment (Reid, Permuth, and Sellers 2017; Bristow et 

al. 2002). Given the complexity of this prevalent subtype understanding the variability 

in biological responses amongst those affected is needed to optimise the efficacy of 

targeted therapies within an evolving tumour microenvironment (TME) (Launonen et 

al. 2022).  

1.1.1.1.2.1 HGSOC origin theories 

Despite the prevalence of óepithelialô ovarian carcinoma (>90%) the ovarian surface 

epithelium (OSE) accounts for <1% of the total ovarian mass (Levanon, Crum, and 

Drapkin 2008; Lisio et al. 2019). In 1971 Fathalla reported that increased ovulatory 

cycles can result in cyclical exposure of inflammatory mediators inducing repeated 

cellular trauma and repair that may predispose tumorigenic alteration of the OSE 

(Fathalla 1971). Ovulation as a key event for premenopausal women is considered a 

promoter of an inflammatory milieu of mediators released in highly concentrated 

follicular fluid that include sex hormones, nitric oxide, prostaglandins, and cytokines 
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capable of inducing deoxyribonucleic acid (DNA) damage (Levanon, Crum, and 

Drapkin 2008; Lisio et al. 2019). In clinico-epidemiological studies prolongation of 

hormonal exposure in the ovarian cycle is seen with early menarche, avoidance of 

hormonal contraception, polycystic ovarian syndrome, infertility, nulliparity, and late 

menopause (Cramer et al. 1983). Further hypotheses have proposed the invagination 

of OSE with cortical inclusion cyst formation, locally resulting in exposure to 

disproportionately higher sex hormone concentrations that can induce metaplastic 

change (Lisio et al. 2019; Yamulla et al. 2020). Consideration of extra-ovarian origins 

were proposed given the identification of Müllerian-type carcinomas of the peritoneum 

despite successful excision of both ovaries via bilateral salpingo-oopherectomy (BSO) 

(Tobacman et al. 1982). Then over 20 years ago HGSOC origins were brought to the 

forefront by Dubeau who highlighted that histologically HGSOC shared similarities to 

embryologically derived Müllerian ducts tissues, such as the fallopian tube, rather than 

OSE (Dubeau 1999). In primary peritoneal serous cancers, without evidence of 

ovarian involvement, the precursor origin is considered to be extra-ovarian (Dubeau 

1999; Kuhn, Kurman, and Shih 2012). Study of surgical specimens derived from BRCA 

mutation carriers, prior to a known clinically confirmed cancer, further allowed the 

identification of a distinct dysplastic cell type later termed serous tubal intraepithelial 

carcinomas (STIC) arising from fallopian tube epithelium (FTE) (Lisio et al. 2019). 

Morphologically STIC have features of disorganised, pleomorphic, hyperchromatism, 

high mitotic index, with highly atypical nuclei (Gutkin et al. 2019). This pre-cursor is 

highly associated with aberrant TP53 (Hatano et al. 2020; Labidi-Galy et al. 2017; 

Shaw et al. 2009). Serial mutation profiling and phylogenetic modelling demonstrates 

a window of seven years (range, 1.4 to 10.7 years) between the development of a 

STIC to EOC initiation, with a mean duration of two years for distant metastases which 

may explain an advanced stage at primary presentation (McPherson et al. 2016; 

Labidi-Galy et al. 2017). Concerningly ~50% with an asymptomatic malignant adnexal 

lesion have evidence of peritoneal seeding (Conner et al. 2014). This highlights the 

need to assess early precursor events as part of the clonal evolution of HGSOC (Ducie 

et al. 2017; Lo Riso et al. 2020). 
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1.1.1.1.2.2 Genomic profile of HGSOC 

HGSOC is characterised by genomic instability, with over 50% associated with 

disruptions of homologous recombination (HR) repair, and 20-25% of pathogenic 

variants of BRCA1/2 related to mutations (germline or somatic) or hypermethylation 

(Cancer Genome Atlas Research 2011; Launonen et al. 2022; Eoh et al. 2020). 

BRCA1 and HR deficiency-linked genes account for 51% of HGSOC cases, which 

contrasts rates 15 years ago of 11% (Takaya et al. 2020; Pal et al. 2005; Cancer 

Genome Atlas Research 2011; Ledermann, Drew, and Kristeleit 2016; Manchana, 

Phoolcharoen, and Tantbirojn 2019; Alsop et al. 2012; Kast et al. 2016). Germline 

mutations can have one allele displaying loss of heterozygosity (LOH) in up to 100% 

of cases compared to 72% for somatic mutations (Lisio et al. 2019). TP53 mutations 

are ubiquitously expressed and highly prevalent in HGSOC (96-100%) with an 

association to the dysregulation of other genes (PTEN, RAD51C, ATM, ATR, FANC) 

or signalling pathways: RB1 (67%), PI3K/RAS (45%), and NOTCH (22%) (Lisio et al. 

2019; Reyes et al. 2019). Molecular discoveries in HGSOC biology have identified six 

genomic cluster signatures (C1-C6) in which The Cancer Genome Atlas (TCGA) 

refined to four overlapping subtypes: immunoreactive, differentiated, proliferative and 

mesenchymal (Cancer Genome Atlas Research 2011; Tothill et al. 2008). C2 (termed 

óimmunoreactiveô) is associated with higher tumour infiltrating lymphocytes (TILs), 

upregulation of genes associated with immune cell activation, and improved prognosis 

(Lisio et al. 2019). Quantitative multi-gene panels such as the Ovarian Tumour Tissue 

Analysis Consortium: Stratified Prognosis of Ovarian Tumours (OTTA-SPOT) have 

been developed to reflect the biological complexity of HGSOCs (Millstein et al. 2020). 

Additionally, the duality and crossover of gene expression profiles of FTE and HGSOC 

samples via computational deconvolution has further supported the fimbrial fallopian 

tube as a precursor site for the majority of HGSOC and a highly relevant óat-riskô tissue 

niche (Dinh et al. 2021). 

1.1.1.1.2.3 HGSOC microenvironment 

Appreciation of a heterogenous micro-niche in HGSOCs has been supported by a 

multi-omics approach (genomic, transcriptomic, proteomic, and immunological study) 
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using biological samples from EOC patients (Yang et al. 2020; Jimenez-Sanchez et 

al. 2020a). Using HGSOC specimens the TME is highly proliferative, prone to errors 

with HR repair, and are predisposed to a higher neoantigen load (Strickland et al. 

2016; Launonen et al. 2022). Diversity of the ovarian landscape is broad with tumour 

cells (70%), immune cells (15%), stromal cells (12%), or unannotated components 

(3%) closely interacting within an extracellular matrix (ECM) of secreted molecules, 

cytokines, integrins, and matrix metalloproteinases (MMPs) (Launonen et al. 2022; 

Hanahan 2022). Despite HGSOC being considered an óimmunogenicô subtype it 

remains a highly aggressive form of EOC that is capable evading anti-tumour 

responses suggestive that further consideration is needed to understand the 

modulation of cytotoxic immune cells within these microenvironments (Shen et al. 

2022). Traditionally the study of TILs has focused on T-cell (CD3+) biology with higher 

CD3+ infiltration associated with improved prognosis (Liu, Hu, et al. 2020). The 

functionality of TILs however has been recently brought to attention given site-specific 

variations evident for metastatic HGSOC, with the presence of dysfunctional 

lymphocytes that is differential in ascites relative to adnexal tumour sites (Vazquez-

Garcia et al. 2022). Importantly NK cells represent a major cytotoxic group of 

lymphocytes that are also involved in tumour immunosurveillance and capable of 

detection of tumour ligands expressed on ovarian cancer cells (MICA, MICB, and 

ULBP1-3) (Kulbe et al. 2012). Tumoral shedding cleaves soluble tumour ligands via 

MMPs that are capable of further inhibiting NK cell activating receptors (Li et al. 2009). 

This impairment within a vulnerable evolving TME may be potentiated by 

environmental factors, such as tissue hypoxia, that is recognised to impair anti-tumour 

responses (Emami Nejad et al. 2021; Yang et al. 2018). Infiltration of 

immunosuppressive immune populations such as tumour-associated macrophages 

(TAMs), T-regulatory cells (Tregs), and myeloid-derived suppressor cells (MDSC) can 

also further impair immunosurveillance mechanisms (Rodriguez et al. 2018). Given 

the strides in understanding early driver events in EOC carcinogenesis due to the 

study of BRCA mutation carriers it is important to also consider direct and in-direct 

óBRCA effectô on host tumour immunosurveillance and whether these mechanisms are 

vulnerable to abrogation within vulnerable sites, such as the fimbrial fallopian tube.  
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1.1.2 BRCA gene  

The BRCA gene was first discovered in the early 1990s following collaborative genetic 

mapping undertaken by Mary-Claire King and colleagues given the growing interest in 

familial cancer predisposition amongst pedigree families (Hall et al. 1990). The 

mapping of BRCA1 to chromosome 17 (17q21) preceded that of BRCA2 to 

chromosome 13 (13q12.3) on the human genome four years earlier (Wu, Wu, and 

Liang 2017; Stoppa-Lyonnet 2016). Both genes demonstrate distinct functions without 

homology yet are often studied in tandem being colloquially referred as óBRCA genesô 

or óBRCA1/2ô (Roy, Chun, and Powell 2011). In humans both are synonymously 

considered chromosomal custodians with tumour suppressor functions overseeing 

cellular homeostasis of eukaryotic cells (Gudmundsdottir and Ashworth 2006). BRCA1 

encodes for BRCA1 (or Breast cancer type 1 susceptibility protein) which acts as a 

versatile protein involved in repair of DNA damage, histone ubiquitylation, and 

transcriptional regulation of HR repair following cellular insult (Hatano et al. 2020). Its 

vital role is seen following cellular or genotoxic stress that induces susceptibility to 

single-stranded breaks (SSBs) which are vulnerable to double-stranded breaks 

(DSBs) and DNA replication fork collapse (Dasika et al. 1999). This progressive form 

of detrimental DNA damage induces chromosomal breakage and rearrangement that 

is pro-tumorigenic (Tarsounas and Sung 2020; Kotsantis et al. 2016). Activation of 

DNA damage responses via cell cycle checkpoints induce protective cell-cycle arrest, 

allowing error-free HR repair halting genetic error transmission to daughter cells 

(Dasika et al. 1999). These mechanisms take place during cell-cycle processes 

associated with replication (G1/S or intra-S) or before cellular division (G2/M) (Dasika 

et al. 1999; Roy, Chun, and Powell 2011). BRCA1 interacts with BRCA2 and RAD51 

allowing anchorage, support, and regulation of the assembly or disassembly of repair 

proteins (Gudmundsdottir and Ashworth 2006). Functional BRCA1 is key to protective 

cellular homeostasis, forming a macro-complex with BRCA1 associated RING domain 

protein 1 (BARD1) to further maintains the stability of the cellular genome (Tarsounas 

and Sung 2020).  
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1.1.2.1 BRCA mutation 

Mutational loss or epigenetic silencing of BRCA genes can lead to pathogenic loss of 

highly functional BRCA proteins that in turn disproportionately predisposes to 

reproductive-related tumours, specifically HGSOC and triple-negative breast cancer 

(TNBC) (De Talhouet et al. 2020; Przybytkowski et al. 2020). Initially described by the 

Knudson two-hit hypothesis the spectrum of pathogenicity is governed by the loss of 

the wild-type allele or LOH for a remaining normal allele that affects functional protein 

availability (Knudson 1971). Failure to read the corresponding functional allele leads 

to an alternate pathway for DSB repair, such as non-homologous end-joining (NHEJ), 

which is more error-prone (Roy, Chun, and Powell 2011; Huang et al. 2019). The 

heterozygote frequency of a BRCA1/2 mutation was previously considered to be 

~1:400, however this risk can adversely affect high-risk ethnic groups, specifically the 

Ashkenazi Jewish population where ~85% of mutations are linked to two founder 

mutations of BRCA1 (185delAG, 5382insC) and one founder mutation of BRCA2 

(6174delT) (McClain et al. 2005; Robles-Diaz et al. 2004; Satagopan et al. 2002). As 

a result the risk is highest in Ashkenazi Jewish (1:40) ancestry, followed by Filipino 

and other Southeast Asian (1:81), and non-Ashkenazi Jewish individuals {Abul-Husn, 

2019 #1747;Group, 2000 #1748;Rosenthal, 2015 #4903}. In 2023 a BRCA1 

pathogenic founder variant was discovered in 1% of Orcadians emphasising the need 

to consider carrier frequency that can be population-specific {Kerr, 2023 #4904}. 

Importantly loss of functional BRCA1 confers greater pathogenicity relative to BRCA2 

(Hatano et al. 2020). BRCA1 can control the development of ER-dependent luminal 

cells from progenitors, whereas BRCA2 serves no such role (Joosse et al. 2009). 

Pooling of BRCA1 with BRCA2 mutations can be problematic given the variation in 

their functional and clinically associated outcomes (Roy, Chun, and Powell 2011). 

Caution is also required when interpreting cumulative risk for each cancer type 

attributable to a BRCA1 mutation given the variation of incidence rates based on 

country or population (Momozawa et al. 2022).  
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1.1.2.1.1 Germline BRCA mutation 

During zygotic formation two copies of a gene are inherited from either biological 

parent. The inheritance of a germline mutation is derived from an affected parental 

oocyte or sperm cell. Single allele inheritance allows preservation of a functional 

corresponding chromosomal copy allowing heterozygosity, whereas biallelic 

inactivation is highly pathogenic (Rebbeck et al. 2016; Inagaki-Kawata et al. 2020). 

Following rapid cellular division and proliferation, the constitutional mutation is passed 

onto every somatic and germline cell in the offspring. This autosomal dominant form 

of Mendelian inheritance results in a 50% risk to the affected progeny (Lynch, Snyder, 

and Casey 2013). LOH is strongly associated with loss of the wild-type allele and is 

considered a transformative event in breast carcinogenesis with 93% of biallelic 

inactivation seen with BRCA1/2 mutated cases (Inagaki-Kawata et al. 2020). GWAS 

has allowed the identification of additional variants with a functional association to 

cancer pathogenesis for germline mutation carriers (TP53, ATM, CHEK2, and 

PALPB2) (Walsh and King 2007). Despite ubiquitous expression of a pathogenic 

germline mutation throughout the body there is significant tissue-specificity for highly 

penetrant cancers within sex hormone receptive tissues (fallopian tube, ovary, and 

breast) that remains largely unknown (Wieser et al. 2018; Fu et al. 2022). 

1.1.2.1.2 Somatic BRCA mutation 

Spontaneous BRCA mutations can also take place leading to somatic or acquired 

mutations that demonstrate mitotic replicative growth and daughter cells harbouring a 

gene defect (Inagaki-Kawata et al. 2020). This pattern can give rise to mutations within 

non-germline cells that can also favour sporadic tumours of the ovary and breast 

(Milholland et al. 2017; Liu et al. 2007; Moschetta et al. 2016). Preferential selection 

of ódriverô mutations or proto-oncogenes can in turn favour oncogenesis (Stratton, 

Campbell, and Futreal 2009). This process can be facilitated by cell-nonautonomous 

effects that result in further epigenetic alterations raised (Rizvi et al. 2015; Silver, Bick, 

and Savona 2021).   
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1.1.2.1.2.1 BRCA1-mutated ovarian cancer  

BRCA1 mutation carriers (BRCA1mut) have a significantly higher risk of ovarian 

cancer up to age of 70 years (44 to 60%) relative to BRCA2 mutation carriers 

(BRCA2mut) (17 to 30%) or the general population (~2%) (Kuchenbaecker et al. 2017; 

Antoniou et al. 2003; Mavaddat et al. 2013). Based on BRCA1 mutational status 

median age of primary presentation can be up to 10 years earlier than non-carriers 

(Rumford et al. 2020) (Zhang et al. 2011; Pal et al. 2005; Bartlett et al. 2016; Colombo 

et al. 2019). Similar to the most prevalent form of EOC the majority of BRCA1-linked 

ovarian cancers are HGSOC that also present at an advanced stage resulting in a 

poor prognosis (Alsop et al. 2012; Kim et al. 2019; Bashashati et al. 2013; Weinberger 

et al. 2016). Propensity for metastatic spread is thought to be due to delays in 

diagnosis associated with a vague symptom profile (abdominal distension, abdominal, 

pelvic and back pain, post-prandial bloating, frequent urination and lethargy) or mis-

diagnosis (Salazar, Campbell, and Gorringe 2018). Microscopic dissemination of 

tumour cells onto peritoneal surfaces is advantageous within the abdominopelvic 

cavity given the lack of an anatomical barrier limiting tumour propagation (Lisio et al. 

2019). The largest tumour bulk is via adipocytes (omental metastasis) and generalised 

dissemination following tumour invasion can be via direct, haematogenous, or 

lymphatic spread (Nieman et al. 2011; Lisio et al. 2019). Adipocytes can act as active 

facilitators in EOC via the chemoattractant effect of secreted cytokines, which support 

fatty acids transportation for tumour proliferation, which contributes to potential 

chemoresistance {Yang, 2019 #4905}.   

As discussed earlier, HGSOC origin theories have expanded to include extra-ovarian 

Müllerian sites due to the pioneering discovery of STIC via specific assessment of 

BRCA1-mutated samples (Hansen and Cavenee 1987; Bartlett et al. 2016; Labidi-

Galy et al. 2017; Lisio et al. 2019; Dubeau and Drapkin 2013). The prevalence of STIC 

is variable in the literature with incidental rates of <5% reported in those who had a 

prior negative screen consisting of CA-125 and transvaginal ultrasonography (TVUS) 

{Stewart, 2019 #4908}. The co-existence of STIC with HGSOC is however reported at 

higher rates of 11 to 61% {Chen, 2017 #4907}. In BRCA-mutated fallopian tube with a 

tubal carcinoma incidental STIC is seen in 10 to 20% of cases versus 1 to 7% in those 
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without a germline mutation {Ruel-Laliberte, 2022 #4906}. Identification of these occult 

tumours have supported the development of the ósectioning and extensively examining 

the fimbriated endô (SEE-FIM) protocol for surgical specimens. Other additional 

morphological alterations of the FTE have been observed in response to ovarian cycle 

phases, with pro-progestogenic luteal phase derived specimens sharing features with 

HGSOC in BRCA carriers (Tone et al. 2008). These findings may suggest failures in 

vivo of protective anti-tumour immunosurveillance in the preceding follicular phase 

which may be  mediated by local FTE exposure to highly concentrated follicular fluid, 

sex hormones (progesterone), reactive oxygen species, inflammatory cytokines at 

levels not seen in the periphery (Piccinni, Vicenti, et al. 2021; Buscher et al. 1999). 

HGSOC demonstrate diverse intratumoral heterogenicity with BRCA1-mutated 

HGSOC demonstrating an increase in TILs or immune cell composition of cells derived 

from lymphoid compartments (Strickland et al. 2016; Launonen et al. 2022). Relative 

to tumours without BRCA mutations higher immune cell infiltrates (CD8+ T-cells) 

relative to HR proficient tumours highlight the importance in understanding the tumour 

immune microenvironment (Strickland et al. 2016). Understanding how óimmunogenicô 

tumours are capable of immune evasion may allow an appreciation of mechanisms 

involved with dissemination, invasiveness, and chemoresistance (Jimenez-Sanchez 

et al. 2020b; Sun et al. 2022). 

1.1.2.1.2.2 BRCA1- mutated breast cancer  

Breast cancer represents a global issue, surpassing lung cancer as the most 

diagnosed cancer, with an estimated 2.3 million new cases in 2020 making it a leading 

cause of cancer-related death (Sung et al. 2021). Hereditary breast cancer accounts 

for ~10% with the largest contribution being mutational loss of BRCA1 

(Kuchenbaecker et al. 2017). In the general population the lifetime risk for breast 

cancer is 12.5% whereas for BRCA1mut the risk is ~6-fold higher (65ï79% risk; up to 

the age of 70 years) with the majority being diagnosed in women <40 years and a 

three-year earlier median age of diagnosis than BRCA2mut (Easton, Ford, and Bishop 

1995; Ford et al. 1998). BRCA1mut are three-fold more likely to develop breast cancer 

prior to ovarian cancer with TNBC the most prevalent subtype (~75%) which accounts 

for 10 to 20% of all breast cancers in women <50 years (Almansour 2022). Aside from 
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familial risk other factors for TNBC include early age at menarche, nulliparity, late age 

of first completed pregnancy, absence of breastfeeding, high BMI, and use of COCP 

<40 years (Baranska et al. 2022; Ma et al. 2017). Global studies of women of African 

American ethnicity with TNBC are recognised to have poorer prognosis and survival 

for clear reasons (DeSantis et al. 2016). TNBCs demonstrate a distinct lack of receptor 

expression (<1%) for progesterone, estrogen, and absence of human epidermal 

growth factor receptor-2 (Wolff et al. 2014). Similar to HGSOC these cancers have 

higher mitotic counts, histological grade, nuclear pleomorphism, lymphocytic infiltrate, 

and are poorly differentiated basal-like carcinomas (Honrado, Benitez, and Palacios 

2004; Mangia et al. 2011; Lakhani et al. 1998). Associated mutations include 

TP53, BRCA2, PTEN, CDH1, and STK11 (Shahbandi, Nguyen, and Jackson 2020). 

There are four transcriptional subtypes of TNBCs: two basal subtypes (grouped as 

BL1 and BL2), a mesenchymal (M) subtype, and a luminal androgen receptor (LAR) 

subtype (Lehmann et al. 2011; Przybytkowski et al. 2020). In breast cancer enrichment 

of genes are immune- or cell proliferation-related, including those associated with 

perturbations of Brca1/p53 (Bach et al. 2021; Milanese et al. 2019). BRCA-associated 

breast cancers are thought to arise from an expanded population of luminal 

progenitors, as a ócell-of-originô, which is associated with poorer outcomes 

(Tharmapalan et al. 2019). Cancer recurrence is associated with higher mortality 

within five years of diagnosis and often linked to therapeutic resistance (Dent et al. 

2007; Copson et al. 2018). Studies have reported outcomes in women <50 years with 

early-stage disease (stage I and II), however whilst findings initially suggested better 

overall survival at two years for carriers, this survival advantage was not extended 

from 10 years (Copson et al. 2018; De Talhouet et al. 2020). Studies have previously 

debated whether there is a prognostic benefit performing surgery for primary breast 

cancer based on ovarian cycle phase (Bernhardt et al. 2020; Lemon and Rodriguez-

Sierra 1996; Mondini et al. 1997). Whilst there is no consensus it does highlight for 

some premenopausal women surgical outcomes may be modulated by the interplay 

of the immune system with circulating sex hormones {Badwe, 1991 #4909}.  
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1.1.2.1.3 Genetic testing  

Genetic testing has revolutionised our approach to BRCA1/2 mutations, familial risk, 

and cancer predisposition providing support for individuals and family members alike. 

Whilst pathological variants of BRCA1 are commonly associated with TP53 (~96%) 

screening can be considered for genes related or those involved with HR repair that 

include: BRCA2, PALB2, RAD51C, RAD51D, BRIP1, CHEK2, ATM, and BARD1 

(Cancer Genome Atlas Research 2011; Eoh et al. 2020; Ghezelayagh et al. 2020; 

Hatano et al. 2020). Current National Institute for Health and Care Excellence (NICE) 

recommendations are for genetic testing to be offered if there is familial history with at 

least a 10% chance of carrying a cancer predisposing gene (BRCA1, BRCA2, TP53). 

It is important to recognise that up to 48% of actual carriers of a BRCA1/2 mutation do 

not have a familial history that fulfil the criteria for testing resulting in a largely 

undiagnosed population (Rust et al. 2018). Barriers can therefore delay the active 

consideration of risk-reducing measures or allow for additional surveillance for high-

risk individuals (Alsop et al. 2012) In cases where family history is unknown clinical 

relevance and pathogenicity of variants of unknown significance (VUS) of either 

BRCA1/2 requires caution (Li, LaDuca, et al. 2020). NICE supports the use of risk 

assessment tools (BOADICEA1) in primary care that can be used to facilitate referral 

to specialist genetic services (Lee, Mavaddat, et al. 2019). Use of such risk prediction 

tools have utilised a methodological framework for incorporating the effects of lifestyle, 

hormonal, and reproductive risk factors. However, with the suboptimal uptake of 

genetic testing geographically considerations are required for the population-specific 

needs whilst also formulating consensus and harmonisation of guidelines across 

regions (Lux et al. 2022). At University College London Hospital (UCLH) 

ómainstreamedô genetic testing via oncology clinics utilises germline BRCA testing for 

ovarian cancer patients to facilitate earlier counselling and consideration of adjuvant 

treatments (Rahman et al. 2019). The use of population-based screening has been 

suggested to provide a cost-effective strategy relative to clinical or familial history-

based approaches, with a discounted incremental cost-effectiveness ratio of īÃ2,079 

per quality-adjusted life year (Manchanda et al. 2015).  
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1.1.2.1.4 Poly (ADP-ribose) polymerase inhibitors  

Targeting poly (ADP-ribose) polymerase (PARP) has demonstrated promise for 

BRCA1/2mut by inducing synthetic lethality in mutated BRCA1/2 cancers already 

susceptible to DSBs (Yi et al. 2019; Navitski et al. 2021). PARP inhibitors (PARPi) 

such as Olaparib have been granted European Medicines Agency (EMA) Marketing 

Authorisation given success reported for the treatment in ovarian cancer and other 

BRCA-associated cancers (pancreatic, prostate, and breast cancer) {Gadducci, 2019 

#1792;Moore, 2018 #1796;Tung, 2022 #4659;Kaye, 2012 #4934}. Previous studies 

have demonstrated survival benefit and reduction in hazard ratio for progression-free 

survival (PFS) in platinum-sensitive recurrent EOC demonstrating longer median PFS 

in maintenance Olaparib versus placebo (11.2 months versus 4.3 months) 

{Ledermann, 2014 #4935}. The use of PARPi has since been expanded following the 

outcomes of phase III trials (PRIMA, PAOLA-1, VELIA) assessing the feasibility 

beyond BRCA1/2mut and to include positive HR deficiency status {Gonzalez-Martin, 

2019 #4936}{Ray-Coquard, 2019 #4937}{Coleman, 2019 #4938}. However, over time 

40 to 70% of carriers are at risk of developing resistance to PARPi {Audeh, 2010 

#4933}{Kim, 2022 #4932}. Whilst responsiveness to platinum agents alongside BRCA 

mutational status and HR deficiency positivity are prognostic factors for PFS with 

PARPi use, this does not translate to prolonged overall survival (beyond 6 years) with 

effects differential in BRCA1mut versus BRCA2mut {Huang, 2020 #4939}{Heemskerk-

Gerritsen, 2022 #4940}.   

1.1.2.1.5 Risk-reduction and treatment considerations  

In carriers without a clinically confirmed cancer the mainstay for definitive ovarian 

cancer risk-reduction involves the surgical excision of vital reproductive-related organs 

(Manchanda et al. 2011; Mavaddat et al. 2020). Specifically, a risk reducing BSO 

(RRBSO) that removes both fallopian tubes and ovaries confers a reduction in ovarian 

cancer risk and specific mortality by 80 to 96% (Finch et al. 2014). Due to the 

enhanced pathogenicity of a BRCA1 mutation current practice recommends the earlier 

consideration for ovarian risk-reducing measures from 35 to 40 years, relative to 40 to 

45 years for BRCA2mut. Despite reports suggesting a beneficial reduction in breast 
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cancer (up to 40%) this typically favours BRCA2mut (Mavaddat et al. 2020). Risk-

reducing measures for breast cancer involves a bilateral mastectomy which can 

reduce the risk by Ḑ90% or a contralateral risk-reducing mastectomy (CRRM) for 

patients with a previous breast cancer diagnosis {Rebbeck, 2004 #4910}{Copson, 

2018 #1754}. A major obstacle in considering ovarian-specific measures is having to 

electively opt for a surgically induced menopause with the associated loss of child-

bearing potential, psychological stress, surgical morbidity, and physiological 

implications (Gellman et al. 2022). Premature iatrogenic menopause triggered 

primarily by estrogenic-depletion increases sequelae for bone (osteoporosis), 

neurological (cognitive decline), and cardiovascular morbidity placing an emphasis on 

aftercare post RRBSO {Rocca, 2021 #4913}{Manchanda, 2022 #4607;do Valle, 2022 

#4911;do Valle, 2021 #4912}. This can induce knock-on effects on psychological 

wellbeing, vasomotor symptoms, mood changes, sleep disturbance, reduced libido, 

vaginal dryness, dyspareunia, and sexual dysfunction (Mavaddat et al. 2020). 

Conservative measures taking a ôwatch and waitô approach have however been 

described as óticking time bombô inducing a significant amount of stress and fear for 

carriers. Shared decision making is encouraged following a clinical risk assessment 

that should ideally involve a clinical geneticist, breast specialist, and gynaecologist 

with a special interest in familial risk or hereditary cancer. Whilst cost-effectiveness is 

noted for women with a lifetime risk >4%, risk-reducing measures should be 

considered for women with intermediate or moderate lifetime risk (Manchanda et al. 

2022). To combat these effects consideration is needed for supplementary HRT, which 

can be considered safe for BRCA1mut in the short-term, however studies are limited 

(Loizzi et al. 2023). Results from the PROSE study and Women's Health Initiative 

suggest premenopausal women (<51-years), without prior breast cancer or 

contraindication, can consider HRT following risk-reducing surgery without a 

significant alteration in breast cancer (Armstrong et al. 2004; Rebbeck et al. 2005). 

Specifically, the findings suggested a 3% delta in HR for breast cancer risk following 

HRT use of any type in those undergoing RRBSO versus BRCA1/2mut without any 

HRT use or surgery {Rebbeck, 2005 #4608}. If there is a history of breast cancer HRT 

is avoided due to the association of estrogen-receptor positivity as seen in BRCA1-

associated (24 to 30%) and BRCA2-associated (65 to 79%) breast cancers (Foulkes 
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et al. 2004). In addition, for those undergoing risk-reducing mastectomy care should 

be taken for the type of surgery performed given the potential risk of residual tissue 

follow nipple-sparing procedures {Kaidar-Person, 2020 #4914}. Whilst concomitant 

hysterectomy is not usually recommended specialist discussions should be had for 

peri- or postmenopausal women where progestins are not tolerated or contraindicated 

given combined preparations of HRT are advisable for women without a prior 

hysterectomy (estrogen plus progestogens) (Hall et al. 2016; Beral and Million Women 

Study 2003; Anderson et al. 2004; Vinogradova, Coupland, and Hippisley-Cox 2020). 

Estrogen-only preparations, ideally transdermal, are offered to women who have 

previously had a hysterectomy. Other reports have suggested that breast cancer risk 

is not increased with estrogen-only preparations but instead risk incurred with 

progestins use over one-year (Vinogradova, Coupland, and Hippisley-Cox 2020). 

More recently emerging risk-reducing options that are ovarian sparing, but include 

forms of tubal injury (ligation, sterilisation) or tubal excision via salpingectomy, have 

been proposed. Previous reports have suggested that salpingectomy alone can offer 

an ovarian cancer risk reduction of 61% at 10-years for a general population (Falconer 

et al. 2015; Kwon et al. 2013). Whilst delayed RRBSO is not standard of care, the 

TUBA-WISP-II and SOROCk clinical trials are prospective multicentre studies 

assessing outcomes for high-risk individuals (Gellman et al. 2022). In addition, the 

PROTECTOR (PReventing Ovarian cancer Through Early excision of Tubes and late 

Ovarian Removal) study (ClinicalTrials.gov Identifier: NCT04251052) aims to assess 

the use of prophylactic bilateral salpingectomy for BRCA1mut who wish for ovarian 

preservation. Non-surgical alternatives require optimisation of general wellbeing via 

lifestyle modification, smoking cessation, increased exercise, nutrition, and BMI. 

Chemoprophylaxis can include the use of the COCP, specifically shown to induce 

anovulation, which can reduce the risk of ovarian cancer up to 50% within five years 

of use that extends to 15 years since last use (Collaborative Group on Epidemiological 

Studies of Ovarian et al. 2008; Wu, Fang, et al. 2020). The beneficial effect of reduced 

premenopausal exposure to sex hormones is particularly relevant for BRCA mutation 

carriers with the highest quartile of ovulatory cycles (Kotsopoulos et al. 2015). 

Recently its use has been encouraged but in BRCA1mut caution is needed as use 

<40 years can be associated with an enhanced breast cancer risk (Kotsopoulos et al. 
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2014; Friebel, Domchek, and Rebbeck 2014; Clarfield, Diamond, and Jacobson 2022). 

Whilst other studies have reported potentially no enhanced risk growing support 

suggests that COCP should be used with caution in germline carriers <20 years or 

with newer lower-dose preparations (Huber et al. 2020a; Park et al. 2021; Clarfield, 

Diamond, and Jacobson 2022). Current NICE recommendations advise BRCA1mut 

<40 years considering a RRBSO should not be pre-emptively commenced on the 

COCP purely for ovarian cancer risk reduction. The risk with such preparations may 

be due to the presence of synthetic progesterone (progestins) and further studies in 

carriers with long-term data is needed (Wu, Fang, et al. 2020). Other agents such as 

Denosumab as a monoclonal receptor activator of nuclear factor kappa-ȸ ligand 

(RANKL) antibody has been studied with insufficient evidence supporting use of 

acetylsalicylic acid and non-steroidal anti-inflammatory drugs (Clarfield, Diamond, and 

Jacobson 2022). Previous studies have demonstrated support for selective estrogen 

receptor modulators (SERMs) such as tamoxifen in carriers as an adjuvant chemo 

preventative treatment following breast cancer, irrespective of breast receptor status, 

which preferential favours those with a BRCA2 mutation {King, 2001 #4916}. The 

CIBRAC feasibility trial aims to report on the role of goserelin and anastrozole versus 

tamoxifen in premenopausal BRCA1mut {Campbell, 2018 #4915}. However the use 

of tamoxifen or raloxifene for the primary prevention of breast cancer has reported no 

significant protective benefit in carriers {Kotsopoulos, 2023 #4917}. Prior to 

commencing hormonal treatments or considering risk-reducing surgery family 

planning is encouraged particularly given advances in fertility preservation, assisted 

reproductive technology, oocyte donation, and prenatal testing using pre-implantation 

genetic diagnosis (Michaan et al. 2021). In women who wish to conceive invasive 

testing can be performed (via chorionic villous sampling or amniocentesis). Where 

available signposting to wellbeing services, psychologists, fertility teams, menopause 

specialists, and nurse practitioners encouraged as part of a collaborative holistic 

approach to a positive mutation status.  

In carriers with a clinically confirmed primary tubo-ovarian carcinoma the mainstay for 

primary treatment following discussion at a multi-disciplinary meeting is complete 

surgical cytoreduction (dependant on stage and extent of macroscopic disease) 
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followed by adjuvant chemotherapy (carboplatin and paclitaxel) (du Bois et al. 2005; 

Harter et al. 2021). Since the 1970s it has been widely recognised that tumour burden 

following primary cytoreductive surgery is inversely correlated with survival {Griffiths, 

1975 #4624}{Bryant, 2022 #4918}. Previous studies have suggested increased age 

and BRCA status to be significantly associated with suboptimal surgical outcomes 

linked to residual disease (Hyman et al. 2012; Alsop et al. 2012; Plaskocinska et al. 

2016). Whilst neoadjuvant chemotherapy also results in favourable outcomes for 

progression-free survival fundamentally the stage at primary diagnosis is an important 

determinant for treatment outcomes (Vergote et al. 2018). In treatment refractory 

disease (relapse from 6-months) secondary cytoreductive surgery can be considered, 

with complete resection possible in ~80% and a survival advantage for those with 

complete resection (Harter et al. 2021). Monitoring of peripheral blood cancer antigen 

(CA)-125 levels and patient symptom profile in these circumstances is recommended 

(Wang, Zheng, et al. 2021). The morbidity with such complex surgery however is 

recognised and shared decision making as part of the MDT.  

Bevacizumab has also shown anti-angiogenic and anti-tumour effects, but despite 

having similar risk profiles its use may be inferior to PARPi for PFS in newly diagnosed 

ovarian cancer (Candido-dos-Reis et al. 2015; Suh et al. 2022). Use of PARPi has 

shown to significantly increase tumour sensitivity to NK cell-mediated lysis and serves 

promise for use with immunotherapy (Fenerty et al. 2018; Hoogstad-van Evert et al. 

2020). However as previously described a survival advantage may not be extended 

over time to those harbouring a BRCA1 mutational status (Huang et al. 2020). In 2023 

at the American Society of Clinical Oncology interim findings from the DUO-O study 

were presented demonstrating prolonged PFS with triplet combination therapy of 

maintenance bevacizumab in combination with durvalumab and Olaparib versus 

bevacizumab monotherapy in newly diagnosed EOC without a BRCA mutation. 

Consideration of BRCA1-specific effects and the effect of such agents on anti-tumour 

mechanisms are therefore an important prognostic consideration with regards to 

clinical outcomes and PFS (Zhang et al. 2003; Zhu et al. 2020).  
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1.1.2.1.6 Surveillance and strategies for early detection  

Uptake for breast cancer detection strategies is high with surveillance including breast 

awareness (including self-checks) coupled with imaging such as annual 

mammographic surveillance (40 to 69 years in BRCA1/2mut) or annual MRI (from 30 

to 49 years in known carrier status). Utilising imaging and machine learning there is 

scope to facilitate earlier detection for those harbouring pathogenic BRCA variants 

which may demonstrate in the future patient-specific survival benefit {Anaby, 2023 

#4919}. Unlike breast surveillance there is no robust screening method for ovarian 

cancer (Menon et al. 2021). In carriers who decline or defer RRBSO surveillance is 

limited due to a lack of highly efficacious biomarkers capable of detecting pre-invasive 

disease (Hu et al. 2020). CA-125 is at present the most commonly used tumour marker 

for ovarian cancer, however sensitivity and specificity is poor for early-stage disease 

with detection only in 25 to 50% of cases (Jacobs and Bast 1989; Mann et al. 1988; 

Moss, Hollingworth, and Reynolds 2005). First described in 1981 this glycoprotein, 

also known as mucin 16 is an epithelial marker that can be raised in other benign 

pathologies so caution required with interpretation (Bast et al. 1981). The current 

standard cut-off Ó 35 U/ml is used for primary care or triaging when arranging follow-

up imaging, particularly beneficial for high-risk individuals or women Ó 50-years 

(Funston et al. 2020). In advanced EOC expression is high (75 to 90%) and its 

presence thought to protect tumour cells from NK cell-mediated cytotoxicity via 

inhibition of the cognate formation (Patankar et al. 2005; Nersesian et al. 2019). Other 

proposed tumour markers, not part of routine surveillance, include human epididymis 

protein 4 or mesothelin which can be identifiable in up to 70% of EOC (Ghisoni et al. 

2019; Giordano, Ferioli, and Tafuni 2022). Imaging modalities available include a 

TVUS with colour Doppler (sensitivity, >93.5%; specificity, 91.5%) which is first-line 

and demonstrates a higher specificity than magnetic resonance imaging (MRI) 

(sensitivity, 91.1%; specificity, 84%) (Vargas 2014; Dodge et al. 2012). A screen 

positive result from a TVUS demonstrates a gross morphological anomaly or 

macroscopic disease suggestive of cancer, whereas microscopic seeding or 

involvement of peritoneal surfaces can be challenging to detect. The Risk of Ovarian 

Cancer Algorithm (ROCA) was previously proposed for early screening of ovarian 
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cancer and later adopted for potential use amongst BRCA carriers as part of the UK 

Familial Ovarian Cancer Screening Study (UKFOCSS) (Rosenthal et al. 2017). 

Prospective evidence from the UK Collaborative Trial of Ovarian Cancer Screening 

(UKCTOCS) demonstrated that multi-modal screening with serial CA-125 when 

interpreted via the ROCA can double the number of screen-detected EOC cases 

compared to a CA-125 threshold of 35 IU/ml alone. Despite these positive findings this 

method did not demonstrate prolonged survival and it is not at present part of 

mainstream surveillance (Manchanda et al. 2022; Menon et al. 2021). Recently the 

avoiding late diagnosis of ovarian cancer or ALDO project demonstrated that ovarian 

cancer screening in the context of deferred or declined surgery can provide hope for 

early-stage disease detection, with 50% screen-detected cases and 33% incidental 

cancers being diagnosed Ò Stage IIIA, allowing greater cytoreductive efforts at primary 

surgery (Philpott et al. 2022). It is widely agreed that large-scale, randomised studies 

followed up for many years would be favourable whilst also considering more novel 

surrogate markers. In doing so efforts may allow scope to identify a ópre-cancerô 

window period prior to cancer initiation that can be targeted (Kobel and Kang 2022). 

This is important as BRCA1/2mut with incidental findings of STIC in fallopian tube 

specimens following RRBSO have a 35-fold higher residual risk of peritoneal 

carcinomatosis at five years follow up (0.3% cumulative risk of peritoneal 

carcinomatosis without STIC) (Steenbeek et al. 2022). In women who undergo 

RRBSO there is a differential effect with a larger reduction in breast cancer cumulative 

risk (penetrance) in BRCA1mut compared to BRCA2mut within five years from the 

time of surgery (Choi et al. 2021). Screening for other BRCA-related cancers is not 

routinely offered for BRCA1mut. To ensure engagement with services a patient-

centred approach is best adopted to risk stratify (age, menopausal status, previous 

breast cancer, familial history, hormone therapy, medical co-morbidities, clinical risk) 

against religious, cultural, and socioeconomic issues specific to each carrier to devise 

an individualised care plan that facilitates informed choice. 

1.1.2.1.7 Emerging research concepts over the years  

As described the tissue specificity and variable cancer penetrance observed in BRCA 

mutation carriers remains largely unknown but is thought to be a combination of a cell 
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autonomous genetic predisposition and cell-nonautonomous environmental factors 

specific to carriers (Widschwendter and Dubeau 2020; Shepherd et al. 2020). There 

is increasing interest in understanding the pathogenicity of a germline mutation 

particularly in established ovarian cancer. Previous studies have reported the 

importance of tumour infiltrating immune cells in established ovarian cancer, 

specifically CD8+ T cells, which have shown to co-exist with HR deficiency tumours 

and reflect better prognoses {Strickland, 2016 #853}. However recently discussed at 

the American Society of Clinical Oncology in 2023 by Strickland et al. BRCA1/2 

mutated tumours whilst thought to be more mutagenic may be less immune responsive 

in advanced disease states relative to non-BRCA1/2 mutated tumours. BRCA1 

deletion can impair the adaptive immune response and the presence of CD8+ T cells 

as seen in breast cancer models {Wu, 2023 #4943}. Whilst immune cells make up 

~15% of tumour composition in HGSOC the benefit with prolonged progression-free 

survival may not always translate to overall survival benefit given immune cells are 

highly modulated to their environment {Bruand, 2021 #4389}{Sun, 2022 

#4442}{Launonen, 2022 #4432}. Importantly their presence alone is insufficient to 

determine functional performance due to the risk of induced anergy and senescence. 

 

Despite this, a shift is needed to understanding pre-cancer biological events that take 

place across the life span of a premenopausal carrier given the significant 

predisposition for invasive cancer sharply inclines from the age of 35 years. Cellular 

aging, a hallmark feature of cancer, is observed at an epigenetic level in breast 

epithelial cells of carriers which is not seen in peripheral blood (Rozenblit et al. 2022). 

This óageing effectô in high-risk women, such as BRCA1/2mut, is thought to contribute 

to breast tumorigenesis due to the premenopausal exposure to higher states of 

progesterone which can induce a slower epithelial clock relative to the general clock 

(Barrett, Herzog, et al. 2022). Specificity for sex hormone receptive tissues suggestive 

that events in adolescence and early adulthood are major contributors to alterations 

favouring tumorigenicity later in life. Systemic aberrations of key physiological systems 

have been described for premenopausal BRCA1mut who have a significantly higher 

phase-specific level of circulating progesterone (up to 121%) during an ovarian cycle 
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relative to non-carriers (Widschwendter et al. 2013). In a BRCA-deficient model 

disturbances in the mouse estrous cycle have been reported, with prolongation of the 

pre-ovulatory phase that can increase basal exposure to sex hormones (Liu, Yen, et 

al. 2015; Kim, Park, Klinkebiel, et al. 2020). Concurrent cyclical exposure to higher 

progesterone (or in combination with estradiol) may contribute to the metastatic 

potential of tumours arising from FTE (Kim, Park, Kwon, et al. 2020). At the fimbrial 

portion epigenetic reprogramming is noted with BRCA1 promoter hypermethylation in 

germline carriers of a BRCA1/2 mutation (Bartlett et al. 2016; Glodzik et al. 2020). In 

premenopausal women FTE specimens derived from carriers having a higher number 

of p53 per tubal segment relative to non-carriers, with higher Ki67 staining observed 

specifically in follicular phase specimens using immunohistochemistry (Norquist et al. 

2010; George, Milea, and Shaw 2012). In the subsequent luteal phase FTE gene 

expression profiles from BRCA1/2mut closely resembles that of HGSOC relative to 

the follicular phase or non-carriers (Tone et al. 2011). This is suggestive that pre-

invasive changes may phase-specific or phase-dependant (Tone et al. 2012). One 

proposed mechanism for locally induced effects may be from the exposure to 

inflammatory follicular fluid resulting in a pro-inflammatory gene expression profile 

(Tone et al. 2008). Transient exposure of primary FTE cultures to peri-ovulatory 

follicular fluid demonstrates a differential expression pattern in BRCA1mut, with 

significant GO terms primarily linked to inflammation and over 60% linked to the 

immune system (innate immune response, activation of immune response, and 

cytokine signalling) (Hollingsworth et al. 2018). These effects are further mediated by 

an altered cytokinome (higher TNF-Ŭ and IL-8), signa chronic inflammation (nuclear 

factor kappa B; NFəB) and suppressed interferon-induced gene signatures in 

immortalised FTE human cells (Hollingsworth et al. 2018). Chronic inactivation of 

BRCA genes can induce dysregulation of processes linked to innate immune 

responses, effector activity, and cytokine (interferon) signalling in TNBC cell lines 

(Reislander et al. 2019). Utilising fallopian tube fimbrial ends from germline carriers 

demonstrated the differential expression of genes linked to tumour growth, chemokine 

signalling, and antigen presentation with a BRCA1 mutation {Yu, 2022 #4941}. The 

authors importantly noted that the clonal expansion of cytotoxic lymphocytes in this 

fallopian tube portion also demonstrated higher PD-1 in tubal mucosa, highlighting this 
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niche to support immune cell exhaustion as a potential early pre-cancer mechanism. 

Alteration of the immune component involving NK cells and T cells have been shown 

previously when mapping disease evolution in BRCA1 models {Bach, 2021 #4942}. 

Other mechanisms proposed include interference in mucosal immunity within the 

female genital tract is thought to be mediated by disruptions in the cerviovaginal 

microbiome specifically in premenopausal BRCA1/2mut, predisposing the oviducts to 

ascending bacterial exposure (Nene et al. 2019). Utilising pre-cancer models allows 

scope to consider the disease evolution that takes place or similarities which can be 

extrapolated utilising machine learning techniques.  

Collectively these findings highlight the potential interplay between BRCA and a 

dysregulated immune response that may be relevant for the fimbrial fallopian tube. 

Work undertaken by our research group, due to be published, has demonstrated using 

EpiDISH (Epigenetic Dissection of Intra-Sample Heterogeneity) a significantly higher 

proportion of NK cells in the fimbrial fallopian tube, relative to the proximal portion. 

Using cancer-free fallopian tube specimens there is a synergism with hypoxia and loss 

of BRCA1 that induces óepigenetic assimilationô, further stabilising hypoxic 

transcription factors. The relative óhypoxicô state of the fimbrial fallopian tube may 

induce hallmarks whilst inhibiting vital anti-tumour responses performed by cytotoxic 

lymphocytes such as NK cells (Hanahan 2022). The cell autonomous effect of a 

BRCA1 mutation on NK cells remains largely unknown but inheritable defects can 

enhance the predisposition for malignant transformation (Xu et al. 2019; Vidotto et al. 

2020). Overall, these findings collectively highlight the importance to consider the 

immunological activity of NK cells in BRCA1mut as a mechanism for site-specific 

ovarian carcinogenesis.  
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1.2 Immune system 

1.2.1 Origins and components of the immune system 

In the 1950s the concept of cancer immunosurveillance was developed by Lewis 

Thomas and Frank Macfarlane Burnet, with the immune system proposed to be 

fundamental in eliminating the pre-cancerous alteration of somatic cells as part of host 

protection (Burnet 1957b, 1957a). This fundamental process of host immunity is 

regulated by processes that can be classically divided into the innate and adaptive 

immune system (Vivier and Ugolini 2011).  The innate arm is a core component of 

survival that utilises evolutionary conserved, germline-encoded mechanisms, to 

regulate a first-line defence and adaptive immune response  (Janeway and Medzhitov 

2002). Adaptive responses are predominately lymphocyte-led, regulated by a high-

specificity of clonally expressed receptors which allow the elimination of antigens 

following repeated exposure via humoral or cell-mediated memory (Vivier and Ugolini 

2011). Detection of transformed cells requires pattern recognition receptors (PRRs) 

that can detect pathogens via pathogen-associated molecular patterns (PAMPs) or 

tumour cells via damage-associated molecular responses (DAMPs) (Vivier et al. 

2011). Whole blood cellular compartments develop from bone marrow progenitors of 

hematopoietic stem cells and give rise to immune cells of myeloid or lymphoid origin. 

Cell types can be distinguished using immunophenotyping techniques for the cell 

surface expression of glycoprotein antigens or cluster of differentiation (CD) numbers 

(Chaplin 2010). Cells have a ó+ô or ó-ô that reflect the presence or lack of a CD molecule, 

which can be further described as hi/ bright, mid, or lo/ dim. Within certain tissues or organs, 

such as the uterus, nomenclature has also been ascribed for site-specific subsets.  

Common lymphoid progenitors can mature into lymphocytes that become the 

predominant population within a white blood cell (leukocyte) population, capable of 

freely circulating into niches via trans-endothelial migration or diapedesis. Common 

myeloid progenitors are precursors to granulocytes, megakaryocytes, platelets, and 

erythrocytes. White blood cells can be further sub-classified into granulocytes or 

agranulocytes based upon their cytoplasmic appearance. Granulocytes are 

polymorphonuclear leukocytes with organelles that are densely stained on light 
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microscopy resulting in a granular cytoplasm. They account for 35-80% of white blood 

cells and comprise of neutrophils, macrophages, basophils, eosinophils, and mast 

cells (Kleiveland 2015). These cells are widely distributed and regulate responses via 

the secretion of immunomodulatory mediators. Agranulocytes have an absence of 

stained granules within the cytoplasm, with a single, rounded, enlarged nucleus. When 

acquired from peripheral circulation for in vitro experimentation they are colloquially 

termed peripheral blood mononuclear cells (PBMCs). PMBCs comprise of; T 

lymphocytes (40-75%), B lymphocytes (15-25%), NK cells (2-15%), dendritic cells 

(DC) (1-2%), and NK-T cells (<1%) (Blumenreich 1990). T lymphocytes (known as T-

cells) are identified by their CD3+ expression and a T-cell receptor (TCR), with 

functional roles defined by developmental expression of CD4 (T-helper) and CD8 

(cytotoxic) markers. T-regulatory (Tregs) cells comprise 5-15% of the T-cell population 

and are an immunosuppressive portion of CD4+ cells capable of dampening immune 

responses, preventing autoimmunity, and maintaining immune homeostasis (Vaeth et 

al. 2019). B lymphocytes (known as B-cells) are identified by their CD19+ expression 

and are widely distributed with a potent capabilities for immunoglobulin secretion 

(Chaplin 2010). NK cells immunophenotypically express of neural cell adhesion 

molecule (NCAM/CD56) and distinctly lack CD3, associated signal-transducing 

adaptor CD3Ů, a clonotypic T-cell receptor, and anchoring of surface 

immunoglobulins. Unlike T-cells or B-cells these first-line responders share innate and 

adaptive attributes capable of detecting antigens without prior sensitisation (Vivier and 

Ugolini 2011).  DC lack typical lineage markers and give rise to classical DC or 

plasmacytoid DC. They serve as antigen presenting cells (APCs) for cross-

presentation of pathogen-derived products, cytokines and inflammatory mediators 

which support immune cell activation particularly for NK cell (Jackson 2019; Poli et al. 

2009). NK-T cells represent a distinct specialised population of T-cells that express a 

semi-invariant T-cell receptor, adaptive qualities, and surface receptors for NK cells.  

1.2.1.1 NK cells 

NK cells are a vital component of tumour immunosurveillance possessing an ability to 

rapidly proliferate, via an evolutionary conserved repertoire of antigen receptors, to 

lyse neoplastic and virally-transformed cells (Vivier et al. 2008). Capable of freely 
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circulating they are widespread throughout the human body in both lymphoid and non-

lymphoid tissues. Proportions of NK cells are donor dependant with preferential 

detection based in different compartments (peripheral blood, spleen, lung, liver, 

tonsils, lymph nodes, and the female genital tract). In peripheral blood human NK cells 

can range from 2 to 18% of all circulating lymphocytes (Vivier et al. 2008). As highly 

dynamic effector cells they represent a heterogeneous population composed of 

distinct subsets based on their level of receptor expression, functional maturity, and 

tissue residency (Vivier et al. 2011; Nersesian et al. 2019; Sabry and Lowdell 

2013).(Abel et al. 2018; Angelo et al. 2015; Kokuina et al. 2019). First discovered in 

the mid-1970s by Rolf Kiessling and colleagues, the concept of ónatural cytotoxicityô 

was thought to be genetically determined (Kiessling et al. 1975; Herberman and 

Ortaldo 1981; Pahl, Cerwenka, and Ni 2018). Our understanding of NK cell biology 

has since developed with an appreciation for the plasticity of these cells which has 

been gained through the development of high-throughput, multi-omics data and 

cellular imaging techniques. Effector or functional responses involve the detection of 

stress ligands in host cells that have undergone transformation which triggers a 

cascade of events as part of immune cell activation, forming an immunological 

synapse (IS) with the target cell of interest (Vivier and Ugolini 2011). Cellular activation 

results in a rapid clonal reorganisation of the receptor repertoire, inducing mobilisation 

of lytic granules, exocytosis across the synaptic cleft, and inevitably targeted cell-

mediated cytotoxicity (Vivier et al. 2008; Vivier et al. 2011). Functional NK cell activity 

can be defined by this mechanism of cytotoxicity or by the secretion of 

immunomodulatory cytokines. Secreted factors include a range of immunomodulatory 

factors that include pro-inflammatory cytokines (IFN-ɔ and TNF-Ŭ), 

immunosuppressive monokines (IL-10), and chemokines (CCL2 and CCL4) (Vivier 

and Ugolini 2011; Anft et al. 2019; Sabry et al. 2019; Jackson 2019). Both paracrine 

and autocrine release of these proteins further potentiate an immune response 

allowing local chemoattraction via the recruitment of other immune cells (DCs, 

macrophages, neutrophils, T-cells, B-cells, and additional NK cells) (Vivier et al. 2008).  
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1.2.1.1.1 Human NK cell subsets 

Distinct NK cell subsets have been phenotypically defined in humans resulting in up 

to ~30,000 identifiable subsets that are capable of varying levels of functional activity 

that can be altered by environmental or cell-nonautonomous factors (Horowitz et al. 

2013; Bessoles et al. 2014). NK cells are characteristically CD3-CD19-CD14- and are 

defined by varying extracellular CD56 expression (Poli et al. 2009; Romee et al. 2013). 

Peripheral blood NK (pbNK) cells can be further defined into five predominant subsets 

based upon the cell surface density expression of receptor molecules: (1) CD56bright 

CD16-, (2) CD56bright CD16dim, (3) CD56dim CD16-, (4) CD56dim CD16bright, and (5) 

CD56- CD16bright (Poli et al. 2009). Proliferative and secretory capacity of subsets are 

regulated by with tumour ligand interactions and cytokines (Cooper et al. 2001; Sabry 

et al. 2019). CD56dim NK cells comprise 90% of the total NK cell population and as the 

major subset are the most readily studied in NK cell biology (Melsen et al. 2016). This 

predominant subset is predominately cytotoxic via primary tumour 

immunosurveillance, robustly producing perforin, and the release of 

immunomodulatory cytokines (IFN-ɔ, TNF-Ŭ, MIP-1Ŭ and MIP-1ɓ) (Cooper et al. 2001; 

Fauriat et al. 2010). Co-engagement with activating receptors (2B4 and NKGD) can 

lower an activation threshold (Fauriat et al. 2010). CD56bright NK cells comprise 5-10% 

of the total NK cell population and are primarily found within lymphoid tissues (Cooper 

et al. 2001).  These cells, also potent secretors of immunoregulatory cytokines (IFN- 

ɔ, IL-10, IL-13, and GM-CSF), are considered poorly cytotoxic in a resting state with 

10-fold lower perforin levels than CD56dim NK cells (Chidrawar et al. 2006) (Fehniger 

et al. 1999; Fauriat et al. 2010; Cooper et al. 2001). CD56bright NK cells are however 

ócytokine-responsiveô capable of mounting an effector response, rapidly proliferating, 

and secreting cytokines upon cytokine-priming (Fauriat et al. 2010; Melsen et al. 

2016). Trans-presentation via APCs within secondary lymphoid tissues can further 

enhance the activity of this subset of NK cells.  
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1.2.1.1.2 NK cell receptors  

1.2.1.1.2.1 Inhibitory receptors  

In the human body healthy nucleated cells express major histocompatibility complex 

(MHC) class I molecules that are detected by stochastically expressed MHC class I 

specific inhibitory receptors on NK cells (Vivier et al. 2011). Ligand detection of MHC 

class I molecules is via a cytoplasmic immunoreceptor tyrosine based inhibitory motif 

(ITIM) (Koch et al. 2013). These inhibitor receptors are members of the killer 

immunoglobulin-like receptor (KIR) family in humans and Ly49 family in mice which 

work syntactically via cross-linking to disarm an activation signal (Yokoyama and 

Plougastel 2003; Parham 2005; Yokoyama and Kim 2006; Bessoles et al. 2014). The 

ability of NK cells to differentiate normal óselfô from ónon-selfô was proposed by 

Ljunggren and Karre, given inhibitory receptors have a high affinity for MHC class I 

molecules (Ljunggren and Karre 1990; Yokoyama and Kim 2006; Paul and Lal 2017). 

This cellular discrimination of target cells from óselfô has allowed for the development 

of the ómissing-selfô hypothesis, with further discovery of inhibitory receptors or 

mechanisms by which NK cells sense downregulated or absent MHC class I molecules 

(Ljunggren and Karre 1990; Ramos-Mejia et al. 2022). This process involves ITIM 

phosphorylation and the recruitment of phosphatases such as Src homology-

containing tyrosine phosphatase (SHP)-1 or SHP-2 (Pegram et al. 2011; Srivastava, 

Savithri, and Khar 2003). NKG2A is a key inhibitory receptor expressed in circulating 

NK cells as a heterodimer complex with CD94. High expression of NKG2A/CD94 on 

CD56bright NK cells relative to CD56dim NK cells, that have low expression, denote a 

functional state of a cell (Cooper et al. 2001; Fauriat et al. 2010). Relative to circulating 

NK cells that have ~50% NKG2A+ expression, uNK cells have higher NKG2A+ 

expression (~95%) and are a poorly cytotoxic subset that is phenotypically distinct 

(CD56superbright) (Shreeve et al. 2021). Collectively inhibitory receptors also interfere 

with NK cell activation by disrupting the actin network at the IS inducing an óinhibitory 

synapseô (Masilamani et al. 2006). Other effects include alteration of the 

endolysosomal compartment, sequestering granzyme B, and alteration of lytic granule 

activity (Goodridge et al. 2019). Chronic signalling can induce a hyporesponsive state 

leading to immune cell exhaustion favouring an óinhibitoryô response (Sivori et al. 
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2019). Cellular alterations induced by genotoxic stress, pathogen exposure, viruses, 

or malignancy can also result in a loss of an inhibitory signal which is thought to be 

adopted as part of cancer immune evasion (Ljunggren and Karre 1990; Yokoyama 

and Kim 2006; Paul and Lal 2017). Lack of MHC class I molecules on tumour cells 

alone is insufficient to trigger NK cell-mediated lysis, suggestive that NK cell 

recognition or activation is more complex (Paul and Lal 2017; Bryceson et al. 2006a). 

True functional activity of a NK cell requires dual inhibitory and activating receptor 

interaction (ôdynamic equilibriumô) to dictate cytotoxicity (Vivier and Ugolini 2011).  

1.2.1.1.2.2 Activating receptors  

Activating receptors of NK cells can detect ligands upregulated by stressed cells 

shifting the equilibrium to favour NK cell activation or cell-mediated cytotoxicity (Vivier 

et al. 2008; Koch et al. 2013). Upon detection of stress-ligands there is 

phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) 

(Srivastava, Savithri, and Khar 2003; Koch et al. 2013). NK cells also express low-

affinity Fc receptor CD16 which enables the detection of antibody-coated target cells 

for antibody-dependant cell cytotoxicity (ADCC) (Vivier et al. 2008). The major 

activating group involved with immunosurveillance are natural cytotoxicity receptors 

(NCRs): NCR1 (NKp46/CD335), NCR2 (NKp44/CD336), and NCR3 (NKp30/CD337) 

(Sivori et al. 2019). In a resting state nearly all NK cells express NKp46 and NKp30, 

which are upregulated in an activated state. NKp44 is constitutively expressed on 

CD56bright resting NK (rNK) cells and acquired following cytokine-induced activation 

(Sivori et al. 2019). Co-stimulation with other adaptor proteins and receptors (toll-like 

receptors) following cytokine-priming can induce cytoskeletal re-organisation and an 

enhanced secretory capacity (Srivastava, Savithri, and Khar 2003). Non-ITAM 

signalling pathways can be triggered by other receptors (NKG2D, NKp80, and 2B4) 

(Koch et al. 2013). Co-engagement of multiple activating receptors can induce natural 

cytotoxicity allowing activation responses to be regulated following hierarchical co-

expression (Bryceson et al. 2006b). Irrespective of inhibitory signalling, upon cell 

contact, multiplicity of activating receptors can induce signalling for target cell 

adhesion, engagement of integrins (LFA-1), granule polarisation, and IS formation as 

part of NK cell activation.  
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1.2.1.1.3 NK cell activation 

Imbalance of signalling from activating and inhibitory receptors in a dynamic 

equilibrium can induce a cascade of intracellular events as part of an effector response 

(Vivier et al. 2008; Bryceson et al. 2006b). The cellular cytoskeleton of a NK cell is 

comprised of three main components: microfilaments (actin proteins); intermediate 

filaments (various proteins); and microtubules (tubulin proteins) (Bates and Eastman 

2017). Microtubules are ubiquitous in eukaryotic cells and consist of heterodimeric 

chains of Ŭ-tubulin and ɓ-tubulin. There is a third subtype termed ɔ-tubulin in 

eukaryotes which is needed for the nucleation of the Ŭ/ɓ-tubulin polymerization. The 

microtubuleȤorganising centre (MTOC) represents the specific location where 

microtubules are nucleated, or formed de novo, resulting in cytoskeletal 

organisation. The centrosome is a main MTOCs that regulates the intracellular 

trafficking of proteins, organelles, and vesicles via microtubules. Disruption of 

microtubules can alter the abundance of actin and intermediate filaments impacting 

cytoskeletal networks. Over 30 years ago NK cell interactions with a target cell were 

proposed to be dependent on the cytoskeletal reorganisation of a cell that requires 

intact microtubules and MTOC for exocytosis (Carpen 1987; Ben-Shmuel et al. 2021). 

Wiskott-Aldrich syndrome protein (WASP) is a key regulator of actin dynamics with 

loss of actin organisation, WASP deficiencies, and inhibition of MTOC polarisation 

capable of disrupting NK cell cytotoxicity, degranulation, and lytic granule release 

(Ben-Shmuel et al. 2021). Recognition of epitopes or tumour ligands can lead to a 

hierarchical preference for ligand engagement via cross-linking as previously 

described which leads to co-localisation via transmembrane integral proteins (Lowdell 

et al. 2002). Other effects at the IS can include the ingestion of tumour components or 

rapid transfer of cell-surface proteins via trogocytosis, as seen with CD9 by NK cells 

upon contact with ovarian tumour cells (Gonzalez et al. 2021). De-stabilisation and 

poor adhesion of the IS cognate can disrupt the NK cells effector response (Bryceson 

et al. 2006a). In functional states a stepwise chain of events involves actin polarisation 

which results in granule mobilisation to the IS, degranulation, and exocytosis of 

secretory lysosomes (perforin, granzyme) (Lanier 2008). Shedding of receptors and 

CD107 expression is also observed, which may impact on subsequent antibody cross-
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linking and threshold limits for activation (Romee et al. 2013). NK cells in vivo can 

have activation responses further augmented by exposure to mediators within a 

microenvironment. This activated or óprimedô state can be mimicked ex vivo via 

exposure to tumour cells (ótumour-primingô) or cytokines (ócytokine-primingô), the latter 

of which generates a lymphokine-activated killer (LAK) subtype with robust cytotoxic 

capacity (Sabry et al. 2019; Bryceson et al. 2006a; Hart et al. 2005; Strowig et al. 

2010). Cytokine-induced effects include changes in activity related to the cell cycle, 

cellular proliferation, and immune response (Sabry et al. 2019). However the chronic 

exposure to cytokines (e.g., IL-10, IL-6, IL-1ɓ, PGE2, GM-CSF, IL-8) within an 

inflammatory niche can eventually lead to immune cell exhaustion or anergy, 

facilitating impaired anti-tumour responses and inevitable immune evasion (Nayar, 

Dasgupta, and Galustian 2015).   

  



34 

 

1.2.1.1.4 NK cell development, education, and maturation 

As part of early NK cell development immature NK cell progenitors acquire differential 

expression of lineage-specific surface markers and states of differentiation to 

dynamically mount an effector response (Abel et al. 2018). Through evolutionary 

processes NK cells have gained the ability to tightly regulate targeted cytolysis without 

inadvertent tissue damage using discriminatory mechanisms for the detection of 

healthy host cells. These NK cell developmental processes require the expression of 

critical transcription factors T-box expressed in T-cells or óT-boxô and Eomesodermin 

or óEomesô (Abel et al. 2018). This form of functional competency is supported via NK 

cell education or licensing that allows an adjustment of the NK cell receptor repertoire 

in response to its environment (Bessoles et al. 2014; Romee et al. 2013). Despite the 

mechanism for education being largely unknown, inhibitory ligand interactions of self 

MHC class I molecules are thought to play a key role in regulating responses to ónon-

selfô, óstress-induced selfô and/or óconstitutive selfô (Abel et al. 2018). This form of 

signalling can allow for a paradoxical gain of function (e.g., arming/ stimulatory 

licensing) or the ability to protect cells from tonic activation (e.g., disarming/ inhibitory 

licensing). The óinduced-selfô model incorporates the presentation of specific ligands 

(e.g., MICA/MICB, ULBP) that allow co-engagement of activating receptors (Pegram 

et al. 2011). With these recognition strategies the 'dynamic equilibriumô concept has 

supported a regulated NK cell response in response to other cell types and 

antagonistic pathways (Vivier et al. 2008). Downregulation or loss of key lineage 

markers (CD56) induces enhanced ADCC cytotoxicity which over time creates a 

functionally mature, less proliferative terminally differentiated phenotype (CD56dim 

KIR+CD57+) (Bjorkstrom et al. 2010; Yu, Freud, and Caligiuri 2013). Self-tolerance is 

observed following a lack of stimulation resulting in a downregulation of receptors or 

the failure to upregulate appropriate cell surface receptors. Conversely in states of 

chronic stimulation NK cells can become hyporesponsive or ódisarmedô in the absence 

of inhibitory signalling, resulting in an immature-like state that that is non-functional 

(Abel et al. 2018). Terminologies such as óhypo-responsiveô, ódisarmedô, óunarmedô, 

and óunlicensedô may also be misleading if it only applicable to one NK cell subtype 

and not a population as a whole (Raulet and Vance 2006). Less mature pbNK cells 
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express CD94 and NKG2A which over time downregulate CD56 and upregulate CD16 

with maturation, later generating a CD56dimCD16+ subset (Poznanski and Ashkar 

2019). Contrary to the paradigm, upon cytokine activation this less mature subset can 

upregulate CD56 becoming CD56bright. The CD56superbrightCD16- NK cells uniquely 

identified in the uterus are highly immunoregulatory and pivotal in inducing 

angiogenesis and tissue remodelling in support of trophoblastic invasion (Xie et al. 

2022). Whilst CD16 expression has been suggested to provide a more reliable marker 

to differentiate cytotoxic from regulatory states, compared to CD56 expression alone, 

this has been debated. As there is a vast number of potential NK cell subsets in a 

heterogenous population being able to discriminate activity based on phenotype alone 

can be challenging. This is particularly evident when studying a óhigh-riskô subset of 

women with a propensity for cancer where there is limited literature available in the 

field.  

1.2.1.1.5 NK cell memory  

The ability for NK cells to generate memory-like features is highly valuable when 

attempting to manage secondary exposures in a robust manner (Sun et al. 2011). It 

can do so without somatic rearrangement of clonally expressed receptors, that is 

required by T-cells and B-cells. Exposure to MHC class I molecules from self-

presenting cells creates a fine-tuned response via receptor engagement (Vivier et al. 

2008). Clonally expanded NK cells with memory-like features can be differentiated by 

receptor loss (NKG2A, NCRs, CD27, CD62L) or gain (CD16, LIR-1, Siglec-9, KIRs, 

CD57) (Sun et al. 2011; Sun, Beilke, and Lanier 2009). NK cells activated by cytokines 

(IL-12, IL-15, IL-18) can generate cytokine-induced memory-like (CIML) features or 

tumour-induced memory-like (TIML) features upon tumour cell exposure resulting in  

robust cytotoxic responses for weeks relative to rNK cells (Cooper et al. 2009; Romee 

et al. 2016; Pal et al. 2017). Pathogen exposure to viruses (cytomegalovirus; CMV) 

generates a memory phenotype with rapid proliferative capabilities highlighting scope 

for future exploration or vaccine development (Forrest et al. 2020). Long-lived 

memory-like NK cells have been observed in the female genital tract with multigravida 

women, as ópregnancy-trainedô memory uNK cells that are predominately 

CD56brightCD16- and poorly cytotoxic (Xie et al. 2022). 
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1.2.1.1.6 NK cell age-related sexual dimorphism  

Biological sex disparity is evident in mammalian subjects with women having 

differential responses to microbial exposure, vaccines, and viruses (such as COVID-

19) (Shepherd et al. 2020). This variation in immunological responsiveness results in 

women having an enhanced predisposition to autoimmune diseases (~80%) and a 

prevalence of reproductive-related cancers (Klein, Marriott, and Fish 2015). Whilst this 

is thought to be primarily mediated by sex hormones or the composition of sex 

chromosomes in women, the trajectory of a disease process within these tissues is 

largely unknown (Marquez et al. 2020). Women have comparatively lower lymphocyte 

counts with IFN signalling thought to be a major mediator (Klein, Marriott, and Fish 

2015). Higher baseline NK cell cytotoxicity is observed in males, however in women 

this can vary based on menopausal status and donor age (Yovel, Shakhar, and Ben-

Eliyahu 2001). There are however contrary and limited reports in the field. Reports 

have suggested men and postmenopausal women demonstrate higher NK cell 

cytotoxicity than premenopausal women (Souza et al. 2001). Whereas other studies 

have reported lower NK cell cytotoxicity in postmenopausal women, that is reversed 

following over 6-months HRT use, despite higher activation markers being identified 

in postmenopausal T-cells (Yang et al. 2000). Immunosenescence refers to the 

general decline in immune function typically with age that carries the morbidity of an 

increased incidence of autoimmune conditions, infectious diseases, and cancer 

(Chidrawar et al. 2006). PBMCs can undergo functional alterations at a cell-intrinsic or 

cell-compositional level due to systemic ageing, resulting in an altered level of genetic 

diversity, cytokinome, impaired elimination of senescent cells, and reduced 

responsiveness of adaptive immunity (Hazeldine and Lord 2013; Lux et al. 2022). The 

life-span of a NK cell is relatively short (approximately 10 to 14 days) with NK cell 

turnover in peripheral blood dependent on telomere length, cell anergy, and levels of 

apoptosis (Vivier et al. 2008). Telomeres provide a protective mechanism to prevent 

fusion of damaged ends, with increasing cell divisions leading to telemetric repeats 

that shorten and eventually deplete exposing vulnerable chromosomal tips. This effect 

has been previously described by the Hayflick Limit linking the mitotic index of a cell 

and its viability in response to cellular aging (Nayar, Dasgupta, and Galustian 2015). 
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With advancing age there is a lower rate of NK cell proliferation, functional activity, 

and mature CD56bright NK cells demonstrating shorter telomeres than immature 

CD56dim NK cells (Ouyang et al. 2007; Fali et al. 2019; Lowry and Zehring 2017). Older 

patients with low NK cell numbers have been reported to have a three-fold increased 

risk of mortality compared to those with higher NK cell counts (Chidrawar et al. 2006; 

Pawelec et al. 1998).  

1.2.1.1.7 NK cell modulation by sex hormones  

Similar to earlier reporting findings of NK cell cytotoxicity and menopausal status there 

are conflicting published reports for the effect of exogenous hormonal exposure on NK 

cell activity. In women taking the COCP no differences have been identified in NK cell 

subsets or NK cell numbers (Scanlan et al. 1995; Yovel, Shakhar, and Ben-Eliyahu 

2001). Mean NK cell cytotoxicity is approximately 1.5-times lower in users related to 

non-users, however this effect was not statistically significant (Yovel, Shakhar, and 

Ben-Eliyahu 2001). It is suggested that óprolonged useô can results in a reduction of 

cytotoxicity (over three-months; 12 to 16% reduction) which is not observed beyond 6-

months of use (Baker, Salvatore, and Milch 1989). Other reports have suggested no 

effect or decreased NK cell activity (Facchini et al. 1987; Albrecht et al. 1996; Yang et 

al. 2000). In mice studies a decrease in cytotoxicity has been observed with estrogen-

only use  (Seaman et al. 1978). The use of anti-estrogen tamoxifen has reported to 

demonstrate an enhancement of NK cell cytotoxicity of both ER+ and ERī tumours 

(Wolfson et al. 2021). Progesterone direct effects on NK cell activity are also 

inconsistent in premenopausal women (Souza et al. 2001). Use of progesterone co-

culture in a dose-dependent manner (0.001 to 1µM) demonstrated a reduction in mean 

cytotoxicity, which the authors reported as not significant using lymphocytes in 

cytotoxic assay against K-562 tumour targets (Uksila 1985). Smaller ranges have also 

been used (0.04 to 0.5µM) using a similar assay using lymphocytes from pregnant and 

non-pregnant women which reported a significant inhibition cytotoxicity in a donor-

dependant manner (Szekeres-Bartho, Hadnagy, and Pacsa 1985). The dose-

dependent co-culture of progesterone (0.01 to 0.1µM) has however shown to induce 

apoptosis of mature pbNK cell subsets which was reversed with anti-progestin use 

(0.1µM; Mifepristone) (Arruvito et al. 2008). When used in combined preparations (90-
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days HRT consisting of 0.625 mg/day conjugated equine estrogen for 28 consecutive 

days and 5.0 mg/day medroxyprogesterone acetate from days 19 to 28) a significant 

reduction PBMC cytotoxicity of K-562 was reported for a postmenopausal population 

(10 to 35% reduction) (Stopinska-Gluszak et al. 2006). HRT users will typically be on 

a combined preparation (progestin and estrogen), in the absence of a prior 

hysterectomy, and use of HRT can potentially reverse the CD4/CD8 ratio seen with 

menopause (Vrachnis et al. 2021). Conversely an enhancement of NK cell cytotoxicity 

has been reported in postmenopausal women following prolonged HRT use (6- versus 

1-month) (Yang et al. 2000). Overall, the inconsistencies in reports are confounded by 

significant variations in selected population, isolation methods of effector population, 

tumour targets, cytotoxic modality, and concentrations or preparations of sex 

hormones described. Importantly the associated publication bias for studies performed 

over 35 years ago may also implicate the reproducibility of such experiments.  

1.2.1.1.8 NK cell modulation by solid tumours 

NK cell infiltration within a solid tumour is a favourable prognostic feature, however the 

dynamic functionality of these cells once within a TME has largely been unknown 

(Nersesian et al. 2021). More recently it has been highlighted that cytotoxic TILs can 

undergo dysfunctional alterations, that are site-specific (Vazquez-Garcia et al. 2022). 

This is an important consideration given NK cell functional activity is inversely 

correlated with cancer incidence (Imai et al. 2000). Within an established cancer niche 

NK cells are exposed to factors unique to a microenvironment that can include soluble 

tumour ligands (B7-H6, MICA, MICB, ULBP3), hypoxic factors (HIF-1Ŭ), chemokines, 

immunosuppressive factors (TGF-ɓ, IL-10, prostaglandin E2, indoleamine 2,3-

dioxygenase, adenosine, lactic acid), nutrient-deficiencies, and immunosuppressive 

immune cells (Tregs, MDSCs) (Rodriguez et al. 2018) (Vyas et al. 2017; Ben-Shmuel, 

Biber, and Barda-Saad 2020; Hasmim et al. 2015). Exposure to cell-nonautonomous 

mediators may in turn affect the receptor repertoire of NK cells and their ability to exert 

anti-tumour effector functionality (Sabry and Lowdell 2013; Barrow and Colonna 

2019). NK cells from established tumour states can characteristically demonstrate an 

inhibitory profile (increased expression of KIRs and NKG2A) with decreased activating 

markers (NKD2D, NCRs) resulting in reduced cytotoxicity (Costello et al. 2002). NK 
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cell responses are tumour type specific and donor dependent, reflected by the variable 

success of NK cell-based immunotherapies for solid tumours (Zhang, Zhao, and Li 

2022). Inheritable defective genes linked to NK cell cytotoxicity are associated with 

cancer predisposition highlighting the need to consider potential immune cell evasion 

in the context of germline mutations (Xu et al. 2019).  

1.2.1.1.8.1 TNBC 

TNBC pertains the worst prognosis as a highly aggressive form of breast cancer 

(Carpen et al. 2022). Despite being considered óimmunogenicô this subtype 

demonstrates a potential compromise of anti-tumour responses. TILs and NK cell have 

a strong prognostic value in disease severity but the relationship of high mutational 

burden, neoantigen load, and immune cell infiltration is not fully understood (Liu et al. 

2018). The checkpoint protein programmed cell death protein 1 (PD-1) is commonly 

expressed in TILs (>70%) associated with TNBC, where ~50% of tumours express co-

receptor programmed death ligand 1 (PD-L1) that inactivates NK cells (Qiu et al. 

2021). The overexpression of cytokines in breast cancer can also augment or inhibit 

NK cell responses (IL-6, IL-8, and TGF-ɓ) (Kawaguchi et al. 2019). Strategies have 

previously attempted to expand cytotoxic lymphocytes (NK cells, T-cells) to improve 

antigen presentation with limited effect in TNBCs (Gatti-Mays et al. 2019). Further 

treatments are being explored with the use of combination therapies, immune 

checkpoint inhibitors (ICIs), oncolytic viruses, and adoptive cell therapy (Qiu et al. 

2021). Ex vivo expanded autologous NK cells from breast cancer patients demonstrate 

high levels of cytotoxicity again breast cancer cell lines, suggestive that these cells are 

potentially modulated in vivo by cell-nonautonomous effects that render them 

dysfunctional (Shenouda et al. 2017). Use of chimeric antigen receptor (CAR) NK cells 

has been suggested for use in epidermal growth factor (EGF)-receptor (EGFR) 

overexpressing TNBC (Liu, Zhou, et al. 2020). Given the expansion of immunotherapy 

the use of targeting agents or combinational therapies may be of benefit for high-risk 

individuals (Hu 2020; Marofi et al. 2021).  
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1.2.1.1.8.2 HGSOC 

HGSOC is a complex disease entity which is considered óimmunogenicô in in BRCA 

mutation carriers due to association high intratumoral T-cell infiltrate with survival 

(Ovarian Tumor Tissue Analysis et al. 2017). Despite the TME being highly 

heterogenous functional activity of NK cells within the TIL population has been 

underreported. Recently findings have suggested that within anatomical sites (ascites 

versus adnexal regions) there are mutational processes that leads to distinct 

phenotypic differences (Vazquez-Garcia et al. 2022). This includes a predominance 

for dysfunctional cytotoxic lymphocytes that may be reflective of variable states of 

immunoreactivity which eventually lead to cancer immune evasion. This is evident by 

advanced HGSOC states whereby NK cells from ascites demonstrate a predominance 

for CD56bright populations and are less cytotoxic (CD56dim) than pbNK cells (Tonetti et 

al. 2021). In vivo there is an accumulation of T-regs, exposure to immunosuppressive 

cytokines (IL-6, IL-10), and macrophage expression (B7-H4) to induce cytotoxic arrest 

(Nersesian et al. 2019). Soluble ligands overexpressed in ovarian cancer (B7-H6) can 

correlate with distant metastasis and overall survival (Pesce et al. 2015; Zhou et al. 

2015). In such cases there is a downregulation of NK cell receptors (NKG2D, 2B4, 

NKp30, DNAM1) that is associated with tumour progression (Krockenberger et al. 

2008). In HGSOC samples a uterine NK (uNK)-like phenotype has been identified, 

suggestive of similarities between this disease process and pro-progestogenic states, 

such as the tolerance of a maternofoetal unit, or progesterone-induced blocking factor 

(PIBF) hypersecretion (Gonzalez et al. 2021). PIBF is linked to reduced NK cell 

cytotoxicity and significantly expressed in EOC relative to healthy ovarian tissue 

(Madendag et al. 2018; Csabai et al. 2020). When we study NK cells in advanced-

stage EOC these lymphocytes are highly abundant in ascites (21.9%) relative to 

peripheral blood (4.1%) (Radestad et al. 2019). Despite their presence these 

peritoneal derived NK cells exhibit lower levels of ADCC relative to pbNK cells (Belisle 

et al. 2007; De Leonardis et al. 1993; Radestad et al. 2019). Importantly when ascitic-

derived NK cells are removed and ex vivo cytokine-primed (IL-12, IL-15, IL-18) they 

are able to demonstrate robust functionality, suggestive that the abdominopelvic 
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environment in ovarian cancer dictates NK cell functional potential (Uppendahl et al. 

2019; Nersesian et al. 2019).  

1.2.1.1.9 NK cells versus T cells 

NK cells represent a small lymphocyte population in peripheral circulation but can have 

a dramatic flux in the genital tract becoming the predominant subset (>80%) of the 

lymphocyte population in a phase-specific manner. Whereas T cell populations within 

the genital tract are debated relative to NK cells, with a slight variation in the CD4 : 

CD8 ratio described (Oertelt-Prigione 2012). As cytotoxic effector lymphocytes NK 

cells and T cells share similarities with distinct lineage markers for immunophenotypic 

identification, surface recognition of MHC, shared activation receptors (ITAMs), an 

ability to co-stimulate with receptors, acquire memory-like features, solid tumour 

infiltration, release intracellular cytotoxic granules and immunomodulatory cytokine 

production. For differences these are notable in NK cells which share innate and 

adaptive qualities, part of the innate lymphoid family of cells or ILCs, lacking CD3 

receptors, but pertaining germline encoded receptors capable of effector potential 

without sensitisation or requirement for somatic rearrangement of the receptor profile. 

Predominant development is not exclusive to the thymus, but instead the bone marrow 

or lymphoid tissues. It has a shorter lifespan but is capable of a highly robust 

secondary memory responses with potent cytokine secretion that facilitates immune 

cell trafficking.  

Whilst the predominance of immune cell activity in cancer research has focused on T 

cells, there has been a distant lack of attention placed on NK cell responses (Cancer 

Genome Atlas Research 2011). Both T cells and NK cells co-exist within tumour 

niches making these cells prognostic markers for favourable survival outcomes 

(Henriksen et al. 2020). Importantly studies focused on NK cells have identified that 

lower activity can lead to enhanced cancer incidence and disease progression 

(Garzetti et al. 1993; Imai et al. 2000; Liu et al. 2021). More recently a meta-analysis 

of NK cell infiltration in solid tumours has demonstrated clear benefit, particularly for 

intraepithelial infiltration, with a >60% reduction in death (Nersesian et al. 2021). 

Immunotolerance of NK cells, which adopt decidual-like features, may be a 
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mechanism for immune evasion emphasising the need to consider environmental 

modulation of the these highly plastic cells (Gonzalez et al. 2021; Tonetti et al. 2021). 

Treatment with chemotherapy agents can also be detrimental with a greater effect 

reported in NK cells relative to T cells, resulting in an alteration of their expression 

profile (PD-1+ CD16-) (Gaynor et al. 2023). With the development of chimeric antigen 

receptor-modified immune cells being popularised by T cells, NK cells are being 

considered a more favourable method of delivering immunotherapy given the ability to 

recruit immune subpopulations without prior antigen presentation (Zimmer and Jurisic 

2023; Maddineni, Silberstein, and Sunwoo 2022).  
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1.3 The female genital tract 

Anatomically the female genital tract includes the ovaries, fallopian tubes, uterus, 

cervix, and vagina. The lower half of the tract (ectocervix and vagina) has a protective 

barrier of non-keratinised stratified squamous epithelium whereas the upper tract 

(endocervix, uterus, fallopian tubes) is lined by a single layer of columnar epithelial 

cells (Agostinis et al. 2019). Derived from Müllerian or paramesonephric ducts the 

reproductive organs develop from an intermediate mesoderm of the urogenital ridge 

on either side of the midline, later providing a ranges of physiological role regulating 

ovarian follicle maturation, oocyte release, embryogenesis, and menstruation (Alzamil, 

Nikolakopoulou, and Turco 2021). Also known as the reproductive tract it serves as a 

core component of womenôs health and a conduit for fertility. Despite its fundamental 

role in supporting human survival disorders of the genital tract can arise resulting in 

female-specific carcinogenesis that can be associated with significant morbidity and 

mortality, as seen with advanced ovarian cancer (Jayson et al. 2014).  

1.3.1 The cervix and vagina 

The cervical body protrudes into the vagina, providing a stabilising portion, allowing 

direct passage access to the uterine cavity via the endocervical canal. The ectocervix 

(outer portion) meets the endocervix (inner portion) at the squamocolumnar junction 

(SCJ) (Lancaster and Huch 2019). This dynamic transitional area is sex hormone 

receptive and capable of undergoing continuous remodelling via squamous 

metaplasia (Remoue et al. 2003). Emerging research has utilised cytological sampling 

from the SCJ for cervical smears to report on epigenetic changes such as DNA 

methylation to further our understanding ovarian cancer predisposition, particularly for 

germline BRCA1/2mut (Barrett, Jones, et al. 2022). Loss of BRCA1 or aberrant 

expression of BRCA1 in cervical cancer can be associated with reduced overall 

survival (Paik et al. 2021). Vaginal dysbiosis in carriers has been reported 

differentiating BRCA1mut <50 years based on a ~three-fold lower dominance of 

protective lactobacilli (Nene et al. 2019). This disruption in protective vaginal 

microbiome may facilitate pathogen transmission, colonisation, and inflammation at 

sites in communication of the female genital tract (Sipos et al. 2021). 



44 

 

1.3.2 The uterus  

The uterus is a pear-shaped viscus composed of an isthmus, uterine corpus (body), 

and fundus that adjoins to bilateral fallopian tubes, at a superolateral angle, from the 

uterine cornua (Agostinis et al. 2019). Classically this organ is recognised for its role 

in supporting early trophoblastic implantation and a semi-allogenic fetus during 

pregnancy. Anatomically the uterus lies within the pelvis, posterior to the bladder, and 

anterior to the rectum. It is composed of three main tissues that include the innermost 

endometrium (stratum functionalis and stratum basalis), myometrium, and outer 

serosa (perimetrium) (Ameer et al. 2022). The innermost functionalis layer is capable 

of dynamic regeneration, growth, and differentiation during the ovarian cycle 

(Lancaster and Huch 2019). Alterations in the functionalis layer is observed with 

changes in ovarian sex hormones mediated by ovulation. In the secretory phase of a 

menstrual cycle sex hormone receptive uterine tissues undergo rapid proliferation in 

preparation for implantation, with elongation of spiral arteries, and endometrial 

thickening. In the absence of successful fertilisation progesterone withdrawal induces 

menstrual shedding (menses) and a dynamic alteration of secreted inflammatory 

factors in preparation of the proliferative menstrual phase (Critchley et al. 2001). 

Menses corresponds with day 1 of a menstrual calendar and helps to define cycle 

commencement and length, with most cycles 25 to 30-days in duration (median, 28-

days) (Reed and Carr 2000). Shorter and more frequent cycles (polymenorrhea) is 

associated with increased sex hormone exposure. In successful pregnancies 

sustained production of progesterone occurs by the steroid producing ovary and a 

corpus luteum. The local secretion of progesterone at high levels plays a vital role in 

immunotolerance within the uterus whilst also facilitating the regulation of angiogenic 

mediators, immune cells, and vascular tone (Cable and Grider 2022). With advancing 

age malignant cellular alterations can lead to endometrial cancer, which is the most 

common gynaecological cancer in high income countries. It has a prevalence linked 

to obesity and a lifetime risk of ~3% (median age of diagnosis, 61 years). The most 

prevalent histotype is endometrioid adenocarcinoma with rarer subtypes such as 

serous carcinomas being associated to germline BRCA1/2mut {de Jonge, 2021 

#4921}. Serous uterine carcinomas are considered more aggressive and presents with 
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extrauterine spread in ~50% of staged cases (Crosbie et al. 2022). However 

concomitant hysterectomy is not routinely performed for BRCA mutation carriers, in 

the absence of cancer, as part of routine risk-reduction but may be considered on an 

individualised basis (Lynch et al. 2015){Nahshon, 2021 #4922}.  

1.3.3 The fallopian tubes 

The fallopian tubes exist as bilateral conduits (or oviducts) that are tubular 

seromuscular organs ~11 to 12 cm in length with a lumen diameter <1 mm (Han and 

Sadiq 2019). Arising from Müllerian ducts these simple rudimentary tubes have an 

epithelial lumen surrounded by a mesenchymal layer with progenitor cells capable of 

undergoing epithelial-mesenchymal transition (EMT) differentiation (Santana 

Gonzalez et al. 2021). Extending from a uterine cornua the oviduct is composed of 

four main anatomical regions or portions (from proximal to distal): uterine, isthmus, 

ampulla, and infundibulum. The infundibulum has a fimbrial portion that is closest in 

proximity to the ovary (Eddy and Pauerstein 1980; Moncada-Madrazo and Rodriguez 

Valero 2022).  The main major cell types lining the fallopian tubes are secretory (PAX8, 

OVGP1) and ciliated columnar epithelium (FOXJ1, TUBB4A) (Lyons, Saridogan, and 

Djahanbakhch 2006; Lancaster and Huch 2019). Morphological cellular alterations 

can be induced by sex hormone exposure inducing lower motile cilia activity which is 

evident in the follicular ovarian phase (Suenaga et al. 1998; Lyons, Saridogan, and 

Djahanbakhch 2006). This blind-ending organ has vasculature derived from ovarian, 

uterine, and tubal branches that can be subject to synchronous changes in the ovarian 

cycle (Briceag et al. 2015). Being distal to the highly vascular uterine cornua the 

fimbrial portion has anastomotic branches of ovarian vasculature and venous drainage 

via tubal branches (Han and Sadiq 2019). An understanding of tissue oxygenation at 

the fimbria is limited due to the scarcity of published research but this site is considered 

to be vulnerable to oxidative stress. In established HGSOC the bidirectional interplay 

of biomolecules at the fallopian-ovarian interface can affect the local metabolome 

(Bergsten et al. 2022).   
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1.3.4 The ovary 

The ovaries are paired intraperitoneal pelvic organs, attached by suspensory and 

proper ligaments, that are responsible for oocyte maturation, release, and regulation 

of sex hormones via steroidogenesis (Lancaster and Huch 2019). Embryologically it is 

comprised of four components: surface epithelium, stroma, germ cells, and sex cords 

(Oktem and Oktay 2008). The outer germinal epithelium surrounds a collagen-rich 

connective layer that protects the cortex and ovarian follicles. Primordial germ cells 

serve as embryonic precursors that undergo oogonial mitosis, meiosis, and eventual 

atresia (Oktem and Oktay 2008). With increasing age there is a progressive decline in 

germ cell counts (~1 million at birth) with <1% destined to ovulate (300 to 400 follicles). 

Vasculature is via the ovarian arteries which are derived from the abdominal aorta.  

The left ovarian vein drains into the left renal vein whereas the right ovarian vein 

empties directly into the inferior vena cava (Gibson and Mahdy 2020). Lymphatic 

drainage is into pelvic and para-aortic lymph node chains. These organs lie adjacent 

to the fimbrial fallopian tube and are small in size (~ 2.0 cm x 3.5 cm x 1.0 cm) with 

volumes that can peak at the age of 20 years (Gibson and Mahdy 2020). As described 

origin theories for ovarian carcinogenesis have been linked to invaginations of 

coelomic epithelium formed at the ovarian surface epithelium (OSE) leading to cortical 

inclusion cysts at-risk of Müllerian metaplasia (Zhang, Dolgalev, et al. 2019; Santana 

Gonzalez et al. 2021). Normal to pre-invasive phenotypes of OSE have been used to 

model ovarian cancer with genomic research supporting the FTE as an extra-Müllerian 

site for the clonal evolution of HGSOC (Heremans et al. 2021; Ducie et al. 2017).  

1.3.4.1 The ovarian cycle 

The ovarian cycle is relevant for premenopausal women and is heavily regulated by 

the female gonads which locally disseminate sex steroid hormones via 

haematogenous routes in a concentration dependent manner (Taraborrelli 2015). This 

cycle is a vital component of normal physiology that is regulated by the hypothalamus-

pituitary unit to release large amounts of gonadotrophins, in an acyclic manner, of high 

amplitude and frequency (Van Look and Baird 1980). Regulatory feedback from the 

ovary helps supports levels of follicle-stimulating hormone (FSH), luteinising hormone 
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(LH), estrogen, progesterone, and androgen (Van Look and Baird 1980). The peri-

ovulation increase in estrogen induces a mid-cycle LH surge, with ovulation typically 

day 14 of a regular 28-day cycle, that results in the expulsive release of a mature 

oocyte 16- to 24-hours later. Oocyte release or óovulationô intersperses the cycle 

resulting in the release of potent follicular fluid, sex hormones, and inflammatory 

mediators. Following ovulation biochemical changes take place in accordance with the 

follicle size supporting granulosa cell proliferation and the formation of a corpus luteum 

during the luteal phase. During this phase (which can be composed of early-, mid-, 

and late-luteal) the predominant sex hormone is progesterone which rises significantly 

(Reed and Carr 2000; Van Look and Baird 1980). Systemic concentrations of 

progesterone do not reflect the true concentration released locally at the fallopian-

ovarian complex (Van Look and Baird 1980). Meta-analysis of follicular fluid 

concentrations in normal fertilisation has shown concentrations of progesterone can 

be ~1000-fold higher from unstimulated mature follicles relative to serum levels (de los 

Santos et al. 2013; Emori and Drapkin 2014; Nagy et al. 2019). Estrogen levels can 

rise mid-follicular then precipitously drop following ovulation, which is then followed by 

a secondary risk in the luteal phase. Dynamic or cyclical variations in sex hormones 

are donor-dependant, particularly for estrogen, making progesterone release more 

reliable in understanding phase-specific dynamics (Barbieri 2014). In the absence of 

pregnancy corpus dysgenesis can occur via luteolysis resulting in involution to form a 

corpus albicans. After a period of sustained sex hormone exposure in the luteal phase, 

the eventual withdrawal of progesterone induces a steady feedback rise in FSH. This 

supports folliculogenesis and the commencement of a new ovarian cycle, termed the 

follicular phase. The start of this phase coincides with menstruation, referred 

classically as óday 1ô of a menstrual calendar or cycle (Hawkins and Matzuk 2008). 

Menstruation itself is an immunological event that drives endometrial leukocyte 

recruitment, alteration of cytokine release, ECM degradation, and proteolysis which is 

not observed during a luteal phase (Swaims-Kohlmeier et al. 2021). Menstrual immune 

cell composition has a higher proportion of immunosuppressive Tregs compared to 

the peripheral blood, suggestive of a unique immune milieu within the female genital 

tract at this stage of the ovarian cycle (Hosseini et al. 2016).  
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1.3.4.1.1 Estrogen 

Estrogen as a steroid hormone is primarily linked to the development, regulation, and 

homeostasis of the female reproductive endocrine system (Delgado and Lopez-Ojeda 

2022). In peripheral circulation it is predominately protein-bound either to albumin 

(60%) or sex hormone-binding globulin (SHBG; 38%) with only 2% free during the 

follicular phase (Marquez et al. 2006). Effects are regulated physiologically by 

feedback loops. In the breast it induces mammary gland development whereas in the 

female genital tract it induces effects that are site-dependant: fallopian tube 

(ciliogenesis, secretory cell hypertrophy), ovary (folliculogenesis, ovulatory cycle 

regulation), uterus (follicular phase endometrial cellular proliferation, preparation for 

trophoblastic invasion), cervix (modulation of transcervical paracellular permeability), 

and vulvo-vagina (epithelial cell proliferation) (Gorodeski 2000; Chang, Ding, and Chu 

2019; Delgado and Lopez-Ojeda 2022). Main components include estrone (E1), 

estradiol (E2), and estriol (E3). Estradiol is considered the principal estrogen for 

premenopausal women. When coupled with TGF-ɓ it can inhibit cytotoxic lymphocyte 

function, particularly in endometrial derived immune cells (Shen et al. 2021). It is 

considered immunomodulatory due to the influence cells of the adaptive and innate 

immune system, attenuating the release of pro-inflammatory cytokines in PBMCs 

(TNF-Ŭ, IL-1ɓ and IL-6) (Bereshchenko, Bruscoli, and Riccardi 2018; Balogh et al. 

2019). Synthetic preparations used in COCP, or HRT have increased estrogenic 

activity (Kotsopoulos, Gronwald, Karlan, Huzarski, et al. 2018; Cooper, Patel, and 

Mahdy 2022). In premenopausal women estradiol concentrations cannot be used to 

determine exact periods of the ovarian cycle phase, due to dynamic changes. On 

average daily production rates for estradiol are differential in the early follicular phase 

(0.036mg), pre-ovulatory (0.38mg), and mid-luteal (0.25mg) (Reed and Carr 2000).  

1.3.4.1.1.1 Estrogen receptors  

Estradiol exerts its effects via classical (genomic) pathways mediated via intracellular 

estrogen receptors and their isoforms (ER-Ŭ, ER-ɓ) or estrogen responsive elements 

(Balogh et al. 2019). ER-Ŭ is considered the most abundant with both ER-Ŭ and ER-ɓ 

identifiable in breast tissues, the female genital tract, and immune cells (Paterni et al. 
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2014). Whilst both serve distinct physiological roles their effects can antagonise or 

counteract hyperproliferative states (Khan and Ansar Ahmed 2015). Progressive loss 

of ER-Ŭ in breast tumours is associated with a late-stage of disease progression and 

considered a prognostic marker (Horwitz, Koseki, and McGuire 1978; Li, Yang, et al. 

2020). The alterations in estrogen secretion can result in variable expression of 

isoforms which is thought to also modulate immunological responses. Expression of 

estrogen regulating genes can be differential in breast tumours demonstrating ER+ 

status, however for BRCA1mut there is typically loss of ER receptivity. ER+ BRCA1 

cancers can be invasive ductal, found in older patients, with high mitotic rates, and an 

absence or mild lymphocytic infiltrate (Tung et al. 2010). In FTE immunolocalization of 

ERŬ is identified, with expression is inversely correlated with patient age (Brodowska 

et al. 2021). Specifically for NK cell activity there are inconsistencies in reported 

estrogenic effects (Screpanti et al. 1987; Sulke, Jones, and Wood 1985b; Nilsson and 

Carlsten 1994). Pregnancy-derived NK cells express both ER-Ŭ and ER-ɓ, with 

changes in regulation of gene transcriptional effects (Balogh et al. 2019). In mice 

studies ER-ɓ is implicated, with estradiol exposure suppressing NK cell activity 

(Curran et al. 2001).  Whereas in the ovariectomised rhesus monkey (Macaca mulatta) 

lower NK cell cytotoxicity is observed at 9-months thought to be mediated by estradiol 

deprivation (Keller et al. 2001). In HGSOC use of anti-estrogenic targeting ER has not 

demonstrated prognostic value, with variable response rates for refractory EOC (0 to 

56%) (Trope, Marth, and Kaern 2000; Kim, Park, Kwon, et al. 2020). These 

inconsistencies suggest that mechanisms other than estrogen secretion may be 

responsible for the modulation of anti-tumour responses or activity.  

1.3.4.1.2 Progesterone 

Progesterone in a natural form is endogenously released primarily by the female 

gonads (granulosa, theca interna and ovarian unit) during the luteal phase, followed 

by the adrenal cortex in the early follicular phase (De Geyter et al. 2002; Henderson 

et al. 2003; Cable and Grider 2022). This steroid hormone is a vital modulator of key 

female-specific physiological processes (Hall and Klein 2017). It is the predominant 

component of follicular fluid released at ovulation, with donor dependant secretion 

evident with levels up to ~20,000-fold higher than those seen in systemic circulation 
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(Emori and Drapkin 2014; de los Santos et al. 2013). In the periphery it dominates in 

the luteal phase, peaking ~8 to 9-days following ovulation (20 to 35 ng/ml) and 

remaining high across the remaining luteal phase. On average daily production rates 

for progesterone are differential based on ovarian cycle phase: early follicular phase 

(1mg), pre-ovulatory (4mg), and mid-luteal (25mg) (Reed and Carr 2000). Relative to 

production levels of estradiol for equivalent time points progesterone levels are 

relatively significantly higher: early follicular (28-fold), pre-ovulatory (11-fold), and mid-

luteal (100-fold) (Reed and Carr 2000). In successful pregnancies up until 9-weeks of 

gestation the corpus luteum is the primary producer of progesterone, with substantial 

increases in peripheral levels observed with trophoblastic development in the first 

trimester (12 to 90 ng/ml), later peaking in the third trimester (100 to 300 ng/ml) 

(Taraborrelli 2015; Hall and Klein 2017). Levels rapidly decline with corpus involution 

following the absence of a successful pregnancy, reaching a nadir in the follicular 

phase (<1 ng/ml) (Taraborrelli 2015; Hall and Klein 2017). It has a short half-life (~5-

minutes) and does not follow a circadian rhythm (Taraborrelli 2015). Synthetic 

preparations or progestins are commonly used for contraceptives, abortifacients, and 

progesterone replacement worldwide (Hall and Klein 2017; Taraborrelli 2015). 

Prolonged exposure to long-acting synthetic progesterone (medroxyprogesterone 

acetate) can induce an alteration of Th2 responses (Gillgrass et al. 2003). Progestin 

treatment of PBMCs from patients with recurrent pregnancy loss is also associated 

with Th2 cytokinome, with decreased Th1 cytokines (IFN-ɔ and TNF-Ŭ) and 

significantly elevated Th2 cytokines (IL-4 and IL-6) (Raghupathy et al. 2005; 

Raghupathy and Szekeres-Bartho 2022). Progesterone can directly interfere with the 

NF-kB pathway altering protein transcription, lowering downstream inflammatory 

responses, and inducing effects via non-genomic signalling (Hall and Klein 2017). In 

states of progesterone hypersecretion there is an enhanced risk of breast and ovarian 

tumours (Cable and Grider 2022). Unlike estrogen-related effects in the female genital 

tract progesterone can be antagonistic serving different physiological roles: fallopian 

tube (reduced ciliary beat frequency), ovary (sex cord tumour predisposition), uterus 

(endometrial differentiation, vascularisation, reduced contractility, uNK cell 

immunosuppression), and cervix (enhanced mucosal thickening) (Jackson-Bey et al. 

2020; Cable and Grider 2022). In pregnancy states elevated progesterone levels shift 
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from a Th1-like to Th2-like secretory profile, favouring óimmunosuppressionô or 

immunological tolerance of the developing fetus. Other related immunosuppressive 

effects include increases in Treg infiltration, cytokine secretion (IL-10, IFN-ɔ), 

suppression of CD4/CD8 activity, and granzyme B release (Giacomini et al. 2019). 

Whilst increased parity and anovulation is considered protective for ovarian cancer, 

long-term effects post-partum suggest a breast cancer predisposition for more 

aggressive, high-grade, and poorly differentiated tumours thought to be mediated by 

prolonged progesterone exposure (Lambe et al. 1994; Schedin 2006; Allouch et al. 

2020). These cancers diagnosed within a five-year period from last childbirth have a 

three- to five-fold higher risk of metastasis and three-fold risk of death (Callihan et al. 

2013; Goddard et al. 2019). Compared to nulliparous women uniparous BRCA1mut 

and multiparous BRCA2mut have an increased breast cancer risk (Terry et al. 2018). 

TNBC, which are highly prevalent in BRCA mutation carriers, account for 40% of cases 

that are likely to occur within two years of delivery (Allouch et al. 2020). Having an 

early first pregnancy did not confer additional protection for familial breast cancer in 

BRCA1/2mut (Lynch et al. 1984; Jernstrom et al. 1999). Other reported post-partum 

related cancers include cervical, lymphoma, and ovarian (Parazzini et al. 2017). 

Ovarian cancers in pregnancy are uncommon with adnexal masses accounting for 1 

in 600 to 1 in 1500 pregnancies, of which 1 to 3% can be malignant in pregnancy 

(Botha, Rajaram, and Karunaratne 2018). The mechanism for these possible tissue-

specific effects is however largely unknown.  

1.3.4.1.2.1 Progesterone receptors  

Progesterone can interact with high-affinity receptors in the nucleus of target cells 

inducing dimerization and promoter region binding to hormone response elements 

(Tone et al. 2011). Due to its lipophilic nature it can readily cross the cell membrane 

to activate cytoplasmic receptors, translocating to the nucleus for binding to DNA and 

progesterone response elements (McDonnell 1995; Cable and Grider 2022).  It has 

two main isoforms PR-A (94 kD) and PR-B (114 kD) (McDonnell 1995; Akahira et al. 

2000). PR-A is widely expressed in the female genital tract whilst PR-B is required for 

normal mammary gland development in murine models (Dinh et al. 2019; Mulac-

Jericevic et al. 2000; Mulac-Jericevic et al. 2003). PR-A can act as a dominant 
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repressor of PR-B, with high expression resulting in reduced progestin 

responsiveness. PR-B is a potent activator of target genes. Expression levels of both 

isoforms are also under the influence of estradiol demonstrating synergy with this sex 

hormone (Foidart et al. 1998; Akahira et al. 2000).  PR levels are highest in the 

follicular and peri-ovulatory phase in the female genital tract whereas in the mid- to 

late-luteal phase, when progesterone levels are dominant, PR expression is low to 

undetectable (Graham and Clarke 1997). FTE expression of PR is noted throughout 

the ovarian cycle (Pollow et al. 1981). Sustained loss of PR-A has been observed as 

part of the progressive spectrum from normal OSE to malignant serous EOC (Akahira 

et al. 2002). In HGSOC expression of PR is variably reported for BRCA1mut, with 

downregulation of the receptor associated with poorer prognoses (Langdon et al. 

1998; Aghmesheh et al. 2005; Kim, Park, Kwon, et al. 2020; Sieh et al. 2013; Lee et 

al. 2005; Tone et al. 2011; Boonyaratanakornkit and Edwards 2007; Li and O'Malley 

2003). Loss of the PR may be due to receptor downregulation, shedding, or 

polyubiquitination as part of tumour evolution in pro-progestogenic states (Lange, 

Shen, and Horwitz 2000). Epigenetic silencing or repression has also been suggested 

as a possible mechanism that facilitates evasion of anti-tumour responses (Cui et al. 

2005; Li, Huang, et al. 2020). Use of anti-progestin Mifepristone (RU486) has 

demonstrated reversal of progesterone-related inhibition, with effects postulated to be 

mediated by the GR rather than the presence of a nuclear PR (Mao et al. 2010; Guo 

et al. 2012). Enhanced GR expression is associated with a decreased overall survival 

in EOC, independent of BRCA mutation status, suggestive that use of RU486 may be 

beneficial for HGSOC (Veneris et al. 2019). Since the early 1980s PR expression on 

immune cells has been a topic of discussion with responsiveness to progesterone 

postulated to be mediated by available PR during an ovarian cycle, which peaks in the 

luteal phase for immune cells (Szekeres-Bartho, Hadnagy, and Pacsa 1985; Tone et 

al. 2011; Dosiou and Giudice 2005; Taraborrelli 2015; Lessey et al. 1988; Brisken and 

Scabia 2020) (Akahira et al. 2000). Binding to progesterone has been reported to be 

lower in lymphocytes derived from the first 14-days of an ovarian cycle, which may 

related to progesterone binding capacity (Szekeres-Bartho, Hadnagy, and Pacsa 

1985). Nuclear PR expression in activated states of  peripheral lymphocytes and 

mononuclear cells, of both pregnant and non-pregnant women, is thought to mediate 
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a tolerogenic phenotype by progesterone (Mao et al. 2010; Szekeres-Bartho and 

Schindler 2019; Arruvito et al. 2008; Csabai et al. 2020)(Szekeres-Bartho et al., 

1989a,b; Szekeres-Bartho, 1995, 2002; Barakonyi et al., 1999; Polgar et al., 

1999)(Szekeres-Bartho and Schindler 2019). pbNK cells of non-pregnant women 

expressing both classical PR isoforms are modulated by progesterone via 

preferentially targeting of KIR+ pbNK cells (Arruvito et al. 2008; Raghupathy and 

Szekeres-Bartho 2022). In pregnant states the hypersecretion of progesterone and 

immunosuppression of uNK cells is observed, with this subset recognised for poor 

cytotoxicity. Whereas for women undergoing recurrent pregnancy loss pbNK cell 

cytotoxicity can still remain enhanced with functional levels of activation 

(CD56+CD16+), peaking at 8 weeks gestation, and higher NK cell numbers. This 

variation in NK cell activity suggests site-specific local immunomodulation (Dons'koi et 

al. 2022). Importantly uNK cells despite their poor cytotoxicity are recognised to not 

express a PR, with progesterone thought to in-directly mediate effects via activation 

of the glucocorticoid receptor or the secretion of PIBF (Guo et al. 2012; Raghupathy 

and Szekeres-Bartho 2022).  

1.3.4.1.2.2 PIBF 

PIBF is an immunological mediator directly related to progesterone secretion that is 

regulated by a progesterone target gene (chromosome 13; human). This small protein 

(90kDa) is capable of alternative splicing creating smaller isoforms that act in a 

cytokine-dependant manner to regulate cellular activities (Szekeres-Bartho and 

Schindler 2019). Stimulation of PIBF via progesterone or progestins can induce a Th2-

dominant cytokinome favouring immunotolerance (Raghupathy and Szekeres-Bartho 

2022). Secretion is predominately via PR-positive lymphocytes (ɔŭ T-cells), 

pregnancy-related tissues, and malignant tumours (Balassa et al. 2018). NK cells 

derived from tissue niches that are progesterone-rich demonstrate inhibition of NK cell 

activity (Szekeres-Bartho et al. 1999). Within the genital tract significantly higher levels 

of PIBF by non-lymphoid cells may be internalised by uNK cells to induce 

immunosuppression. This potential mechanism of immunotolerance is supported by 

PIBF-deficient uNK cells and pbNK cells demonstrating enhanced functional activity 

(Csabai et al. 2020). This may be via extracellular vesicles facilitating uptake of PIBF 
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(Szekeres-Bartho and Schindler 2019). PIBF has been shown to inhibit perforin 

liberation from activated pbNK cells and the use of anti-PIBF antibodies can 

significantly increase NK cell activity (Szekeres-Bartho and Schindler 2019; Csabai et 

al. 2020) 

1.3.5 Immune cells in the female genital tract 

Immune cells arising from the female genital tract can be of myeloid or lymphoid 

lineages serving paradoxical roles in differentiating between immunotolerance or 

immune activation for allogenic sperm, feto-placental unit, commensals, pathogens, 

viruses, and cells undergoing malignant transformation (Shaw et al. 2011). In non-

pregnant women expression CD45+ (common leukocyte antigen) cells can be 

distributed throughout the epithelium, lamina propria and muscular wall (Ardighieri et 

al. 2014). Presence of leukocytes as a form of mucosal immunity provides a first line 

defence allowing bi-directional communication between epithelial cells and the 

immune system in response to sex hormones (Wira et al. 2014). Immune cell biology 

in women has previously predominately focused on T-cell biology or using samples 

derived from pregnancy-related states or non-viable pregnancies. This has limited the 

focus on other key immune cells. Given the technicalities from sampling sites of 

interest from the genital tract, such as the fimbrial fallopian tube, without complete 

surgical excision extrapolation is required when using human samples to infer activity. 

Caution is therefore needed when making comparisons between studies to consider 

differences in source material, sampling methodology, collection methods, timing of 

collection, storage, immune cell isolation, experimental modality, duration of assay, 

priming, and analytical methods.  

1.3.5.1 Vagina and cervix 

T-cells are considered the predominant immune subset  in the lower genital tract with 

a higher proportion of CD8+ relative to CD4+ T-cells (Lee et al. 2015). The upper and 

lower vagina show a similar distribution of immune cells, with a higher distribution of 

cytotoxic CD8+ T-cells, followed by NK cells, in the lamina propria as part of host 

mechanisms against foreign pathogens (Lee et al. 2015). In the ectocervix there is a 

predominance again for cytotoxic lymphocytes with the presence of T-cells (CD8+, 



55 

 

60%) and NK cells (similar proportions of CD56dim and CD56bright NK cells) (Trifonova, 

Lieberman, and van Baarle 2014). Macrophage distribution is donor dependant and 

cervical DC being more abundant than in the vagina. NK cells (CD56brightCD16-; 2.5% 

of CD45+ cells) are present within the endocervix but at lower frequencies relative to 

peripheral blood (Trifonova, Lieberman, and van Baarle 2014). In postmenopausal 

women there are a similar proportion of each NK cell subset in the endocervix, 

whereas in premenopausal women there is a predominance of CD56dimCD16+ NK 

cells (Trifonova, Lieberman, and van Baarle 2014).  

1.3.5.2 Uterus 

The endometrium has the largest number of leukocytes per gram than any other 

reproductive tissue (Lee et al. 2015). Lymphoid aggregates are abundant, containing 

a B-cell core enveloped by T-cells and an outer halo of macrophages (Wira et al. 

2014). Aggregate size is dependent on the ovarian cycle phase, being largest in the 

luteal phase (~4,000 cells) relative to the follicular phase (~400 cells) (Wira et al. 

2014). uNK cells are predominately CD56superbright accounting for up to 80% of all 

immune cells in the late secretory phase, whilst CD3+ T-cells account for <10% of all 

leukocytes (Flynn et al. 2000). Such changes to NK cell proportions are also seen in 

other reproductive phases: follicular phase (~20%), luteal phase (~50%), early 

trophoblastic invasion (~70-80%) (Poli et al. 2009; Huhn et al. 2021). Despite being 

considered highly cytotoxic NK cells that are identified within this site present a unique 

phenotype that are also characteristically poorly cytotoxic, with CD56 expression >10-

fold higher than pbNK cells. uNK cells do not express PRs (through receptor loss or 

mechanisms unknown) and are instead thought to be in-directly modulated by 

alterations in sex hormones or locally secreted factors (i.e., PIBF). Proposed concepts 

for their origins given the significantly high numbers include immune cell trafficking to 

the uterus from peripheral blood as distinctive population or in-situ robust proliferation 

from locally residing progenitors (Male et al. 2010). Inflammatory cytokines, growth 

factors, and chemokines are produced in copious quantities by uterine epithelial cells. 

Processes relating to the regulation of uterine physiology (proliferation, angiogenesis, 

menstruation, implantation, cervical ripening, and parturition) may also implicate NK 

cell activity (Eriksson et al. 2006; Fahey et al. 2005; Kayisli, Mahutte, and Arici 2002; 
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Paul and Lal 2017; Sentman et al. 2004). Despite this this subset (CD56superbright) being 

considered poorly cytotoxic, they still contain lytic granules. Importantly when these 

cells are cultured ex vivo do they demonstrate high levels cytotoxic activity following 

cytokine activation (IL-15) (Manaster et al. 2008; Zhang et al. 2008; Poznanski and 

Ashkar 2019). This suggests that there is a local immunomodulation of this distinct 

subset of NK cells that is mediated by the local environment or cell-nonautonomous 

factors, such as PIBF from ɔŭ T-cells (Paul and Lal 2017; Poli et al. 2009; Laskarin et 

al. 2002; Lim et al. 2020).  

1.3.5.3 Fallopian tube 

The FTE consists of two distinct cellular populations that share common progenitors: 

ciliated columnar cells (FOXJ1+, TUBB4A+) and secretory cells (PAX8+, OVGP1+). 

Ciliated epithelial cells possess toll-like receptors (TLRs) that act as key sentinels for 

the detection of PAMPs and the secretion of cytokines (IL-6 and IL-8) (Amjadi et al. 

2018). Inflammatory cytokines identified within the fallopian tube act as a 

chemoattractant for other immune cells (Fahey et al. 2005). Unlike epithelial cells that 

are positive for ER and PR, leukocytes derived from the fallopian tube reportedly show 

an absence of hormone receptors (Ardighieri et al. 2014). Specimens of fallopian tubes 

have shown CD3+ cells to be predominant (40% of CD45+ cells), with a higher 

proportion of granulocytes (neutrophils, mast cells, eosinophils), followed by CD14+ 

and CD19+ cells (Givan et al. 1997; Lee et al. 2015). Tregs present in this site can 

induce immunotolerance, with general populations of CD3+ T-cells being ~two-fold 

higher than plasma levels (Kutteh et al. 1990). There is however an alteration in the 

ratio of CD4+/CD8+ T-cells that may be ovarian phase-specific (Shaw et al. 2011). 

Other cycle-dependent effects include a significantly higher number of macrophages 

in the secretory phase relative to the proliferative phase at the fimbrial portion 

(Agostinis et al. 2019; Suenaga et al. 1998). Macrophages appear to mirror changes 

in sex hormone secretion with a significant reduction observed in postmenopausal 

women (Ardighieri et al. 2014; Suenaga et al. 1998). Neutrophils and eosinophils 

remain at low numbers but increase in the pre-menstrual period. In the progesterone-

dominant luteal phase there are significantly higher numbers of CD11c+ myeloid cells 

but no reported difference in CD45+ leukocytes (Shaw et al. 2011). NK cells compose 

https://www.sciencedirect.com/topics/immunology-and-microbiology/secretory-cell
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10% of all live cells in the fallopian tube and >90% do not express CD16 (Shaw et al. 

2011). These findings suggest that residing NK cells may share similarities to uNK 

cells, exhibiting a degree of immunotolerance factors unique to this microenvironment. 

Fundamentally there is a lack of published research focusing on NK cell immunological 

activity at the fimbrial fallopian tube, particularly for BRCA mutation carriers. Recently 

undertaken research, due to be published by our research group, has highlighted that 

the fimbrial fallopian tube has a significantly higher proportion of NK cells relative to 

the proximal portion in carriers. For these óhigh-riskô individuals understanding whether 

NK cell activity is dysfunctional is vital in appreciating mechanisms for tissue-specific 

cancer predisposition. Determining a baseline assessment of anti-tumour activity is 

imperative in deciphering whether NK cell immunosurveillance at the fimbrial fallopian 

tube is specifically susceptible to compromise, tipping the balance in favour of ovarian 

carcinogenesis. 
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1.4 Aims 

The site-specificity attributable to a pathogenic germline BRCA mutation remains to 

be elucidated and we are yet to fully understand mechanisms underpinning cancer 

immune evasion or variable cancer penetrance. Utilising biological specimens, prior 

to a clinically confirmed cancer, I aim to determine whether immunological activity 

relevant to HGSOC pathogenesis is aberrant in premenopausal women based on 

BRCA mutational status. Taking a holistic approach this will be subdivided into the 

following: 

¶ Chapter 3: This Chapter aims to firstly determine the genetic implication or cell 

autonomous effect of a BRCA1 mutation on the functional (cytotoxic) activity of 

circulating peripheral blood NK cells against HGSOC targets. Ovarian phase-

specific activity will be assessed to ascertain if there is a differential tumour 

response in relation to ovulation.  

¶ Chapter 4: Extrapolating findings using circulating NK cells I aim to determine 

whether functional responses are further attenuated when exposed to cell-

nonautonomous factors relevant to the genital tract (hypoxia, IL-15, progesterone). 

Phase-specific responses may provide scope for targeted therapies aimed at 

enhancing immune cell activity.  

¶ Chapter 5: To complement cell-mediated cytotoxic activity in NK cells a 

corresponding secretory profile of immune cells, sex hormones, and 

immunomodulatory factors will be described in carriers versus age-matched 

controls.  

¶ Chapter 6: In this final Chapter I aim to consolidate immunological findings with a 

transcriptomic profile of NK cells corresponding with the ovarian cycle phase with 

the lowest cytotoxic activity of HGSOC. Differential gene expression may provide 

potential novel genomic mechanisms in carriers which help our understanding of 

tissue-specific tumorigenicity. 

 

Collectively these findings will contribute to the scientific community and future efforts 

aimed at providing precision-based approaches (surveillance, chemoprevention) for 

those deferring surgical risk-reducing measures.    
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2 Methods 

2.1 Donor selection 

Informed written consent was obtained from premenopausal women recruited into the 

BRCA Unite (www.brcaunite.org) research study (Principal Investigator: Professor 

Martin Widschwendter) funded by the European Research Council (ERC) grant with 

support from The Eve Appeal. All donors were provided with a written participant 

information sheet and consent obtained in compliance with University College London 

(UCL) General Data Protection Regulation and Good Clinical Practice requirements. 

Multi-site recruitment was undertaken in Central London centres; UCLH, Great 

Ormond Street Hospital, The Royal Free Hospital (RFH), The Royal London Hospital, 

and our designated UCLH Clinical Research Facility (London, UK). The enrolment 

criteria used were (1) premenopausal women aged 18 to 45 years; (2) with good 

general health; (3) regular menstrual cycles (25 to 35 days); (4) no current use of 

hormonal medication or use in the past three months (oral contraceptive pill, hormonal 

intrauterine device/ Mirena®, depot injection, or contraceptive implant); (5) not 

currently pregnant or breastfeeding; (6) no previous diagnosis of cancer; (7) no 

previous risk-reducing surgical removal of both ovaries and fallopian tubes; (8) known 

BRCA1/2 mutational status; (10) absence of concurrent infection (including severe 

acute respiratory syndrome coronavirus-2); (9) willing and able to participate after 

giving informed consent for recruitment into the research study (Research Ethics 

Committee reference: 14/LO/1633, IRAS project ID: 53431). All donor participants had 

previously undergone BRCA gene testing or were screened when enrolled into the 

research study to ensure mutation status for control subjects were negative using gene 

sequencing technology at the Molecular Genetics department at Great Ormond Street 

Hospital.  Baseline clinical information was acquired from all donors that included 

family history, medical history, concurrent medications, menstrual cycle length, cycle 

regularity, last known menstrual period, and average duration of menses.  

http://www.brcaunite.org/
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2.2 Sample collection 

All samples were specifically collected during pre-specified time points in relation to 

ovulation, defined as the early luteal phase (EL phase; days 3 to 6 post ovulation) or 

the early follicular phase (EF phase; days 5 to 8 of a menstrual calendar or 2 to 5 days 

after the cessation of menses) (Figure 2-1). Regularity of cycles was determined using 

menstrual calendar mapping or a óperiod calculatorô. Ovulation was determined using 

urine ovulation testing kit, used to measure levels of luteinising hormone (LH) using 

detection levels of 40 milli-international units per millilitre (mUI/mL) (SureScreen 

Diagnostics Ltd).  

 

Figure 2-1 Sampling window periods during an ovarian cycle 

Biological specimens were derived from dedicated time points during an ovarian cycle individualised to 

each volunteer so that samples could be acquired from the EF and EL phases in relation to the 

menstrual calendar and timing of ovulation.  

EF, early follicular (2 - 5 days post menstruation); EL early luteal (3 - 6 days post ovulation); Ovulation 

(confirmed with urinary luteinising hormone testing). 
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Fresh peripheral blood collected in blood collection tubes (BCT) were used for plasma 

and immune cell isolation (BD Vacutainer® PST Ê spray-coated Lithium Heparin Tube 

with gel plasma separator; catalogue number: 367964), or sex hormone 

concentrations (Vacuette ® tube serum separator clot activator; catalogue number: 

455071). Venepuncture was performed by a trained clinician, research nurse or 

phlebotomist. All blood samples collected between 0800 and 1300 were transported 

at 37°C to the Royal Free Hospital UCL-RFH laboratory (London, UK). The UCL-RFH 

laboratory is overseen by Professor Mark Lowdell, head of a translational 

immunotherapy group and RFH Director of Cellular Therapy. All samples were 

checked into the Bio Bank and given a unique 14-digit reference number. I isolated 

plasma and immune cells from all samples used in this Thesis within three hours of 

collection following a pre-defined standard operating procedure (SOP) to minimise 

processing bias. 

2.3 Sample processing 

2.3.1 Isolation of peripheral blood mononuclear cells  

Blood vacutainer bottles were cleaned with 2% chlorhexidine in 70% alcohol (GAMA 

Healthcare, product code: CA2CSKIN). Under a class II laminar flow cell culture hood 

BCTs were agitated and mixed in a 1:1 ratio with Hanksô Balanced Salt solution 

(Gibco® HBSS; Thermo Fisher Scientific, without calcium, magnesium, and phenol 

red, catalogue number: 14175095). This blood mixture was gently pipetted onto 

LymhoprepÊ density gradient separation media (Cedarlane® Laboratories, catalogue 

number: CL5020) which has a specific use for PBMC isolation. Granulocytes and 

erythrocytes have a higher density than mononuclear cells and sediment during the 

centrifugation process. This recovery method to isolate viable human lymphocytes 

based on osmotic pressures also provided access to lower density plasma.  

2.3.2 Isolation and storage of plasma 

Aliquots of plasma supernatant from each donor were cryopreserved neat at -80°C for 

later down-stream processing. Five cryovials were collected per donor (1.5ml per 

cryovial).    
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2.3.3 Cryopreservation of PBMCs 

PBMCs collected from the interface layer following density separation were washed 

and prepared at 10 x 106 cells/ml before adding at a 1:1 ratio to a cryoprotectant 

mixture of 80% fetal calf serum (FCS) and 20% dimethyl sulfoxide (DMSO; Sigma-

Aldrich) Cryovials (2ml) were immediately placed into an ambient isopropanol device 

(Mr Frosty, Nalgene) and stored at -80 C̄ for 24-hours before transfer to liquid nitrogen 

storage tanks (-196 C̄) the following day. Samples cryopreserved were processed 

within six months of collection. 

2.4 Cell lines 

All cell lines were obtained from ATCC® or kindly provided by the Lowdell laboratory 

(UCL-RFH, London, UK). Cell lines were cultured as recommended by the repository. 

Cell lines used throughout this Thesis included OVCAR-3 and K-562. Images shown 

(Figure 2-2, Figure 2-3) were acquired with permission from ATCC®.  
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OVCAR-3: (ATCC®HTB-161Ê) is a human-derived epithelial ovarian cancer cell line 

from a woman aged 60 years with advanced HGSOC and malignant ascites. It is 

widely used in vitro for study of HGSOC biology. This cell line exhibits features of HR 

deficiency as seen in other BRCA1 mutated cell lines {Bradbury, 2020 #4924}. Other 

characteristics of the cell line have included the presence of mutations in TP53, 

virology (EBV, HBV, HCV, and HIV) negative, EpCAM negative, WT1 positive, PAX8 

positive, and the presence of hormone receptors (androgen, ER, PR) {Bradbury, 2020 

#4924}{Lima, 2016 #4923}. Both nuclear and cytoplasmic PR expression is noted, the 

latter being predominate. Relative to normal ovarian tissue OVCAR-3 has ligand 

expression for MICA/B, ULBP1/2, B7-H6, and Nectin-4 (Derycke et al. 2010). This 

adherent cell line initially grows as a monolayer in a cobble-stone appearance where 

it is maintained in continuous culture (Figure 2-2). It morphologically forms a 

conglomerate of cells that can appear complex in appearance and is harvested in 

exponential growth phase (~80% confluency).  

 

Figure 2-2 OVCAR-3 (ATCC®HTB-161Ê) 
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K-562: (ATCC®CCL-243Ê) is a human-derived erythroleukemia cancer cell line from 

a woman aged 53 years with chronic myelogenous leukaemia in terminal blast crisis. 

Characteristics of the cell line include homozygosity for CDKN2A (tumour suppressor 

gene) and TP53 mutation. K-562 blasts are pluripotent malignant cells that 

spontaneously differentiate in progenitors. This semi-adherent suspension cell line 

grows with variable morphological features ranging in cell size, agranular cytoplasm, 

immature chromatin, and oval nuclei (Figure 2-3). Harvested in exponential growth 

phase the cells remain in cell suspension for culture. Whilst this cell line is considered 

a prototypical NK-cell-sensitive target, lacking expression of Human leukocyte antigen 

(HLA) molecules, it is not widely recognised as a tumour target susceptible to sex 

hormones. Whilst there are reports of lack of PR expression, emerging evidence has 

reported on sex hormone PR transcripts on human haematopoietic stem/progenitor 

cells. The dynamic between mRNA transcripts and protein product can also vary (0 to 

50% concordance) dependent on the cell of interest, transcriptional regulation, protein 

half-life, and post-transcriptional changes (Liu, Beyer, and Aebersold 2016).  

 

Figure 2-3 K-562 (ATCC®CCL-243Ê)    
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2.5 Target cell preparation 

2.5.1 Cell culture media 

Roswell Park Memorial Institute (GibcoÊ RPMI 1640 GlutaMAXÊ, catalogue number: 

61870036) without sodium pyruvate, with the addition of L-glutamine, phenol red was 

used a base media. 

Cell culture media for OVCAR-3 was prepared as per recommendations; RPMI 1640 

supplemented with 20% heat-inactivated fetal calf serum (FCS), 1% antibiotic-

antimycotic (A-A; 10,000units/ml penicillin, 10,000µg/ml streptomycin, and 25µg/ml 

amphotericin B) (GibcoÊ catalogue number: 15240062), and 0.01mg/ml insulin from 

bovine pancreas (powder bioreagent, 50mg, catalogue number: I6634-50MG, Sigma-

Aldrich). Stock prepared media for OVCAR-3 was stored at 2-8°C. 

Cell culture media for K-562 was prepared as per recommendations; RPMI 1640 

(GibcoÊ RPMI 1640 GlutaMAXÊ supplement, catalogue number: 61870036) 

supplemented with 10% FCS, and 1% A-A (100X) (GibcoÊ catalogue number: 

15240062). Stock prepared media for K-562 was stored at 2-8°C.  

2.5.2  Cell line storage 

Harvested cells when suitable were stored in T-75cm2 U-shaped canted cell culture 

flasks (Corning®, optically clear virgin polystyrene, tissue culture treated, non-

pyrogenic, gamma irradiated) kept in a humidified (37°C) sealed chamber at 

atmospheric air (carbon dioxide, 5%). Both cancer cell lines were observed for 

clumping or signs of contamination of the media. A cell culture log and strict schedule 

was adhered to for cell passaging of both cell lines to achieve consistent growth rates 

and ensure assay reproducibility.  

2.5.3 Cell line subculturing and cell dissociation 

Subculturing of adherent OVCAR-3 was during log phase before the flask reached 

confluency (~80-90%). DetachinÊ cell detachment solution (Amsbio) was 

preferentially used over Trypsin or TrypLEÊ given its ability to provide safe, gentle, 
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and rapid cellular detachment of adherent cells without affecting cell viability, growth 

potential, or receptor expression. This cell dissociation media contains protease and 

collagenase in an isotonic, phosphate buffer solution with ethylenediaminetetraacetic 

acid (EDTA). To harvest adherent cells the entire volume of media in the culture flask 

is discarded and adherent cell layer gently rinsed with ambient Dulbeccoôs phosphate-

buffered saline (GibcoÊ, D-PBS; without calcium or magnesium, catalogue number: 

14190144) to remove trace levels of serum. DetachinÊ is added to cover the cell layer 

(~6ml) before being placed in a humidified incubator at 37°. Final harvesting is 

performed once complete cell dispersal is noted at ~ eight minutes which is verified 

under a microscope (Nikon Eclipse TS100, Cambridge Scientific). This method does 

not require inactivation to facilitate cellular dissociation. Harvested OVCAR-3 cells 

were washed in pre-warmed culture media and re-suspended at sub-cultivation ratio 

of 1:2 with fresh media renewal every two to three days. Subculturing of suspension 

K-562 (1 x 106 cells/ml) was performed with the replacement of fresh media every two 

to three days in T-75cm2 flasks (Corning®, catalogue number: 31464). 

2.5.4 Cell counting and viability assessment  

To assess cell viability an exclusion method was undertaken using a disposable 

haemocytometer (NanoEntek, 2-tests C-Chip) and Trypan Blue (Sigma-Aldrich).  

Trypan Blue is an azo dye derived from toluidine commonly used in cell viability 

assays. An intact cell membrane excludes the dye allowing the cytoplasm to remain 

clear in viable cells, whereas non-viable cells turn blue. 10ml aliquot of thoroughly 

mixed cell suspension for counting was placed in a sterile Eppendorf tube with 90ml 

0.4% Trypan Blue solution. From this cell mixture 10ml of thoroughly mixed cell 

suspension was loaded into the counting chamber under a glass cover slip. The 

number of cells counted of the four outer quadrants were counted, averaged, and 

multiplied by 104 to calculate the cell concentration (106/ml). An alternative counting 

method adopted utilised the NovoCyte® Flow Cytometer (Agilent Technologies, Inc) 

and a 10-X dilution of a cell suspension (10 ml of thoroughly mixed cell suspension, 

90ml of GibcoÊ DPBS without calcium or magnesium) added to 10ml of TOP-PROÊ-

3 Ready Flow Reagent (Thermo Fisher Scientific). This cell viability dye has a high-
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affinity, red-fluorescent nuclear stain (excitation 642nm and emission 661nm) like 

allophycocyanin (APC) to distinguish live and dead cells.  

2.5.5 Tumour target preparation  

OVCAR-3 (ATCC®HTB-161Ê) as an adherent tumour cell line of HGSOC origin was 

specifically used for cytotoxic experiments in the xCELLigence® real-time cell analysis 

(RTCA) system (Agilent Technologies, Inc) given the ability to perform assays without 

pre-labelling. For consistency, this cell line was only used in a specific range of cell 

line passage number following study of cell line dynamics. Experimental conditions 

assessing the effect of hypoxia on cell line activity was performed using different 

concentrations of oxygen (O2), where specified. Environmental hypoxia is referred to 

as normoxic (21% O2) or hypoxic (1% O2) settings in this Thesis. 

K-562 (ATCC®CCL-243Ê) as a suspension tumour cell line of chronic myelogenous 

leukemic origins was used for cytotoxic experiments using fluorescence-activated cell 

sorting (FACS). K-562 required pre-labelling of the cell membrane with a fluorescent 

dye (PKH67) with a green fluorescence of ɚex 490 nm; ɚem 502 nm that is spectrally 

compatible with TO-PRO-3. K-562 cells (~15 x 106 cells in 15ml) were harvested from 

a culture flask, washed in HBSS, and re-suspended in a mixture of a PKH67 dye and 

salt-free Diluent C (500µl). Diluent C is an aqueous vehicle used to maximise staining 

efficiency, minimise membrane dye aggregation, facilitating the lipophilic dye into the 

cell membrane for homogeneity of the sample producing uniform staining. Following 

a timed incubation period of three minutes, 1ml of culture media (containing 10% FCS) 

was added to stop the reaction and provide hydrophobic binding of excess dye. Final 

solutions were washed, and the cell pellet resuspended in fresh culture media before 

a final check of viability (Ó 85%) and cell labelling (Ó 95%). K-562 once prepared would 

be added at a 5:1 ratio in experimental triplicates of 0.5 x 106 effector cells (300µl) to 

0.1 x 106 target cells (100µl) in a round bottom tube (Falcon® 5ml round bottom 

polystyrene test tube with snap cap, non-pyrogenic, 12 x 75mm, catalogue number: 

352054). Incubation was at 37°C for cytotoxic assays performed over four hours.  
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2.6 Effector cell preparation 

2.6.1 Thawing of cryopreserved PBMCs 

Frozen PBMCs were transferred from liquid nitrogen storage immediately to a 37°C 

water bath with partial immersion of the cryovial and continuous agitation. Thawed 

cells were added immediately into a 50ml Falcon tube containing 15ml pre-warmed 

culture media (GibcoÊ RPMI 1640 GlutaMAXÊ supplemented to a final concentration 

of 20% FCS and 1% A-A) and centrifuged at 250G for 10-minutes at room temperature 

(Allegra® X-12 benchtop centrifuge, Beckman Coulter®). The cell pellet was gently 

re-suspended in culture media at concentration of 106 cells/ml in a T-25cm2 culture 

flask. After a recovery period of two hours cell enumeration and viability was performed 

using flow-cytometry and TOP-PROÊ-3 for cell viability. PBMCs harvested were re-

suspended in a final concentration of 50 x 106 cell/ml in GibcoÊ D-PBS (without 

calcium or magnesium) supplemented with FCS in a final concentration of 2% and 

1mM EDTA and transferred to polystyrene round-bottom tubes (Falcon® 5ml round 

bottom polystyrene test tube with snap cap, non-pyrogenic, 12 x 75mm, catalogue 

number: 352054). 

2.6.2 Isolation of human NK cells 

NK cell isolation was performed using the EasySepÊ Human NK Cell Enrichment Kit 

(STEMCELLÊ Technologies, catalogue number: 19055) for immunomagnetic 

isolation of human NK cells. This method was preferentially selected as it allowed the 

isolation of highly purified NK cells from fresh and frozen human PBMCs that are 

óunlabelledô. EasySepÊ Human NK Cell Enrichment Cocktail was added (50µl/ml) and 

incubated at room temperature for 10-minutes. EasySepÊ magnetic particles (Rapid 

Spheres) were vortexed for 30-seconds and added (100µl/ml) to the cell suspension 

and incubated further for 5-minutes. The cell mixture was topped up with pre-warmed 

culture media before adding directly to an EasySepÊ magnet (snap-cap removed). 

CD56- cells were targeted for removal with Tetrameric Antibody Complexes 

recognising non-NK cells and dextran-coated magnetic particles. Final enriched 

negative depletion was collected and assessed for final viability, purity, and absolute 

cell count (sample purity >84%).  
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2.6.3 Immunophenotyping of NK cells 

Cell surface immunostaining of immune cells were carried out in round-bottom tubes 

using a minimum of 105 cells re-suspended in a final volume of 100µl of staining buffer 

(HBSS supplemented with 2% FCS). To identify the NK cell population expression of 

basic lineage markers (CD3 and CD56) was undertaken using monoclonal antibodies 

(mAbs) (Table 1).  

Table 1 Antibodies 

Antigen Conjugate/ 

Tag 

Clone Isotype Manufacturer Catalogue 

number  

CD3 VioBlue BW264/56 Mouse 

IgG2a 

Miltenyi Biotec 130-113-

133 

CD56 

(NCAM) 

APC/Cyanine7 

anti-human  

HCD56 Mouse 

IgG1 

BioLegend  318332 

 

2-5ml of each conjugated antibody was added to 75mm polystyrene tubes (Sarstedt) 

and incubated in the dark at 2 to 8°C for 15-minutes. Cells were re-suspended in 750µl 

of staining buffer and washed to remove any unbound antibodies. The cell pellet was 

re-suspended in 100µl, and events acquired within 1-hour of labelling on a NovoCyte® 

Flow Cytometer 3000 (Agilent Technologies, Inc). Pre-acquisition compensation was 

performed. Doublets were excluded by gating on single cells (CD56+CD3-). A minimum 

of 20,000 events were acquired after selecting the gate for viable cells using forward 

scatter (FSC) and side scatter (SSC).   

2.6.4 NK cell preparation 

Dependant on experimental assay NK cells were re-suspended in a final concentration 

for functional cytotoxic assays (0.75 x 106 NK cells/ml), immunophenotyping (0.1 x 106 

NK cells/ml), or RNA isolation (0.5 x 106 NK cells/ml).  
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2.7 Immune cell functional (cytotoxic) assays  

2.7.1 Cellular impedance 

2.7.1.1 Cell index  

Cell-based impedance biosensing is part of an emerging field of cellular biology that 

allows the label-free study of adherent target cells using a unitless parameter called 

the cell index (CI) to calculate cell specific lysis. Readouts of the CI are dependent on 

the cell size, shape, and attachment quality of the target cell. Measurements of 

changes in electrical impedance across gold microelectrodes at the base of each 

microtiter well, normalised to the baseline, measure electron flow to the negative 

terminal to which is translated into an impedance value. The magnitude of effect has 

been previously described as Zi ï Z0 ɋ)/15 ɋ, where a background impedance of 

culture media alone defined as Z0 and the presence of cells at any time defined as 

Zi (Cerignoli et al. 2018; Stefanowicz-Hajduk and Ochocka 2020). A cross-sectional 

view of a microtiter well is shown (image acquired from Agilent Technologies, Inc with 

permission) before and after target cell addition (Figure 2-4). To determine target cell 

specific cytolysis an equivalent control well of target cells in culture media alone was 

used as a comparator.  

 

Figure 2-4 Effect of electron flow following adherent target cell addition  

 

2.7.1.2 xCELLigence® Real-time Cell Analysis 

The xCELLigence® Real-time Cell Analysis (RTCA) (Agilent Technologies, Inc) device 

uniquely provides real-time continuous quantification of the CI to determine cellular 

https://www.aceabio.com/wp-content/uploads/xCELLigence-Tech-Overview-Fig-1.jpg
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proliferation, morphological alterations, attachment quality, and cellular interactions in 

a label-free manner. Utilising a 16- or 96-well plate concept (E-Plates®) at the base of 

each microtiter well there are gold microelectrode biosensors that detect an electrical 

potential (22mV). The device can be run with either a single-plate (SP) or multi-plate 

(MP) station which can be stored in a CO2 incubator (maximum humidity 98% without 

condensation). The MP device holds up to 6 x 96-well plates as shown (image 

acquired from Agilent Technologies, Inc with permission) (Figure 2-5). Properties of 

each well include a well volume of 243µl ± 5µl, well bottom diameter of 5.0mm ± 

0.05mm, well spacing 9mm (centre-to-centre), and composition made of ultra-violet 

radiated polyethylene terephthalate (PET) or glass. Culture media allows electrical 

conduction for a highly sensitivity read-out from biosensors which cover 70-80% of the 

surface area of the E-Plate® without affecting cell health or viability. This modality has 

a major advantage over other labelling methods, leaving cells unaltered without 

requiring cell handling or harvesting during or after the assay. The read-out of an entire 

96-well e-plate is <10 seconds and measurements can be taken at intervals ranging 

from minutes to hours. Analysis is performed using the xIMT software (Agilent 

Technologies, Inc). Cellular debris or sedimentation of cells after adherent cell 

attachment does not exert or alter the CI signal. This form of cytotoxic assessment 

using the xCELLigence® xIMT software has been described in the literature (Cerignoli 

et al. 2018). 

 

Figure 2-5 xCELLigence® RTCA (Agilent Technologies, Inc) MP device  
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2.7.1.3 Dynamic changes in the CI 

Experimental steps required prior to effector cell addition include the following: 1) 

Background: this is the initial calibration step that involves the addition of 50µl culture 

media to wells to ensure the conduction of an electrical current (in the absence of 

cells) does not exert an impedance signal which translates to a false CI read-out. 2) 

Cell attachment: the E-plate® is removed from the incubator and target cells added in 

the correct concentration as per the pre-defined assay with 100µl of cell suspension, 

reverse pipetted to minimise variance between wells. Cells are left to passively 

sediment in the laminar flow hood at room temperature for 30-minutes before returning 

to the incubator to minimise conductive cell dispersal. 3) Cell adhesion: attachment of 

the adherent cell line over the biosensor will occlude the flow of electrons to the 

terminal resulting in a change in impedance signal visualised as a rapid increase in 

CI. 4) Cell proliferation: as the cells begin to proliferate there will be a slower 

incremental increase in the CI, the rate of which will vary dependent on nature of the 

cell line, cell seeding density, and cell passage. 5) Plateau: when the cells reach 

confluence within the well. 6) Cell death: a decline in the CI reflects a change in cell 

morphology such as rounding before cell detachment and death.  Such dynamic 

events and alterations in the normalised CI can be seen visually (image acquired from 

Agilent Technologies, Inc with permission) (Figure 2-6).  

 

Figure 2-6 Dynamic changes in the cell index (CI) over time (hours)  

 

https://www.aceabio.com/wp-content/uploads/xCELLigence-Tech-Overview-Fig-3A.jpg


73 

 

2.7.1.4 Validation of the CI 

To demonstrate that cell debris or sedimentation of NK cells do not exert a CI signal, 

effector cells were added to a microtiter well alone. As demonstrated no CI signal is 

observed over time (~60-hours) with 0.075 x 106 NK cells (green). CI is not altered by 

these suspension cells nor the potential debris or apoptotic cells that can sediment. In 

contrast with the addition of 0.015 x 106 OVCAR-3 cells (red) the CI dynamically 

increases reflecting early attachment, adhesion, and proliferation (Figure 2-7).  

In parallel preliminary experiments cells were dissociated from the microwell and 

counted using a haemocytometer for cell counting. This was performed at different 

stages of cell index to determine the exact number of cells in each well (using 

replicates) and during different log phases of cell attachment to have an deeper 

appreciation of this experimental modality.   

 

Figure 2-7 Effect of effector (green) versus target (red) cell addition on changes in CI over time 

Using the xCELLigence® RTCA (Agilent Technologies, Inc) device dynamic changes in the CI are 

shown over time (0- to 61.2-hours) following the addition of 0.075 x 106 NK cells (green) and 0.015 x 

106 OVCAR-3 cells (red) (Figure 2-7). Time (hours) is shown on the x-axis with CI measurements on 

the y-axis. NK cells are in suspension within the microtiter well whereas OVCAR-3 cells are adherent 

and exert a dominant CI signal. In wells containing only NK cells in suspension any remaining cell debris 

or dead cells in wells do not exert a CI signal (green). Instead, only attached adherent target cells when 

seeded alone exert a measurable signal (red). Image acquired from the xCELLigence® xIMT software.  

RTCA, real time cell analysis; CI, cell index; NK, natural killer. 
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To demonstrate that forced cell-death can alter CI, the addition of a chemical agent 

was used as part of a treatment-induced positive control (Figure 2-8). Shown are the 

changes in CI of OVCAR-3 that take place following addition of 100µl DMSO following 

fresh media exchange demonstrating that induced cell death is reflected by a change 

in the specific cytolysis read-out. Again, utilisation of cell apoptosis was performed 

using a viability dye (TO-PRO-3) for cell counting under a microscope.  

 

 

Figure 2-8 Chemical induced cell death with a cytotoxic positive control  

Dynamics in CI of OVCAR-3 alone are shown (above) and percentage specific cytolysis by of OVCAR-

3 by a cytotoxic agent (0- to 61.2-hours) (below). Time (hours) is shown on the x-axis with changes in 

CI/ cytolysis on the y-axis. DMSO (100µl) was added to OVCAR-3 (0.15 x 106 cells/ml) at 4.7 hours 

(shown by the black marker line) following target cell seeding (CI >1.0). Addition of the cytotoxic agent 

induced a rapid change in the impedance signal (CI, 11.0) which reflected rapid expansion before cell 

rupture. A corresponding change in percentage cytolysis of target cells is seen reflecting loss of 

membrane integrity followed by rapid expansion and eventual cell rupture. Image acquired from the 

xCELLigence® xIMT software.  

DMSO, dimethyl sulfoxide; CI, cell index; %, percentage.  
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2.7.1.5 OVCAR-3 optimisation 

OVCAR-3 is an adherent cancer cell line that has previously been validated for use in 

immunological assays (Cerignoli et al. 2018). Given the focus of this Thesis is related 

to HGSOC biology I optimised a specific protocol with support from the manufacturer 

to allow same day seeding of target cells and effector cell addition. OVCAR-3 was 

validated using both 16- and 96-well plates across different passages to determine the 

optimal cell density (ranging from 2,500 cells to 20,000 cells) per microtiter well. This 

protocol further validated using independent devices based at The Cancer Institute 

(UCL) and UCL/RFH laboratories. Experimental schedules were timed to the 

subculturing schedule to maintain consistency and ensure reproducibility across 

assays. Dynamic changes in the CI are shown at different seeding densities (Figure 

2-9). It was apparent that OVCAR-3 preferentially grows at higher cell densities due 

to cell-to-cell contact and conglomerate formation on polyethylene terephthalate (PET) 

plates, demonstrating a CI > 0.5 in an early interval (< 6-hours) following target cell 

seeding. Beyond passage 10 the morphological behaviour of cell growth was 

unpredictable demonstrated by a CI > 3.5 beyond 6-hours. Following these preliminary 

studies all experiments with OVCAR-3 were only performed using restricted passages 

(4 to 10) using 15,000 target cells per well (0.15 x 106 cells/ml). To ensure consistency 

between assays and to optimise impedance read-outs a threshold minimum value of 

CI >0.5 was selected with an aim to add effector cells with CI ~1.0. Impedance data 

was acquired every 15-minutes for a minimum duration of 60-hours. All conditions in 

this series of experiments were run in triplicate where possible and data shown as the 

average of experimental replicates.  
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Figure 2-9 Dynamics of CI using different seeding densities of OVCAR-3 at different cell 

passages  

Adherent cell line OVCAR-3 was seeding onto PET plates at different passages and a range of cell 

densities used to determine the optimal seeding density. Time (hours) is shown on the x-axis and the 

corresponding changes in CI on the y-axis. Numbers accompanying each growth curve reflect the 

number of cells per microtiter well. Use of 15,000 target cells (0.15 x 106 cells/ml) allowed for same day 

seeding of effector cells with a minimum CI Ó 0.5 (demonstrated by a red arrow). Image acquired from 

the xCELLigence® xIMT software.  

PET, polyethylene terephthalate; CI, cell index; P, passage.   

OVCAR-3 (Passage 4) 

 

OVCAR-3 (Passage 10) 

 

Optimal target seeding density 0.15 x 106 cells/ml (P4 ï 10) 
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2.7.1.6 Effector and target optimisation  

Various effector to target or E:T ratios were used to determine the optimal combination 

to ensure reproducibility and sufficient cytotoxicity of a tumour target over the assay 

duration E:T combinations: 1:1, 2:1, 5:1 and 10:1 took into consideration estimated 

yield of NK cells from each donor post-thaw of PBMCs and the optimal seeding density 

of 15,000 OVCAR-3 cells (Figure 2-10). A 5:1 ratio was selected of 75,000 NK cells 

per well (0.75 x 106 cells/ml) to be used in all cytotoxic assaying using the 

xCELLigence RTCA (Agilent Technologies, Inc) device.  
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Figure 2-10 NK cell-specific cytolysis of OVCAR-3 at different E:T ratios  

Using methods previously described, NK cell-specific cytolysis of OVCAR-3 was determined using 

target cells from P6 at different E:T ratios: 1:1, 2:1, 5:1, 10:1, versus control (target cells alone). 

Consideration was made for the starting material of PBMC and number of NK cells estimated to be 

available per donor sample. Final E:T (5:1) was preferentially selected given the levels of cytolysis 

observed across the assay duration. 

E:T, effector to target; %, percentage; P, passage; PBMC, peripheral blood mononuclear cells. 
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2.7.1.7 Effect of hypoxia on OVCAR-3 cell dynamics 

Experiments assessing the effect of environmental hypoxia were performed using dual 

xCELLigence RTCA devices in separate humidified incubators pre-set to either 

normoxic (21% O2) or hypoxic (1% O2) conditions. Different passages were tested for 

optimisation to assess growth dynamics. Visual representation of the change in CI 

over time produced by the xIMT software (Agilent Technologies, Inc) is shown 

demonstrating that OVCAR-3 is capable of growth under hypoxic conditions at 

different cell passages (P4 to P10) (Figure 2-11). Up to 6-hours post-seeding of target 

cells the CI is similar with advancing cell line passages. Beyond 10-hours under 

hypoxic conditions the target cell CI curve can alter, becoming more apparent from 20 

to 45 hours. This time frame is reflected by a more positively sloped curve under 

normoxic conditions. Beyond 50-hours the hypoxic-induced effect becomes more 

apparent with growth curves demonstrating greater separation. This pattern is seen in 

both early and later passages of OVCAR-3. These effects further supported effector 

cell addition at early time-points (from 6-hours) to ensure greater reproducibility when 

comparing hypoxic-induced effects, given later addition may result in gross differences 

in the CI. NK cells cultured in hypoxia and did not require supplementation with 

exogenous cytokines, such as IL-2 or IL-15 for survival (data not shown).  
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Figure 2-11 Dynamic changes in OVCAR-3 growth kinetics under normoxic and hypoxic 

conditions 
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2.7.1.8 Effect of cytokines on cell dynamics 

IL-2 and IL-15 share structural homology and have shown to enhance NK cell cytotoxic 

activity. Cytokine stimulation of NK cells was used a positive control to determine 

functionality post-thaw. Using previously optimised concentrations for NK cell cytotoxic 

assays, IL-15 (10ng/ml) demonstrated a prominent effect under both normoxic (21% 

O2) and hypoxic (1% O2) conditions relative to IL-2 addition so was preferentially 

selected. IL-15 addition to OVCAR-3 did not affect the CI or viability of the target cell 

(data not shown).  

2.7.2 Confocal microscopy and cellular impedance 

The xCELLigence® RTCA eSight (Agilent Technologies, Inc) device uniquely 

combines confocal microscopy and cellular impedance to visualise cellular 

interactions in real time allowing an understanding of OVCAR-3 growth dynamics and 

cellular interactions. Using an apoptosis marker (Annexin Green) for OVCAR-3 co-

cultured with NK cells. The Lowdell laboratory was fortunate to have the device for a 

trial period which allowed acquisition of these images. Whilst no formal readout of data 

was captured during the trial period using CI data for cell specific cytolysis of OVCAR-

3, visualisation of targeted apoptosis by NK cells was obtained alongside differential 

responses between subjects based on germline BRCA1 mutational status which is 

available in the Results section.   
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Figure 2-12 Morphological view of OVCAR-3 in a microtiter RTCA eSight E-plate® 

Unstained OVCAR-3 cells (15,000 cells; passage 8) are shown six hours following target cell addition 

into a microtiter 96-well plate compatible with a xCELLigence® RTCA device (Agilent Technologies, 

Inc) using brightfield view.  

RTCA, real-time cell analysis. 
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Figure 2-13 Dynamics of effector and target cell interactions  

Confocal microscopy of cellular dynamics of effector cells (0.075 x 106 NK cells) stained with cell trace 

violet (CTV) that have been added to unstained target cells (0.015 x 106 OVCAR-3 cells). Interval 

images have been shown at 0-hours and 6-hours following effector cell addition to the microtiter well. 

Given the large number of cells in view for visualisation purposes a E:T ratio of 1:1 was then used to 

demonstrate evidence of apoptosis (Green; Annexin Green) of target cells (Orange; unstained with 

orange mask selection using brightfield view) by effector cells (Blue; CTV stained). Utilising live cell 

imaging annexin V release provided direct visualisation of early- and late-stage cell apoptosis of 

OVCAR-3.  
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2.7.3 Flow cytometry 

K-562 as a suspension cell line was preferentially used as an alternative cell line given 

it is a prototypical NK cell sensitive target widely used in the literature. It enabled the 

ability to determine the cytotoxic profile of BRCA mutation carriers when experimenting 

with sex hormones given the expression of PR isoforms in OVCAR-3 cells (Akahira et 

al. 2002; De Haven Brandon et al. 2020). Target cells (1 x106) were harvested and 

washed with HBSS before pre-labelling the cell membrane with fluorescent dye 

PKH67 Green Fluorescent Cell Linker Kit for General Cell Membrane Labelling 

(Sigma-Aldrich) as described earlier. A minimum of 20,000 events were acquired using 

the NovoCyte® Flow Cytometer (Agilent Technologies, Inc) after selecting the gate for 

viable cells using forward scatter (FSC) and side scatter (SSC). Following a 4-hour co-

culture the cell suspension was harvested and viability of K-562 assessed using the 

gated population of live cells by flow cytometry. NK cell cytotoxicity was calculated by 

subtracting the background of untreated target cells from the same donor using 

experimental replicates. 

To determine the direct effect of progesterone on NK cell activity effector cells were 

co-cultured in different concentrations of progesterone overnight and washed before 

addition to K-562 in a flow cytometric cytotoxic assay. Synthetic progesterone (Sigma-

Aldrich; catalogue number, P8783-1G) was used to create stock solutions to create 

dose concentrations to reflect physiological states in vivo for premenopausal women 

across different ovarian phases but also detectable within follicular fluid (0µM, 0.1µM, 

1µM, 5µM, 10µM). To assess whether effects induced by progesterone could be 

abrogated with an anti-progestin a selected stock concentration of mifepristone 

(1.25µM) was created (Sigma-Aldrich; RU486; catalogue number, M8046) and added 

to NK cells overnight for incubation in round bottom tubes. This concentration was 

preferentially used to correspond to a clinical trial being undertaken to assess the 

effect in vivo of oral mifepristone (50mg alternate days) in BRCA mutation carriers via 

a randomised, double-blind, placebo-controlled trial (ClinicalTrials.gov Identifier: 

NCT01898312). Whilst progesterone and mifepristone were both soluble in ethanol, 

an equivalent concentration of ethanol was added to culture media and NK cells which 
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did not demonstrate a significant alteration in tumour cell cytotoxicity or NK cell 

viability.   

2.8 Immune cell functional (secretory) assays 

2.8.1 Cytokine multiplexing  

The Cytokine Human Magnetic 30-Plex Panel (Catalogue no. LHC6003M; Lot no. 

214538304) for the LuminexÊ platform was used to quantify a large panel of human 

cytokines and growth factors using a suspension bead-based technology. Cytokines 

included: granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage 

colony-stimulating factor (GM-CSF), interferon (IFN)-Ŭ, IFN-ɔ, interleukin (IL)-1ɓ, IL-1 

receptor antagonist (IL-1RA), IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-

13, IL-15, IL-17, and tumour necrosis factor (TNF)-Ŭ. Chemokines included: eotaxin, 

IFN-ɔ-inducible protein-10 (IP-10), monocyte chemoattractant protein (MCP)-1, 

monokine induced by IFN-ɔ (MIG), macrophage inflammatory protein (MIP)-1-Ŭ/ɓ, and 

regulated upon activation, normal T-cell expressed and presumably secreted 

(RANTES). Growth factors included: epidermal growth factor (EGF), fibroblast growth 

factor (FGF)-basic, hepatocyte growth factor (HGF), and vascular endothelial growth 

factor (VEGF). Plasma supernatants were processed as per manufacturers 

recommendations. Magnetic microsphere beads internally dyed with red and infrared 

fluorophores of differing intensities and pre-allocated a unique number, or bead region, 

allowing differentiation of one bead from another. Beads covalently bound to different 

antibodies were able to be mixed in the same assay, utilizing a 96-well microplate 

format.  Upon completion of the sandwich immunoassay, magnetic beads were 

measured using a LuminexÊ detection system (MAGPIXÊ). 30 analytes were 

measured simultaneously providing a robust manner to generate data with greater 

sensitivity of detection than traditional methods. This automation method allowed for 

decreased handling time, increasing throughput, and enhanced precision. Standard 

curves were generated by the LuminexÊ instrument using 75µl of sample following 

serial dilution of the reconstituted standard. The xPONENT program (Build, 

4.2.1509.0) was used to acquire raw data. Target bead count was set at 100 magnetic 

beads per sample well.  
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2.9 Secretory profiles 

2.9.1 Salivary hormones 

Participants were asked to collect daily saliva samples in the morning (~1 ml), over 

the course of one full menstrual calendar (the cycle length was defined as the time 

between the first day of vaginal bleeding in subsequent menstrual cycles). Visual aids 

and additional written instructions were made available. Collected saliva samples were 

immediately frozen in a domestic freezer at ~ ī 20°C. Once the collection was 

complete over one cycle, frozen samples were transferred to the laboratory using 

icepacks and a thermally insulated bag before being transferred into ī 80°C. 

Participants completed a sample log to record cycle length and any issues with the 

samples collected. Batch collection of samples were transport to UCL for downstream 

analysis by members of our UCL Translational Research team (Dr I Evans and Mr R 

Gunu). Salivary hormone levels were measured using enzyme immunoassay kits from 

Salimetrics; for progesterone (#1-1502-5) and estradiol (#1-4702-5), following the 

manufacturerôs instructions. Briefly, saliva samples were thawed overnight at 40ÁC, 

mixed by inverting, and centrifuged for 15 minutes at 1500rpm. 50µl (for progesterone) 

or 100µl (for estradiol) of sample was placed onto a microtiter assay plate and HRP-

enzyme conjugate added. Plates were shaken (500rpm) and incubated at room 

temperature for one (progesterone) or two (estradiol) hours, then washed four times 

with 1x wash buffer. Tetramethylbenzidine substrate was added, plate shaken and 

then incubated for 30-minutes in the dark. Stop solution was added before plates were 

briefly shaken read at 450nm on a Varioskan-LUX plate reader. A standard curve was 

run for each plate.   

2.9.2 Progesterone-induced blocking factor ELISA 

Fresh peripheral blood collected in lithium heparin BCT (BD Vacutainer® PST Ê 

spray-coated Lithium Heparin Tube with gel plasma separator; catalogue number: 

367964) and using density centrifugation performed as described previously. 

Following isolation of plasma supernatant samples were cryopreserved into individual 

cryovials. Within 6-months of collection batch samples were transported to UCL to 

perform an ELISA for progesterone-induced blocking factor (PIBF). This was 
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performed kindly by members of our UCL Translational Research group (Dr I Evans 

and Mr R Gunu). Plasma supernatants were processed using a human progesterone-

induced blocking factor (PIBF) (enzyme-linked immunosorbent assay (ELISA) kit 

(MyBioSource; catalogue number, MBS700337) as per manufacturers 

recommendations. The microtiter plate provided in this kit was pre-coated with goat-

anti-rabbit antibody. Using 50µl of undiluted samples this kit provided a ready-to-use 

microwell, strip plate ELISA for assessing the presence of the PIBF1 using a 

competitive enzyme immunoassay technique (detection range, 2 to 800 ng/ml; 

sensitivity <2ng/ml).  

2.10 RNA-sequencing   

Unstimulated NK cells were preferentially used to determine the cell autonomous 

effect of a germline BRCA1 mutation on the NK cell transcriptome. Preferentially 

unstimulated NK cells were used given the risk of a modified transcriptome following 

ex vivo cytokine- and tumour-priming. NK cells were washed twice and re-suspended 

in D-PBS free of calcium or magnesium to achieve a minimum of 150ng RNA per 

donor (0.5 x 106 NK cells/mL). Total RNA was extracted using RNeasy Micro Kit 

(Qiagen Catalogue number/ID: 74004) according to manufacturerôs protocol. Sample 

quality was assessed using NanoDrop Spectrophotometry and stored at -70°C before 

transfer to Eurofins Genomics (Germany). RNA sequencing (RNA-Seq) libraries were 

prepared by poly-A enrichment, mRNA fragmentation, random primed strand-specific 

DNA synthesis, adapter ligation, and subsequent specific PCR amplification using 

next-generation sequencing (NGS; 50 base-pair single-end reads) performed on a 

HiSeq 4000 sequencer (Genome Sequencer Illumina HiSeq). Each library was 

sequenced to at least 30-million reads. Raw read data was de-multiplexed, aligned, 

and mapped to the GRCh38 human reference transcriptome (NIH, accessed 16 July 

2021) using Salmon (version 1.5.1) to generate a raw counts table. Functional 

annotation analysis using gene ontology (GO) terms was performed on gene data sets 

that met the cut-off threshold of >1 log fold change (FC) and p-value <0.05 for 

upregulated genes and <-1 logFC for genes downregulated using the Panther 

Classification System gene list analysis tool (http://pantherdb.org). Functional analysis 

of gene expression changes was undertaken using Ingenuity® Pathway Analysis (IPA, 

http://pantherdb.org/
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Ingenuity® Systems). This software analyses RNA expression data in the context of 

known biological responses, regulatory networks, and other higher-order response 

pathways. IPA identified canonical pathways, upstream regulators, signalling 

networks, biological functions, and/or diseases that were most significant. Genes from 

the data set that met the cut off values (>1 logFC; p-value <0.05) were considered for 

further analysis.  

2.11 Data analysis 

NK cell specific cytotoxicity is presented as mean ± standard deviation (SD). Samples 

from the same donors under different experimental conditions or ovarian cycle phases 

were compared using a paired t-test. Comparisons made between different groups 

were performed using an unpaired t-test or multiple t-testing where specified. 

Statistical analyses were facilitated using GraphPad Prism (V9.2.0) Software. p-value 

<0.05 were considered significant. Non-parametric testing using Mann-Whitney were 

considered when comparing independent groups of arbitrary óhighô versus ólowô 

cytotoxicity. Further bioinformatics support was kindly provided by Dr C Herzog for 

down-stream gene expression analysis of pairwise and group comparisons. To 

minimise false discovery rates Bonferroni correction was utilised. Salmon results were 

imported to R at a gene-level and the DESeq2 package (version 1.34.0) used to 

identify differentially expressed genes (DEGs) in NK cells of BRCA1mut relative to 

age-matched controls, using an adjusted p-value (<0.05). Up- and downregulated 

DEGs were ranked according to their statistical significance. Supervised hierarchical 

clustering allowed a visual comparison. Volcano plots were used to visualise DEGs 

between groups. Pathway analysis was performed using GO, PANTHER, 

REACTOME, Pathifier, and IPA software. Bioinformatics analysis was conducted in 

bash and R (version 4.1.2). As per manufacturers recommendations the 

Invitrogen ProcartaPlex Analysis Application (Thermo Fisher Scientific) provided 

analysis of the multiplex immunoassay data acquired by the LuminexÊ instrument. 

The CSV file was imported with plate layouts and lot-specific data defined which 

generated a 5-parameter logistic (5PL) standard curve. Standards 1 to 7 (dilution 

factor, 1:3) were calculated to identify donor detectable secretion that fit all standards. 

Donors with detectable secretion that was outside the standard curve or óout of rangeô 
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(OOR) had values extrapolated. For metabolomic data analysis bioinformatic support 

was kindly provided by Dr T Bartlett, part of our UCL translational research group for 

Womenôs Cancer. Data for salivary hormones was analysed and hormone levels 

calculated by interpolation using 4-paramater non-linear regression curve fit in 

GraphPad Prism (V9.2.0). Summary figures where specified were created with 

Biorender.com.  
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3 The cell-autonomous impact of a BRCA mutation on NK 

cell cytotoxicity  

3.1 Introduction  

The ubiquitous expression of a BRCA gene provides vital intrinsic roles in supporting 

cellular repair and protection from nucleolytic degradation (Tarsounas and Sung 

2020). Loss of functional BRCA1 protein due to the presence of a germline BRCA 

mutation can induce tissue specificity for highly aggressive cancers within sex 

hormone receptive tissues due to unknown causation (Widschwendter and Dubeau 

2020). These carriers of a germline mutation deemed óhigh-riskô face the dilemma if 

and when to consider complete surgical excision of vital gynaecological organs for 

definitive ovarian cancer risk-reduction, due to an extended lifetime risk of ovarian 

carcinogenesis. Whilst studies are being undertaken considering the two-step role of 

surgical alternatives for those who wish to avoid or defer oophorectomy, there is a 

need to develop highly efficacious non-surgical options (Saul et al. 2022; Gaba et al. 

2021). Globally efforts are aimed at cancer prevention and the detection of early-stage 

disease however presently for EOC robust screening aimed at prolonged survival 

remains limited (Menon et al. 2021). Whilst the unfortunate pathogenic inheritance of 

a BRCA1 mutation predisposes to cancer, it also allows the unique study of otherwise 

healthy women prior with a significant tissue-specific carcinogenic risk allowing a 

unique insight into potential pro-tumorigenic events for HGSOC and TNBC. Both 

heterogenous tumours are associated with neoantigen load, infiltration of cytotoxic 

lymphocytes, and immunoreactive gene signatures emphasising the role of the anti-

tumour response (McAlpine et al. 2012; Strickland et al. 2016; Launonen et al. 2022). 

Despite an óimmunogenicityô there can be a large variability in cancer penetrance even 

amongst carriers (Kuchenbaecker et al. 2017). Work from our research group 

specifically studying the impact of a germline BRCA mutation has identified an 

aberrant response of key physiological systems and cellular processes (Barrett, 

Herzog, et al. 2022; Widschwendter et al. 2013; Widschwendter et al. 2015; Nene et 

al. 2019). To understand the discordance between mutant genotype and variable 

cancer phenotype it is important to consider the cell autonomous contribution of a 



90 

 

germline BRCA mutation with anti-tumour activity, specifically NK cell immune 

surveillance (Bach et al. 2021). Potential dysregulation of cell-mediated immune 

responses may in turn facilitate site-specific immune evasion allowing óat-riskô tissue 

niches, such as the fimbrial fallopian tube, to adopt óhallmarkô qualities (Vazquez-

Garcia et al. 2022; Hanahan 2022).  

NK cells represent a dynamic population of cytotoxic lymphocytes primarily involved 

with tumour immunosurveillance that are capable of differentiating host cells from 

those undergoing oncogenic transformation (Sabry and Lowdell 2020). Their ability to 

detect malignantly transformed cells without prior sensitisation confers an 

immunological advantage over other cytotoxic lymphocytes due to the rapid 

reorganisation of germline-encoded receptors to exert an effector functional response 

(Morvan and Lanier 2016; Vivier et al. 2008; Perera Molligoda Arachchige 2021). NK 

cell functional activity can be assessed by cellular cytotoxicity or the release of 

immunomodulatory cytokines. pbNK cells are broadly dichotomised into the 

predominant cytotoxic (CD56dimCD16+) subset and the regulatory cytokine-secreting 

(CD56brightCD16-) subset (Poznanski and Ashkar 2019). Both subsets are capable of 

tissue infiltration from peripheral circulation into inflammatory niches via homing or 

trafficking mechanisms (Ran et al. 2022). In premenopausal women there are similar 

proportions of NK cells (CD3-CD56+) in PBMCs pre-ovulation (day 2 to 4; 13.39 ± 

6.33%) and post-ovulation (days 16 to 18; 14.41 ± 5.8%), with a longitudinal increase 

of the cytotoxic CD56dim subset, that peaks at the late-luteal phase (16.58 ± 7.22%) 

(Lee et al. 2010). However, circulating levels of NK cells amongst can widely vary from 

5 to 20% demonstrating biological variation. Premenopausal women demonstrate 

sexual dimorphism with variation in lymphocyte counts, immunotolerance, and 

disease susceptibility relative to male donors or postmenopausal women (Shepherd 

et al. 2020; Bouman, Heineman, and Faas 2005). Whilst sex hormones have been 

implicated in these differences functional NK cell activity, cell-mediated cytotoxicity in 

different ovarian phases is inconsistent (Souza et al. 2001; Sulke, Jones, and Wood 

1985b; Lee et al. 2015; Lee, Botesteanu, et al. 2019). Given the technical logistics in 

sampling NK cells from the fimbrial fallopian tube the prospective acquisition of pbNK 

cells provides a wealth of biological information and a baseline predictive assessment 
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of host immunosurveillance  (Nersesian et al. 2021). Cryopreserved PBMCs provide 

an efficient pool of NK cells used when studying ovarian phase-specific effects 

amongst different donors, allowing for individualised sample collection in a time- and 

cost-efficient manner. Negative selection of unlabelled NK cells is preferential to whole 

blood effector populations or unselected PBMCs due to risks of cross-contamination 

with other cytotoxic cells (NK-T cells, T-cells) (Kumar et al. 2017; Mangino et al. 2017). 

Optimised protocols using NK cells derived via frozen PBMCs are capable of 

degranulation, ADCC, cytokine secretion, and cellular cytotoxicity (Mata et al. 2014; 

Min et al. 2018; Mark et al. 2020). When determining the functional activity of a NK 

cell the study of cellular cytotoxicity (using methods that include cellular impedance 

measurements) is a superior discriminatory endpoint that as functional relevance (Imai 

et al. 2000; Cerignoli et al. 2018). Using a highly reproductible cytotoxic assay, relative 

to immunophenotypic profiling, minimises the potential variability that can be seen with 

cryopreservation techniques (Market et al. 2020).  

3.2 Experimental aims 

The primary aims of the following set of experiments described in this Chapter were, 

(i) to describe the cell autonomous impact of a pathogenic germline BRCA1 mutation 

on NK cell functional (cytotoxic) activity, and (ii) to determine whether responses to 

tumour targets are differential relative to age-matched non-carriers. Given the tissue 

specificity for tumours arising from the fimbrial fallopian tube and the prevalence for 

HGSOC use of OVCAR-3 will be preferential as an ovarian tumour target. Determining 

the dynamic changes in NK cell functionality across an ovarian cycle will be performed 

by sampling from predefined time points of the ovarian cycle in relation to ovulation. 

Use of a real-time cellular impedance data via a reproducible experimental assay will 

allow an opportunity to study NK cell-mediated cytotoxicity of tumour targets. 

Unlabelled, unstimulated NK cells used in these functional cytotoxic studies will 

provide unbiased novel findings that aim to identify causality for the tissue-specificity 

of cancers prevalent in BRCA1mut.  
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3.3 Methods 

3.3.1 Donor selection 

Written consent was attained from women enrolled into the BRCA Unite research 

study (FORECEE IRAS project ID: 53431). Ethical approval was granted via the 

Research Ethics Committee (REC) (REC reference: 14/LO/1633). All donors were 

premenopausal (aged 18- to 45-years), without a history of a previous or concurrent 

confirmed cancer, no concurrent use of exogenous hormones (or abstention of at least 

three-months), not currently pregnant or breastfeeding, and no previous history of 

bilateral salpingo-oophorectomy. Donors with a positive BRCA1 mutation status were 

compared to age-matched controls (BRCA1/2 mutation status negative; BRCA1/2wt). 

Confirmatory genetic testing to validate ócontrolô population was performed by the 

North London Genomic Laboratory Hub (Great Ormond Street Hospital, London, UK). 

BRCA1mut were age-matched (within three years) to BRCA1/2wt. 

3.3.2 Sample collection 

Pre-defined sampling periods corresponding to the luteal and follicular ovarian phases 

are used throughout this Thesis and referred to as the óEL phaseô or óEF phaseô. The 

EL phase (days 3 to 6 post ovulation confirmed using urine luteinising hormone testing 

kits) and EF phase (days 2 to 5 post completion of menses) was individualised to each 

volunteer. Samples were collected via designating clinical facilities across North 

Central London at participating sites.    

3.3.3 Sample processing 

Peripheral whole blood was collected in lithium heparin blood vacutainers (~40mL) 

between the hours of 0800 and 1100 and transported at room temperature to the RFH 

laboratory (London, UK). All samples were processed within three hours of collection 

and PBMCs cryopreserved (10% DMSO) using methods previously described. Once 

all samples were collected age-matched donor pairs (BRCA1mut and BRCA1/2wt; 

within three years of age) were rapidly thawed and rested for two hours in fresh culture 

media at 37°C. NK cells were isolated by immunomagnetic negative selection using 

the EasySepÊ Human NK Cell Enrichment Kit (STEMCELL Technologies). This 
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process created a label-free suspension of pbNK cells using Tetrameric Antibody 

Complexes that recognised non-NK cells (CD56- cells) and dextran-coated magnetic 

particles, without the columns, using an EasySepÊ magnet. NK cells were checked 

for viability (TOP-PRO®-3, Thermo Fisher Scientific), purity (multi-colour flow 

cytometric immunophenotyping of CD3-CD56+ cells), and absolute cell count using 

FACS (NovoCyte®, Agilent). NK cells were washed twice and re-suspended at a 

concentration of 0.75 x 106 NK cells/mL in pre-warmed culture media. OVCAR-3 

tumour targets were harvested during the exponential growth phase as per protocols 

described in the Methods section and targets pre-seeded into microtiter wells. Once 

CI measurements met the threshold set 0.075 x 106 effector NK cells were added to 

0.015 x 106 OVCAR-3 targets at a E:T ratio of 5:1. Within each microtiter well plate 

cellular impedance measurements were taken every 15-minutes. Cell specific 

cytolysis was calculated using xCELLigence® RTCA software data presented at 12-

hourly time points across a 60-hour assay. Experiments were performed in triplicate 

where possible (minimum two replicates due to cell number availability). Additional 

experimentation was performed with K-562 tumour targets for further NK cell functional 

(cytotoxic) assessment described later.  

3.3.4 Statistical analysis 

Results presented are mean values ± SD unless specified. Statistical analyses using 

paired or unpaired t-testing were performed using GraphPad Prism (V9.2.0). Results 

considered statistically significant shown (p-value <0.05). 
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3.4 Results 

3.4.1 NK cell cytotoxicity of ovarian tumour targets  

For the initial experiments I wanted to determine the dynamicity of NK cell-mediated 

cytotoxicity in premenopausal women (n = 30) against a HGSOC target already 

recognised to be NK cell-sensitive (Sun, Yao, et al. 2018). For simplicity, the 

cumulative cell specific cytolysis of OVCAR-3 is shown at 0-, 12-, and 60-hour time 

points (Figure 3-1). The following observations were made: 1) NK cells derived from 

cryopreserved PBMCs are able to demonstrate functionality without ex vivo cytokine-

priming, 2) NK cell cytotoxicity is progressive over 60-hours (28/30 donor samples 

were capable of ongoing cytotoxic responses), 3) NK cell cytotoxicity is donor 

dependant reflected by a range of activity, seen at 12- (range, 0 to 37.58%) and 60-

hours (range, 2.66 to 72.65%). Mean cell specific cytolysis increased by 26.77% 

across the assay duration, from 12-hours (10.77 ± SD, 11.49%) to 60-hours (37.67 ± 

SD 24.40%). This cumulative cytotoxic response amongst premenopausal women 

was highly significant using a paired t-test (p-value <0.0001).  
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Figure 3-1 NK cell cytotoxicity of ovarian tumour targets  

Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal women (n = 30) at 0-, 12-, and 60-hours. Samples shown were acquired across one 

ovarian cycle irrespective of ovarian cycle phase. NK cells (0.075 x 106) were derived by 

immunomagnetic negative selection of cryopreserved PBMCs and added to 96-microtiter well plate pre-

seeded with adherent target cells (0.015 x 106) at a 5:1 ratio. Effector cell responses against tumour 

targets were measured by real-time continuous quantitative methods using cell impedance in a label-

free manner (xCELLigence® RTCA MP). Individual donors are shown as dots with mean and SD 

shown. Linked donor activity is shown in a side-by-side comparison.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-time cell analysis; MP, multi-

plate; SD, standard deviation; **** p <0.001. 
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3.4.2 NK cell cytotoxicity of ovarian tumour targets, with consideration of 

ovarian cycle phase  

As discussed previously prior published reports suggest inconsistencies in the activity 

of NK cells across different ovarian phases in wild-type premenopausal women 

(Shepherd et al. 2020). In order to study the NK cell cytotoxic response based on 

ovarian cycle phase the results are presented in time-order (of a menstrual calendar) 

following ovulation, with EL phase activity shown first followed by EF phase activity. 

Ovulation as previously described intersperses the ovarian cycle resulting in the 

release of highly inflammatory follicular fluid and sex hormones (Barbieri 2014). For 

sex hormones there can be a phase-specific effects observed, such as progesterone 

dominance seen in the luteal phase. All donors shown are non-pregnant and therefore 

experience a reduction progesterone levels at the end of the luteal phase that results 

in menstruation and the commencement of the sequential follicular phase (Piccinni, 

Vicenti, et al. 2021). As shown when premenopausal women are pooled together from 

pre-defined phases (irrespective of BRCA1 mutational status) a phase-specific 

reduction in NK cell cytotoxicity is evident using a cumulative assay endpoint (60-

hours). Specifically, a significant reduction of NK cell cytotoxicity (p = 0.0173) in the 

EF phase is observed (95% CI, 3.415 to 27.23%; n = 10) (Figure 3-2). As seen earlier 

heterogenicity in NK cell-mediated cytotoxicity was observed amongst the group. 
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Figure 3-2 NK cell cytotoxicity of ovarian tumour targets, with consideration of ovarian cycle 

phase 

Data presented is the matched NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal women (n = 10) at a 60-hour time point, irrespective of BRCA1 mutational status. 

Samples were compared from the EL phase (days 3 to 6 post ovulation) and EF phase (days 2 to 5 

post completion of menses). NK cells (0.075 x 106) were derived by immunomagnetic negative selection 

of cryopreserved PBMCs and added to 96-microtiter well plate pre-seeded with adherent OVCAR-3 

target cells (0.015 x 106) at 5:1 ratio. Immune effector cell responses towards tumour cells were 

measured by real-time continuous quantitative methods using cell impedance in a label-free manner 

(xCELLigence® RTCA MP). Linked activity of individual donors is shown. Mean levels of NK cell 

cytotoxicity of OVCAR-3 are shown by the shaded bar plots for each ovarian phase.  

NK, natural killer; EL, early luteal; EF, early follicular; PBMC, peripheral blood mononuclear cells; RTCA, 

real-time cell analysis; MP, multi-plate; *p <0.05. 
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3.4.3 NK cell cytotoxicity of ovarian tumour targets, with consideration of 

BRCA1 mutational status 

3.4.3.1 BRCA1/2wt 

Given a significant difference in NK cell activity based on ovarian cycle phase, specific 

attention was placed on differentiating volunteers based on the cell-autonomous 

presence of a germline BRCA1 mutation. In premenopausal women lacking a 

BRCA1/2 mutation (BRCA1/2wt) the phase-effect was inconsistent, particularly at 

earlier time points (Figure 3-3). At the assay endpoint (60-hours) mean cumulative 

cytolysis was 44.31% (SD, 26.28%) in the EL phase compared to 31.90% (SD, 

27.63%) in the EF phase (p >0.05). Whilst a phase-specific reduction was noted for 

most donors (4/5) supporting lower follicular phase cytotoxicity, this was not significant 

using a paired t-test at the assay endpoint (p = 0.1836; 95% CI, -9.045 to 33.86).  
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Figure 3-3 Dynamics of NK cell cytotoxicity across different ovarian phases for premenopausal 

BRCA1/2wt 

Data presented is the matched NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal BRCA1/2wt (n = 5) at 12-hour time points in a 60-hour assay. Samples were taken 

during the EL phase (days 3 to 6 post ovulation) and EF phase (days 2 to 5 post completion of menses). 

Effector cells (NK cells; 0.075 x 106) were added to targets (OVCAR-3; 0.015 x 106) at 5:1 ratio and cell 

specific cytotoxicity shown using xCELLigence® RTCA MP. Linked activity of individual donors is 

shown. Bars are shown of mean levels of cytotoxicity for each phase. 

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls; EL, early luteal; 

EF, early follicular; RTCA, real-time cell analysis; MP, multi-plate; *p <0.05. 
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3.4.3.2 BRCA1mut 

Interestingly unlike the inconsistent findings observed in non-carriers for all BRCA1mut 

donors (5/5) a phase-specific reduction in NK cell cytotoxicity was seen for each 12-

hour time point (Figure 3-4). In the EL phase NK cell cytotoxicity was higher (34.46 ± 

25.92%) than that observed in the EF phase (mean, 16.22 ± 20.47%) at the assay 

endpoint. Over the 60-hour assay separation of activity became more apparent 

between phases, with p-values progressively closer to statistical significance using 

multiple t-testing (p < 0.05): 12-hours (p = 0.1637), 24-hours (p = 0.1596), 36-hours (p 

= 0.0936), 48-hours (p = 0.0643). At the assay endpoint there was a two-fold reduction 

in cytotoxicity, an effect not observed in non-carriers. To assess the magnitude of 

effect based on ovarian cycle phase the percentage change was calculated and shown 

(Figure 3-5). As predicted BRCA1mut demonstrated dynamicity in NK cell responses, 

with the largest effect observed at 36-hours. Comparing the percentage difference 

(BRCA1mut versus controls) based on ovarian cycle phase there was a significant 

difference between the groups using an unpaired t-test at both 36-hours (p = 0.0277) 

and 48-hours (p = 0.0486) based on BRCA1 mutational status.   
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Figure 3-4 Dynamics of NK cell cytotoxicity across different ovarian phases for premenopausal 

BRCA1mut 

Data presented is the matched NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal BRCA1mut (n = 5) at 12-hour time points in a 60-hour assay. Samples were taken 

during the EL phase (days 3 to 6 post ovulation) and EF phase (days 2 to 5 post completion of menses). 

Effector cells (NK cells; 0.075 x 106) were added to targets (OVCAR-3; 0.015 x 106) at 5:1 ratio and cell 

specific cytotoxicity shown using xCELLigence® RTCA MP. Linked activity of individual donors is 

shown. Bars are shown of mean levels of cytotoxicity for each phase. 

NK, natural killer; BRCA1mut, BRCA1 mutation carrier; EL, early luteal; EF, early follicular; RTCA, real-

time cell analysis; MP, multi-plate; *p <0.05. 

  



102 

 

12h 24h 36h 48h 60h

-150

-100

-50

0

50

100

Time (hours)

P
e
rc

e
n

ta
g

e
 c

h
a
n

g
e
 i
n

N
K

 c
e
ll
 c

y
to

to
x
ic

it
y

(%
)

BRCA1mut

BRCA1/2wt

Ṧ Ṧ

P value

12h 0.150138

24h 0.050146

36h 0.026499

48h 0.048553

60h 0.199792

 

Figure 3-5 Phase-specific effect on NK cell cytotoxicity based on BRCA1 mutational status  

Data presented is the percentage change in NK cell specific cytotoxicity for matched donors across 

different ovarian phases. The change in NK cell cytotoxicity was calculated using the following: [(EL 

phase activity - EF phase activity)/ EL phase activity] *100. Individual donors are shown as dots as per 

the corresponding legend: BRCA1/2wt (blue dots), BRCA1mut (red dots). A negative data point signifies 

a reduction in EF phase cytotoxicity and a positive data point signifies enhanced EL phase cytotoxicity. 

Corresponding mean and SD values are shown (n = 5). Using an un-paired t-test p-values are shown 

for individual time points.  

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls (blue dots); 

BRCA1mut, BRCA1 mutation carriers (red dots); EL, early luteal; EF, early follicular; *p<0.05. 
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3.4.3.3 BRCA1/2wt versus BRCA1mut  

As shown earlier due to the heterogeneity in immune cell responses there can be 

differences in cytotoxic responses that may be less apparent when studying 

premenopausal women. When consideration is taken to separate NK cell activity 

based on ovarian cycle phase there is a consistent effect observed in BRCA1 mutation 

carriers. Group mean values of dynamic cytotoxicity of OVCAR-3 identify the EF phase 

to be a outlier relative to other phases in both groups (Figure 3-6). As shown the large 

SD for each data point demonstrates the large variability in donor responses.   
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Figure 3-6 Phase-specific NK cell cytotoxicity of ovarian tumour targets based on BRCA1 

mutational status  

Using earlier presented data, the mean and SD NK cell specific cytolysis of an ovarian tumour target 

(OVCAR-3) is shown for a specific group of premenopausal women (n = 5), based on BRCA1 mutational 

status and ovarian cycle phase. Data presented is shown for 12-hour time points in a 60-hour assay. 

Samples derived from a pre-defined ovarian cycle window period are referred to as the EL phase (days 

3 to 6 post ovulation) and EF phase (days 2 to 5 post completion of menses). Effector cells (NK cells; 

0.075 x 106) were added to adherent ovarian tumour targets (OVCAR-3; 0.015 x 106) at 5:1 ratio and 

cell specific cytotoxicity shown using xCELLigence® RTCA MP. Mean and SD for NK cell cytotoxicity 

is shown for BRCA1/2wt (blue) and BRCA1mut (red) as per the corresponding legend. The donor 

variability in NK cell responses is reflected by the large SDs shown by the arrow bars. In addition, the 

EF phase in BRCA1mut represents outlier activity relative to the other data points. 

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls (blue dots); 

BRCA1mut, BRCA1 mutation carriers (red dots); EL, early luteal; EF, early follicular; RTCA, real-time 

cell analysis; MP, multi-plate; SD, standard deviation.  
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EL phase 

Specific focus of the EL phase demonstrated no significant differences using multiple 

t-testing between the groups based on BRCA1 mutational status. As previously noted, 

absolute mean levels are by comparison lower for each time point in BRCA1mut 

relative to controls, although this finding was not statistically significant (Figure 3-7A). 

At the assay endpoint these differences were again small (1.29-fold reduction) in 

BRCA1mut (34.46 ± 25.92%) cytotoxicity relative to BRCA1/2wt (44.31 ± 26.28%). 

Interestingly when the trajectory of individual donor activity is plotted a possible 

separation was observed with individuals demonstrating higher (>50% cytolysis) or 

lower (<20% cytolysis) arbitrary levels of functional activity. Non-parametric testing did 

not identify any significance between this groups or those outside the inter-quartile 

range (IQR). This highlights that a direct comparison of mean cytotoxicity at a fixed 

timepoint does not allow an appreciation dynamic NK cell activity over the duration of 

an assay particularly when using a diverse population (Figure 3-7B). Despite small 

numbers sub-group analysis of donor demographics was performed for those outside 

the IQR for the lowest (<25th centile) and highest (>75th centile) levels of cytotoxicity. 

This identified women in the lowest quartile to be aged 45-years (BRCA1/2wt) and 40-

years (BRCA1mut), whilst donors in the highest quartile were aged 32-years 

(BRCA1/2wt) and 38-years (BRCA1mut).  
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Figure 3-7 Dynamic NK cell cytotoxicity in the EL ovarian phase, based on BRCA1 mutational 

status 
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Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal BRCA1mut (n = 5) versus age-matched controls (BRCA1/2wt; n = 5) in samples derived 

from the EL phase (days 3 to 6 post ovulation) (Figure 3-7). Effector cells (NK cells; 0.075 x 106) were 

added to adherent ovarian tumour targets (OVCAR-3; 0.015 x 106) at 5:1 ratio and cell specific 

cytotoxicity shown using xCELLigence® RTCA MP at 12-hour time points in a 60-hour assay.  

[A] NK cell specific cytotoxicity for individual donors (dots) is shown by the corresponding legend. Bars 

representing group means and SD values are shown.  

[B] Linked NK cell specific cytotoxicity of individual donors over a 60-hour experimental assay is shown. 

Dashed lines encircle donors with activity that reflects high (arbitrary value, >50% cytotoxicity) or low 

(arbitrary value, <20% cytotoxicity) functional activity at the assay endpoint.  

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls (blue dots); 

BRCA1mut, BRCA1 mutation carriers (red dots); EL, early luteal; RTCA, real-time cell analysis; MP, 

multi-plate; SD, standard deviation.  

EF phase 

The EF phase identified the most interesting findings with a significant reduction in 

cytotoxicity for BRCA1mut at multiple time points: 12 hours (p = 0.037), 24 hours (p = 

0.022), and 36 hours (p = 0.032), relative to age-matched non-carriers (Figure 3-8). 

At the 60-hour endpoint mean cytotoxicity was nearly two-fold lower (mean, 21.98; 

SD, 20.30%) relative to BRCA1/2wt (mean, 40.89; SD, 27.30%). Additionally, baseline 

levels of cytotoxicity for BRCA1mut at 36-hours were similar to earlier 12-hour time 

points in non-carriers, suggestive of a possible lag-effect of effector responses upon 

in vitro co-culture of NK cells with tumour targets in BRCA1mut.  A large range in donor 

activity was again observed, with separation of high and low relative levels of 

functional activity. High functioning donors (mean, 30.5 years; range, 28 to 33 years; 

n = 3) were comparatively younger than those in the low functioning group (mean age, 

42.33 years; range, 39 to 45 years; n = 3) however overall numbers in this 

experimental study are small. Non-parametric testing did not identify any significance 

between this groups or those outside the inter-quartile range (IQR). 
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Figure 3-8 Dynamic NK cell cytotoxicity in the EF ovarian phase, based on BRCA1 mutational 

status  
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Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal BRCA1mut (n = 7) versus age-matched controls (BRCA1/2wt; n = 7) in samples derived 

from the EF phase (days 3 to 5 post completion of menses) (Figure 3-8). Effector cells (NK cells; 0.075 

x 106) were added to adherent ovarian tumour targets (OVCAR-3; 0.015 x 106) at 5:1 ratio and cell 

specific cytotoxicity shown using xCELLigence® RTCA MP at 12-hour time points in a 60-hour assay.  

[A] NK cell specific cytotoxicity for individual donors (dots) is shown by the corresponding legend. Bars 

representing group means and SD values are shown. Statistical analysis was performed using an 

unpaired t-test with p-values <0.05 considered significant.  

[B] Linked NK cell specific cytotoxicity of individual donors over a 60-hour experimental assay. Dashed 

lines encircle donors with activity that appears to reflect high (arbitrary value, >50% cytotoxicity) or low 

(arbitrary value, <20% cytotoxicity) functional activity at the assay endpoint.  

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls (blue dots); 

BRCA1mut, BRCA1 mutation carriers (red dots); EF, early follicular; RTCA, real-time cell analysis; MP, 

multi-plate; SD, standard deviation; *p <0.05. 
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3.4.4 Age-related effect on NK cell functional activity   

Ageing as a multimodal process is associated with a profound alteration of 

immunological responses in NK cells that can affect cytokine secretion, perforin 

mobilisation, and cytotoxicity (Hazeldine and Lord 2013; Mogilenko, Shchukina, and 

Artyomov 2021). Based on earlier findings further analysis was performed to 

determine if there was an age-related effect in NK cell functional responses towards 

tumour targets. Amongst premenopausal women (without consideration of BRCA1 

mutational status) an inverse relationship was identified, with a decline in NK cell 

cytotoxicity of HGSOC targets relative to advancing chronological age (n = 30; r = -

0.583). When the group was separated based on BRCA1 mutational status this effect 

was significant only in non-carriers (n = 15; r = -0.810) relative to BRCA1mut (n = 15; 

r = -0.358) (Figure 3-9). For the non-carrier group this reflected the increasing 

incidence of ovarian cancer that is associated with advancing age. Whilst this effect 

not observed for carriers, it was important to note that younger BRCA1mut 

demonstrated both high and low functional responses against ovarian tumour targets, 

which may be reflective of the variable cancer penetrance of this pathogenic mutation 

in a óreal-worldô setting. To further independently assess these findings the cytotoxicity 

of a non-gynaecological tumour target cell line (human immortalised 

myelogenous leukemic cell line, K-562) was assessed using premenopausal NK cells 

in a flow cytometric assay. In this 4-hour assay no correlation was identified for either 

group: BRCA1/2mut (n = 8; r = 0.044), BRCA1/2wt (n = 5; r = -0.309). There are some 

limitations in making a direct comparison between these cell lines due to differences 

between experimental designs, tumour targets, modalities, and donors (inclusion of 

BRCA2 mutation carriers for K-562 assays for increased sample numbers). Whilst 

these findings are from a small dataset they highlight the differences in premenopausal 

NK cell responses and the need to consider potential differences in tumour biology 

when assessing NK cell cytotoxicity against different targets.  
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Figure 3-9 NK cell specific cytolysis versus chronological age based on BRCA1/2 mutation 

status. 

[A] NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) against age in premenopausal 

BRCA1mut (n = 15) and age-matched controls (BRCA1/2wt; n = 15) at 60-hours. Mean age of donors 

was 35.97 (range, 25 to 45 years). NK cells (0.075 x 106) were added to OVCAR-3 (0.015 x 106) at 5:1 

ratio (xCELLigence® RTCA MP).  Simple linear regression is shown for BRCA1/2wt (blue) and 

BRCA1mut (red).  

[B] NK cell specific cytolysis of a prototypical NK-sensitive human myelogenous cancer cell line (K-562) 

at 4-hours using flow cytometric techniques. Premenopausal women: BRCA1/2wt (blue dots; n = 5), 

BRCA1/2mut (red dots; n = 8), are shown. Mean age of BRCA1/2wt was 26.20 years (range, 22 to 30 

years) and for BRCA1/2mut 32.63 years (range, 25 to 42 years). 

NK, natural killer; BRCA1/2wt, BRCA1/2 mutation status negative wild-type controls; BRCA1mut, 

BRCA1 mutation carriers; RTCA, real-time cell analysis; MP, multi-plate; BRCA1/2mut, BRCA1/2 

mutation carriers, ***p <0.001. 
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3.4.5 CD56dim vs CD56bright  

CD56dim (CD16bright) NK cells represent ~90% of circulating pbNK cells and are a major 

cytotoxic subset (Crinier et al. 2021). CD56bright NK cells, as a relatively smaller major 

subset, in a resting state are comparatively poorly cytotoxic yet demonstrate potent 

cytokine capabilities (Poli et al. 2009). Given findings of differential cytotoxic 

responses I wanted to phenotype major lineage markers to determine if there was a 

phase-effect in the proportion of major subsets in BRCA1mut relative to non-carriers 

(Figure 3-10A). A limited panel immunophenotyping panel was however used due to 

limited numbers of NK cells available following cryopreservation and negative 

isolation. In the EL phase there were similar proportions of each major subset seen 

for both groups. In keeping with the literature CD56dim NK cells were the predominant 

subset. In BRCA1mut absolute numbers were marginally higher (BRCA1mut range, 

85.96 to 91.00%) relative to non-carriers (absolute mean delta, 5.04%). However, no 

difference was identified using an unpaired t-test. In the EF phase the range and 

proportions of CD56dim NK cells were higher overall than observed in the EL phase for 

BRCA1mut (range, 66.42 to 93.56%; delta, 27.14%). The delta value in the EF phase 

levels of CD56dim NK cells was five-fold higher in this phase, which may be reflective 

of the variability in donor activity seen amongst this group. Also, for the EF phase 

proportions of CD56bright NK cells were significantly lower in BRCA1mut relative to 

controls using an unpaired t-test (p = 0.028). The luteal phase has been shown to be 

dynamic for NK cell counts, with higher absolute NK cells relative to the follicular phase 

(Lee et al. 2010). In the PBMC population this effect was seen with higher absolute 

mean levels of CD56+ NK cells (EL phase). However, this phase-effect was more 

significant for BRCA1mut, resulting in a relative reduction in total NK cells (CD3-

CD56+) in the EF phase (p <0.001) (Figure 3-10B). This effect was not observed for 

non-carriers. Despite a small number of donors these findings may be of interest given 

the alteration in functional activity observed for BRCA1mut during this specific ovarian 

phase.  
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Figure 3-10 Immunophenotyping of NK cells based on ovarian cycle phase and BRCA1 

mutational status 
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Data shown is the cell surface expression of CD56 using flow cytometry for samples derived at different 

ovarian phases in BRCA1/2wt and BRCA1mut (n = 4) (Figure 3-10).  

[A] NK cells were derived by immunomagnetic negative selection of cryopreserved PBMCs in the EL 

phase (days 3 to 6 post ovulation) and EF phase (days 2 to 5 post completion of menses). Label-free 

suspension of NK cells were resuspended and immunostained for CD3 and CD56 before gating on the 

viable NK cell (CD3-CD56+) population, to determine the proportion of CD56dim and CD56bright subsets. 

Unpaired t-testing was performed to assess statistical significance.  

[B] Using the same method as described in [A] samples PBMCs acquired from the EL phase (days 3 to 

6 post ovulation) and EF phase (days 2 to 5 post completion of menses) were immunostained for CD3 

and CD56 before gating on the viable lymphocyte population to determine the proportion of NK cells 

(CD3-CD56+). Unpaired t-testing was performed to assess statistical significance for BRCA1/2wt and 

BRCA1mut dependant on ovarian phase.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; BRCA1/2wt, BRCA1/2 mutation status 

negative wild-type controls (blue dots); BRCA1mut, BRCA1 mutation carriers (red dots); EL, early luteal; 

EF, early follicular.  

*p <0.05; ****p <0.001; ns, not significant.   
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3.4.6 Imaging of NK cell and tumour target apoptosis    

 

Figure 3-11 NK cell interaction with OVCAR-3 in BRCA1/2wt and BRCA1mut 
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Confocal microscopy visualisation of alterations in NK cell morphology is shown using the RTCA eSight 

(Agilent Technologies, Inc) MP device (Figure 3-11). Use of this modality provided insight into cellular 

interactions combining biosensor impedance-based and image-based measurements. Target cells 

were seeded as per standardised protocols and effector cells added after the CI > 0.5 (~6-hours post 

target cell seeding). Data and images were automatically acquired with the proprietary xCELLigence® 

(Agilent Technologies, Inc) biosensor technology and overlay images acquired real-time. Effector cells 

(NK cells; 0.15 x 106 cells) derived from the EF phase were added to tumour targets (OVCAR-3; 0.15 x 

106 cells) at a ratio of 1:1, specifically for visualisation purposes rather than cytotoxic assessment. NK 

cells were pre-labelled using CTV and Annexin Green used as an apoptosis marker. Unlabelled tumour 

targets are shown with an orange mask. Image scaling from 0 µm to 200µm for each microtiter well. 

Annexin Green is prominently released both at 3- and 12-hours following effector and target co-culture 

using NK cells from BRCA1mut and BRCA1/2wt (EF phase; n = 1). 

NK, natural killer; RTCA, real-time cell analysis; MP, multi-plate; CI; cell index; BRCA1/2wt, BRCA1/2 

mutation status negative wild-type controls (blue dots); BRCA1mut, BRCA1 mutation carriers (red dots); 

EF, early follicular; CTV, cell trace violet.  
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3.5 Discussion 

It has been over 50-years since cancer immunosurveillance was first described, yet 

our understanding of anti-tumour activity within niches highly susceptible to 

tumorigenesis remains to be understood (Burnet 1970). Given the scarcity of 

published research of NK cell activity in BRCA1mut a methodological approach is 

required to determine baseline functionality and whether divergences are identifiable 

in high-risk women. Genome-wide alterations of BRCA1, that includes 

hypermethylation or inactivation, can lead to a highly heterogenous immune cell 

infiltrate within a TME (Glodzik et al. 2020; Przybytkowski et al. 2020).  In terms of 

immune contexture abrogated NK cell anti-tumour activity can lead to the acquisition 

of pro-tumour features driving invasiveness and tumour immune evasion (Melaiu et al. 

2019). Despite the prognostic value of TILs within solid tumours, for HGSOC there can 

be site-specific variations that lead to dysfunctional cytotoxic activity of lymphocytes 

(Vazquez-Garcia et al. 2022). Lower immune cell infiltrate is associated with a poorer 

prognosis (~3 months median PFS) and treatment refractory disease (Weberpals et 

al. 2021).  In EOC reduced CD16 expression coupled with NK cell exposure to MUC16, 

tumour ligands (MICA/B, B7-H6), and TGF-ɓ have been proposed as contributory 

mechanisms favouring a pro-cancer tolerogenic environment (Gubbels et al. 2010; 

Pesce et al. 2015; Baci et al. 2020). To determine whether NK cell activity is 

dysfunctional due to the cell autonomous presence of a germline BRCA mutation, 

functional cytotoxicity provides a reliable endpoint for immunological study. Given the 

variation in genomic heterogenicity, plasticity of receptor expression, and subset 

modifications seen with host immune cells in established cancer states, utilising 

functional activity of NK cells prior to a clinically confirmed cancer is of benefit (Jonges 

et al. 2001; Jun et al. 2019). I identified novel findings in BRCA1mut, particularly in the 

EF phase, demonstrating a differential poorer cytotoxic response towards HGSOC 

tumour targets making these findings highly relevant premenopausal women based 

on germline BRCA1 mutational status. Overall, three main findings from this Chapter 

were identified which relate to ovarian cycle phase, BRCA1, and dynamicity of NK 

major cell subsets.  
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Firstly, consideration of ovarian cycle phase is vital when studying immune cell activity 

in premenopausal women. In the early luteal phase, soon after ovulation, no statistical 

difference was observed between the groups, despite a lower absolute mean level of 

NK cell cytotoxicity for BRCA1mut. However, in the EF phase a consistent reduction 

in cytotoxicity was noted in all germline BRCA1mut relative to the EL phase (5/5). 

Interestingly this phase-specific follicular effect resulted in a statistically significant 

reduction in NK cell cytotoxicity at the 12-, 24-, and 36-hour time points, relative to 

matched activity from the same donor. Despite being a small dataset, these highly 

novel findings importantly highlight a dysregulated NK cell response in the follicular 

phase that may be of functional relevance. To date no other studies have examined 

whether there is a BRCA-specific alteration of NK cell cytotoxic responses in such a 

reproducible manner. Published studies in wild-type premenopausal women have 

supported this finding of lower follicular phase NK cell cytotoxicity, even at different 

E:T ratios (50:1, 25:1. 12.5:1) or against different tumour targets (White et al. 1982; 

Lee et al. 2010). Negligible levels of K-562 cytotoxicity in the follicular phase have 

been reported using lymphocytes derived from different locations (endometrial derived 

lymphocytes from non-pregnant women) relative to the luteal phase or pbNK cells 

(Jones, Bulmer, and Searle 1998). The peri-ovulatory period in the follicular phase has 

also demonstrated a reduction in NK cell cytotoxicity, however this is limited by 

publication bias from a study over 30-years ago (Sulke, Jones, and Wood 1985b). 

When assessing other immune cells, such as monocytes, less responsiveness is 

reported in the follicular phase reflected by more robust cytokine secretion in the luteal 

phase (Faas et al. 1999; Bouman et al. 2001b). However, despite these reports other 

studies have reported no statistical difference in NK cell activity, irrespective of ovarian 

phase (Thyss et al. 1984; Yovel, Shakhar, and Ben-Eliyahu 2001; Souza et al. 2001). 

It is considered that these findings are supported by my own in non-carriers and the 

fact that there can be a large variability of donor activity. When making cross-study 

comparisons considerations should include methodology of sample collection, sample 

timing, isolation methods, activation protocols, assay modality, targets, and duration. 

It is important to note that if there is a reduction in NK cell cytotoxicity, even for a 

cyclical time point, these events sequentially over the reproductive cycle of a carrier 
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may facilitate early cancer escape, as evidenced by low NK cell activity associated 

with cancer risk (Dewan et al. 2009; Imai et al. 2000).  

Secondly, cytotoxic responses to ovarian tumour targets were dynamic and donor 

dependant. Amongst BRCA1mut a lag-effect of 24-hours was observed towards 

tumour targets following effector cell co-culture. Using arbitrary cut-offs volunteers with 

óhighô (NK cell cytotoxicity >50%) or ólowô functioning (NK cell cytotoxicity <25%) were 

identified. Subgroup demographic analysis of BRCA1mut noted potential differences 

with age for high (mean age, 33.33 years; range, 28 to 38 years) versus low functioning 

(mean age, 39.67 years; range, 39 to 40 years) volunteers. Comparison of 

demographics in low functioning non-carriers (mean age, 44.33 years; range, 43 to 45 

years) demonstrated a five-year age difference relative to low functioning BRCA1mut. 

Globally ovarian cancer is considered an age-related disease, predominately affecting 

postmenopausal women, with incidences rising after 65-years (Momenimovahed et al. 

2019). Despite an expectation to see age-related decline in NK cell function in 

BRCA1mut no significant correlation was identified. This was attributable to the finding 

that both younger and older BRCA1mut exhibited lower relative levels of cytotoxicity. 

Study by the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA) noted that 

the median age of diagnosis of invasive breast cancer was 40-years 

among BRCA1mut, which is 20-years earlier than the population average (Mavaddat 

et al. 2012; Verdial et al. 2017). Based on a cumulative 0.55% risk of cancer in 

BRCA1mut to age 35-years, RRBSO has been proposed to be offered earlier from the 

age of 35 to 40 years (Kotsopoulos, Gronwald, Karlan, Rosen, et al. 2018). As already 

shown, premenopausal BRCA1mut are vulnerable to greater exposure of sex 

hormones across their reproductive lifespan (Widschwendter et al. 2013). In women 

who have declined or deferred RRBSO, the mean age at diagnosis of a tubo-ovarian 

cancer is 51.3 years (range, 33 to 84 years) in BRCA1mut and 61.4 years in 

BRCA2mut (range, 44 to 80 years) (Kotsopoulos, Gronwald, Karlan, Rosen, et al. 

2018). These findings highlight the difficult balance in timing surgery to prevent 

invasive disease versus delaying surgery to minimise long-term morbidity. Carriers are 

however susceptible to ovarian dysfunction given risks with precocious failure, (with 

significantly lower AMH levels) and lower ovarian reserve in BRCA1mut Ò 40 years 
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suggestive of ageing effect (Ben-Aharon et al. 2018). Epigenetic clocks are also 

differential based on BRCA mutational status with evidence of accelerated epigenetic 

aging of tissues as a potential mechanism for carcinogenesis (Barrett, Herzog, et al. 

2022). These cell-autonomous mechanisms that contribute to organismal ageing may 

be relevant to the functional differences in NK cell activity observed, given advanced 

ageing is linked to immunosenescence and increased cancer prevalence (Mogilenko, 

Shchukina, and Artyomov 2021; Wu, Li, et al. 2020). Other age-related adverse effects 

include alterations in the ratio of major NK cell subsets, aberrant secretion (perforin, 

cytokines), and dysfunctional NK cell migration (Hazeldine and Lord 2013; Lian et al. 

2020; Chidrawar et al. 2006). Live cell imaging of NK cells using confocal microscopy 

was examined briefly using institutional access to a RTCA eSight (Agilent 

Technologies, Inc) MP device (Figure 3-11). Being first to use this device in this 

manner in the United Kingdom a comparison of BRCA1/2wt versus age matched 

BRCA1mut (n = 1) NK cells was made. Whilst there are interesting visual appearances 

of these cytotoxic cells at 3- and 12-hours, given this was not assessed quantitively 

no scientific comment can be formally made. 

The third observation was the differential distribution of pbNK cell subsets. Circulating 

NK cells freely infiltrate tissues making these cells susceptible to modulation within an 

inflammatory niche or evolving TME (Wang et al. 2020).  In BRCA1mut there is a 

greater absolute phase-specific reduction in NK cells (CD3-CD56+) relative to non-

carriers, however this was only observed in a small group of volunteers. Whilst 

absolute mean levels of the predominantly cytotoxic subset (CD56dim) did not vary 

between the groups, interestingly the range of CD56dim NK cells was greater in carriers 

which may reflect the increase variability in functional activity. In advanced breast 

cancer there is an increased proportion of immature and poorly cytotoxic pbNK cell 

subsets (Mamessier et al. 2013; Wang et al. 2014; Mamessier et al. 2011). In ovarian 

cancer there can be differential ratios of immune cells, with higher granulocyte to 

lymphocyte ratio seen in PBMCs (Teschendorff et al. 2009; Pashayan et al. 2020). 

From a functional viewpoint previous studies have reported on consideration of 

ovarian cycle phase for timing of surgery for surgical outcomes following primary 

breast cancer, with the luteal phase considered to offer better disease-free periods for 
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certain individuals (Lemon and Rodriguez-Sierra 1996; Mondini et al. 1997). 

Consideration of ovarian cycle phase for surgery is however not widely accepted due 

to the discordance between outcomes published (Bernhardt et al. 2020). Importantly 

there is support that there may be a phase-specific predisposition to cancer, higher 

cell division mammary epithelia following ovulation in the luteal phase (Olsson and 

Olsson 2020). In benign FTE derived from the luteal phase these cells can reflect 

alterations seen with HGSOC suggestive that ovarian cycle events may facilitate pro-

tumorigenic alterations of vulnerable tissue niches (Tone et al. 2011; Lau et al. 2014). 

Larger prospective studies are required to validate these effects or the implications on 

long-term outcomes of primary cancer diagnosis in those who defer risk-reducing 

measures. More recently consideration of changes in the CD56bright subset have been 

reported for predicting disease severity following acute infections, such as COVID-19, 

due to an altered cytokinome (Zhang et al. 2022). Appreciation is needed for 

understanding the role of sex hormones, such as progesterone, in the 

immunoregulation of immune cell activity given the clear phase-specific effects 

(Figure 3-12). In addition, the significant reduction in the number of CD56bright NK cells 

in the EF phase for BRCA1mut requires further exploration given it is a major cytokine-

secreting subset (Tonetti et al. 2021). Given the technicalities in accessing NK cells 

from the fimbrial fallopian tube, determining the scope for pbNK cell 

immunomodulation is highly relevant given the site-specific dysfunction of 

lymphocytes in metastatic HGSOC (Vazquez-Garcia et al. 2022). The impact of 

cyclical ovulatory events pertaining to follicular fluid exposure at the blind-ending 

fallopian tube, which is theoretically vulnerable to hypoxia and supra-physiological 

levels of progesterone, will help further our understanding whether these anti-tumour 

responses can be further abrogated. These questions will be addressed in the 

following Chapter addressing the cell nonautonomous contribution of a germline 

BRCA mutation.  
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Figure 3-12 Proposed ovarian cycle dynamics based on BRCA1 mutational status 

This illustration demonstrates ónormalô dynamics in P4 concentrations in relation to ovulation (~day 14) 

during a standardised menstrual cycle (28-days). NK cell cytotoxicity is shown for the EL and EF phase 

in relation to ovulation for carriers (BRCA1mut) and carriers versus non-carriers (BRCA1mut versus 

BRCA1/2wt). Relative to the EL phase, cytotoxicity was lower in EF for BRCA1mut (5/5 donors). 

Relative to non-carriers, cytotoxicity was lower in the EF phase for BRCA1mut (*; unpaired t-test) with 

no difference seen in the EL phase (ns).   

EF, early follicular (2 - 5 days post menstruation); EL early luteal (3 - 6 days post ovulation); P4, 

progesterone; BRCA1mut, BRCA1 mutation carrier, BRCA1/2wt, healthy non-carrier or negative for 

BRCA1/2 mutation; +++, higher relative cytotoxicity in matched donors; +, lower relative cytotoxicity in 

matched donors; ns, not significant; *p<0.05, statistically significant.  

4 The cell-nonautonomous impact of BRCA mutation on 

NK cell cytotoxicity  

4.1 Introduction  

Cancers arising from BRCA mutation carriers demonstrate classic hallmark attributes 

such as ógenome instability and mutationô but may also encompass emerging features 

such as ótumour-promoting inflammationô, óactivating invasion and metastases, and 

óavoiding immune destructionô (Hanahan and Weinberg 2000; Hanahan 2022). 

Despite the ubiquitous expression of a BRCA mutation the disproportionate 
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prevalence for sex hormone receptive tissues remains to be fully understood, 

particularly as organs capable of rapid proliferation or cellular turnover do not harbour 

the same magnitude of tumorigenic potential (Cullinane et al. 2020; Kim, Park, Kwon, 

et al. 2020). Throughout the years there has been the discovery of aberrance in 

physiological systems in BRCA mutation carriers that may have functional relevance 

for an enhanced malignant potential for tissue-specific sites (Dubeau 1999; 

Widschwendter et al. 2013; Bartlett et al. 2016; Chodankar et al. 2005; Widschwendter 

and Dubeau 2020; Anjum et al. 2014; Nene et al. 2019; George et al. 2011; 

Widschwendter et al. 2015; Barrett, Herzog, et al. 2022). Ovarian cancer penetrance 

for BRCA1mut can be nearly three-fold higher than BRCA2mut (Chen and Parmigiani 

2007; Robles-Diaz et al. 2004; Zhang et al. 2018). Genetic events alone can be 

insufficient in causing invasive cancer suggesting that beyond the cell autonomous 

contribution of a germline pathogenic mutation other cell-nonautonomous effects may 

account for enhanced pathogenicity (Knudson 1996; Widschwendter and Dubeau 

2020). To better understand the significant ovarian cancer predisposition in women it 

is important to closely examine the microenvironment deemed óat-riskô, in particular 

Müllerian tissues such as the fimbrial fallopian tube and the ovary (Widschwendter 

and Dubeau 2020). The ovarian TME is a heterogenous hypoxic niche composed of 

a dense ECM of inflammatory cytokines, chemokines, and MMPs capable of 

interacting with infiltrating immune cells, the latter comprising ~15% of cells within 

BRCA-mutated tumours (Launonen et al. 2022; Wang, Du, et al. 2021). NK cells freely 

circulating in peripheral circulation are capable of homing into inflammatory tissue sites 

by chemokines via the detection of PAMPs and DAMPs (Melaiu et al. 2019). Detection 

of a virally or malignantly transformed cell that has undergone morphological alteration 

induces targeted NK cell-mediated cytotoxicity to minimise detachment, 

dissemination, and metastatic spread (Yee et al. 2022). However, despite a presence 

of cytotoxic lymphocytes being considered a favourable prognostic marker, infiltrating 

lymphocytes are susceptible to impairment by soluble mediators and environmental 

factors within an evolving TME (Gao et al. 2020; Vazquez-Garcia et al. 2022). 

Immunophenotypic changes induced within the TME can lead to a dysregulated 

receptor expression profile, inhibited functional activity, and functional maturation via 

exhaustion (Lee, Wong, and Ding 2021). By considering whether cell-nonautonomous 
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factors specific to carriers are capable of inhibiting anti-tumour responses will allow 

findings to be extrapolated to dynamics within pro-tumorigenic sites, allowing an 

appreciation immunoevasion favouring ovarian pathogenesis. 

Physioxia is the term used to define the physiological level of oxygen (O2) within 

peripheral tissues which is site-dependant (range, (McKeown 2014). Under physioxia 

heterodimeric hypoxic-inducible factors (HIFs) are hydroxylated by prolyl hydroxylase 

domains via ubiquitination leading to proteasomal degradation as part of normal 

homeostasis (Farina et al. 2020). The expression of these transcription factors is 

regulated by hypoxic target genes, which can vary during the reproductive cycle and 

within the female genital tract (Critchley et al. 2006). Menstruation as an inflammatory 

process is associated with relatively higher levels of HIFs in the early proliferative 

(follicular) phase (Maybin et al. 2018). In a female yak (Bos grunniens) mRNA 

expression of HIF1A is higher in the oviduct, relative to the ovary or uterus, which is 

postulated to be induced by poorer vasculature in this blind-ending organ (Fan et al. 

2020). In rapidly proliferating variegated tissues, such as those with pathologically 

vascularised zones, oxygen demands exceed supply resulting in acute or chronic 

hypoxic states (Vaupel and Mayer 2015; Pietrobon and Marincola 2021). Acute 

hypoxia (perfusion-restricted) is often transient due to aberrance in vasculature 

whereas chronic hypoxia (diffusion-restricted) is a sustained deprivation of oxygen 

across a diffusion gradient (Vaupel and Mayer 2015; Pietrobon and Marincola 2021). 

Intermittent or sustained states of hypoxia can result in the enhanced transcription of 

target genes which lead to the stabilisation and accumulation of HIF within a solid 

tumour (Han et al. 2017; Shih et al. 2021). Solid tumours can have very low levels of 

oxygen (<0.1% O2) that is considered pathological (<1 to 2% O2; <20mmHg) relative 

to other states: physioxia; (4 to 7.5% O2; 38mmHg), arterial blood (9.5% O2; 75 to 

100mmHg), and tissue culture normoxia (21% O2; 160mmHg) (Emami Nejad et al. 

2021; McKeown 2014). Ovarian cancers are characteristically hypoxia-dependant, 

associated with HIF-1Ŭ expression, immunosuppressive cytokines, abnormal 

angiogenesis, autophagy, and EMT which potentiates invasiveness (Natarajan et al. 

2019; Abou Khouzam et al. 2020; Shih et al. 2021; Muz et al. 2015; Emami Nejad et 

al. 2021). In ovarian tumour cell lines hypoxia can promote stemness, proliferation, 
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pro-inflammatory gene expression, and cancer cell migration (Ding et al. 2021). 

Chemoresistance in advanced EOC is associated with concurrent hypoxic states and 

ascites (Klemba et al. 2020). Over 40% of breast cancers can have HIF-1Ŭ 

stabilisation with aggressive phenotypes associated with the expression of other 

hypoxic markers such as carbonic anhydrase (CA)-9 (Lundgren, Holm, and Landberg 

2007). Despite challenges in accurately accessing partial pressures of O2 within the 

fallopian tube-ovarian complex, work undertaken by our group (yet to be published) 

has examined surgically excised fallopian tube specimens from BRCA1mut and 

identified a higher expression of HIFs in the fimbrial portion, relative to the distal 

portion, and in non-carriers for either portion. The fimbriae are also shown to be 

enriched for NK cells relative to the proximal portion, making findings reported in this 

Thesis highly relevant to the study of the cell-nonautonomous modulation of NK cell 

functional responses. NK cells are recognised to demonstrate impaired cytotoxicity 

and an altered gene expression profile under hypoxic conditions however this has not 

been explored in BRCA1mut (Sarkar et al. 2013; Balsamo et al. 2013; Parodi et al. 

2018).  

During the reproductive lifetime of a premenopausal carrier ovulation results in the 

cyclical release of highly inflammatory follicular fluid from the ovary, bathing adjacent 

tissues and organs resulting in a concentration gradient of exposure that is not 

observed elsewhere in the body (Duffy et al. 2019). The contents of this fluid are highly 

relevant given Müllerian tissues such as the fimbrial fallopian tube are in direct 

anatomical proximity (Fathalla 2013; Emori and Drapkin 2014). Follicular fluid 

composition includes sex hormones, which is progesterone-dominant, and 

inflammatory cytokines concentrations that are higher than those seen in the 

peripheral circulation (Lau et al. 2014; Piccinni, Vicenti, et al. 2021). IL-15 as a 

pleiotropic cytokine is implicated with dysfunctional ovarian syndromes regulating 

inflammatory and innate immune responses within tissue niches (Liu et al. 2022). In 

BRCA1mut there is an alteration in ovarian homeostasis (ovarian reserve, early 

menopause, immature oocyte development) which has reported associations with IL-

15 (Ben-Aharon et al. 2018; Lin et al. 2013; Lin et al. 2017; Spanou et al. 2018; 

Grynberg et al. 2019; Piccinni, Vicenti, et al. 2021). Within the female genital tract 
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levels of IL-15 mRNA are linked with higher progesterone concentrations, the latter 

being significantly higher in BRCA1mut during an ovarian cycle (Widschwendter et al. 

2013; Okada et al. 2000). Progesterone as the major component of follicular fluid also 

results in local tissue concentrations being significantly higher than observed in the 

periphery (Donnez, Langerock, and Thomas 1982; Nagy et al. 2019; O'Brien, 

Wingfield, and O'Shea 2019; Basuray et al. 1988). In peritoneal fluid, up to 5-days 

post-ovulation, progesterone concentrations are ~9-fold higher than systemic plasma 

(Donnez, Langerock, and Thomas 1982; Zorn et al. 1982).(Cicinelli et al. 2004). In 

women undergoing controlled ovarian stimulation follicular fluid levels of progesterone 

can be 6,100-fold higher than that of estradiol (Wen et al. 2010). As ónatures 

immunosuppressantô the higher levels of progesterone are thought to induce a Th2 

profile facilitating embryo implantation and the immunotolerance of a semi-allogeneic 

fetus (Hellberg et al. 2021). Absence of successful fertilisation can result in agenesis 

of the corpus luteum and the precipitous fall in peripheral levels of progesterone during 

the follicular phase (serum and plasma). However local peritoneal fluid concentrations 

can remain high for progesterone, with less of an effect for 17-ɓ estradiol (Kruitwagen 

et al. 1987; Shintani, Yoshida, and Sekiba 1987). The role of progesterone in female-

specific carcinogenesis is somewhat controversial (Kim, Park, Kwon, et al. 2020; 

Werner et al. 2021). Despite pregnancy being a state of sex hormones hypersecretion, 

cancer predisposition and prevalence is typically not considered to be 

disproportionately high. Despite this a sexual dimorphism and prolonged exposure to 

sex hormones via ovulatory cycles in premenopausal women is associated with an 

increased predisposition for reproductive cancers (Dart 2020). Up to 10-years post-

partum the risk of breast cancer and distant metastasis can be higher which is thought 

to be primarily mediated by the earlier sustained periods of hormonal exposure 

(Goddard et al. 2019). The concept of reduced frequency of ovulatory cycles and sex 

hormone exposure is supported by evidence supporting low dose combined oral 

contraceptives to induce anovulation for EOC cancer prevention (Collaborative Group 

on Epidemiological Studies of Ovarian et al. 2008; Huber et al. 2020b). Age at 

commencement of hormonal use, menopausal status, and duration of use is also 

highly relevant for cancer risk with postmenopausal hormonal therapy Ó 5-years, 

relative to non-users, significantly elevating the risk of ovarian cancer (Danforth et al. 
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2007; White et al. 1982). In breast cancer progestin combinations increases cancer 

risk relative to estrogen-only preparations (Collaborative Group on Hormonal Factors 

in Breast 2019). More recently use of a genetically engineered mice model lacking 

Dicer1 and Pten, mimicking HGSOC, has shown that endogenous progesterone 

exposure may have a key role in cancer initiation and dissemination, with effects 

reversed with the use of anti-progestins (Kim, Park, Kwon, et al. 2020). Progesterone 

itself can be directly inhibitory to NK cell activity suggestive that states of progesterone 

hypersecretion may contribute to cancer initiation, invasiveness, and dissemination 

(Lo Riso et al. 2020; Acland et al. 2020; Arruvito et al. 2008). Use of anti-progestins 

have also shown promise in enhancing NK cell functional activity, providing a potential 

beneficial role as a non-surgical adjunct in reversing progesterone-induced NK cell 

immunomodulation (Arruvito et al. 2008; Chen et al. 2010; Check and Check 2021; 

Ranjan et al. 2021). Tissue-residing NK cells derived from the female genital tract, 

specifically the uterus and at the maternofetal interface, do not express a PR, but still 

demonstrate poor cytotoxicity which is thought to be in-directly mediated by the 

release of PIBF (Shah et al. 2019; Szekeres-Bartho 2018). This potent 

immunomodulatory protein has been implicated with tumour cell resistance given its 

association to impaired NK cell cytotoxicity (Check and Check 2021; Balassa et al. 

2018; Madendag et al. 2018). Circulating pbNK cells from non-pregnant women do 

express a PR with variable expression levels according to ovarian cycle phase 

(Arruvito et al. 2008; Oertelt-Prigione 2012). As shown in my earlier experiments the 

presence of a germline BRCA1 mutation can induce a cell autonomous inhibition of 

NK cell cytotoxicity towards ovarian tumour targets, in an ovarian phase-specific 

manner. It is important to now consider whether pbNK cells, particularly from this 

specific ovarian phase, are susceptible to further inhibition of cytotoxic potential when 

exposed to environmental mediators highly relevant to the fimbrial fallopian tube and 

BRCA mutation carriers. 

4.2 Experimental aims 

These findings aim to demonstrate NK cell activity can be modulated by cell-

nonautonomous environmental mediators highly relevant to a germline BRCA1 

mutation. Focusing on the óat-riskô fimbrial fallopian tube as a theoretical model I aim 
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to complement earlier findings of reduced NK cell cytotoxicity in the EF phase to 

demonstrate functional aberrance of NK cell-mediated cytotoxicity in a phase-specific 

manner following exposure to hypoxia, IL-15, progesterone, and anti-progestin 

(mifepristone). These findings will to support the future study of these markers as 

potential biological targets for personalised therapies and the development of non-

surgical adjuncts as part of cancer prevention.   

4.3 Methods 

4.3.1 Donor selection 

Donors were selected based on a pre-defined criteria as previously specified for the 

BRCA Unite clinical research study: premenopausal (aged 23- to 44-years) without a 

history of a previous or concurrent confirmed cancer, no current use of exogenous 

hormones (or abstention of at least three-months), systemically well with no concurrent 

infection, not currently pregnant or breastfeeding, and no previous history of bilateral 

salpingo-oophorectomy. Donors underwent confirmatory genetic testing to determine 

BRCA1/2 mutational status via the London North Genomic Laboratory Hub (Great 

Ormond Street Hospital, London, UK). Samples shown are derived from different 

ovarian cycle time points in relation to ovulation and were specified referred to as: EL 

phase (days 3 to 6 post ovulation), EF phase (days 2 to 5 post completion of menses), 

or irrespective of ovarian cycle phase. 

4.3.2 PBMC and NK cell isolation 

Human PBMC cells were derived from peripheral whole blood collected in lithium 

heparin blood vacutainers and cryopreserved (10% DMSO) using earlier methods 

described. When assessing the effect of a germline BRCA mutation on NK cell 

functional activity PMBCs were rapid thawed in and rested for two hours from age-

matched donor pairs (< 3 years) of a germline BRCA mutation carrier versus control 

(BRCA1/2 mutation status negative). NK isolation was performed by immunomagnetic 

negative selection (STEMCELL Technologies) as per manufactures recommendation. 

Label-free NK cells were immunophenotyped for viability (>85%), enumerated, and 
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rested in a humidified tissue culture incubator (37°C) before use in normoxic (21 O2) 

and/or hypoxic (1% O2) experiments where specified.  

4.3.3 NK cell cytotoxicity using impedance-based methods 

For experiments under hypoxic conditions NK cell cytotoxicity was assessed using 

dual xCELLigence® (RTCA) devices (Agilent Technologies) in separate humidified 

tissue culture incubators.  OVCAR-3 as an adherent NK-sensitive tumour cell line was 

preferentially selected to mimic in vivo the most prevalent tumour subtype for 

BRCA1mut (HGSOC). Growth kinetics of this tumour cell line was assessed at 

different passages, under normoxic and hypoxic conditions, during assay optimisation 

to determine growth dynamics. NK cell viability in hypoxia, without cytokine 

stimulation, was assessed for the assay duration (60-hours) to determine experimental 

viability. Target cells (0.015 x 106 OVCAR-3) were pre-seeded in normoxic (21% O2) 

or hypoxia (1% O2) conditions for ~6 hours as per protocols described to ensure 

minimum thresholds were met (CI >0.5) before the addition of effector cells (0.075 x 

106 NK cells) at a E:T ratio of 5:1 (CI~1.0). Within each microtiter well plate impedance 

measurements were taken every 15-minutes with NK cell specific cytolysis presented 

at 12-hour time points. Target cell specific cytolysis was calculated using 

xCELLigence® (RTCA) software. Pre-seeding of NK cells in hypoxia overnight 

demonstrated similar levels of cytotoxicity during preliminary study therefore to ensure 

viability of unstimulated NK cells same-day seeding was preferentially used. To assess 

the effect of IL-15 the same methods were adopted for experiments in normoxic (21% 

O2) versus hypoxic (1% O2) conditions. IL-15 (10ng/ml) was used at a single 

concentration based on previously optimised experimental protocols undertaken in the 

Lowdell laboratory (UCL-RFH) for NK cell cytotoxicity. Preliminary experimentation 

demonstrated that the addition of IL-15 (10ng/ml) within a microtitre well did not affect 

OVCAR-3 growth dynamics.  

4.3.4 NK cell cytotoxicity using flow cytometry 

Due to a limited availability of bio-samples due to the COVID-19 pandemic BRCA2mut 

were included for this set of experiments with BRCA1mut to increase sample numbers 

and allow the collective assessment of a germline BRCA1/2 mutation. Samples used 
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for flow cytometric (NovoCyte®) study included: BRCA1mut (n = 5), BRCA2mut (n = 

3), BRCA1/2wt (n = 5), and male donors (n = 4). NK cell activity of pooled BRCA1/2mut 

(n = 8) was compared to non-carriers (either BRCA1/2wt or combined BRCA1/2wt with 

male donors where specified). All experiments studying the effect of progesterone 

were performed under normoxic (21% O2) conditions. Due to potential for modulation 

following ovulation and earlier findings (reduced NK cell cytotoxicity in BRCA1mut) EF 

phase samples were preferentially used. OVCAR-3 has demonstrated sex hormone 

receptor isoforms expression and upregulation of PR on immunoblotting seen in 

experiments involving progesterone or anti-progestins (Akahira et al. 2002; De Haven 

Brandon et al. 2020). Therefore, non-adherent K-562 as a suspension tumour cell line 

was selected. K-562 is generally not considered to be progesterone receptive, only 

demonstrating PR mRNA. K-562 is considered a prototypical NK cell-sensitive tumour 

cell line that is widely reported in the literature assessing NK cell cytotoxic responses. 

Concentrations of hormones were selected to cover a range mimicking the potential 

concentration-dependent exposure to progesterone. This would range in vivo from 

peripheral concentrations at either ovarian phase, potential local concentrations within 

the female genital tract or Müllerian tissues (0µM, 0.1µM, 1µM, 5µM, 10µM). An 

equivalent stock concentration of 1.25 µM RU486 (Mifepristone; Sigma) was used to 

mimic the equivalent oral dose used by our collaborators (ClinicalTrials.gov 

Identifier: NCT01898312; Karolinska Institut) studying the effect of alternate day 

mifepristone (50mg oral) in BRCA1/2 mutation carriers (Barrett, Herzog, et al. 2022). 

Target cell preparation involved harvesting K-562 (1 x106 target cells) in a 50ml falcon 

tube and washing cells with HBSS (300G, 5-mins). The cell pellet was gently re-

suspended in 500ɛl of Diluent C-provided in PKH67 Green Fluorescent Cell Linker Kit 

for General Cell Membrane Labelling (Sigma-Aldrich). In a separate 15ml 

polypropylene tube a two times dye solution mixture was created in the dark (4ɛl of 

PKH67 dye added to 500ɛl of Diluent C). Cell suspension was added to the dye 

mixture and incubated for 3-minutes in the dark. After incubation 1ml of culture media 

containing at least 1% of protein was added and incubated for 1-minute to bind excess 

dye, before washing in 3ml of culture media. K-562 labelling and viability was 

assessed before re-suspending in the experimental assay. Day 0 NK cells were 

isolated using methods described earlier. The un-bound NK cell fraction was assessed 
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for viability, absolute cell count, and purity. NK cells from donors were co-cultured 

overnight in the following conditions to ensure that final concentrations of progesterone 

were as stated in total media appropriate for the cell line for the following conditions: 

NK cells alone (0µM progesterone), NK cells with 0.1µM progesterone, NK cells with 

1µM progesterone, NK cells with 5µM progesterone, NK cells with 10µM progesterone, 

NK cells with both 10µM progesterone and 1.25µM mifepristone. Cells were re-

suspended in round bottom sterile round-bottom polystyrene tubes with 0.1 x 106 NK 

cells per 1ml of selected media for 24-hours in culture incubator at 37°C. Day 1 NK 

cells were re-assessed for viability, washed, and re-suspended in appropriate 

concentrations for a final E:T ratio of 5:1 using 0.5 x 106 NK cells with 0.1 x 106 K-562 

cells. After a 4-hour co-culture with K-562 the cell suspension was harvested and 

viability of K-562 assessed using a cell viability dye. This gated population of target 

cells allowed a determination of absolute cell count and specific cytolysis. Each 

experimental condition had a corresponding control (tumour target alone in matched 

culture media) to determine target cell specific cytolysis.  

4.3.5 Statistical analysis 

Results presented are mean values ± SD unless specified. Statistical analyses using 

paired or unpaired t-testing were performed using GraphPad Prism (V9.2.0). Results 

considered statistically significant shown (p-value <0.05). 
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4.4 Results 

4.4.1 Effect of hypoxia on the NK cell cytotoxicity of ovarian tumour targets 

Unstimulated pbNK cells from premenopausal women (n = 10) were subjected to acute 

(12-hours) and sustained hypoxia (up to 60-hours) which demonstrated a dynamic 

alteration in functional (cytotoxic) activity against HGSOC tumour targets (OVCAR-3) 

(Figure 4-1). The hypoxic-induced reduction in NK cell cytotoxicity was significant up 

to 48 hours (paired t-test) at multiple time points: 12 hours (p = 0.0319), 24 hours (p = 

0.0067), 36 hours (p = 0.0177), and 48 hours (p = 0.0376). Even at the assay endpoint 

(60-hours) a reduction in NK cell cytotoxicity was observed for most donors (6/10), but 

this did not reach statistical significance (paired t-test, p= 0.3850).  
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Figure 4-1 The effect of acute and sustained hypoxia (1%) on NK cell cytotoxicity of ovarian 

tumour targets  
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Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal women (n = 10) at 12-hourly time points in a 60-hour assay (Figure 4-1). Samples are 

shown irrespective of ovarian cycle phase or BRCA1 mutational status. NK cells (0.075 x 106) were 

derived by immunomagnetic negative selection of cryopreserved PBMCs and added to a 96-microtiter 

well plate pre-seeded with adherent target cells (0.015 x 106) at a 5:1 ratio. Simultaneous 

measurements were taken in dual xCELLigence® RTCA MP devices in tissue culture incubators pre-

set to normoxic (21% O2) and hypoxic (1% O2) settings to minimise experimental bias. Individual donors 

are shown as dots with linked donor activity in a side-by-side comparison. Statistical significance is 

determined by paired t-testing.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-time cell analysis; MP, multi-

plate; *p<0.05. 

4.4.2 Effect of hypoxia on the NK cell cytotoxicity of ovarian tumour targets in 

BRCA1mut 

The reduction in NK cell cytotoxicity, in keeping with the literature, is highly relevant to 

dynamics at the fimbrial fallopian tube and BRCA1mut given the potential synergy with 

HIF-1Ŭ (Lu et al. 2011). In non-carriers (n = 5) a dynamic response to hypoxia was 

observed over the duration of the assay, which including amongst a subset of donors 

a hypoxic-induced enhancement of cytotoxicity from 12- to 24-hours (Figure 4-2). 

Using multiple t-testing the most significant hypoxic-induced reduction in non-carriers 

was at 36-hours (p = 0.0403). Comparison to BRCA1mut (n = 7) identified this hypoxic-

induced effect was more significant at each 12-hour timepoint using multiple t-testing 

(p <0.05). For visualisation purposes the log transformed values are shown. Acute 

hypoxia (<12-hours) induced a large dynamic effect (range, +11.82 to -100%) in 

carriers which was evident up to 24-hours (range, +1.124 to -86.63%). The largest 

statistical reduction noted at 48-hours (p = 0.001), with a maximal mean reduction 

overall observed at 12-hours (mean, -35.40; SD 36.26%). These novel findings are 

interesting given they reflect dynamics of NK cells against HGSOC targets. In addition, 

they demonstrate that pbNK cells infiltrating niches with a reducing oxygen gradient 

can significantly be impaired following acute (<12-hours) and sustained (up to 60-

hours) hypoxic exposure. 
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Figure 4-2 Acute and sustained hypoxia (1% O2) on NK cell cytotoxicity in BRCA1mut  
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Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in BRCA1/2wt 

(n = 5) compared to BRCA1/2mut (n = 7) at 12-hourly time points in a 60-hour assay (Figure 4-2). 

Samples are shown specifically from the EF phase (days 2 to 5 post completion of menses). NK cells 

(0.075 x 106) were derived by immunomagnetic negative selection of cryopreserved PBMCs and added 

to a 96-microtiter well plate pre-seeded with adherent target cells (0.015 x 106) at a 5:1 ratio. Immune 

effector cell responses against tumour cells were measured by real-time continuous quantitative 

methods using cell impedance in a label-free manner using dual xCELLigence® RTCA MP devices 

placed in tissue culture incubators, pre-set to normoxic (21% O2) and hypoxic (1% O2) conditions.  

[A] Data presented are values for the hypoxic-induced effect (percentage change relative to normoxia) 

for individual donors. Calculation used: [(NK cell cytotoxicity in normoxia minus NK cell cytotoxicity in 

hypoxia/ NK cell cytotoxicity in normoxia)] *100. Individual donors are shown as per the corresponding 

legend. Values below 0 represent a reduction in NK cell cytotoxicity and values above 0 represent an 

enhancement in NK cell cytotoxicity. The trajectory of hypoxic-induced effect for individual donors is 

shown by a hashed line.  

[B] Data shown in [A] is simplified as a trajectory of absolute mean and SD values for the hypoxic-

induced effect for donors based on BRCA1 mutational status. 

[C] Multiple t-testing was performed for BRCA1/2wt and BRCA1mut at each time point. Paired 

comparison between groups was performed for the hypoxic-induced effect on NK cell cytotoxicity. Log 

transformed p-value are presented with the black hashed line representing statistical significance (p 

<0.05) at -log(p-value) 1.301.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-time cell analysis; MP, multi-

plate; EF, early follicular; BRCA1/2wt, BRCA1/2 mutation status negative wild-type control (blue dots); 

BRCA1mut, BRCA1 mutation carriers (red dots); *p<0.05, **p<0.01, ***p<0.001.  

4.4.3 Effect of IL-15 on the NK cell cytotoxicity of ovarian tumour targets in 

normoxia 

IL-15 is a potent activator of NK cell cytotoxicity enhancing responses related to 

activation, proliferation, and survival (Pfefferle et al. 2020). In keeping with the 

literature lymphokine activation of NK cells demonstrated enhanced cell-mediated 

cytotoxicity of ovarian tumour targets (mean, 96.84 ± 4.92%) relative to unstimulated 

rNK cells (mean, 38.61 ± 23.91%) in healthy premenopausal women (n = 19) (Figure 

4-3). At the assay endpoint the 2.5-fold increase in mean cytotoxicity for 
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premenopausal donors, irrespective of ovarian phase, was highly significant using a 

paired t-test (p = <0.0001).  
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Figure 4-3 Effect of IL-15 on NK cell specific cytolysis of OVCAR-3 in normoxia (21% O2) 

Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal women (n = 19) at an assay endpoint of 60 hours. Samples are shown irrespective of 

ovarian cycle phase. NK cells (0.075 x 106) were derived by immunomagnetic negative selection of 

cryopreserved PBMCs and added to a 96-microtiter well plate pre-seeded with adherent target cells 

(0.015 x 106) at a 5:1 ratio. IL-15 (10ng/ml) and effector cells were added to each microtiter well before 

being placed in a tissue culture incubator pre-set to normoxia (21% O2). Immune effector cell responses 

against tumour cells were measured by real-time continuous quantitative methods using cell impedance 

in a label-free manner using the xCELLigence® RTCA MP. Individual donors are shown as dots and 

matched activity linked.   

NK, natural killer; rNK, resting natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-

time cell analysis; MP, multi-plate; ***p<0.001.  
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4.4.4 Effect of IL-15 on the NK cell cytotoxicity of ovarian tumour targets in 

hypoxia  

The role of IL-15 in modulating NK cell activity is relevant given its presence both in 

follicular fluid and the female genital tract (Okada et al. 2000; Spanou et al. 2018). 

Given I have demonstrated that NK cell cytotoxicity is significantly reduced under 

acute and sustained hypoxia, understanding the role of IL-15 is important. Using 

matched samples from the same donor (n = 10) the effect of IL-15 (10ng/ml) was 

assessed under normoxic (21% O2) and hypoxic (1% O2) conditions in parallel 

xCELLigence® RTCA MP devices. Despite the significant enhancement of cytotoxicity 

in normoxia with cytokine co-culture shown earlier (Figure 4-3), under hypoxic 

conditions IL-15 at this concentration was unable to fully recover the effector response 

against ovarian tumour cells. A hypoxic-induced reduction was still observed in 

cytokine-activated NK cells up to 60-hours, which was maximal at 24-hours (p= 

0.0041) and 36-hours (p= 0.0036) (Figure 4-4). In a subset of donors (4/10) the 

inhibitory effect was progressive, however sub-group analysis did not identify any 

other relevant biological identifiers.  
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Figure 4-4 Effect of IL-15 on NK cell specific cytolysis in normoxia versus hypoxia (21% vs 1% 

O2) 
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Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal women (n = 10) at 12-hour time points for an assay duration of 60-hours (Figure 4-4). 

Samples are shown irrespective of ovarian cycle phase. NK cells (0.075 x 106) were derived by 

immunomagnetic negative selection of cryopreserved PBMCs and added to a 96-microtiter well plate 

pre-seeded with adherent target cells (0.015 x 106) at a 5:1 ratio. Target cells were kept in a tissue 

culture incubator pre-set to normoxic (21% O2) and hypoxic (1% O2) condition for 6-hours before effector 

cell addition. IL-15 (10ng/ml) was added for co-culture to each microtitre well and returned to the 

incubator. Immune effector cell responses against tumour cells were measured by real-time continuous 

quantitative methods using cell impedance in a label-free manner using dual devices (xCELLigence® 

RTCA MP). Individual donor activity is shown as dots for NK cell cytotoxicity before and after IL-15 

addition. 

NK, natural killer; rNK, resting natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-

time cell analysis; MP, multi-plate; ns, not significant; *p <0.05; **p <0.01. 

4.4.5 Effect of IL-15 on the NK cell cytotoxicity of ovarian tumour targets in 

BRCA1mut 

To assess whether responses to IL-15 were differential in a phase-specific manner a 

comparison was made of IL-15 activated NK cells using EL and EF phase samples. 

As previously noted, IL-15 (10ng/ml) effects were comparable at the assay endpoint 

(Figure 4-5). Amongst non-carriers there appeared to be an earlier robust response 

in cytotoxicity following IL-15 addition (up to 12-hours). In BRCA1mut mean 

cytotoxicity was lower than non-carriers for each time point across both ovarian 

phases, notably up to 48-hours (p >0.05). Between the groups there was no statistical 

difference identified using multiple t-testing. Although only an observation, EF phase 

samples demonstrated a trajectory of donor activity that appeared to be differential 

relative the EL phase.  
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Figure 4-5 Effect of IL-15 on NK cell specific cytolysis of OVCAR-3 in different ovarian phases 

Data presented is the NK cell specific cytolysis of an ovarian tumour target (OVCAR-3) in 

premenopausal BRCA1/2wt versus BRCA1mut (n = 5) at 12-hour time points for an assay duration of 

60-hours. Samples are shown from the EL phase (days 3 to 6 post ovulation) and EF phase (days 2 to 

5 post completion of menses). NK cells (0.075 x 106) were derived by immunomagnetic negative 

selection of cryopreserved PBMCs and added to a 96-microtiter well plate pre-seeded with adherent 

target cells (0.015 x 106) at a 5:1 ratio (xCELLigence® RTCA MP). IL-15 (10ng/ml) was added 

immediately after effector cell addition to the microtiter well and placed in a tissue culture incubator pre-

set to normoxic (21% O2) conditions. Mean (bars) and SD values for each 12-hour time point is shown. 

Trajectory shown of individual donor activity across the assay duration: BRCA1mut (red) and 

BRCA1/2wt (blue).  

NK, natural killer; rNK, resting natural killer; PBMC, peripheral blood mononuclear cells; RTCA, real-

time cell analysis; MP, multi-plate; EL, early luteal; EF, early follicular. 
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4.4.6 Morphological alteration of NK cells  

Using confocal microscopy, the morphological appearances of NK cells following co-

culture with tumour cells (OVCAR-3) versus IL-15 (10ng/ml) is shown (Figure 4-6). 

Relative to an unstimulated state, at a macroscopic level, appearances of NK cells 

may reflect an activated state, either via tumour- or cytokine-priming. óRoundedô NK 

cells may be in a resting state whereas those with a ótick-likeô tail or elongated body 

may in response to NK cell activation.  

 

 

Figure 4-6 Morphological alteration of NK cells following priming 

NK cells derived from the EF phase in a premenopausal woman (n = 1) were used in the eSight RTCA 

(Agilent) MP device using confocal microscopy combined biosensor impedance-based and image-

based measurements. Target cells seeded as per the earlier protocol were added at E:T of 1:1 for 

visualisation purposes. Data acquired (had overlay images acquired real-time. NK cells were pre-

labelled using CTV and apoptosis marker (Annexin Green) to visualise cytotoxicity. Annexin V apoptosis 

assay utilises apoptosis cells that translocate the membrane phospholipid phosphatidylserine from the 

inner face of the plasma membrane to the cell surface. Phospholipid phosphatidylserine can easily be 

detected by staining with a fluorescent conjugate of Annexin V, allowing necrotic cell content to be seen 

with green fluorescence. Scaling 0 to 200µm (0.85 x 0.88mm, 0.75mm2). 

NK, natural killer; RTCA, real-time cell analysis; MP, multi-plate; CI; cell index; EF, early follicular; CTV, 

cell trace violet.  

Tumour-primedNKcells

Cytokine-primedNKcells
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4.4.7 Effect of progesterone on NK cell cytotoxicity  

Given there is limited literature for the direct effect of progesterone on pbNK cell 

cytotoxic responses I wanted to simply assess the effect of overnight (24-hour) 

progesterone co-incubation on NK cell cytotoxicity in a range of individuals 

(BRCA1mut, BRCA2mut, BRCA1/2wt, and male donors). When donors were 

combined (n = 17) the baseline level of unstimulated NK cell cytotoxicity of K-562 was 

highly heterogenous for male and premenopausal women (EF phase) (Figure 4-7). 

Intermediate selected concentrations of progesterone (0.1µM, 1µM) demonstrated a 

dynamic effect in absolute mean cytotoxicity, relative to media alone, with a stimulatory 

effect (<8% mean increase in cytotoxicity) in certain donors. The addition of the highest 

concentration of progesterone (10µM) induced the largest effect resulting in a 

significant reduction in mean NK cell cytotoxicity, relative to media alone. This was 

significant using a paired t-test (p = 0.0492). For visualisation purposes of the direct 

progestogenic effect a normalisation of the baseline was performed. This involved 

using each individual donorôs value of cytolysis in the control well (NK cell with culture 

media alone) and deducting it from the corresponding level of cytolysis for each 

progesterone concentration (experimental condition). By doing so this allowed the 

óprogesterone-induced effectô to be determined. This effect was most significant for 

certain combinations (0.1µM versus 10 µM, 1.0µM versus 10µM). In BRCA1/2mut (n 

= 8) this effect was most significant, particularly at higher concentrations, with largest 

effect noted between 0.1µM versus 10µM progesterone (p = 0.0062) and 1.0µM 

versus 10µM progesterone (p = 0.0042), with smaller effects seen with 0.1µM versus 

5.0µM (p = 0.047) and 5.0µM versus 10.0µM (p = 0.028). Despite a reduction in 

absolute mean cytotoxicity with concentrations above 5µM progesterone for the other 

groups (BRCA1/2wt and male donors) this effect was not statistically significant. 
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Figure 4-7 The effect of progesterone on NK cell specific cytolysis of a NK-sensitive tumour target  
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Data presented is the NK cell specific cytolysis of a prototypical NK-sensitive tumour target (K-562) at 

a 4-hour time point using flow cytometry (Figure 4-7). NK cells (0.1 x 106 cells) were derived by 

immunomagnetic negative selection of cryopreserved PBMCs. Stock concentrations of progesterone 

were made before addition to round-bottom polystyrene tubes overnight with NK cells for a final 

concentration as stated: 0.1µM, 1.0µM, 5.0µM, and 10µM. The following day NK cells were washed, 

assessed for viability, and re-suspended in media before addition for co-culture with pre-labelled K-562 

target cells. E:T ratio of 5:1 (0.5 x 106 NK cells with 0.1 x 106 K-562 cells) using protocols described 

were used. NK cell cytotoxicity was calculated using a viability dye for the live cell population detected 

at the end of the assay (TO-PROÊ-3 Iodide). Individual donor activity is shown as dots to correspond 

to BRCA1/2mut (red), BRCA1/2wt (blue), and male donors (black) where specified alongside mean and 

SD values. Use of a ónormalised baselineô is shown using values of NK cell cytotoxicity under different 

progesterone concentrations minus the level of NK cytotoxicity using culture media alone (0µM 

progesterone). Positive values demonstrate an increase in NK cell cytotoxicity whereas a negative value 

represents a decrease in NK cell cytotoxicity.  

[A] Data presented is the overall NK cell specific cytolysis of K-562 in 17 donors from a mixed 

population: BRCA1mut (n = 5), BRCA2mut (n = 3), BRCA1/2wt (n = 5), and males (n = 4). Samples in 

premenopausal women (BRCA1/2wt and BRCA1/2mut) were acquired during the EF phase (days 2 to 

5 post menses). 

[B] Data presented is the same shown in [A] of NK cell specific cytolysis of K-562 but with cytotoxic 

values from a normalised baseline.  

[C] Data presented is the NK cell specific cytolysis of K-562 in premenopausal BRCA1/2mut (n = 8) 

from the EF phase using a normalised baseline.  

[D] Data presented is the NK cell specific cytolysis of K-562 in premenopausal BRCA1/2wt (n = 5) from 

the EF phase using a normalised baseline.  

[E] Data presented is the NK cell specific cytolysis of K-562 in male donors (n = 4) using a normalised 

baseline.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; EF, early follicular; P4, progesterone; µM; 

micromolar; CI, confidence interval; red dots, BRCA1/2wt, BRCA1/2 mutation status negative wild-type 

controls (blue dots); BRCA1/2mut, BRCA1/2 mutation carriers (red dots); black dots, male donors. 

*p<0.05, **p<0.01.  
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4.4.8 Effect of progesterone on NK cell viability 

NK cell viability was assessed following an overnight co-culture (24-hours) of 

progesterone in a dose dependant manner (Figure 4-8). Flow cytometry was used to 

determine viability of samples pre- and post-culture using samples from healthy 

premenopausal women (n = 16). Normalisation of the baseline was calculated as 

previously described to determine the direct effect of progesterone addition. All 

concentrations of progesterone (0.1µM, 1µM, 5µM, 10µM) demonstrated a reduction 

in absolute mean NK cell viability, with a maximal effect noted at the highest 

concentration (10µM). This progesterone-induced modulation in NK cell viability was 

donor dependant reflected by the large range of effect (range, 1.53 to -19.99%).  Using 

a paired t-test this inhibitory effect was significant using concentrations of 5µM (p = 

0.0298) and 10µM (p = 0.0107). Although a statistical reduction in viability was 

observed the effect was similar for both concentrations. In addition, for the majority of 

donors affected this actual effect resulted in a small (<5%) reduction suggestive that 

this alone would not account alone for the differences observed in pbNK cells of 

significantly impaired cytotoxicity. Sustained exposure to supra-physiological 

concentrations of progesterone may however have functional implications for the 

viability of NK cells over time. 
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Figure 4-8 The effect of progesterone on NK cell viability 

Data presented is the change in NK cell viability with progesterone co-culture overnight (24-hours) using 

premenopausal donors (n = 16) from the EF phase (days 2 to 5 following completion of menses). NK 

cells (0.1 x 106) were derived by immunomagnetic negative selection of cryopreserved PBMCs and 

cultured in media alone (control) versus different concentrations of progesterone: 0µM, 0.1µM, 1µM, 

5µM, 10µM. Viability was assessed pre- and post-incubation using flow cytometry (TO-PROÊ-3 

Iodide). Values shown are normalised to the baseline with background cytotoxicity from ómedia aloneô 

deducted. Individual donor activity is shown as dots alongside mean and SD values. 

NK, natural killer; PBMC, peripheral blood mononuclear cells; EF, early follicular; P4, progesterone; µM; 

micromolar; *p<0.05.  
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4.4.9 Effect of anti-progestin on NK cell cytotoxicity   

To support the findings of a progesterone-mediated effect on pbNK cells I wanted to 

determine whether this inhibitory effect could be reversed with the addition of an anti-

progestin, particularly when cultured with the highest concentration of progesterone 

(10µM). Using samples derived from the EF phase (n = 15) and the same experimental 

design previously described NK cells were co-cultured in the following conditions: 0µM 

progesterone (culture media alone; control), 10µM progesterone, and 10µM 

progesterone with 1.25µM mifepristone (Figure 4-9). Due to limited samples and low 

yield of NK cells additional concentrations of mifepristone or an additional condition of 

NK cells co-cultured with 1.25µM mifepristone (without progesterone) could not be 

performed. Using healthy premenopausal women, the progesterone-induced effect 

(10µM) induced a modulation of mean NK cell cytotoxicity however this did not reach 

significance (p = 0.0908). This effect was donor dependant as shown by the large 

range of effect (range, -45.47 to 36.08%). Using matched samples from the same 

donor the co-culture of 10µM progesterone with 1.25µM mifepristone however was 

capable of enhancing NK cell cytotoxicity in the majority of donors (13/15). This 

reversal of a progesterone-induced inhibitory effect was highly significant using a 

paired t-test (p = 0.0076).  
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Figure 4-9 The effect of anti-progestin mifepristone (RU486; 1.25µM) on NK cell specific cytolysis 

of K-562  

[A] Data presented is the NK cell specific cytolysis of K-562 at a 4-hour time point using flow cytometry 

in premenopausal women (n = 15) during the EF phase (days 2 to 5 post menses). NK cells derived by 

immunomagnetic negative selection of cryopreserved PBMCs were co-cultured overnight with media 

alone (control), 10µM progesterone, 10µM progesterone and 1.25µM mifepristone. NK cells the 

following day were washed, checked for viability, and resuspended in final concentrations before being 

added to round-bottom polystyrene tubes with suspension K-562 target cells at a 5:1 ratio (0.5 x 106 

NK cells with 0.1 x 106 K-562 cells). NK cell cytotoxicity was calculated using the live K-562 population 

at the end of the assay (TO-PROÊ-3 Iodide). Individual donor activity is shown as dots with linked 

activity shown.  

[B] The percentage change in K-562 cytotoxicity is shown for using data in [A] relative to baseline 

(culture media alone). Values below 0 represent a reduction cytotoxicity.  

NK, natural killer; PBMC, peripheral blood mononuclear cells; EF, early follicular; P4, progesterone; 

RU486, mifepristone; µM; micromolar; ** p<0.01.  
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4.5 Discussion 

Ovarian carcinomas exploit biological systems via aberrant expression of factors 

within a tissue microenvironment that can result in epigenetic, transcriptional, and 

functional alterations of protective anti-tumour mechanisms (Lo Riso et al. 2020). 

Tissue-infiltrating or tissue-residing NK cells in the fimbrial fallopian tube are 

vulnerable to site-specific effects unique to this microenvironment. Dysfunctional 

immune responses, as seen in immune-mediated diseases or in sites harbouring 

óhallmarkô qualities, are implicated in supporting carcinogenesis (He et al. 2022; 

Hanahan 2022). Given the disproportionate risk of HGSOC in BRCA1mut, 

consideration of NK cell activity within the fimbrial microenvironment allows an 

appreciation for how these vital immune cells may be susceptible to modulation via 

cancer immunoevasion. Given technicalities in sampling from the fimbrial fallopian 

tube without complete surgical excision, unstimulated peripheral NK cells provide a 

valuable parameter for functional baseline assessment of tumour cytotoxic capacity. 

Unstimulated NK cells are preferential when determining a baseline assessment given 

the susceptibility to altered immunological profiles upon cell priming (Sabry et al. 

2019). Utilising NK cells from BRCA1mut derived in the EF phase I have demonstrated 

that there is a significant reduction in cytotoxicity following acute (<12-hours) and 

sustained (up to 60 -hours) hypoxic exposure. This is an important finding given the 

fimbrial fallopian tube, distal to the highly vascular uterine cornua, may result in a 

reducing oxygen gradient that has functional relevance to NK cell dynamics (Han and 

Sadiq 2019). Whilst the extent of inhibition is donor dependent, initial hypoxic insult 

can induce up to 100% reduction in NK cell cytotoxicity of ovarian tumour targets in 

certain individuals. Hypoxia is a core component of the ovarian TME and in fallopian 

tube specimens of BRCA1mut, devoid of cancer, work from our research group has 

shown that the fimbrial portion demonstrates a more hypoxic environment supporting 

BRCA1 synergy with hypoxia (Shih et al. 2021; Lu et al. 2011). These findings highlight 

that for BRCA1mut effects may be particularly detrimental given the enhanced cancer 

cell stemness in hypoxia (Kim, Lin, and Yun 2019). Compromise of NK cell tumour 

cytotoxicity under hypoxic conditions can be mediated by HIF-1Ŭ accumulation in an 

oxygen-independent manner (Pietrobon and Marincola 2021; Sarkar et al. 2013; Fink 
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et al. 2003). Degranulation and cytokine secretion (IFN-ɔ) can be affected in an 

oxygen-dependant manner implicating tumour cytolysis (Lim et al. 2021). Other 

immunological effects in hypoxia that can limit anti-tumour effector responses include 

alteration of lytic granule mobilisation (perforin, granzyme), metabolomics, signalling 

(NF-əB), and cell surface expression of activating receptors (NKG2D, NKp30, NKp44, 

NKp46, CD16) (Krzywinska et al. 2017; Solocinski et al. 2020; Sarkar et al. 2013; Fink 

et al. 2003; Choi and Finlay 2021; Balsamo et al. 2013). NK cells cultured in 0.5% O2 

demonstrate a lack of proliferation relative to 1.5% O2 (20-fold higher) and normoxia 

(400-fold higher) (Lim et al. 2021). HIF-1Ŭ accumulation is linked to pro-tumour 

activation of STAT3 and at a transcriptional level a hypoxic-induced signature reflects 

a stress response in NK cells (Parodi et al. 2018; Teng et al. 2020). This óstress-effectô 

can induce metabolic alterations following short-term hypoxic exposure, further 

inducing mitochondrial restructuring favouring a malignant phenotype (Velasquez et 

al. 2020; Velasquez et al. 2016; Grieco et al. 2020). Associations with intra-tumoral 

hypoxia include the recruitment of immunosuppressive cells (T-regs, MDSCs, and 

TAMs) which have shown to inhibit NK cell effector potential (Hasmim et al. 2015). 

Inflammation, synonymous with ovulatory events, is linked to hypoxia and an important 

consideration for the fimbrial microenvironment given its close proximity to the ovary 

{Fathalla, 2013 #4460}{Huang, 2020 #4925}{Houghton, 2021 #4926}.  In the follicular 

phase lower oxygen tensions are observed (Lim, Thompson, and Dunning 2021). 

Menstrual shedding of the functional layer, triggered by progesterone withdrawal, 

results in a local inflammatory response culminating in the vasoconstriction of spiral 

arterioles and HIF-1Ŭ stabilisation supporting the re-epithelialisation of the denuded 

basal endometrium (Maybin et al. 2018). Ovulation is intrinsically linked to HIF 

expression and target gene expression is associated to PR expression, which can be 

variable across the ovarian cycle (Kim, Bagchi, and Bagchi 2009). Cumulatively these 

cyclical events can render NK cells potentially vulnerable to acute or sustained periods 

of hypoxic exposure within sites with poorer vasculature (Figure 4-10). These features 

coupled with ólow functionalô levels of NK cytotoxicity during the follicular phase, may 

in turn be detrimental for carcinogenesis (Imai et al. 2000).  
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Figure 4-10 Proposed dynamics at the fimbrial fallopian tube in BRCA1 mutation carriers  
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Pleiotropic IL-15 expression is usually low under homeostatic conditions and can be 

upregulated in relation to inflammation and with follicular fluid released from immature 

oocytes (Rautela and Huntington 2017; Spanou et al. 2018; Liu et al. 2022). Its trans-

presentation to NK cells induces cellular activation, survival, and enhanced cytotoxic 

responses (Huntington et al. 2009). As shown earlier IL-15 activation demonstrated 

an enhanced cytolysis of OVCAR-3, however this effect could not be reproducible 

under hypoxia (1% O2) (Figure 4-4). Under hypoxic conditions NK cells can have 

variable responses to monokine stimulation, failing to upregulate the surface 

expression of major activating receptors (NKp46, NKp30, NKp44, and NKG2D) 

(Balsamo et al. 2013; Sabry et al. 2019).  Short- and long-term hypoxia in combination 

with IL-15 can result in the inhibition of oxidative metabolism, with effects regulated 

via kinase mechanistic target of rapamycin or mTOR, involving STAT3 and NF-əB 

signalling (Coulibaly et al. 2021; Balsamo et al. 2013). As discussed in a subsequent 

Chapter STAT3 expression in NK cells under normoxic conditions was identified to be 

differential in BRCA1mut relative to non-carriers in the EF phase. In progesterone rich 

environments and endometrial stromal cells IL15 mRNA can be upregulated, however 

the functional benefit may not be directly translatable under hypoxic conditions IL 

(Okada et al. 2000). PR expression was not assessed in this Thesis and consideration 

of the receptor expression of sex hormones and IL-15 would be beneficial in 

determining the status of receptors on NK cells at different phases of the ovarian cycle.  

A limitation was the lack of IL-15 concentrations, however even at this single 

concentration (10ng/ml) the exogenous addition to pbNK cells (derived from 

cryopreserved PBMCs) in vitro was still able to enhance cytotoxicity in normoxia at a 

similar level to non-carriers demonstrating that these cells are still functional. This 

would further support the theory that in vivo NK cells from carriers are subjected to 

cell-nonautonomous effects that potentially render them dysfunctional or poorly 

cytotoxic to ovarian tumour targets.   

Determining the direct effect of progesterone on NK cell activity was relevant given 

BRCA1mut demonstrate significantly higher mid-luteal levels (~121%) relative to non-

carriers following ovulation (Widschwendter et al. 2013). pbNK cells co-cultured at 

supraphysiological levels, relative to those seen in peripheral circulation, induced a 
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dose-dependent suppression of NK cell cytotoxicity only in BRCA1/2mut using 10µM 

progesterone. Despite a reduction in absolute mean values for premenopausal non-

carriers and male donors, this reduction was not statistically significant. Prior 

experiments are limited in their study of pbNK cell activity given the predominant focus 

been utilising samples relevant to reproductive medicine or early pregnancy states. 

Within the female genital tract NK cells represent 10 to 30% of all leukocytes and are 

the predominant subset within the endometrium (~70%) following ovulation, 

representing a distinct phenotypic and functional profile that is not seen in peripheral 

circulation (Givan et al. 1997; Szekeres-Bartho 2008). To note uNK cells are 

recognised to lack expression of a PR (Arck et al. 2007; Henderson et al. 2003). 

Progesterone is considered immunosuppressive based on the Th2-like response 

observed with trophoblastic implantation, however its effects can be variable 

dependant on the NK cell subset of interest and sex hormone receptor expression 

(Lissauer et al. 2015). Innate immune cells are capable of expressing sex hormone 

receptors (ER, PR, androgen receptor) to varying degrees dependant on site, maturity, 

activation status, and prior estrogenic exposure (Kadel and Kovats 2018; Arruvito et 

al. 2008; Szekeres-Bartho et al. 1990; Butts et al. 2021). Cells lacking a PR, such as 

those within the female genital tract, are thought to have effects mediated in-directly 

via the glucocorticoid receptor (GR) or PIBF (Brundin et al. 2021; Lim et al. 2020). As 

a result, outcomes can vary when using pbNK versus uNK or endometrial leukocyte 

fractions. At lower concentrations of progesterone (0.01 to 1.0µM) no demonstratable 

effect is reported (Chen et al. 2012; Sarkar 2005). Studies utilising a single 

concentration (1 × 10ī8 M) have also shown no effect on pbNK cells, whereas when 

using a significant dose-dependent range an increase of cell death has been reported 

(Arruvito et al. 2008; Souza et al. 2001). It is important to note that greater 

progesterone-mediated effects are see when using concentrations equivalent to the 

feto-maternal interface (10ī5M) (Van Voorhis, Anderson, and Hill 1989; Szekeres-

Bartho, Hadnagy, and Pacsa 1985). In studies limited by publication bias donor 

pooling (inclusion of non-pregnant with pregnant women, pre- with postmenopausal 

donors, premenopausal women without consideration of ovarian cycle phase) is an 

issue with a lack of commentary on concurrent hormonal use (contraceptive pills or 

devices). The inconsistent effect seen in wild-type premenopausal women, or those 
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without a known BRCA1 mutational status, has also been seen with the study of other 

sex hormones such as estradiol (McDonald and Ferguson 1985; Sulke, Jones, and 

Wood 1985a; Sorachi et al. 1993). Authors have commented on the effect of ethanol 

as a diluent for progesterone, resulting in downstream effects on NK cell viability and 

cytotoxicity (Sulke, Jones, and Wood 1985a). As part of my own preliminary study this 

effect of ethanol was assessed which did not demonstrate a significant reduction in 

either viability or cytotoxicity. Supporting progesterone as a modulator of pbNK cell 

activity was the use of mifepristone in these experiments, making it highly relevant for 

states of progesterone hypersecretion or progesterone-mediated immunosuppression 

of NK cell cytotoxicity.  Mifepristone is a recognised anti-progestin, capable of binding 

to the PR, acting as a selective progesterone receptor modulator (SPRM) (Spitz and 

Bardin 1993; Zhu et al. 2009; Kim, Park, Kwon, et al. 2020). Primarily developed as 

an endometrial disruptor or abortifacient it can sensitise a gravid uterus to 

prostaglandins (Spitz and Bardin 1993). As a synthetic agent it has competitive binding 

to the PR demonstrating a higher affinity for the GR than cortisol (up to 10-fold higher) 

or progesterone (Chen et al. 2012). It can demonstrate a mixed agonist-antagonist 

role in PR modulation, rather than pure PR antagonism (Chabbert-Buffet et al. 2005; 

Check and Check 2021). In the presence of uNK cells, which do not express a PR, 

mifepristone can enhance activity in a dose-dependent manner via the GR (Chen et 

al. 2012; Sarkar 2005). Collaborators at the Karolinska Institutet have studied the 

effect of placebo versus a three-month treatment of mifepristone (50mg once every 

alternate day) in BRCA1/2mut prior to prophylactic mastectomy (Bartlett et al. 2022). 

Earlier published work on mifepristone bioavailability and steady plasma ranges 

allowed an equivalent concentration of 1.25µM to be selected based on a range of 

doses: 1mg/day (~65nmol/L), 10mg/day (~1µmol/L), 50mg/day (~2.5µmol/L), 100mg 

(~4.5µmol/L), and 200mg/day (~5.4µmol/L) (Sarkar 2002). Even at a single 

concentration (RU486; 1.25 µM) mifepristone ameliorated the inhibition of NK cell 

cytotoxicity at the highest progesterone concentration (10µM). Its efficacy in cancer 

biology has previously been explored given its ability to induce a cytostatic effect on 

cancer cell line growth, irrespective of classical or nuclear PR expression (Tieszen et 

al. 2011). Its use has been suggested previously for consideration during the 

proliferative (or follicular) menstrual phase to counter the effects of progesterone 
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(Hansen et al. 1992; Chen et al. 2010). More recently treatment with mifepristone has 

been shown to reverse the effects of sex hormones on the mammary stem cell and 

luminal progenitor compartments, with a potential therapeutic role for poor prognostic 

breast tumours (Ranjan et al. 2021; Bartlett et al. 2022). Interactions with membrane 

PR and PIBF is another key consideration given PIBF as an immunomodulatory 

protein can facilitate tumour invasion and suppression of cellular immunity (Check and 

Check 2021)(Szekeres-Bartho et al., 2001)(Piccinni, Raghupathy, et al. 2021). 

Collectively, these findings demonstrate a differential anti-tumour response in 

response to environmental mediators that are highly relevant to BRCA mutation 

carriers and the fimbrial fallopian tube. Targeting site-specific factors may serve as 

therapeutic adjuncts for those risk stratified or those aiming to defer or decline surgical 

risk-reducing measures for ovarian cancer. To consolidate these functional (cytotoxic) 

findings further assessment of the cytokinome and secretory profile BRCA1mut is 

needed, including that of PIBF, to ascertain whether carriers are prone to an 

immunosuppressive profile that further potentiates immunomodulation within 

vulnerable tissue niches.   
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5 The secretory profile of BRCA mutation carriers 

5.1 Introduction 

For over 40 years the study of cytokines as has furthered our understanding of their 

pleiotropic role in cancer biology and supported translational immunotherapy (Gong 

and Ren 2020; Sabry et al. 2019). Cytokines are small proteins (up to ~70 kDa) that 

represent a broad range of dynamic polypeptides capable of regulating key 

homeostatic processes, that are widely produced by cells of diverse embryological 

origins (Stenken and Poschenrieder 2015) (Propper and Balkwill 2022). Secretion of 

these soluble mediators provides cell-to-cell communication supporting paracrine and 

autocrine regulation of signalling networks via: IL, IFN, members of the TNF 

superfamily, chemotactic cytokines (chemokines), and growth factors (Propper and 

Balkwill 2022). Alteration of a cytokinome or aberrant secretion can facilitate tumour 

initiation, plasticity, and progression (Hanahan 2022; Kartikasari et al. 2021). Pro-

inflammatory cytokines (e.g., IL-1ɓ, IL-1RA, IL-6, IL-8, GM-CSF) can be perpetuated 

by chronic inflammatory states or those linked with hypoxia, EMT, and high metabolic 

demands of tissue microenvironments undergoing rapid cellular turnover (Veglia, 

Sanseviero, and Gabrilovich 2021). Type-1 and type-2 cytokines, initially described for 

CD4+ T-cells (T-helper cells; Th cells), are a key part of the innate immune response 

(Raphael et al. 2015). Th1 cells are involved with cellular immunity and contribute to 

a pro-inflammatory response (e.g., IL-2, IL-2R, IL-12, IFN-ɔ). Th2 cells are typically 

anti-inflammatory and involved with humoral immune responses (e.g., IL-4, IL-5, IL-

10, IL-13). Chemokines are smaller signalling cytokines (~8 to 10 kDa) capable of 

inducing cellular migration as part of normal homeostasis and homing (Propper and 

Balkwill 2022). From an immune viewpoint PBMCs are capable of cytokine secretion 

both in a resting state and upon exposure to inflammatory stimuli (Table 2) (Janeway 

and Medzhitov 2002).  

NK cells are a vital immune subset capable of potent secretion and pliable to cytokine-

induced immunomodulation (Sabry et al. 2019; Mocchegiani and Malavolta 2004). 

Cytokines (e.g., IL-12, IL-15, IL-18) can prime or activate, either individually or 

synergically, to generate CIML NK cells capable of ADCC (Terren et al. 2022). These 
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cells are primarily CD56dim, lacking expression of KIRs and CD57, but are not confined 

to this compartment generating a lower activation potential for NK cell degranulation 

(Fauriat et al. 2010; Bryceson et al. 2006a). Cyclical or chronic exposure to cytokines 

can create an inflammatory niche supporting immune cell anergy, overstimulation, and 

exhaustion towards tumour targets (Sabry and Lowdell 2020; Sabry et al. 2019; 

Felices et al. 2018). Cytokine profiling in the context of cancer immunobiology was 

highlighted via study of >10,000 tumours (TCGA) which identified six different immune 

subtypes (wound healing, IFN-ɔ dominant, inflammatory, lymphocyte depleted, 

immunologically quiet, and TGF-ɓ dominant) with an associated dysregulation of 

profiles and receptor expression (Thorsson et al. 2018). Given the broad range of 

discoverable proteins, with over 260 associated genes, variable levels of secretion 

and responsiveness can be donor dependant making differentiation of physiological 

versus pathological secretion challenging (Carrasco Pro et al. 2018). Pathological 

release of cell-nonautonomous mediators within tissues vulnerable to inflammation 

can induce a pro-inflammasome that leads to inhibition of anti-tumour responses, 

tipping a balance to cancer invasiveness (Lima et al. 2021; Briukhovetska et al. 2021). 

This form of immune cell evasion with an altered cytokine profile is seen with breast 

and ovarian carcinogenesis (Esquivel-Velazquez et al. 2015). By utilising established 

cancers with advanced disease state potentially misses a golden window of 

opportunity for biomarker discovery or treatments aimed at targeting early pre-

neoplastic events (Lisio et al. 2019; Propper and Balkwill 2022).  

In healthy premenopausal women cytokine secretion across an ovarian cycle is 

thought to be regulated by ovulation, however there can be large differences in 

secretion between donors (Willis et al. 2003; Verthelyi and Klinman 2000; Bouman, 

Heineman, and Faas 2005; Lee et al. 2010; Crona Guterstam et al. 2021). Ovulation 

as a pro-inflammatory event releases follicular fluid rich in sex hormones 

(progesterone, estrogen), cytokines (EGF, fibroblast growth factors, insulin-like growth 

factors, TGF-ɓ, VEGF, IL-1ɓ, IL-6, IL-8, and IL-12), and growth factors (Piccinni, 

Vicenti, et al. 2021). In non-pregnant states estrogen levels rise twice across an 

ovarian cycle and levels are reportedly not correlated with Th1- or Th2-like cytokines 

in unstimulated PBMCs (Verthelyi and Klinman 2000). Progesterone is however 
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released in a luteal-dominant manner and of the two major sex hormones have been 

extensively studied in the context of pregnancy, given its ability to induce a Th2-like 

response for the immunotolerance of a semi-allogenic fetoplacental unit (Faas et al. 

2000; Tai et al. 2008; Verthelyi and Klinman 2000; Piccinni, Raghupathy, et al. 2021). 

In the absence of successful trophoblastic implantation the corpus luteum regresses 

inducing endometrial shedding via menses (Oliver and Pillarisetty 2020). Menstruation 

culminates in the release of a cascade of inflammatory mediators (TNF-Ŭ, PGF2Ŭ, 

MMPs) and a breakdown of the endometrial ECM during the follicular phase (Ma et al. 

2013). Other phase-specific effects include a higher IFN to IL-4 ratio in T-helper cells 

(Faas et al. 2000; Ma et al. 2013). Age-related alterations in cytokines and growth 

factors have also been reported in women <30-years (IL-1RA, IL-5, IL-8, Eotaxin, IP-

10, and RANTES) (Piccinni, Vicenti, et al. 2021). From an immunological viewpoint 

the responsiveness to sex hormones can be regulated by membrane or nuclear 

receptor expression, which can be absent or variable across an ovarian cycle 

dependant on immune cell type (Brundin et al. 2021). Due to the lipophilic nature of 

steroid hormones they can integrate into the cell membrane, altering fluidics, and 

functional activity (Lamche et al. 1990). For immune cells devoid of a PR the effect of 

progesterone is thought to be mediated via the in-direct secretion of PIBF (Bouman, 

Heineman, and Faas 2005). These interactions are thought to explain the sexual 

dimorphism observed by a cytokinome in women which can enhance susceptibility to 

autoimmune disease, infection, and cancer (Dart 2020; Shepherd et al. 2020). BRCA1 

inactivation can induce tumour-cell intrinsic inflammatory signalling with release of 

proinflammatory cytokines and chemokines capable of modulating the innate immune 

response (Parkes et al. 2017).   
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Immune cell Leukocyte 

proportion 

Secretory profile Functional description 

NK cells  

(Paul and Lal 2017) 

1 ï 6% IFN-ɔ, TNF-Ŭ, GM-CSF, 

IL-10, IL-5, IL-13, MIP-1Ŭ, 

MIP-1ɓ, IL-8, RANTES  

Cell-mediated cytotoxicity of infected or 

transformed cells without prior sensitisation 

as part of host immunosurveillance 

T-cells  

(Romagnani 2000) 

 

7 ï 24% Th1 like: IFN-ɔ, IL-2, IL-15, 

IL-21, TNF-ɓ 

Th2 like: IL-4, IL-5, IL-6, 

IL-8, IL-9, IL-10, IL-13 

Treg: IL-10, TGFɓ 

CD4+: Coordination of the adaptive 

immune response through activation and 

regulation of other immune cells 

CD8+: Induce reorganisation of the T-cell 

receptor repertoire with antigen specificity 

for cells that have undergone 

transformation   

B-cells  

(Lund 2008) 

 

1 ï 7% B-regulatory: ï IL-10, TGF 

B-effector: - IL-2, IL-4, IL-

6, IL-12, IFNɔ, TNF-Ŭ 

Secrete antibodies as part of humoral 

immune response 

Macrophages 

(Arango Duque and 

Descoteaux 2014) 

3.9 ï 6.5% Pro-inflammatory: IL-1, IL-

6, IL-8, IL-12, TNF 

Anti-inflammatory: IL-10, 

TGF-ɓ.  

Chemokines : MIP-2Ŭ, 

RANTES, MIG, IP-10, IP-9 

Tissue-resident or infiltrating immune cells 

critical for physiological homeostasis and 

regulating innate immune responses. 

Capable of undergoing pathological 

alteration within a TME (TAMs) 

DCs  

(Blanco et al. 2008) 

0.3 ï 0.9% IL-12, IL-23, IL-10 Process and present antigen material to 

lymphocytes via immunoregulation  

Monocytes  

(Willis et al. 2003) 

2 ï 12% Pro-inflammatory : IL1-Ŭ, 

IL-1ɓ, IL-6, TNF-Ŭ 

Uptake of foreign objects via phagocytosis, 

and antigen presentation 

MDSC (Veglia, 

Sanseviero, and 

Gabrilovich 2021) 

0.01 ï 

0.07% 

IL-10, TGF-ɓ, Indoleamine 

2,3 dioxygenase (IDO)  

Myeloid derived these cells are capable of 

pathological activation and 

immunosuppression 

Neutrophils 

(Gideon et al. 2019) 

30 ï 80% Pro-inflammatory: IFN-ɔ, 

TNF 

Anti-inflammatory: IL-4, IL-

10 

Part of the host defence against invading 

pathogens and microbes 

Eosinophils 

(Davoine and Lacy 

2014) 

0 ï 7% Capable of rapid release 

of >35 cytokines, growth 

factors, and chemokines 

Part of the host defence against nematodes 

and other parasitic infections 

Basophils 

(Turner et al. 2014) 

0 ï 2% IL-4, IL-13, MIP-1Ŭ Release of cytokines, leukotrienes, and 

histamine to modulate immune responses 

 

Table 2 Examples of cytokines secreted by innate and adaptive immune cells within leukocyte 

population (STEMCELL Technologies).  
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5.2 Experimental aims  

The following set of experiments described in this Chapter aim to broadly describe the 

cell autonomous contribution of a germline BRCA mutation on the secretory profile of 

premenopausal women, prior to a clinically confirmed cancer. Utilising a large multi-

plex panel unstimulated plasma samples will be analysed to provide description of the 

cytokinome in BRCA1mut relative to non-carriers across different ovarian cycle 

phases. An assessment of circulating sex hormones and associated factors will also 

determine if secretory profiles are differential based on BRCA mutation status. These 

functional (secretory) findings aim to complement earlier phase-specific functional 

(cytotoxic) data of NK cells whilst providing scope for future novel biomarker discovery, 

targeted blockade, or biomarker surveillance in high-risk individuals at risk of tissue-

specific tumorigenesis.  

5.3  Methods 

5.3.1 Donor recruitment  

Donors were selected based on a pre-defined criteria as previously specified for the 

BRCA Unite clinical research study: premenopausal (aged 23- to 44-years) without a 

history of a previous or concurrent confirmed cancer, no current use of exogenous 

hormones (or abstention of at least three-months), systemically well with no concurrent 

infection, not currently pregnant or breastfeeding, and no previous history of bilateral 

salpingo-oophorectomy. Donors underwent confirmatory genetic testing to determine 

BRCA1/2 mutational status via the London North Genomic Laboratory Hub (Great 

Ormond Street Hospital, London, UK). Samples were acquired in relation to ovulation 

from the EL phase (3 to 6 days post ovulation determined using home urinary testing 

kits) or the EF phase (day 5 to 8 of menstrual cycle or 2 to 5 days from the end of 

menses). Informed written consent was obtained from all donors.  

5.3.2 Plasma isolation 

Plasma supernatant was acquired from donors based on pre-defined ovarian cycle 

phases with 10 samples derived from the EL phase (BRCA1mut, n = 6; BRCA1/2wt, 

n = 4), and 20 samples derived from the EF phase (BRCA1mut, n = 10; BRCA1/2wt, 
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n = 10). Comparison based on BRCA1 mutational status were between paired 

experimental and control subjects age-matched to two-years. To minimise bias all 

samples were collected between 0800 and 1200 by venepuncture into a BD 

Vacutainer Lithium Heparin Blood Collection Tube (green hemogard closure). 

Manufacturersô fill-volume recommendations were followed where possible to ensure 

proper additive to blood ratios and to minimise assay interference. All samples (~40ml 

whole blood) were acquired by a trained operator and transferred at room temperature 

to the RFH laboratory, within two-hours of initial blood collection. All samples were 

processed using a standardised operating procedure by a single operator. All samples 

cryopreserved had an initial PBMC viability of 100%. Plasma removed by density 

centrifugation (LymphoprepÊ) was cryopreserved neat in at -80°C in 2ml cryovials 

and processed within 6-months of collection. Plasma samples from age matched pairs 

were rapid thawed and processed in parallel to minimise handling bias.   

5.3.3 Cytokinome profiling  

The Cytokine Human Magnetic 30-Plex Panel (Catalogue no. LHC6003M; Lot no. 

214538304) for the LuminexÊ platform was used to quantify a large panel of human 

cytokines, chemokines and growth factors using a suspension bead-based 

technology.  Cytokines were assessed in the 30-plex panel that included: granulocyte 

colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor 

(GM-CSF), IFN-Ŭ, IFN-ɔ, IL-1ɓ, IL-1 receptor antagonist (IL-1RA), IL-2, IL-2R, IL-4, IL-

5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17, and TNF-Ŭ. Chemokines part of the 

panel also included: eotaxin, IFN-ɔ-inducible protein-10 (IP-10), monocyte 

chemoattractant protein-1 (MCP-1), monokine induced by IFN-ɔ (MIG), macrophage 

inflammatory protein (MIP)-1-Ŭ/ɓ, and regulated upon activation, normal T-cell 

expressed and presumably secreted (RANTES). Growth factors included: epidermal 

growth factor (EGF), fibroblast growth factor (FGF)-basic, hepatocyte growth 

factor (HGF), and vascular endothelial growth factor (VEGF). Plasma supernatants 

were processed as per manufacturerôs recommendations. Magnetic microsphere 

beads internally dyed with red and infrared fluorophores of differing intensities were 

pre-allocated a unique number (bead region), allowing differentiation of one bead from 

another. Beads covalently bound to different antibodies were mixed in the same assay, 
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utilizing a 96-well microplate format. Upon completion of the sandwich immunoassay, 

magnetic beads were measured using a LuminexÊ detection system (MAGPIXÊ). 

Analytes were measured simultaneously generating data with greater sensitivity of 

detection than traditional methods in a robust manner. This method allowed for 

decreased handling time, increasing throughput, and enhanced precision. Standard 

curves were generated by the LuminexÊ instrument using 75µl of sample following 

serial dilution of the reconstituted standard. The xPONENT program (Build, 

4.2.1509.0) was used to acquire raw data. Target bead count was set at 100 magnetic 

beads per sample well. Values shown are from technical and experimental replicates. 

5.3.4 Salivary sex hormones 

Salivary sex hormone concentrations were determined by individual daily first-catch 

samples in the morning (~1 ml) over the course of one ovarian cycle. Visual aids and 

additional written instructions were made available to support self-directed collection. 

Saliva samples were immediately frozen in a domestic freezer at ~ ī 20°C. Once the 

collection was complete frozen samples were transferred to the UCL laboratory using 

icepacks and a thermally insulated bag before being transferred into ī80°C for 

storage. Participants completed a daily sample log to record issues with sample 

collection. Samples from the experimental group (BRCA1/2mut; n = 12) were 

compared to age-matched controls within two-years of age (BRCA1/2 mutation status 

negative; n = 8). Salivary hormone levels were measured using an ELISA; 

Progesterone (Salimetrics; catalogue number, 1-1502-5) and Estradiol (Salimetrics; 

catalogue number, 1-4702-5), following the manufacturerôs recommendations. Both 

ELISAs were kindly performed by members of the UCL Translational Research Centre 

(Dr I Evans and Mr R Gunu). Briefly, saliva samples were thawed overnight at 4°C. 

50µl (progesterone ELISA) or 100µl (Estradiol ELISA) of sample was placed onto a 

microtitre assay plate and enzyme horseradish peroxidase conjugate added. Plates 

were shaken (500rpm) and incubated at room temperature for up to two-hours based 

on sex hormone, then washed four times with wash buffer provided (1X). 

Tetramethylbenzidine substrate was later added, plate shaken, and incubated for 30-

minutes in the dark. Stop solution was added before plates were briefly shaken 

(450nm on a Varioskan-LUX plate reader). A standard curve was run on each plate.  
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Data was analysed and hormone levels calculated by interpolation using a 4-

parameter non-linear regression curve fit in GraphPad Prism (V9.2.0). 

5.3.5 PIBF ELISA 

Plasma supernatants were processed using a human PIBF ELISA kit (MyBioSource; 

catalogue number, MBS700337) as per manufacturers recommendations. This ELISA 

was kindly performed by members of the UCL Translational Research Centre (Dr I 

Evans and Mr R Gunu) using biological samples initially collected and processed by 

myself in the RFH laboratory. 50µl of undiluted samples were used in a microtiter plate 

pre-coated with goat-anti-rabbit antibody. Use of this particular kit provided a ready-

to-use microwell strip plate for assessing the presence of PIBF1 in biological samples 

using a competitive enzyme immunoassay technique (detection range, 2 to 800ng/ml; 

sensitivity <2ng/ml).  

5.3.6 Data analysis 

As per manufacturers recommendations the Invitrogen ProcartaPlex Analysis 

Application (Thermo Fisher Scientific) provided secondary analysis of the cytokine 

multiplex immunoassay data acquired by the LuminexÊ instrument. Data was 

uploaded onto the Invitrogen ProcartaPlex Analysis Application (Thermo Fisher 

Scientific) and plate layout completed to determine detectable secretion. Accessed via 

óConnectô, a Thermo Fisher Scientific cloud-based platform enables analysis of 

multiplex immunoassay data. The .CSV file was imported with plate layouts and lot-

specific data defined which generated a 5-parameter logistic standard curve. 

Standards 1 to 7 (dilution factor, 1:3) were calculated to identify detectable secretion 

that fit all standard curves which was used for final analysis. Donors with secretion 

outside the standard curve or out of range (OOR) were stated as such with detection 

thresholds shown. For metabolomic data analysis of salivary sex hormones 

bioinformatic support was kindly provided by Dr T Bartlett (UCL Translational 

Research Centre).  

  



167 

 

5.3.7 Statistical analysis  

Graphical displays were generated (dot plots) to demonstrate the spread of individual 

donor activity and the distribution amongst the group. Group-wise statistical 

comparisons were made for all analytes on a logarithmic scale. Results presented are 

mean values ± SD unless specified. Statistical analyses using unpaired t-testing were 

performed when comparing the differences between the groups Paired t-tests were 

used for statistical comparisons in donor samples matched for ovarian cycle phase. 

Spearmanôs (nonparametric) rank correlation was calculated as part of sub-group 

analysis. Results considered statistically significant shown (p-value <0.05) using 

GraphPad Prism (V9.2.0). 

5.4 Results 

5.4.1 Cycle dynamics in BRCA1/2 mutation carriers  

Prior to assessing the phase-specific cytokinome an assessment was made of cycle 

length using an independent sub-group of donors: BRCA1/2wt (n = 8) and 

BRCA1/2mut (n = 12). Individuals selected had met the inclusion criteria described 

earlier. There was no difference in mean cycle lengths between BRCA1/2wt (27.70 ± 

2.87 days) and BRCA1/2mut (27.57 ± 3.44 days) (Figure 5-1). Similar findings were 

also obtained by restricting the analysis solely to BRCA1 or BRCA2 mutational status. 

Further assessment was performed to determine if there were differences in cycle 

phase dynamics. Whilst it was observed the luteal phase in BRCA1mut had a larger 

range relative to BRCA1/2wt, no statistical difference was identified.  
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[A]

BRCA1/2 status cycle length (days)  Age (years) 

BRCA1 mutant 24 37 

BRCA1 mutant 27 28 

BRCA1 mutant 27 40 

BRCA1 mutant 25 42 

BRCA1 mutant 21 38 

BRCA1 mutant 34 34 

BRCA1 mutant 27 39 

BRCA1 mutant 27 28 

BRCA1 mutant 30 27 

BRCA2 mutant 28 28 

BRCA2 mutant 28 25 

BRCA2 mutant 34 41 

BRCA1 and BRCA2 wild type 22 38 

BRCA1 and BRCA2 wild type 26 45 

BRCA1 and BRCA2 wild type 29 43 

BRCA1 and BRCA2 wild type 29 27 

BRCA1 and BRCA2 wild type 29 29 

BRCA1 and BRCA2 wild type 26 30 

BRCA1 and BRCA2 wild type 27 33 

BRCA1 and BRCA2 wild type 33 31 
 1 
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Figure 5-1 Donor ovarian cycle demographics 
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[A] Cycle length (days) and donor ages (years) for premenopausal women based on BRCA1/2 

mutational status for BRCA1/2mut (n = 12) and BRCA1/2wt (n = 8) (Figure 5-1). 

[B] Individual donor data is shown for the luteal and follicular ovarian phase. Ovulation was confirmed 

using urine ovulation testing kits provided to donors and used to determine the luteal and follicular 

phase duration. Cycle length based on BRCA mutational status is shown for BRCA1mut (n = 10) and 

BRCA1/2wt (n = 8). 

BRCA1/2wt, BRCA1 and BRCA2 wild type (control); BRCA1mut, BRCA1 mutation carrier; BRCA2mut, 

BRCA2 mutation carrier.  

5.4.2 Cytokinome based on BRCA1 mutational status  

Plasma secretory profiles were compared in premenopausal donors (median age, 34-

years; range, 22- to 45-years) based on BRCA1 mutational status. Donors were 

predominately of European ancestry with a healthy BMI (18.5 to 24.9). Demographic 

data in the EL phase was assessed for BRCA1/2wt (median age, 35; range, 27 to 45 

years; n = 4) and BRCA1mut (median age, 38; range 28 to 41 years; n = 6).  

Demographic data in the EF phase was assessed for BRCA1/2wt (median age 33.5; 

range, 27 to 45 years; n = 13) and BRCA1mut (median age, 38; range 28 to 41 years; 

n = 17). Cytokines identified were grouped for descriptive purposes: óinflammatory 

cytokinesô, óTh1/Th2 cytokinesô, ócytokines IIô, óchemokinesô, and ógrowth factorsô. Only 

samples with secretion >0ng/ml are shown. Cytokine concentrations are specified as 

either ódetectableô (fit all standards) or óextrapolatedô (OOR). Cytokines with detectable 

secretion are shown in a box surrounded by a solid line with a ódetection threshold to 

fit all standardsô marked for visualisation purposes. Cytokines with secretion values 

OOR are shown in a box surrounded by a hashed line requiring inferences to be made. 

Reference is made to levels of secretion in premenopausal BRCA1mut relative to 

confirmed non-carriers (BRCA1/2wt) age matched <2-years. 
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5.4.2.1 Inflammatory cytokines 

IL-1ɓ 

Detection of IL-1ɓ was OOR for both BRCA1mut and BRCA1/2wt (shown below). In 

BRCA1mut more donors had detection in the EF phase (range, 0.11 to 0.64pg/ml; n = 

6) than BRCA1/2wt (range, 0.11 to 0.41pg/ml; n =3) relative to any other phase. 

Maximal secretion was noted for a BRCA1mut (0.64pg/ml) in the EF phase.   

BR
C
A
1/

2w
t

BR
C
A
1m

ut

0.0

0.2

0.4

0.6

0.8

E
x
tr

a
p

o
la

te
d

IL
-1
ɓ

 s
e
c
re

ti
o

n
 (

p
g

/m
l)

BRCA1/2wt

BRCA1mut

EF phase

Mean and SD shown

 

 

  



171 

 

IL-1RA 

IL-1RA was highly detectable in both groups with secretion meeting all standards only 

for BRCA1mut in the EF phase (48.90 ± 22.40; range, 33.06 to 64.74pg/ml; n = 2) 

(shown below). Extrapolated levels of secretion for BRCA1/2wt and other phases were 

OOR. 
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IL-6 

Detection of IL-6 was only noted in BRCA1mut (2.66pg/ml; n = 1) in the EF phase, 

however this was OOR. This single donor was aged 38-years. No detection was 

observed in BRCA1/2wt or the EL phase for either group. 
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IL-8 

Detection of IL-8 was OOR for both BRCA1mut and BRCA1/2wt (shown below). In 

BRCA1mut extrapolated levels of detection were identified in the EF phase only 

(range, 0.97 to 5.73; n = 3) which had a larger range than BRCA1/2wt (range, 2.42 to 

5.07pg/ml; n =2). Maximal secretion was noted for a BRCA1mut (5.73pg/ml) in the EF 

phase. No secretion was noted for the EL phase.  
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GM-CSF 

Detection of GM-CSF was OOR for the majority, being only detected in a single non-

carrier (0.87pg/ml; n = 1; age, 32-years) in the EL phase. No detection was noted in 

BRCA1mut or the EF phase. 
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TNF-Ŭ 

Detection of TNF-Ŭ was OOR for both BRCA1mut and BRCA1/2wt (shown below). In 

BRCA1mut the range for extrapolated secretion was higher in the EF phase (range, 

1.76 to 2.67pg/ml; n = 2) than a single non-carrier (1.76pg/ml; n = 1). Maximal 

secretion was noted for a BRCA1mut (2.67pg/ml; age, 38-years) in the EF phase.  No 

secretion was detectable in the EL phase for either group.  
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5.4.2.2 Th1/Th2 cytokines 

IL-2   

Detection of IL-2 was OOR for both BRCA1mut and BRCA1/2wt. In BRCA1mut more 

donors had detectable secretion in the EF phase (range, 0.38 to 5.48pg/ml; n = 3) than 

BRCA1/2wt (range, 0.38 to 0.77pg/ml; n =2) or any other phase based on extrapolated 

values. Maximal secretion was noted for a BRCA1mut aged 38-years (5.48pg/ml) in 

the EF phase.  Secretion in the EL phase was <0.39pg/ml for both groups.  
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IL-2R 

Detection of IL-2R was only noted in BRCA1mut (range, 168.80 to 339.87pg/ml; n = 

2) in the EF phase. Donors were aged 38- and 34-years. No detection was noted in 

controls or the EL phase. 
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IL-12 

IL-12 was highly detected for both groups with secretion levels that met all standards 

for both ovarian phases. Phase-specific secretion is shown below. EL secretion was 

comparatively lower (mean, 20.95 ± 2.844pg/ml) than the EF phase for BRCA1mut 

(mean, 41.95 ± 47.31pg/ml), with mean levels nearly 2-fold higher in the EF phase. 

Between the groups the range of secretion was also higher in BRCA1mut (range, 

12.56 to 157.3pg/ml; n = 9) compared to BRCA1/2wt (mean, 32.33 ± 26.33; range, 

14.78 to 82.69pg/ml; n = 8). There was no age-related correlation for IL-12 secretion 

in either group (data not shown). 

BR
C
A
1/

2w
t E

L

BR
C
A
1m

ut E
L

0

50

100

150

200

IL
-1

2
 s

e
c
re

ti
o

n
 (

p
g

/m
l)

Detection threshold to fit
all standards

BR
C
A
1/

2w
t E

F

BR
C
A
1m

ut E
F

0

50

100

150

200

IL
-1

2
 s

e
c
re

ti
o

n
 (

p
g

/m
l)

Detection threshold to fit
all standards

BRCA1/2wt

BRCA1mut

 



177 

 

IL-4 

In BRCA1mut detection ranges were OOR, with extrapolated values higher in the EF 

phase (range, 0.79 to 6.46; n = 5) than EL phase (1.83pg/ml; n = 1). Detection of IL-

4 was absent in BRCA1/2wt for either phase. 
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IL-5 and IL-10 

IL-5 and IL-10 secretion was OOR for donors. In BRCA1mut extrapolated secretion 

was only noted for IL-5 in the EF phase (0.24pg/ml; n = 1).  

  



178 

 

5.4.2.3 Cytokines II 

IFN-Ŭ 

Detectable secretion of IFN-Ŭ was only identified in BRCA1mut across both ovarian 

phases. More donors with detectable secretion were identified in the EF phase (mean, 

12.26 ± 5.20; range, 8.56 to 19.60pg/ml; n = 4).  
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5.4.2.4 Chemokines 

Eotaxin (CCL11) 

Eotaxin secretion met all standards in both BRCA1mut and BRCA1/2wt for each 

ovarian phase. Levels were similar in the EF phase for BRCA1mut (mean, 64.10 ± 

42.49; range, 15.57 to 181.40pg/ml; n = 16) and BRCA1/2wt (mean, 65.34 ± 38.42; 

29.07 to 152.00 pg/ml; n = 12), with both groups demonstrating a large range of 

secretion. In the EL phase mean secretion was higher in BRCA1mut (50.69 ± 

27.81pg/ml; n = 6) relative to non-carriers (38.66 ± 37.11pg/ml; n = 4), which was not 

statistically significant. When the age-related effect on eotaxin secretion was assessed 

in BRCA1mut there was a significant age-related decline secretion (p = 0.0180), which 

is not observed in BRCA1/2wt (p = 0.1199).  
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Figure 5-2 The age-related change in secretion of eotaxin 

Plasma supernatant detection of eotaxin levels (pg/ml) are shown plotted against chronological age for 

BRCA1/2wt (blue) and BRCA1mut (red) irrespective of ovarian cycle phase using the LuminexÊ 

platform. Lines of best fit are shown for BRCA1/2wt (n = 16) and BRCA1mut (n = 21).  

BRCA1/2wt, BRCA1/2 mutation status negative; BRCA1mut, BRCA1 mutation carrier 
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IP-10 (CXCL10) 

Detection of IP-10 was OOR for both BRCA1mut and BRCA1/2wt in the EL phase. In 

both groups limited secretion was noted in the EF phase (n = 1), despite most donors 

having secretion OOR. The range in BRCA1mut was higher related to BRCA1/2wt 

(range, 0.50 to 12.52pg/ml; n = 15) with an observation of more dynamic secretion in 

the EF phase.  
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MCP-1 (CCL2) 

MCP-1 was highly detected in both groups with most secretion found to fit all standards 

in both phases. In the EF phase BRCA1mut (48.78 ± 62.90pg/ml; range, 14.52 to 

231.4pg/ml; n = 13) had a lower mean and range of secretion relative to BRCA1/2wt 

(70.52 ± 119.3; range, 15.96 to 386.9pg/ml; n = 9). No age-related effect for MCP-1 

secretion for either group (data not shown). 
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MIG (CXCL9) 

MIG secretion fit all standards and was only detectable in the EF phase at high levels 

for both groups. A larger range was noted in BRCA1mut (range, 47.20 to 427.79; n = 

3) compared to BRCA1/2wt (60.73 to 90.69pg/ml; n = 2). The highest secretion was 

in a BRCA1mut donor aged 28-years (427.79pg/ml).  
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MIG secretion 

MIP-1Ŭ (CCL3) 

MIP-1Ŭ secretion fit all standards and was only detectable in the EF phase for 

BRCA1/2wt and in both phases in BRCA1mut. Whilst secretion was limited amongst 

both groups EF secretion in BRCA1mut had a larger range (range, 7.23 to 24.54pg/ml; 

n = 2) than in the EL phase (10.87pg/ml; n = 1), or BRCA1/2wt (14.28pg/ml; n = 1).  
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MIP-1ɓ (CCL4) 

Similar to MIP-1Ŭ detectable secretion that fit all standards was limited. In the EF 

phase there was a greater range of detectable secretion for BRCA1mut (range, 33.15 

to 159.22pg/ml; n = 2) compared to BRCA1/2wt (26.46g/ml; n = 1). Outlier activity is 

again noted for the same donor (BRCA1mut, aged 38-years).  
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MIP-1ɓ secretion 

RANTES (CCL5) 

RANTES detection was only identified at a very high level in the EF phase for 

BRCA1mut (2999.72pg/ml; n = 1). All other donors had detection OOR.  
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5.4.2.5 Growth factors 

EGF 

EGF was only detectable in BRCA1mut, notably in the EF phase (range, 13.44 to 

45.61pg/ml; n = 2). EL phase detection was OOR for BRCA1mut and absent for 

BRCA1/2wt. 
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EGF secretion 

G-CSF 

In the EF phase detection was only identifiable for a single carrier aged 28-years 

(15.84pg/ml). Extrapolated ranges were nearly 2-fold higher in BRCA1mut (range, 4.8 

to 15.84; n = 2) compared to BRCA1/2wt (EF range, 4.80 to 6.94pg/ml; n = 2). EL 

phase secretion was OOR for both groups.  

HGF 

HGF was detected at high concentrations in the EF phase for both groups. Levels 

were however OOR for most donors with the highest secretion amongst BRCA1mut 

(327.62pg/ml). Extrapolated values for BRCA1mut (range, 34.13 to 327.6pg/ml; n = 5) 

had more donors with detectable secretion. These findings were further validated 
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comparing BRCA1mut (mean age, 34.5 ± 5.667 years; n = 14) and BRCA1/2wt (mean 

age, 35.62 ± 7.206 years; n = 13) using an ELISA. Mean levels of secretion were 6-

fold higher in BRCA1mut (mean, 65.32 ± 113.0; n = 8) compared to BRCA1/2wt 

(mean, 10.10 ± 16.39pg/ml; n=9) in the EF phase. No correlation with age and HGF 

secretion in BRCA1mut or BRCA1/2wt was identified (data not shown).   
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5.4.2.6 Summary of cytokines with detectable secretion  

Interestingly more detectable secretion was noted in the EF phase relative to the EL 

phase. Amongst this cohort of premenopausal donors, a lack of detectable secretion 

was noted in either ovarian phase for the following: FGF-basic, IFN-ɔ, IL-7, IL-10, IL-

13, IL-15, IL-17A, and VEGF. Group-wise comparisons could not be made for 

cytokines with limited secretion such as GM-CSF (control; n = 1), IL-5 (BRCA1mut; n 

= 1), and IL-10 (control; n = 1). For cytokines with at least Ó 2 donors with detectable 

secretion, a wider range of secretion was noted in BRCA1mut (11/30) relative to 

controls (5/30). In the EF phase dynamism is observed for BRCA1mut given the 

expression of MCP-1, MIG, MIP-1Ŭɓ, EGF, and HGF which demonstrated higher 

absolute means values (p > 0.05).  
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Figure 5-3 Secretory profile of premenopausal women based on BRCA1 mutational status 
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Data shown is the level of detectable secretion (pg/ml) of cytokines that fit all standards using 

ProcartaPlex Analysis Application (Thermo Fisher Scientific) for data acquired using a 30-plex panel on 

the LuminexÊ instrument. Group-wise levels of secretion from samples derived in EL phase (3 to 6 

days post ovulation determined using home urinary testing kits) are compared to the EF phase (day 5 

to 8 of menstrual cycle or 2 to 5 days from the end of menses). BRCA1/2wt (blue) and BRCA1mut (red) 

activity is shown as dots.  

[A] Individual donors are shown as per the legend with mean values shown as a horizontal black line. 

[B] Phase-effect is shown for BRCA1/2wt and BRCA1mut with mean and SD values. Donors with 

detectable secretion that fit all standards are only shown for either ovarian phase. EL phase is shown 

as hatched bars and EF phase as sold bars.  

BRCA1/2wt, BRCA1/2 mutation status negative (blue dot); BRCA1mut, BRCA1 mutation carrier (red 

dot); EL, early luteal; EF, early follicular; SD, standard deviation.  

5.4.3 Sex hormones and related factors  

5.4.3.1 Progesterone and estradiol 

Serum concentrations of sex hormones were compared over one complete ovarian 

cycle in controls (BRCA1/2wt; n = 8) versus BRCA1/2mut: BRCA1mut (n = 9), 

BRCA2mut (n = 3). These findings highlighting sex hormone dynamics in carriers were 

recently published (Bartlett et al. 2022). As shown BRCA1/2mut, when pooled, had a 

significant increase in the level of secretion of both progesterone (p = 0.012) and 

estradiol (p <0.001) across an ovarian cycle. However, when consideration is made 

for BRCA1 mutational status there are differences in hormonal secretion that could be 

under appreciated. Following ovulation levels of estradiol effects are significantly 

higher in BRCA1mut versus non-carriers (p = 0.007) and BRCA2mut versus non-

carriers (p = 0.004). However, for progesterone significant differences are only 

observed in BRCA1mut versus non-carriers (p = 0.006), that are not seen in 

BRCA2mut (p = 0.46). This further highlights the importance of studying progesterone-

related effects based on BRCA1 status and the need to differentiate donors (based on 

BRCA1 or BRCA2 mutational status) rather than pool all germline carriers together. 
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Figure 5-4 Estradiol and progesterone dynamics in BRCA1/2mut during an ovarian cycle 

Time-series of estradiol (Panel A) and progesterone (Panel B) were normalised by cycle length and 

compared between BRCA1/2mut (n = 12) and controls (n = 8). One-week moving windows were used 

to assess how the significance of increase in hormone levels in BRCA1/2mut compared to controls) 

varies during the ovarian cycle (Panel C). Significances were assessed with an unpaired t-test. A 

dashed line to represent statistical significance is shown with a red line (Panel C). The following findings 

have been recently been published (Bartlett et al. 2022). 

pg/ml, picograms per millilitre; BRCA1/2wt, BRCA1/2 mutation status negative (control); BRCA1mut, 

BRCA1 mutation carrier; BRCA1/2mut, BRCA1/2 mutation carrier; *p<0.05, **p<0.01; ***p<0.001.   
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Figure 5-5 Estradiol and progesterone dynamics in BRCA1 versus BRCA2 carriers during an 

ovarian cycle 

Time-series of estradiol (Panels A and D) and progesterone (Panels B and E) salivary hormones, 

normalised by cycle length, and compared between BRCA1 mutation carriers (n = 9; panels A and B) 

or BRCA2 mutation carriers (n = 3; panels D and E), and controls (n = 8). One-week moving windows 

were used to assess how the significance of increase in hormone levels in BRCA1 or BRCA2 mutation 

carriers (compared to controls) varies during the cycle (Panels C and F respectively). Significances 

were assessed with an unpaired t-test. A dashed line to represent statistical significance is shown with 

a red line (Panel C and F). The following findings have been recently published (Bartlett et al. 2022). 

pg/ml, picograms per millilitre; BRCA1/2wt, BRCA1/2 mutation status negative (control); BRCA1mut, 

BRCA1 mutation carrier; BRCA1/2mut, BRCA1/2 mutation carrier; *p<0.05, **p<0.01; ***p<0.001.  
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5.4.3.2 PIBF 

Given the association of progesterone and PIBF I wanted to further study whether 

secretion was differential based on BRCA1 mutational status. Mean values for PIBF 

in BRCA1mut (mean, 4.588 ± 2.736pg/ml; n = 16) and BRCA1/2wt (mean, 3.253 ± 

1.831pg/ml; n = 14) demonstrated no statistical difference in the EF phase (unpaired 

t-test, p = 0.1334). In BRCA1mut a large range of secretion was noted in this phase 

(range, 0.65 to 10.38pg/ml). However, when assessing the phase-specific effect there 

a significant increase in PIBF was observed for the EL phase. This effect was highly 

significant in BRCA1mut (p = 0.0021) relative to controls (p = 0.0176). In matched 

samples from the same donors PIBF secretion in BRCA1mut only demonstrated a 

consistent phase-specific reduction, nearly reaching significance (n = 5; p = 0.0756; 

95% CI, -4.38 to 57.69) unlike BRCA1/2wt (n = 4; p = 0.1359; 95% CI, -2.62 to 11.81). 

This phase-effect was most pronounced for a single donor (BRCA1mut; age, 38-years) 

with a 32-fold change in PIBF levels (EF phase, 0.65pg/ml; EL phase, 21.02pg/ml). If 

these levels are consistent across the remaining luteal phase, from a phase-specific 

viewpoint this would suggest that carriers are exposed to a sustained duration of 

higher PIBF, which may have downstream implications affecting functional activity in 

the EF phase. Comparison of PIBF levels and progesterone concentrations was 

assessed in donors using matched data for BRCA1mut (n = 20) and BRCA1/2wt (n = 

14). A moderate correlation of PIBF was observed in BRCA1mut (n = 20; R = 0.71), 

however this effect was not observed to the same extent in BRCA1/2wt (n = 14; r = -

0.02; 95% CI, -0.54 to 0.52).  
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Figure 5-6 PIBF secretion based on ovarian cycle phase and BRCA1 mutational status 

Data presented is PIBF secretion (pg/ml) in premenopausal women based on BRCA1 mutational status. 

Levels of secretion are detected using an ELISA of plasma supernatant (pg/ml). Matched donor activity 

is show by lines.  

[A] Direct comparison of the phase-effect in PIBF secretion. BRCA1/2wt: EF phase (n = 14), EL phase 

(n = 4). BRCA1mut; EF phase (n = 16), EL phase (n = 4). Statistical significance shown using an 

unpaired t-test for BRCA1/2wt and BRCA1mut.  

[B] PIBF secretion using matched samples from the same donor is shown for BRCA1/2wt (n = 4) and 

BRCA1mut (n = 5). Statistical significance is shown using a paired t-test. 

PIBF, progesterone induced blocking factor; BRCA1mut, BRCA1 mutation carrier (red dots); 

BRCA1/2wt, BRCA1/2 mutational status negative control (blue dots); *p < 0.05; **p < 0.01. 
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Figure 5-7 Relationship between PIBF secretion and progesterone 

Correlation of PIBF and progesterone concentrations based on BRCA mutational status in BRCA1/2wt 

(n = 14) and BRCA1mut (n = 20). Goodness of fit shown by the r value.  

PIBF, progesterone induced blocking factor; P4, progesterone; BRCA1/2wt, BRCA1/2 mutation status 

negative (control; blue dots); BRCA1mut, BRCA1 mutation carriers (experimental group; red dots). 
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5.5 Discussion 

The secretory profile of immune cells in BRCA1mut, in the absence of a clinically 

confirmed cancer, remains unknown. When comparing the cytokinome of carriers 

versus age-matched controls there appears to be a donor dependant response, 

reflected by a large range of detectable secretion. Importantly certain donors 

demonstrate hypersecretory capabilities with preferential secretion of multiple 

cytokines. Due to the limited detection of cytokines that fit all standards or small 

number of donors with detectable secretion often no statistical difference could be 

identified when using unstimulated PBMCs. There does however seem to be a more 

dynamic response in the EF phase, particularly with increased detectable secretion in 

BRCA1mut. The following inferences are therefore made in the context of secretion 

OOR or with values extrapolated.  

Pro-inflammatory cytokine IL-1RA was only detectable in BRCA1mut in the EF phase, 

with levels nearly 2-fold higher than controls. Whilst its role is relatively unknown 

specific to NK cell function in EOC aberrant expression and polymorphisms have been 

reported (Keita et al. 2010; Sehouli et al. 2003). Levels of IL-1RA have a significant 

correlation with progesterone and phase-specific effects (higher follicular phase 

secretion) have been observed in endometrial cells (Fukuda et al. 1995; Vetrano et al. 

2020). Other pro-inflammatory cytokines (IL-1ɓ, IL-6, IL-8, and TNF-Ŭ) had detection 

OOR but were only identifiable in BRCA1mut during the EF phase. In established 

cancer models IL-1ɓ overexpression is 3- to 4-fold higher in TNBC cell lines (MDA-

MB-231 and MDA-MB-468) compared to non-TNBC cell lines (MCF7 and T47D) (Ryan 

et al. 2017). Comparison of Th1/Th2 profiles demonstrated a preference for a Th1 

response in the EF phase, with IL-2R only detectable in BRCA1mut and mean IL-12 

levels secretion ~2-fold higher relative to controls. Whilst IL-12 is known for activating 

innate immune responses (cytotoxicity via ADCC) sustained exposure can alter 

CD56bright cytokine release inducing immune cell senescence, anergy, and exhaustion 

(Mirlekar and Pylayeva-Gupta 2021; Judge, Murphy, and Canter 2020). IL-8 and TNF-

Ŭ both had secretion OOR. Despite this, IL-8 was only detected in BRCA1mut for both 

ovarian phases and TNF-Ŭ in the EF phase. IL-8 secretion is associated with 

endothelial cell proliferation, tumour survival, and MMP production in breast cancer 
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(Snoussi et al. 2006; O'Brien et al. 2007; Al-Harthi et al. 2000). In EOC this cytokine 

can promotes homing and invasiveness via adipocytes (Nieman et al. 2011). TNF-Ŭ 

hypersecretion is associated with breast cancer stemness and treatment resistance 

(Esquivel-Velazquez et al. 2015). Both Th2 cytokines (IL-4 and IL-5) also were OOR, 

but only detectable in BRCA1mut during the EF phase. Higher estradiol secretion is 

associated with a Th-2 cytokinome (IL-4, IL-5) which is relevant for carriers given luteal 

levels can be 33% higher in BRCA1mut (Verthelyi and Klinman 2000; O'Brien et al. 

2007; Widschwendter et al. 2013). IL-4 had a larger extrapolated range of secretion in 

BRCA1mut (range, 0.79 to 6.46; mean, 2.89 ± 2.23pg/ml) relative to the literature for 

women of unknown BRCA1/2 mutational status (0.058 ± 0.008pg/ml) (O'Brien et al. 

2007). IL-4 secretion is linked to inflammatory niches and thought to induce 

immunosuppressive reprogramming (Briukhovetska et al. 2021). Despite its release 

also being homeostatic the hypersecretion is paradoxically associated with breast, 

ovarian, and colon cancers with IL-5 considered a potentially poor prognostic marker 

for breast cancer (Li, Chen, and Qin 2009; Nappo et al. 2017; Murata, Obiri, and Puri 

1997; Espinoza et al. 2016; Cai, Zhou, and Webb 2012; Keselman and Heller 2015). 

Other Th2 cytokines (IL-10, and IFN-ɔ) had secretion OOR and in limited donors. In 

the literature no difference in Th1 (IFN-y, IL-2) or Th2 (IL-4, IL-10) cytokines in the 

follicular phase (days 6-9) or luteal phase (day 6-9 after positive urinary luteinising 

hormone testing) have been reported for premenopausal women (Bouman et al. 

2001a). IFN-Ŭ was only identified in BRCA1mut for both ovarian phases with a large 

range of secretion (range, 6.71 to 19.60pg/ml; n = 5) in the EF phase. IFN-Ŭ belongs 

to a superfamily of type I interferons that are highly immunomodulatory, regulating host 

responses to inflammation and immune responses (via autocrine and paracrine 

signalling) (Lee and Ashkar 2018; Ma et al. 2019). Hypersecretion may reflect a pro-

inflammatory response or potential compromise of IFN signalling associated with a 

BRCA1 mutation (Doherty et al. 2017; Cardenas et al. 2019) (Martin-Hijano and Sainz 

2020; Coppe et al. 2010). This may be of relevance given similar aberrant responses 

to IFN signalling are reported in immune-repressed TNBC (Broad et al. 2021). Sub-

group analysis of donors in the EF phase with detectable secretion had a mean age 

of 38.60 years (SD, 2.793), with 4/5 donors being aged 38 to 41 years. In BRCA 

mutation carriers there is a possible age-related effect given a reduced epithelial 
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epigenetic clock relative to the general clock, suggestive of enhanced breast cancer 

risk which may be mediated by exposure to cell-nonautonomous mediators such as 

circulating factors or cytokines (Barrett, Herzog, et al. 2022).  

Chemokines were detected in most donors across both ovarian phases demonstrating 

a dynamic expression and ability to modulate immune cells even in a resting state. In 

BRCA1mut range of secretion was greater with absolute levels higher for multiple 

chemotactic proteins: MCP-1 (range, 14.52 to 231.4pg/ml; n = 13), MIG (range, 47.20 

to 427.79; n = 3), MIP-1Ŭ (range, 7.23 to 24.54pg/ml; n = 2), MIP-1ɓ (range, 33.15 to 

159.22pg/ml; n = 2), and RANTES (2999.72pg/ml; n = 1). Chemokines are integral for 

immune cell trafficking and lymphoid tissue development but can also be expressed 

by tumour cells, shaping the immunological landscape for an evolving tumour niche 

(Nagarsheth, Wicha, and Zou 2017). Interestingly a significant age-related decline of 

eotaxin secretion was identified in BRCA1mut. This suggests that younger carriers are 

at a greater risk of exposure to higher relative levels of eotaxin, that gradually declines 

over their reproductive lifetime. Eotaxin supports immune cell recruitment to 

inflammatory niches with expression observed in advanced EOC and declining levels 

thought to reflect increased tumour cell absorption (Levina et al. 2009; Moser and 

Willimann 2004). Other solid tumours derived from breast, lung, colorectal, and 

pancreas have also comparatively higher eotaxin levels (Koc et al. 2013). Part of the 

MCP subfamily eotaxin has encoded genes in the same region as MIP-1 and 

RANTES, with secretion linked to IL-6, IP-10, and MCP-1 in EOC (Giuntoli et al. 2009; 

Levina et al. 2009). The highest IP-10 secretion was noted in a single BRCA1mut 

donor which may be of clinical relevance given hypersecretion is associated with solid 

tumours and advanced EOC (Jabeen et al. 2019; Rainczuk et al. 2012; Idorn et al. 

2018). Despite a larger range of MCP-1 in both phases for BRCA1mut, absolute mean 

levels were lower than controls in the EF phase. MCP-1 as a member of the chemokine 

superfamily can bind to receptors commonly expressed on monocytes/macrophages 

(Furukawa et al. 2013). Lower levels are thought to reflect increased uptake in 

advanced EOC (Penson et al. 2000). Conversely higher levels are thought to be 

utilised by tumour cells to create an immunosuppressive TME, mediating infiltration 

(monocytes, TAMs), and tumour invasiveness (Sun et al. 2020). Mean levels of MIP-
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1Ŭ/ ɓ were also secreted at higher levels in BRCA1mut in the EF phase. As a powerful 

chemoattractant both cytokines are known to activate mononuclear cells and stimulate 

pro-inflammatory cytokine release via tissue macrophages (Nath et al. 2006). MIP-1ɓ 

has links to inflammatory components of invasive breast cancer and IL-12 expression, 

which is over-expressed in ER-negative breast cancers (Stagnaro and Caramel 2013). 

RANTES expression, confined to a solitary BRCA1mut with secretion in extremis 

(>2999pg/ml), has also been observed in EOC (Wertel et al. 2011). Secretion of this 

cytokine may be a feature of early disease (Stage 1 EOC relative to benign cysts) 

given levels coupled with CA125 have been suggested to improve sensitivity in 

differentiation of ovarian cysts based on malignant potential (Tsukishiro et al. 2006). 

In TNBC and primary breast tumours expression is thought to also be modulated by 

estradiol and/or progesterone (Lv et al. 2013; Niwa et al. 2001; Jensen et al. 2010). 

Growth factors, unlike chemokines, were secreted by a limited number of donors with 

more detectable secretion in the EF phase. EGF demonstrated a range of secretion 

that fit all standards in BRCA1mut (range, 13.44 to 45.61pg/ml; n = 2). As a pro-tumour 

factor EGF is capable of amplifying growth via cell proliferation, adhesion, motility, 

invasion, and angiogenesis within inflammatory niches (Hanahan and Weinberg 2011; 

Son et al. 2013). Receptor overexpression is associated with chemoresistance in 

HGSOC (Normanno et al. 2006). Breast cancer cells and EOC in BRCA1mut have 

higher EGFR expression, however clinical efficacy of receptor inhibitors is poor (Burga 

et al. 2011; Li et al. 2013; Ignacio et al. 2018; Merrouche et al. 2016). Expression is 

linked to MCP-1 with reported consideration of this cytokine in the differentiation of 

ovarian masses, although it not widely used in clinical practice (Gorelik et al. 2005; 

Son et al. 2013). HGF had the highest level of detection in BRCA1mut in the EF phase 

(43.70 to 201.3pg/ml). HGF as a growth factor is capable of epithelial morphogenesis, 

cell invasion, and angiogenesis in biologically aggressive female-specific tumours 

(Matsumoto et al. 2017). Whilst this cytokine is associated with progesterone 

secretion, irrespective of age, premenopausal women demonstrated high (>50pg/ml) 

and low (<15pg/ml) levels of secretion. Findings confirmed with an ELISA had mean 

levels nearly 6-fold higher in BRCA1mut compared to controls, however this did not 

reach significance. Longitudinal measurement of HGF has been proposed as an 
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independent prognostic biomarker in EOC following cytoreductive surgery (Klotz et al. 

2021). Estradiol can upregulate HGF mRNA, which is reversed with tamoxifen 

suggestive of an association to sex hormones (Khan et al. 2005). HGF upregulation is 

linked to MNNG HOS transforming / MET and is associated with progesterone 

exposure within endometrial stroma or downregulation in luminal epithelium (Zhang 

2010; Ito et al. 2017). HGF is however not specific for ovarian cancer, with detection 

observed with concurrent infection, endometriosis, and graft-versus-host disease 

(Barreiros et al. 2009; Osuga et al. 1999; Okamoto et al. 2001). 

Given the potential for phase-specific changes it is apparent that ovulatory events that 

regulate sex hormones play a major contributory role in modulating the cytokinome 

and secretory profile of carriers. Estrogen as a major sex hormone acts as a pleiotropic 

steroid influencing a diverse range of biological processes, regulating sexual 

dimorphism, and immune responses (Milette et al. 2019). Levels vary across an 

ovarian cycle which can affect ER expression on immune cells (Kovats 2015). The 

effect of estrogen on NK cell activity has been reported, often using murine models, 

with a reduction in NK cell cytotoxicity, proliferation, gene expression, cytokine release 

(IFN-ɔ), and immunophenotypic alteration (Seaman et al. 1978; Nilsson and Carlsten 

1994; Hao et al. 2008; Curran et al. 2001). However, reports are inconsistent, which 

may be due to purification methods, the combined use of progestin preparations, and 

study population (inclusion of male donors) (Sorachi et al. 1993; Albrecht et al. 1996; 

Yang et al. 2000). Unlike estrogen which rises mid-follicular followed by a secondary 

peak during the mid-luteal phase, progesterone secretion is phase-specific (luteal 

dominant) in healthy women. Concentrations of progesterone reach a nadir in the 

follicular phase (<1ng/ml), rising significantly in the luteal phase (20ng/ml) post-

ovulation, and later peaking in established pregnancy states (~300ng/ml in the third 

trimester) (Hall and Klein 2017). This preference for luteal secretion can result in levels 

up to 250-fold higher in the luteal phase (Reed and Carr 2000). In keeping with 

previous findings, I have shown that BRCA1/2mut had a significantly higher level of 

salivary progesterone and estradiol levels across the ovarian cycle (Widschwendter et 

al. 2013). Other immune cells modulated by sex hormones include mononuclear 

MDSCs that have activity proportional to serum estrogen and progesterone levels 
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(Pan et al. 2016).  Specifically, in BRCA1mut progesterone concentrations were 

significantly higher relative to controls or BRCA2mut. Anatomical proximity of the 

fallopian tube infundibulum to ovarian tissues results in the fimbrial portion being at-

risk of cyclical exposure of peri-ovulatory and ovulatory follicular fluid that contains a 

disproportionate concentration of this sex hormone (Emori and Drapkin 2014). 

Progesterone as its major component has a positive association to IL-2, IL-12, IL-10, 

IL-4, IFN-ɔ (Piccinni, Vicenti, et al. 2021). The inflammatory exposure of fimbrial 

epithelial cells to a pro-inflammasome has been described by the Incessant Ovulation 

Hypothesis (Fathalla 2013). Genotoxic peri-ovulatory follicular fluid can upregulate 

pro-angiogenic or pro-inflammatory mediators, further inducing DSBs, and TP53 

stabilisation (Bahar-Shany et al. 2014). At high concentrations of progesterone 

abnormal folliculogenesis and repetitive injury of fimbrial epithelial cells can induce 

epithelial cell transformation, which may predispose to HGSOC (Lee and Wang 2020; 

Piccinni, Vicenti, et al. 2021).  Importantly progesterone can induce a Th2-like immune 

response with other cytotoxic lymphocytes shown to produce IL-4, IL-5, and IL-10 

(Szekeres-Bartho and Schindler 2019). As shown in my earlier experiments 

progesterone exposure at supraphysiological levels (10µM) can significantly impair NK 

cell cytotoxicity in BRCA1mut making this secretory profile highly relevant.  

Fimbrial NK cells are thought to share similarities to CD56bright NK cells, or uNK cells, 

which are characteristically poorly cytotoxic and distinctly lack expression of a PR 

(Shaw et al. 2011; Ardighieri et al. 2014). The poor cytotoxicity uNK cells within sites 

of progesterone hypersecretion are however thought to be mediated in-directly by 

PIBF which supports immunotolerance of a semi-allogeneic fetus (Szekeres-Bartho 

and Schindler 2019). Both progesterone and PIBF demonstrate a positive relationship 

with advancing gestation (Lim et al. 2020). This finding was supported by PIBF 

secretion in non-pregnant women being phase-dependant, resulting in significantly 

higher levels in the luteal phase for both BRCA1mut and controls. This phase-

specificity for PIBF favoured a 6-fold higher level of secretion in BRCA1mut (mean, 

26.39 ± 25.38pg/ml; n = 6) relative to a 2.2-fold increase in non-carriers (EL mean, 

7.388 ± 5.094pg/ml; n = 4). Using matched samples from the same donor the phase-

effect is variable for each donor. Importantly, similar to pregnancy states, a highly 
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significant association between PIBF and progesterone concentrations is identifiable 

solely in BRCA1mut. These findings support the literature that progesterone induced 

PIBF transcription, can in turn can be detrimental to NK cell activity, migration, and 

degranulation (Lim et al. 2020; Szekeres-Bartho 2018; Szekeres-Bartho, Faust, and 

Varga 1995). This may also facilitate our understanding for local NK cell 

immunomodulation, given the shift from Th1 to a Th2-like cytokine dominance within 

the female genital tract (Faust et al. 1999; Szekeres-Bartho and Schindler 2019; 

Szekeres-Bartho and Polgar 2010; Check and Check 2021; Grandi et al. 2016). In ɔŭ-

T cells expression of PIBF is directly related to progesterone and PIBF mRNA is highly 

expressed in tumour cell lines and EOC (Srivastava et al. 2007; Madendag et al. 

2018). In lymphocytes derived from cancer patients PIBF levels are 6-fold higher 

relative to controls (Check and Check 2021). For cells not expressing a PR PIBF may 

induce signalling via alternative routes, independent to nuclear PR expression (Check 

and Check 2021). High levels of secretion within the female genital tract may be 

detrimental in dysregulating anti-tumour activity favouring cancer immune evasion 

(Check and Check 2021). Given my earlier functional (cytotoxic) outcomes I postulate 

that sustained exposure to significantly higher progesterone across the duration of the 

luteal phase, coupled with significantly higher PIBF, may in turn facilitate a degree of 

functional anergy for NK cells in the EF phase. As the levels of progesterone withdraw 

and reach a nadir, PIBF falls, resulting in a potential recovery or ówash-outô period that 

may allow a functional return to óbaselineô as seen by the enhance relative level of EL 

phase cytotoxicity. Whilst this is speculated, these concepts require further study in 

BRCA1mut with a larger number of samples and the consideration of anti-PIBF 

treatment. Given phase-specific immunological effects are debated with regards to sex 

hormones care should be taken to ensure that ovarian cycle phase, sampling 

methodology, specimen type (serum, plasma, urine, saliva, endocervical cells, tissue), 

anticoagulant use, and processing methods are factored in when making inferences 

or forming scientific conclusions. Whilst a preferential assessment of unstimulated 

plasma supernatant was undertaken to determine the secretory profile of BRCA1mut, 

overall differences were subtle and often not statistically significant. Despite 

observational differences in EF phase secretion further assessment is required to 

consider utilising an extended cytokine panel or assessing the cytokinome in response 
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to exogenous stimulation from sex hormones, cytokine- or tumour-priming. These 

novel findings provide a complement to earlier NK cell functional activity whilst 

providing support for future experimentation into the characterisation and delineation 

of the secretory profile of BRCA1mut. 
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6 NK cell transcriptomic profile of BRCA1 mutation 

carriers   

6.1 Introduction  

The BRCA1 gene is located on chromosome 17q21 and encodes for a 220kD multi-

functional protein that is vital for maintaining genomic integrity (Fu et al. 2022). Located 

on this gene are BRCA1 C-terminal (BRCT) and RING domains, the latter of which 

interacts with partner protein BRCA1-associated RING domain 1 (BARD1) that is 

involved with the transcriptional regulation of the centrosome and RAD51 (Yoshino et 

al. 2021; Brodie and Henderson 2012; Tarsounas and Sung 2020). BRCA1 has an 

intrinsic role in mammalian cells preventing nucleolytic degradation via protection of 

replication forks, making it colloquially known as a óchromosomal custodianô (Welcsh 

and King 2001). It is responsible for regulating the cell cycle activity at the G2/M 

checkpoint in interphase and mitosis to allow for HRR following DSBs (Tarsounas and 

Sung 2020; Yoshino et al. 2021; Hsu and White 1998; Zhang et al. 2020). Since its 

initial discovery over 1,800 mutations have been identified in human BRCA1 that 

include intron mutations, missense mutations, nonsense mutations, frameshift 

mutations, and other genomic alterations (Fu et al. 2022). The germline inheritance of 

a pathogenic BRCA1 mutation in an autosomal dominant manner can lead to a lifetime 

risk of ovarian carcinogenesis that is significantly higher than the general population  

(Kuchenbaecker et al. 2017). Variations of a BRCA1 gene deletion, with or without 

p53 defects, can also induce predisposition to breast carcinogenesis requiring carriers 

to consider undergoing extensive surgical interventions as part of risk-reduction 

(Tarsounas and Sung 2020). Specificity for sex hormone receptive tissues remains 

largely unknown. Study of BRCA1/p53-driven transcriptional and epigenetic changes 

have been shown to promote differentiation in luminal progenitors which can be 

accompanied by pro-tumorigenic alterations of the immune compartment (Bach et al. 

2021). The role of the immune system in modification of fallopian tube epithelial 

compartment in carriers is however unknown. Highly prevalent cancers in BRCA1mut 

(HGSOC and TNBC) are considered 'immunogenicô primarily due to the tumour 

infiltration of cytotoxic lymphocytes and the discovery of immunoreactive gene 
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signatures (McAlpine et al. 2012; Strickland et al. 2016; Jones et al. 2020). Despite 

determinants of immunogenicity being linked to prognoses, responsiveness to 

immunotherapy is limited for HGSOC relative to other solid tumours that share similar 

heterogenicity (Sun et al. 2022). It has been suggested that site-specific modifications 

may be attributable to poor responses seen with HGSOC (Vazquez-Garcia et al. 

2022).  Due to technicalities with accessing healthy ovarian tissue or fimbrial 

epithelium to prospectively map pre-cancerous genomic alterations, understanding 

early genomic events within cells vital to tumour immunosurveillance may provide an 

insight into anti-tumour responses. Circulating pbNK cells that are capable of 

infiltrating pathological tissue niches vulnerable to inflammation or hypoxia, which 

represent an interdependent relationship (Parodi et al. 2018; Sabry et al. 2019; 

Velasquez et al. 2020). The assessment of a NK cell transcriptome in BRCA1mut is 

lacking, particularly prior to a clinically confirmed cancer. Appreciation for an 

unstimulated transcriptomic profile allows an unbiased baseline assessment to identify 

whether these cells demonstrate disruption of cellular homeostasis, signalling, and 

effector functionality (Ben-Shmuel, Biber, and Barda-Saad 2020; Cozar et al. 2021; 

Nath et al. 2021; Jimenez-Sanchez et al. 2020a). Functional NK cell responses require 

the initial detection of tumour target cells which result  in a cascade of events that 

facilitate cytolytic transportation of granules across the IS for directed cell-mediated 

cytotoxicity (Ben-Shmuel et al. 2021). These cellular activities require intact actin 

processes to allow the polarisation of a centrosome. This major MTOC is a non-

membranous organelle, containing a pair of centrioles enveloped by pericentriolar 

material, that supports microtubule nucleation or polymerisation (Friedman et al. 

2021). Microtubules in NK cells regulate the cytoskeleton, reorganising intracellular 

signalling proteins, providing mechanotransduction of cytoskeletal elements, 

intracellular trafficking, and cellular division (Phatarpekar et al. 2020). Polarisation of 

perforin-rich lytic granules towards the target cell interface requires the maturation of 

a stable synapse and the polymerisation of actin in the cell periphery (Friedman et al. 

2021). Actin is a major component of the cytoskeleton regulated by nucleating 

promoting factors, such as WASp family of proteins (Ben-Shmuel et al. 2021). 

Disruptions that alter actin accumulation via WASp can downstream impact on 
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signalling cascades, cytoskeletal arrangement, and functional responses (Orange et 

al. 2002; Al Absi et al. 2018; Ben-Shmuel et al. 2021). 

As demonstrated earlier, the cell autonomous contribution of a germline BRCA1 

mutation can induce differential cytotoxic responses in premenopausal women across 

an ovarian cycle. A systems biological approach undertaken by our UCL translational 

research group for understanding cancer predisposition has identified germline-

specific effects in BRCA1mut (Bartlett et al. 2016; Widschwendter et al. 2013; 

Widschwendter and Dubeau 2020; Widschwendter et al. 2015; Nene et al. 2019). The 

discordance of mutant genotype and variable phenotype in the population suggests 

that incomplete cancer penetrance is a dynamic balance between alteration of the 

transcriptome and the exposure of mediators within a host environment (Yang and 

Wang 2021). Immune-specific effects in carriers have already been reported to include 

aberrant DNA methylation in white blood cells, enrichment of pathways for innate 

immune responses, and alteration of immune response genes (Anjum et al. 2014; 

Reislander et al. 2019). Understanding the cell autonomous implications of a germline 

BRCA1 mutation will help our appreciation for the plasticity of immune cell responses 

towards tumour targets, particularly within chronically inflamed microenvironments 

(Hanahan 2022). Given my earlier findings of a significant phase-specific reduction in 

NK cell cytotoxicity of HGSOC targets in BRCA1mut, specific attention will be focused 

on the gene expression profiles of these high-risk carriers in the same follicular phase 

to allow complement these functional findings.   

6.2 Experimental aims 

The aim of the following set of experiments described in this Chapter are to provide a 

detailed description of the cell autonomous contribution of a germline BRCA1 mutation 

on NK cell transcriptomic profile and its relevance to BRCA-specific carcinogenesis. 

NK cells derived from unstimulated PBMCs, in premenopausal women clinically free 

of cancer, will provide investigation into potential genes and pathways aberrantly 

expressed in carriers relative to age-matched controls. Genes dysregulated will 

provide a proof-of-concept of an immunological alteration in the NK cell transcriptome 

of BRCA1mut at a gene expression level. Bulk RNA-Seq will generate a high 
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dimension dataset supporting the potential identification of precursor genomic events 

whilst providing scope for future novel biomarker discovery for improved surveillance, 

diagnostics, and precision medicine in oncology. 

6.3 Methods  

Written consent was attained from donors enrolled into the BRCA Unite research study 

(FORECEE IRAS project ID: 53431). Ethical approval was granted via the Research 

Ethics Committee (REC) (REC reference: 14/LO/1633). All donors were 

premenopausal women (aged 23 to 44 years) without a history of a previous or 

concurrent confirmed cancer, no current use of exogenous hormones (or abstention 

of at least three months), systemically well with no concurrent infection, not currently 

pregnant or breastfeeding, and no previous history of bilateral salpingo-oophorectomy. 

The experimental group (BRCA1mut; n = 8) was compared to age-matched (within 

two years of age) confirmed controls (BRCA1/2 mutation status negative; n = 8). 

Samples used in the following set of experiments were exclusively acquired from the 

follicular ovarian phase (EF phase; days 2 to 5 after completion of menses). 

Confirmatory genetic testing of controls was performed by the North London Genomic 

Laboratory Hub (Great Ormond Street Hospital, London, UK). Peripheral whole blood 

was collected in lithium heparin blood vacutainers (~40mL) between the hours of 0800 

and 1100 and transported at room temperature to The Royal Free Hospital (London, 

UK) for immune cell isolation. All samples were processed within three hours of 

collection and cryopreserved (10% DMSO) using methods previously described. 

Cryopreserved PBMCs from donor pairs (BRCA1mut and age-matched control) were 

rapidly thawed and rested for two hours in fresh culture media (RPMI 1640 

supplemented with 20% FCS and 1% A-A) at 37°C. NK cells were isolated by 

immunomagnetic negative selection using the EasySepÊ Human NK Cell Enrichment 

Kit (STEMCELL Technologies). This process created a label-free suspension of NK 

cells using Tetrameric Antibody Complexes that recognised non-NK cells (CD56- cells) 

and dextran-coated magnetic particles, without the columns, using an EasySepÊ 

magnet. pbNK cells were assessed for viability (TOP-PRO®-3, Thermo Fisher 

Scientific), purity (multi-colour flow cytometric immunophenotyping CD3-CD56+ cells), 

and absolute cell count using FACS. NK cells were washed twice and re-suspended 
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at a concentration of 0.5 x 106 NK cells/mL in DPBS free of calcium or magnesium to 

achieve a minimum of 150ng RNA per donor. Samples were run in technical triplicate. 

Total RNA was extracted using RNeasy Micro Kit (Qiagen Catalogue number: 74004) 

according to manufacturerôs protocol using unstimulated eukaryotic human NK cells. 

This kit was specifically used for the isolation of total RNA with limited starting material 

to maximise sample stabilisation. Parallel processing of donor pairs aimed to minimise 

handling, RNA degradation, and experimental bias. Average concentration of samples 

was 28.2ng/µl (range 15.7 to 51.8ng/µl) eluted into 14µl of RNase-free water. Mean 

absorbance ratio (260/280) of 2.02 (range, 1.71 to 2.16) were determined using 

NanoDrop Spectrophotometer. Individual samples from donors were ranked and the 

top two highest purity samples stored at -70°C before transfer to Eurofins Genomics 

(Germany) for an independent quality control check. RNA-Seq libraries were prepared 

as shown by the workflow (created with BioRender) (Figure 6-1). Poly-A enrichment, 

mRNA fragmentation, random primed strand-specific DNA synthesis, adapter ligation 

and subsequent specific polymerase chain reaction amplification, and next-generation 

sequencing (NGS) with a 50 base-pair single end read were performed on a HiSeq 

4000 sequencer (Genome Sequencer Illumina HiSeq). Each library was sequenced to 

at least 30-million reads. Raw data was de-multiplexed, aligned, and mapped to the 

GRCh38 human reference transcriptome (NIH, accessed 16 July 2021) using the 

Salmon method to generate a raw counts table {Patro, 2017 #4927}.  



207 

 

 

Figure 6-1 RNA Sequencing Workflow  

 

Bioinformatic support  

Bioinformatic support was provided for analysis of pairwise and group comparisons of 

gene expression levels by C Herzog and T Bartlett (UCL Translational Research 

Group). Salmon results were imported to R at a gene-level and the DESeq2 package 

(version 1.34.0) used to identify differentially expressed genes (DEGs) in NK cells of 

BRCA1mut relative to age-matched controls, using an adjusted p-value (<0.05). DEGs 

were ranked according to statistical significance. Supervised hierarchical clustering 

and volcano plots allowed a visual comparison. Further pathway analysis was 

performed: GO, PANTHER, REACTOME, Gene Set Enrichment Analysis (GSEA), 

Pathifier, and Ingenuity® Pathway Analysis (IPA). Bioinformatic analysis was 

conducted in bash and R (version 4.1.2), while downstream statistical analyses were 

performed using GraphPad Prism (V9.2.0). 
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6.4 Results 

6.4.1 Read statistics and mapping 

Actual total reads mapped to the reference genome for all samples ranged from 31.8 

to 41.6 x 106 per sample. Alignment and mapping to the transcriptome (95% clean 

reads) were performed using Salmon. This method was used due to its fast read quasi-

mapping procedure that is accurate for quantifying transcript abundance from bulk 

RNA-Seq datasets (Patro et al. 2017).     

6.4.2 DEGs 

41 DEGs were identified in pbNK cells of BRCA1mut reflecting an aberrant gene 

expression in an unstimulated state (Figure 6-2). In carriers a marginally higher 

number of genes were downregulated (n = 22) relative to those upregulated (n = 19). 

A similar FC effect was noted for both sets of genes down- and upregulated (log2FC 

range, -25.23 to +23.79). More DEGs had logFC effects >10 in those downregulated 

(20/22; 90.90%) compared to those upregulated (16/19; 84.21%).  
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Figure 6-2 DEGs in unstimulated NK cells of BRCA1mut in the follicular ovarian phase 

RNA isolation was performed using unstimulated NK cells from immunomagnetic negative selection of 

cryopreserved PBMCs derived from the follicular ovarian phase (EF phase, days 2 to 5 post completion 

of menses) in BRCA1mut (n = 8) and age-matched controls (BRCA1/2 mutation status negative; n = 

8). Bulk RNA-Seq libraries were prepared using NGS performed on a HiSeq 4000 sequencer (Genome 

Sequencer Illumina HiSeq). Raw read data was de-multiplexed, aligned, and mapped to the GRCh38 

human reference transcriptome (NIH, accessed 16 July 2021) using Salmon (version 1.5.1) to generate 

a raw counts table. DESeq2 package used to identify DEGs in BRCA1mut, using an adjusted p-value 

(<0.05). Log2FC for upregulated (red) and downregulated genes (green) in BRCA1mut are shown.  

log2FC, logarithmic 2-fold change; DEG, differentially expressed genes; NK, natural killer cell; pbNK, 

peripheral blood NK cell; BRCA1mut, BRCA1 mutation carrier; EF phase, early follicular phase; RNA-

Seq, RNA-sequencing; NGS, next generation sequencing; NIH, National Institute of Health. 

6.4.3 Heat map 

A heat map of DEGs expressed in BRCA1mut is shown (Figure 6-3). Using this 

scaling method clusters of genes within samples differentially expressed was 

visualised using hierarchical clustering. 
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Figure 6-3 Heat map of DEGs  

A heat map is shown and adjusted for multiple testing using the Benjamini-Hochberg Procedure. Single 

rows represent a significant gene. Each column represents an individual donor. Controls (healthy; H) 

were annotated as H01 to H08 (n = 8), and carriers (BRCA1mut; B) annotated as B01 to B08 (n = 8). 

For visualisation purposes up- and downregulation of gene expression is shown by the colour key using 

normalised count and row-wise Z-scores, the latter of which was calculated by subtracting the mean 

from each cell and dividing by the standard deviation of the row.  

B, BRCA1 mutation carrier; H, healthy control (BRCA1/2 mutation status negative); DEGs, differentially 

expressed genes.  

6.4.4 (Hierarchical) Clustering and Principal Component Analysis  

Clustering analysis was performed to identify signs of sub-clustering (Figure 6-4). 

Principal Component Analysis (PCA) and a dendrogram with hierarchical clustering 

for DEGs was performed, demonstrating a high degree of heterogeneity.  

[A] 
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[B] 

 

Figure 6-4 PCA and hierarchical clustering  

[A] PCA for genes expressed and DEGs 

[B] Dendrogram with hierarchical clustering for DEGs only.  

PCA, principal component analysis; PC1, principal component 1; PC2, principal component 2; B, 

BRCA1 mutation carrier; H, healthy control (BRCA1/2 mutation status negative); DEGs, differentially 

expressed genes.  

6.4.5 Volcano plot 

As shown (Figure 6-5) a wide dispersion and separation of up- and downregulated 

genes are differentially expressed in BRCA1mut. Ordered and grouped by p-value, 

there is a similar distribution of statistically significant genes.  



212 

 

 

Figure 6-5 Volcano plot for DEGs in BRCA1mut 

The volcano plot shows genes based on statistical significance versus the magnitude of FC in 

BRCA1mut. A minimum threshold of p <0.05 was used with a negative base-10 log and base-2 logFC. 

The higher along the y-axis a data-point falls the smaller the p-value. Genes (dots) along the x-axis 

closer to 0 represent those with similar or identical mean expression values. Annotated genes show 

DEGs upregulated, (red), downregulated (blue), and non-significant genes (grey) in BRCA1mut.  

DEGs, differentially expressed genes; BRCA1mut, BRCA1 mutation carrier; FC, fold change; logFC, 

logarithmic fold change.  

6.4.6 Gene plots for expression in BRCA1mut relative to age-matched 

controls 

Gene plots were created for DEGs to visualise the distribution of specific genes which 

demonstrated the greatest difference separating donors based on BRCA1 mutational 

status (Figure 6-6). Interestingly separation was observed for BRCA1mut with globally 
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higher expression of MSL3P1 and SPATS2L relative to controls. Conversely lower 

donor expression of PACSIN1 and STAT3 was observed specifically in BRCA1mut.  

 

Figure 6-6 Gene plots of donor activity demonstrating separation based on BRCA1 mutational 

status  

The y-axis shows the logarithmic count per million for expression data. The violin plot shows the median, 

IQR, and the range. Individual donor activity is shown of BRCA1mut (red) and controls (blue).  

IQR, interquartile range; BRCA1mut, BRCA1 mutation carrier.  

6.4.7 GO annotation (PANTHER Classification System)  

The PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classification 

System was used to annotate genes to GO terms (classes) linked to cell biology via 

an up-to-date online resource (http://www.pantherdb.org/). GO terms were group into 

three domains: 1) molecular function, 2) cellular component, and 3) biological process. 

Predictive associations and pathways with corresponding representation is shown as 

a percentage. Shared processes were noted for up- and downregulated DEGs in NK 

cells of BRCA1mut which were specific for molecular function and cellular components 

http://www.pantherdb.org/
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(linked to binding, intracellular activity, and anatomical arrangements including the 

cytoskeleton). Even amongst this small group there was heterogenicity with these 

processes. Interestingly for biological processes and protein classes a clearer 

separation was noted. Amongst upregulated genes a larger proportion were 

associated with cellular, metabolic, and biological regulatory processes. In genes 

downregulated binding was the predominant process (>50%), followed by protein and 

molecular regulation. Protein classes identified were associated with membrane 

trafficking, metabolite inter-conversion, calcium-binding, and gene-specific 

transcriptional regulation. Overall pathways appeared to be more dysregulated in 

downregulated DEGs with 19 identified (p < 0.05) that were relevant for cell signalling 

and tumorigenesis (angiogenesis, JAK/STAT, Wnt, pro-inflammatory cytokines) 

(Figure 6-7).  
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