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Abstract 

Ovarian high-grade serous carcinomas (HGSC) are the most common and fatal histological 

subtype of ovarian cancer, characterised by late stage diagnosis and high mortality rates. Unfortunately, 

the majority of patients (> 85%) will develop fatal chemoresistant disease despite multiple lines of 

treatment. Recent studies investigating the tumour immune microenvironment have highlighted the 

prognostic significance of different tumour infiltrating lymphocyte (TIL) subsets and secreted immune 

factors in HGSC. However, the mechanisms promoting TIL recruitment to the tumour epithelial 

compartment, where they show the most benefit, remain poorly understood in HGSC. It is known that 

alterations and activities of TILs are mediated by the interaction of various cytokines and growth factors 

in the tumour microenvironment (TME). Signal transducer and activator of transcription 1 (STAT1) is 

activated in response to interferon signalling and upregulates cytokines responsible for the recruitment of 

TILs to the TME. Building on previous findings linking STAT1 expression to a pre-existing 

immunoreactive TME and improved clinical outcome in HGSC, the current study investigates the role of 

cancer cell intrinsic STAT1 expression in regulating an anti-tumour immune microenvironment and 

disease progression in HGSC. Immune transcriptomic analysis of HGSC patient tumours indicates a 

significant downregulation of immune related genes in chemoresistant patients with low-STAT1 

expression. Functional studies confirmed STAT1 as a positive regulator of anti-tumour immune responses 

in the TME through its role in cytokine signalling and TIL recruitment. In vitro experiments revealed that 

decreased STAT1 expression is associated with increased cancer cell proliferation, invasion and migration. 

In vivo experiments in a syngeneic mouse model of HGSC revealed that decreased STAT1 in the TME 

increased disease burden and led to decreased infiltration of CD8+ TILs. These findings are important for 

the design of immune based therapies to improve chemotherapy response and overall survival in HGSC 

patients. Further work is required to identify appropriate immunotherapy and chemotherapy combinations 

for HGSC patients based on their immune profiles. 
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Chapter 1 

Introduction 

As the fifth leading cause of cancer-related deaths amongst women (1–3), and the leading 

cause of gynecological-associated deaths (4,5), ovarian cancer (OC) is characterized by high 

mortality rates, late stage diagnosis, and resistance to chemotherapeutic drugs. Unfortunately, the  

clinical management of OC and overall prognosis have changed little in the past twenty years 

(2,6). Globally, it is estimated that over 239,000 new cases of OC are diagnosed annually, with 

over 150,000 associated deaths (3,7–9). Despite advances in patient treatments (7,10–14), and 

improvements in early stage diagnosis (15,16), the 5-year survival rate for this disease remains 

approximately 30-50% (6,17–23). One important factor contributing to poor survival in OC is the 

disease’s heterogeneity (24,25). Unique genomic, epidemiological, and histological features make 

the study and management of OC exceptionally challenging (21,22).  

Although OC was initially believed to originate from surface epithelial cells of the 

ovaries (26), a theory that went virtually unchallenged for over 30 years, recent work has 

highlighted the possible ovarian and non-ovarian origins of the disease (22,27–29). There is 

evidence that cancers of the ovaries, fallopian tubes, and peritoneum share similar molecular, 

morphologic, and clinical features to pre-neoplastic (high-grade serous tubal epithelial 

carcinoma) lesions localized on the tubal fimbria (22,29,30). Recent efforts to better understand 

ovarian tumour biology, coupled with better experimental models and advances in genomic 

technologies, have led to multiple hypotheses regarding the site of origin, initiation and 

progression of OC (18,30–33). This new appreciation of tumour diversity, coupled with the rapid 

development of genomic technologies, have helped redefine “ovarian cancer” from one disease 

with several subtypes to several distinct diseases, in the same anatomical location, with various 

histological and molecular subtypes (7,22,34). Ovarian tumours may arise from three different 



 

2 

 

cell types: epithelial, germ, and sex cord stromal cells (22,35,36). Epithelial ovarian cancers 

(EOC) make up over 90% of all OC cases, yet they represent a heterogeneous group with variable 

biological and clinical-pathological characteristics (24,35,37,38). There are several distinct 

histotypes of EOC: serous carcinomas, endometrioid carcinomas, clear cell carcinomas, mucinous 

carcinoma, and carcinosarcoma, which are further classified into high- or low-grade tumours 

(7,22,32).   

High-grade serous carcinomas (HGSC) account for over 70% of all OC cases and have 

the worst prognosis (7,22,37,39). HGSC is characterised by nearly universal tumour protein p53 

(TP53) mutations, widespread genomic instability and DNA copy number abnormalities, and 

exhibits a high degree of intra-tumoural heterogeneity (7,22,40). Additionally, HGSC progresses 

rapidly, is highly metastatic (over 80% of cases are diagnosed at stage III/IV), is highly resistant 

to chemotherapy, and has few identifiable diagnostic biomarkers (32,41,42). These factors make 

the management of this disease particularly challenging. Unfortunately, since the majority of 

HGSC cases are diagnosed at late stage, and metastatic tumour growth obscures the primary site, 

sufficient evidence for any theory regarding the site of origin is lacking (43). Thus, the molecular 

events responsible for initiating and promoting carcinogenesis in HGSC are still not fully 

understood. 

A woman's lifetime risk of developing OC is approximately 1 in 70 (~1-2%), with the 

median age of diagnosis at 63 years in the overall population (7,44,45). Notably, women with a 

family history and genetic predisposition to OC can have lifetime risks up to 60-70%, with a 

median age of diagnosis of 50 years (7,16,29,45). Hereditary cases, most commonly associated 

with defective homologous recombination (HR) DNA repair, account for 10% of all OC cases 

(7,16). Of these, 90% involve either breast cancer gene 1 (BRCA1) or breast cancer gene 2 

(BRCA2) germline mutations (7,29). BRCA1 and BRCA2 proteins are considered to be genome 

caretakers, and play important roles in cellular response to DNA damage (18,22,29). BRCA1 has 
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diverse roles in several DNA repair pathways, including HR and cell cycle checkpoint regulation, 

and functions as a cofactor for a variety of important transcription factors (29,46). BRCA2 is a 

DNA-binding protein that functions through direct interaction with RAD51, an enzyme essential 

for HR (18). Both BRCA1 and BRCA2 function as tumour suppressors, and functional loss of 

either protein increases genomic instability and leaves cells susceptible to further mutations 

(18,29,46). Mutation rates for BRCA1 and BRCA2 in the general population are approximately 1 

in 500, yet 50% of all OC cases have either BRCA1 and BRCA2 mutations or other related HR 

defects (18,29,47). Clinically, germline or somatic BRCA1 and BRCA2 mutations tend to lead to 

highly proliferative tumours but improved chemotherapy sensitivity and longer overall survival 

rates in both ovarian and breast cancer patients (47–51).  

While molecular and cellular events are responsible for initiating and promoting 

carcinogenesis, the state of various cellular compartments of the tumour microenvironment 

(TME) has been shown to regulate tumourigenesis (52–54). The TME contains numerous 

malignant and non-malignant cells and is now recognized as having a significant role in 

carcinogenesis and therapeutic efficacy (52,55,56).  The heterogeneous TME of HGSC has 

become a subject of intense investigation primarily due to recent evidence of the prognostic 

significance of various immune cell populations within the TME (21,23,42). Further elucidation 

and characterization of the TME in HGSC will enhance our knowledge of its role in 

carcinogenesis and chemotherapy response and lead to better patient stratification and the 

development of novel targeted therapies.  
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Chapter 2 

Literature Review 

2.1 Clinical challenges in HGSC management 

Due to a lack of effective screening techniques and disease specific symptoms, 80% of all 

HGSC cases are diagnosed at stage III/IV, when peritoneal or distant metastasis has already 

occurred (7,15,16,22,57). Survival rates vary greatly by stage; stage I/II patients having 5-year 

survival rates > 80%, whereas patients with stage III/IV have 5-year survival rates < 25%  

(7,15,16,57,58). The current standard of care for patients presenting with advanced disease, 

virtually unchanged for the past 20 years (59,60), involves cytoreductive surgery followed by 

combination chemotherapy (Figure 1) (7,16,18,57,61). Primary debulking surgery is meant to 

reduce residual tumour burden to a point at which adjuvant therapy will be optimally effective 

(62–64). Unfortunately, although it is known that patients who receive optimal cytoreductive 

surgery are known to have better overall survival (OS), the percentage of patients with advanced 

disease who can be optimally debulked is highly variable, with numbers ranging from 15-60% of 

patients (19,60,65). Following surgery, patients undergo 6 cycles of intravenous platinum- and 

taxol-based combination chemotherapy and are subsequently monitored for potential disease 

recurrence (11,57,60,66). While the majority of patients initially respond well to combination 

chemotherapy, 85% of all patients will eventually experience disease recurrence, with a median 

progression free survival of 18 months (14,66–69).  

Standard first-line chemotherapy for newly diagnosed OC patients is a combination of 

platinum- and taxol-based drugs (6). Platinum-based chemotherapies, classified as alkylating 

agents, are cell cycle non-specific and most effective during the resting phase of the cell (70). 

Taxol-based chemotherapies are classified as plant alkaloids and are cell-cycle specific, most 

effective during cell division. They function by disrupting spindle microtubule dynamics which 
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leads to cell cycle arrest and apoptosis (70). Combination chemotherapy of platinum and taxol-

based drugs is scheduled in cycles to take advantage of these alternate effects for maximum 

benefit (11). However, chemotherapy primarily damages rapidly proliferating cells and, for 

intravenous injection, only those cells accessible by vasculature (66). Ideally, an optimal response 

to chemotherapy would lead to the eradication of the tumour. However, this rarely occurs, and 

these therapies often lead to further cellular mutations which allow cancer cells to survive and 

develop drug resistance mechanisms (11,71).  

Resistance to chemotherapy, or chemoresistance, may be classified as either intrinsic or 

acquired (24,72–74). Chemoresistance is considered intrinsic (innate) when the tumour exhibits 

inherent resistance to treatment. Acquired resistance is chemoresistance that develops over the 

course of therapy, due to exposure to chemotherapeutic drugs. Drug resistance in cancer is a 

highly complex problem based on individually variable biological mechanisms, with no current 

solution (23,71). In HGSC, the only way to establish if a patient is resistant to chemotherapy is 

through the clinical presentation of recurrent disease (14,66,75). There is currently no curative 

treatment for HGSC patients who experience recurrent disease. 

Patients with recurrent disease will undergo second-line therapy; usually a second round 

of chemotherapy and occasionally further debulking surgery (16,62,66). There are several types 

of drug therapies patients can receive following first-line chemotherapy. However, the decision 

on the type of second-line treatment is based on a patient’s response to first-line 

chemotherapeutic drugs, or ‘platinum sensitivity’ (62). A tumour’s platinum sensitivity denotes 

the aggressiveness of the disease and predicts patient response to subsequent platinum and non-

platinum based therapies (14). The time after completing first-line therapy to the time of relapse 

is called the platinum free interval (PFI). Larger PFIs increase the benefit of platinum re-

challenge and are associated with longer OS in HGSC (Figure 1) (11,62,66). Patients who 

progress during or within 4 weeks of first-line platinum-based chemotherapy are considered to 
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have platinum refractory disease (20-30% of all patients) and have a median OS of 3–5 months 

(66,75). If patients relapse within 6 months after completion of first-line chemotherapy, roughly 

25% of patients, they are considered ‘platinum-resistant’ and typically have low response rates to 

subsequent chemotherapy (< 15%) (66,75). Patients who relapse between 6-12 months following 

first-line chemotherapy are classified as ‘partially-platinum sensitive’, while those who relapse 

after 12 month are deemed ‘platinum sensitive’ (11,42,66). Most platinum-sensitive patients will 

respond to further platinum-based chemotherapy (30-90%), with a median OS of 2 years (66). 

Unfortunately, despite receiving multiple lines of treatment over time, the majority of patients 

will experience disease recurrence and will ultimately develop fatal platinum-resistant disease 

(11,66).  

More recently, a variety of non-platinum agents have been integrated into conventional 

chemotherapy, most especially in second-line chemotherapy regimens, including; paclitaxel, 

liposomal doxorubicin, topotecan, gemcitabine, bevacizumab, and etoposide, amongst others 

(76,77). The choice of chemotherapy agents, especially in recurrent disease, is dependent on a 

patient’s history of prior treatment, residual toxicities, mutation load, and patient preferences, in 

addition to the availability, cost and convenience of treatments (42,66). The most recent treatment 

options include; neoadjuvant chemotherapy, poly ADP-ribose polymerase inhibitors such as 

olaparib, and anti-angiogenic therapies including bevacizumab (62,78,79). Neoadjuvant 

chemotherapy is considered for patients in whom the chances of upfront complete cytoreduction 

are minimal (i.e. distant metastasis has already occurred and surgical options are limited) (64). 

However, its use is complicated by a lack of reliable methods to stratify and triage patients for a 

more tailored approach (10,80). Olaparib prevents tumours from repairing spontaneous DNA 

damage, and is being investigated to treat OC patients with BRCA1/BRCA2 mutations (24,81). 

Bevacizumab has been validated in a number of phase III clinical trials to target vascular 

endothelial growth factor (VEGF), however its utilization remains an area of controversy in 
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HGSC (64,79). Current immunotherapies in OC are based on either stimulating the immune 

system or reverting immune suppression, but are still investigational and in early-phase testing 

(phase I and II clinical trials) (20,82). Several immunomodulatory approaches have been tested 

including: therapeutic vaccines, monoclonal antibodies, checkpoint inhibitors and adoptive T-cell 

transfer (56,82–85). Although recent OC immunotherapy clinical trials have shown some success, 

precise prognostic and predictive markers are required to better stratify patients for targeted 

therapies (86–91). Optimal combinations of chemotherapeutic and immunomodulatory agents 

need to be elucidated for maximum benefit to OC patients. Therefore, further work is required to 

stratify OC patients based on histologic, molecular, and immune characteristics for significant 

enhancements to treatment response and OS (56,82). 
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Following a diagnosis of HGSC, patients undergo cytoreductive surgery followed by combination 

platinum- and taxol-based chemotherapeutic drugs. Patients' are stratified based on their 

progression free interval (PFI) which is the time between completion of first-line therapy to the 

time of disease relapse. If disease continues to progress, or patients' experience disease recurrence 

within 4 weeks, the disease is classified as 'platinum refractory'. If disease recurrence occurs 

within 6 months of completing therapy it is classified as 'platinum resistant’. Disease recurrence 

between 6-12 months after completing therapy is considered 'partially platinum-sensitive', while 

those patients who relapse after 12 months following therapy are deemed 'platinum-sensitive'. 

 

  

Figure 1: HGSC treatment and patient stratification based on first-line chemotherapy response.  

G. Reid-Schachter et al. 2017. Unpublished 
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2.2 Distinct molecular subtypes and prognosis in HGSC 

An improved understanding of tumour diversity has helped redefine OC into several 

distinct diseases which share the same anatomical location (92). Tumours may arise from three 

different cell types, with epithelial cells accounting for over 90% of all OC cases (24,42). 

Attempting to better understand the heterogeneity within EOC, tumours have been stratified 

based on grade and underlying genetic signatures (93,94). Type I tumours are classified as low-

grade, slow growing carcinomas and are present in all EOC histologies (22,93). These tumours 

are genetically stable, generally confined to the ovary, and typically arise from well recognized 

precursor lesions (borderline tumours) that themselves develop from the ovarian surface 

epithelium, inclusion cysts, or endometriosis (22,93). Type II tumours are classified as high-grade 

rapidly growing carcinomas, and have typically spread well beyond the ovary at the time of 

diagnosis (22,24). These include: HGSC, undifferentiated carcinoma, malignant mixed 

mesodermal tumour (carcinosarcoma), and some clear cell carcinomas (3). Type II tumours do 

not have any recognizable precursors in the ovary, however the late stage presentation of this 

subtype may explain the ambiguity of their origins (93,95). The high genomic instability in type 

II tumours, and their metastatic presentation, leads us to believe that these malignant cells lose 

their epithelial architecture, transform, and migrate very early on in tumourigenesis (96).  

Hereditary EOC cases, relating to germline mutations, account for approximately 10% of 

all EOC cases (18,47). Two highly penetrant genes that confer greater risk of EOC are BRCA1 

and BRCA2, which confer a 40% and 15% lifetime risk respectively (47,97). Germline mutations 

in BRCA1/BRCA2 have been detected in 5%–20% of all EOC patients, yet are present in 80% of 

all hereditary EOC cases (47,98). Of note, 50% of all EOC cases, hereditary and sporadic, have 

either BRCA1/ BRCA2 mutations or other related HR defects (18,29,47). Hereditary cases are 

united by their HR deficiencies, but the remaining 90% of EOC cases are sporadic, and are 

genetically diverse (58,99). Building on previous work to classify EOC tumours into type I and II 
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subtypes, integrated genomic analysis has further delineated transcriptional subtypes and 

distinguishing somatic mutations (18,24). HGSC is characterized by widespread DNA copy 

number alterations and nearly universal TP53 abnormalities (> 95% of all tumours), also 

observed in other high-grade undifferentiated histologies (24,48,66). Identification of the 

prevalent genetic signatures in different EOC subtypes has provided the groundwork for 

developing targeted treatment regimens and novel therapies (24).  

Gene expression profiling within EOC has focused on identifying differential gene 

expression signatures between tumour and normal tissue, between histologic subtypes and 

differences between invasive and low malignant potential tumours (100). Several studies have 

sought to identify gene expression signatures which correlate with clinical outcome in an attempt 

to identify prognostically relevant genes and predictive biomarkers (100,101). These recent 

genomic studies have subdivided EOC into six distinct molecular subtypes based on 

transcriptomic profiling; four subdivide the high-grade tumours (C1, C2, C4, C5), while the other 

two compose the low-grade tumours (C3, C6) (39,48,100–102). The four molecular subtypes 

identified in HGSC are: mesenchymal (C1), immunoreactive (C2), differentiated (C4), and 

proliferative (C5) (100,101). These four subtypes range from immunologically active 

(C2/immunoreactive) to intermediate (C1/mesenchymal, C4/differentiated) to inactive 

(C5/proliferative) (101). The immunologic state of HGSC tumours has a significant impact on 

OS, with increased anti-tumour immune responses and improved prognosis for patients with 

immunoreactive TMEs (21,36,103). These findings have been validated in independent molecular 

profiling studies, validating the prognostic significance of the immunoreactive (C2) subtype in 

HGSC (101).  

The immunoreactive (C2) subtype is distinguished by an upregulation of immune-related 

genes and a high density of TILs (39,100). An enrichment of genes and signaling pathways 

associated with cytokine-cytokine receptor interactions, antigen processing and presentation, 
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chemokine signaling, and cell mediated cytotoxicity, are also associated with this subtype 

(100,101). This subtype is characterized by high expression of major histocompatibility complex 

(MHC) class I and II genes; potentially augmenting humoral immunity and aiding cytotoxic T-

cells through antigen presentation pathways (101). Of note, interferon regulatory factor 7 (IRF7) 

and programmed cell death ligand 1 (PD-L1/CD274) were both significantly upregulated in the 

immunoreactive (C2) subtype (101). Panther pathway analysis revealed an enrichment of 

signaling pathways involved in TIL activation, as well as interferon gamma (IFNγ), interleukin 

(IL) and JAK/STAT signaling (101). The prognostic benefit of the immunoreactive subtype 

indicates that there would be a clinical benefit in sensitising other HGSC molecular tumour 

subtypes to immune modulation. Based on molecular immune profiles, some tumours will 

presumably require enhancement of pre-existing immune responses while others will require the 

induction of de novo anti-tumour immune responses (104). However, additional work is required 

to define the predictive roles of each subtype and identify associations between subtype 

signatures and treatment responses (101). Despite the complex and heterogeneous nature of 

HGSC, molecular profiling holds huge potential to significantly enhance patient stratification and 

improve personalised treatment regimens. Given the prognostic significance of an 

immunoreactive TME in HGSC (21,36,104–108), it seems reasonable to direct our enquiry to 

identifying and exploiting the features that give rise to this tumour immune state (21).  
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2.3 Role of inflammation in the tumour immune microenvironment  

Tumours are complex tissues composed of malignant cells and various genetically stable 

stromal cells including: endothelial cells, fibroblasts, and immune cells (52,109). The TME plays 

a significant role in tumourigenesis and malignant progression, and regulates response to therapy 

through a process called immunogenic cell death (52,55,110–112). Immunogenic cell death 

increases the efficacy of chemotherapy by activating and marshalling immune cells to participate 

in a more cytotoxic anti-tumour immune response (91,112,113). The last 15 years have revealed 

the important role the immune system plays in chemotherapy response in a variety of cancers 

(52,56,114). 

In certain situations inflammation appears to promote carcinogenesis, whereas in other 

situations it seems to have anti-tumour effects (115,116). This confusing paradox can be 

explained by evaluating the intensity and nature of the type of inflammation present in the TME. 

Inflammation can range from mild processes, such as in chronic infections, to more aggressive 

acute inflammatory processes, such as those seen in pathogen clearance (115). Inflammation 

associated with cancer is most comparable to chronic inflammation, and involves both the innate 

and adaptive arms of the immune system (117). Chronic inflammation increases the production of 

angiogenic factors and growth factors that stimulate tissue repair, but which also promote cancer 

cell survival (115,117,118). It has become evident that an inflammatory microenvironment is an 

essential component of all tumours, albeit direct causal relationship with inflammation is not yet 

proven in all cancers (115,117). Clear evidence for the crucial role of inflammation in 

tumourigenesis was only obtained during the past two decades, and revealed that the complex 

relationship between the tumour and the immune system is dynamic (115,117). Surveillance by 

the immune system (immunosurveillance) can control or eliminate premalignant lesions but may 

also apply selective pressure to cancer cells, encouraging the development of phenotypes capable 

of evading or exploiting anti-tumour immunity (115,116,119). There is substantial evidence to 
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suggest that elimination of a cancer is possible by switching away from a chronic inflammatory 

response to an acute inflammatory response (115,116). Understanding cancer immune editing 

(immunoediting), and the mechanisms behind it, have lead to many new immune-based cancer 

treatments and point to the importance of this field in the future of clinical management of all 

cancers (87,91,96,113,120).  

Cancer immunoediting is the effect of the immune system on cancer development, 

promoting or suppressing its progression, and plays a crucial role in mediating therapeutic 

sensitivity (34,116). The principles of cancer immunoediting are now well established and have 

set the foundation for understanding the dual host-protective and tumour-sculpting capabilities of 

the immune system (116). During cancer immunoediting the host immune system activates innate 

and adaptive immune mechanisms in three phases: elimination, equilibrium and escape (116,121). 

In the first phase, malignant cells are actively destroyed by a competent immune system 

(116,122). In the ‘equilibrium’ phase, the immune system holds the tumour in a state of 

functional dormancy, but also applies selective pressure which may allow the evolution of 

aggressive malignant populations (116). The final phase represents when immunologically 

sculpted tumours begin to grow progressively, becoming clinically apparent (116,121).   
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2.4 Role of tumour infiltrating lymphocytes (TILs) in HGSC 

The presence of different tumour infiltrating lymphocyte (TIL) subsets in the TME 

mediates immunologic tumour-host interactions and are a reflection of the type of immune 

response (110,120,123,124). The immune TME has become a subject of intense investigation in 

HGSC as recent evidence points to the prognostic significance of various intra-tumoural immune 

cell populations (20,21,23,82,104). In HGSC, when primary surgery results in optimal tumour 

cytoreduction, a significant prognostic benefit is observed for patients with high densities of TILs 

(108,125–128). Considerable work has been done in elucidating the prognostic significance of 

various TIL subsets in the TME of HGSC (21,42,108). In particular, the intra-tumoural density of 

cytotoxic CD8+ TILs has been well studied, and has been associated with longer OS in many 

solid tumours (21,129,130). Numerous studies have shown that the presence of CD8+ TILs, 

within the epithelial rather than the stromal compartment, associates with improved clinical 

outcome for HGSC patients at all stages (80,103,105,125,131). This is especially true when 

CD8+ TILs outnumber CD4+CD25+ FOXP3+ and FOXP3- T-regulatory cells, with authors 

commenting that the ratio, rather than absolute cell counts, may be more prognostically relevant 

(21,106,132,133). Other TIL subsets such as CD3+ (61), CD20+ (17), CD45RO+ (134,135), and 

CD25+ (106) have also shown prognostic benefit in HGSC, especially when combined with the 

presence of CD8+ TILs (36). The prognostic effect and anti-tumourigenic roles of other immune 

cell populations, such as macrophages (136–139), dendritic cells (140), and natural killer (NK) 

cells (141), requires further investigation in HGSC.  

There have been numerous studies investigating the manipulation of TILs to create potent 

anti-tumour immune responses in a variety of cancers, which have been met with variable success 

(108,135,142). While the prognostic benefit of different TIL subsets is well established in HGSC, 

the mechanisms that promote the localization of TILs to tumour epithelium remain poorly 

understood (107,109). Optimizing methods for TIL activation and recruitment will require 
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combined methodologies and the proper identification of prognostic biomarkers in HGSC 

(87,113,120).  

Previous molecular profiling studies identified an upregulation of signalling pathways 

involved in cytokine signaling and T-cell activation in the immunoreactive HGSC 

subtype(100,101). It is known that the activities of TILs are mediated by the interaction of 

various cytokines and growth factors in the TME (143,144). Thus, the TME molecular profile, in 

addition to the TIL profile, may also be a reflection of the tumour immune state and could be 

therapeutically exploited in HGSC (143,145).  
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2.5 Role of immune effector molecules in TIL activation in the TME 

In addition to the cellular component, the TME contains effector molecules, secreted by 

tumour and immune cells, which mediate tumour progression, metastasis and response to therapy 

(52,121). These molecules include cytokines and growth factors that can either stimulate or 

suppress the immune system (146,147). Constitutive production of inflammatory cytokines is a 

common characteristic of many malignant cell lines; however, the interdependence of these 

cytokines, and their significance to the TME, is still poorly understood (145). Previous work has 

found that tumour necrosis factor-α (TNF-α), C-X-C motif chemokine 12 (CXCL12), and 

interleukin 6 (IL-6), all known mediators of cancer-related inflammation, are involved in an 

autocrine cytokine network which leads to poor prognosis in OC (145,148). This network was 

also shown to have paracrine actions on angiogenesis, infiltration of myeloid cells, and NOTCH 

signaling; defining a network of inflammatory cytokine interactions that significantly contribute 

to tumour progression in OC (145). Studies have shown the association between well-known 

immunosuppressive factors, including IL-6 (148), IL-10 (149), IL-27 (150), and VEGF (151), and 

poor prognosis in OC (144,152). There is a potential important role for these molecules in 

immunomodulatory therapies, which is being investigated in several clinical trials in a variety of 

cancers (153).   
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2.6 Role of interferons (IFNs) in the TME 

Interferons (IFNs) are a family of cytokines induced by innate immune cells and provides 

a robust first-line of defense against invading pathogens and other malignancies (154,155). 

Following pathogen detection and IFN production, IFN molecules bind to cell surface receptors 

and initiate a signaling cascade leading to the transcriptional regulation of hundreds of IFN-

regulated genes (IRGs) (155). There are three major classes of IFNs, distinguished based on their 

primary structures and dimeric target receptors (154,156). These are: Type I IFNs (IFN1) which 

consists of IFNα and IFNβ, Type II IFNs (IFN2) which consists of IFNγ, and Type III IFNs 

(IFN3) which consists of IFNλ (154,155). IFN stimulation of a cell leads to dramatic changes in 

cellular properties due to the upregulation of specific gene signatures (Figure 2) (155). 

IFN1s are produced by most cell types and are involved in antiviral, anti-proliferative and 

immunomodulatory pathways (155,157,158). They are known to mediate antineoplastic effects 

against several malignancies, including cancer, which has been attributed to their 

immunostimulatory functions (154,157). IFN1 signalling within antigen presenting cells can 

affect their ability to process and present antigens, migrate to sites of T-cell activation, and 

express co-stimulatory molecules and cytokines (159). Furthermore, IFNα induces dendritic cell 

production of the CXC-chemokine ligand 9 (CXCL9) and CXC-chemokine ligand 10 (CXCL10), 

which function as chemo-attractants for T-cells (157). Together, these IFN1-mediated effects 

increase the ability of antigen presenting cells to prime T-cells, activating both innate and 

adaptive immunity (159). IFN1s play important signalling roles in antiviral immunity and as 

mediators of immune responses elicited by cancer cells undergoing immunogenic cell death 

(87,160). Indeed, cells engineered to overexpress IFN1s exhibited impaired metastatic potential in 

both melanoma and prostate cell lines, with similar results shown in clinical trials 

(96,159,161,162). IFN3s share structural homology and induction pathways with IFN1s 

(154,155). 
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IFNγ is produced by immune cells, but its receptors can be found on all cell types (155). 

IFNγ plays a pivotal role in regulating the immune system and bridging innate and adaptive 

immune responses (112,155). It plays a major role in establishing cellular immunity, and has been 

extensively reviewed (163–165). IFN1s and IFNγ are able to modulate cell growth, cell 

differentiation, and promote tumour immunosurveillance (96,157,166,167). Endogenous IFN1s 

and IFNγ are believed to be crucial for effective immunosurveillance. Indeed, loss of IFN 

sensitivity has been shown to help tumour cells evade the immune system (154,155).  

The anti-proliferative and immunostimulatory roles of IFNs has led to the development of 

novel therapies in a variety of malignant diseases, with impressive success (96,126,156,168). The 

immunostimulatory activity of some IFNs is so pronounced that they are used as standalone 

interventions in patients affected by immunogenic neoplasms, such as melanoma and renal cell 

carcinoma (87). Although the benefits of acute IFN1 signalling is well known, the consequences 

of chronic exposure to IFNs are only starting to be understood (159,169). It is already clear that 

chronic IFN exposure is associated with T-cell dysfunction and impaired immunity (159,169). In 

the future, the complex pro- and anti-tumour effects of IFN signalling will need to be 

comprehensively elucidated in order to be clinically applicable in a variety of cancers (169). 

It has become clear that the IFN system works in a combinatorial fashion; upregulating 

IFN stimulated gene (ISG) signatures which affect a wide range of cellular processes 

(147,155,159). Based on their role in innate immunity, ISGs take on a wide range of activities. 

These include; the upregulation of chemokines and chemokine receptors (enabling cell-to-cell 

communication) and encoding for pro-apoptotic proteins (leading to cell death) (155,170). Due to 

genome-wide profiling of cancer transcriptomes, it has been observed that ISGs are broadly 

expressed across various tumour types (112,154). These ISGs often reflect the presence of an 

inflammatory TME with activated T-cells, and are associated with better response to conventional 

and immune therapies (112,156,157,168). However, high expression of these ISGs has also been 
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associated with poor responses to therapy and immune suppression (112,154). Multiple cell types 

within the TME can exhibit high expression of ISGs, but most studies do not distinguish between 

expression by the cancer cells, immune cells, and/or stromal cells (112).  

It has been noted that IFN therapies function more successfully in combination with 

traditional therapies rather than as single-agents, pointing to their role in marshalling the immune 

system rather than as direct cytotoxic agents (112,171). A more thorough mechanistic 

understanding of individual ISG signatures is required before successful therapeutic exploitation 

of these pathways can be achieved (155). 
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2.7 Role of IFN/STAT1 axis in HGSC 

IFNs bind to specific cell surface receptors and activate the Janus kinase signal 

transducer and activator of transcription (JAK-STAT) pathway (Figure 2) (112,155). The JAK-

STAT pathway leads to the transcription of different ISGs with diverse functions, as reviewed 

(170). Of the four known JAKs, three participate in IFN signalling, and of the seven STATs, 

STAT1, STAT2 and STAT3 are the most important for IFN signalling (112,155). The different 

JAK-STAT complexes activate different downstream cellular and immune pathways. For 

example, JAK1/2 activated by IFNγ, as well as IFN1, leads to the homodimerization of STAT1 

which induces genes involved in tumour suppression, inhibition of tumour growth and 

angiogenesis, and increased immunosurvelliance (155). Specifically, IFNγ signalling, by creating 

phosphorylated STAT1 homodimers, activates the transcription of genes which encode cytokines 

that promote immune cell chemotaxis, thus promoting the recruitment of TILs to the TME 

(155,172,173). IFN signaling does not occur in isolation, and many cell types respond to IFN 

with varying transcriptional responses (155). STAT1 has two alternatively spliced isoforms, 

STAT1α and STAT1β, which have almost identical functions in antiviral activity (174). 

Furthermore, the phosphorylation status of STAT1 determines the genes induced by STAT1 

homodimers (155,175). Unphosphorylated STAT1 can induce genes associated with pro-survival 

cell functions and cancer therapy resistance, while phosphorylated STAT1 leads to canonical IFN 

signaling events (155,175–177). Mutations in STAT1 have not been well characterized or well 

studied in cancer. Despite this, numerous studies describe a correlation of altered STAT1 

availability and/or activation states in human tumour samples with disease outcome (178). The 

ability of STAT1 to modulate the expression of distinct sets of ISGs through differences in post-

translational modification, IFN signaling, timing, and duration, provides a means by which the 

dual and opposing roles of IFNs, in immune regulation and therapy resistance, may be governed 

(112).  
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Elevated IFNγ expression has been shown to correlate with improved clinical outcome in 

OC patients, and associates with a high density of TILs in the TME (147,179). This cytokine is 

known to have pleiotropic effects; stimulating immune-effector cells and having a direct anti-

proliferative activity on OC cells (179–181). In OC cell lines, IFNγ is able to regulate several 

genes related to apoptosis or proliferation, and has been shown to downregulate proto-oncogenes 

and induce tumour suppressor genes (179,182). Additionally, IFNγ-producing CD4+ TILs  have 

been identified as prognostically favourable in OC (106,183). Clinical trials of IFNγ in 

combination with conventional chemotherapy resulted in remission of recurrent disease and 

prolonged PFS in OC patients compared with patients who received chemotherapy alone 

(184,185).  

Transcription of IFNγ genes is dependent on phosphorylation and homodimerization of 

STAT1. STAT1 is an essential component of IFN-mediated tumour surveillance and a necessary 

component of pro-apoptotic and anti-proliferative intracellular signalling pathways (112,179). 

Recent studies in breast cancer have shown that an increased expression of STAT1 in the TME 

associated with recurrence-free survival (186,187). There is also evidence in colorectal cancer 

(177,188), and other gynecologic cancers (189,190), that STAT1 exhibits tumour-suppressor 

properties by inhibiting oncogenic pathways and promoting tumour immunosurveillance (191). 

Whether STAT1 has a similar role in HGSC remains to be established and is the subject of this 

thesis. 
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Following engagement by interferons (IFN), the interferon receptor (IFNR) activates a Janus kinase 

(JAK) and tyrosine kinase (TYK). Phosphorylation of the receptor by these kinases results in the 

recruitment of signal transducer and activator of transcription 1 (STAT1) proteins, phosphorylation, 

dimerization and nuclear translocation. STAT1 homodimers bind to gamma-activated sequences (GASs) 

to induce pro-inflammatory genes. STAT1 heterodimers bind to interferon stimulated response elements 

(ISREs) to induce pro-inflammatory genes. STAT1-dependent transcriptional regulation has been 

investigated and reviewed, and extensive lists of IFN/STAT1 induced genes have been tabulated (192–

195). Most notably, this results in the production of important chemo-attractant cytokines which recruit 

immune cells to sites of inflammation. Adapted from Schneider et al. (155). 

 

 

 

 

 

 

Figure 2: IFN/STAT1 signalling pathway.  
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2.8 Rationale 

The dynamic and heterogenous nature of the TME is built on the continuous cross-talk 

between malignant, stromal, and immune cells, and plays a pivotal role in cancer progression and 

therapeutic efficacy (52,110). Communication between cell types determines how cells integrate 

environmental signals and translate them into a defined response (175). STAT1 can detect a 

variety of signals at the cell membrane and transduce these signals to the nucleus. Thus, STAT1 

directly affects gene regulation and is ideally suited to play a central role in orchestrating the 

outcome of cellular cross-talk. It is thus unsurprising that STAT1 has been implicated in a variety 

of cellular and immune signalling mechanisms including apoptosis, angiogenesis, immune cell 

differentiation and recruitment, etc. (154,175,178). STAT1 is well known for its pro-apoptotic 

role in response to IFNs and activation of a variety of immune cells (18,154,175). However, it’s 

functional role in tumourigenesis and cancer progression appears much more complex, with 

conflicting reports in a variety of cancers (18,169,175,178).  

Epidemiological studies have provided some of the most compelling evidence linking 

inflammation to carcinogenesis, cancer progression and therapy response (196). The processes of 

inflammation and cancer are linked by environmental (extrinsic) and oncogenic (intrinsic) 

pathways which play important roles in augmenting or suppressing immune responses in the 

TME. Intrinsic signalling pathways, originating from genetic and epigenetic events in malignant 

cells, may lead to the constitutive expression of oncogenic signaling pathways which help cancer 

cells survive (196). For example, approximately 30% of melanoma and lung carcinoma cell lines 

have inactivated IFNγ pathway components which are known to promote anti-tumour immune 

responses. Additionally, a lack of STAT1 has been observed in melanoma cell lines, primary 

melanocytes, and in some chronic myeloid leukemia patient tissues (154,197,198). A correlation 

has been observed between increased risk of colorectal carcinoma and the frequency of single-
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nucleotide polymorphisms in JAK and STAT1 (154,199). There is also evidence in colorectal 

cancer (177,188), and in some gynecologic cancers (189), that STAT1 exhibits anti-tumour 

properties by inhibiting oncogenic pathways and promoting tumour immunosurveillance (191). 

Within colorectal cancer, intra-tumoural T-cells, nuclear STAT1 and strong MHC class I 

expression correlate with improved survival and can identify patients that may benefit from 

immunotherapy (175). STAT1 is one of five predictive genes of relapse-free and OS in non-small 

cell lung cancer, and predicts a favourable outcome in melanoma when activated in immune cells 

(175). Genome-wide association analyses have identified STAT1 as among the transcription 

factors most commonly containing single-nucleotide polymorphisms in cancer, further 

confirming the potential importance of IFN/STAT1 signaling pathways in tumourigenesis 

(154,200,201). Thus, loss of responsiveness to IFNs through STAT1-dependent pathways may be 

a critical component of an effective anti-tumour immune response and may modulate early events 

of tumourigenesis (96,154).  

STAT1 is generally believed to be a tumour suppressor; increased STAT1 expression is a 

reliable marker for good prognosis in select tumour types. However, there is growing evidence 

that it can also act as a tumour promoter, especially in late stage disease (175,178,202). STAT1 

expression has been found to be up-regulated in several late stage human cancers, with many 

conflicting reports being reported in breast cancer (175,178,203–205). Confusingly, STAT1 

activity in breast cancer cells has previously been linked to shaping an immunosuppressive TME 

(206,207), but more recent studies have shown that an increased expression of STAT1 in the TME 

is associated with recurrence-free survival (186,187). Divergent findings may be the result of 

differences in tumour type or stage, but may also reflect tumour heterogeneity or the tumour 

immune response. The role of STAT1 in tumourigenesis is complex, especially since its functions 

are not restricted solely to tumour cells but extend to different compartments of the TME 

including stromal and immune cells (178). Thus, these conflicting reports of STAT1 in 
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carcinogenesis may be a result of its diverse functions within each of these different TME 

compartments. Further mechanistic analysis of the cancer cell and immune cell functions of 

STAT1, and their contributions to carcinogenesis, will be required before we are able to fully 

exploit the diagnostic and therapeutic potential of STAT1 in cancer.  

The ability to harness the immune system to mount a potent anti-tumour immune 

response remains a promising therapeutic direction, and the focus of extensive investigation, in a 

variety of cancers. It has been proposed that transient induction of STAT1, by IFNs or other stress 

signals, is more therapeutically beneficial than its constitutive overexpression which is more 

indicative of chronic inflammation (169,175,208). Transient induction activates cytotoxic genes 

and elicits cytotoxic responses. Chronic expression suppresses these cytotoxic responses and 

induces pro-survival genes, associated with epigenomic changes to the tumour, leading to 

resistance to therapy (169,208). STAT1 is a pleiotropic factor in cancer immune biology, and 

different STAT1 expression levels are used by the immune system for different purposes in the 

TME (177,188,178,209,210). Thus, learning to control the expression and activation of STAT1 

within different cells of the TME may help promote appropriate immune responses (172).  

The relationship between IFNs, STAT1 and the NFκB gene networks has long been 

appreciated (201), but has only recently been highlighted in HGSC due to our appreciation of the 

role of both innate and adaptive immune cells in anti-tumour responses (211–213). In EOC it is 

believed that the pre-existing tumour immune microenvironment plays a significant role in 

response to chemotherapy, and much effort has gone into investigating different approaches for 

immune cell manipulation. Recent work has found that gene expression alterations in 

chemotherapy-resistant HGSC patients involved, among others, alterations to the 

IGF1/PI3K/NFκB/ERK gene signalling networks (214). Although a number of reports have 

revealed differential gene expression signatures in drug-resistant HGSC patients, the underlying 

mechanisms leading to primary chemoresistance remain to be elucidated (126,215–217).  
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It is becoming evident that, in order to improve patient tailored therapy regimens and 

overall patient response to chemotherapy in HGSC, patients should be stratified by their TME so 

that appropriate treatments can be prescribed (64). The elucidation of the role of STAT1 in 

regulating tumour immunity will determine its use as a predictive biomarker and pave the way for 

future patient stratification and targeted immunotherapies (200,218). This is especially clinically 

relevant in EOC as the presence of CD8+ and CD20+ TILs in the TME is known to predict better 

patient prognosis and response to chemotherapy (20,21,103). Moreover, recent work has pointed 

to the prognostic and predictive value of STAT1 in HGSC patient tumours, both independently 

and when combined with CD8+ TIL scores, in chemo-naïve tumours (219). 

IFN activation of STAT1 induces the production of various chemokines (notably the 

CXC- chemokines) which play important roles in immune cell trafficking (220–222). These 

chemokines can induce anti-tumour effects by recruiting both innate and adaptive immune cells 

and can also inhibit endothelial cell migration and proliferation (34,221). The induction of CXC- 

chemokines in the TME has been associated with the presence of TILs and better response to 

chemotherapy in various cancers (34,160,220,223). Notably, STAT1 and its target chemokines 

have been observed to be downregulated in chemoresistant HGSC patient tumours in comparison 

to chemosensitive patients (34,126). Given that chemosensitive patients have significantly longer 

PFIs and OS than chemoresistant patients, and higher infiltration of TILs, it is conceivable that 

the IFN/STAT1 signalling pathway plays a role in mediating the tumour immune 

microenvironment in HGSC. STAT1 expression is present in immune and tumour cells, but the 

contribution of each to HGSC prognosis is currently unknown. Thus, the current study builds on 

previous findings linking STAT1 to a pre-existing immunoreactive TME and improved clinical 

outcome in HGSC by investigating the role of cancer cell intrinsic STAT1 expression in 

modulating the immune TME.  
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2.9 Hypothesis 

I hypothesize that increased STAT1 expression in the TME promotes an enhanced anti-

tumour immune response and inhibits tumour progression in HGSC (Figure 3). To test this 

hypothesis the current study investigates the functional role of STAT1 in HGSC through analysis 

of patient tumour specimens and a syngeneic mouse model. Firstly, a pre-selected cohort of 

chemosensitive and chemoresistant HGSC patient tumour specimens, based on STAT1 transcript 

levels, are investigated for differences in tumour immune transcriptomic profiles. Secondly, the 

functional role of STAT1 in disease progression, regulation of the tumour immune 

microenvironment, and CD8+ TIL recruitment is investigated in a syngeneic mouse model of 

HGSC.  

The specific aims of the current study are:  

1. To explore differences in tumour immune transcriptomes between 

chemosensitive and chemoresistant HGSC patients pre-selected for their STAT1 

expression levels,  

2. To investigate differences in phenotypic properties when STAT1 is 

downregulated in cells in vitro, and  

3. To investigate differences in tumour progression, tumour immune transcriptomes 

and CD8+ TIL recruitment when STAT1 is downregulated in a syngeneic mouse 

model of HGSC. 
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Cancer cell differential STAT1 expression in the TME could results from differences in IFN stimulation, 

genetic or epigenetic mutations, and/or alternate regulatory mechanisms. Upregulation and activation of 

STAT1 causes the production of cytokines which function in both autocrine and paracrine mechanisms. 

Autocrine signalling further upregulates and activates STAT1, creating a positive feedback loop. 

Paracrine signalling leads to the activation and recruitment of TILs to the TME. Recruitment of cytotoxic 

CD8+ TILs to the TME increases the anti-tumour immune response. Upon addition of chemotherapy, 

tumours with high densities of TILs have a more potent anti-tumour immune response, characteristic of 

'chemosensitive' behaviour. Tumours which are unable to recruit sufficient numbers of CD8+ TILs are 

unable, upon addition of chemotherapy, to induce a potent anti-tumour response, characteristic of 

'chemoresistant' behaviour. Adapted from Jayson et al. and Yu et al. (34,196).  

Figure 3: Schematic of proposed mechanism of the role of STAT1 in the TME of HGSC and effects on 

chemotherapy response.  
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Chapter 3 

Materials & Methods 

3.1 Ethics Statement  

Ethics approval for the study was obtained from the Queen's University Health Sciences 

& Affiliated Teaching Hospitals Research Ethics Board (HSREB) and the Ottawa Health 

Research Institute (OHRI) Research Ethics Board. Informed patient consent was obtained prior to 

sample collection. 

3.1.1 Patient Samples 

A cohort of 16 locally advanced (II-IV) fresh frozen HGSC tumours was obtained from 

the OHRI and the Ontario Tumour Bank (OTB). All tumour specimens were chemotherapy-naïve 

and collected at the time of cytoreductive surgery prior to administration of systemic 

chemotherapy. A schematic representation of the study design is presented in Figure 4. 

Histological classification of the tumours was performed by a pathologist and disease staging was 

conducted according to the International Federation of Gynecology and Obstetrics (FIGO) 

guidelines (Table 1) (58). All tumours were confirmed as HGSC, with > 80% of all samples from 

Stage III or IV disease. Patients were classified as either platinum-sensitive or -resistant based on 

their PFI (resistant had PFI < 6 months, sensitive had PFI > 6 months), an established measure of 

patient platinum sensitivity (11,66), which is the interval from date of surgery to first recurrence 

(Table 1). An exception to this classification is sample D35, which was classified as platinum-

resistant based on the assessment of the patient’s physician. Based on STAT1 transcript levels 

derived from previous gene expression profiling (34,126), tumours from sensitive and resistant 

patients were divided into high-STAT1 (n = 8, > 1700 normalized STAT1 probe counts) and low-

STAT1 (n = 8, < 1700 normalized STAT1 probe counts) groups (Figure 5).  
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Chemo-naïve patient samples were designated as having high levels of STAT1 if their 

NanoString normalized STAT1 counts were > 1700, or low levels of STAT1 if their NanoString 

normalized STAT1 counts were < 1700.  Patients were classified as either platinum-sensitive or -

resistant based on their PFI, which is the interval from date of surgery to first recurrence. 

Sensitive patients were classified as having PFI > 6 months and were considered good responders 

to chemotherapy. Resistant patients were classified as having PFI < 6 months and were 

considered poor responders to chemotherapy.  

 

  

Figure 4: Schematic of patient study design.  
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Table 1: Patient clinicopathological characteristics.  

Cohort of 16 locally advanced (II-IV) fresh frozen HGSC tumours obtained from the Ottawa 

Health Research Institute (OHRI) and Ontario Tumour Bank (OTB). 

 

Sample 
Source 

Sample Age at 
diagnosis 

Platinum-sensitivity 
classification 

Stage at 
diagnosis 

PFI 
(months) 

NanoString normalized 
STAT1 counts 

OHRI D11 45-55 Resistant III 6 1232 

OHRI D14 50-54 Resistant III 5 376 

OHRI D16 55-59 Resistant IV 5 1615 

OHRI D20 50-54 Resistant III 0 1166 

OTB D23 55-59 Resistant III 5.1 1067 

OTB D24 50-54 Resistant III 2.5 1084 

OTB D25 45-49 Resistant III 4.1 1070 

OTB D35 80-84 Resistant II 7.2 1516 

OHRI D1 55-59 Sensitive III 34.0 5086 

OHRI D2 50-54 Sensitive III 25.0 3175 

OHRI D5 50-60 Sensitive III 40.0 2259 

OHRI D7 60-64 Sensitive II 39.0 7942 

OHRI D9 65-69 Sensitive II 23.0 3725 

OHRI D12 50-60 Sensitive III 22.0 4363 

OTB D33 45-49 Sensitive III 7.2 1835 

OTB D36 50-54 Sensitive III 29.4 3665 

 

  



 

32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

N
an

o
St

ri
n

g 
n

o
rm

al
iz

ed
 

ST
A

T1
 c

o
u

n
ts

 

PFI (months) 

Figure 5: Patient distribution based on progression free interval (PFI) and NanoString normalized STAT1 

counts.  
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3.2 ID8 cell lines 

The mouse ovarian surface epithelial carcinoma (MOSEC) ID8 cell line has been 

described previously (224,225). The MOSEC ID8 cell line was originally isolated from the 

ovaries of virgin wildtype C57Bl6 mice and is spontaneously tumorigenic. Injected 

intraperitoneally, they form primary tumours, secondary peritoneal carcinomatosis, and extensive 

ascites fluid between 80 to 90 days post-exposure. Unlike HGSC tumours MOSEC ID8 cells do 

not harbour p53 mutations or widespread genomic instability.  

ID8 cells were transduced with pGIPZ lentiviral vectors (Dharmacon, Figure 6) to 

generate a ID8 knockdown of STAT1 (ID8 Stat1-KD), or the empty control vector, to generate an 

ID8 non-targeting control (ID8 Stat1-NT), as per established lentiviral transfection protocols 

(226,227). HEK 293T cells were used to generate the lentiviral vectors as previously described 

(Santa Cruz Biotechnology Inc., shRNA Transfection Protocol). Selection of stable knockdown 

and non-targeting cell lines was accomplished following incubation with puromycin (4 g/ml for 

3 days) and flow cytometry (top 50% GFP expressing cells). Validation of stable knockdown and 

non-targeting control cell lines was confirmed via immunoblot, as described (Section 3.3, page 

36).  

Three lentiviral vectors were used to create three different ID8 Stat1-KD cell lines, which 

were subsequently assessed for STAT1 knockdown via immunoblot, as described (Section 3.3, 

page 36). Three pGIPZ shRNA lentiviral vectors (codenames: B5, E6, F4) (Dharmacon, Cat. no. 

RMM4532- EG20846) were used to create three ID8 Stat1-KD cell lines. Based on immunoblot 

analysis, the cell line with the greatest knockdown of STAT1 (B5) was used for all further in vitro 

work, called ID8 Stat1-KD from henceforth.  

ID8, ID8 Stat1-NT and ID8 Stat1-KD cells were maintained in high glucose Dulbecco's 

Modified Eagle's Medium (Sigma Aldrich Cat. #D6429), supplemented with 4% fetal bovine 

serum, 100 μg/ml penicillin, 100 μg/ml streptomycin, and 1% Insulin Transferrin Sodium 
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Selenite Supplement (5 μg/ml of insulin, 5 μg/ml transferrin and 5 ng/ml sodium selenite) (Sigma 

Aldrich Cat. #I3146), incubated at 37°C/5% CO2 (34,224). ID8 Stat1-NT, and ID8 Stat1-KD cells 

were used for in vitro and in vivo experiments. 
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Vector elements include: hCMV (human cytomegalovirus promoter drives strong transgene 

expression), tGFP (turboGFP reporter for visual tracking of transduction and expression), PuroR 

(puromycin resistance permits antibiotic-selective pressure and propagation of stable integrants), 

IRES (internal ribosomal entry site allows expression of TurboGFP and puromycin resistance 

genes in a single transcript), shRNA (microRNA-adapted shRNA (based on miR-30) for gene 

knockdown), 5' LTR (5' long terminal repeat), 3' SIN (LTR 3' self-inactivating long terminal 

repeat for increased lentivirus safety), Ψ (psi packaging sequence allows viral genome packaging 

using lentiviral packaging systems), RRE (rev response element enhances titer by increasing 

packaging efficiency of full-length viral genomes), and WPRE (woodchuck hepatitis 

posttranscriptional regulatory element enhances transgene expression in the target cells). 

 

 

 

 

 

 

 

 

  

Figure 6: pGIPZ lentiviral vector (Dharmacon, (227)).  
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3.3 Immunoblot (IB)  

Immunoblot (IB) analysis was performed as described previously (Western blot protocol, 

Abcam plc. (228)). IB analysis of cell lysates was performed to correlate expression levels of 

STAT1 in ID8, ID8 Stat1-NT and ID8 Stat1-KD cell lines. IB uses specific antibodies to identify 

proteins that have been separated based on size by gel electrophoresis. Following protein 

quantification, cell lysates were loaded into 8% acrylamide gels (National Diagnostics, Cat. no. 

EC-890) along with BLUeye Prestained Protein Ladder (GeneDireX, Cat No. PM007-0500). 

Proteins were separated for 1.5 hr at 30 mA/gel. The gel is placed next to a membrane and 

application of an electrical current induces the proteins to migrate from the gel to the membrane. 

Membranes were washed three times in Tris buffered saline with Tween ® 20 (TBST), 5 min 

each. Membranes were blocked in 5% skim milk in TBST at room temperature for 1 hr. 

Membranes were washed three times in TBST, 5 min each. Membranes were incubated with 

primary antibody, either β-actin (Sigma-Aldrich, Cat. no. sc-47778) or STAT1 (Abcam, Cat. no. 

ab109320), in TBST overnight at 4°C. Membranes were washed three times in TBST, 5 min 

each. Membranes were incubated with secondary antibody, either β-actin (HRP Goat anti-Mouse, 

LI-COR Biosciences Cat. no. 926-80010) or STAT1 (HRP Goat anti-Rabbit, LI-COR 

Biosciences Cat. no. 926-80011), in TBST at room temperature for 1 hr. Membranes are 

incubated in enhanced chemiluminescence (ECL) reagents (Clarity Western ECL Blotting 

Substrates, Cat. no. 1705060, Bio-Rad Laboratories, Inc.) reagent for 5 min and scanned 

fluorescent images were taken on C-DiGit Blot Scanner (LI-COR Biosciences, USA). ECL signal 

was quantified via densitometry analysis of the scanned images, as previously described (229). 

To quantify the signal from samples, background was first subtracted, then the signal was 

normalized to the amount of β-actin in the lysate, and values were then calculated as arbitrary 

units (a.u).  
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3.4 Cell Proliferation Assay 

To analyze the effect of STAT1 knockdown on ID8 cell proliferation, WST-1 (Sigma 

Aldrich Cat. #11644807001) uptake by viable cells was performed as per manufacturer’s 

instructions (Roche, Cell Proliferation Reagent WST-1, Version 1, 2011). WST-1, a stable 

tetrazolium salt, is broken down into a soluble formazan dye by cellular metabolism. The amount 

of formazan dye formed directly correlates to the number of metabolically active cells. Cells were 

seeded at a density of 5,000 cells/well in 96-well plates and allowed to adhere for 6-12 hours. The 

formazan dye in the microplate was quantified using a microplate (ELISA) reader at 450 nm, 

reference wavelength 630 nm for background correction, at 1 and 2 hr time points. Absorbance 

directly correlates to the number of metabolically active cells in culture.  

IncuCyte live-cell imaging (Cell Count Proliferation Assay General Protocol, IncuCyte 

ZOOM 2016B, Essen Biosciences Inc.) was used to validate cell proliferation over a period of 24 

and 48 hr post seeding. Cells were seeded at a density of 1,000 cells/well in 96-well plates. Phase 

photos were taken at 2-hr intervals, 4 pictures/well, under 10× magnification. Percent confluence 

was measured from a confluence mask, applied using the IncuCyte ZOOM 2016B software, from 

the photos acquired. Rate of growth was measured as the slope generated from the percent 

confluence readings over 24 hr and 48 hr.  

Experiments were performed in triplicate, and the experimental averages were analyzed 

using GraphPad Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 

Results were tested for statistical significance (p < 0.05) using unpaired Student’s t-test. 
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3.5 Cell Migration Assay 

Cell migration was assessed using the ibidi wound-healing assay as per manufacturer’s 

instructions (ibidi GmbH, Culture-Insert, 2015), as previously described (230,231). Ibidi culture 

inserts (ibidi GmbH Cat. #80206) were placed in 24-well plates and cells were seeded at 3105 

cells/ml and incubated for 24 hr or until a confluent layer was formed. Following removal of the 

insert, photos were taken of the wound at time 0 hr and 10 hr at 10 magnification on a phase-

contrast microscope (Nikon Eclipse TS-100) attached to a digital camera (Coolpix 990 Nikon) 

with a MDC Lens. The width of the scratches was measured at each time point and quantified 

using Image-Pro Plus Version 6.0 (MediaCybernetics). Wound closure was measured as the area 

traversed by the cells from the original wound area within the 10-hr time frame. 

IncuCyte live-cell imaging was used to validate cell migration, performed as per 

manufacturer’s instructions (96-Well Scratch Wound Cell Migration & Invasion Assays User 

Manual, IncuCyte ZOOM2016B, Essen Biosciences Inc.). Cells were seeded at 20,000 cells/well 

in 96-well plates. Phase photos of the wounds were taken at 2-hr intervals and confluence was 

measured by applying a confluence mask using the IncuCyte ZOOM 2016B software. The width 

of the wounds was measured at each time point and quantified using Image-Pro Plus Version 6.0 

(MediaCybernetics). Wound closure was measured as the area traversed by the cells from the 

original wound area within a 10-hr time frame. 

Experiments were performed in triplicate, and the experimental averages were analyzed 

using GraphPad Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 

Results were tested for statistical significance (p < 0.05) using unpaired Student’s t-test. 
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3.6 Cell Invasion Assay 

Cell invasion was performed using 8.0-m 24-well Falcon transwell permeable supports 

(Corning Inc. Ca. #353097) coated in 20% Matrigel ® (BD Biosciences Cat. #356230) as 

previously described (232,233). Transwell inserts were placed in 24-well plates and 50 l of 

serum-free medium with 20% Matrigel was placed in the upper chamber of each transwell insert. 

Cell suspensions, 100 l of 2×106 cells/ml in serum-free medium, was placed on top of the 

Matrigel layer in the upper chamber of the transwell insert. 500 l of medium, with serum, was 

placed in the bottom of each transwell insert. After 5 hr incubation at 37°C/5% CO2, cells in the 

upper chamber were removed with Q-tips (Johnson & Johnson). Cells attached to the underside 

of the transwell membrane (invasive cells) were stained with DAPI (Thermo-Fisher Cat. #D1306) 

and counted at 10× magnification under a phase-contrast microscope (Olympus BX51, Olympus 

Corporation) attached to a digital camera (Olympus Q colour 5 camera and QCapture Pro 

software, Olympus Corporation).   

IncuCyte live-cell imaging was performed to validate cell invasion, performed as per 

manufacturer’s instructions (96-Well Scratch Wound Cell Migration & Invasion Assays User 

Manual, IncuCyte ZOOM2016B, Essen Biosciences Inc.). Cells were seeded at 20,000 cells/well 

in 96-well plates and, following wound creation, 100 L of media with 20% Matrigel (BD 

Biosciences Cat. #356230) was added to each well. Phase photos of the wounds were taken at 2 

hr intervals and confluence was measured by applying a confluence mask using the IncuCyte 

ZOOM 2016B software. The width of the wounds was measured at each time point and 

quantified using Image-Pro Plus Version 6.0 (MediaCybernetics). Wound closure was measured 

as the area traversed by the cells from the original wound area within a 24-hr time frame. 

Experiments were performed in triplicate, and the experimental averages were analyzed 

using GraphPad Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 

Results were tested for statistical significance (p < 0.05) using unpaired Student’s t-test.  
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3.7 Cytotoxicity assay 

IncuCyte live-cell imaging was used to perform in vitro chemotherapy sensitivity assays, 

using a modified protocol (IncuCyte Cytotoxicity Assay, IncuCyte ZOOM 2016B, Essen 

Bioscience Inc.) (234). Cells were seeded 3,000 cells/well in 96-well plate in serum-reduced 

medium and subjected to cytotoxic agents for 48 hr in various concentration: combination 

carboplatin (0, 30, 100, 300, 500, 1000 g/ml) and paclitaxel (0, 0.03, 0.1, 0.3, 0.5, 1 g/ml), or 

carboplatin (0, 30, 100, 300, 500, 1000 g/ml). Propidium iodide (Thermo-Fisher Cat. 

#P1304MP) was added to each well to access cell death, as per manufacturer’s instructions 

(Propidium Iodide Nucleic Acid Stain, Invitrogen). Phase photos with red metrics (250 ms 

acquisition time) were taken every 2-hr at 10 magnification. Experiments were performed in 

triplicate. Cell survival fractions were plotted against log10 drug concentrations and the resulting 

data set was fit to a dose-response function using GraphPad Prism 7.02 software (Prism software; 

GraphPad Software, San Diego, CA). Results were tested for statistical significance (p < 0.05) 

using a non-matching two-way ANOVA with Sidak multiple comparisons. 
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3.8 In vivo studies in the ID8 syngeneic mouse model of HGSC 

All animal protocols were approved by Queen’s University Animal Care Committee. 

Female 6-8 week old C57BL/6 mice (Charles River Laboratories International Inc) were used for 

in vivo experiments. Mice were injected intra-peritoneally (i.p.) with 7.5×106 cells (ID8 Stat1-NT 

or ID8 Stat1-KD) in 200 μl of PBS and monitored daily by trained animal care staff blinded to 

treatment regimens. For survival experiments, moribund mice were euthanized based on the 

decisions of animal care staff using pre-specified endpoint criteria (abdominal distention > 35 

mm or animal in distress). Mice in the chemotherapy survival analysis were given 10 mg/ml 

carboplatin and 10 mg/ml paclitaxel i.p. twice weekly for 4 weeks, beginning 5 weeks after cells 

were injected. For same-day sacrifice mice, all ID8 Stat1-NT and ID8 Stat1-KD mice were 

euthanized when more than half of the mice had reached end-point criteria. Weight and 

abdominal diameter were monitored weekly, using weight scales and calipers respectively. At 

sacrifice, ascites was aspirated from the peritoneal cavity using an 18-gauge needle. Tumour 

nodules were resected and preserved for RNA isolation (flash frozen in liquid nitrogen), 

multiplex cytokine analysis (lysed in appropriate lysis buffer), and for immunohistochemistry 

(fixed in 4% paraformaldehyde). Ascites was retained for multiplex cytokine analysis. A 

schematic of the primary in vivo mouse study, to establish the role of STAT1 in regulating the 

tumour immune microenvironment and overall progression, can be seen in Figure 7. A schematic 

of the secondary in vivo mouse study, to establish the role of STAT1 in tumour progression and 

overall survival, can be seen in Figure 8. A schematic of the tertiary in vivo mouse study, to 

establish the role of STAT1 in tumour progression, overall survival and response to conventional 

chemotherapy, can be seen in Figure 9. Survival analysis was performed using Kaplan-Meier 

plots and the log-rank Gehan-Breslow-Wilcoxon test on GraphPad Prism 7.02 software (Prism 

software; GraphPad Software, San Diego, CA). 
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Mice were injected intra-peritoneally (i.p.) with 7.5×106 cells (ID8 Stat1-NT or ID8 Stat1-KD) in 

200 μL of PBS. Mice were sacrificed when more than half of all mice had reached pre-specified 

endpoint criteria (abdominal distention > 35 mm or animal in distress). Tumour sections were 

flash-frozen for RNA analysis, lysed for multiplex cytokine analysis, or preserved in 4% 

paraformaldehyde for further immunohistochemical analysis. Ascites was retained for multiplex 

cytokine analysis.  

 

 

 

 

 

 

 

 

 

Figure 7: Schematic of primary mouse study to establish the role of STAT1 in regulating the 

tumour immune microenvironment and overall progression.  
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Mice were injected intra-peritoneally (i.p.) with 7.5×106 cells (ID8 Stat1-NT or ID8 Stat1-KD) in 

200 μL of PBS. Mice were sacrificed when they reached pre-specified endpoint criteria 

(abdominal distention > 35 mm or animal in distress). 

 

  

Figure 8: Schematic of secondary mouse study to establish the role of STAT1 in tumour progression 

and survival.  
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Mice were injected intra-peritoneally with 7.5×106 cells (ID8 Stat1-NT or ID8 Stat1-KD) in 200 

μL of PBS. All mice were given 10 mg/ml carboplatin and 10 mg/ml paclitaxel intra-peritoneally 

(i.p.) twice weekly for 4 weeks, beginning 5 weeks after cells were injected. Mice were sacrificed 

when they reached pre-specified endpoint criteria (abdominal distention > 35 mm or animal in 

distress).  

 

 

 

  

Figure 9: Schematic of tertiary mouse study to establish the role of STAT1 in tumour progression, 

survival, and response to conventional chemotherapy.  
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3.9 Multiplex Cytokine Profiling  

Constitutive expression of chemokines/cytokines by ID8 cells under unstimulated 

conditions has been previously reported (235). ID8 STAT1ID8 STAT1-NT and ID8 STAT1-KD 

cell culture supernatant, collected at 48 hr, was subjected to Eve Technologies’s Mouse Cytokine 

Array/Chemokine Array 31-Plex (Eve Technologies Corp. Calgary, Canada). Samples were run 

in triplicate, experiments were performed in triplicate, and experimental averages were analyzed 

using GraphPad Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 

Results were tested for statistical significance (p < 0.05) using unpaired Student’s t-test. 

Significance of cytokine profiles was confirmed by validating the detection sensitivity and 

accuracy for each individual molecule in the multiplex assay, based on manufacturer’s 

instructions (236).  

Mouse ascites was collected at the time of sacrifice, placed in 15 ml conical tubes and 

spun at 2,000 rpm for 10 minutes. Fresh frozen tumour samples from ID8 Stat1-NT (n = 3) and 

ID8 Stat1-KD (n = 3) injected mice were homogenized and lysed in RIPA buffer, with 

appropriate inhibitors. Mouse ascites and tumour lysate was subjected to Eve Technologies’s 

Mouse Cytokine Array/Chemokine Array 31-Plex (Eve Technologies Corp. Calgary, Canada). 

The observed concentration for each target cytokine was calculated against a standard curve 

regression, and values were recorded in pg/ml. Samples were run in duplicate. Unpaired Student’s 

t-test was used to determine significant (p < 0.05) differences between groups using GraphPad 

Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 
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3.10 Histopathological and Immunohistochemistry (IHC) analysis 

Tumour tissues were fixed in 4% buffered paraformaldehyde for 24 hr and dehydrated in 

an ethanol series, followed by xylene series, and then paraffin embedded. Tissue sections (5 µm) 

were mounted onto glass slides and stained with hematoxylin-eosin (H&E). Hematoxylin-eosin 

stained formalin fixed paraffin embedded (FFPE) slides were scanned using Aperio ® 

Imagescope (Leica Biosystems) and used to validate tumour content > 70% in these sections.  

Immunohistochemistry (IHC) for the cell proliferation marker, Ki67, was performed on 

FFPE mouse tumour tissue sections (5 μm) using the BenchMark XT automated stainer (Ventana 

Medical System Inc., Tucson, AZ, USA). Antigen retrieval was carried out with Cell 

Conditioning 1 (Ventana Medical System Inc.; no. 950-124) for 60 min. Slides were incubated 

with primary anti-Ki-67 (1:500) antibody at 37 °C for 60 min. Reactions were carried out using 

the ultraView DAB detection kit (Ventana Medical System Inc.; no. 760-500). Counterstaining 

was performed with haematoxylin and bluing reagent (Ventana Medical System Inc.; no. 760-

2021; no. 760–2037) for 4 min. Ki67 stained FFPE slides were scanned using Aperio ® 

Imagescope (Leica Biosystems). 

Ki67 differential cell counting was accomplished by applying a mask in Spectrum 

Version 11.0.0.725 software (Aperio Technologies, Inc.). Five areas within each tumour section 

were analysed for the percentage of Ki67-positive stained cells in each image. All images had a 

total of 2000×2000 pixels and were at the same magnification (200). Cells that presented 

primarily either nuclear or cytoplasmic staining patterns were considered positive. Cell counts 

between groups were compared for significance (p < 0.05) using unpaired Student’s t-test on 

GraphPad Prism 7.02 software (Prism software; GraphPad Software, San Diego, CA). 
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3.11 Immunofluorescence (IF) for CD8+ cells 

Immunofluorescence (IF) for CD8a antigen, markers for cytotoxic T-cells, was 

performed on FFPE mouse tumour tissue sections (5 μm), as previously described (34,237). 

Antigen retrieval was performed by boiling in 1:10 sodium citric buffer at 95°C, pH 6.0 for 20 

min. Sections were trypsinized for 20 min at room temperature, then blocked in 5% goat serum 

(Sigma-Aldrich, Cat. no. G9023) for 30 min at room temperature. Sections were incubated with 

5% bovine serum albumin and conjugated Alexa 594 anti-mouse CD8a (1:400, Biolegend Cat.no. 

100758) in TBST for 1 hour at room temperature. VECTASHIELD Antifade Mounting Medium 

(VECTOR Laboratories, Cat. no. H-1000) and DAPI (Thermo Fisher Scientific Inc. D3571) were 

added to each section followed by a coverslip. Sections were visualized using a 63× oil 

immersion objective and 0.8 numerical aperture on a confocal xenon light microscope equipped 

with Cy3 and DAPI filters, and images taken using AxioVision SE64 4.9.1 (ZEISS Axio Imager 

M1, Zeiss GmbH).  

Image-Pro Plus Version 6.0 (MediaCybernetics) software was used to quantify DAPI and 

CD8a staining. Five arbitrary areas within each tumour section, for all mice in each experimental 

group, were used for cell enumeration. Within each section, cells stained with DAPI were 

enumerated and compared to cells stained with CD8a. The ratio between cells stained with CD8a 

positive vs DAPI positive cells was calculated for each image, and the average ratio for each 

tumour section was used for analysis. Ratios between groups were compared for significance (p < 

0.05) using unpaired Student t-test on GraphPad Prism 7.02 software (Prism software; GraphPad 

Software, San Diego, CA). 

 

  



 

48 

 

3.12 Total RNA isolation from tumour tissue 

Total RNA was isolated from fresh frozen tumour tissues using the Total RNA 

Purification Kit (Norgen Biotek Corp. Cat. #17200) as per manufacturer's instructions. RNA 

concentration and purity was determined spectrophometrically using a NanoDrop ND-100 

spectrophotometer (NanoDrop Technologies, USA). All samples showed appropriate RNA 

integrity number, and were thus subjected to gene expression analysis. 
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3.13 NanoString gene expression analysis 

Following manufacturer’s instructions (Gene Expression Assay User Manual, Total RNA 

and Cell Lysate Protocols, NanoString Technologies Inc., Seattle, WA), 100 ng of total RNA 

from each tumour sample was subjected to digital multiplexed profiling using either the nCounter 

Human PanCancer Immune Profiling panel (730 immune related genes with 40 housekeeping 

controls, NanoString Technologies Inc.), or nCounter Mouse PanCancer Immune Profiling panel 

(750 immune related genes with 20 housekeeping controls, NanoString Technologies Inc.). As 

described previously (238,239), the nCounter assay is based on direct digital detection of mRNA 

molecules of interest using target-specific, colour-coded probe pairs. The expression level of a 

gene is measured by counting the number of times the colour-coded barcode is detected. Barcode 

counts are then tabulated and the resulting raw counts can be normalized and the entire profile 

analyzed.  

Initial quality control (i.e. binding density, field of view counted, 0.5fM detection, etc.) 

was performed using NanoString Technology’s nSolver Analysis Software 3.0 (239). Samples 

flagged for abnormal quality control metrics were omitted from further analysis. Appropriate 

housekeeping genes were chosen based on their low percent coefficient of variance (%CV) and 

reflection of data range. Raw counts of NanoString nCounter data were exported from nSolver 

and subjected to normalization, as previously described (240), in R Bioconductor (241). Samples 

were normalized by lane using CodeCount (positive control) geometric mean, Background 

(negative control) mean+2 standard deviations, and Housekeeping geometric mean.  

Validation of R Bioconductor normalization was accomplished by subjecting the raw 

NanoString nCounter data to both the NanoStringNorm extensible package on R Bioconductor 

(240) and nSolver 3.0 normalization. Raw data normalization using the R Bioconductor package 

NanoStringNorm was performed as recommended (240); CodeCount (positive control) geometric 

mean, Background (negative control) mean+2 standard deviations and Housekeeping geometric 
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mean. Raw data normalization using nSolver 3.0 was performed as recommended (239); 

CodeCount (positive control) geometric mean, threshold counts at 20 with observed frequency of 

0.5, and Housekeeping (HK) geometric mean.  

As previously described (211), to circumvent the potential bias introduced by choosing 

one normalization method, following initial statistical analysis (which resulted in an initial set of 

significantly differentially expressed genes), further analysis was taken in which a gene was 

identified to possess a significantly different expression intensity distribution for the resistant and 

sensitive cohorts if it was identified in three different normalization processes. Using R 

Bioconductor, three normalization processes were performed using different housekeeping (HK) 

genes based on %CV: 1) 6 genes with the lowest %CV of all 770 genes, 2) 20 genes with lowest 

%CV of all 770 genes, and 3) 10 genes with lowest %CV of the designated HK genes from the 

PanCancer Immune Profiling Panel. A schematic of this process can be seen in Figure 10. 

For statistical analysis of the human cohort data in R Bioconductor (241); a probe set was 

identified as significantly differentially expressed between the resistant and sensitive cohorts if 

(1) the p-value for both a Welch’s t-test and a Mann-Whitney U-test was less than 0.01, and (2) 

the absolute value of the log2 fold change was > 0.8, and (3) the probe set was identified for all 

three normalizations considered. Due to the use of multiple significance tests when analyzing the 

human cohort, no correction using a false discovery rate was performed.  

For statistical analysis of the mouse cohort data in R Bioconductor; a probe set was 

identified as significantly differentially expressed between mouse groups if (1) the p-value for 

Welch's t-test was less than 0.05, (2) the absolute value of the log2 fold change was > 0.8, and (3) 

the probe set was identified for all three normalizations considered. Due to the small sample size 

of this cohort no correction using a false discovery rate was performed. 

All statistical analysis was performed in R Bioconductor (241). Graphs and figures were 

produced from R Bioconductor, GraphPad Prism 7.02 software (Prism software; GraphPad 
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Software, San Diego, CA), and the Advanced Analysis tool in nSolver Analysis Software 3.0 

(239). For Advanced Analysis in nSolver 3.0; all genes were used to create immune cell profiling 

signatures using Benjamini-Yekutieli p-value adjustment method, as described (239). 
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All raw data was reviewed in nSolver for Quality Control measures. Raw data was exported to R 

Bioconductor where it was normalized by lane. Statistical analysis of the normalized data was 

then performed. Genes used for content normalization, housekeeping (HK) genes, were chosen 

based on percent coefficient of variance (%CV) amongst all samples. This resulted in the initial 

list of significantly differentially expressed genes. Three different normalization processes were 

performed and a robust list of differentially expressed genes was created.  

  

Figure 10: Overview of R Bioconductor normalization process and statistical evaluation.  
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Chapter 4 

Results 

4.1 Stratification of HGSC tumours by STAT1 levels reveals a downregulation of 

innate and adaptive immune pathways in chemoresistant patients based on immune 

transcriptomic profiling  

Immune transcriptomic profiling was performed to further understand the tumour 

microenvironment alterations associated with differential intrinsic STAT1 expression in sensitive 

and resistant HGSC patients. Profiling was performed on fresh frozen tumour samples from 

sensitive (high-STAT1) and resistant (low-STAT1) HGSC patients. As previously described 

(126,211), probe sets were evaluated for significance using both a Welch two-sample t-test and 

non-parametric Mann-Whitney U-test with a p-value cut-off of 0.01. The Welch method 

generated a list of 75 genes, and the Mann-Whitney method reduced this list to 64 genes (Table 

2). Examining this reduced list of significant genes, it was observed that only one gene (FOS) had 

higher expression in the resistant cohort, whereas all 63 other genes had higher expression in the 

sensitive cohort. 

As stated previously (211,240), to reduce bias from choosing one normalization method, 

analysis was performed using three different normalization methods. A gene was identified as 

significantly differentially expressed between sensitive and resistant tumours if (i) the p-value for 

both tests (parametric and non-parametric) was less than 0.01, and (ii) the absolute value of the 

log2 fold change was > 0.8, and (iii) the gene was identified for all three normalizations 

considered (Figure 11). Following statistical processing, a robust list of 40 genes was generated 

(Table 3). This stringent approach resulted in a list of 40 differentially expressed genes with 

absolute log2 fold changes between 0.82 and 5.12, with the most significant fold change shown 

by BATF.  Notably, there are 10 genes, all upregulated in high-STAT1 tumours, which have log2 
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fold changes greater than 2, namely; CXCL10, CXCL11, CD38, LAMP3, CCL8, SELL, BATF, 

TNFSF13B, NOD2, LCK. KEGG pathway analysis revealed that these genes are involved in 

cytokine-cytokine receptor interactions, NFκB signalling, innate immune signalling, and 

chemokine signalling, which have previously been reported to influence prognosis in HGSC 

(23,34,101,145,211). The appearance of these networks in multiple analyses highlights their 

putative role in chemoresistance and overall survival in HGSC. 
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Table 2: List of differentially expressed genes between chemosensitive (high-STAT1) and 

chemoresistant (low-STAT1) HGSC patient cohorts.  

Log2 fold change (FC) of each gene is given as the ratio of expression from sensitive patients to 

resistant patients (i.e. larger the positive values mean higher expression in sensitive patients). 

 

Gene p-value Log2 FC Biological Pathways 

BATF 7.06E-04 5.12 Basic cell functions, Cell Type specific 

CASP1 4.40E-03 1.24 Innate immune response 

CCL5 3.61E-03 1.40 Chemokines and receptors, Regulation of inflammatory response 

CCL8 1.50E-04 3.09 Chemokines and receptors, Regulation of inflammatory response 

CCND3 4.87E-03 1.14 Regulation of cell cycle 

CCR1 4.67E-03 1.35 Chemokines, Cytokines, Regulation, T-Cell Functions 

CD38 8.28E-06 4.77 B-Cell Functions, Regulation 

CD74 9.39E-04 1.15 Antigen Processing 

CFB 9.75E-03 1.32 Regulation 

CXCL10 1.67E-04 2.62 Chemokines, Cytokines, Pathogen Defense, Regulation, T-Cell Functions 

CXCL11 4.68E-06 3.34 Chemokines, T-Cell Functions 

CXCL9 2.10E-03 1.88 Chemokines, Regulation, T-Cell Functions 

DDX58 2.37E-05 1.40 Regulation 

DHX16 3.92E-03 1.14 Regulation 

FCER1G 4.59E-03 1.21 Regulation 

FCGR3A 2.44E-03 1.30 Regulation 

FOS 5.59E-03 -0.82 Regulation 

FOXJ1 3.57E-03 1.26 Regulation 

HLA-A 1.22E-03 1.15 Antigen Processing, Cytotoxicity, Regulation 

HLA-B 8.38E-04 1.19 Antigen Processing, Cytotoxicity, Regulation 

HLA-C 5.14E-03 1.21 Antigen Processing, Cytotoxicity, Regulation 

HLA-DMA 3.40E-04 1.18 Antigen Processing, Regulation 

HLA-DMB 2.77E-03 1.27 Antigen Processing 

HLA-DOB 3.78E-03 1.82 Antigen Processing, Cytokines 

HLA-DRA 1.19E-03 1.16 Antigen Processing 

HLA-DRB3 3.95E-04 1.16 Antigen Processing 

HLA-E 3.03E-03 1.12 Regulation 

HLA-G 7.49E-04 1.21 Regulation 

IDO1 9.10E-03 1.76 Cytokines, T-Cell Functions 

IFI16 1.47E-03 1.19 Chemokines 

IFI27 2.73E-05 1.34 Chemokines 

IFI35 7.28E-03 1.23 Chemokines 

IFIH1 6.47E-06 1.58 Antigen Processing, Regulation 

IFIT1 8.29E-05 1.45 Chemokines 

IFIT2 2.99E-06 1.65 Chemokines 

IFITM1 1.87E-03 1.16 Regulation 

IL6R 2.60E-03 1.25 Cytokines 

IRF1 1.81E-03 1.27 Chemokines, Regulation, T-Cell Functions 

IRF7 2.71E-04 1.37 Chemokines, Regulation 

ISG15 1.22E-05 1.53 Chemokines, Regulation 

ISG20 8.85E-04 1.87 Chemokines, Regulation 
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Table 1 (cont’d): List of differentially expressed genes between chemosensitive (high-STAT1) 

and chemoresistant (low-STAT1) HGSC patient cohorts.  

Log2 fold change (FC) of each gene is given as the ratio of expression from sensitive patients to 

resistant patients (i.e. larger the positive values mean higher expression in sensitive patients). 

 

Gene p-value Log2 FC Biological Pathways 

LAMP3 2.23E-05 4.64 Cell Functions 

LCK 1.60E-03 2.01 Regulation, T-Cell Functions 

LCP1 1.51E-03 1.35 T-Cell Functions 

MAVS 8.14E-03 1.09 Regulation, Pathogen Defense 

MX1 2.07E-05 1.31 Chemokines, Regulation 

MYD88 3.03E-03 1.15 Toll-like receptor 

NLRC5 4.27E-03 1.38 Cytokines, Antigen Processing, Pathogen Defense 

NOD2 4.91E-04 2.84 Cytokines, Regulation, Pathogen Defense 

OAS3 2.13E-05 1.50 Cytokines, Pathogen Defense 

PSMB10 9.95E-04 1.18 Regulation, Antigen Processing, Pathogen Defense 

PSMB8 5.68E-04 1.19 Chemokines 

PSMB9 2.57E-04 1.25 Antigen Processing 

RELA 7.38E-03 1.11 Cell Cycle, Regulation, Pathogen Defense 

RIPK2 5.90E-03 1.19 Regulation, Pathogen Defense 

SELL 3.00E-04 3.44 Regulation 

SIGLEC1 1.40E-03 1.46 Transporter Functions 

STAT1 4.19E-05 1.25 Chemokines, Regulation 

STAT2 3.19E-03 1.13 Chemokines, Regulation 

TAP1 1.60E-05 1.46 Antigen Processing 

TAP2 2.79E-06 1.40 Antigen Processing 

TAPBP 4.84E-04 1.17 Antigen Processing 

TNFSF10 1.52E-03 1.20 Cell Cycle, Cytokines, Regulation, TNF Superfamily 

TNFSF13B 2.06E-03 2.05 Regulation, TNF Superfamily 
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Method 1 refers to the use of the best 6 endogenous and housekeeping genes for sample content 

normalization. Method 2 refers to the use of the 10 best housekeeping genes (as designated from 

the NanoString PanCancer Immune Panel) for sample content normalization. Method 3 refers to 

the use of the best 20 endogenous and housekeeping genes for sample content normalization. 

Genes considered suitable for sample content normalization had counts above background and 

low percent coefficient of variation between samples. Values represent the number of 

significantly differentially expressed genes appearing in multiple analysis methods. Of the three 

methods considered, 40 genes were consistently significantly differentially expressed amongst all 

three normalizations. 

 

 

 

  

Figure 11: Venn diagram of overlapping significant genes in patient cohort from three different 

normalization methods in R Bioconductor.  
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Table 3: List of significantly differentially expressed genes between chemosensitive (high-

STAT1) and chemoresistant (low-STAT1) HGSC patients from three normalization methods in R 

Bioconductor.  

Log2 fold change (FC) of each gene is given as the ratio of expression from sensitive patients to 

resistant patients (i.e. larger the positive values mean higher expression in sensitive patients). 

 

Gene p-value Log2 FC Biological Pathways 

BATF 7.06E-04 5.12 Basic cell functions, Cell Type specific 

CCL8 1.50E-04 3.09 Chemokines and receptors, Regulation of inflammatory response 

CD38 8.28E-06 4.77 B-Cell Functions, Regulation 

CXCL10 1.67E-04 2.62 Chemokines, Cytokines, Pathogen Defense, Regulation, T-Cell Functions 

CXCL11 4.68E-06 3.34 Chemokines, T-Cell Functions 

CXCL9 2.10E-03 1.88 Chemokines, Regulation, T-Cell Functions 

DDX58 2.37E-05 1.40 Regulation 

FCGR3A 2.44E-03 1.30 Regulation 

FOS 5.59E-03 -0.82 Regulation 

HLA-B 8.38E-04 1.19 Antigen Processing, Cytotoxicity, Regulation 

HLA-DOB 3.78E-03 1.82 Antigen Processing, Cytokines 

HLA-G 7.49E-04 1.21 Regulation 

IDO1 9.10E-03 1.76 Cytokines, T-Cell Functions 

IFI27 2.73E-05 1.34 Chemokines 

IFIH1 6.47E-06 1.58 Antigen Processing, Regulation 

IFIT1 8.29E-05 1.45 Chemokines 

IFIT2 2.99E-06 1.65 Chemokines 

IFITM1 1.87E-03 1.16 Regulation 

IRF1 1.81E-03 1.27 Chemokines, Regulation, T-Cell Functions 

IRF7 2.71E-04 1.37 Chemokines, Regulation 

ISG15 1.22E-05 1.53 Chemokines, Regulation 

ISG20 8.85E-04 1.87 Chemokines, Regulation 

LAMP3 2.23E-05 4.64 Cell Functions 

LCK 1.60E-03 2.01 Regulation, T-Cell Functions 

LCP1 1.51E-03 1.35 T-Cell Functions 

MX1 2.07E-05 1.31 Chemokines, Regulation 

MYD88 3.03E-03 1.15 Toll-like receptor 

NOD2 4.91E-04 2.84 Cytokines, Regulation, Pathogen Defense 

OAS3 2.13E-05 1.50 Cytokines, Pathogen Defense 

PSMB10 9.95E-04 1.18 Regulation, Antigen Processing, Pathogen Defense 

PSMB8 5.68E-04 1.19 Chemokines 

PSMB9 2.57E-04 1.25 Antigen Processing 

SELL 3.00E-04 3.44 Regulation 

SIGLEC1 1.40E-03 1.46 Transporter Functions 

STAT1 4.19E-05 1.25 Chemokines, Regulation 

STAT2 3.19E-03 1.13 Chemokines, Regulation 

TAP1 1.60E-05 1.46 Antigen Processing 

TAP2 2.79E-06 1.40 Antigen Processing 

TNFSF10 1.52E-03 1.20 Cell Cycle, Cytokines, Regulation, TNF Superfamily 

TNFSF13B 2.06E-03 2.05 Regulation, TNF Superfamily 
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4.1.1 Strong correlation analysis reveals HGSC patients associate with STAT1 expression 

and clinical group  

Inter-sample correlation analysis was performed for the 64 most differentially expressed 

genes between the chemoresistant and chemosensitive tumours to evaluate the degree of 

similarity of gene expression profiles (39,211). Gene expression levels for each patient were 

ranked, the inter-patient Spearman rank correlation coefficient rho (ρ) was evaluated, and the 

unsupervised results plotted (Figure 12), as previously described (211). Values of ρ ranging from 

0.55 to 1 were observed. Figure 12 reveals the similarity of expression profiles of tumours within 

their chemotherapy response groups (sensitive or resistant), which are clearly distinguishable 

from each other. An overall distinction can be made between the sensitive and resistant tumours 

based on the similarities within, and dissimilarities between, the two groups. The high degree of 

homogeneity within each tumour group provides strong validation of the robustness and 

identification of the 64 differentially expressed genes.  

Reviewing the clinicopathological information for patient D16 (Table 4) it is noted that 

this sample was the only stage IV tumour in the cohort, which may explain its divergent 

molecular profile. Sample D16 correlated better with the resistant cohort than the sensitive 

cohort, as it was clinically classified. Unsupervised heatmap analysis of all 770 genes in the 

NanoString PanCancer Immune Profiling Panel (data not shown), in addition to gene expression 

pathway analysis (data not shown), again found this sample deviating from the entire cohort. For 

effective gene expression analysis of the entire cohort, sample D16 has been excluded from 

nSolver Advanced Analysis.  
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The Spearman rank correlation coefficient ρ for the list of 64 differentially expressed genes, 

evaluated between all different pairs of tumour samples (n = 16). Results are plotted using the 

corrgram function in R Bioconductor. The colour legend indicates ρ values, no values less than 

0.55 were obtained. Resistant patients (n = 8) are identified in yellow, sensitive patients (n = 8) 

are identified in green. 

 

Table 4: Patient clinicopathological characteristics. 

 

Sample Platinum-sensitivity 
classification 

PFI (months) NanoString normalized 
STAT1 counts 

D11 Resistant 6 1232 

D14 Resistant 5 376 

D16 Resistant 5 1615 

D23 Resistant 5.1 1067 

D24 Resistant 2.5 1084 

D25 Resistant 4.1 1070 

D20 Resistant 0 1166 

D35 Resistant 7.2 1516 

D1 Sensitive 34 5086 

D2 Sensitive 25 3175 

D5 Sensitive No recurrence 2259 

D7 Sensitive 39 7942 

D9 Sensitive 23 3725 

D12 Sensitive 22 4363 

D33 Sensitive 7.2 1835 

D36 Sensitive 29.4 3665 

  

Figure 12: Unsupervised inter-sample correlation of 64 most differentially expressed genes 

between patient samples.  
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4.1.2 Innate and adaptive immune signalling pathways are significantly downregulated in 

chemoresistant HGSC patients  

Volcano plot analysis, showing the distribution and fold change amongst differentially 

expressed genes, revealed a significant downregulation of immune genes in resistant patients in 

comparison to sensitive patients (Figure 13). KEGG pathway analysis of the set of 64 

significantly (p < 0.05) differentially expressed genes revealed an upregulation of genes 

associated with T-cell function, chemokine and cytokine expression, and cell regulation pathways 

in chemosensitive patients. Importantly, a significant proportion of these genes are involved in 

innate immunity and cytokine signalling. 

Validating the correlation analysis above, unsupervised heatmap analysis of the 64 

significantly differentially expressed genes revealed that immune transcriptomic profiles strongly 

associated by patient group (Figure 14). Supervised heatmap analysis highlighted the distinct 

molecular profiles of sensitive and resistant patients and corroborated that resistant patients are 

observed to have a significant downregulation of genes involved in immune pathways (Figure 

15). The distinct immune gene signatures in the two groups, and the strong correlation within 

each group, provides strong validation of the robustness of the 64 differentially expressed genes.  

Of the set of 64 differentially expressed genes, tumours from platinum-sensitive patients 

(high-STAT1 expression) showed a significant increase in expression of genes associated with 

antigen processing and presentation, dendritic cell function, IFN response (specifically Type I and 

II), and T-cell function (Figure 16, Figure 17). Sensitive patients showed a significant amount of 

upregulation of immune genes, several with log2 fold changes > 2.5, namely: LAMP3, IFIT2, 

TAP1, TAP2, CXCL10, CXCL11, DDX58, OAS3, IRF1, IDO1, MX1, and ISG15. A substantial 

proportion of genes in the reduced gene set are involved in IFN networks; > 30% are involved in 

an IFNα (Type I) response and > 50% involved in an IFNγ (Type II) responses (Figure 17). In 

combination with high-STAT1 expression levels, this points to the high degree of relevance of 

these immune networks as potential drivers of intra-tumoural drug response in HGSC.  
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Sample D16 was excluded from analysis. Gene fold change is given as a value of expression from 

resistant (n = 7) to sensitive (n = 8) patients. Thus, genes on the left-hand side of the graph are 

highly expressed in sensitive patients while genes on the right-hand side of the graph are highly 

expressed in resistant patients. From unpaired Student’s t-test, a total of 143 genes had p-values 

below 0.05, and 75 genes had p-values below 0.01. Reveals that a significant proportion of the 

730 immune related genes from the NanoString Human PanCancer Immune Profiling panel are 

downregulated in resistant patients. A significant proportion of these genes are involved in innate 

immune pathways. 

 

 

  

Figure 13: Volcano plot of normalized patient gene expression data from GraphPad Prism 7.02.  
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64 significantly differentially expressed genes from the NanoString Human PanCancer Immune 

Profiling Panel. Despite unsupervised nature, patients’ gene expression profiles correlated 

strongly within their clinical groups, revealing the robustness of the 64 significantly differentially 

expressed genes between the two groups.   

Figure 14: Unsupervised, log2 median centred heatmap of chemosensitive (high-STAT1) (n = 8) and 

chemoresistant (low-STAT1) (n = 8) HGSC patient tumour samples.  
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Colour legend on top of heatmap indicates patient group: blue for sensitive patients (n = 8) and 

orange for resistant patients (n = 8).  

Figure 15: Supervised, log2 median centred heatmap of chemosensitive (high-STAT1) and 

chemoresistant (low-STAT1) HGSC patient tumour samples.  
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STAT1 expression alters different immune pathways in the tumour microenvironment of HGSC 

patients. Of the 64 significantly differentially expressed genes between sensitive and resistant 

patients a significant portion of these were involved in key immune pathways. Heatmap displays 

distinct expression levels in genes specifically associated with (A) T-cell function, (B) dendritic 

cell function, and (C) antigen presentation and processing. Colour legend on top of each heatmap 

indicates patient group: blue for sensitive patients (n = 8) and orange for resistant patients (n = 8).  

Figure 16: Supervised, log2 median centered heatmap of genes involved in specific immune 

pathways between chemosensitive (high-STAT1) and chemoresistant (low-STAT1) HGSC patient 

tumour samples.  
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Significant proportion of the 64 significantly differentially expressed genes between sensitive and 

resistant patients are involved in IFN signalling pathways. Heatmap displays distinct expression 

levels in genes specifically associated with (A) IFNα signalling pathways and (B) IFNγ signalling 

pathways. There is considerable overlap of genes involved in both pathways. Colour legend on 

top of each heatmap indicates patient group: blue for sensitive patients (n = 8) and orange for 

resistant patients (n = 8).  

Figure 17: Supervised, log2 median centered heatmap of genes involved in IFN signalling pathways.  
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The nSolver Advanced Analysis tool was used as a means of elucidating the different 

immune response profiles present in the TME of the two groups. All patient sample normalised 

gene expression data, except for sample D16 (explained page 59), from the nCounter Human 

PanCancer Immune Profiling Panel were subjected to the nSolver Advanced Analysis module. 

Unsupervised correlation analysis of all genes in all samples revealed distinct stratification of 

patients’ molecular profiles based on clinical group (Figure 18). Unsupervised correlation 

analysis of cell type scores did not divide as neatly by patient group (Figure 19), with several 

samples (D36, D33, D14, D5, D20) correlating outside of their clinical group. Only 5 patients, all 

sensitive, had upregulations in the majority of scored pathways (D12, D9, D2, D7, D1). These 

samples did not correlate as anticipated, with samples D33, D14, D5 and D20 showing stronger 

correlations to each other and the resistant cohort. Additionally, sample D36 correlated strongly 

with the resistant cohort in its cell type score, although this patient experienced disease recurrence 

> 29 months and had high-STAT1 expression levels (Table 4). The patient from which sample 

D14 was obtained experienced disease recurrence within 5 months and had the lowest STAT1 

expression levels in the whole cohort, while patient sample D5 experienced no disease recurrence 

and patient sample D20 had refractor disease (PFI = 0 months). It is noticeable that these samples 

had decreased gene expression cell scores in Th1 cells, CD8+ T-cells, NK cells, T-cells and 

cytotoxic cells.  

Amongst all tumour samples, despite clinical group, the intra-tumoural presence of genes 

associated with macrophages, NK cells, CD45 cells, Th1 cells, T-cells, cytotoxic cells and CD8+ 

T-cells strongly correlated with one another (Figure 20). Within this cohort it was observed that 

sensitive patients usually had higher scores in all these areas. The correlation between T-cells and 

prognosis in HGSC has been thoroughly investigated (21), and points to denser TIL infiltration 

and better prognosis for chemosensitive patients.  
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Dendrogram colour denotes clinical group: green for sensitive patients (n = 8) and orange for 

resistant patients (n = 7). Sensitive patients are shown to correlate strongly within their group, 

more so than resistant patients. As mentioned above, sample D16 has been omitted form this 

analysis.  

 

 

 

 

  

Figure 18: Unsupervised correlation analysis of patient samples from all gene expression data.  
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Dendrogram colour denotes clinical group: green for sensitive patients (n = 8) and orange for 

resistant patients (n = 7). Patients did not stratify clearly between clinical groups.  

Figure 19: Heatmap of cell type scores, by patient sample.  
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The intra-tumoural presence of macrophages, NK cells, CD45 cells, Th1 cells, T-cells, cytotoxic 

cells and CD8+ T-cells strongly correlated with one another.  

 

  

Figure 20: Cell type scores correlation heatmap for all patient samples regardless of clinical group.  
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Unsupervised pathway correlations were performed to evaluate the differences in 

expression profiles between patient groups within specific immune pathways. When patients are 

stratified for genes involved in chemokine (Figure 21A) and cytokine (Figure 21B) pathways, 

examining the expression of 99 and 56 associated genes respectively, patients stratified distinctly 

into their clinical groups. This trend was also seen when T-cell functional pathways were 

investigated (Figure 22). As noted in gene expression analysis above (page 53), a significant 

proportion of differentially expressed genes between the two cohorts was involved in IFN, 

chemokine, and cytokine signalling. These genes were significantly overexpressed in sensitive 

patients and, when taken with this correlation analysis, indicate the importance and therapeutic 

benefit of these pathways for the recruitment of TILs in HGSC.  

A trend is also seen when scoring tumours based on individual immune cell types (Figure 

23), and overall cell type trends (Figure 24), where platinum-sensitive tumours had a greater 

presence of CD8+ T-cells, cytotoxic cells, T-helper cells, NK cells, Th1 cells and Th2 cells.  
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nSolver Advanced Analysis evaluated the expression of 99 chemokine associated genes and 56 

cytokine associated genes (239). Patients associated strongly within their clinical groups. 

Dendrogram colour denotes clinical group: green for sensitive patients (n = 8) and orange for 

resistant patients (n = 7).  

Figure 21: Unsupervised correlation heatmap for all samples based on genes involved in chemokine 

(A) and cytokine (B) pathways.  
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nSolver Advanced Analysis evaluated the expression of 72 T-cell function associated genes 

(239). Patients associated strongly within their clinical groups. Dendrogram colour denotes 

clinical group: green for sensitive patients (n = 8) and orange for resistant patients (n = 7). 

 

  

Figure 22: Unsupervised correlation heatmap for all samples based on genes involved in T-cell 

function pathways.  
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Sensitive patients (S) (n = 8) have higher scores in CD8+ T-cells (A), cytotoxic cells (B), T-

helper cells (C), natural killer (NK) cells (D), Th1 cells (E) and Th2 cells (F) than resistant 

patients (R) (n = 7) based on nSolver Advanced Analysis.   

Figure 23: Boxplots of cell type scores based on clinical groups.  
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Sensitive patients (S) (n = 8) have higher scores in Th1/2 cells, T-cells, T-helper cells and natural 

killer (NK) cells than resistant patients (R) (n = 7). 

 

 

 

  

Figure 24: Trend plot of cell type scores based on clinical groups from nSolver Advanced Analysis.  
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4.2 Knockdown of STAT1 leads to a more migratory and invasive phenotype, and 

altered expression of cytokines, but no significant effect on drug sensitivity in vitro 

Gene expression analysis of low-STAT1 and high-STAT1 HGSC patients pointed to the 

correlation of STAT1 expression level with an immunoreactive TME and improved prognosis in 

HGSC. In order to investigate the functional role of STAT1 in HGSC a syngeneic mouse model 

was used to elucidate the role of STAT1 on cellular mechanisms and the regulation of the tumour 

immune microenvironment.   



 

77 

 

4.2.1 Validation of STAT1 knockdown and non-targeting control in ID8 cell lines 

ID8 Stat1-NT control and ID8 Stat1-KD cell lines were derived from the ID8 parental 

line to evaluate the role of STAT1 in the TME using a syngeneic mouse model. As mentioned 

(Section 3.2, page 33), stable silencing of Stat1 was achieved using lentiviral shRNA in ID8 cells. 

Three lentiviral vectors were used to create three different ID8 Stat1-KD cell lines. From IB 

analysis, the cell line with the greatest knockdown of Stat1 was used for all further in vitro work, 

called ID8 Stat1-KD from henceforth. Measurement of total Stat1 was evaluated via IB. 

Densitometry on IB images confirmed >70% reduced expression of Stat1 in the ID8 Stat1-KD 

line, while the ID8 Stat1-NT control line maintained Stat1 expression levels similar to the ID8 

parental line (Figure 25).  

 

Total Stat1 was evaluated from cell lysates of ID8 cells (ID8), ID8 Stat1-NT cells (NT), and ID8 

Stat1-KD cells (KD). β-Actin was used as a loading control for densitometry analysis.   

  

Figure 25: Immunoblot confirming Stat1 knockdown in ID8 cells.  

Stat1 
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4.2.2 Differential expression of cytokines between ID8 Stat1-KD and ID8 Stat1-NT cells 

Cell culture supernatants, collected 48 hr after seeding, were subjected to multiplex 

cytokine analysis to investigate the downstream effects associated with a decreased expression of 

Stat1 (242). Expression of chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-C motif) 

ligand 5 (CCL5), C-X-C motif chemokine 10 (CXCL10) and vascular endothelial growth factor 

(VEGF) was decreased, while expression of granulocyte-macrophage colony-stimulating factor 

(GM-CSF) and leukemia inhibitory factor (LIF) were increased in the ID8 Stat1-KD cell line 

after 48 hr (Figure 26). These cytokines are known to be involved in cell proliferation, 

angiogenesis, and leukocyte chemotaxis (49,209). Although no significant differences in cytokine 

expression was observed, downregulation of STAT1 did lead to decreased expression of its 

induced cytokine.  

 

 

 

 

 

 

 

 

 

 

Graphs represent cytokine concentrations in cell culture supernatant 48 hr after seeding. No 

significant difference in expression levels was observed between the two cell lines: (A) CCL2 (p 

= 0.71), (B) CCL5 (p = 0.23), (C) CXCL10 (p = 0.47), (D) GM-CSF (p = 0.80), (E) LIF (p = 

0.68), (F) VEGF (p = 0.19). Experiments performed in triplicate. Graphs represent the average of 

three independent experiments. Error bars represent the standard error of the mean. 

  

Figure 26: Boxplots of cell autonomous cytokine expression.  
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4.2.3 STAT1 reduces cancer cell proliferation 

Cell phenotyping assays were performed to evaluate the effect of downregulating Stat1 

on various cellular mechanisms. ID8 Stat1-KD cells showed a significant (p < 0.05) increase in 

rate of proliferation over 24 hr (12%) compared to the ID8 Stat1-NT control in a live-cell imaging 

confluence assay (Figure 27). Significant results were validated manually in a WST-1 Cell 

Proliferation Colorimetric Assay, where ID8 Stat1-KD cells showed a significant (p < 0.05) 

metabolic advantage at both the 1 hr (45%) and 2 hr (65%) time points (data not shown). These 

findings validate previous work showing the role of STAT1 in the control of anti-proliferative 

signalling pathways (243).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IncuCyte live-cell imaging confluence assay reveals decreased STAT1 expression leads to 

increased cell proliferation. Cells seeded at 1000 cells/well and rate of growth and percent 

confluence were observed over 48 hr. ID8 Stat1-KD cells had a faster rate of growth (p < 0.05) 

(A) when observed over 48 hr (B) than ID8 Stat1-NT cells. Experiments performed in triplicate. 

Graphs represent the average of three independent experiments. Error bars represent the standard 

error of the mean. 

  

Figure 27: Proliferation assays in ID8 cell lines.  
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4.2.4 STAT1 has minimal effect on carboplatin sensitivity and no affect on combination 

carboplatin/paclitaxel sensitivity in vitro 

Standard first-line chemotherapy for late stage HGSC involves combination platinum- 

and taxol-based drugs, usually a combination of carboplatin/cisplatin and paclitaxel (11,42). As 

previously reported (70), carboplatin is a dose-dependent, cell-cycle nonspecific drug, while 

paclitaxel is a time-dependent, cell-cycle specific drug. Building on previous findings (234), the 

sensitivity of ID8 Stat1-KD and ID8 Stat1-NT cells to the above drugs was tested in vitro. Two-

way ANOVA analysis revealed a significant (p < 0.05) survival advantage to ID8 Stat1-KD cells 

over ID8 Stat1-NT cells following 24 hr incubation with carboplatin (Figure 28). However, no 

significant difference to carboplatin/paclitaxel treatment after 24 hr was observed. 
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Chemotherapeutic drug cytotoxicity assays investigating the affect of downregulation of STAT1 

on drug sensitivity. Cells were subjected to dilutions of carboplatin (0, 30, 100, 300, 500, 1000 

g/ml) for 24 hr (A) and 48 hr (C). Separately, cells were subjected to dilutions of 

carboplatin/paclitaxel (0/0, 30/0.03, 100/0.1, 300/0.3, 500/0.5, 1000/1 g/ml) for 24 hr (B) and 48 

hr (D). Two-way ANOVA revealed a slight advantage to the ID8 Stat1-KD cells after 24 hr 

incubation with carboplatin (p < 0.05) (A). Graph x-axis are reported in carboplatin concentration 

to enable better comparison. Experiments performed in triplicate. Graphs represent the average of 

three independent experiments. Error bars represent the standard error of the mean. 

 

  

Figure 28: Cytotoxicity assay cell survival over 48 hr.  
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4.2.5 STAT1 decreases cancer cell migration and invasion 

ID8 Stat1-KD cells had a significant (p < 0.05) migratory advantage over the ID8 Stat1-

NT cells after 10 hr in a live-cell imaging migration assay (22%) (Figure 29B). Significance was 

also found in a manual culture-insert wound healing assay (25%) (data not shown). ID8 Stat1-KD 

cells were significantly (p < 0.05) more invasive than ID8 Stat1-NT cells after 24 hr in a live-cell 

imaging invasion assay (Figure 29C). Significance was also found in a manual transwell invasion 

assay (data not shown).  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Downregulation of Stat1 significantly affected cell migration and invasion. Assays were 

performed using live-cell imaging and a modified wound healing protocol. Migration was 

assessed by scratch-wound closure over 10 hr. Area migrated is the percent area of the wound 

closed after 10 hr. Invasion was assess by scratch-wound closure through 20% Matrigel over 24 

hr. Area invaded is the percent area of the wound closed after 24 hr. Representative picture of 

wound closure can be seen for each assay (A), scale bar is 20 m. ID8 Stat1-KD cells had a 

significant (p < 0.05) migratory (B) and invasive (C) advantage. Experiments were performed in 

triplicate. Experiments performed in triplicate. Graphs represent the average of three independent 

experiments. Error bars represent the standard error of the mean. 

  

A 

Figure 29: Migration and invasion assays in ID8 cell lines.  
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4.3 STAT1 expression in the TME limits tumour progression in an ID8 mouse model 

of HGSC 

It has previously been reported that higher expression levels of STAT1 have been 

observed in HGSC patients who were good responders to chemotherapy and had longer PFIs and 

OS (126,219). The effects of altered STAT1 expression on disease progression and TME 

alterations was investigated using a syngeneic mouse model of HGSC. At endpoint, mice injected 

with ID8 Stat1-NT cells (ID8 Stat1-NT mouse group) had significantly smaller abdominal 

diameters and ascites volumes than mice injected with ID8 Stat1-KD cells (ID8 Stat1-KD mouse 

group) (Figure 30). Ki-67 staining of tumours sections revealed significant (p < 0.05) increased 

cellular proliferation in the ID8 Stat1-KD mouse group compared to the ID8 Stat1-NT group 

(Figure 31). Based on in vitro work indicating that ID8 Stat1-KD cells proliferate, migrate, and 

invade faster than ID8 Stat1-NT cells, it was unsurprising to see ID8 Stat1-KD mice progressing 

more rapidly. 
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Representative pictures of (A) mice injected with ID8 Stat1-NT cells and (B) mice injected with 

ID8 Stat1-KD cells at endpoint. Mice injected with ID8 Stat1-KD cells (ID8 Stat1-KD group) had 

increased abdominal diameter (p < 0.01) (C) and ascites volume (p < 0.01) (D) than with ID8 

Stat1-NT mice (ID8 Stat1-NT group) at endpoint. Results from one mouse study. Error bars 

represent standard deviation.  

Figure 30: Representative pictures, abdominal diameters, and ascites fluid volume of mice at endpoint.  
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Decreased Stat1 expression increases cellular proliferation in the tumour microenvironment. 

Immunohistochemistry using Ki67 (cell proliferation marker) revealed increased positive Ki67 

staining (A) in tumours from ID8 Stat1-KD mice, scale bar 200 μm. Spectrum Version 11.0.0.725 

software (Aperio Technologies, Inc.) was used to quantify the percentage of Ki67 positive cells in 

each section. Statistical analysis revealed a significant (p < 0.05) (B) increase in proliferating 

cells within the TME of mice injected with ID8 Stat1-KD cells. Results from one mouse study. 

Error bars represent standard deviation.  

Figure 31: Ki67 staining and analysis of tumour tissue.  
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4.3.1 STAT1 expression in the TME leads to differential cytokine expression in the TME, 

but not ascites, of mice in a syngeneic mouse model of HGSC 

Ascites collected from the peritoneal cavity of mice at endpoint was subjected to 

multiplex cytokine analysis. A significant downregulation of CCL11 (p < 0.01) was observed in 

the ascites of ID8 Stat1-KD mice (Figure 32). Ascites from ID8 Stat1-KD mice had no difference 

in expression of CXCL10 or VEGF than ID8 Stat1-NT mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

ID8 Stat1-KD mice had decreased expression of (A) CCL11 (p < 0.01) and (B) CXCL10 (p = 

0.77), and increased expression of (C) VEGF (p = 0.45). Samples run in duplicate. Results from 

one mouse study. Error bars represent standard deviation.  

Figure 32: Differential expression of cytokines in ascites between ID8 Stat1-NT mice and ID8 Stat1-

KD mice at endpoint.  
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Tumour lysates from mice injected with ID8 Stat1-KD (n = 3) or ID8 Stat1-NT (n = 3) 

cells was subjected to multiplex cytokine profiling. Evaluation of cytokines in the tumour 

immune microenvironment between ID8 Stat1-NT and ID8 Stat1-KD mice revealed significantly 

different cytokine profiles. Significant decreases in: IFNγ (p < 0.05), IL-15 (p < 0.01), and CCL2 

(p < 0.05) was observed in ID8 STAT1-KD mice (Figure 33). Additionally, ID8 Stat1-NT 

tumours had increased concentrations of important anti-tumour cytokines: IL-1A, IL-1B, IL-7, 

IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-17, LIF, CCL5, MIG, MIP-1a, and MIP-2, though these 

were not significant (data not shown) (209). 
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Tumour cytokine concentrations from ID8 Stat1-NT mice and ID8 Stat1-KD mice. Tumour lysate 

samples were subjected to Eve Technologies 31-Plex Mouse Chemokine/Cytokine microarray 

assay. Statistically significant differences in concentration were observed in; (A) IFNγ (p < 0.05), 

(B) IL-15 (p < 0.01), and (C) CCL2 (p < 0.05). Samples run in duplicate. Results from one mouse 

study. Error bars represent standard deviation. 

  

Figure 33: Tumour lysate cytokine profiles between ID8 Stat1-NT and ID8 Stat1-KD mice.  
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4.3.2 STAT1 expression in the TME leads to increased infiltration of CD8+ TILs in a 

syngeneic mouse model of HGSC 

High densities of CD8+ TILs are known to carry significant prognostic benefit in HGSC, 

and have been well studied. Immunofluorescent analysis of CD8+ TILs in mouse tumours was 

performed to investigate the role of STAT1 in CD8+ TIL recruitment to the TME (Figure 34). 

Tumour sections from ID8 Stat1-NT and ID8 Stat1-KD mice were stained with CD8a and DAPI, 

and analysis was performed on the ratio of CD8a positive to DAPI positive cells. ID8 Stat1-KD 

mice had a significant (p < 0.05) reduction in CD8+ TIL infiltration (Figure 35).  
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Tumour sections from mice injected with ID8 Stat1-NT cells and ID8 Stat1-KD cells, scale bar 

20 μm. Cells that stained with Cy3 and DAPI, but were not morphologically similar to tumour 

cells, were considered positive. Five arbitrary areas within each tumour section were used for cell 

enumeration. The ratio of CD8a positive cells to DAPI positive cells for each tumour section was 

used for analysis. 

 

 

 

  

Figure 34: Immunofluorescent staining for evaluation of CD8+ TILs. 
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Ratio of CD8a positive cells to DAPI stained cells in tumour sections from ID8 Stat1-NT and ID8 

Stat1-KD mice. The average ratio of CD8a positive cells to DAPI stained cells, from 5 sections of 

mouse tumour, was used for statistical analysis. ID8 Stat1-KD mice had a significant (p < 0.05) 

reduced infiltration of CD8+ TILs than ID8 Stat1-NT mice. Results from one mouse study. Error 

bars represent standard deviation. 

 

 

  

Figure 35: CD8a:DAPI ratio in mouse tumours.  
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4.3.3 STAT1 expression in the TME upregulates immune pathways in a syngeneic mouse 

model of HGSC 

Immune gene transcriptomic profiling was performed on fresh frozen tumour samples 

from both ID8 STAT1-KD (n = 3) and ID8 STAT1-NT (n = 3) mouse groups. A total of 27 genes 

were significantly (p < 0.05) differentially expressed between ID8 Stat1-NT and ID8 Stat1-KD 

mouse tumours (Table 5). Analysis was particularly hampered by sample size and from the fact 

that STAT1 expression levels in the TME did not stratify distinctly by mouse group (Figure 36). 

Examining the reduced list, it is observed that only two genes (MERTK and PIN1) had higher 

expression values in the ID8 Stat1-KD cohort, whereas all 25 other genes had higher expression 

levels in the ID8 Stat1-NT cohort. CD8A transcripts were significantly (p < 0.01) differentially 

expressed, showing higher scores in the ID8 Stat1-NT mouse group (Figure 37). This finding 

validates earlier immunofluorescent analysis of tumour sections for CD8a in ID8 Stat1-NT and 

ID8 Stat1-KD mice. 

Following multiple normalization methods, a probe set was identified as significantly 

differentially expressed between the mice cohorts if (i) the p-value for a Welch two-sample t-test 

was less than 0.05, and (ii) the absolute value of the log2 fold change was > 0.8, and (iii) the 

probe set was identified for all three normalizations considered (Figure 38). A robust list of 4 

genes was generated (CD8A, CXCL14, LCK, MERTK) with absolute log2 fold change values 

ranging from 0.87 to 3.87.  

 

  



 

93 

 

Table 5: List of differentially expressed genes between ID8 Stat1-NT and ID8 Stat1-KD mice 

groups.  

Log2 fold change (FC) of each gene is given as the ratio of expression from ID8 Stat1-NT mice 

to ID8 Stat1-KD mice (i.e. the larger the positive value the higher the expression in ID8 Stat1-NT 

mice). 

 

Gene p-value Log2 FC Biological Pathways 

A2M 7.33E-03 1.46 Complement Pathway, Interleukins 
BATF 1.86E-02 1.20 Transcription Factors 

CCL19 3.26E-02 1.15 Chemokines, Cytokines, Dendritic Cell Functions, Leukocyte Functions, 
T-Cell Functions 

CD19 6.56E-03 1.20 B-Cell Functions 

CD200R1 7.04E-03 1.08 B-Cell Functions 
CD28 1.46E-03 1.18 B-Cell Functions, Interleukins, T-Cell Functions 

CD3D 3.85E-03 1.16 T-Cell Functions 
CD7 4.92E-02 1.25 Antigen Processing, B-Cell Functions, MHC class I & II, T-Cell Functions 

CD8A 2.55E-03 1.26 T-Cell Functions 
CR2 4.24E-02 1.16 Chemokines, Complement Pathway, Cytokines, Leukocyte Functions, 

Macrophage Functions 

CXCL12 2.12E-02 1.15 Chemokines, Cytokines, Leukocyte Functions, T-Cell Functions, 
Transporter Functions 

CXCL14 2.51E-02 1.13 Chemokines, Cytokines 

CXCR1 2.45E-02 1.24 Chemokines, Cytokines, Dendritic Cell Functions, Interleukins 

H2-K1 2.71E-02 1.08 Antigen Processing, MHC class I & II, NK Cell Functions, T-Cell Functions 

H2-M3 1.99E-03 1.09 Antigen Processing, Interleukins, MHC class I & II, T-Cell Functions 
H2-Q10 2.20E-02 1.16 Antigen Processing, MHC class I & II 

H2-T23 2.10E-02 1.08 Interferon, Macrophage Functions, NK Cell Functions 
IGLL1 4.08E-02 1.53 B-Cell Functions, Transcription Factors 

IL11 2.81E-02 1.48 Cytokines, Interleukins, NK Cell Functions 
IL13 4.37E-02 1.22 B-Cell Functions, Cytokines, Interleukins, T-Cell Functions 

IL15 1.35E-02 1.10 NK Cell Functions 
LCK 3.83E-03 1.10 Apoptosis, Transporter Functions 

MERTK 7.96E-03 -0.89 Adhesion, Apoptosis, Transporter Functions 
PIN1 4.99E-02 -0.86 Regulation 

TPSAB1 2.36E-02 1.16 Mast Cell Functions 
TREM2 3.17E-02 1.06 Apoptosis, Cell Cycle, Senescence, T-Cell Functions 

XCR1 2.21E-02 1.24 Chemokines, Regulation 
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Reveals a lack of discrete separation of STAT1 expression between the two mouse groups. Results 

from one mouse study. Error bars represent standard deviation. 

 

 

  

Figure 36: NanoString normalized STAT1 counts within the tumours of ID8 Stat1-NT and ID8 

Stat1-KD mice.  
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Reveals significant (p < 0.01) differential expression of CD8A transcripts, with higher expression 

in ID8 STAT1-NT mice. Results from one mouse study. Error bars represent standard deviation. 

 

  

Figure 37: NanoString normalized CD8A counts within tumours of ID8 Stat1-NT and ID8 Stat1-

KD mice.  

 



 

96 

 

 

Method 1 refers to the use of the best 6 endogenous and housekeeping genes for sample content 

normalization. Method 2 refers to the use of the 10 best housekeeping genes (as designated from 

the NanoString PanCancer Immune Panel) for sample content normalization. Method 3 refers to 

the use of the best 20 endogenous and housekeeping genes for sample content normalization. 

Genes considered suitable for sample content normalization had counts above background and 

low percent coefficient of variation between samples. Values represent the number of 

significantly differentially expressed genes appearing in multiple analysis methods. Of the three 

methods considered, 4 genes (CD8A, CXCL14, LCK, MERTK) were consistently significantly 

differentially expressed amongst all three normalizations considered. 

 

 

  

Figure 38: Venn diagram of overlapping significant genes in mouse cohort from three different 

normalization methods in R Bioconductor.  
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Table 6: List of differentially expressed genes between ID8 Stat1-NT and ID8 Stat1-KD mice 

groups from three normalization methods in R Bioconductor.  

Log2 fold change (FC) of each gene is given as the ratio of expression from ID8 Stat1-NT mice 

to ID8 Stat1-KD mice (i.e. the larger the positive value the higher the expression in ID8 STAT1-

NT mice). 

 

Gene p-value Log2 FC Biological Pathways 

CD8A 2.55E-03 1.26 T-Cell Functions 

CXCL14 2.51E-02 1.13 Chemokines, Cytokines 

LCK 3.83E-03 1.10 Apoptosis, Transporter Functions 

MERTK 7.96E-03 -0.89 Adhesion, Apoptosis, Transporter Functions 
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4.3.3.1 Strong inter-sample correlation within mouse groups but moderate distinction 

between groups based on correlation analysis 

Inter-sample correlation analysis was performed for the most differentially expressed 27 

genes between the ID8 Stat1-KD and ID8 Stat1-NT tumours to evaluate the degree of similarity 

of gene expression levels (211). Gene expression levels for each sample were ranked, the inter-

sample Spearman rank correlation coefficient rho (ρ) was evaluated, and the results plotted 

(Figure 39) (1). No values below 0.93 were observed. The correlation reveals the similarity of 

expression profiles of tumours within their groups (ID8 Stat1-NT mice and ID8 Stat1-KD mice), 

which are distinguishable from each other. The high degree of homogeneity within each mouse 

group provides validation of the identification of the 27 differentially expressed genes.  

Although samples correlated strongly within their groups, and the two groups are 

distinguishable, there was a high degree of similarity between groups. This is noticeable from the 

high ρ values and a lack of completely distinct profiles between mouse groups, which would be 

characterised by a greater variation in ρ values. Noticeably, samples KD1 and NT3 correlated 

quite strongly with one another. While NT3 had relatively high-STAT1 expression (NanoString 

normalised counts of 4479), sample KD1 had a mid-range tumour STAT1 expression of 1989 

NanoString normalized counts. It is acknowledged that this correlation is complicated by the fact 

that not all TME STAT1 expression arises from cancer cells, which was the method for stratifying 

the two mouse groups.  
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The Spearman rank correlation coefficient ρ for 27 differentially expressed genes evaluated 

between all different pairs of tumour samples. Results are plotted using the corrgram function in 

R. The colour legend indicates ρ values, no values of less than 0.93 were obtained. ID8 Stat1-KD 

mice (n = 3) are identified in yellow, ID8 Stat1-NT mice (n = 3) are identified in green. Mice 

were assigned a short form label (NT for ID8 Stat1-NT mice, KD for ID8 Stat1-KD mice) and 

numbers 1, 2, and 3 for labelling purposes.   

Figure 39: Unsupervised inter-sample correlation of 27 most differentially expressed genes between 

mouse tumour samples.  

ID8 STAT1-NT mice  

ID8 STAT1-KD mice  
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4.3.3.2 Innate and adaptive immune signalling pathways are downregulated in ID8 Stat1-

KD mice based on gene expression analysis 

Volcano plot analysis showing the distribution and fold change amongst differentially 

expressed genes revealed a significant downregulation of immune genes in mice injected with 

ID8 Stat1-KD cells (Figure 40). KEGG pathway analysis of the set of 27 significantly (p < 0.05) 

differentially expressed genes revealed an upregulation of genes associated with antigen 

processing and presentation, leukocyte activation, and lymphocyte activation in ID8 Stat1-NT 

mice.  

Unsupervised heatmap analysis of the 27 significantly differentially expressed genes 

revealed that immune transcriptomic profiles were strongly associated by mouse group, validating 

the correlation analysis above (Figure 41). Supervised heatmap analysis highlighted the distinct 

molecular profiles of ID8 Stat1-NT and ID8 Stat1-KD mice, and revealed that ID8 STAT1-KD 

mice had a significant downregulation of genes involved in immune pathways (Figure 42). The 

distinct immune gene signatures in the two groups, and the strong correlation within each group, 

provides strong validation of the robustness of the 27 differentially expressed genes. 
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Gene fold change is given as a value of expression from ID8 Stat1-KD mice (n = 3) to ID8 Stat1-

NT mice (n = 3). Thus, genes on the left-hand side of the graph are highly expressed in ID8 Stat1-

NT mice while genes on the right-hand side of the graph are highly expressed in ID8 Stat1-KD 

mice. From unpaired Student’s t-test, a total of 39 genes had p-values below 0.05. Reveals that a 

significant proportion of the 750 immune related genes in the NanoString Mouse PanCancer 

Immune Profiling panel were downregulated in ID8 Stat1-KD mice. 

 

 

  

Figure 40: Volcano plot of normalized mouse gene expression data created in GraphPad Prism 7.02.  
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Unsupervised heatmap of 27 significantly differentially expressed genes from the NanoString 

Mouse PanCancer Immune Profiling Panel. Despite unsupervised nature, mouse gene expression 

profiles correlated strongly within their groups, revealing the robustness of the 27 identified genes 

identified as significantly differentially expressed between the two groups. Mice in the ID8 Stat1-

NT mouse group are labelled NT, mice in the ID8 Stat1-KD mouse group are labelled KD.  

 

 

 

  

Figure 41: Unsupervised, log2 median centered heatmap of ID8 Stat1-NT (n = 3) and ID8 Stat1-

KD (n = 3) mouse tumours.  

NT NT NT KD KD KD 
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Supervised heatmap of 27 significantly differentially expressed genes between using the 

NanoString Mouse PanCancer Immune Profiling Panel. Colour panel indicates mouse group: blue 

for ID8 Stat1-NT mice and orange for ID8 Stat1-KD mice. Mice in the ID8 Stat1-NT mouse 

group are labelled NT, mice in the ID8 Stat1-KD mouse group are labelled KD. 

 

 

 

  

Figure 42: Supervised, log2 median centered heatmap of ID8 Stat1-NT (n = 3) and ID8 Stat1-

KD (n = 3) mouse tumours.  

Z-scores 

NT NT NT KD KD KD 

ID8 Stat1-NT ID8 Stat1-KD 
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The nSolver Advanced Analysis tool was used as a means of elucidating the different 

immune response profiles present in the TME of the two groups. All samples’ normalised gene 

expression data from the nCounter Mouse PanCancer Immune Profiling Panel were subjected to 

the nSolver Advanced Analysis module. Unsupervised correlation analysis of cell type scores in 

all samples revealed distinct stratification of molecular profiles based on mouse group (Figure 

43). Noticeable, the majority of ID8 Stat1-NT mice had increased expression in all cell type 

scores, revealing a substantial downregulation of immune related pathways in ID8 Stat1-KD 

mice. Amongst all tumour samples, despite mouse group, the intra-tumoural presence of genes 

associated with macrophages, CD45 cells, T-cells, and T-regulatory cells strongly correlated with 

one another (Figure 44). Overall, ID8 Stat1-KD mice had significant decreased expression of 

genes associated with antigen processing and presentation, leukocyte activation, and lymphocyte 

activation in their TMEs.  
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Dendrogram row colour denotes mouse group: green for ID8 Stat1-NT mice (n = 3) and orange 

for ID8 Stat1-KD mice (n = 3). Mice stratified distinctly by cell type scores, with ID8 Stat1-NT 

mice observed to have higher scores overall. Mice in the ID8 Stat1-NT mouse group are labelled 

NT, mice in the ID8 Stat1-KD mouse group are labelled KD.  

KD 

KD 

KD 

NT 

NT 

NT 

Figure 43: Heatmap of cell type scores by mouse sample.  
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The intra-tumoural presence of macrophages, CD45 cells, T-cells, and T-regulatory (Treg) cells 

strongly correlated with one another.   

  

Figure 44: Cell type scores correlation heatmap for all samples regardless of mouse group.  
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4.3.4 STAT1 expression in the TME has a more noticeable survival benefit when combined 

with combination chemotherapy in a syngeneic mouse model of HGSC 

Survival experiments were performed on mice injected with either ID8 Stat1-NT or ID8 

Stat1-KD cells, who were given either combination chemotherapy (carboplatin/paclitaxel) or PBS 

for 4 weeks beginning 5 weeks post cell injection. Mice were euthanized when they reached pre-

defined endpoint criteria. For PBS injected mice, a slight difference in median overall survival 

was observed between ID8 Stat1-NT mice (112 days post injection) and ID8 Stat1-KD mice (107 

days post injection), although this was not significant (p = 0.23) (Figure 45A). Although there 

was a survival advantage to mice in the ID8 Stat1-NT chemotherapy group (median survival 

longer by 16 days) over the ID8 Stat1-KD chemotherapy group, this was not significant (p = 

0.12) (Figure 45B). Mice in the chemotherapy arm of the survival study did much better overall; 

median survival of ID8 Stat1-NT mice increased to 171 days, while that of ID8 Stat1-KD mice 

increased to 155 days (Table 7). Thus, there appears to be a more protective role for TME STAT1 

expression when combined with chemotherapy.  
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Mice in the ID8 Stat1-NT mouse group are labelled NT, mice in the ID8 Stat1-KD mouse group 

are labelled KD. Survival was calculated as the number of days from ID8 cell injection until mice 

reached endpoint. 

 

 

Table 7: Median survival of mice groups who received, or did not receive, chemotherapy.  

Median survival for each group is reported as the median number of days, post ID8 cell injection, 

of all mice in that group. 

  
Without chemotherapy With chemotherapy 

Mouse Group ID8 Stat1-NT 
(n = 4) 

ID8 Stat1-KD 
(n = 4) 

ID8 Stat1-NT 
(n = 3) 

ID8 Stat1-KD 
(n = 3) 

Median survival (days) 112 107 171 155 
 

 

 

 

  

B 

A 

Figure 45: Kaplan Meir survival curves to investigate the role of STAT1 on tumour progression 

for mice who did, or did not receive, chemotherapy treatment.  
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Chapter 5 

Discussion 

An important problem hindering the management of HGSC is the high percentage of 

patients who develop fatal chemoresistant disease despite initially responding well to therapy. 

Chemotherapy resistance can be the result of intrinsic or acquired drug resistance mechanisms 

and is a challenging, and currently unsolved, problem in all cancers. In HGSC, intrinsic 

chemoresistance may be the result of cancer cell genomic/epigenetic alterations or a pre-existing 

immunosuppressive TME. The therapeutic importance of cytotoxic TILs in HGSC has been 

extensively reviewed and investigated, and strongly correlates with prolonged PFI and OS 

(20,21). Accumulating evidence points to the role of IFNs in establishing anti-tumour immune 

response, eliciting TIL responses, and controlling autocrine and paracrine circuits that underlie 

cancer immunosurveillance (157). STAT1 mediated pathways, required for IFN signalling, play 

various roles in tumour biology and could potentially mediate the pre-existing tumour immune 

microenvironment. Given previous findings on the role of STAT1 as a prognostic and predictive 

biomarker in HGSC, this study investigated the potential regulatory role of STAT1 in mediating 

the pre-existing tumour immune microenvironment in HGSC (126,219).  

IFN/STAT1 signals have pleiotropic biological activities in various kinds of diseases but 

are best known for their role in antiviral and anti-tumour immunity (146,209). The IFN/STAT1 

signaling pathway regulates the expression of ISGs that directly affect tumour cell growth, 

proliferation, differentiation, survival, migration and other specialized functions 

(112,146,154,157). ISGs encode effector proteins that are responsible for the antiviral, anti-

tumour and immunoregulatory actions of IFNs (146). STAT1 expression is an independent 

predictor of good prognosis in colorectal cancer and identifies patients with improved survival 

(244). However, there still exists discrepancy on the role of STAT1 in tumour biology. Studies in 
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gene-targeted mouse models have shown that defects in STAT1 activation results in resistance to 

IFN1 and IFN2 treatment (245,246). Puzzlingly, despite its well-established anti-proliferative and 

pro-apoptotic effects (243), STAT1 is frequently found aberrantly expressed and activated in 

colorectal tumour cells (210). Inappropriate activation of STAT1 has been observed in a variety 

of malignant cells, including head and neck neoplasms, melanoma, lymphomas, and leukemias 

(164,204,206,245). However, despite conflicting reports on the role of STAT1 in breast cancer 

(206,247), recent evidence identifies the predictive role of treatment-induced activation of the 

IFN/STAT1 pathway in ER negative breast cancer (248). These observations highlight the 

context-dependent nature of IFN/STAT1 signaling, which varies with disease type and TME 

conditions (164,209).  

Immune transcriptomic profiling of chemosensitive (high-STAT1) and chemoresistant 

(low-STAT1) HGSC patient samples identified a significant downregulation of immune related 

genes and signalling pathways in chemoresistant patients. These results were expected due to 

previous findings in HGSC (101,126), and it is currently postulated that immune pathways are 

significantly downregulated in chemoresistant patients. Of the 64 significantly differentially 

expressed genes between sensitive and resistant patients, only one gene (FOS) was significantly 

upregulated in the resistant cohort. FOS is a known proto-oncogene and is currently being 

investigated as one of several genes involved in driving EOC initiation and progression (249). 

The remaining 63 genes were downregulated in resistant patients, indicating impairments in 

pathways involved in T-cell function, chemokine and cytokine signalling, and cell regulation in 

these tumours. The downregulation of these genes in resistant patients, and their prevalence in 

innate immune pathways, suggests a role for the innate immune system in drug response in 

HGSC. Specifically, sensitive patients appear to benefit from an active innate immune state 

which may serve to activate a robust adaptive anti-tumour immune response upon administration 

of chemotherapy. T-cell function in the sensitive patients of this cohort could be the result of the 
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upregulation of antigen presentation and dendritic cell pathways which are activating an adaptive 

immune response. Upregulation of IFN signalling pathways in sensitive patients could also serve 

to directly activate both innate and adaptive immune mechanisms.  

Correlation analysis of gene expression profiles in this cohort revealed that patients with 

PFI < 5 months and very low-STAT1 expression were clearly distinguishable from patients with 

PFIs > 8 months and high-STAT1 expression levels. It was noted that three tumour samples 

correlated mildly outside their clinical group; D16, D5, D33. Samples D16 and D33 had STAT1 

expression levels quite close to the cut-off of 1700 STAT1 normalized counts (1615 and 1835 

respectively), whereas sample D5 had normalized counts of 2259. This may indicate that there are 

other factors in tumours with mid-range STAT1 expression levels, between 1500-2000 counts, 

that prevents distinct patient stratification. PFI has traditionally been the main clinical 

methodology used to stratify patients in HGSC, wherein 6 months was the standard 

discriminating classifying criteria between sensitive and resistant patients. However, this 

traditional classification of platinum-sensitive and resistant patients by strict PFI intervals is 

currently being challenged (66,80,98,250). It is noted that patients D16 and D33 experienced 

disease recurrence at 5 and 7.2 months respectively while patient D5 experienced no disease 

recurrence. It is possible that patient D5 had optimal cytoreductive surgery, which would have 

had a significant impact on her treatment response and resulting prognosis, and could explain 

why this patient correlated differently. Unfortunately, surgical information was not available for 

this patient. Another tumour with borderline PFI and STAT1 expression level was sample D35, 

experiencing disease recurrence at 7.2 months and with a STAT1 expression level of 1516 

NanoString normalized counts. However, the molecular profile of D35 correlated strongly with 

the resistant tumour group, thus validating its original clinical classification as a resistant tumour. 

This situation is a good example for the need of more conclusive and decisive parameters and 

biomarkers for identifying and stratifying different subsets of patients. Based on the correlation 
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findings, there appear to be other tumour intrinsic variables that hinder the distinct stratification 

of patients who fall between these two defining criteria. Correlation analysis reveals the strength 

of extreme STAT1 expression levels and PFIs as predictive biomarkers of drug response in 

HGSC, but highlights the ambiguity in mid-range STAT1 expression levels and borderline PFI 

intervals.  

Recently, respecting the heterogenous nature of HGSC and the need for more patient 

tailored therapy, a new classification of ‘partially platinum-sensitive’ disease has been created for 

patients with PFIs between 6-12 months (42,98). Further investigation into the molecular and 

immune profiles of partially platinum-sensitive patients is required for improved patient 

stratification and clinical management of these patients. Within this cohort, patients with mid-

range PFIs and intermediate STAT1 expression levels did not correlate distinctly with clinical 

patient groups. This provides further evidence for the need for more effective clinical criteria and 

prognostically relevant molecular profiles for efficient stratification of subsets of HGSC patients. 

Further work is required to properly stratify patients who fall into this intermediary category, as 

has been noted by recent efforts to classify ‘partially platinum-sensitive’ patients with PFIs of 6-

12 months (42). Correlation analysis supports the use of more patient-tailored approaches for 

patient stratification in HGSC rather than the sole use of stringent PFIs. 

Previous work has found that Th1 intra-tumoural immune responses have a significant 

prognostic benefit in HGSC, where increased TME Th1 responses in patients associated with 

longer PFIs and OS (126,219). Gene expression analysis revealed an association between 

chemotherapy sensitivity and increased intra-tumoural density of Th1 cells, CD8+ T-cells, NK 

cells, T-cells and cytotoxic cells in HGSC patients. High-STAT1 expression in HGSC patients 

associated strongly with high immune cell infiltration in the TME, which are known to indicate 

better prognosis in HGSC, and further indicates a clear therapeutic benefit for patients with high-

STAT1 expression levels (21,36). This may suggest that sensitive patients with high-STAT1 
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expression have active antigen presentation and processing mechanisms that are effectively 

priming and recruiting cytotoxic TILs to the TME. This suggests that innate immune mechanisms 

effectively bridge the gap to adaptive immunity in chemosensitive HGSC patients, leading to the 

activation and recruitment of cytotoxic TILs, which results in a more robust anti-tumour immune 

response. Identifying strategies to upregulate these pathways in resistant patients, or elucidating 

the ways by which they pathways are downregulated, could inform future immune therapies. 

Disseminating immune pathways and mechanisms that significantly contribute to chemotherapy 

sensitivity is required before we can therapeutically exploit these differences. Additionally, 

further work is required to disseminate the molecular profiles of HGSC patients with mid-range 

STAT1 expression as various biological factors may be complicating the tumour immune 

landscape. 

The therapeutic benefit of an immunoreactive TME in HGSC has been appreciated for 

some time (21,105,251). In HGSC, an immunoreactive TME was traditionally classified as 

having a high density of TILs. However, recent molecular profiling of HGSC subtypes has 

identified an immunoreactive (C2) molecular subtype. The identification of this subtype has 

allowed a broader analysis of the tumour immune microenvironment and associated immune 

pathways contributing to prognosis and chemotherapy response in HGSC. Of note, within these 

molecular profiling studies of The Cancer Genome Atlas, STAT1 was identified as significantly 

upregulated in HGSC tumours classified as having an immunoreactive (C2) subtype (101). The 

C2 subtype is characterized by an enrichment of genes and signaling pathways associated with 

immune response, particularly MHC class I and II genes (39,101). The enrichment of signaling 

pathways involved in T- and B-cell activation and the upregulation of IFNγ, interleukin and 

JAK/STAT signaling has also been shown to be significantly upregulated in the C2 subtype 

(101). It is noteworthy that, of the 64 genes identified as significantly differentially expressed 

between sensitive and resistant patients in this cohort, 27 of these genes have recently been 
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identified as significantly upregulated in the C2 HGSC subtype (Table 8) (101). Several of the 

genes in the gene set identified as significantly upregulated in sensitive patients have previously 

been reported to correlate with strong TIL responses in HGSC, including: CXCL10, CXCL11, 

TNFSF10, and TAP1 (125,252). Based on these findings, chemosensitive HGSC patients with 

high-STAT1 expression appear to strongly associate with the immunoreactive (C2) HGSC 

subtype.  

The presence of cytotoxic CD8+ TILs is well established to be associated with longer OS 

in HGSC (21,105). Recent molecular profiling (101) did not identify CD8A expression, a marker 

for cytotoxic CD8+ TILs, as significantly upregulated in the C2 HGSC molecular subtype. 

However, a separate independent study found that C2 tumour samples had increased numbers of 

infiltrating T lymphocytes (39). Perhaps, despite molecular immune profiles, the activation and 

recruitment of prognostically relevant TIL subsets in the TME is governed by a variety of factors 

including, but not restricted to, the molecular composition of the TME. Within our small cohort, 

CD8A expression was not significantly differentially expressed between sensitive and resistant 

patient groups. However, the results of our study are limited by small sample size and a lack of 

tumour microarray IHC staining, which may explain our inconsistency with previous findings.  

In HGSC, the presence of ascites correlates with the peritoneal spread of late stage 

disease and is associated with poor prognosis. Malignant ascites is believed to act as a complex 

reservoir of soluble factors and cellular components providing a pro-inflammatory and tumour-

promoting microenvironment for cancer cells (73). Ascites collected from the peritoneal cavity of 

all experimental mice at endpoint was subjected to multiplex cytokine profiling to investigate any 

potential differences in pro-inflammatory cytokines and chemokines which could be regulating a 

pro- or anti-inflammatory state. Cytokine profiling revealed a significant decreased expression of 

CCL11, a chemotactic cytokine, in ID8 Stat1-KD mouse ascites. No other significant differences 

were observed. Ascites cytokine analysis is complicated by the fact that ID8 Stat1-KD mice had, 
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on average, greater ascites fluid volume in comparison to ID8 Stat1-NT mice (Figure 30B). Thus, 

it is difficult to draw any conclusive findings from ascites results. 

The TME plays a pivotal role in cancer progression and therapeutic efficacy, dependent 

on its pro- or anti-tumour state, and thus it was important to establish the immune signalling 

pathways active within the TME to investigate tumour-host interactions. The decreased 

expression of CCL2, IL-15 and IFNγ in ID8 Stat1-KD mouse tumours, indicates a 

downregulation and significant impairment of JAK-STAT signalling. Additionally, IL-15 was 

also identified as significantly downregulated in ID8 Stat1-KD mouse tumours from NanoString 

gene expression analysis. The cytokine profile of ID8 Stat1-KD tumours indicates a severe 

impairment in leukocyte and lymphocyte activation, regulation and recruitment. Significant 

differences in cytokines observed in the TME, but not ascites, agrees with the current opinion of 

the importance of the TME in tumour progression and overall prognosis.  

CD8+ TIL recruitment to the TME was evaluated in a syngeneic mouse model of HGSC 

through IF analysis and NanoString gene expression analysis. Decreased CD8+ TIL recruitment 

was observed in ID8 Stat1-KD mouse tumours from both analysis. It appears that downregulating 

STAT1 in the TME of mice decreases the production of important chemotactic cytokines, 

contributing to a reduced infiltration of CD8+ TILs to the TME.  

Immune transcriptomic profiling of ID8 Stat1-NT and ID8 Stat1-KD mouse tumour 

samples identified a significant downregulation of immune related genes and signalling pathways 

in ID8 Stat1-KD mouse tumours. Importantly, a significant proportion of these genes are 

involved in T-cell and NK cells activation and recruitment (CD28, LCK, CD8A, IL-15, and 

CXCL12). The importance of T-cell activation and recruitment in overall survival and drug 

response is well known in HGSC (20,21). From the reduced list of significant genes, CD8A, 

CXCL14, and LCK were upregulated in ID8 Stat1-NT mouse tumours. These genes are involved 

in lymphocyte differentiation and T-cell receptor signaling pathways, which are known to play 
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key roles in response to therapy and overall survival in HGSC (20,21,23,104). There was one 

gene, MERTK, that was upregulated in ID8 Stat1-KD mouse tumours. MERTK is a known proto-

oncogene, overexpressed or ectopically expressed in a variety of cancers, and has been implicated 

in tumour cell migration and invasion (253).  
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Table 8: List of significantly upregulated genes from statistical analysis which overlap with 

genes identified in previous independent analyses (101). 

 

 

 

  

Gene 

CCL5 

CD38 

CXCL11 

CXCL9 

HLA-DMA 

PSMB9 

CASP1 

CCR1 

CXCL10 

FCGR3A 

IDO1 

IRF1 

LCK 

TAP1 

TNFSF13B 

CD74 

DDX58 

HLA-DMB 

IFI27 

IFIT1 

IFIT2 

IRF7 

LAMP3 

LCP1 

MX1 

STAT1 

TNFSF10 
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Chapter 6 

Conclusion 

Results from this study indicate that STAT1 may function as a mediator of anti-tumour 

immune mechanisms in the TME of HGSC through its regulation of cytokine signalling and the 

recruitment of cytotoxic TILs. STAT1 mediated pathways, required for IFN signalling, play 

various roles in tumour biology and could mediate the pre-existing tumour immune 

microenvironment. Investigation of the functional role of STAT1 in a syngeneic mouse model of 

HGSC revealed that STAT1 plays important roles in regulating cellular processes, shaping the 

pre-existing tumour immune microenvironment, and CD8+ TIL recruitment. STAT1 expression 

negatively correlated with a proliferative and invasive phenotype of ID8 cells. These findings, in 

addition to the key role of STAT1 on disease progression and OS were also confirmed in in vivo 

studies. Decreased STAT1 expression led to decreased levels of STAT1 induced cytokines in ID8 

cells in vitro and reduced TME concentrations in vivo. Reduced expression of STAT1 in vivo 

reduced the infiltration of CD8+ TILs in the TME, presumably resulting from the reduced 

expression of important STAT1 associated chemotactic cytokines. In vivo survival studies 

revealed that ID8 Stat1-NT mice had longer median survivals than ID8 Stat1-KD mice; 

considerably more noticeable when mice were given chemotherapy. These findings are 

concordant with previous work, which revealed the ability of chemotherapy to augment pre-

existing TIL responses, and implies the benefit for tailored multipronged immunotherapy 

approaches. 

Gene expression analysis of HGSC patients indicated a significant downregulation of 

immune related genes in chemoresistant patients with low-STAT1 expression. Genes involved in 

T-cell function, cytokine signalling, and NFκB signalling were significantly downregulated in 

these patients indicating significant impairment in innate and adaptive immune pathways. The 
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IFN/STAT1 signalling pathway appears to play an important role in maintaining an active innate 

immune state in HGSC tumours, which may serve to activate a robust adaptive anti-tumour 

immune response upon administration of chemotherapy.  

Classification and stratification of HGSC tumours should consider a variety of factors 

including molecular profiles and cell type compositions within the TME to maximize potential 

therapeutic benefit for patients. Building on molecular immune profiles, in addition to previous 

findings in both mice (34) and human cohorts (101), there is a strong case for the therapeutic 

benefit of HGSC tumours with immunoreactive profiles. Immunoreactive gene signatures are 

strong predictors of longer PFI and improved OS in HGSC, and could be used as predictive 

biomarkers for better patient stratification. Further investigation of the molecular determinants 

and mechanisms shaping variability in IFN/STAT1 signalling and response in the TME is 

required to optimize patient stratification for improved efficacy of chemotherapeutic and 

immunomodulatory therapies. 
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6.1 Study Limitations 

For more definitive conclusions regarding the role of STAT1 in the TME of HGSC; 

patient tumour immune gene expression analysis should be validated in a larger independent 

cohort, and in vivo studies should be repeated in independent investigations with larger sample 

sizes. Furthermore, the ID8 model does not represent the highly genomically unstable nature and 

mutational burden of human HGSC cancer cells.  
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