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Abstract 

Ovarian cancer (OVCA) is the most lethal gynecological cancer with a 5-year survival 

rate less than 50%. Despite new therapeutic strategies, such as targeted therapies and immune 

checkpoint blockers (ICBs), tumor recurrence and drug resistance remain key obstacles in 

achieving long term therapeutic success. Therefore, there is an urgent need to understand the 

cellular and molecular mechanisms of immune dysregulation in chemoresistant ovarian cancer in 

order to harness the host’s immune system to improve cancer survival. Early diagnosis and 

residual disease are key determinants of favorable survival in OVCA; however, CA125 which is 

the conventional marker is not reliable and has modest diagnostic accuracy. There is therefore an 

urgent need to discover reliable biomarkers to optimize individualized treatment and diagnostic 

recommendations. Plasma gelsolin (pGSN; an actin binding protein) is the secreted isoform of 

the gelsolin (GSN) gene implicated in inflammatory disorders, colon cancer and prostate cancer. 

Increased expression of total GSN is associated with poor survival of patients with gynecological 

cancers. As to whether this is due to pGSN is yet to be investigated. Increased expression of 

pGSN is significantly associated with the down-regulation of immune cell markers; however, the 

exact mechanism has not been explored. If and how pGSN is involved in the cellular and 

molecular mechanisms of OVCA remains to be determined. In our current research, we have 

demonstrated that pGSN is involved in the regulation of immune cells, early diagnosis, tumor 

recurrence and chemoresistance in OVCA, using standard in vitro techniques and human clinical 

samples (North America, Asia and public datasets). 

 We have shown that pGSN is highly expressed and secreted in chemoresistant OVCA 

cells than their chemosensitive counterparts. pGSN, secreted and transported via exosomes, 

upregulated HIF1α–mediated pGSN expression in chemoresistant OVCA cells in an autocrine 
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manner as well as conferred cisplatin resistance in otherwise chemosensitive OVCA cells. pGSN 

also induced the OVCA expression of the antioxidant and tumor growth promoter, glutathione 

(GSH), by activating Nuclear factor erythroid 2-related factor 2 (NRF2), a response that 

attenuated cisplatin (CDDP)-induced apoptosis. In human tumor tissues, increased pGSN mRNA 

and protein expressions were significantly associated with advanced tumor stage, suboptimal 

residual disease, tumor recurrence, chemoresistance and poor survival regardless of patients’ 

ethnic background and histologic subtypes. Increased Infiltration of CD8+ T cells was 

significantly associated with favorable patient survival; however, increased pGSN hindered the 

survival impact of these infiltrated CD8+ T cells. Further investigation revealed that pGSN 

induced CD8+ T cell death via caspase-3 activation, an action that resulted in decreased IFNγ 

levels. Increased epithelial pGSN expression was significantly associated with reduced survival 

benefits of infiltrated M1 macrophages, through caspase-3-dependent apoptosis as well as 

reduced production of TNFα and iNOS. The clinical application of circulatory pGSN as a 

biomarker for early detection and patients’ survival was investigated. Pre-operative circulating 

pGSN presented as a favorable and independent biomarker for early disease detection and 

residual disease prediction compared with CA125. The test accuracy of pGSN was significantly 

enhanced when combined with CA125 in multianalyte index assay.  

The findings suggest that pGSN is a potential target for chemoresistant OVCA and 

presents as a diagnostic marker for early stage disease and surgical outcomes, interventions that 

could maximize the therapeutic success of immunotherapies. 
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CHAPTER 1 – INTRODUCTION  

1 Ovarian Cancer 

1.1 Epidemiology and etiology of ovarian cancer 

 Ovarian cancer (OVCA) comprises of tumours that originate from the ovaries, 

endometium and fallopian tubes. It is estimated that over 200,000 women worldwide are 

diagnosed with OVCA yearly, of which 152,000 die from the disease
1
. In the United States of 

America, 22,000 new cases were diagnosed in 2016 with 14,240 cases of death
1,2

. In Canada, 

3,000 new cases were diagnosed with 1,900 recorded deaths
3
. Despite advances in diagnosis and 

treatment in the last 30 years, the 5-year survival rate of OVCA patients in the US and Canada is 

considerably lower (45 - 47%) compared with that of breast cancer (85%)
3,4

. OVCA, based on 

their origin are categorized into epithelial, sex-cord stromal, germ cell and non-specific 

mesenchymal tumours. Epithelial tumours are the most commonly diagnosed OVCA which 

account for nearly 85-95% of all cases
5-7

. These tumours are derived from surface epithelial 

tissues. The nonepithelial tumours account for approximately 5% of all OVCA and are derived 

from germ cells and sex cord-stromal cells differentiating from the interstitium
5
. 3-5% of all 

OVCA are made up of germ cell tumours which originate from germ cells or extraembryonic 

tissues
5
. Interestingly, the histology of OVCA is dependent on age factor

5
. For example, women 

aged 20 years or below stand a higher risk of malignant germ cell tumours whereas malignant 

epithelial tumours are mostly found in women 50 years and above.  

 OVCA prevalence increases with increase in age with the median age ranging from 55 – 

64 years
1-3,5

. The incidence rate of OVCA per 100,000 persons is higher in whites and non-

Hispanics compared with Asians and Blacks
1,5

. This phenomenon is same for the mortality rate 

although Asians have the lowest compared with other races or ethnic groups
1,5

.  
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Fig. 1.1 Schematic diagram of obstacles to epithelial ovarian cancer treatment success. Over 

two (2) decades now, the 5-year survival rate of ovarian cancer patients is still less than 50%. 

This is primarily due to late diagnosis, non-specific symptoms, recurrence and chemoresistance. 
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Table 1.1 Risk factors for EOCs 

 

 

 

 

 

 

 

 

 

 

 

 

Cited and modified from Hidetaka Katabuchi, Frontiers in Ovarian Cancer Science, 2017, 

Springer. 

 

 

 

 

Increased Decreased Indeterminate 

Hereditary 

• Family history of 

ovarian cancer 

• Personal history of 

breast cancer 

• Alteration in BRCA1/2 

• Lynch syndrome 

Reproductive 

• Multiparity  

• Breastfeeding 

Fertility drugs 

Reproductive 

• Advanced age 

• Nulligravida 

• Infertility 

Hormonal  

• Oral contraceptives 

• Progestrins 

Exercise 

Hormonal  

• Early age at menarche 

• Late age at natural 

menopause 

• Hormone replacement 

therapy  

• Estrogen 

• Androgens 

Surgery 

• Hysterectomy 

• Tubal ligation 

Cigarette smoking 

Inflammatory 

• Perineal talc exposure 

• Endometriosis 

• Pelvic inflammatory 

disease 

  

Lifestyle 

• Obesity 

  

Geography 

• Extremes in latitude 
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In approximately 60% of all cases, the cancer would have metastasized to other organ sites
1,5

. In 

15% of all patients, the cancer is confined to the ovary or primary site although in 19% and 6% 

of all cases, the cancer would have spread to regional lymph nodes or remains unstaged (not 

enough information to indicate a stage) respectively
1,5

. This is as a result of non-specific 

symptoms presented by the disease which are difficult to detect at an early stage hence, most 

cancer metastasize by the time patients are diagnosed
8,9

 (Fig. 1.1). Symptoms may present as 

unexplained fatigue, increased abdominal size and pain, eating disorders, bowel inconsistencies 

as well as urinary disorders
9
. The five year survival rate for patients with localized, regional, 

distant and unstaged diseases are 92.1%, 73.1%, 28.8% and 24.2% respectively
1,5

. Thus, the 

more localized the tumour, the more likely the survival of the patient will be prolonged.  

 

1.2 Risk factors of ovarian cancer 

 The risk factors for OVCA are multi-factorial. These include genetic, biological and 

environmental factors
10

 (Table 1.1). These factors could have a decreased, increased or 

intermediary effect on the development of OVCA. Factors that increase the risk of tumour 

development include hereditary [breast cancer susceptibility gene (BRCA) 1/2 mutation, history 

of breast cancer, familial OVCA], hormonal (Increased levels of estrogen and androgen, early 

age at menarche, hormonal replacement therapy, late age at menarche), lifestyle (increased 

cholesterol intake, obesity), inflammatory (endometriosis and pelvic inflammatory disease), 

reproductive (advanced age and infertility), geographic locations (extremes in latitude) and 

increased exposure to carcinogens (talc and asbestos)
10,11

. Hysterectomy, breastfeeding, 

multiparity, intake of oral contraceptives and tubal ligations contribute to the reduction of OVCA 
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risk
10,11

. Intake of fertility drugs and cigarette smoking moderately affect the risk of OVCA 

development
10,11

.   

 

1.2.1 High-risk genetic alterations in ovarian cancer 

 A family history of the disease presents as a strong risk to developing OVCA, 

suggesting the presence of a hereditary components
12,13

. In all OVCA cases reported, genetic 

inheritance accounts for approximately 20%
12-14

. Although more than 20 tumour suppressor and 

oncogenes are implicated in hereditary OVCA, mutations of the BRCA1/2 genes account for 65 

– 75% of all cases
14,15

.  

 

1.2.2 BRCA1/2 mutations 

 BRCA1 and 2 genes are tumour suppressor genes located on chromosomes 17 and 

13 respectively and are involved in the repair of double-stranded DNA damages and the 

regulation of cell cycle checkpoints
16,17

.  There are mutations that are specific to various ethnic 

populations. 187delAG and 5385insC mutations in BRCA1 and 617delT mutations in BRCA2 

are predominantly found in the Ashkenazi Jewish population whereas the L63X and Q934X 

mutations in BRCA1 are mostly found in the Japanese population. Women who inherit a BRCA1 

mutation (72%) and BRCA2 mutation (69%) will develop breast cancer by the age of 80. By 

contrast, it is 44% of women who inherit a BRCA1 mutation and about 17% of women who 

inherit a BRCA2 mutation will develop ovarian cancer by the age of 80 
18-20

.  

 BRCA1/2 mutations in OVCA are mostly associated with high grade serous 

carcinoma, although other histologic subtypes such as clear cell and endometrioid carcinomas 

have been reported to have BRCA1/2 related mutations
21-24

. In rare cases, the mucinous 
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histologic subtypes might also contain BRCA1/2 mutations
22,23

. However, borderline epithelial 

and non-epithelial OVCAs are not significantly associated with BRCA1/2 mutations
24

. OVCA 

patients with higher BRCA1/2 mutational loads [BRCA1, HR = 0.78 (95% CI, 0.68 – 0.89), P < 

0.001 and BRCA2, HR = 0.61 (95% CI, 0.50-0.76), P < 0.001] have prolonged survival 

compared with BRCA1/2 mutation-negative patients with BRCA2 mutations, having the best 

survival impact
25

. The prolonged survival impact of BRCA mutation carriers is as a result of 

increased sensitivity to platinum-based cytotoxic chemotherapy compared with non-carrier 

patients
26

. This is due to the inability of tumours with BRCA mutations to repair double-stranded 

DNA breaks caused by platinum-based cytotoxic drugs; a process that is fully functional in the 

non-carrier patients
27-29

. The homologous recombination repair deficiency makes BRCA1 

mutation carriers more sensitive to poly (ADP-ribose) polymerase (PARP) inhibitors and other 

DNA-damaging chemotherapeutic agents
26,29

.  

 

1.2.3 Mismatch repair genes 

 Other than BRCA1/2 mutations, germline mutations of mismatch repair genes 

[Lynch syndrome; human mutL homolog (MLH) 1, MLH3, mutS homolog (MSH) 2, MSH6 and 

postmeiotic segregation increased (PMS2)] are also involved in hereditary OVCA
30

. Lynch 

syndrome increases the risk of OVCA by 24% and accounts for approximately 10-15% of all 

hereditary OVCA
31,32

. Mutation of the mismatch repair (MMR) genes results in the formation of 

microsatellite instability (MSI) which could be accumulated in both oncogenes and tumour 

suppressor genes, a condition that drives ovarian tumorigenesis
33

. Lynch syndrome are mostly 

associated with endometrioid and clear cell carcinoma with better prognosis since most tumors 

are diagnosed with low grade and at an early stage
34

.  
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Fig. 1.2 Histologic subtypes of epithelial ovarian cancer (EOC). EOCs are categorized based 

on their histologic subtypes. There are serous (low grade and high grade), endometrioid, 

mucinous and clear cell histologic subtypes of EOCs.  
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Table 1.2 Genetic alterations in epithelial ovarian cancer 

TP53; Tumour protein p53, CCNE1; Cyclin E1, MYC; Myelocytomatosis oncogene, MECOM; 

MDS1 and EVI1 complex locus, RB1; Retinoblastoma 1, NF1; Neurofibromin 1, ARID1A; AT-

rich interactive domain-containing protein 1A, ZNF217; Zinc finger protein 217, STAT3; Signal 

transducer and activator of transcription 3, HNF1B; Hepatocyte nuclear factor 1-beta, PPM1D; 

Protein Phosphatase Mg2+/Mn2+ Dependent 1D, SMARCA4; SWI/SNF related matrix 

associated actin dependent regulator of chromatin subfamily A member 4, SMAD4; Mothers 

against decapentaplegic homolog 4, RNF43; Ring finger protein 43, CDKN2A/2B; Cyclin 

dependent kinase inhibitor 2A/2B 

 

 Gene 

mutation 

Copy 

number 

amplification 

Copy 

number loss 

OVCA 

Type 

Histologic 

representation 

High-grade 

serous (HGS) 

TP53, 

BRCA1/2 

CCNE1, 

MYC, 

MECOM 

PTEN, RB1, 

NF1 

Type II Solid growth with slit-like spaces, 

abnormal cell nuclei and hyper-

proliferation of the cells. 

Clear cell 

carcinoma 

(CCC) 

ARID1A, 

PIK3CA 

MYC, 

ZNF217, 

ERBB2, 

STAT3, 

HNF1B, 

PPM1D 

SMARCA4, 

RB1, SMAD4 

Type I Hyaline bodies, densely hyaline 

basement membrane and multiple 

complex papillae. 

Endometrioid 

carcinoma 

(EC) 

CTNNB1, 

PIK3CA, 

KRAS, 

PTEN 

  Low grade -  

Type I 

High grade -  

Type II 

Glandular formations 

Mucinous 

carcinoma 

(MC) 

KRAS, 

TP53, 

BRAF, 

RNF43, 

CDKN2A 

ERBB2  Type I Atypia, stratification, papillae, 

loss of glandular architecture, 

necrosis. Loss of mucin staining 

in the cytoplasm. 

Low-grade 

serous (LGS) 

KRAS, 

BRAF 

 CDKN2A/2B, 

miR-34a 

Type I Low mitotic activity, papillary 

structures and relatively uniform 

and small nuclei in the tumor 

cells. 
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1.2.4 Homologous recombination deficiency (HRD)-related genes 

 HRD-related proteins interact with BRCA1/2 to repair double-stranded DNA 

damages as well as maintain genomic stability
35

. Examples of these proteins include Checkpoint 

kinase 2 (CHEK2), radiation repair gene 51 paralog C (RAD51C), radiation repair gene 51 

paralog D (RAD51D), meiotic recombination 11 (Mre11), BRCA1/2, ataxia telangiectasia 

mutated (ATM), partner and localizer of BRCA2 (PALB2), radiation repair gene 50 (RAD50), 

Nijmegen breakage syndrome 1 (NBS1) and BRCA1-interacting protein 1 (BRIP1)
14,35

. 

Alterations of these genes could be detected in approximately half of all high grade serous 

OVCAs and increases the risk of OVCA
36,37

. OVCA patients with mutations in HRD-related 

proteins have improved survival rates due to their increased sensitivity to chemotherapeutic 

agents, responses similar to that of BRCA1/2 mutation carriers
29,38

.  

 

1.3 Epithelial ovarian cancer (EOC)  

 Epithelial OVCAs comprise of approximately 95% of all OVCA cases
5,6

. Using 

molecular, morphological and genetic profiling, EOC is classified into five (5) histologic 

subtypes (Fig. 1.2; Table 1.2): high grade serous (70-74%), low grade serous (10%), clear cell 

(10-26%), endometrioid (10%) and mucinous (2-3%) carcinomas
6,7

. EOCs are categorized into 

two main types based on clinical, morphological and molecular pathogenesis: type I and II
39

. 

Type I EOCs are genetically stable, share lineages with benign precursors and borderline-

malignant tumours, slow growing tumours that are detected mostly at early stages and include 

low grade serous, low grade endometrioid, mucinous and clear cells carcinomas
39

. In Low grade 

serous carcinomas (LGSCs), B-raf murine sarcoma viral oncogene homolog (BRAF), Kirsten rat 

sarcoma viral oncogene homolog (KRAS) and erythroblastic oncogene B2 (ERBB2) are 
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predominantly altered whereas low grade endometrioid carcinomas (ECs) harbour mutations in 

phosphatase and tensin homolog (PTEN), phosphatidylinositol-4, 5-bisphosphate 3-kinase 

catalytic subunit alpha (PIK3CA) and catenin (cadherin-associated protein) beta 1 (CTNNB1)
39

. 

Clear cell carcinomas (CCCs) harbour PIK3CA-activating mutations while most of the mutations 

in mucinous carcinomas (MCs) are related to KRAS. The Type I carcinomas rarely contain TP 

53 mutations
39

. 

 In contrast, the type II are very invasive, fast growing, detected at advanced stages, 

genetically unstable compared with the type I and do not have defined precursors
39

. These 

include, high grade serous, high grade endometrioid, carcino-sarcomas and undifferentiated 

carcinomas
39

. The Type II EOCs especially high grade serous carcinomas (HGSC) are 

characterized by mutations in TP53 and BRCA1/2 tumour suppressor genes
39

. TP53 mutations 

are detected in about 90% of all Type II carcinoma cases and are also significantly associated 

with chromosomal instability
39

.  

 

1.3.1 High grade serous carcinomas (HGSC) 

 HGSC accounts for approximately 70-74% of all EOCs and is the most fatal of all 

subtypes
6,7

. HGSC are very invasive and are predominantly diagnosed in advanced stages where 

the tumour would have metastasized to distant organs with or without ascites
6,7

. Most of the 

HGSC cases are detected in post-menopausal women with few cases identified in pre-

menopausal women
40

. Histologically, HGSCs are characterized by solid growth with slit-like 

spaces, abnormal cell nuclei and hyper-proliferation of cells
41

. TP53 is frequently mutated in 

more than 95% of HGSCs cases with BRCA1 mutations and chromosomal instability 

representing 30-45% and 100%, respectively
6,42

.  Although other tumour suppressor genes and 
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oncogenes such as RB1, BRIP1, RAD51, PALB2, CDK12 and NF1 are also mutated in HGSCs, 

their mutation frequencies are considered low
37,42

. Genetic alterations in PT53 and BRCA1/2 

result in the deficiency of the homologous DNA damage repairing system leading to 

chromosomal instability and copy number changes
37,43,44

. CCNE, MYC and MECOM are each 

amplified in 20% of all HGSCs although MYC is the most frequently amplified
37,45

 (Table 1.2).  

 Until 2001, HGSC was considered to solely originate from the ovarian surface epithelial 

(OSE)
40,46

. There is however, increasing evidence to demonstrate that the secretory cells of the 

mucosa of fallopian tubes significantly contribute to the pathogenesis of HGSC
40,46

. Small non-

invasive lesions in the oviductal fimbrial mucosa of BRCA1 mutation carriers share similar 

characteristics with serous carcinomas
46

. The lesions developed in the oviductal fimbrial mucosa 

are termed as serous tubal intraepithelial carcinomas (STICs)
47,48

. Cells released from the STICs 

during ovulation are deposited on the ovarian surface epithelium (OSE) and form the precursors 

for the development of serous ovarian carcinomas
47,49

. Genetic screening and mutational 

profiling have indicated that approximately 60% of all HGSCs are derived from STICs
47,49

  

 Since STICs are not found in 100% of all HGSCs, it suggestive that other alternative 

mechanisms are involved
49

. The importation of fimbrial epithelium fragments into the ovarian 

stroma, a process called endosalpingiosis is considered as a likely source due to the detection of 

benign tubal-type epithelium cysts in the ovarian stroma
49

. As to whether and how this ectopic 

tubal epithelium was imported remain to be determined. Also, it is yet to be determined if these 

ectopic tubal epithelia undergo neoplastic transformations. However, there are increasing 

evidence that ectopic OSE-lined cysts in the ovarian stroma could undergo neoplastic 

transformation and become positive for paired box gene 8 (PAX8), oviduct-specific glycoprotein 
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1, cilia and epithelial cell adhesion molecule (Epcam) as well as co-express calretinin and 

PAX8
50,51

.  

 

1.3.2 Low grade serous carcinoma (LGSC) 

 LGSCs are Type I EOCs which are not frequently diagnosed as HGSCs. They are 

slow growing and rarely diagnosed at early stage with poor overall survival. LGSCs are mostly 

chemoresistant when diagnosed at advanced stages and typically express the transcription factor 

PAX8
52,53

. LGSCs account for about 3-5% of all EOCs and are derived via a stepwise 

transformation from benign serous cystadenomas to serous borderline tumors (SBTs), serous 

tumours of low malignant potential (LMP serous tumours) and then to LGSCs
54

. LGSCs are 

genetically stable and histologically characterized by low mitotic activity, papillary structures 

and relatively uniform and small nuclei in the tumour cells
41,55

. There are frequent mutations of 

KRAS (19%), BRAF (38%) and ERBB2 but not TP53 and BRCA1/2
56

. The activating mutations 

of KRAS (codon 12 or less frequently codon 13) or BRAF (codons 599 and 600) result in hyper-

activation and the transmission of growth signals via the rat sarcoma (RAS)/ rapidly accelerated 

fibrosarcoma (RAF)/ mitogen-activated protein kinase kinase (MEK)/ extracellular-signal-

regulated kinase (ERK)/ mitogen-activated protein kinase (MAPK) signalling cascade leading to 

neoplastic transformation and tumorigenesis
56,57

. Interestingly, mutations in LGSCs are mutually 

exclusive; tumours with KRAS mutations do not have mutations in BRAF and vice versa
56,57

 

(Table 1.2).  
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1.3.3 Endometrioid carcinomas (ECs) 

 ECs are derived from the malignant transformation of ovarian endometriosis or 

endometriotic cysts and account for 10% of all EOCs
6,41

. Although patients diagnosed at an early 

stage have better survival, those diagnosed at advanced stages have poor 5-year survival 

outcomes
6,41

. Increasing evidence suggest endometriosis as a significant risk factor for 

developing ECs
58,59

. Endometriosis is caused by retrograde menstruation where epithelial and 

stromal cells from the endometrium are transported from the uterus via the oviduct to the ovary, 

leading to the formation of an endometriotic cyst
60

. The iron-rich cystic fluid causes oxidative 

stress and hypoxia leading to DNA damage and the accumulation of mutations, a phenomenon 

that serves as a driving force for ovarian endometrioid cancers
61,62

. Histologically, ovarian ECs 

are characterized by glandular formations
41

. Increased risk of ECs is significantly associated with 

Lynch syndrome, microsatellite instability and mutations in the following genes: PTEN (16%), 

KRAS (30%), ARID1A (30%), PIK3CA (40%) and protein phosphatase 2 scaffold subunit A 

alpha (PPP2R1A) (16%)
63

. Unlike ARID1A and PIK3CA that are mutated in both ECs and clear 

cell carcinomas (CCCs), CTNNB1 is predominantly mutated in ECs but rare in other 

subtypes
63,64

. Endometriotic lesions may occur in various sites in the pelvis, however, those 

resident on the ovaries are likely to progress to carcinoma
60

 (Table 1.2).  

 

1.3.4 Clear cell carcinomas (CCCs) 

CCCs are the second most abundant OVCA cases after HGSCs and with a higher 

frequency in Asian population compared with Caucasians as well as account for approximately 

5-26% of all EOCs
65,66

. The cells of CCC have clear cytoplasms due to the upregulation of 

hepatocyte nuclear factor-1 beta (HNF-1β) which regulates the glucose and glycogen 
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metabolism; a process that leads to the accumulation of glycogen and the clear appearance in the 

cells
67,68

. CCCs are characterized by hyaline bodies, densely hyaline basement membrane and 

multiple complex papillae
67,68

. CCCs patients in advanced stages have the worst prognosis 

compared with other EOCs of similar stages due to chemoresistance and tumour recurrence
7,41

. 

Like ECs, CCCs have a significant association with endometriosis
69,70

. Aside endometriosis 

being a causal factor of CCCs, there are significant evidence showing the co-existence of CCCs 

with benign tumours known as adenofibromas
71,72

. Molecular profiling has demonstrated that 

CCCs are negative for BRCA1/2 mutations but positive for ARID1A and PIK3CA mutations
73-

75
. Alterations in PPP2R1A, KRAS, TP53 and PTEN have also been identified in CCCs but with 

lower frequencies compared with ECs
73-75

. Increased PIK3CA mutations lead to hyper-activation 

of the phosphoinositide-3 kinase (PI3K)/ protein kinase B (PKB; AKT)/ mammalian target of 

rapamycin complex (mTOR) signalling cascade, resulting in malignant transformation
73-75

 

(Table 1.2).  

 

1.3.5 Mucinous carcinomas (MCs) 

 MCs represent about 2-3% of all EOCs
76,77

. Most MC cases diagnosed are benign 

with a few being borderline malignancies
76,77

. The overall prognosis of patients at all stages is 

relatively good; however, patients with advanced stages have very poor overall survival 

compared with advanced serous carcinomas
41

. Studies have indicated that MCs are not primary 

to the ovary but rather metastasized from the gastrointestinal (GI) tract, endometrium and 

endocervix
78

. However, differentiating between primary MCs from metastatic MCs is not clearly 

demonstrated. Primary (ovarian) MCs are cytokeratin (CK) 7 positive whereas metastatic MCs 

from colorectal adenocarcinoma sites are CK7 negative but CK20 positive
79

. Regardless of the 
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tissue of origin, MCs express mucin genes such as MUC2, MUC3 and MUC17 as well as 

intestinal differentiation markers such as caudal-type homeobox transcription factors CDX1 and 

CDX2 and Lectin galactoside-binding soluble 4 (LGALS4; an intestinal surface adhesion 

molecule)
80

. Cells in MCs have pale-staining of mucin in the cytoplasm which increasingly 

depletes with tumour advancement
79

. In MCs, there are mutations in KRAS, TP53 and ERBB2 

although the alterations in KRAS and ERBB2 are mutually exclusive
81-83

 (Table 1.2).   

 

1.4 STAGES AND GRADES OF OVARIAN CANCER 

1.4.1 Ovarian cancer staging 

 Staging describes the amount of tumour present and how far it has spread in an 

individual. This is done after surgical resection of the tumour. Tumour staging provides useful 

information which is able to guide physicians in planning patients’ treatment and management, 

an intervention that could hugely impact the survival of patients. Ovarian cancer is primarily 

staged using the guidelines provided by the International Federation of Gynecology and 

Obstetrics (FIGO) using physical examination and clinical tests
84,85

. The FIGO system of staging 

uses information regarding the size of the tumour, how localized the tumour is in the ovaries as 

well as metastasis to distant organs. OVCA could be classified under 4 main stages
84,85

 (Table 

1.3): 

Stage 1: the tumour is localized in one or two ovaries without any spread outside the ovaries. 

These patients have the best prognosis of all stages with a 5-year survival rate of 90%. Patients 

diagnosed with stage 1 respond very well to treatment; however, only 15% of OVCA patients are 

diagnosed at this stage.  
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Stage 2: the tumour is found in one or two ovaries and has extended to the pelvis. About 19% of 

all cases are diagnosed with stage 2 and these patients have a 5-year survival rate of 70%. 

Patients generally have good prognosis compared with those with advanced stages of the disease.  

Stage 3: the tumour is found in one or two ovaries, has spread beyond the pelvis to other parts of 

the abdomen and lymph nodes. Stage 3 patients represent 60% of all cased diagnosed and have 

poor survival with a 5-year survival rate of 39%. 

Stage 4: this is the most advanced form of OVCA. This is when the tumour spreads beyond the 

abdominal cavity to distant organs such as the lungs, skin, brain and liver. These patients have 

the worst survival with a 5-year survival rate of 17%. 

 

1.4.2 Ovarian cancer grading 

 Tumour grading describes how healthy the cells in the tumour are compared with the 

cancerous cells. Unlike staging which is judged macroscopically, grading is defined under the 

microscope as to whether a tumour is well or poorly differentiated, a condition that could 

determine how aggressive a cancer could be
86,87

. This could inform the physician as to whether a 

cancer is likely to spread as well as guide treatment plan. Tumours could be graded as follows: 

GX: this is when the tumour cannot be evaluated or graded. 

GB: tumours that have low malignant potential (LMP) as well as borderline are graded as GB. 

G1: this is when a tumour is well differentiated and with large proportion of healthy-looking 

cells. 

G2: tumours graded as G2 have moderately differentiated cells with few healthy-looking cells. 

G3 and G4: these tumours are poorly differentiated with no healthy-looking cells present.  
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Table 1.3 FIGO Stages of epithelial ovarian cancer 

Stages 

Stage I IA – The cancer is confined 

to one ovary only. 
IB – The cancer is found in 

the two ovaries. 
IC – The cancer spreads 

outside the ovaries. 

Stage II IIA – Cancer extends to the 

uterus or fallopian tube. 
IIB – Cancer extends to the 

pelvis. 
 

Stage III IIIA – Cancer cells are 

detected in the upper 

abdominal cavity or lymph 

nodes. 

IIIB – Cancer in upper 

abdominal cavity measures 

less than 2 cm in size. 

IIIC – Cancer in upper 

abdominal cavity measures 

above 2 cm and also 

present on the liver surface. 

Stage IV IVA – Cancer metatasized 

to the lungs and found in 

fluids around the lungs. 

IVB – Cancer present in 

lung tissues and spleen.   
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1.5 OVARIAN CANCER SCREENING AND DIAGNOSIS 

 Ovarian cancer screening is key to determining high-risk patients as well as early 

stage disease patients even before they exhibit symptoms. Effective screening ensures cost-

effective treatment and management of patients leading to the improvement in the overall 

survival of patients. Ovarian cancer screening is mostly tailored for postmenopausal women who 

are mostly considered high risk
9
. Up-to-date, serum marker cancer antigen 125 (CA125) and 

transvaginal sonography (TVS) still present as the conventional strategies for screening the 

general population
9
. 

 

1.5.1 CA125 

  CA125, a high molecular weight transmembrane mucin (MUC16), is the most widely 

used tumour marker for EOC
9,88

. Serum CA125 was originally developed to monitor patients 

who have already being diagnosed with ovarian cancer and is elevated in the serum of about 90% 

of all patients with advanced EOCs
9
. Cancer cells upon stimulation by tumour necrosis factor 

(TNF) alpha and interferon (IFN) gamma release CA125 into the blood
88

. Although helpful, 

CA125 alone is not recommended as a screening test in asymptomatic patients due to its low test 

accuracy
9
. CA125 has been shown to be elevated in about 50 – 60% of stage I disease, ovarian 

cysts, hepatic diseases, endometriosis, adenomyosis, renal dysfunction and uterine fibroids 

suggesting that serum CA125 is not a reliable marker for screening ovarian cancer
89-91

. Thus, 

multi-analyte panel of biomarkers instead of single biomarkers are recommended to ensure 

effective screening of ovarian cancer patients. With the exception of clear cell carcinomas, 

CA125 is elevated in all types of EOCs
9,92

. Instead of CA125, serum tissue factor pathway 

inhibitor 2 (TFPI2) is the marker elevated in patients with clear cell carcinomas
92

. With the low 
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sensitivity of CA125 combined with the non-specific symptoms exhibited by ovarian cancer 

patients
9,90,91

, novel markers with reliable test accuracies are needed to improve patients 

screening, treatment success and overall survival. 

 

1.5.2 Transvaginal sonography (TVS) 

 TVS is an imaging modality that uses pattern recognition technique and grey-scale 

ultrasound to detect and evaluate adnexal mass with very high specificity and sensitivity
9,93,94

. In 

the first Kentucky study conducted in the year 2000, involving 14,469 asymptomatic subjects, 

TVS achieved a sensitivity, specificity, positive predictive value (PPV) and negative predictive 

value (NPV) of 81%, 98.9%, 9.4% and 99.97%, respectively
95

. In 2007, a second Kentucky 

study was conducted with 25,327 asymptomatic women
96

. The use of TVS annually recorded a 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) of 

85%, 98.7%, 14% and 99.9%, respectively
96

. Although the use of TVS provides promising 

results, its detection accuracy could be further enhanced when combined with other markers in a 

two-stage strategy. This will be significantly helpful in asymptomatic women with normal 

ovarian volume. 

 

1.5.3 Combining CA125 with TVS in ovarian cancer screening 

 The sequential or concurrent use of CA125 and TVS in the screening of ovarian 

cancer provides enhanced diagnostic accuracy compared with individual markers
91

. This is 

clinically beneficial in therapeutic success and improved patients’ survival. In a London study, 

the combination of TVS and CA125 showed a specificity of 99.8% compared with CA125 

combined with pelvic examination (specificity; 99%)
97

. In a second London study by Jacobs and 
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colleagues, the median survival of postmenopausal women screened with the combination of 

TVS and CA125 was 72.9 months compared with the control groups which were 41.8%
98

. In 

other trials organized in the US, Japan and UK, the combination of CA125 and TVS provided 

enhanced test accuracy compared with the individual markers
9
. Suggesting that including more 

novel markers to CA125 and TVS could further increase the sensitivity and specificity of 

screening ovarian cancer patients. 

 

1.6 TREATMENT STRATEGIES FOR OVARIAN CANCER 

 Ovarian cancer is the most lethal gynaecological cancer due to late diagnosis, tumour 

recurrence and chemoresistance
99

. For the past decade, the 5-year survival rate has not been more 

than 50% partly due to treatment non-responsiveness
1,3,5

. The primary standard of care treatment 

regimen for OVCA is surgical intervention to debulk the tumour, platinum-taxane-based 

chemotherapeutic agents and then optimal follow-up strategies
8,66

. Recently, there have been 

treatment revolutions where other molecular targeted therapies and immunotherapies have shown 

therapeutic promise in the treatment of OVCA patients
8,66

.  

 

1.6.1 Surgical intervention 

 In the treatment of OVCA patients, surgical intervention is crucial to debulk the 

tumour and provide definite staging according to the International Federation of Gynecology and 

Obstetrics guidelines, an intervention that is key for effective treatment
84,100

. In early staged 

OVCA, optimal stage laparotomy which includes total hysterectomy, bilateral salpingo-

oophorectomy, peritoneal cytology, omentectomy, pelvic/para-aortic lymph node dissection 
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(biopsy) and abdominal cavity biopsies are needed to reveal occult advanced disease as well as 

provide useful information for subsequent treatment
101,102

.  

 In advanced staged OVCA, a maximal debulking surgery is recommended to completely 

remove any visible residual tissue or tumour
101

. No residual tumour is significantly associated 

with prolonged patient survival
103

. Surgical debulking outcomes could be classified into three (3) 

main categories
104-106

: 

I. Complete residual disease/surgery: No detectable residual tumour by macroscopic 

examination. 

II. Optimal residual disease/surgery: maximum residual tumour with a diameter < 1 cm. 

III. Suboptimal residual disease/surgery: maximum residual tumour with a diameter ≥ 1 cm.  

 In most cases, a primary debulking surgery (PDS) is needed to completely remove all 

tumours before other treatments are initiated
8,104,106

. In advanced stages, interval debulking 

surgery (IDS) could be recommended if there is an extensive metastasis and complete resection 

is almost impossible
8,104,106

. IDS is carried out after chemotherapy to remove completely the 

tumour as a secondary procedure
8
. Surgical debulking is therefore key to the overall survival of 

the patients.  

 

1.6.2 Frontline chemotherapy 

1.6.2.1 Standard chemotherapy 

 The standard frontline chemotherapy is administered in two main forms: conventional 

and dose-dense chemotherapy
8
. The conventional treatment involves the administration of 

paclitaxel followed by carboplatin on day 1 and then every 3 weeks for 6 cycles (TC)
107

. The 

dose-dense TC treatment involves the administration of paclitaxel via i.v for 1 h plus carboplatin 
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(i.v) for 1 h
108

. The dose-dense treatment is administered for 6 cycles every 3 weeks
108

. In a trial 

(JGOG3016) comparing these two forms of treatments in advanced staged OVCA patients, the 

dose-dense treatment was associated with significant progression-free survival (PFS) and overall 

survival (OS) compared with the conventional treatment regimen
108

. The setback was the higher 

toxicity observed with the dose-dense treatment, a potential obstacle that will warrant the 

discontinuation of such treatments.  

 

1.6.2.2 Intraperitoneal chemotherapy 

 Intraperitoneal (IP) chemotherapy is recommended in advanced stage diseases after 

surgical debulking although there are associated risks involved such as abdominal pains, 

infections and abdominal discomfort
8,109

. Regardless of these complications, IP chemotherapy 

has shown a significant survival advantage with less than 1 cm residual tissue as demonstrated in 

the Gynecologic Oncology Group 172 (GOG172) trial
110

. Other randomized controlled trials 

have also observed significant survival advantages of IP chemotherapy especially in advanced 

stages EOCs
111

. Thus, IP chemotherapy remains promising regardless of the associated 

complications. Efforts in reducing these complications will be favourable for patients with 

advanced staged EOCs.  

  

1.6.3 Targeted molecular therapy and chemotherapy 

 Targeted molecular therapy is widely used in the treatment of cancer and has also 

shown therapeutic promise in ovarian cancer
8
. There are two types of targeted therapy that are 

used in ovarian cancer: anti-angiogenic target agents and poly (ADP-ribose) polymerase (PARP) 

inhibitors
8
. Vascular endothelial growth factor (VEGF) and its receptor (VEGFR) are involved in 
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neovascularisation leading to tumour progression and metastasis
112

. Upregulation of VEGF and 

VEGFR is significantly associated with ovarian cancer progression, poor patient survival and 

development of ascites
112

. Developing monoclonal antibody (bevacizumab; BEV) to block the 

action of VEGF has shown therapeutic success in lung, breast, colon and ovarian cancers. In two 

separate clinical studies (GOG218 and ICON7), administering BEV together with TC therapy 

provided a significant improvement in the PFS (GOG218; 3.8 months, ICON7; 1.7 months) of 

the patients compared with the control group
113,114

. However, adverse side-effects were observed 

in the patients treated with BEV such as gastrointestinal perforation, haemorrhage, proteinuria, 

thromboembolism and hypertension
113,114

. Upon further investigation, it was shown that 

gastrointestinal perforation was significantly associated with patients who had intestinal 

obstruction or had been exposed to radiation at their abdomen/pelvic region
113,114

. It is therefore 

important to carefully select patients and scrutinize their treatment history before administering 

BEV. Inhibiting the action of VEGFR with tyrosine kinase inhibitor (TKI; nintedanib) has also 

shown therapeutic promise in the treatment of ovarian cancer in a phase III clinical study.
115

.  

 PARP is a DNA binding protein involved with the repair of double-stranded DNA 

damage
116

. Thus, inhibiting the function of PARP is key to killing tumour cells and enhancing 

patient survival
116

. Tumours with BRCA1/2 mutation are more susceptible to PARP inhibitors 

compared with non-carriers
28,117

. In a randomized double-blinded clinical studies of 

chemosensitive ovarian cancer patients, olaparib (the first PARP inhibitor to be developed) 

treatment was associated with prolonged PFS compared with the placebo group (8.4 months vs. 

4.8 months; 0.35)
118

. Upon further stratification, patients with BRCA1/2 mutation had a marked 

improvement in PFS compared with the non-carrier group (11.2 months vs. 4.3 months; HR = 

0.18)
119

. Another PARP inhibitor, veliparib, has also demonstrated significant therapeutic 
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success in recurrent EOCs and with acceptable side-effects
120

. These suggest that the use of 

PARP inhibitors in combination with chemotherapy is an effective treatment option for advanced 

stage patients especially those carrying BRCA1/2 mutations.  

 

1.6.4 Immunotherapy of ovarian cancer 

 The standard treatment of ovarian cancer for the past two decades still remains 

surgical debulking and cytotoxic chemotherapy (carboplatin plus paclitaxel)
8
. However, the 5-

year survival rate still remains below 50%
3,5

. This has resulted in the development of novel 

therapies that harness the immune system to fight cancer. Examples of immunotherapies tested in 

ovarian cancers include peptide-based vaccines (peptides from MUC1, p53, WT-1 and CA-

125)
121-124

, immune checkpoint blockers [anti- cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4; ipilimumab and tremelimumab) and anti- programmed cell death protein 1/ 

programmed death-ligand 1; (PD1/PD-L1; nivolumab, pembrolizumab and atezolizumab)]
125-128

 

and adoptive T cell therapy
129

. These treatments have achieved marginal therapeutic advantages 

hence; novel approaches are required to increase their treatment outcomes.   

 

1.7 CHEMORESISTANCE IN OVARIAN CANCER 

 Although ovarian cancer patients initially respond to standard treatments, 55% of the 

patients relapse in 2 years with over 70% recurring within 5 years
3,5,99

. For two decades, the 5-

year survival rate for OVCA patients still fall below 50% despite tremendous efforts in 

investigating the cellular and molecular basis of OVCA
3,99

. Clinically, progression-free interval 

(PFI) is the most reliable indicator for stratifying patients in chemosensitive or 

chemoresistant
130,131

.  
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Fig. 1.3 Contributing factors of epithelial ovarian cancer chemoresistance. Chemoresistance 

in EOCs is multi-faceted. This could be contributed by genetic mutation of tumor suppressor 

genes (p53), upregulation and activation of oncogenes (AKT), BRCA1/2 mutations, increased 

metabolic activities (HKII), tumor microenvironment (immune cell suppression) and over-

expression of gelsolin. 

 

 

 

 



26 
 

PFI is described as the interval between the completion of an initial treatment and the beginning 

of another treatment regimen due to recurrence
130,131

. Chemoresistance is classified as PFI < 6 

months, partially chemosensitivity is classified as PFI within 6 – 12 months and chemosensitivity 

classified as PFI over 12 months
130,131

. Depending on the study, chemoresponsiveness could be 

defined as 6 < PFI ≥ 6 months or 12 < PFI ≥ 12 months
130,131

.  The cellular and molecular 

basis of chemoresistance is attributed to the dysregulation of pro-survival (such as PI3K/Akt)
132-

135
 and pro-apoptotic (such as p53) signalling cascade

136-138
, epigenetic modifications (DNA 

methylation and histone modification, protein ubiquitination and degradation, and microRNA 

regulation)
139-141

, metabolic activities [hexokinase II (HKII), hypoxia-inducible factor 1-alpha 

(HIF1α)] 
142-144

, increased expression of multidrug resistance pumps
145-148

 and enhanced DNA 

damage repair
16,149

 (Fig. 1.3). Also, accumulating evidence has shown that the tumour 

microenvironment regulates the sensitivity of OVCA cells to chemotherapy treatment
150,151

. The 

key players in determining the fate of ovarian cancer cells in the TME include: i) pro-apoptotic 

and pro-survival genes in the cancer cells ii) dysregulation of immune cells [e.g. increased 

expression of checkpoint proteins (PDL1 and PD-1)], and iii) soluble factors and extracellular 

vesicles that promote crosstalk between the OVCA cells and the neighbouring target cells. Such 

mechanisms could act independently or inter-dependently to orchestrate their effects. 

 

1.7.1 Mechanism of cisplatin action and chemoresistance 

 Cisplatin [cis-Pt (II) (NH3)2CL2; cis-diaminodichloroplatinum; (CDDP)] consists of a 

central platinum ion bound to two amino groups (NH2) and two chloride ions (Cl) in the cis 

configuration (Fig. 1.4). The cis configuration is critical for the anti-tumour functions of CDDP 

since its trans-isomer does not provide any biological effects
152

.  
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Fig. 1.4 Chemical structure of platinum. (A) Cisplatin and its trans stereoisomer (B) 

transplatin. 
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CDDP crosses the cell membrane by simple diffusion since it’s non-ionized in a native state. 

CDDP upon entering the cell reacts with water, a reaction that leads to chloride ion loss and a 

positively charged electrophile.  

 This enables the platinum atom to bind to negatively charged molecules such as DNA 

to form inter and intra-strand DNA crosslinks between adjacent guanines
153-155

. Also, CDDP 

agents are transported into cells via active (copper transporter, CTR1) or passive transport after 

which they bind to the nuclear DNA forming intra-strand (most abundant ~70%) and inter-strand 

crosslinks
156

. These adducts result in DNA conformational changes as well as inhibit DNA 

unwinding and synthesis, processes that damage the DNA leading to the initiation of apoptotic 

signalling or DNA damage repair mechanisms
157

. Ataxia telangiectasia mutated protein (ATM), 

ataxia telangiectasia and Rad3 - related protein (ATR) and their downstream effector checkpoint 

kinases 1 and 2 (Chk1 and Chk2) act as CDDP-induced DNA damage sensors that trigger the 

activation of p53, leading to apoptosis
158

. Aside DNA damage, CDDP treatment also inflict 

deleterious damages to mitochondria, alters chemotherapeutic agent cellular transport 

mechanisms as well as decreases the expression of ATPase, ATPase copper transporting alpha 

and beta (ATP7A and ATP7B). ATPase, ATP7A and ATP7B sequester and block CDDP from 

interacting with the nuclear DNA
159-162

. The initial response rate (RR) to platinum-based 

chemotherapies is about 70%; however, 70% of the patients relapse after 5 years
110,163

. Tumour 

recurrence could be due to genetic modification of tumour cells to acquire a chemoresistant 

state
164

. The underlying mechanisms of OVCA chemoresistance could be grouped into 3 main 

categories: mechanisms inhibiting the formation of lethal DNA-cisplatin adduct
165

, mechanisms 

attenuating the initiation of apoptotic signalling after DNA damage
157,165

 and mechanisms 

involving anti-tumour cells in the TME
166-170

.   
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1.7.2 Multidrug resistance ‘pumps’ (MDRs) 

 MDRs are proteins that are involved in the efflux of chemotherapeutic agents from 

cells, a mechanism that reduces drug concentration in its target cells as well as minimizes its 

efficacy
147

. Examples of these proteins include ATP-binding cassette sub-family B member 

1 (ABCB1) or p-glycoprotein, ABC subfamily C member 1 (ABCC1/MRP1) and ABC 

subfamily G member 2 (ABCG2)
147,171

. The downregulation of p-glycoprotein by cisplatin 

renders ovarian cancer cells sensitive cisplatin-induced apoptosis
172

. Overexpression of p-

glycoprotein in chemosensitive ovarian cancer cells rendered them resistant to cisplatin-induced 

death
173

. MRP1 shares 15% amino acid sequence with p-glycoprotein
174,175

; however, their 

resistance profiles overlap
146,176

. Although MRP1 is resistant to anthracyclines and methotrexate 

but not taxanes and CDDP,  p-glycoprotein and MRP2 on the other hand are resistant to taxanes 

and cisplatin
147

. Thus, the type of MDR expressed on OVCA cells could also determine the type 

of chemotherapeutic drug the cell is resistant to. Although this information could help physicians 

select the appropriate chemotherapeutic agent for OVCA patients, it also addresses the point that 

MDRs alone are not adequate to indicate chemoresistance. MRP1 is involved in the 

transportation of glutathione (GSH) and glucoronate conjugates, a process that is key to phase II 

metabolism and cellular detoxification
177,178

. In addition to ovarian cancer, MRP1 has been 

reported to be highly expressed in breast cancer, prostate cancer, non-small cell lung cancer and 

haematological cancers
145,179,180

. MRP1 expressions in these cancers are significantly associated 

with poor therapeutic outcomes
145

. Murine ovarian cancer cells when cultured with ascites 

exhibited increased expression MRP1 and breast cancer related protein (BCRP)
148

. This 

attenuated the sensitivity of these cells to paclitaxel-induced death. Taken together, these results 
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suggest that the aberrant expression of multidrug resistant proteins plays a key role in human 

ovarian cancer chemoresistance.  

 

1.7.3 Drug Detoxification  

 Glutathione (GSH) is an important antioxidant that is involved in the detoxification of 

chemotherapeutic drugs including CDDP
181,182

. GSH binds covalently with CDDP to form GSH-

CDDP complex via catalytic reaction with glutathione-S-transferase (GST) or non-enzymatic 

reactions
178

. Upon complex formation with GSH, CDDP is refluxed from the cells by an ATP-

dependent transporter GS-X, a mechanism that reduces the intracellular accumulation of 

CDDP
177,178,183

. Increased expression of GSH and/or GST render(s) ovarian cancer cells resistant 

to CDDP-induced death; however, their cellular depletion makes ovarian cancer cells more 

susceptible to CDDP-induced death
172,184

. Primary cells derived from ovarian cancer patients 

treated with chemotherapy revealed increased expression of GSH, a phenomenon that was 

significantly associated with multidrug resistance
185

. Taken together, these findings suggest that 

chemotherapeutic drug detoxification and efflux is a key determining factor of drug resistance in 

ovarian cancer. The role of the tumour microenvironment in the regulation of GSH and other 

antioxidants is not well established. Fibroblast-derived GSH confers resistance in ovarian cancer 

cells by reducing the intracellular accumulation of CDDP in the cells
186

. This reduces the 

cytotoxic effects of CDDP on the ovarian cancer cells. GSH synthesis in OVCA and its 

interaction with immune cells is less established. As to whether immune cells modulate the 

expression of antioxidants in cancer cells remains to be investigated.  
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1.7.4 DNA damage repair  

 DNA damage repair involves the use of excision damage repair mechanisms that 

replace damaged nucleotides with healthy nucleotides
149

. Enhanced DNA damage repair has 

been reported to be associated with chemoresistance
8,149

. This is as result of increased repair of 

DNA damages inflicted by chemotherapeutic agents. There are five (5) types of DNA repair 

mechanisms which include base excision repair (BER; repairs single nucleotide damages), 

nucleotide excision repair (NER; repairs 2 – 30 bases of nucleotide damages), mismatch repair 

(MMR; repairs mismatched nucleotides resulting from errors generated by DNA band 

recombination) and homologous recombination (HR) and non-homologous end joining (NHEJ) 

for double strand breaks
149

.  

 In cancer cells, there are high replication rate and defective DNA repair mechanisms 

which result in genomic instability, a mechanism that is frequently observed in high grade 

serious ovarian cancer
149

. BRCA1 and 2 are key proteins involved in the DNA repair 

mechanism. Mutations of BRCA1/2 are associated with approximately 10% of all HGS EOC 

cases and 2.1% of all endometrioid EOC cases
187,188

. Although defective repair mechanisms 

promote oncogenesis due to the accumulation of mutations, they also render cancer cells 

sensitive to chemotherapeutic agents which are the case of BRCA1/2 mutations
117

. Increased 

expression of human apurinic/apyrimidinic endonuclease (APE1), a key protein of the BER 

complex, is associated with platinum resistance, poor surgical outcome and poor overall survival 

in EOC patients, gastro-oesophageal and pancreatico-biliary cancers, making it a suitable 

candidate for targeted therapy
189

. Increased expression of excision repair cross-complementing 1 

(ERCC1) renders ovarian cancer cells resistant to chemotherapeutic agents; however, ERCC1 

downregulation sensitized ovarian cancer cells to CDDP-induced cytotoxicity
190

. Understanding 
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the DNA damage repair mechanisms and their pathogenesis in ovarian cancer will enable the 

development of novel targets for effective and successful therapeutic outcomes.  

 

1.7.5 Signalling cascades involved in ovarian cancer cell chemoresistance 

Genes such as TP53, Akt/PI3K and gelsolin control cell cycle, proliferation, apoptosis 

and survival
134,138,191,192

. Alterations in these genes could potentially result in cancer cell 

aggressiveness and chemoresistance. Some of these gene products act in isolation or in 

partnership with other proteins or RNAs to execute their influence. The ovarian cancer cell 

develops smart mechanisms to dysregulate these genes and to favour its survival.  

 

1.7.5.1 The PI3K/Akt signalling and chemoresistance 

Phosphatidylinositol 3-kinase (PI3K)/Akt pathway is an intracellular signalling 

cascade that is mainly involved in the regulation of the cell cycle thus, participating in cellular 

quiescence, proliferation and carcinogenesis
193,194

. This pathway is mostly activated in response 

to growth factors and cytokines; PI3K phosphorylates and activates Akt which in turn leads to a 

number of downstream effects such as inhibition of p27
195

 and cAMP-response element binding 

protein (CREB)
196

. It also affects the localisation of forkhead box O (FOXO)
195,197

 in the 

cytoplasm and activation of mTOR
195,197

. PI3K consists of two main subunits, namely the 

regulatory (p85) and catalytic (p110) subunits
198

. Akt, also known as protein kinase B (PKB) is a 

downstream protein target of PI3K
199

. As a serine/threonine protein kinase, Akt has three 

isoforms (Akt/AKT1/PKBα, AKT2/PKBβ and AKT3/PKBγ) with overall homology greater than 

85%
135,200,201

. Akt contains an N-terminal PH domain which binds to PI3K, a C-terminal rich in 

serine and threonine that is phosphorylated for kinase activation, and a central kinase domain. 
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Akt is phosphorylated by phosphoinositide-dependent kinase 1 (PDK-1), integrated linked kinase 

(ILK) and MAP kinase-associated protein kinase-2 (MAPKAPK2)
202-204

, but is negatively 

regulated by SH2 domain-containing inositol phosphatase (SHIP)
205,206

 and phosphatase and 

tension homolog (PTEN)
207,208

 which are known tumour suppressor genes mostly mutated/down-

regulated in cancers, including ovarian cancer. The PI3K/Akt signalling pathway is critical in the 

regulation of ovarian cancer cisplatin sensitivity
135,191

. Akt is overexpressed, activated and 

functionally altered at the DNA or mRNA levels in primary ovarian cancer
209

. Ovarian cancer 

cells overexpressing a constitutively active Akt or amplified AKT2 are resistant to cisplatin-

induced apoptosis compared to cells expressing low Akt levels
133

. PI3K/Akt pathway interacts 

with other proteins such as HKII, X-linked inhibitor of apoptosis protein (XIAP), gelsolin and 

p53 to regulate ovarian cancer chemosensitivity
143,191,192

. This implies that, the mechanism of 

ovarian chemoresistance is multifactorial hence, a holistic approach should be considered in its 

strategic management. 

 

1.7.5.2 p53 and chemoresistance 

p53, a tumour suppressor, is considered the “guardian of the genome” which arrests 

cell replication to initiate DNA repair upon sensing DNA damage
136

. It also acts as a 

transcription factor involved in the expression of genes responsible for cell cycle arrest 

regulation and apoptosis
138,210,211

. p53 activation and upregulation is associated with the 

attenuation of cellular proliferation and induction of apoptosis depending on the severity of the 

DNA damage
212

.  

Murine double-minute-2 (MDM2) or it’s human homologue (HDM2) ubiquitinates p53 and 

targets it for proteasomal degradation, a process that regulates p53 content and activity
213

. The 



34 
 

Serine (Ser) and Threonine (Thr) sites in the MDM2 binding pockets of p53 are phosphorylated 

following stress
214

. This attenuates MDM2-mediated p53 ubiquitination and proteasomal 

degradation, a process that leads to p53 activation, stabilization and up-regulation
214

. p53 

mutation and downregulation have been recorded in a high percentage of human cancers 

including ovarian cancer
212

. The activation of p53 is required to sensitize cancer cells to DNA 

damaging chemotherapeutic agents such as CDDP. Thus, inactivation of p53 in ovarian cancer 

cells results in the development of resistance to cisplatin treatment
210

. p53 is activated in 

response to cisplatin-induced genetic insults by DNA damaging protein sensors ataxia 

telangiectasia mutated protein (ATM) and ataxia telangiectasia and Rad-3 related protein (ATR) 

and also through serine phosphorylation (S15 and S20) by the G2 checkpoint kinase 1 (Chk1), 

preventing its ubiquitination and proteasomal degradation while increasing its pro-apoptotic 

properties
215-217

.  

P53 is involved in the upregulation of pro-apoptotic proteins [Phorbol-12-myristate-13-

acetate-induced protein 1 (NOXA), p53-upregulated mediator of apoptosis (PUMA), apoptotic 

protease activating factor-1 (Apaf-1), Bcl-2-associated X protein (Bax) and Bcl-2 antagonist of 

cell death (Bad)] and death receptors (DR4, DR5 and Fas). Cisplatin also causes p53-dependent, 

Itch-mediated Flice-like Inhibitory Protein (FLIP) degradation at the plasma membrane
191,192,218-

222
. In addition to the transcriptional action of p53, it is also involved in mitochondria dynamics 

by interacting with prohibitin 1 resulting in metalloendopeptidase Oma1-mediated processing of 

optic atrophy 1 (OPA1) and CDDP-induced apoptosis
223

. p53 is accumulated in the mitochondria 

upon CDDP treatment, an action that results in the release of second mitochondria derived 

activator of caspases (Smac), cytochrome c (Cyt c), human high temperature requirement protein 

A2 (HtrA2/Omi) and apoptosis in chemosensitive OVCA cells
134

. In response to cisplatin, p53 
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binds to the voltage-dependent anion channel (VDAC) of the mitochondrial outer membrane in 

chemosensitive ovarian cancer cells to induce release of pro-apoptotic factors such as 

cytochrome c (cyt c), apoptosis inducing factor (AIF) and smac
211

.  

Protein phosphatase magnesium-dependent 1 D (PPMID) expression has been implicated in  

many types of cancers including ovarian cancer
224,225

. Its expression is directly correlated with 

poor prognosis
224,225

. PPM1D regulates p53 activation through ataxia telangiectasia mutated 

(ATM), Chk1 and Chk2
226,227

. It also regulates p53 stabilization through mouse double minute 2 

homolog (MDM2)
213,214,228

 and MDMX [a.k.a MDM4 (Mouse double minute 4 homolog)]
228,229

. 

As a potent oncogene, the primary function of PPM1D is to inhibit cell cycle checkpoints, DNA 

repair and cellular apoptosis thus, leading to oncogenic transformation, cancer cell proliferation 

and chemoresistance
224,225,229

.  

 

1.8 TUMOUR MICROENVIRONMENT AND CHEMORESISTANCE 

 The tumour microenvironment (TME) modulates the responsiveness of cancer cells to 

treatment, a process that could result in tumour progression, chemoresistance and poor patient 

survival
150,167,168

. The tumour microenvironment entails a plethora of interactive cells that 

communicate with each other via cell-cell contact or the soluble factors that modulate the 

behaviour of the tumours (Fig. 1.5). Although immune cells such as T cells, B cells, natural 

killer (NK) cells and macrophages are programmed to kill cancer cells, their anti-tumour 

properties could be suppressed to favour tumour growth and recurrence
169,230,231

.  
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Fig. 1.5 Multifactorial roles of the tumour microenvironment on epithelial ovarian cancer 

chemoresistance. Immunostimulatory nutrients, immunosuppressive metabolites, pro-

tumourigenic cytokine milieu and intracellular signaling proteins regulate the behavior of OVCA 

cells and T cells’ functions contributing to chemoresistance. OVCA cells and pro-tumourigenic 

tumour infiltrating lymphocytes (TILs) deplete immunostimulatory nutrients meant to boost the 

functions of T cells. Immunosuppressive metabolites are produced by the OVCA cells and pro-

tumorigenic TILs after consuming the nutrients which further promote T cell dysfunction. APC, 

antigen-presenting cell; MDSC, myeloid-derived suppressor cell; IL, interleukin; T reg, 

regulatory T cell; PGE2, prostaglandin E2; TGFβ, transforming growth factor-β. Adapted from 

Daniel .E. Speiser, et al., 2016 and modified. 
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Fig. 1.6 Schematic diagram of cancer immuno-editing. There are three (3) phases of cancer 

immune-editing: elimination phase, equilibrium phase and the escape phase. The elimination 

phase is when the tumour is overwhelmed with functional immune cells leading to tumour cell 

death. A state of dormancy where tumour expansion is controlled is achieved when the tumour 

and immune cells reach a phase of dynamic equilibrium.  The escape phase is when anti-tumour 

immune responses are curtailed leading to tumour expansion. Diagram designed using 

biorender. 
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1.8.1 Tumour infiltrated lymphocytes (TILs)  

 TILs are immune cells that home from the circulation and are presented in the tumour 

stroma as well as parenchyma. They consist of the members from both innate (macrophages and 

natural killer cells) and adaptive (T and B cells) immune systems
232

.  Although the normal 

physiological function of these immune cells should be used to recognize and kill tumour cells, 

they are usually “re-engineered” to help tumour development instead
168,230,233

 (Fig. 1.6). In a 

functional immune system, tumour antigens should be sampled by antigen presenting cells 

(APCs) such as dendritic cell (DCs) and macrophages, after which they are processed and 

presented to T cells to activate cytotoxic T cells for eradication of the tumour cells. This is 

known in the TME as the elimination phase
167

 (Fig. 1.6). The antigens could also be presented 

to helper T cells to get activated for pro-inflammatory and immune-stimulatory cytokines 

secretion that potentiates immune response. Tumour cells in their quest to combat the immune 

response may secrete inhibitory cytokines (TGF-β, IL-10) and chemokine ligand 2 (CCL2) to 

down-regulate the cytotoxic functions of CD8+ T cells and CD4+ T helper cells. This counter-

attack mounted by the tumour cells are in balance with anti-tumour attack hence, creating an 

equilibrium phase
167

 (Fig. 1.6). Although most tumour cells will be killed by the effector T 

cells, some of the antigens in the tumour cells are mutated hence acquire resistance to tumour 

killing. This period of evading immune attack is referred to as the escape phase
167

 (Fig. 1.6). At 

this phase, the tumour becomes resistant, malignant, and metastasizes easily.  

 

1.8.2 Tumour-associated macrophages (TAMs) 

TAMs are phagocytic immune cells derived from monocytes that could either 

stimulate anti-tumour function or promote tumour growth, depending on the local signal 
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networks to which they are exposed. Circulating monocytes could be committed to either M1 or 

M2 macrophages depending on the cytokine stimulation
234

. Upon lipopolysaccharide (LPS) 

and/or interferon gamma (IFN-γ) stimulation, monocytes could be differentiated into M1 

macrophages that are responsible for high-level IL-12 and IL-23 secretion but low levels for IL-

10
234

. On the other hand, when monocytes are stimulated by IL-4, they are differentiated into M2 

macrophages, which secrete high-level IL-10, TGF-β and IL-4 but low-level IL-12
234

. TAMs are 

mostly M2 macrophage populations that secrete immunosuppressive cytokines to promote 

tumour growth, invasion, angiogenesis, metastasis and chemoresistance
168,234,235

. The immune-

suppressive role of TAMs has been reported in different types of cancers including ovarian 

cancer, where increased TAM population is associated with poorer patient outcome, tumour 

aggressiveness, and chemoresistance
236

. 

 

1.9 CROSS-TALK MOLECULES IN THE TUMOUR MICROENVIRONMENT 

AND CHEMORESISTANCE 

Intercellular communication is a fundamental process not only in the tumour 

microenvironment but also in the metastatic dissemination of tumour cells and chemoresistance. 

Cross-talk between cancer cells and neighbouring cells could be mediated through several 

mechanisms
237,238

, namely (Fig. 1.5): (1) direct cell-cell contact, (2) cytokine/receptor interaction 

and (3) vesicle-mediated interaction. As to whether these mechanisms act independently or 

dependently still remain a puzzle to be solved. Nevertheless, with the exception of the vesicle-

mediated mechanism, they have been extensively studied especially in the tumour 

microenvironment. 
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1.9.1 Characteristics of extracellular vesicles 

A plethora of extracellular vesicles are released by tumour cells into the TME which 

modulate neighbouring target cells to favour tumour growth, angiogenesis and 

chemoresistance
239,240

. These tumour cell secreted vesicles are heterogeneous and may include 

small extracellular vesicles (sEVs; mostly called exosomes), large extracellular vesicles (lEVs; 

mostly called microvesicles/microparticles), and apoptotic bodies. Regardless of the fact that 

these vesicles share some common features, they differ by their sizes, mechanism of formation, 

characteristic structural and molecular features, and compositions (proteins, nucleic acids and 

lipids, etc.)
237,238

. These distinctive features provide information about the cell of origin. 

Amongst these vesicles, sEVs and lEVs are the most studied in the context of tumour growth and 

chemoresistance
140,141,240-243

. 

 

1.9.2 Small extracellular vesicles (Exosomes)  

Exosomes are vesicles measuring from 30 – 150 nm in diameter formed within 

endosomes by membrane invagination leading to the formation of multivesicular bodies 

(MVBs)
238,244

. Upon fusion with the plasma membrane, the sEVs are released into the 

extracellular space. Proteins such as ALG-2-interacting protein X 2 (Alix2), endosomal sorting 

complex required for transport (ESCRT),  tumour susceptibility gene 101 (Tsg101), CD63, heat 

shock proteins(Hsps) and major histocompatibility complex II (MHC class II) are highly 

contained in exosomes hence, used as markers for detection after sedimenting at 100,000 g from 

appropriate samples (culture media and biological fluids)
237,238,244

. 
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1.9.3 Large extracellular vesicles (Microparticles)  

Microparticles are 150 – 1000 nm in diameter and formed by the outward blebbing of 

plasma membrane mostly under stress conditions
244

. LEVs sediments at 20,000 g and is positive 

for Annexin V and other cell-specific surface markers
237,238,244

. LEVs, just like sEVs, shuttle 

proteins, lipids and nucleic acids that are involved in regulating tumour proliferation, invasion 

and chemoresistance
242,243

. 

 

1.9.4 Cancer cell-derived extracellular vesicles (EVs) and chemoresistance 

EVs-mediated drug resistance is frequently classified into three mechanisms: (1) 

Neutralization of antibody-based drugs, (2) export of small molecular drugs, and (3) transfer of 

biologically active materials (proteins, lipids and miRNAs)
141,245-248

. Exosomes released from 

chemoresistant OVCA cells contain approximately 3 folds more cisplatin compared to the 

exosomes from their sensitive counterparts, suggesting that cancer cells utilize exosome transport 

system for drug export
249

. It has also been demonstrated that cisplatin-resistant OVCA cells 

release exosomes that contain biologically active miR-21-3p which targets the neuron navigator 

3 gene (NAV3) in the chemosensitive cells, rendering them resistant to cisplatin treatment
139

. In 

functional studies, miR-21 was observed to be carried in exosomes released from cancer 

associated adipocytes or cancer associated fibroblasts to ovarian cancer cells. These functional 

exosomes suppressed paclitaxel-induced apoptosis in OVCA through their direct interaction with 

Apaf1
140

. EVs derived from cisplatin resistant OVCA cells contain mutated SMAD4 that confers 

resistance of naïve A2780 (cisplatin-sensitive) recipient cells via endocytosis and is associated 

with epithelial to mesenchymal transition (EMT)
240

. The efficacy of most immunotherapy has 

been compromised due to the ability of cancer-derived exosomes to bind and inhibit therapeutic 



42 
 

antibodies such as trastuzumab and rituximab
248

. Cancer-derived EVs have also been shown to 

down-regulate the cytotoxic functions of immune cells thus, enabling cancer cells to evade anti-

tumour response
141,250-252

. The underlying mechanism behind the transfer of EVs and selective 

uptake by immune cells are still largely unknown. Understanding how cancer cell-derived EVs 

modulate immune cells to facilitate tumour escape is key to developing novel cancer therapies.  

 

1.10 GELSOLIN AND CHEMORESISTANCE 

1.10.1 Gelsolin biology and function 

Gelsolin (GSN), an 80 – 84 kDa protein, exists as both cytoplasmic (cGSN) and 

secretory (pGSN) isoforms
253,254

. It also has other isoforms which are less characterized and 

mainly expressed in the nervous system. Both isoforms are encoded by a single gene on 

chromosome 9 and derived from alternative splicing and different transcriptional initiation sites 

(Fig. 1.7)
253,254

. All gelsolin isoforms bind, sever and cap actin filaments
253,255

. They differ by an 

N-terminal 25-amino acid signaling peptide and a cystine residues disulfide bond
253,255

. cGSN 

has been implicated in cytoskeletal remodeling, cell growth and proliferation, cell motility and 

apoptosis
256

. cGSN also exists in the mitochondria and preserves mitochondrial integrity by 

blocking the loss in mitochondrial membrane potential and apoptosis
256-258

.  

GSN plays an important role in the regulation of gynecological cancer cell fate as reflected in 

dysregulating their chemosensitivity
192

. Chemoresistant cancer cells exhibit higher intact cGSN 

and lower cleaved cGSN contents in OVCA cell lines compared to their sensitive 

counterparts
192,257

. cGSN expression in high-grade serous OVCA is significantly associated with 

tumour progression, progression-free and overall survival
192

.  
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Fig. 1.7 The structure of gelsolin. Both isoforms of gelsolin (cytoplasmic; cGSN and secreted, 

pGSN) are encoded by a single gene on chromosome 9 in humans. Transcription at exon 1 

produces cGSN mRNA whereas transcription at exon 3 produces pGSN mRNA. pGSN protein 

has an additional 25 amino acids sequence at its N-terminal region which is absent in the cGSN. 

UT, untranslated sequence; cGSN, cytoplasmic gelsolin; pGSN, plasma gelsolin.    
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cGSN undergoes CDDP-induced, caspase-3-mediated cleavage between residues Asp
352

 

and Gly
353

, resulting in the formation of C-terminus (C-cGSN; 41KDa) and N-terminus (N-

cGSN; 39KDa) fragments and ultimately apoptosis in chemosensitive but not in chemoresistant 

cancer cells
192

. Forced expression of C-cGSN and its sub-fragments sensitize chemoresistant 

ovarian cancer to cisplatin in vitro through caspase-3-mediated cleavage and apoptosis
192

.  

CDDP down-regulates FLIP in chemosensitive OVCA cells thereby increasing apoptosis; this 

effect does not happen in chemoresistant OVCA cells
192

. CDDP dissociates cGSN from the 

GSN-FLIP-Itch complex in chemosensitive cells, thereby inducing FLIP ubiquitination and 

degradation, activation of caspase-8 and -3, caspase-3-mediated cleavage of cGSN, and 

apoptosis
192

. In the chemoresistant OVCA cells, CDDP fails to dislodge cGSN from the complex 

and hence CDDP-induced apoptosis is attenuated
192

. 

 

1.10.2 Plasma gelsolin (pGSN) and chemoresistance 

pGSN, a secretory/soluble form of gelsolin, differs from the cGSN by a N-terminal 

25-amino acid signalling peptide and a cysteine residue disulfide bond between positions 188 

and 201, designated as the “plasma extension” signal
253,254

 (Fig. 1.7). The major sites for pGSN 

synthesis are the skeletal, cardiac and smooth muscles instead of the liver cells, which is a major 

organ that contributes to most circulating proteins
253,254

. pGSN is an extracellular actin scavenger 

which prevents actin toxicity and further life-threatening conditions
259

. Such risk may present in 

an array of clinical conditions such as acute respiratory distress syndrome
260,261

, sepsis
261-263

, 

major trauma
261,264,265

, malaria
266,267

 and liver injury
268

. GSN expression has been studied in 

breast
269

, gastric
270

, eosophageal
271

, osteosarcoma
272

 and liver
242

 cancers and appeared regulated 

by BRCA1/2 and AKT signalling
269,272

, methylation
270

, and mir-200a targeting
242

 and have been 
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implicated in TGF/EM transition
269

. Total GSN overexpression in gynaecologic cancers is 

significantly associated with chemoresistance, poor prognosis, aggressive behavior and cancer 

deaths; however, the role of pGSN (secreted form of GSN) remains elusive
192,257

. 

Elevated pGSN levels in the blood of colorectal patients and tissues of prostate cancer 

patients are significantly associated with distant organ metastasis
273

 and disease progression
274

 

respectively. However, the mechanisms behind these phenomena have not been explored. 

Although pGSN is distributed by body fluids, little is known about its expression, secretion and 

interaction with immune cells in the tumour microenvironment. Despite the observation that 

pGSN interacts with cell surface proteins such as integrin
275

, detail interactions and resulting 

effects are yet to be studied. Although the levels of pGSN are inversely proportional to T cells 

levels in the plasma of patients with burns, the detailed mechanism has not been demonstrated. 

As to whether pGSN promote OVCA cell survival and chemoresistance as well as suppress the 

functions of immune cells in the OVCA microenvironment remain to be determined. 

  

 

 

 

 

 

 

 

 

 



46 
 

CHAPTER 2 - RATIONALE, HYPOTHESIS AND OBJECTIVES  

2 Rationale and background 

  OVCA is the most lethal gynecological cancer, due mainly to late diagnosis, 

recurrence and chemo-resistance
1,2

. The standard first line treatment for OVCA is a combination 

of surgical debulking and chemotherapy with cisplatin (CDDP) and taxane derivatives
3,4

. 

Although they are successful initially, chemoresistance is a major hurdle for long term 

therapeutic success, and there have not been significant change in the 5-year survival rate over 

the past 30 years
3,4

. The molecular mechanism of chemo-resistance is multi-factorial and is 

associated with evasion of apoptosis and impaired immunological response
5,6

. OVCA is 

considered a cold tumour hence, has poor immune cell infiltration
6
. Thus, immunotherapy has 

failed to be effective to date. There is still more to learn about the molecular contributors to 

chemoresistance in OVCA to afford new diagnosis and treatment.  

Although gelsolin overexpression is significantly associated with chemoresistance, poor 

prognosis, aggressive behavior and cancer deaths, the role of pGSN (secreted form of GSN) 

remains elusive
7,8

. Elevated levels of pGSN in the plasma of colorectal and head-and-neck 

cancers are significantly correlated with tumour recurrence and poor prognosis
9
; however, the 

mechanism involved has not been reported. Although pGSN is distributed by body fluids, little is 

known about the regulation of its expression/secretion. As to whether pGSN expression is key to 

ovarian cancer chemoresistance remains to be determined.  

TME is a strong contributing factor for chemoresistance
5
. In addition to tumour cells, the 

TME entails various cell types, including immune cells. Due to the coldness of OVCA (low 

infiltration of immune cells), patients are unresponsive to immunotherapy although melanoma, 

breast cancer and lung cancer patients respond well
6,10

. There is an urgent need for alternative 
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immunotherapies that target novel pathways responsible for the coldness of OVCA. Although 

pGSN is secreted into the blood during the normal physiologic state, its interaction with 

neighbouring immune cells remains to be examined. Whether there is a dysregulation in its 

interaction with cells which further contributes to OVCA progression and drug resistance is yet 

to be unveiled. We have yet to investigate the mechanistic role of pGSN in inhibiting the anti-

tumour functions of infiltrated T cells and macrophages in OVCA chemoresistance. We expect 

that pGSN expression could serve as a novel target for elucidating the coldness of OVCA and 

also provide alternative means to improve patient survival.  

Extracellular vesicles play a key role in cell-cell communication through surface 

interactions and transfer of proteins or nucleic acids and are involved in cancer progression, 

survival and metastasis
11-14

; however, their identity and precise role in OVCA chemoresistance is 

not well established. The secretion of extracellular vesicles from cancer cells could regulate the 

functions of neighboring cells, including immune cells
13,15

. We have yet to demonstrate if and 

how sEV-pGSN regulate immune cell functions such as T cells and macrophages in vitro and 

how this dysregulation contributes to OVCA chemoresistance 

 

2.1 Overall objective 

The overall objective of the proposed study is to determine if and how pGSN 

regulates chemosensitivity in OVCA.  
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2.2 Overall hypothesis 

1. pGSN contributes to OVCA chemoresistance by; 

a. auto-regulating its own gene expression in an autocrine and paracrine 

manner; 

b. down-regulating the anti-tumor functions of immune cells 

2. pGSN is a biomarker for early detection of OVCA and prognostic marker for residual 

disease and patient survival. 

2.3 Specific Hypotheses and specific objectives 

1. Hypothesis: pGSN promotes OVCA cell survival through both autocrine and paracrine 

mechanisms that confers CDDP resistance to chemosensitive OVCA cells.  

Objectives: To determine whether  

a. PGSN gene expression in OVCA cells is mediated via α5β1 integrin/AKT/HIF1α 

signaling cascade; 

b. HIF1α binds to the DNA promoter region of pGSN to prmote the endogenous 

expression of pGSN in OVCA cells; 

c. pGSN is secreted via small extracellular vesicles (sEVs); 

d. Chemoresistant OVCA cell-derived sEVs induce CDDP-resistance in otherwise 

chemosensitive OVCA cells via the activation of the α5β1 integrin/AKT/HIF1α 

signaling cascade. 

2. Hypothesis: pGSN inhibits CD8+ T cell function and regulates GSH production to confer 

chemoresistance in OVCA. 

Objectives: To determine whether 
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a. sEVs containing pGSN induce the production of GSH which attenuate CDDP-

induced death in OVCA cells;  

b. Increased expression of pGSN in OVCA tissues is associated with poor anti-

tumors effects of infiltrated CD8+ T cells; 

c. Chemoresistant OVCA cell-derived sEVs containing pGSN induce caspase-3-

dependent apoptosis in activated CD8+ T cells, a process that decreases its 

production of IFNγ. 

3. Hypothesis: pGSN modulates ovarian inflammation and confers chemoresistance in 

OVCA by resetting the relative abundance and function of macrophage subtypes. 

Objectives: To determine whether 

a. Increased expression of pGSN in OVCA tissues is associated with poor anti-

tumour effects of infiltrated M1 macrophages; 

b. Chemoresistant OVCA cell-derived sEVs containing pGSN induce caspase-3-

dependent apoptosis in M1 macrophages as well as decrease the secretion of 

iNOS and TNFα. 

4. Hypothesis: Pre-operative circulating pGSN is a favourable and independent biomarker 

for OVCA prognosis 

Objectives: To determine whether 

a. Increased levels of circulatory pGSN is indicative of early stage OVCA; 

b. Increased levels of circulating pGSN is predictive of sub-optimal residual disease. 
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ABSTRACT 

Ovarian Cancer (OVCA) is the most lethal gynecological cancer, due predominantly to late 

presentation, high recurrence rate and common chemoresistance development. The expression of 

the actin-associated protein cytosolic gelsolin (GSN) regulates the gynaecological cancer cell 

fate resulting in dysregulation in chemosensitivity. In this study, we report that elevated 

expression of plasma gelsolin (pGSN), a secreted isoform of GSN and expressed from the same 

GSN gene, correlates with poorer overall survival and relapse-free survival in patients with 

ovarian cancer. In addition, it is highly expressed and secreted in chemoresistant OVCA cells 

than its chemosensitive counterparts. pGSN, secreted and transported via exosomes (Ex-pGSN), 

up-regulates HIF1α–mediated pGSN expression in chemoresistant OVCA cells in an autocrine 

manner as well as confers cisplatin resistance in otherwise chemosensitive OVCA cells. These 

findings support our hypothesis that exosomal pGSN promotes ovarian cancer cell survival 

through both autocrine and paracrine mechanisms which transform chemosensitive cells to 

resistant counterparts. Specifically, pGSN transported via exosomes is a determinant of 

chemoresistance in OVCA. 
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INTRODUCTION 

Chemoresistance is a major obstacle in the treatment of ovarian cancer, one of the most 

fatal gynaecological cancers. Although most patients initially respond to platinum based 

chemotherapy, about 70 – 80% of the tumour relapses and become resistant to treatment 

especially with the high grade serous (HGS) histological subtype
1
. The HGS subtype is 

considered the most fatal with the worst mortality compared to the other subtypes
2
. Platinum or 

taxane derivatives combined with cytoreduction are standard first-line treatment strategy for 

ovarian cancer; however, there has been no significant change in 5-year patient survival rate, due 

to high rate of tumour recurrence and chemoresistance
2
. It is therefore urgent to investigate novel 

targets and markers that are involved in OVCA recurrence and chemoresistance and how these 

affect patient survival. The molecular and cellular mechanisms underpinning chemoresistance is 

multifactorial, as it involves apoptosis evasion, aberrant expression and activation of survival 

factors, dysregulation of tumour suppressors and impairment of the immunological defence 

system
3-5

.  

Gelsolin (GSN), an 80 – 85KDa calcium-dependent multifunctional actin-binding 

protein, has two well characterized isoforms – cytoplasmic gelsolin (cGSN) and plasma gelsolin 

(pGSN)
6
. There are other isoforms which are less characterized. These isoforms are encoded by a 

single gene on chromosome 12 as a result of alternative splicing and different transcriptional 

initiation sites
6
. The extra 25 amino acid sequence at the N-terminal of pGSN is one of the main 

architectural differences that distinguish it from cGSN
7
. GSN forms a complex with FLICE-like 

inhibitory protein (FLIP) and Itch and stabilizes FLIP in a non-stress state, whereas cisplatin 

(CDDP) dissociates GSN from the complex in chemosensitive cells, thereby facilitating FLIP 

ubiquitination and degradation, caspase-3 activation, and GSN cleavage
8
. We have recently 
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shown that cGSN overexpression correlates with chemoresistance, poor prognosis, aggressive 

behaviour and cancer death
9
, whereas the role of pGSN remains elusive.   

pGSN is an extracellular actin scavenger with an average concentration at ~ 200-300 

µg/ml, which is mostly produced by the muscle and distributed by body fluid
6,10-13

. pGSN has 

been implicated in various inflammatory disorders, injuries and bacterial infections
6,14 

although 

its mechanistic involvement is poorly understood. High levels of pGSN have also been detected 

in the plasma/serum and tissues of head-and-neck, colorectal, prostate and breast cancers
13

; 

however, the exact mechanism is largely unknown. Although pGSN has been shown to interact 

with α5β1 integrin
15

, the detailed interaction and its consequence on chemosensitivity in OVCA 

are yet to be studied. To date, there is no data on the possible role of pGSN in OVCA recurrence, 

suboptimal surgical debulking and chemoresistance. 

Extracellular vesicles (EVs) play a key role in cell-cell communication through surface 

interactions and the transfer of proteins, nucleic acids and fatty acids
16-19

. Exosomes (EXs) are 

vesicles of approximately 30-100 nm in size and formed within endosomes by membrane 

invaginations, whereas microvesicles (MVs) range from 0.1 to 1.0 µm and are produced by 

membrane blebbing in cells under stress
17,18

. The secretion of EXs or MVs from cancer cells 

could regulate the functions of neighbouring cells, including non-cancerous or immune cells
17,19-

21
. EVs are believed to play a role in cancer progression, survival and metastasis although their 

participation in cellular basis of chemoresistance in OVCA remains largely unknown
17

. Whether 

exosomes containing pGSN (Ex-pGSN) may be important in the regulation of chemosensitivity 

in neighbouring OVCA cells has not been reported. In this study, we report for the first time 

pGSN secretion and transport via exosomes, its functional interaction with HIF1α in an autocrine 

manner and conferring of cisplatin resistance in otherwise chemosensitive OVCA cells.  
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RESULTS 

pGSN expression in ovarian cancer patients predicts clinical outcomes.  

Using meta-analysis, we assessed the expression of pGSN with the 200696_s_ at probe 

(Supplementary Tables 1 and 2) in primary ovarian tumour (serous and endometrioid) in the 

context of the patient’s clinical outcomes by interrogating publicly available gene expression 

datasets on an online Kaplan-Meier plotter ovarian cancer survival analysis 

(www.kmplot.com)
22

. pGSN gene expression was stratified by histological subtype (serous; 

serous and endometrioid), chemotherapeutic agents (platinum or platinum + taxol) and 

suboptimal surgical debulking (Fig. 1A) and  correlated with progression free survival (PFS)
22

. 

In serous patients with treatments containing platinum derivatives, elevated expression of pGSN 

was significantly (p = 0.044) associated with shorter time for tumour recurrence (16.6 months) 

compared with patients with lower pGSN expression (18.27 months) (Fig. 1B). The tumour 

recurrence trend was similar in serous patients with treatments containing both platinum and 

taxol agents although the difference was not significant (p = 0.069; low pGSN, 17.38 months; 

high pGSN, 14.9) (Fig. 1B). Analysis of serous patients with suboptimal surgical debulking 

revealed that increased pGSN expression was significantly correlated with shorter time for 

tumour recurrence irrespective of treatment component [(platinum, P = 0.024; low pGSN, 15.01 

months; high pGSN, 13 months), (platinum and taxol, P = 0.0055; low pGSN, 15.01 months; 

high pGSN, 11.93 months)] (Fig. 1C).  

Our interrogation of both serous and endometroid datasets revealed that patients treated 

with platinum and taxol compounds and had elevated expression of pGSN experienced 

significantly shortened progression-free survival (P = 0.015; low pGSN, 18 months; high pGSN, 

14.87 months) (Fig. 1D). However, no significant difference was observed in the same datasets 

http://www.kmplot.com/
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with treatments containing only platinum derivatives (P = 0.13; low pGSN, 19 months; high 

pGSN, 19.3 months) (Fig 1D). When the datasets (serous and endometrioid) were stratified using 

suboptimal surgical debulking and treatment containing platinum and taxol, there was 

significantly shorter time to occurence in patients with elevated levels of pGSN (P = 0.0025; low 

pGSN, 15.01 months; high pGSN, 11.93 months) (Fig. 1E). In the context of patients treated 

with platinum derivatives, we observed that elevated pGSN expression was associated with 

shorter PFS (14.9 months) compared to those with lower pGSN expression (PFS; 16.83 months) 

although the difference was not significant (P = 0.16) (Fig. 1E). The beeswarm plot further 

provided a visual view of the relative expression of pGSN in ovarian cancer patients 

dichotomized as either high or low (Fig. 1B-E; bottom panels). Although not shown by any 

figure, there were no significant differences between overall survival (OS) and pGSN levels 

irrespective of stratification. We therefore decided not to present the OS data in the current 

study. 

pGSN content and secretion are higher in chemoresistant OVCA cells and are associated 

with decreased CDDP-induced apoptosis.  

To examine the mechanistic action of pGSN in the regulation of chemosensitivity in 

OVCA cells, we compared the influence of CDDP on pGSN levels in chemosensitive and 

resistant OVCA cells of HGS subtype with various p53 mutational status and extended these 

investigations to include the OVCA of the endometrioid subtypes (see Supplementary Table 3). 

HGS [chemosensitive (OV2295 and OV4453) and chemoresistant (OV90, OV866 (2) and Hey] 

and Endometrioid [chemosensitive (A2780s and PA-1) and chemoresistant (A2780cp and 

SKOV-3)] OVCA cells were cultured with or without CDDP (10 µM; 24 h) and cellular and 

conditioned media contents of pGSN were assessed by WB and ELISA. 
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Supplementary Table 3.1: Target sequences for 200696_s_at probe and GSN transcript 

variant 1; mRNA (Isoform a; pGSN) sequence. 

 

Homo sapiens gelsolin (GSN), transcript variant 1, mRNA (Isoform a); probe target 

sequences are highlighted in yellow. 

 1 ccaccatggc tccgcaccgc cccgcgcccg cgctgctttg cgcgctgtcc ctggcgctgt 

       61 gcgcgctgtc gctgcccgtc cgcgcggcca ctgcgtcgcg gggggcgtcc caggcggggg 

      121 cgccccaggg gcgggtgccc gaggcgcggc ccaacagcat ggtggtggaa caccccgagt 

      181 tcctcaaggc agggaaggag cctggcctgc agatctggcg tgtggagaag ttcgatctgg 

      241 tgcccgtgcc caccaacctt tatggagact tcttcacggg cgacgcctac gtcatcctga 

      301 agacagtgca gctgaggaac ggaaatctgc agtatgacct ccactactgg ctgggcaatg 

      361 agtgcagcca ggatgagagc ggggcggccg ccatctttac cgtgcagctg gatgactacc 

      421 tgaacggccg ggccgtgcag caccgtgagg tccagggctt cgagtcggcc accttcctag 

      481 gctacttcaa gtctggcctg aagtacaaga aaggaggtgt ggcatcagga ttcaagcacg 

      541 tggtacccaa cgaggtggtg gtgcagagac tcttccaggt caaagggcgg cgtgtggtcc 

      601 gtgccaccga ggtacctgtg tcctgggaga gcttcaacaa tggcgactgc ttcatcctgg 

      661 acctgggcaa caacatccac cagtggtgtg gttccaacag caatcggtat gaaagactga 

      721 aggccacaca ggtgtccaag ggcatccggg acaacgagcg gagtggccgg gcccgagtgc 

      781 acgtgtctga ggagggcact gagcccgagg cgatgctcca ggtgctgggc cccaagccgg 

      841 ctctgcctgc aggtaccgag gacaccgcca aggaggatgc ggccaaccgc aagctggcca 

      901 agctctacaa ggtctccaat ggtgcaggga ccatgtccgt ctccctcgtg gctgatgaga 

      961 accccttcgc ccagggggcc ctgaagtcag aggactgctt catcctggac cacggcaaag 

     1021 atgggaaaat ctttgtctgg aaaggcaagc aggcaaacac ggaggagagg aaggctgccc 

     1081 tcaaaacagc ctctgacttc atcaccaaga tggactaccc caagcagact caggtctcgg 

Probe Set Name Probe X Probe Y Probe Interrogation 
Position 

Probe Sequence Target 
Strandedness 

200696_s_at 310 575 2122 TGCTTCTGGACACCTGGGACCAGGT Antisense 

200696_s_at 702 477 2137 GGGACCAGGTCTTTGTCTGGGTTGG Antisense  

200696_s_at 451 343 2190 GAAGCCTTGACTTCTGCTAAGCGGT Antisense 

200696_s_at 613 621 2207 TAAGCGGTACATCGAGACGGACCCA Antisense 

200696_s_at 375 569 2266 TGAAGCAAGGCTTTGAGCCTCCCTC Antisense 

200696_s_at 509 297 2299 GCTGGTTCCTTGGCTGGGATGATGA Antisense 

200696_s_at 528 551 2321 TGATTACTGGTCTGTGGACCCCTTG Antisense 

200696_s_at 334 607 2398 TCACCGGTCAGTGCCTTTTGGAACT Antisense 

200696_s_at 611 229 2421 CTGTCCTTCCCTCAAAGAGGCCTTA Antisense 

200696_s_at 59 63 2436 AGAGGCCTTAGAGCGAGCAGAGCAG Antisense 

200696_s_at 204 381 2455 GAGCAGCTCTGCTATGAGTGTGTGT Antisense 
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     1141 tccttcctga gggcggtgag accccactgt tcaagcagtt cttcaagaac tggcgggacc 

     1201 cagaccagac agatggcctg ggcttgtcct acctttccag ccatatcgcc aacgtggagc 

     1261 gggtgccctt cgacgccgcc accctgcaca cctccactgc catggccgcc cagcacggca 

     1321 tggatgacga tggcacaggc cagaaacaga tctggagaat cgaaggttcc aacaaggtgc 

     1381 ccgtggaccc tgccacatat ggacagttct atggaggcga cagctacatc attctgtaca 

     1441 actaccgcca tggtggccgc caggggcaga taatctataa ctggcagggt gcccagtcta 

     1501 cccaggatga ggtcgctgca tctgccatcc tgactgctca gctggatgag gagctgggag 

     1561 gtacccctgt ccagagccgt gtggtccaag gcaaggagcc cgcccacctc atgagcctgt 

     1621 ttggtgggaa gcccatgatc atctacaagg gcggcacctc ccgcgagggc gggcagacag 

     1681 cccctgccag cacccgcctc ttccaggtcc gcgccaacag cgctggagcc acccgggctg 

     1741 ttgaggtatt gcctaaggct ggtgcactga actccaacga tgcctttgtt ctgaaaaccc 

     1801 cctcagccgc ctacctgtgg gtgggtacag gagccagcga ggcagagaag acgggggccc 

     1861 aggagctgct cagggtgctg cgggcccaac ctgtgcaggt ggcagaaggc agcgagccag 

     1921 atggcttctg ggaggccctg ggcgggaagg ctgcctaccg cacatcccca cggctgaagg 

     1981 acaagaagat ggatgcccat cctcctcgcc tctttgcctg ctccaacaag attggacgtt 

     2041 ttgtgatcga agaggttcct ggtgagctca tgcaggaaga cctggcaacg gatgacgtca 

     2101 tgcttctgga cacctgggac caggtctttg tctgggttgg aaaggattct caagaagaag 

     2161 aaaagacaga agccttgact tctgctaagc ggtacatcga gacggaccca gccaatcggg 

     2221 atcggcggac gcccatcacc gtggtgaagc aaggctttga gcctccctcc tttgtgggct 

     2281 ggttccttgg ctgggatgat gattactggt ctgtggaccc cttggacagg gccatggctg 

     2341 agctggctgc ctgaggaggg gcagggccca cccatgtcac cggtcagtgc cttttggaac 

     2401 tgtccttccc tcaaagaggc cttagagcga gcagagcagc tctgctatga gtgtgtgtgt 

     2461 gtgtgtgtgt tgtttctttt tttttttttt acagtatcca aaaatagccc tgcaaaaatt 

     2521 cagagtcctt gcaaaattgt ctaaaatgtc agtgtttggg aaattaaatc caataaaaac 

     2581 attttgaagt gtgaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa 

     2641 aaaaaaaaaa aaaaaaaaaa aaa 
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Supplementary Table 3.2: Target sequences for 214040_s_at probe and GSN transcript 

variant 4; mRNA (Isoform f) sequence. 

 

Homo sapiens gelsolin (GSN), transcript variant 4, mRNA (Isoform f); probe target 

sequences are highlighted in yellow. 

 1 ggaaccagct gagcgcagct ggacccagca gccgctgtct ccagtgccgc agcagcaggt 

       61 agtgctcata gctctctttg tccagtgctt cggccttggt cccagcgcct tcccacggag 

      121 cagcactctt caccctgcac agccttgtta ggagaagggg atgaatgaat acaggactta 

      181 cgcgtctgct gtggcccagc tggcttccag atggtgacat gagccaccca cagccggagc 

      241 tgttcctctt tcccaaagct cagcccaaca gcatggtggt ggaacacccc gagttcctca 

      301 aggcagggaa ggagcctggc ctgcagatct ggcgtgtgga gaagttcgat ctggtgcccg 

      361 tgcccaccaa cctttatgga gacttcttca cgggcgacgc ctacgtcatc ctgaagacag 

      421 tgcagctgag gaacggaaat ctgcagtatg acctccacta ctggctgggc aatgagtgca 

      481 gccaggatga gagcggggcg gccgccatct ttaccgtgca gctggatgac tacctgaacg 

      541 gccgggccgt gcagcaccgt gaggtccagg gcttcgagtc ggccaccttc ctaggctact 

      601 tcaagtctgg cctgaagtac aagaaaggag gtgtggcatc aggattcaag cacgtggtac 

      661 ccaacgaggt ggtggtgcag agactcttcc aggtcaaagg gcggcgtgtg gtccgtgcca 

      721 ccgaggtacc tgtgtcctgg gagagcttca acaatggcga ctgcttcatc ctggacctgg 

      781 gcaacaacat ccaccagtgg tgtggttcca acagcaatcg gtatgaaaga ctgaaggcca 

      841 cacaggtgtc caagggcatc cgggacaacg agcggagtgg ccgggcccga gtgcacgtgt 

      901 ctgaggaggg cactgagccc gaggcgatgc tccaggtgct gggccccaag ccggctctgc 

      961 ctgcaggtac cgaggacacc gccaaggagg atgcggccaa ccgcaagctg gccaagctct 

     1021 acaaggtctc caatggtgca gggaccatgt ccgtctccct cgtggctgat gagaacccct 

     1081 tcgcccaggg ggccctgaag tcagaggact gcttcatcct ggaccacggc aaagatggga 

     1141 aaatctttgt ctggaaaggc aagcaggcaa acacggagga gaggaaggct gccctcaaaa 

Probe Set Name Probe X Probe Y Probe Interrogation 
Position 

Probe Sequence Target 
Strandedness 

214040_s_at 136 103 262 ACAGCATGGTGGTGGAACACCCCGA Antisense 

214040_s_at 627 313 265 GCATGGTGGTGGAACACCCCGAGTT Antisense  

214040_s_at 615 535 311 TGGCCTGCAGATCTGGCGTGTGGAG Antisense 

214040_s_at 407 319 317 GCAGATCTGGCGTGTGGAGAAGTTC Antisense 

214040_s_at 55 549 329 TGTGGAGAAGTTCGATCTGGTGCCC Antisense 

214040_s_at 360 235 353 CGTGCCCACCAACCTTTATGGAGAC Antisense 

214040_s_at 156 175 359 CACCAACCTTTATGGAGACTTCTTC Antisense 

214040_s_at 104 141 408 AAGACAGTGCAGCTGAGGAACGGAA Antisense 

214040_s_at 153 105 411 ACAGTGCAGCTGAGGAACGGAAATC Antisense 

214040_s_at 433 23 433 ATCTGCAGTATGACCTCCACTACTG Antisense 

214040_s_at 377 573 436 TGCAGTATGACCTCCACTACTGGCT Antisense 
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     1201 cagcctctga cttcatcacc aagatggact accccaagca gactcaggtc tcggtccttc 

     1261 ctgagggcgg tgagacccca ctgttcaagc agttcttcaa gaactggcgg gacccagacc 

     1321 agacagatgg cctgggcttg tcctaccttt ccagccatat cgccaacgtg gagcgggtgc 

     1381 ccttcgacgc cgccaccctg cacacctcca ctgccatggc cgcccagcac ggcatggatg 

     1441 acgatggcac aggccagaaa cagatctgga gaatcgaagg ttccaacaag gtgcccgtgg 

     1501 accctgccac atatggacag ttctatggag gcgacagcta catcattctg tacaactacc 

     1561 gccatggtgg ccgccagggg cagataatct ataactggca gggtgcccag tctacccagg 

     1621 atgaggtcgc tgcatctgcc atcctgactg ctcagctgga tgaggagctg ggaggtaccc 

     1681 ctgtccagag ccgtgtggtc caaggcaagg agcccgccca cctcatgagc ctgtttggtg 

     1741 ggaagcccat gatcatctac aagggcggca cctcccgcga gggcgggcag acagcccctg 

     1801 ccagcacccg cctcttccag gtccgcgcca acagcgctgg agccacccgg gctgttgagg 

     1861 tattgcctaa ggctggtgca ctgaactcca acgatgcctt tgttctgaaa accccctcag 

     1921 ccgcctacct gtgggtgggt acaggagcca gcgaggcaga gaagacgggg gcccaggagc 

     1981 tgctcagggt gctgcgggcc caacctgtgc aggtggcaga aggcagcgag ccagatggct 

     2041 tctgggaggc cctgggcggg aaggctgcct accgcacatc cccacggctg aaggacaaga 

     2101 agatggatgc ccatcctcct cgcctctttg cctgctccaa caagattgga cgttttgtga 

     2161 tcgaagaggt tcctggtgag ctcatgcagg aagacctggc aacggatgac gtcatgcttc 

     2221 tggacacctg ggaccaggtc tttgtctggg ttggaaagga ttctcaagaa gaagaaaaga 

     2281 cagaagcctt gacttctgct aagcggtaca tcgagacgga cccagccaat cgggatcggc 

     2341 ggacgcccat caccgtggtg aagcaaggct ttgagcctcc ctcctttgtg ggctggttcc 

     2401 ttggctggga tgatgattac tggtctgtgg accccttgga cagggccatg gctgagctgg 

     2461 ctgcctgagg aggggcaggg cccacccatg tcaccggtca gtgccttttg gaactgtcct 

     2521 tccctcaaag aggccttaga gcgagcagag cagctctgct atgagtgtgt gtgtgtgtgt 

     2581 gtgttgtttc tttttttttt ttttacagta tccaaaaata gccctgcaaa aattcagagt 

     2641 ccttgcaaaa ttgtctaaaa tgtcagtgtt tgggaaatta aatccaataa aaacattttg 

     2701 aagtgtg 
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Fig. 3.1 High pGSN expression is associated with tumour recurrence in patients with 

ovarian cancer. (A) Ovarian cancer public data sets were stratified using histological subtype 

(serous and endometrioid), chemotherapeutic agents and suboptimal surgical debulking. Kaplan–

Meier survival analysis and beeswarm plots with optimal cutoff values of pGSN expression were 

performed on (B) only serous patients, (C) serous and endometrioid patients, (D) serous patients 

with suboptimal surgical debulking and (E) serous and endometroid patients with suboptimal 

surgical debulking with treatments containing either platinum or platinum + taxol. P-values were 

calculated by the log–rank test.  
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Supplementary Table 3.3 Information on OVCA cell lines 
 

 

 

 

 

 

 

 

 

Information on OVCA cell lines: The characterization of these cell lines has been verified in 

previous literature (Anglesio et al.,2013; Leroy et al., 2014; Provencher et al., 2000; Fleury et 

al., 2015; Letourneau et al., 2012). 

 

 

 

 

 

 

 

 

Cell line Tumour origin TP53 status Other 
 

Chemosensitivity 

A2780s Ovarian endometroid 

adenocarcinoma 

Wild type PTEN/ARID1A Sensitive 

A2780cp Ovarian endometroid 

adenocarcinoma 

Mutant 

V127F, R260S 

PTEN/ARID1A Resistant 

SKOV3 Ovarian endometroid 

adenocarcinoma 

Null 

 

PI3KCIA/ARID1A Resistant 

PA-1 Ovarian endometroid 

adenocarcinoma 

Wild type None Detected Sensitive 

Hey Ovarian serous cyst  

adenocarcinoma 

Wild type KRAS Resistant 

OV2295 High grade serous ovarian cancer Mutant 

IIe195Thr 

Non Detected Sensitive 

OV4453 High grade serous ovarian cancer Mutant 

Splice 

None Detected Sensitive 

OV90 High grade serous ovarian cancer Mutant 

Ser215Arg 

None Detected Resistant 

OV866(2) High grade serous ovarian cancer Mutant 

Arg249Trp 

None Detected Resistant 
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Cellular and secreted pGSN in the resistant HGS cells (OV90, Hey, OV866 (2)) were not 

affected by CDDP treatment although their contents decreased in the chemosensitive HGS cell 

lines (OV2295, OV4453) (Fig. 2A, Fig. S1A). CDDP induced apoptosis in the chemosensitive 

HGS cells but not the resistant phenotypes (Fig. 2A, Fig. S1A). Likewise, pGSN content in 

OVCA cells of endometroid subtypes was expressed and secreted in larger amounts in the 

chemoresistant cells than their sensitive counterparts, irrespective of their p53 status (Fig. 2B, 

Fig. S1B-C, Fig. S2).  CDDP decreased cellular and secreted pGSN contents in the CDDP-

sensitive cells but not in the resistant cells (Fig. 2A-B, Fig. S1, Fig. S2). CDDP induced 

concentration-dependent apoptosis in chemosensitive cells but not in the resistant cells (***p < 

0.001) (Fig. 2A-B, Fig. S1) suggesting a possible association between pGSN overexpression and 

OVCA chemoresistance.  

pGSN is involved in the regulation of CDDP sensitivity in OVCA cells.  

To further examine whether CDDP responsiveness of OVCA cells is regulated by pGSN, 

chemoresistant OVCA cells [OV866 (2) (Fig. 2C), Hey (Fig. S3A) and A2780cp (Fig. 2D, Fig. 

S3B) were transfected with either pGSN or scramble (control) small interfering RNAs (siRNA; 

50 nM; 24 h) and treated with CDDP (0 and 10 µM; 24 h) to determine if pGSN knockdown 

would sensitize the chemoresistant OVCA cells to CDDP-induced apoptosis. pGSN knockdown 

resulted in the sensitization of the resistant cells to CDDP-induced apoptosis (10 µM; Fig. 2C-D, 

Fig. S3B; ***p < 0.001).  Moreover, chemosensitive OV2295 and A2780s cells transfected with 

pGSN cDNA (empty vector as control; 1 µg; 24 h) and subsequently treated with CDDP (0 

and10 µM; 24 h) exhibited significant attenuation in CDDP-induced apoptotic response (***p < 

0.001; Fig. 2E-F). A2780cp cells treated with GSN siRNA (known to down-regulate both cGSN 

and pGSN) was reconstituted with rhpGSN and then treated with CDDP. pGSN content in 
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A2780cp cells was significantly decreased (both in the cells and conditioned media) by GSN 

siRNA and also sensitized the resistant cells to CDDP-induced apoptosis (10 µM; ***p < 0.001; 

Fig. 2G). rhpGSN reconstitution (10 µM; 24 h) attenuated CDDP-induced apoptosis in A2780cp 

cells in which GSN was knocked down (Fig. 2G), suggesting that the anti-apoptosis response of 

GSN was primarily that of the pGSN. Taken together, these findings suggest that pGSN plays a 

key role in OVCA responsiveness to CDDP and its down-regulation may present as an 

opportunity to sensitize chemoresistant OVCA cells to CDDP-induced apoptosis.  

pGSN is transported by exosomes which auto-upregulate pGSN content through α5β1 

integrin signaling.  

To investigate the mode of secretion and extracellular transport of pGSN, chemosensitive 

(OV2295, OV4453, A2780s, PA-1) and chemoresistant (OV90, OV866(2), A2780cp, Hey) 

OVCA cells were cultured in the absence and presence of CDDP (10 µM; 24 h) and extracellular 

vesicles (exosomes and microparticles) in conditioned media were isolated and characterized by 

WB, NTA, and iEM. Although both the sensitive and resistant cells secreted both types of 

extracellular vesicles (Fig. 3A-C, Fig. S4A-B), the resistant cells secreted significantly more 

exosomes compared to their sensitive counterparts (Fig. 3D-E); regardless of the CDDP 

sensitivity of the cells.  
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Fig. 3.2  pGSN regulates CDDP-induced apoptosis in OVCA cells. (A and B) CDDP 

decreased pGSN content and induced apoptosis in chemosensitive (OV2295, OV443, A2780s) 

but not chemoresistant (OV90, OV866(2), A2780cp) OVCA cells. OVCA cells were cultured 

with or without CDDP (10 µM; 24 h). (C, D) Silencing pGSN in OV866(2) and A2780cp cells 

sensitized them to CDDP-induced apoptosis. OV86692) and A2780cp cells were transfected with 

pGSN siRNA (50 nM, 24 h; which specifically knocked down pGSN but not cGSN) and then 

treated with or without CDDP (10 µM; 24 h). (E, F) Over-expression of pGSN cDNA attenuated 

CDDP-induced apoptosis in OV2295 and A2780s cells. OV2295 and A2780s cells were 

transfected with pGSN cDNA (2 µg; 24 h) and cultured with or without CDDP (10 µM; 24 h). 

(G) A2780cp (with total GSN knocked down) were cultured with rhpGSN (10 µM; 24 h) before 

treatment with CDDP (0 and 10 µM; 24 h). pGSN, cGSN and β-tubulin (loading control) 

contents were assessed by Western blotting (WB) and apoptosis determined morphologically by 

Hoechst 33258 DNA staining. [A, (a; ***p<0.001 vs b, c and d); B, (a; ***p<0.001 vs b); C, 

(a; ***p<0.001 vs b and c); D, (a; ***p<0.001 vs b); E, (a; ***p<0.001 vs b and c); F, (a; 

***p<0.001 vs b and c); G, (a; ***p<0.001 vs b and c);]. N = 3. 
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Fig. 3.S1 CDDP decreases pGSN content in the chemosensitive cells but not their resistant 

counterparts. (A – C) Hey, PA-1 and SKOV-3 cells were cultured with or without CDDP (10 

µM; 24 h). pGSN contents in conditioned media and cell lysates were assessed by WB. β-tubulin 

was used as a loading control. CDDP-induced apoptosis was analysed morphologically using 

Hoechst DNA staining. [B, (a; ***p<0.001 vs b, c and d)]. N = 3 
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Fig. 3.S2 Higher levels of pGSN are secreted than retained in OVCA cells in vitro. A2780s 

and A2780cp cells were cultured with or without CDDP (10 µM; 24 h). Conditioned media and 

cell lysates were processed for pGSN detection by sandwich ELISA. [(a; ***p<0.001 vs b, c, d 

and e)]. N = 3 
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Fig. 3.S3 GSN knock-down sensitizes chemoresistant cells to CDDP-induced apoptosis. Hey 

(A) and A2780cp (B) cells were transfected with total pGSN siRNA (50 nM; 24 h) and then 

cultured with or without CDDP (10 µM; 24 h). Cell lysates and conditioned media were 

collected and pGSN and β-tubulin (loading control) contents assessed by WB. CDDP-induced 

apoptosis was analysed morphologically using Hoechst DNA staining. [A, (a; ***p<0.001 vs b); 

B, (a; ***p<0.001 vs b)]. N = 3 
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Exosome secretion was not affected by CDDP (Fig. 3C-E). Microparticles blebbed from 

the cell membrane with an average size of 500 nm whereas exosomes were formed in 

multivesicular bodies with an average size of 100 nm. pGSN was detected in both exosomes and 

microparticles using 18-nm colloidal gold particles (Fig. 3G). Chemoresistant cells-derived 

exosomes contained increased levels of pGSN compared with microparticles (Fig. 3F). 

Exosomal pGSN was secreted in greater amounts in the resistant cells compared to their sensitive 

counterparts (Fig. 3F). 

 Despite the observation that pGSN interacts with α5β1 integrin receptor 
15

, whether and 

how this interaction regulates chemosensitivity in OVCA remains to be demonstrated. To 

investigate this possibility, A2780s cells were treated with the α5β1 integrin inhibitor ATN 161 

(0 and 40 µM; 3 h) or FAK siRNA (0 and 20 pmol; 24 h) before treatment with exosome 

containing pGSN (Ex-pGSN; 40 µg; 24 h) or exogenous human recombinant pGSN (rhpGSN; 10 

µM; 24 h) (Fig. 4A-C). Ex-pGSN and exogenous pGSN significantly increased the contents of 

endogenous pGSN and HIF1α; however, these responses were attenuated by the presence of the 

α5β1 integrin receptor antagonist and FAK down-regulation (Fig. 4A-C). The downregulation of 

endogenous pGSN also resulted in decreased levels of secreted pGSN (Fig. 4A-C). This is 

suggestive that the α5β1 integrin signaling pathway is involved in the autocrine-mediated up-

regulation of endogenous pGSN content. 
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Fig. 3.3 Extracellular vesicle characterization and CDDP effect on vesicle size distribution. 

HGS chemosensitive and resistant cells secrete exosomes (A) and microparticles (B) as 

confirmed by nanoparticle tracking. (C) A2780s and A2780cp cells secrete both exosomes and 

microparticles. OVCA cells were cultured with or without CDDP (10 µM; 24 h). Exosomes and 

microparticles were isolated from their conditioned media by ultracentrifugation and 

characterized by Nanoparticle Tracking Analyser. (D and E) The exosome-to-microparticle ratio 

is higher in chemoresistant cells compared to chemosensitive cells; their concentrations were not 

affected by CDDP treatment. (F) pGSN is predominantly identified in the exosomes compared to 

microparticles of A2780s and A2780cp; however, pGSN content is higher in the A2780cp cells 

compared to A2780s cells. Exosomes and microparticles were isolated as described above and 

pGSN and CD63 (exosome marker) contents assessed by WB. (G) Electron micrograph showing 

pGSN in microparticles (mp) and multivesicular bodies/exosomes (mb); white and black arrows 

showing pGSN in mp and mb respectively. pGSN in fixed A2780cp cells was immunostained 

with 18-nm colloidal gold particles, observed and photographed with a Jeol JEM 1230 

transmission electron microscope. Scale bars, 500 nm (a), 100 nm (b, c, d, e) and 20 nm (f). [D, 

(a; **p<0.01 vs b); E, (a; **P<0.01 vs b)]. N = 3 

 

 

 

 

 



75 
 

 

 

 

 

 

 

 

 

 

Fig. 3.S4. pGSN is detectable in both chemosensitive and chemoresistant OVCA cell lines 

and could be successfully knocked-down (KD) in exosomes from chemoresistant cells. (A) 

pGSN in A2780cp cells was transfected with siRNA (50 nM; 24 h) cultured with and without 

CDDP (10 µM; 24 h). pGSN knock down was confirmed using WB. (B) Exosomes from the 

conditioned media of PA-1, A2780s, A2780cp and Hey cell lines were isolated and characterized 

as previously described. Exosome marker (CD63) and pGSN contents were assessed by WB. 
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Akt and HIF1α up-regulation promotes the expression and anti-apoptotic action of pGSN 

on CDDP-induced apoptosis.  

As observed with pGSN, HIF1α was also highly expressed in the resistant cells compared 

to their sensitive counterparts; CDDP decreased HIF1α content and induced apoptosis in the 

CDDP-sensitive but not resistant cells (Fig. 4D). HIF1α down-regulation by siRNA (200 pmol; 

24 h) decreased pGSN content in A2780cp cells and sensitized them to CDDP-induced apoptosis 

(P < 0.001) (Fig. 4E). We further analyzed the possibility that the expression and anti-apoptotic 

action of pGSN may be mediated by Akt and HIF1α. Triple mutant dominant negative Akt (DN-

Akt), A2780cp and A2780s cells constitutively expressing an activated Akt (A-Akt) and their 

respective control cells with empty vectors were cultured with and without CDDP (10 µM; 24 h) 

to examine the regulatory role of Akt in HIF1α and pGSN contents, as well as apoptotic response 

to CDDP. Up-regulating Akt function in the chemosensitive cells by forced expression of 

activated Akt significantly increased contents of HIF1α and pGSN and attenuated CDDP-

induced apoptosis (Fig. 5A). In contrast, Akt down-regulation in the chemoresistant cells by DN-

Akt expression resulted in decreased pGSN and HIF1α contents and facilitated CDDP-induced 

apoptosis (Fig. 5B).  

CDDP-induced proteasomal degradation of HIFlα regulates the pGSN content. 

To demonstrate if changes in HIF1α stability may influence the regulation of pGSN 

content, we treated A2780s cells with the proteasomal degradation inhibitor epoxomycin (10 

nM; 3 h prior to CDDP treatment) or ΔHIF1α cDNA [with the degradation domain mutated (1 

µg; 24 h)] and then treated with or without CDDP (10 µM; 24 h). Inhibition of HIF1α 

degradation by Epoxomycin (Fig. 5C) or forced expression of non-degradable mutant HIF1α 

(Fig. 5D) in the chemosensitive cells resulted in increased pGSN content and attenuated CDDP-
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induced apoptosis. When HIF1α was down-regulated in the resistant cells (A2780cp) in the 

presence of 1-methyl PA (10 µM; 3 h), a pharmacological inducer of HIF1α degradation, pGSN 

content was reduced and the resistant cells were sensitized to CDDP-induced apoptosis (Fig. 5E). 

These findings suggest that CDDP regulates the pGSN content and the responsiveness of OVCA 

cells by modulating proteasomal HIF1α degradation.  

Chemoresistant cells-derived exosomes induce CDDP resistance to chemosensitive OVCA 

cells by upregulating pGSN contents.  

We have examined the possibility that pGSN in chemoresistant cells-derived exosomes 

induces CDDP resistance in chemosensitive OVCA cells. A2780s, OV2295 and OV4453 (target 

cells) were co-cultured with chemosensitive and chemoresistant OVCA cells (CDDP; 10 µM; 

Fig. 6A), conditioned media (Fig. 6B; 3 ml, 24 h) or exosomes (Fig. 6C-G; 40 µg/400,000 cells, 

24 h). Chemoresistant-derived conditioned media and exosomes induced upregulation of pGSN 

content and CDDP resistance in chemosensitive OVCA cells. Immunofluorescent studies with 

A2780s (target cells) tagged with PKH26 (red fluorophore) and exosomes tagged with GFP 

indicated that exosomes were taken up by the cells irrespective of the chemosensitivity of the 

OVCA cells from which the spent media or exosomes were derived, indicating that the observed 

phenomenon was not due to differential uptake of the exosomes (Fig. 6D-G).  
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Fig. 3.4 The integrin signalling pathway is involved in the autocrine up-regulation of pGSN 

content by pGSN. (A & B) The α5β1 integrin receptor blocker ATN 161 attenuates the up-

regulation of pGSN by Ex-pGSN (A) and rhpGSN (B). A2780s cells were treated with anti-α5β1 

integrin (40 µM; 3 h) followed by A2780cp-derived Ex-pGSN (40 µg/400,000 cells; 24 h) or 

rhpGSN (10 µM; 24 h). (C) Knock-down of FAK resulted in the downregulation of HIF1α and 

pGSN contents. A2780s cells were transfected with FAK siRNA1 and siRNA2 (0-20 pmol; 24 h) 

before culture with A2780cp-derived Ex-pGSN (40 µg/400,000 cells; 24 h). (D) pGSN and 

HIF1-α contents were higher in A2780cp cells compared to A2780s cells; CDDP reduced their 

content in A2780s but not in A2780cp cells. CDDP-induced apoptosis in A2780cp cells was 

higher than that in A2780s cells. A2780s and A2780cp cells were cultured with or without 



79 
 

CDDP (10 µM; 24 h). (E) HIF1-α silencing reduced the content of pGSN and sensitized 

A2780cp cells to CDDP-induced apoptosis. A2780cp cells were transfected with HIF1α siRNA1 

and siRNA2 (200 pmol; 24 h) before culture with or without CDDP (10 µM; 24 h). pGSN, FAK, 

HIF1α and β-tubulin (loading control) contents were assessed by WB and apoptosis determined 

morphologically by Hoechst 33258 DNA staining. pGSN levels in the conditioned media were 

assessed by sandwich ELISA. [A, (a; ***P<0.001 vs b, c, d); B, (a; ***P<0.001 vs b, c, d); C, 

(a; ***P<0.001 vs b, c, d); D, (a; ***p<0.001 vs b); E, (a; ***p<0.001 vs b)]. N = 3 
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Fig. 3.5 pGSN-mediated OVCA chemoresistance involves HIF1α modulation by Akt. (A) 

Activation of Akt in chemosensitive cells increases the contents of pGSN and HIF1α and renders 

them resistant to CDDP-induced apoptosis. A2780s cells constitutively expressing an activated 

Akt (A2780s-A-AKT) and its scrambled control cells (A2780s-CTL) were cultured with or 

without CDDP (10 µM; 24 h). (B) pGSN and HIF1α contents are decreased and CDDP-induced 

apoptosis enhanced in chemoresistant cells when Akt function is down-regulated. A2780cp cells 

constitutively expressing triple-mutant dominant Akt (A2780cp-DN-AKT) or scrambled control 

(A2780cp-CTL) cultured with or without CDDP (10 µM; 24 h). (C) Inhibition of proteasomal 
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degradation of HIF1α in chemosensitive cells increases the content of pGSN and attenuates 

CDDP-induced apoptosis. A2780s cells were pre-treated with epoxomycin (10 nM; 3 h) and 

cultured with or without CDDP (10 µM; 24 h) in the presence of the inhibitor. (D) Forced 

expression of a proteasomal non-degradable mutant of HIF1α increases pGSN content and 

inhibits CDDP-induced apoptosis in chemosensitive cells. A2780s cells were transfected with 

ΔHIF1α cDNA (1 µg; 24 h) and treated with or without CDDP (10 µM; 24 h). (E) Induction of 

proteasomal HIF1α degradation in chemoresistant cells decreases pGSN content and renders 

them sensitive to CDDP-induced apoptosis. A2780cp cells were pre-treated with the proteasome 

activator 1-methyl PA (10 µM; 3 h) and then cultured with or without CDDP (10 µM; 24 h) in 

the presence of the activator. pGSN, HIF1α and β-tubulin (loading control) contents were 

assessed by WB and apoptosis determined morphologically by Hoechst 33258 DNA staining.  

[A, (a; ***p<0.001 vs b); B, (a; ***p<0.001 vs b); C, (a; ***p<0.001 vs b); D, (a; ***p 

<0.001vs b); E, (a; ***p<0.001 vs b)]. N = 3. 
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These findings suggest that chemoresistant cells-derived EXs are capable of inducing 

CDDP resistance in chemosensitive OVCA cells. The exosome-mediated induction of resistance 

in chemosensitive cells was markedly suppressed when the pGSN in the exosomes isolated from 

chemoresistant cells was knocked down (siRNA; 50 nM, 24 h). This suggests that the attenuation 

of CDDP-induced apoptosis in the chemosensitive cells was a result of pGSN in the exosomes 

from chemoresistant OVCA cells (Fig. 6G). In reciprocal studies (as control experiments), 

exosomes from chemosensitive cells failed to alter the responsiveness of chemoresistant cells 

(A2780cp) to CDDP (Fig. S5A). In addition, to validate the above pGSN-effect, we knocked-

down pGSN (siRNA) in A2780cp cells (target cells) and co-cultured with Ex-pGSN from 

A2780s and A2780cp cells before CDDP treatment (10 µM; 24 h). pGSN content in pGSN-

depleted-A2780cp cells was restored after co-culture with exosomes derived from 

chemoresistant but not chemosensitive cells; the former response was associated with significant 

attenuation of CDDP-induced apoptosis (Fig. S5B).  

In order to investigate whether HIF1α mediates the auto-induction of pGSN, we 

examined by ChIP assay the potential transcriptional regulatory role of HIF1α in pGSN 

expression in A2780s and A2780cp cells treated with or without CDDP (10 µM, 12 h; Fig 6H) 

and Ex-pGSN (Fig 6I). HIF1α binding to the pGSN DNA promoter was higher in the 

chemoresistant OVCA cells compared to their sensitive counterparts (Fig. 6H). Although CDDP 

treatment failed to significantly decrease HIF1α occupancy in the sensitive cells (Fig. 6H), a 

significant apoptosis was observed (Fig. 6H). CDDP slightly increased HIF1α occupancy in the 

chemoresistant cells although that was not significant (Fig. 6H); a response that was associated 

with attenuation of CDDP-induced apoptosis. Chemoresistant cells-derived exosomes enhanced 

HIF1α binding to the pGSN promoter in the chemosensitive cells; CDDP treatment failed to 
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induce apoptosis in these cells (***p < 0.001) (Fig. 6I). Taking together, our findings suggest 

significant evidence to support a direct regulatory role of HIF1α on pGSN auto-induction.  

 

DISCUSSION 

Although pGSN has been implicated in various inflammatory disorders, injuries and 

bacterial infections
23

, whether and how it is involved in the regulation of chemosensitivity in 

OVCA is not known. Our present study has demonstrated that pGSN levels are higher in 

chemoresistant than chemosensitive OVCA cells and are reduced in the presence of CDDP in the 

sensitive but not the resistant cells in vitro. Gain- and lost-of function studies support the notion 

that pGSN confers CDDP resistance in OVCA cells. Secreted by exosome, pGSN up-regulates 

its own expression via the α5β1 integrin-FAK-Akt-HIF1α signaling pathway and inhibits CDDP-

induced apoptosis. pGSN in chemoresistant cells-derived exosomes induces resistance in 

chemosensitive cells through exosomal uptake and the upregulation of pGSN. In addition, 

increased expression of pGSN in ovarian cancer patients significantly correlates with shortened 

progression-free survival.  

To our knowledge, the present communication is the first report on pGSN gene 

expression in human cancer patients and their application for predicting clinical outcomes. 

Suboptimal surgical debulking is a key determinant of tumour recurrence and chemoresistance
24

 

hence, we examined its association with pGSN expression.  
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Fig. 3.6 Chemoresistant cells-derived exosomes enhance HIF1α binding to pGSN promoter 

region and induces CDDP resistance in chemosensitive OVCA cells. (A) Chemosensitive 

OVCA cells (target cells; OV4453, OV2295) were co-cultured with chemoresistant OVCA cells 

(OV90, OV866 (2)), chemosensitive OVCA cells (OV2295) and pGSN-knocked down OV866 

(2) cells followed by CDDP treatment (10 µm; 24 h). Chemoresistant (OV90 and OV866(2)) but 

not the chemosensitive OVCA cells conferred CDDP resistance to chemosensitive OVCA cells. 

OV866 (2) cells whose pGSN was knocked down failed to protect OV4453 and OV2295 against 

CDDP-induced apoptosis. (B, C) Conditioned media and exosomes from chemoresistant OVCA 

cells but not the chemosensitive cells increased pGSN content and conferred CDDP resistance to 

chemosensitive cells. A2780s cells were treated with conditioned media (B, 3 ml; 24 h) or 

exosomes (C-G, 40 µg/400,000 cells; 24 h) derived from cultures of A2780s, PA-1, Hey, 

OV2295, OV866 (2), OV90 and A2780cp cells and then cultured with or without CDDP (10 

µM; 24 h). Exosomes were tagged with pCT-CD63-GFP (1 µg; 24 h) and their uptake by 

recipient cells (A2780s, labeled with PKH26 red fluorescent dyes) was assessed by IF. (E and F) 

Exosomes from chemoresistant cells depleted of pGSN failed to upregulate pGSN content and 

facilitated CDDP-induced apoptosis compared with exosomes with pGSN. Exosomal pGSN 

from chemoresistant OVCA cells confer resistance in OV2295 and OV4453 cells. (G) A2780s 

cells were cultured with exosomes (40 µg/400,000 cells; 24 h) derived from A2780s, A2780cp 

and A2780cp following pGSN knock-down (A2780cp-pGSN-KD) afterwhich they were treated 

with or without CDDP (10 µM; 24 h). pGSN and β-tubulin contents (loading control) were 

examined by WB. (H) HIF1α-pGSN promoter binding is higher in A2780cp than A2780s cells. 

A2780s and A2780cp cells were cultured with or without CDDP (10 µM; 24 h) and HIF1α-

pGSN promoter binding was assessed by CHIP assay. (I) Chemoresistant cells-derived exosomes 
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increase HIF1α-pGSN promoter binding and attenuate CDDP-induced apoptosis in 

chemosensitive cells. A2780s cells were cultured with A2780cp cells-derived exosomes (40 

µg/400,000 cells; 24 h) and then cultured with or without CDDP (10 µM; 24 h). HIF1α-pGSN 

promoter binding was assessed by ChIP. [A, (a; ***p < 0.001 vs b); B, (a; ***p<0.001 vs b and 

c); D, (a; ***p<0.001 vs b and c); E, (a; ***p<0.001 vs b); F, (a; ***p<0.001 vs b); G, (a; 

***P<0.001 vs b); H, (a; **P<0.01 vs b); I, (a; **P<0.01 vs b)]. N = 3. 
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Fig. 3.S5. Chemoresistant cells-derived exosomes induce CDDP resistance to pGSN-KD-

chemosensitive OVCA cells. (A) Chemosensitive cells (A2780s)-derived exosomes did not alter 

CDDP responsiveness in A2780cp cells. Exosome uptake was assessed by IF and apoptosis 

analysed morphologically using Hoechst DNA staining. (B) pGSN content in A2780cp 

previously treated with siRNA (A2780cp-KD-pGSN) was upregulated after being treated with 

A2780cp-derived exosomes, a response associated with attenuation of CDDP-induced apoptosis. 

A2780-KD-pGSN cells were treated with exosomes (40µg/400,000 cells; 24 h) derived from 

A2780s and A2780cp cells before CDDP treatment (0 and10 µM; 24 h). Exosome uptake, pGSN 

content, β-tubulin (loading control) as well as CDDP-induced apoptosis were assessed as 

previously described. [A, (a; ***p<0.001 vs b)]. N = 3 
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Our observation indicates that elevated expression of pGSN significantly correlate with 

poorer PFS in serous OVCA patients as well as those with suboptimal surgical debulking 

irrespective of chemotherapeutic composition. PFS is suggestive of the time frame for tumour 

recurrence
25,26

 and directly reflects the biology of the tumour hence, plays a key role in 

chemoresistance. With the median survival observed in both cohorts, it’s likely the patients 

under study are largely clinically platinum sensitive (PFS of at least more than 6 months). Lots 

of effective palliative treatments exist to manage this patient group thus, not surprising that no 

significant OS differences post-recurrence was observed. This could in part explain why the 

levels of pGSN associate with a relatively minor impact on PFS. The value of the marker could 

help to stratify different levels of platinum sensitivities to further refine treatment 

recommendations and used as a prognostic marker for counselling and follow up of these 

patients. In patient cohorts with more resistant tumours, pGSN is likely to have a major impact 

on PFS and thus could therefore serve as a potential therapeutic candidate for further mechanistic 

studies which could provide information to enhance patient survival. When serous patients were 

combined with endometroid patients, clinical significance was only observed in those treated 

with taxol and platinum derivatives. This observation is consistent with the heterogenous nature 

of OVCA cells and combinational treatments are more beneficial to OVCA patients than 

platinum alone. Although this observation is the first for pGSN, it is in support of the notion of a 

prognostic significance of total GSN expression in pancreatic cancers
27

, gynecological cancers
9
, 

colorectal cancers
13

 and head-and-neck cancers
28

. The findings in these clinical datasets are 

consistent with the obervation that chemoresistant OVCA cells express higher levels of pGSN 

compared to their sensitive counterparts. The expression of pGSN at diagnosis could therefore be 
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used as a possible predictive marker for patient outcomes as well as a potential target for 

personalized therapeutics for chemoresistant OVCA.  

Exosomal transport have emerged as key mechanism of cell-cell communications
17,18

 and 

with its secretion of Annexin A3, miR-200b and miR-200c significantly associated with FIGO 

stage
29

, lymph metastasis
29

 and platinum resistance
30

. Cancer associated adipocytes and 

fibroblasts secrete exosomal miR-21 which attenuates CDDP-induced apoptosis and promotes 

CDDP resistance in ovarian cancer cells by targeting APAF1
20

.  NAV3 is also a target for 

exosomal miR-21-3p in promoting CDDP resistance
31

, suggesting an important role of exosomes 

in cell-cell communication in the development of drug resistance in a plethora of cancers, 

including ovarian cancer. Regardless, targeting these genes has yielded no improvement in 

patient survival. There is therefore the urgent need to investigate other exosome-mediated 

mechanisms that could play an etiologic role in CDDP resistance. Here, we demonstrate a novel 

mechanism through which exosomal pGSN induces CDDP resistance in ovarian cancer cells by 

upregulating pGSN content in chemosensitive OVCA cells. The secretion of pGSN-containing 

exosomes by chemoresistant OVCA cells may represent an interesting opportunity to attenuate 

CDDP resistance in OVCA by inhibiting the transfer of exosomal pGSN. Unlike other proteins 

and nucleic acids
20,31-33

, pGSN promotes its own expression through exosomal transport, thus 

making it a unique and reliable candidate for therapeutic target. This novel phenomenon could be 

exploited to reverse the sensitivity of chemoresistanct cells. 

Aside the exosomal-mediated paracrine role of pGSN in CDDP resistance, exosomal 

pGSN can act in an autocrine manner to induce its own expression via α5β1 integrin signaling. In 

previous reports, increased α5β1 integrin expression is significantly associated with increased 

OVCA progression, residual disease, surgical stage and drug resistance
34,35

. Increased secreted 
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phosphoprotein 1 (SPP1) also activated integrin β1/FAK/Akt pathway, leading to cell 

proliferation, migration and invasion
36

. Although pGSN interaction with α5β1 integrin through 

fibronectin has been shown in in vivo assay
15

, how this receptor signals in pGSN-induced 

chemoresistance in OVCA cells is yet to be demonstrated. Results from the current study support 

the hypothesis that high levels of exosomal pGSN auto-induce endogenous pGSN contents and 

promote CDDP resistance in OVCA cells by activating α5β1 integrin signaling. For the first 

time, we have shown that exosomal pGSN and rhpGSN activate with α5β1 integrin signaling 

cascade, induce endogenous pGSN contents and inhibit CDDP-induced apoptosis in 

chemosensitive cells. This autocrine signaling cascade serves as a positive feedback mechanism 

to increase pGSN production, thus resulting in the resistance of the cells to CDDP. This 

phenomenon is consistent with the observation that OVCA patients with increased α5β1 integrin 

expression respond poorly to treatment
35,36

 and support the notion that increased α5β1 integrin 

expression together with abundant supply of pGSN could fuel the proposed positive feedback 

mechanism of pGSN and protects cells from CDDP-induced cell death. Antagonising the α5β1 

integrin could also provide therapeutic benefits to patients since its binding to potential ligands 

such as pGSN, osteopontin and SPP1 will be abrogated. Concurrently, blocking the release of 

exosomal pGSN and other ligands that stimuate this signaling cascade in a similar manner could 

provide additional therapeutic advantages. 

Since α5β1 integrin is known to be mediated through a host of signaling pathways, 

including FAK/ERK/MAPK, RAC/NFkB, Wnt/β-catenin and FAK/Crk/Jnk
34-37

, it is possible 

that these pathways might be affected and thus the fate of the cells when α5β1 integrin activation 

is suppressed. These possibilities need to be investigated. Moreover, the possibility that the target 

cells for pGSN could take up exosomal pGSN via receptor-dependent and -independent 
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endocytosis to modulate their cellular fate could not be excluded and is a subject for future 

investigation (Fig. 7).  

The activation of α5β1 integrin cascade by exosomal pGSN also resulted in increased 

levels of HIF1α content. Although it well established that HIF1α over-expression is associated 

with OVCA tumour aggresiveness, progression and metastasis
38-40

, inhibiting HIF1α as a 

therapeutic option has yielded no success
41

. Previous study detected by co-precipitation suggests 

that HIF1α binds to gelsolin complex although a functinal link between the two proteins has not 

been established
38

. We have demonstrated that HIF1α knock-down decreases the content of 

pGSN and sensitizes chemoresistant cells to CDDP-induced death. Taking together, we 

hypothesized that auto-induction of pGSN is mediated via HIF1α. We investigated the binding of 

HIF1α to pGSN DNA promoter region in OVCA cells and for the first time HIF1α binds to the 

pGSN promoter and is involved in pGSN-induced pGSN expression/secretion. HIF1α occupancy 

was higher in the chemoresistant cells compared to their sensitive counterparts at basal levels. 

Although HIF1α occupancy was not significantly decreased by CDDP treatment in the sensitive 

cells, it was enough to induce apoptosis in these cells. Chemoresistant-derived exosomal pGSN 

however, increased HIF1α binding in chemosensitive cells which rendered them resistant to 

CDDP-induced death. HIF1α-pGSN binding motifs are currently being investigated to develop 

inhibitors that will distrupt their interaction and reduce pGSN production and increase 

responsiveness to CDDP-induced death.  

In the present study we further investigated the role of Akt in pGSN-mediated OVCA 

chemoresistance. We and others have previously demonstrated the the important role of Akt in 

cell survival
5,42,43

, protein synthesis
44,45

 and cell cycle progression and proliferation
46,47

, although 

whether Akt activation regulates pGSN production is not known. Up-regulating Akt function in 
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the chemosensitive cells significantly increased pGSN and HIF1α contents and attenuated 

CDDP-induced apoptosis, responses not observed in the resistant cells when Akt function was 

down-regulated. In contrast, Akt activation in chemosensitive cells promotes HIF1α-mediated 

auto-induction of pGSN and CDDP resistance. These findings are consistent with the 

observation that cancer patients with increased Akt activation respond poorly to 

chemotherapeutic agents and have worst survival outcomes
5,48

. Clinical trials with Akt inhibitors 

are currently in progress to determine its therapeutic efficiency in patients with chemoresistant 

OVCA
49,50

 although the role of pGSN remains uncertain. There is currently no evidence to 

indicate HIF1α is a substrate of Akt and sequence analysis of HIF1α indicates the absence of Akt 

consensus sites
51

. We therefore envisage that Akt activates HIF1α indirectly via other kinases 

such as CKI-Ser247
51

, GSK3β-Ser551
51

, CKII-Thr796
51

, Erk1-Ser641
51

 and PKA-Ser643
51

, 

possibilities worthy of future investigation.  

In conclusion, we have shown for the first time the dual functions of pGSN and that 

pGSN tranported via exosomes is a determinant of chemoresistance in OVCA cells. We have 

demonstrated that the autocrine action of exosomal pGSN in OVCA cells is via α5β1 integrin - 

HIF1α-mediated auto-induction of pGSN, a response promoted by Akt activation and resulted in 

CDDP resistance (Fig. 7).  In addition, chemoresistant cells-derived exosomes confer CDDP 

resistance in a paracrine manner to otherwise chemosensitive OVCA cells by increasing 

endogenous pGSN content. These findings support our hypothesis that exosomal pGSN 

promotes cancer cell survival through both autocrine and paracrine mechanisms which induces 

resistant phenotype in the chemosensitive cells (Fig. 7A). To our knowledge, this is the first 

study to demonstrate that pGSN is involved in α5β1 integrin/FAK/Akt/HIF1α/pGSN signaling 

cascade (Fig. 7A). Further studies are however, needed to examine other mechanisms that could 
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be potentially implicated in pGSN-mediated chemoresistance (Fig. 7B). It is also possible that 

pGSN bound to α5β1 integrin could be internalized and exosomal-pGSN released and secreted 

via transcytosis (Fig. 7B). pGSN could also be released from the exosomes in the cytosol and 

trigger signaling cascade resulting in pGSN-mediated chemoresistance (Fig. 7B). Cancer cells 

may also uptake exosomal-pGSN in a receptor-independent manner, release pGSN into the 

cytosol to activate chemoresistant signaling pathways (Fig. 7B). Although increased expression 

of pGSN in the ovarian tumour microenvironment correlates with poorer survival, whether it has 

a suppressive effect on anti-tumour cells is currently under investigation. Exosomal pGSN could 

be a clinically useful prognostic marker in the tumour microenvironment as well as offer novel 

insights into developing individualized treatments for chemoresistant OVCA patients. 

 

MATERIALS AND METHODS 

Ovarian Cancer Survival Analysis. pGSN gene expression analysis was performed on primary 

ovarian cancer datasets using the 200696_s_at probe specific for pGSN (Supplementary Table 1) 

available publicly on www.kmplot.com
22

. Patients were stratified using the following clinical 

parameters: histological subtypes (serous; serous and endometroid), treatments containing either 

platinum agents or platinum and taxol derivatives and suboptimal surgical debulking. Kaplan-

Meier survival analysis was used to correlate pGSN gene expression with progression free 

survival (PFS) and overall survival (data not shown) using optimal cut-offs in each case. 

Statistical parameters were calculated by log-rank. Beeswarm plots were used to visualize gene 

expression in each stratified parameter.  

 

http://www.kmplot.com/
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Fig. 3.7 Hypothetical models illustrating the autocrine and paracrine mechanisms of Ex-

pGSN in OVCA chemoresistance. (A) Chemoresistant cells (CR)-derived Ex-pGSN 

autoregulates its own gene expression and induces CDDP resistance in chemosensitive OVCA 

cells (CS) in a paracrine manner by activating the α5β1/FAK/Akt/HIF1α/pGSN signaling 

pathway.  (B) Aside the direct activation of the α5β1/FAK/Akt/HIF1α/pGSN signaling pathway, 

it is also possible that exosomal pGSN-α5β1 integrin could be internalized (1) leading to the 

release of pGSN which further activates (2) signaling cascades resulting in chemoresistance. 

Upon internalization, exosomal-pGSN could be released from the endosomes and secreted via 

transcytosis (3); a phenomenon that could propel the autocrine and paracrine mechanisms 

described in fig. 7A. There is also the possibility that exosomal-pGSN could be uptaken and 

pGSN released to activate (4) signaling cascades resulting in chemoresistance. 
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Kmplotter Analysis. We interrogated all data sets available on kmplotter using only the 

200696_s_at probe regardless of tumour stage, grade or p53 statuses. This probe specifically 

targets 11 sequences on the transcript variant 1 (mRNA) of GSN isoform a (pGSN; 

Supplementary Table 1) but not any other isoform (Supplementary Table 2). Using the optimal 

cut off point, the patients were dichotomized into low pGSN and high pGSN groups with no 

specific follow-up threshold selected. The analyses were restricted to either serous or all (serous 

+ endometroid) histological subtypes available. All databases were included in the analyses with 

biased array excluded. The analyses were limited to patients treated with either platinum or 

platinum + taxol. Unless otherwise stated (suboptimal debulking), all patients who underwent 

debulking surgery were included in the analyses regardless of the residual disease. Patients 

surviving over the specific thresholds were censored instead of being excluded. 

Reagents. Cis-diaminedichloroplatinum (CDDP), phenylmethylsulfonyl fluoride (PMSF), 

aprotinin, dimethyl sulfoxide (DMSO), sodium orthovanadate (Na3VO4) and Hoechst 33258 

were supplied by Sigma (St. Louis, MO). GSN siRNA and scrambled sequence siRNA (control) 

were purchased from Ambion (Burlington, Canada) and Dharmacon (Colorado, USA) 

respectively. ΔHIF1α cDNA was purchased from Addgene (Cambridge, USA0. 1 methyl-PA, 

PKH67 and PKH26 Fluorescent Cell Linker Kits and epoxomycin were purchased from 

MilliporeSigma (Canada). siRNAs for HIF1α and FAK, and their scrambled sequence siRNA 

(control) were supplied from Santa Cruz (Mississauga, Canada). Recombinant human plasma 

gelsolin (rhpGSN) was purchased from Cytoskeleton, Inc, USA. pGSN cDNA and 3.1A vector 

plasmids were produced in the lab of Dr. Dar-Bin Shieh, National Cheng Kung University 

Hospital, Taiwan. pCT-CD63-GFP was purchased from System Biosciences, LLC. ATN 161 

was from R & D Systems (Minnesota, USA). Sandwich pGSN ELISA kits were from Aviscera 
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Bioscience, Inc. CA. See Supplementary Tables 4 and 5 for details on antibodies and pGSN-

specific siRNA sequences, respectively. The Dominant negative Akt (DN-Akt) and 

constitutively active Akt (A-Akt) adenoviruses were generous gifts from Dr. Kenneth Walsh 

(Boston University School of Medicine, Boston, MA) and have been routinely used in our 

laboratory
42,43

. The DN-Akt is a triple mutant with a dead-kinase [with an alanine at the Thr308 

and Ser473 (required in phosphorylation for Akt activation
52,53

 and at Lys179 (within the kinase 

domain and required for phosphate transfer
54

]. The active Akt is a meristoylated Akt2. The 

availability HA-tagged DN-Akt and HA-tagged A-Akt virus allows for easy confirmation of 

their expression by western blot.  

Cell Lines and Cell Culture. Chemosensitive and chemoresistant OVCA cell lines of high 

grade serous (HGS) and endometroid histologic subtypes and with various p53 status were tested 

in the present studies: HGS [OV2295 (p53-mutant; sensitive), OV4453 (p53-mutant, sensitive), 

OV90 (p53-mutant, resistant), OV866(2) (p53-mutant, resistant), Hey (p53-wt, resistant)] and 

Endometroid [A2780s (p53-wt, sensitive), PA-1 (p53-wt; sensitive), A2780cp (p53-mutant, 

resistant), SKOV-3 (p53-null, resistant)]. The OVCA cell lines were cultured in Dulbecco’s 

modified Eagle medium (DMEM)/F12 and RPMI 1640 as previously reported
8,43

. All 

experiments were carried out in serum-free media. See supplementary Table 3 for details on 

cells. 

RNA Interference. Cells were transfected (50-200 nM, 24 h) with siRNAs for total GSN 

[(Ambion and Dharmacon; HIF1α and FAK (Santa Cruz)] or their scrambled control, using 

lipofectamine 2000, and were subsequently treated with CDDP (10 µM; 24 h) and harvested for 

analysis, as previously described
8,43,55

. siRNA against total GSN targets the C terminal region 

which is shared by both cGSN and pGSN. However, siRNA against pGSN specifically targets 
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and degrades pGSN mRNA without affecting that of cGSN. Two different siRNAs 

(Supplementary Table 5) were used for each target to exclude off-target effects. Successful 

knock-down was confirmed by Western blotting
9
. (See Supplementary Table 4 for details on 

antibodies). 

Transient Transfection. Cells were transfected with pGSN and ΔHIF1α pcDNA3.1-derived 

vectors (empty vector as controls), using lipofectamine 2000, and were then cultured with CDDP 

(10 µM; 24 h) and harvested for further analysis
8,43,55

. Successful overexpression was confirmed 

by Western blotting (See Supplementary Table 4 on antibodies). 

ChIP Assay. Chromatin immunoprecipitation (ChIP) assays were performed on human ovarian 

cancer cells, as previously described
56

. The antibodies and primers used for verifying the 

occupancy of HIF1 on the pGSN promoter are shown in the Supplementary Tables 4 and 6, 

respectively. Sequence -3000 base pairs upstream of TSS was analyzed for potential promoter 

and based on the score of the promoter strength, primers were designed to determine HIF1a 

binding (Supplementary Table 6). 

Extracellular Vesicle Isolation and Characterization. Serum-free conditioned media from 

cultured cells were used for extracellular vesicle isolation and characterization, as described
57

. 

Total EV concentration was determined by BCA Protein Assay Kit (Thermo Fisher Scientific). 

When fresh exosomes (40 µg/400,000cells) were not required, they were suspended in PBS and 

stored at -80
o
C for subsequent analysis.  

Nanoparticle Tracking Analysis (NTA).  EVs in PBS were analyzed, using the ZetaView 

PMX110 Multiple Parameter Particle Tracking Analyzer (Particle Metrix, Meerbusch, Germany) 
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in size mode using ZetaView software version 8.02.28, as previously described
57,58

. EVs were 

captured at 11 camera positions at 21
o
C and pellet size and concentration evaluated. 

Transmission Electron Microscopy (TEM). OVCA cell were pelleted (4000 g; 20 min) and 

processed, as previously described
59

. Resin sections were stained with uranyl acetate and lead 

citrate solutions and examined with a Jeol JEM 1230 transmission electron microscope (Japan). 

Immunoelectron Microscopy (iEM). Cell pellets (4000 g; 20 min) were processed as 

previously described
59

. The grids were washed three times in PBST, immunostained with anti-

pGSN antibody (Supplementary Table 4), rinsed in distilled water, stained with uranyl acetate 

and lead citrate, and photographed with a Jeol JEM 1230 transmission electron microscope 

(Japan). 

Exosome Labeling, Uptake and Fluorescent Microscopy. Donor cells were transfected with 

pCT-CD63-GFP to label the exosomes (1 µg; 24 h) while recipient cells were labeled with 

PKH26 red fluorescent dyes (Sigma-Aldrich, MO), as previously described
57,58

. Nuclei were 

counterstained with DAPI, cells were mounted onto coverslips and exosome uptake examined, as 

previously described
57,58

. 

Protein Extraction and Western blot Analysis. Western blotting (WB) was carried out as 

previously described
8,9,43

. Membranes containing transferred proteins were incubated with 

primary antibodies (1:1000) in 5% (wt/vol) Blotto and subsequently with the appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibody (1:2000) in 5% (wt/vol) Blotto 

(Supplementary Table 4 for details on antibodies). Peroxidase activity was visualized on a film 

with the Enhanced Chemiluminescent Kit (Amersham Biosciences) and signal intensity 

densitometrically determined (Image J software).  
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ELISA. pGSN contents in cell-free conditioned media and lysates from OVCA cells were 

assayed by sandwich ELISA (Aviscera Bioscience, Inc. CA), according to manufacturer’s 

instructions.  

Assessment of Apoptosis. CDDP-induced apoptosis was assessed morphologically
8,55

, using 

Hoechst 33258 nuclear stain. Using a random selection of fields, a minimum of 400 cells with 

typical apoptotic nuclear morphology (nuclear condensation, shrinkage and fragmentation) were 

counted in each group and expressed as the percentage of total cells. “Blinded” counting 

approach was used to prevent experimental bias. 

Statistical Analyses. Results are expressed as the mean ± SD of at least 3 independent 

experiments. Statistical analysis was carried out by one- or two-way ANOVA and differences 

between multiple experimental groups was determined by Bonferroni post-hoc test, using the 

PRISM software (Version 7.0; GraphPad, San Diego, CA). Statistical significance was inferred 

at p < 0.05. Statistical parameters for Kaplan-Meier survival analysis were calculated by log-

rank. 
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Supplementary Table 3.4: Antibodies used in the present studies 

 

 

 

 

 

 

 

 

 

 

 

Primary Antibodies Secondary Antibodies 

Application Target Antibody Company Catalog # Dilution Antibody Conjugate Company Catal
og # 

Dilution Note 

WB pGSN Anti-pGSN Goat 
polyclonal 

Antibodies 
online(Atlanta,
USA) 

ABIN1019662 1:1000 Dnk 
polyclonal to 
Goat IgG 

HRP Abcam 
(Toronto, 
Canada) 

Ab97
110 

1:2000  

WB cGSN Anti-GSN mouse 
monoclonal 

MilliporeSigma 
(Oakville, 
Canada) 

G4896 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB HIF1α Anti- HIF1α 
mouse 
monoclonal 

MilliporeSigma 
(Oakville, 
Canada) 

H6536 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB CD63 Anti-CD63 
mouse 
monoclonal 

Abcam 
(Toronto, 
Canada) 

Ab193349 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB FAK Anti-FAK mouse 
monoclonal 

MilliporeSigma 
(Oakville, 
Canada) 

396500 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB HA Anti-HA mouse 
monoclonal 

Santa-Cruz 
(Mississauga, 
Canada) 

Sc-805 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB β-
tubulin 

Anti- β-tubulin 
mouse 
monoclonal 

MilliporeSigma 
(Oakville, 
Canada) 

SAB4200715 1:1000 Goat Anti-
mouse IgG 
(H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

ChIP HIF1α Anti- HIF1α 
mouse 
monoclonal 

MilliporeSigma 
(Oakville, 
Canada) 

H6536 5 µg N/A     Used 
in Fig. 
6H. 

ChIP HIF1α Anti- HIF1α 
mouse 
monoclonal 

Novus 
Biologicals 
(Oakville, 
Canada) 

NB100-105 5 µg N/A     Used 
in Fig. 
6I. 

iEM pGSN  Anti-pGSN 
mouse 
monoclonal 

ABGENT (San 
Diego, US) 

AM1936a 1:100 Goat-anti-
mouse-IgG 

Colloidal 
gold 

Jackson (PA, 
USA) 

115-
215-
068 

1:50  
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Supplementary Table 3.5: Customized siRNA oligonucleotide duplexes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Product Target Species Company Catalog # Target sequence Anti-sense sequence Position on mRNA 

siRNA 1 pGSN Human IDT (Iowa, USA) N/A GCGACCCGAGGCCGCGGCU AGCCGCGGCCUCGGGUCGC 12 

siRNA 2 pGSN Human IDT (Iowa, USA) N/A UGCCCGAGGCGCGGCCCAA UUGGGCCGCGCCUCGGGCA 192 
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Supplementary Table 3.6:  primer sequences for amplifying the gelsolin promoter. 

HIF1a_pGSN FP: GGCCCATGTATATGTCCTGA 

HIF1a_pGSN RP: AGTTTGGGCTTCAGCAACAG 
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ABSTRACT 

Although initial treatment of ovarian cancer (OVCA) is successful, tumors typically 

relapse and become resistant to treatment. Due to poor infiltration of effector T cells, patients are 

mostly unresponsive to immunotherapy. Plasma gelsolin (pGSN) is transported by exosomes 

(sEV) and plays a key role in OVCA chemoresistance, yet little is known about its role in 

immunosurveillance. Here we report the immunomodulatory roles of sEV-pGSN in OVCA 

chemoresistance. In chemosensitive conditions, secretion of sEV-pGSN was low, allowing for 

optimal CD8+ T cell function. This resulted in increased T cell secretion of IFNγ, which reduced 

intracellular glutathione (GSH) production and sensitized chemosensitive cells to cisplatin 

(CDDP)-induced apoptosis. In chemoresistant conditions, increased secretion of sEV-pGSN by 

OVCA cells induced apoptosis in CD8+ T cells. IFNγ secretion was therefore reduced, resulting 

in high GSH production and resistance to CDDP-induced death in OVCA cells. These findings 

support our hypothesis that sEV-pGSN attenuates immunosurveillance and regulates GSH 

biosynthesis, a phenomenon that contributes to chemoresistance in OVCA. 

 

SIGNIFICANCE 

Findings provide new insight into pGSN-mediated immune cell dysfunction in OVCA 

chemoresistance and demonstrate how this dysfunction can be exploited to enhance 

immunotherapy. 

 

KEY WORDS: Plasma gelsolin, ovarian cancer, cisplatin (CDDP), chemoresistance, CD8+ T 

cells 
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INTRODUCTION 

Ovarian cancer (OVCA) is the fifth most commonly diagnosed but most fatal 

gynecological cancer worldwide. In the US, one out of 95 women will die as a result of OVCA. 

Ovarian cancer originating from the epithelial cells comprises of 90% of all reported cases and 

approximately 70% of these are high grade serous subtype (HGS) (1). The standard treatment for 

OVCA is a combination of cytoreductive surgery and chemotherapeutic treatment with platinum 

and taxane derivatives (1). Although treatment is initially efficient, the tumor relapses and 

become resistant to treatment. The mechanisms involved in OVCA chemoresistance are multi-

factorial with mutation of tumor suppressor genes, activation of oncogenes, dysregulation of 

apoptotic signaling and immune-suppression playing key roles (2). OVCA is considered a cold 

tumor hence has poor immune cell infiltration. Thus, immunotherapy is relatively ineffective to 

date (3-5). There is still more to learn about the molecular contributors to chemoresistance in 

OVCA to afford new diagnosis and treatment. 

The tumor microenvironment (TME) is a strong contributing factor for chemoresistance 

(2). Both cytolytic (CD8+, CD4+, granzyme b, and IFN-γ) and suppressive (PD-1+ TIL, CD25+ 

FoxP3+ T-regs, PDL1+ and CTLA-4) subsets are co-localized in OVCA, resulting in an 

immunological stalemate and net positive association with survival (3-5). Thus, multipronged 

approaches for immunotherapy are needed for effectiveness and should be tailored to the 

baseline features of the TME. Although colon, melanoma and lung cancer patients respond well 

to immunotherapy, OVCA patients are unresponsive due in part to the coldness of OVCA (3, 4, 

6). There is thus an urgent need to explore and target novel pathways responsible for the 

coldness of OVCA in order to make them more receptive to the immune system to enhance the 

efficacy of alternative immunotherapies.  
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Plasma gelsolin (pGSN) is the secreted isoform of the gelsolin (GSN) gene and a 

multifunctional actin binding protein (7, 8). Total GSN forms a complex with Fas-associated 

death domain-like interleukin-1β–converting enzyme (FLICE)-like inhibitory protein (FLIP) and 

Itch which regulates caspase-3 activation and chemoresistance in gynecological cancer cells (9, 

10). Small EVs (sEVs; mostly called exosomes) are vesicles of approximately 30-100 nm in size 

and formed within endosomes by membrane invaginations, whereas large EVs (lEVs; mostly 

called microvesicles) range from 0.1 to 1.0 µm and are produced by membrane blebbing by cells 

under stress (11, 12). We have previously demonstrated that pGSN is highly expressed and 

secreted in chemoresistant OVCA cells compared to its chemosensitive counterparts (13). pGSN 

is transported via exosomes (sEVs) and up-regulates HIF1α–mediated pGSN expression in 

chemoresistant OVCA cells in an autocrine manner, and confers cisplatin resistance in otherwise 

chemosensitive OVCA cells (13). We have also shown that elevated circulating pGSN is 

associated with higher levels of residual disease after surgery and allows for detection of early 

stage ovarian cancer (14). However, little is known about its interaction with immune cells in the 

tumor microenvironment (TME). Whether pGSN contributes to immuno-surveillance escape in 

the tumor microenvironment remain to be examined.  

Glutathione (GSH) and the nuclear factor erythroid 2-related factor (NRF2)-dependent 

genes help to maintain homeostasis in normal cells but can also provide a huge advantage to 

cancer cells to become CDDP resistant and escape immune-surveillance (15-17). NRF2 

activation results in elevated levels of intracellular GSH which inactivates and efflux toxic 

therapeutic agents from cancer cells as well as increase DNA repair (15-17). However, it has not 

been demonstrated if and how pGSN induce GSH production in OVCA cell lines. Also, as to 

whether NRF2, an antioxidant transcription factor, is involved is yet to be investigated in the 
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context of pGSN-mediated OVCA chemoresistance (18). NRF2-dependent genes such as 

cystine/glutamate transporter (xCT) and glutamate-cysteine ligase regulatory subunit (GCLM) 

are associated with drug resistance in cancer (18-20). xCT is a membrane amino-acid transporter 

that regulates the influx of cysteine and the efflux of glutamate. GCLM regulates the first step of 

GSH synthesis from L-cysteine and L-glutamate. Although suppressing GSH biosynthesis has a 

potential of enhancing tumor killing, no significant clinical advantage has been achieved (15-17). 

Exogenous pGSN treatment increases GSH levels in the blood which mitigates radiation induced 

injury in mice (21) although the exact mechanism has not been investigated. As to whether 

pGSN regulates GSH biosynthesis, is not known. The purpose of this study is to investigate the 

immuno-inhibitory and GSH regulatory role of pGSN in OVCA chemoresistance.  

We hypothesized that increased pGSN will suppress CD8+ T cell function as well as 

promote GSH production, an outcome that contributes to OVCA chemoresistance. For the first 

time, we report in this study that in chemosensitive condition, OVCA secrete low levels of sEV-

pGSN which is unable to suppress the functions of CD8+ T cells. Thus, optimal secretion of 

IFNγ inhibits the production of GSH in OVCA cells. In chemoresistant conditions, increased 

pGSN promotes NRF2-dependent production of GSH in OVCA cells as well as caspase-3-

dependent apoptosis in CD8+ T cells. 

 

MATERIALS AND METHODS 

Ethics Statement and Tissue Sampling 

A written informed consent was obtained from all subjects. The study was conducted in 

accordance with the appropriate guidelines approved by the Centre hospitalier de l’Universite de 

Montreal (CHUM) Ethics Committee (IRB approval number; BD 04-002) and the Ottawa Health 
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Science Network Research Ethics Board (IRB approval number; OHSN-REB 1999540-01H). 

Normal and tumor tissues were collected from OVCA patients receiving treatment from 1992 to 

2012 at the CHUM, Montreal. 208 formalin-fixed paraffin-embedded HGS and unverified 

OVCA tissues as well as 14 normal fallopian tube samples in duplicates were used to build a 

tissue microarray (TMA), as previously described (22). Details of patient population are outlined 

in Supplementary Table S1. Patients were diagnosed, tissues examined and clinical data 

gathered as previously described (22).  

 

Interrogation of OVCA public datasets 

Two (2) ovarian serous cystadenocarcinoma datasets publicly available on cbioportal 

(https://www.cbioportal.org/) were interrogated: TCGA, Nature 2011 (n=489) and TCGA, 

Firehouse legacy (n=530). The mRNA expression patterns of pGSN (GSN), NRF2 (NFE2L2), 

xCT (SLC7A11), GCLM, IFNγ (IFNG), granzyme b (GZMB) and perforin (PRF1) were 

evaluated in each patient and presented as heat maps. Pearson’ and Spearman’s correlation tests 

were performed to assess the association between pGSN and the other genes. Significant 

correlations were inferred as P ≤ 0.05. 

 

 

 

 

 

 

 

https://www.cbioportal.org/
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Supplementary Table 4.1. Epithelial expressions of markers in OVCA patients 

HGSC, high grade serous carcinoma; FIGO, International Federation of Gynecology and 

Obstetrics  

 

 

 

 

 

 

 

 

 

 

 

Variable Number of Patients Median survival (months) 

Age (Range; 36 – 89 years) 

≤ 62 

> 62 

  

109 

99 

 

Stage (FIGO) 

1 

2 

3 

4 

  

13 

20 

153 

22 

 

Histological Subtypes 

Not verified 

HGSC 

Endometrioid 

 

33 

174 

1 

 

Residual disease (RD) 

≤ 1 cm 

> 1 cm 

  

86 

109 

 

Progression-free survival (PFS)  

Non-recurrence 

Recurrence 

  

36 

172 

18 

Overall Survival (OS) 

Alive  

Deceased 

  

37 

162 

49 
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Immunofluorescence (IF) 

 Tissue sections (TMAs) were immunostained using the BenchMark XT automated 

stainer (Ventana Medical System Inc. Tucson, AZ), as previously described (22). After 

deparaffinisation and antigen retrieval, the tissues were stained with their respective antibodies. 

Details of staining are described in the Supplementary methods.  

 

Immunohistochemistry (IHC). 

OVCA cell pellets (TMA) were immunostained using BenchMark XT automated stainer 

(Ventana Medical System Inc. Tucson, AZ). After deparaffinisation and antigen retrieval, the 

tissues were stained with anti-pGSN and then incubated in a secondary antibody. Details on 

tissue staining and antibodies used are described in the Supplementary methods and 

Supplementary Table S2 respectively. 

 

Reagents. 

Cis-diaminedichloroplatinum (CDDP), phenylmethylsulfonyl fluoride (PMSF), aprotinin, 

dimethyl sulfoxide (DMSO), sodium orthovanadate (Na3VO4), CCK-8 and Hoechst 33258 were 

supplied by Millipore Sigma (St. Louis, MO). Two preparations of pGSN siRNA (siRNA1 and 

2) and scrambled sequence siRNA (control) were purchased from Integrated DNA Technology 

(Iowa, USA) and Dharmacon (Colorado, USA), respectively. Human CRISPR/Cas9 KO and 

CRISPR activation (OX) plasmid for FLIP (short and long), and their scrambled sequence 

siRNA (control) were purchased from Santa Cruz (Mississauga, Canada). Recombinant human 

plasma gelsolin (rhpGSN) and IFNγ (rhIFNγ) were purchased from Cytoskeleton, Inc, USA and 

Life Technologies, Canada, respectively. pGSN cDNA and 3.1A vector plasmids were 
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generously provided by Dr. Dar-Bin Shieh, National Cheng Kung University Hospital, Taiwan. 

pCT-CD63-GFP was purchased from System Biosciences, LLC. See Supplementary Table S2 

for details on antibodies and other reagents.  

 

Cell Lines and Primary Cells.  

Human peripheral CD8+ and CD4+ T cells were purchased from Stemcell Technologies, 

Canada. T cells were expanded with ImmunoCult XF T cell expansion media and activated using 

ImmunoCult Human CD3/CD28/CD2 T cell activator. Both expansion and activating media 

were purchased from Stemcell Technologies, Canada. Chemosensitive and chemoresistant 

OVCA cell lines (1.6 x 10
6
 cells) of HGS and endometrioid histologic subtypes were used for all 

in vitro studies. The endometrioid cell lines were generously donated by Dr. Barbara 

Vanderhyden (Ottawa Hospital Research Institute, Ottawa, Canada) whereas the HGS cell lines 

were kindly provided by Dr. Anne-Marie Mes-Masson [Centre de recherche du Centre 

hospitalier de l’Université de Montréal (CRCHUM), Canada]. Cell lines used were tested for 

Mycoplasma contamination using PlasmoTest
TM

 Mycoplasma Detection kit (Invivogen; catalog 

number: rep-pt1), authenticated and continuously monitored for morphological changes as well 

as growth rate for any batch-to-batch change. Cell lines were maintained between passages 10 

and 21 during the study after thawing. Details on the histologic subtypes and mutations of the 

cell lines used are described in Supplementary Table S3. The HGS cell lines were cultured and 

maintained in OSE medium (Wisent Inc., St-Bruno, QC, Canada) whereas the endometrioid cell 

lines were cultured and maintained in Dulbecco's Modified Eagle Medium (Gibco DMEM/F12; 

Life Technologies, NY, USA; catalog numbers 10565-018/10313-021) and/or Gibco RPMI 1640 

(Life Technologies, NY, USA; catalog number: 31800-022), as previously reported (23-26).  
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Media were supplemented with 10% FBS (Millipore Sigma; St. Louis, MO), 50 U/mL penicillin, 

50 U/mL streptomycin, and 2 mmol/L l-glutamine (Gibco Life Technologies, NY, USA). All 

experiments were carried out in serum-free media.  

 

Gene Interference and Transient Transfection.  

Cells were transfected (50 nM, 24 h) with CRISPR/Cas9 KO plasmids (2 µg; 24 h) and 

siRNAs (empty vector as controls) using lipofectamine 2000. Cells were transfected (2 µg; 24 h) 

with pGSN cDNA and FLIP activation plasmid (empty vector as controls). Cells were then 

treated with CDDP (10 µM; 24 h) or sEV-pGSN (40 µg/400,000 cells; 24 h) and harvested for 

analysis, as previously described (23, 24, 27). Two different siRNAs were used for each target to 

exclude off-target effects. Successful knock-down/knock-out and overexpression were confirmed 

by Western blotting (9). See Supplementary Table S2 for details on antibodies. 

 

Extracellular Vesicle (EVs) Isolation, Characterization and Nanoparticle Tracking 

Analysis (NTA).  

Serum-free conditioned media from cultured cells were used for extracellular vesicle 

isolation and characterization, as described (28). sEVs were isolated by differential 

ultracentrifugation: 300 g for 10 min at room temperature (RT) to remove cells; 20,000 g for 20 

min, RT to remove large EVs (microparticles) and then 100,000 × g for 90 min at 4°C for sEVs 

(exosomes). Details on EV characterization and NTA are provided in the Supplementary 

methods.  
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sEV-GFP tagging and uptake. 

Chemosensitive and chemoresistant OVCA cell lines (1.6 x 10
6
 cells) were transfected 

with exosome cyto-tracer, pCT-CD63-GFP (SBI System Biosciences; CYTO120-PA-1; 1 µg) for 

24 h in serum-free RPM1-1640. Conditioned media were collected and sEVs isolated. Activated 

human peripheral CD8+ T cells were treated with sEVs (40 µg/400,000 cells; 24 h). Cells were 

collected and WB used to assess pGSN and GFP contents. Details on antibodies are described in 

Supplementary Table S2. 

 

Protein Extraction and Western blot Analysis.  

Western blotting (WB) procedure for proteins were carried out as described previously 

(9, 23, 24). After protein transfer, membranes were incubated with primary antibodies (1:1000) 

in 5% (wt/vol) blotto and subsequently with the appropriate horseradish peroxidase (HRP)-

conjugated secondary antibody (1:2000) in 5% (wt/vol) blotto. See Supplementary Table S2 for 

details of antibodies used. Chemiluminescent Kit (Amersham Biosciences) was used to visualize 

the peroxidase activity. Signal intensities generated on the film were measured densitometrically 

using Image J. 

 

ELISA 

Concentrations of IL-2, TGF-β, TNF-α, IL-12, IL-4 and IFNγ in cell-free conditioned 

media from human peripheral CD8+ and CD4+ T cells treated with sEVs and rhpGSN were 

measured by Multi-Analyte ELISArray Kit (Qiagen, USA) and pGSN (patient plasma) by 

sandwich ELISA (Aviscera Bioscience, Inc. CA), as previously determined (14). Details of the 

assay are provided in the Supplementary methods. 
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Intracellular GSH detection 

Intracellular GSH in cell lysates (100 µl) were colorimetrically determined at 450 nm, 

using a GSH detection assay kit (ab239727) and a microtiter plate reader, as per manufacturer’s 

instructions. 1.6 x 10
6
 cells [cultured in Dulbecco's Modified Eagle Medium (DMEM)] were 

used in each experiment in triplicates. Concentrations were reported as µM/mg protein. 

 

Assessment of Cell Proliferation and Apoptosis.  

Apoptosis and cell proliferation were assessed morphologically with Hoechst 33258 

nuclear stain and colorimetrically with the CCK-8 assay, respectively. “Blinded” counting 

approach was used to prevent experimental bias with the Hoechst 33258 nuclear staining.  

 

Statistical Analyses.  

Statistical analyses were performed using the SPSS software version 25 (SPSS Inc., 

Chicago, IL, USA), PRISM software version 8.3 (Graphpad, San Diego, CA), student t-test, one- 

or two-way ANOVA and Bonferroni post-hoc tests (to determine the differences between 

multiple experimental groups). Two-sided P ≤ 0.05 was inferred as statistically significant. The 

relationship of variables to other clinicopathologic correlates was examined using Fisher exact 

test, T test and Kruskal Wallis Test, as appropriate. Survival curves (PFS and OS) were plotted 

with Kaplan-Meier and P-values calculated using the log-rank test. Univariate and multivariate 

Cox proportional hazard models were used to assess the hazard ratio (HR) for age, residual 

disease, stage (FIGO), pGSN and CD8+ T cells as well as corresponding 95% confidence 

intervals (CIs).   
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Supplementary Table 4.2 Information on antibodies and reagents 

Primary Antibodies Secondary Antibodies 
Application Target Antibody/reage

nt 
Company Catalog # Dilution Antibody Conj

ugat
e 

Company Catal
og # 

Dilution Note 

WB pGSN Anti-pGSN Goat 
polyclonal 

Antibodies 
online(Atlanta,
USA) 

ABIN1019662 1:1000 Dnk polyclonal 
to Goat IgG 

HRP Abcam (Toronto, 
Canada) 

Ab97
110 

1:2000  

WB β-tubulin Anti-tubulin 
rabbit 
monoclonal 

Abcam 
(Toronto, 
Canada) 

ab179511 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB β-actin Anti-actin 
mouse 
monoclonal 

Abcam 
(Toronto, 
Canada) 

ab8226 1:1000 Goat Anti-
mouse IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000 Fig. 
S2A 

IHC pGSN Anti-pGSN 
mouse 
polyclonal 

Antibodies 
online(Atlanta,
USA) 

ABIN659182 1:500      Fig. 
S1A 

IF CD8a Anti-CD8 mouse 
monoclonal 

Leica 
Biosystems, 
UK 

NCL-L-CD8-
4B11 

1:50       

IF pGSN Anti-pGSN 
mouse 
polyclonal 

Antibodies 
online(Atlanta,
USA) 

ABIN659182 1:500       

IF Activated 
caspase-3 

Anti-casp3 
rabbit 
monoclonal 

Cell signaling 
Technology, 
MA, USA 

9661S 1:200       

IF Cytokerati
n 8/18 

Anti-KRT mouse 
antibody 

Dako EP17/EP30 1:200       

WB FADD Anti-FADD 
rabbit 
monoclonal 

Cell signaling 
Technology, 
MA, USA 

2782S 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB FLIP Anti-FLIP mouse 
monoclonal 

Santa Cruz 
Biotechnology, 
USA 

sc-5276 1:1000 Goat Anti-
mouse IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB Caspase-8 Anti-caspase-8 
mouse 
monoclonal 

Cell signaling 
Technology, 
MA, USA 

9746 1:1000 Goat Anti-
mouse IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB Caspase-3 Anti-caspase-3 
rabbit 
monoclonal  

Cell signaling 
Technology, 
MA, USA 

14220 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB Activated 
caspase-3 

Anti-cleaved 
caspase-3 rabbit 
polyclonal 

Cell signaling 
Technology, 
MA, USA 

9661 1:1000 
 

Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB NRF2 Anti-NRF2 
mouse 
monoclonal 

Abcam 
(Toronto, 
Canada) 

ab89443 1:1000 Goat Anti-
mouse IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB p-NRF2 Anti-NRF2-pS40 
rabbit 
monoclonal 

Abcam 
(Toronto, 
Canada) 

ab76026 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB γH2AX Anti- γH2AX 
rabbit 
polyclonal 

Abcam 
(Toronto, 
Canada) 

ab11174 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB Stat1 Anti-Stat1 rabbit 
polyclonal 

Abcam 
(Toronto, 
Canada) 

ab99415 1:1000 Goat Anti-rabbit 
IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6515 

1:2000  

WB Stat1-p Anti-Stat1-
pY701 mouse 
monoclonal 

Abcam 
(Toronto, 
Canada) 

ab29045 1:1000 Goat Anti-
mouse IgG (H+L) 

HRP Bio-Rad 
(Mississauga, 
Canada) 

170-
6516 

1:2000  

WB GFP Anti-GFP 
chicken 
polyclonal 

Abcam 
(Toronto, 
Canada) 

ab13970 1:1000 Goat Anti-
Chicken IgY 
(H+L)  

HRP Abcam (Toronto, 
Canada) 

ab68
77 

1:2000 Fig. 
S2A 

  Rh-IFNγ Life 
technologies 

PHC4033        

  Rh-pGSN Cytoskeleton 
Inc. 

HPG6        

  JAK inhibitor 1 Cell signaling 
Technology, 
MA, USA 

14703        

 IFNGR1 
Blocking 
antibody  

Anti-IFNGR1 R&D Systems, 
USA 

MAB6732        

T cell  ImmunoCult XF Stemcell 10981        
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expansion T cell expansion 
media 

technologies, 
Canada 

T cell 
activation 

 Immunocult 
Human 
CD3/CD28/CD2 
T cell activator 

Stemcell 
technologies, 
Canada 

10970        

  NAC Millipore 
Sigma, Canada 

A7250-10G        

  BSO Millipore 
Sigma, Canada 

B2515-
500MG 
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Supplementary Table 4.3 Information on OVCA cell lines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Tumor origin TP53 status Other Chemosensitivity 
A2780s Ovarian endometrioid 

adenocarcinoma 

Wild-type PTEN/ARID1A Sensitive 

A2780cp Ovarian endometrioid 

adenocarcinoma 

Mutant 

V127F, R260S 

PTEN/ARID1A Resistant 

OV2295 High grade serous ovarian cancer Mutant 

IIe195Thr 

Not investigated Sensitive 

OV4453 High grade serous ovarian cancer Mutant 

Splice 

Not investigated Sensitive 

OV90 High grade serous ovarian cancer Mutant 

Ser215Arg 

Not investigated Resistant 

OV866(2) High grade serous ovarian cancer Mutant 

Arg249Trp 

Not investigated Resistant 

 

TOV3133G Serous-papillary adenocarcinoma Nonsense Not investigated Sensitive 

TOV2223G Serous-papillary adenocarcinoma Nonsense Not investigated Resistant 

TOV3041G Serous adenocarcinoma Wild-type Not investigated Sensitive 

OV1946 Serous-papillary adenocarcinoma Missense Not investigated Resistant 

TOV1946 Serous-papillary adenocarcinoma Missense Not investigated Resistant 

TOV1369 Serous-papillary adenocarcinoma Missense Not investigated Resistant 

OV3133 Serous-papillary adenocarcinoma Nonsense Not investigated Sensitive 
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RESULTS 

Patients’ Characteristics. 

Tumor staging and pathology were performed by a certified Gynecologic Oncology team. 

The characteristics of OVCA patients (N=208) are described in Supplementary Table S1. The 

median age of patients was 62 years (range; 36-89 years) and classified as FIGO stages 1 (N=13), 

2 (N=20), 3 (N=153) and 4 (N=22). Patients in this study received no neoadjuvant chemotherapy 

or radiotherapy prior to sample collection at surgery. Eighty-six patients received 

complete/optimal cytoreduction. The median progression-free survival (PFS) and overall 

survival (OS) were 18 and 49 months respectively.  

 

pGSN expression and CD8+ T cell infiltration in normal fallopian tube and HGS OVCA 

tissues. 

Although increased pGSN expression renders HGS cancer cell lines resistant to CDDP 

treatment (13), the role of pGSN in the tumor microenvironment is not known. To investigate 

this, we first examined pGSN expression and CD8+ T cell infiltration using immunofluorescence 

(IF) on a TMA constructed with 208 OVCA specimens (174 HGS, 33 unverified and 1 

endometrioid) and 14 normal fallopian tube tissues (Fig. 1A, Supplementary Table S1). Prior to 

the study, staining of pGSN expression was optimized in 9 HGS OVCA cell pellets (WB and 

IHC; TMA) as well as a test TMA comprising of 15 HGS OVCA tissues and 7 normal fallopian 

tube tissues (IF; Fig. S1A & B). We then determined by digital image analysis and measure of 

mean fluorescence intensity (MFI), the relative levels of pGSN expression in the epithelial and 

stromal areas of the tissues as well as their prognostic impact on the survival of the patients.  
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Figure 4.1 pGSN expression and CD8+ T cell infiltration in normal fallopian tube and HGS 

OVCA tissues. (A) 208 high grade serous ovarian cancer tissues and normal fallopian tubes 

were immuno-stained with anti-pGSN (red), anti-CD8 (yellow), anti-cytokeratin (green) and dapi 

(blue). (B) pGSN expression (N=198) and infiltrated CD8+ T cells (N=198) were quantified and 

compared in the epithelial and stromal components using scatter plots (mean ± SD). (C) pGSN 

expression in both the epithelial and stroma were correlated with progression free survival (PFS) 

time of the patients. Kaplan-Meier survival curves with dichotomized pGSN expression (low and 

high group, epithelial MFI cut-off = 1141; stromal MFI cut-off = 475.4) and log rank test were 

used to compare the survival distributions between the groups. (D) pGSN expressions in 

epithelium and stroma were correlated with OS. Kaplan Meier survival curves with 

dichotomized pGSN expression (low and high group, epithelial MFI cut-off = 1141; stromal MFI 

cut-off = 475.4) and log rank test were used to compare the survival distributions between the 

groups. P-values were calculated by independent sample t-test. N = number of patients in each 

group. 
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Fig. 4.S1. pGSN expression was validated in HGS OVCA cell pellets, tissues and normal 

fallopian tube tissues. (A). 9 HGS OVCA cell pellets were immunostained with anti-pGSN 

antibody using Western blot and IHC. (B)15 HGS OVCA tissues and 7 normal fallopian tube 

tissues were immunostained with anti-pGSN (red) and dapi (blue). (C) 208 high grade serous 

ovarian cancer tissues were immunostained with anti-caspase-3 (green), anti-CD8 (red), anti-

cytokeratin (yellow) and dapi (blue). 
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Supplementary Table 4.4 Epithelial expressions of markers in OVCA patients 

 

 

 

 

 

 

 

 

 

 

 

 

IRS, immunoreactive score; pGSN, plasma gelsolin  

 

 

 

 

 

 

 

 

 

Tissue Marker Expression (MFI) Number of Patients 

Epithelial pGSN (Cut-off = 659) 

Low  

High 

  

135 

63 

Epithelial pGSN (Cut-off = 1141) 

Low  

High 

  

185 

13 

Stromal pGSN (Cut-off = 475.4) 

Low  

High 

  

38 

160 

Epithelial CD8+ T cells (Cut-off = 40.64) 

Low 

High 

  

173 

25 

Stromal CD8+ T cells (Cut-off = 33.84) 

Low 

High 

  

113 

85 

Epithelial CD8+ T cells (Cut-off = 40.64)/ Epithelial pGSN (Cut-off = 

659)   

Low pGSN/High CD8+ T cells 

High pGSN/High CD8+ T cells 

Low pGSN/Low CD8+ T cells 

High pGSN/Low CD8+ T cells 

  

15 

10 

120 

53 

Circulatory pGSN (Cut-off = 79.61) 

Low 

High 

 

68 

24 
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pGSN was rarely expressed in epithelial and stromal areas of the fallopian tube tissue 

although CD8+ T cell infiltration was detectable (Fig. 1A; Supplementary Table S4). In 

contrast, pGSN expression was clearly detectable in HGS OVCA tissues, with the stromal levels 

[mean ± SD (717.4 ± 303.4)] being higher (P = 0.0001) than the epithelial levels [mean ± SD 

(586.9 ± 323.2)]. HGS OVCA tissues were positive for CD8+ T cells with stromal localisation 

[mean ± SD (39.3 ± 35.9 vs. 20.3 ± 23.2)] being higher (P = 0.0001; Fig. 1B). Increased 

expression of pGSN was significantly associated with progression-free survival (PFS) in the 

stroma region (P = 0.029) but not in the epithelial region (P = 0.232) (Fig 1C). Patients with 

increased epithelial pGSN expression had significantly poorer overall survival (OS) compared 

with patients with lower pGSN expression (P = 0.001; Fig. 1D). However, no significant 

difference was observed in OS between patients with lower and higher stromal pGSN expression 

(P = 0.131; Fig. 1D). 

 

Increased pGSN expression is associated with reduced survival impact of tumor infiltrated 

CD8+ T cells on patient survival. 

After demonstrating in HGS OVCA tissues that patients with increased levels of pGSN 

are highly associated with poor chemoresponsiveness and survival, we hypothesized that pGSN 

expression may influence the prognostic impact of infiltrated CD8+ T cells. Thus, we analysed 

the MFI of pGSN expression and CD8+ T cell density in the epithelial and stromal regions of the 

HGS OVCA TMAs and determined the prognostic impact of pGSN and CD8+ T cell co-

localisation in HGS OVCA patients (Fig. 2; Supplementary Table S4). pGSN expression and 

CD8+ T cell infiltration were clearly detectable in the epithelial and stromal regions of 95% of 

the HGS OVCA TMA investigated (Fig. 2A). Chemosensitive patients [progression-free interval 
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(PFI) > 12 months; N = 135] had increased CD8+ T cell infiltration regardless of the tissue 

location [mean ± SD; epithelium: 21.8 ± 25.6 (chemosensitive) vs. 18.0 ± 17.1 

(chemoresistance); stroma: 43.5 ± 40.0 (chemosensitive) vs. 30.9 ± 23.1 (chemoresistance)]  

compared with chemoresistant patients (PFI ≤ 12 months; N = 58), although the difference was 

only significant in the stromal compartment (epithelium: P = 0.23; stroma: P = 0.03) (Fig. 2B). 

Patients with increased epithelial CD8+ T cell infiltration had improved PFS (P = 0.005) and OS 

(P = 0.042) compared with patients with lower CD8+ T cell infiltration (Fig. 2C). Patients with 

lower pGSN expression but higher CD8+ T cell infiltration had improved PFS and OS compared 

with higher pGSN but lower CD8+ T cell infiltration. Interestingly, increased pGSN expression 

appeared to be associated with lower protective effect of elevated levels of CD8+ T cell 

infiltration as observed in the OS (P = 0.05) and DFS (P = 0.019) of patients with high pGSN 

and high CD8+ T cells (Fig. 2C). To determine why most infiltrated CD8+ T cells stained 

positive for pGSN and their survival impact on patients hindered by increased pGSN expression, 

we immunostained the HGS OVCA tissues for activated caspase-3, a marker for apoptotic cell 

death (Fig. S1C). Caspase-3 activation was observed in both CD8 T cells and epithelial cells and 

was difficult attributing the caspase activation to only CD8+ T cells (Fig. S1C). T cells barely 

express pGSN at both mRNA and protein levels (Fig. S2A & B), hence it was surprising that 

CD8+ T cells stained positive for pGSN in both the epithelial [N = 195; mean ± SD (739.4 ± 

352.7) and stromal regions [N = 196; mean ± SD (798.9 ± 336.4)] although there was no 

significant difference between the locations (P = 0.09; Fig. 2D). We further analysed the 

correlation between circulatory pGSN and infiltrated CD8+ T cells in the epithelium and stroma 

(Fig. 2E). Circulatory pGSN of patients were analysed and dichotomized into low and high 

groups. The epithelial and stromal CD8+ T cell infiltration were quantitated and compared.  
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Figure 4.2 Increased pGSN expression is associated with reduced survival impact of tumor 

infiltrated CD8+ T cells. A) 208 high grade serous ovarian cancer tissues were immunostained 

with anti-pGSN (red), anti-CD8 (yellow), anti-cytokeratin (green) and dapi (blue). (B) CD8+ T 

cell infiltration in both the epithelial and stroma compartments were correlated with 

chemoresponsiveness [chemosensitivity (PFI > 12 months), N = 135; chemoresistance (PFI ≤ 12 

months), N = 58]. The difference between the two groups was compared using scatter plots 

(mean ± SD). (C) pGSN expression and infiltrated CD8+ T cells in epithelium were correlated 

with PFS and OS. Kaplan Meier survival curves of categorized pGSN expression (low and high 

group, MFI cut-off = 659.4) and CD8 density (low and high group, density cut-off = 40.64) and 

log rank test were used to compare the survival distributions between the groups. (D) CD8+ T 

cells which stained positive for pGSN were quantified and compared in the epithelial (N=195) 

and stromal (N=196) components. The difference between the two groups was compared using 

scatter plots (mean ± SD). (E) Using a cut-off of 79.61, patients were stratified into two groups 

(low; N = 68 and high; N = 24) according to their circulatory pGSN levels. Infiltrated CD8+ T 

cells in the epithelium and stroma of the groups were compared and represented as scatter plots 

(mean ± SD). P-values were calculated by independent sample t-test. N = number of patients in 

each group. 
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Fig. 4.S2 pGSN mRNA is barely expressed in CD8+ T cells. (A) Activated human peripheral 

CD8+ T cells were treated with sEVs (40 µg/400,000 cells; 24 h) tagged with CD63-GFP (1 ug; 

24h). Western blot was used to examine the contents of pGSN, GFP-CD63 and β-actin. (B) 

pGSN mRNA expression in 79 human tissues were assayed on a genome scale. pGSN mRNA 

expression in T cells (Red box) is barely detectable compared with the ovary (yellow box). 

Diagram created by Andrew GNF based on data from Su AI, Wiltshire T, Batalov S, et al (2004). 

"A gene atlas of the mouse and human protein-encoding transcriptomes". 
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Interestingly, patients with low levels of circulatory pGSN had increased infiltration of CD8+ T 

cells compared with patients with higher circulatory pGSN levels in both the epithelial [P = 

0.026; N = 92; (mean ± SD; 25.7 ± 28.0 vs 15.1 ± 15.6)] and stroma [P = 0.02; N = 92; (mean ± 

SD; 47.0 ± 42.7 vs 28.0 ± 29.7)] compartments (Fig. 2E). This supports the hypothesis that 

secreted pGSN regulates immune cell infiltration and function. 

 

Prognostic impact of epithelial pGSN and relationship with other clinicopathologic 

parameters 

The prognostic impact of epithelial pGSN and CD8+ T cell density together with other 

clinicopathological parameters (age, residual disease and stage) were evaluated using uni- and 

multivariate Cox regression analyses, as demonstrated in Supplementary Tables S5 and S6, 

respectively. The optimal (using Fisher’s exact test) cut-offs for the markers were used to predict 

PFS and OS. From the univariate Cox regression analysis, only stage (FIGO), residual disease 

and CD8+ T cell density demonstrated a significant association with PFS (Supplementary 

Table S5). Unlike PFS, all parameters analysed showed a significant association with OS. In the 

multivariate Cox regression analysis (Supplementary Table S6), only residual disease (HR, 

0.552; CI, 0.359-0.850; P = 0.007) significantly predicted PFS. In predicting increased risk of 

death, only pGSN (HR, 0.185; CI, 0.089-0.373; P < 0.001) was significantly associated with OS 

(Supplementary Table S6). 
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Supplementary Table 4.S5 Univariate Cox regression analysis for progression-free and 

overall survival 

HR, hazard ratio; PFS, progression-free survival; OS, overall survival; CI, confidence interval; 

RD, residual disease; pGSN, plasma gelsolin; FIGO, International Federation of Gynecology and 

Obstetrics; vs, versus; epi, epithelial  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

 

 

 

 

 

 

Univariate Analysis 

Variable PFS OS 

  HR
*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 

Age (years) 

≤62 vs >62 

  

0.887 

  

0.657 – 1.197 

  

0.433 

  

0.706 

  

0.518 – 0.961 

  

0.027 

Stage (FIGO) 

≤2 vs >2 

  

0.342 

  

0.208 – 0.556 

  

<0.001 

  

0.418 

  

0.249 – 0.702 

  

0.001 

RD (cm) 

≤1 vs >1 

  

0.392 

  

0.283 – 0.542 

  

<0.001 

  

0.525 

  

0.376 – 0.731 

  

<0.001 

pGSNepi 

Low vs high  

  

0.713 

  

0.404 – 1.260 

  

0.244 

  

0.376 

  

0.206  –  0.687 

  

0.001 

CD8+ T cellepi 

Low vs high 

  

2.129 

  

1.229 – 3.686 

  

0.007 

  

1.726 

  

1.010  –  2.949 

  

0.046 
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Supplementary Table 4.S6 Multivariate Cox regression analysis for progression-free and 

overall survival 

HR, hazard ratio; PFS, progression-free survival; OS, overall survival; CI, confidence interval; 

RD, residual disease; pGSN, plasma gelsolin; FIGO, International Federation of Gynecology and 

Obstetrics; vs, versus; epi, epithelial  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

 

 

 

 

 

 

 

Multivariate Analysis 

Variable PFS OS 

  HR
*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 

Age (years) 

≤62 vs >62 

  

0.909 

  

0.634 – 1.303 

  

0.604 

  

0.717 

  

0.492 – 1.044 

  

0.083 

Stage (FIGO) 

≤2 vs >2 

  

0.625 

  

0.330 – 1.184 

  

0.150 

  

0.744 

  

0.372 – 1.487 

  

0.402 

RD (cm) 

≤1 vs >1 

  

0.552 

  

0.359 – 0.850 

  

0.007 

  

0.675 

  

0.432 – 1.055 

  

0.085 

pGSNepi 

Low vs high  

  

0.656 

  

0.351 – 1.229 

  

0.188 

  

0.185 

  

0.089 – 0.373 

  

<0.001 

CD8+ T cellepi 

Low vs high 

  

1.452 

  

0.748 – 2.817 

  

0.270 

  

1.272 

  

0.655 – 2.470 

  

0.477 
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sEV-pGSN induces CD8+ T cell death via FLIP down-regulation and caspase-3 activation. 

We had earlier detected that elevated pGSN expression in HGS OVCA tissues was 

associated with shortened survival of patients with tumors highly infiltrated by CD8+ T cells 

(Fig. 2). Although activated caspase-3 was detected in the tissues, it was difficult attributing it to 

infiltrated CD8+ T cells or the epithelial cells (Fig. S1C). We therefore hypothesized that sEV-

pGSN induced apoptosis in CD8+ T cells via caspase-3 activation. Using standard in vitro 

techniques, we validated the pro-apoptotic role of pGSN in CD8+ T cells as well as the 

mechanism involved. Conditioned media from chemoresistant and chemosensitive OVCA cells 

were collected and sEVs isolated. sEVs were characterized as previously determined (13); pGSN 

knock-down and over-expression in sEVs was confirmed in chemoresistant and chemosensitive 

OVCA cells respectively (Fig. S3A & B). 

Human peripheral CD4+ and CD8+ T cells were activated (using ImmunoCult Human 

CD3/CD28/CD2 T cell activator) and expanded (using ImmunoCult XF T cell expansion media 

purchased from Stemcell Technologies). Activated CD8+ T cells were treated with exogenous 

pGSN and sEV-pGSN derived from chemosensitive (OV2295), chemoresistant (OV90) and 

pGSN-knockdown (siRNA) chemoresistant (OV90-pGSN-KD) OVCA cancer cell lines. The 

influence of pGSN on apoptotic cell death and cell proliferation of T cells were assessed 

morphologically (Hoechst nuclear staining) and colorimetrically (CCK-8), respectively. Only 

exogenous pGSN and chemoresistant cell-derived sEV-pGSN induced apoptosis and decreased 

proliferation in CD8+ T cells (Fig. 3A), responses that were concentration-dependent (Fig. S4A). 

In contrast, CD4+ T cell survival was not affected by sEV-pGSN treatment irrespective of the 

resistance status of donor cells (Fig. S4B); however, were polarized into type 2 helper CD4+ T 

cells, as evident by increased IL4/IFNγ ratio (Fig. S4C & D).  
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To further investigate the mechanism involved, activated CD8+ T cells were treated with 

exogenous pGSN, and CD8+ T cell death and caspase 3-dependent signaling proteins were 

assessed upon sEV uptake (Fig. S2A). The apoptotic response of CD8+ T to treatment with 

chemoresistant cell-derived sEV was associated with decreased FLIP content and activation of 

caspase-8 and caspase-3 (Fig. 3B). To demonstrate the role of FLIP in the action of pGSN, this 

cell survival protein was force-expressed or knocked-out in activated CD8+ T cells and then 

treated with chemoresistant cell-derived sEVs (Fig. 3C & D). Forced-expression of FLIP 

attenuated pGSN-induced apoptosis whereas FLIP KO further sensitized CD8+ T cells to pGSN-

induced apoptosis (Fig. 3C & D). Co-culturing activated CD8+ T cells with pGSN-KD-

chemoresistant cells (OV90 and A2780cp) failed to induce caspase-3 activation and apoptosis 

(Fig. 3E). pGSN-cDNA-chemosensitive cells (OV2295 and A2780s) induced caspase-3 

activation and apoptosis in activated CD8+ T cells after co-culturing for 24 h (Fig. 3F) 

suggesting the pro-apoptotic role of pGSN in activated CD8+ T cells.  

 

Increased pGSN expression promotes NRF2-dependent GSH production. 

 NRF2 is a transcription factor that controls the body’s homeostatic balance by regulating 

the production of antioxidant proteins such as GSH and xCT (18). Elevated GSH production is 

associated with CDDP resistance in ovarian and other cancer types (15-17); however, the role of 

pGSN in regulating NRF2-dependent GSH biosynthesis is yet to be demonstrated. To investigate 

the expression and possible role of GSH in the regulation of chemoresponsiveness in OVCA, we 

assessed the intracellular GSH production of chemoresistant and sensitive OVCA cells after 

treatment with CDDP (10 µM; 24 h).  
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Fig. 4.S3 pGSN knock-down and over-expression in sEVs. (A) Chemoresistant OVCA cells 

(A2780cp and OV90) were treated with pGSN siRNA1 and 2 (50 nM; 24 h). (B) Chemosensitive 

OVCA cells (A2780s and OV2295) were treated with pGSN cDNA (2 µg; 24 h). Conditioned 

media from treated cells were collected and sEVs isolated. pGSN and exosome marker (CD63) 

contents were assessed by Western blot. 
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Figure 4.3 sEV-pGSN induces CD8+ T cell death via FLIP down-regulation and caspase-3 

activation. (A) Activated human peripheral CD8 T cells were treated with human recombinant 

(rh) pGSN (10 µM; 24 h), sEVs (40 µg/400,000 cells; 24 h) derived from chemosensitive 

(OV2295) and chemoresistant HGS OVCA cell lines (OV90) and sEVs (40 µg/400,000 cells; 24 

h) derived from pGSN knocked down (KD) chemoresistant cell lines (OV90). (B) Activated 

human peripheral CD8+ T cells were treated with OV90-derived sEVs (40 µg/400,000 cells; 24 
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h). sEV-depleted conditioned media was used as control. (C) FLIPs/l was forced expressed 

(CRISPR/OX, 2 µg; 24h) or (D) knock out (CRISPR KO, 50 nM; 24h) in activated CD8+ T cells 

and then treated with sEVs (40 µg/400,000 cells; 24 h). (E) Activated human peripheral CD8+ T 

cells were treated with sEVs (40 µg/400,000 cells; 24 h) derived from chemoresistant OVCA cell 

lines (OV90 and A2780cp) with or without pre-treatment with two different siRNAs for pGSN 

knocked down (siRNA1 or siRNA2; 50 nM, 24 h). (F) Activated human peripheral CD8+ T cells 

were treated with sEVs (40 µg/400,000 cells; 24 h) derived from chemosensitive OVCA cell 

lines (OV2295 and A2780s) with or without pGSN forced expression (cDNA, 2 µg; 24 h). Cell 

proliferation and apoptosis were assessed by CCK-8 assay and Hoechst staining respectively. 

Western blotting was used to examine protein contents (FADD, FLIP, Caspase 8, Caspase 3 and 

β-tubulin). Results are expressed as means ± SD from three independent replicate experiments. 

[A, (a; ***P<0.001 vs b); B, (a; ***P<0.001 vs b); C, (a; ***P<0.001 vs b); D, (a; 

***P<0.001 vs b and c); E, (a; ***P<0.001 vs b); F, (a; ***P<0.001 vs b)]. 
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Fig. 4.S4 pGSN induces CD8+ T cell death whereas sEV-pGSN polarizes naïve CD4+ T 

cells towards type 2 helper cells. (A) CD8+ T cells were treated with increasing dose of 

recombinant human pGSN (0 – 20 µM; 24 h). Apoptosis was analyzed by morphologically by 

Hoechst staining. (B and C) Activated human primary naïve CD4+ T cells were treated with 

human recombinant (rh) pGSN (10 µM; 24 h), exosomes (40 µg/400,000 cells; 24 h) derived 

from chemosensitive (OV2295) and chemoresistant HGSC cell lines (OV90) and pGSN knocked 

down (KD) exosomes (40 µg/400,000 cells; 24 h) derived from chemoresistant cell lines (OV90). 

(D) CD8+ T cells (400,000 cells) were co-cultured with chemoresistant (OV90) cells and OV90-

pGSN-KD cells (24 h). IL-4 and IFNγ levels were measured by ELISA. Cell proliferation and 

apoptosis were assessed by CCK-8 assay and Hoechst staining respectively. IL-4 and IFNγ levels 

were measured using sandwich ELISA. Results are expressed as means ± SD from three or more 

independent replicate experiments. [A, (a; *P<0.05 vs b), (a; **P<0.01 vs c); B, (a; 

***P<0.001 vs b and c); C, (a; ***P<0.001 vs b)]. 
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Chemoresistant OVCA cell lines (OV90 and A2780cp) produced higher levels of intracellular 

GSH compared with their sensitive counterparts (OV2295 and A2780s) (Fig. 4A & B). This 

phenomenon was associated with increased pGSN, total NRF2 and phospho-NRF2 (Fig. 4A & 

B). Increased γH2AX (an indicator of DNA damage as a result of CDDP accumulation) and 

CDDP-induced apoptosis were detected in the chemosensitive cells but not in their resistant 

counterparts (Fig. 4A & B). To investigate the role of pGSN in GSH production, pGSN was 

knocked down in chemoresistant cell (OV90) using siRNA (50 nM; 24 h) and then treated with 

CDDP (10 µM; 24 h). pGSN down-regulation resulted in a decrease in total NRF2, phospho-

NRF2 and intracellular GSH as well as sensitized the resistant cells to CDDP-induced γH2AX 

content and apoptosis (Fig. 4C). Forced expression of pGSN (2 µg cDNA; 24 h) in 

chemosensitive OVCA cells (OV2295) increased total NRF2, phospho-NRF2 and intracellular 

GSH; responses that were not affected by CDDP treatment. pGSN forced expression also 

attenuated CDDP-induced γH2AX and apoptosis in the sensitive OVCA cells (Fig. 4D). Our 

interrogation of cbioportal public datasets (TCGA firehouse legacy) revealed a positive and 

significant correlation between pGSN and NFE2L2 (NRF2) and SLC7A11 (xCT) involved in 

GSH production (Fig. 4E & F). Our interrogation of TCGA nature 2011 datasets also revealed a 

weak but significant association between pGSN mRNA expression and NFE2L2 (NRF2) and 

SLC7A11 (xCT) (Fig. S5A – C), providing supporting evidence that pGSN mediates GSH 

production via activation of the NRF2 pathway. 
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Figure 4.4 Increased pGSN expression promotes NRF2-dependent GSH production. (A) 

Chemosensitive (A2780s) and resistant (A2780cp) paired cell lines were treated with or without 

CDDP (10 µM; 24 h). (B) Chemosensitive (OV2295) and chemoresistant (OV90) HGSC cell 

lines were treated with or without CDDP (10 µM; 24 h). (C) pGSN expression in chemoresistant 

HGSC cell line (OV90) was silenced (siRNA1, 50 nM; 24 h) and treated with or without CDDP 

(10 µM; 24 h). (D) pGSN was force expressed in chemosensitive HGSC cell line (OV2295) 

(cDNA, 2 µg; 24 h) and treated with or without CDDP (10 µM; 24 h). (E) Heat map and (F) 

Pearson’s/Spearman’s analysis of the association between NFR2-dependent mRNAs (NRF2 and 

xCT) and pGSN mRNA expression. (G) Chemosensitive (OV2295) and resistant (OV90) cell 

lines were primed with CM (3 ml; 24 h) from activated CD8+ T cells and then treated with or 

without CDDP (10 µM; 24 h). (H) Activated human peripheral CD8+ T cells were co-cultured 

with chemosensitive (OV2295 and A2780s) and chemoresistant (OV90 and A2780cp) cell lines 

(24 h). mRNA analysis was interrogated using TCGA datasets on cbioportal. Intracellular GSH 

was measured by colorimetric assays and Western blotting used to examine protein contents 

(γH2AX, pGSN, pNRF2, NRF2 and β-tubulin). Apoptosis were measured morphologically by 

Hoechst staining and IFNγ levels assayed using sandwich ELISA. Results are expressed as 

means ± SD from three independent replicate experiments. [A, (a; ***P<0.001 vs b and c); B, 

(a; ***P<0.001 vs b); C, (a; **P<0.01 vs b, a; ***P<0.001 vs  c); D, (a; ***P<0.001 vs b and 

c); G, (a; **P<0.01 vs b, a; ***P<0.001 vs  c); H, (a; **P<0.01 vs b, a; ***P<0.001 vs  c) ]. 
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Fig. 4.S5 pGSN positively correlate with NRF2-dependent genes. (A) Heat map and (B and 

C) Pearson’s/Spearman’s analysis of the association between NRF2-dependent genes and pGSN 

mRNA expression. Data was interrogated from TCGA 2011 and Firehouse legacy datasets 

publicly available on cbioportal.  
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IFNγ secreted by activated CD8+ T cells reduces GSH production and sensitizes 

chemoresistant OVCA to CDDP-induced death. 

 The functionality of intra-tumoral CD8+ T cells is central to the efficiency of cancer 

treatment (3, 4, 29). Although increased pGSN induces apoptosis in CD8+ T cells as well as 

increases GSH production in OVCA cells (Fig. 4 & 5), whether and how decreased viability of 

CD8+ T cells affects intracellular GSH production and OVCA chemoresistance is not known. To 

examine if intracellular GSH production in OVCA cells could be altered by CD8+ T cells, 

chemoresistant (OV90) and sensitive (OV2295) OVCA cells were cultured with conditioned 

media (CM) from activated CD8+ T cells (24 h) and then treated with or without CDDP (10 µM; 

24 h) (Fig. 4G). Although treating sensitive OVCA cells with CM from activated CD8+ T cells 

decreased intracellular GSH production, cell death was not observed (Fig. 4G). However, a 

significantly greater decrease in intracellular GSH production and a further increase in apoptosis 

were noted in the chemosensitive OVCA cells treated with CDDP following pre-treatment with 

CD8+ T cell CM (Fig. 4G). Intracellular GSH remained elevated in the resistant cells regardless 

of treatment with CD8+ T cell CM, a response associated with CDDP-resistance (Fig. 4G). 

CDDP treatment of resistant cells following pre-treatment with CD8+ T cell CM was associated 

with a significant decrease in intracellular GSH and increased CDDP-induced apoptosis (Fig. 

4G).  

To further investigate the factor involved in reducing intracellular GSH and sensitizing 

resistant cells to CDDP-induced apoptosis, the cytokine profile in the CM from activated CD8+ 

T cells was assessed. IFNγ levels were elevated to the greatest extent compared with IL-2, TGF-

β, TNF-α and IL-12 (Fig. S6A). The functionality of activated CD8+ T cells by way of IFNγ 

secretion was tested by co-culturing with chemosensitive (OV2295 and A2780s) and resistant 
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(OV90 and A2780cp) OVCA cells (Fig. 4H). The presence of chemoresistant OVCA cells 

markedly reduced IFNγ production compared with chemosensitive cells (Fig. 4H), suggesting a 

potential immuno-suppressive function of pGSN. This phenomenon was validated in OVCA 

public datasets (TCGA firehouse legacy and 2011) where negative significant although weak 

correlation was observed between pGSN and IFNγ mRNA expressions (Figs. S6B - D). Using 

heat map presentations, patients with low pGSN mRNA was observed to also express low levels 

of key anti-tumor soluble factors (granzyme b and perforin) derived from activated CD8+ T cells 

(Figs. S6B - D).  

 

IFNγ-mediated suppression of GSH production is via STAT1 phosphorylation. 

Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling 

pathway mediates cellular responses upon IFNγ stimulation (30). Thus, we investigated if 

JAK/STAT1 pathway is involved in IFNγ-mediated suppression of GSH production, using 

recombinant human (rh) IFNγ instead of CD8+ T cell CM (Fig. 5A). Chemoresistant (OV90) 

and sensitive (OV2295) OVCA cells were stimulated with IFNγ (10 pg/ml; 24 h) and then 

treated with or without CDDP (10 µM; 24 h). In the chemosensitive condition, CDDP and IFNγ 

alone reduced intracellular GSH; however, apoptosis was only observed with treatment with 

CDDP but not with IFNγ (Fig. 5A). In the chemoresistant condition, IFNγ treatment reduced 

intracellular GSH production but not apoptosis (Fig. 5A). CDDP and IFNγ together significantly 

decreased intracellular GSH content and increased apoptosis (Fig. 5A). In both chemosensitive 

and resistant conditions, STAT1 phosphorylation was only associated with either rh-IFNγ 

stimulation alone or in combination with CDDP treatment.  
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Fig. 4.S6 pGSN expression negatively correlates with CD8+ T cell anti-tumor factors. (A) 

Human peripheral CD8+ T cells were activated with anti-CD3/CD28/CD2 antibody (25 µl; 48 h). 

Cytokine levels were measured by ELISA. (B and C) Heat map representations of pGSN, IFNG, 

GZMB and PRF1 mRNA expressions. (D) Pearson’s/Spearman’s analysis of the association 

between IFNG and pGSN mRNA expressions. Data was interrogated from TCGA 2011 and 

firehouse legacy datasets publicly available on cbioportal. Results are expressed as means ± SD 

from three or more independent replicate experiments.  
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Figure 4.5 IFNγ-mediated suppression of GSH production is via STAT1 phosphorylation. 

(A) Chemosensitive (OV2295) and chemoresistant (OV90) HGS OVCA cell lines were treated 

with rhIFNγ (10 pg/ml; 24 h) and/or CDDP (10 µM; 24 h). (B) Activated human peripheral 

CD8+ T cells were pre-treated with sEVs (400 μg/400,000 cells) derived from chemosensitive 

(OV2295) or chemoresistant (OV90) HGS OVCA cell lines (24 h). Chemoresistant (OV90) HGS 

OVCA cell lines were treated with CM (3 ml; 24 h; collected from pre-treated activated CD8+ T 

cells), rhIFNγ (10 pg/ml; 24 h) and/or CDDP (10 µM; 24 h). (C) Chemoresistant (OV90 and 

A2780cp) cell lines were treated with rhIFNγ (10 pg/ml; 24 h), CDDP (10 µM; 24 h), JAK1 

inhibitor (5 µM) and/or anti-IFNGR1 blocking antibody (2 µg/mL; 24h). (D) Chemosensitive 

cells (A2780s and OV90) were pre-treated with NAC (200 µM; 12 h) and then treated with or 

without IFNγ (10 pg/ml; 24 h), CDDP (10 µM; 24 h) and T cell CM (3 ml; 24 h). (E) 

Chemoresistant cells (A2780cp and OV90) were pre-treated with BSO (6µM; 12 h) and then 

treated with or without IFNγ (10 pg/ml; 24 h), CDDP (10 µM; 24 h) and T cell CM (3 ml; 24 h). 

(F)  pGSN was silenced with two (2) siRNAs (50 nM; 24 h) in OV90 cells and treated with or 

without BSO (6 µM; 12 h), IFNγ (10 pg/ml; 24 h), CDDP (10 µM; 24 h) and T cell CM (3 ml; 

24 h). Intracellular GSH was measured by colorimetric assays and Western blotting used to 

examine protein contents (pSTAT1, STAT1 and β-tubulin). Apoptosis were measured 

morphologically by Hoechst staining. Results are expressed as means ± SD from three 

independent replicate experiments. [A, (a; **P<0.01 vs b, a; ***P<0.001 vs c); B, (a; 

***P<0.001 vs b and c); C, (a; ***P<0.001 vs b); D, (a; ***P<0.001 vs b and c); E, (a; 

***P<0.001 vs b and c); F, (a; ***P<0.001 vs b, c, d and e)]. 
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We were also interested to know whether pGSN-induced chemoresistance could be 

mediated through suppression of IFNγ secretion in CD8+ T cells. To investigate this possibility, 

we primed activated CD8+ T cells with sEVs (40 µg/400,000 cells; 24 h) derived from either 

chemosensitive (OV2295) or chemoresistant OVCA cells (OV90) (Fig. 5B). CM from the 

primed CD8+ T cells were collected and added to OV90 OVCA cultures with/without IFNγ (10 

pg/ml; 24 h) and/or CDDP (10 µM; 24 h). CM from CD8+ T cells primed with sEVs from 

OV2295 cells failed to decrease intracellular GSH and attenuated apoptosis (Fig. 5B). CDDP 

treatment alone decreased intracellular GSH which was associated with increased apoptosis (Fig. 

5B). Combined IFNγ and CDDP treatment drastically reduced intracellular GSH and 

significantly increased apoptosis, responses that were associated with increased STAT1 

phosphorylation (Fig. 5B). Following pre-treatment with sEVs derived from chemoresistant cells, 

IFNγ and CDDP alone failed to decrease intracellular GSH; CDDP-induced apoptosis was also 

attenuated (Fig. 5B). However, combined treatment with CDDP and IFNγ resulted in marked 

decrease in intracellular GSH, increased STAT1 phosphorylation and increased apoptosis (Fig. 

5B).  

To further  investigate the role of IFNGR/JAK/STAT1 pathway in IFNγ-induced GSH 

production, chemoresistant OVCA cells lines (OV90 and A2780cp) pre-treated with anti-

IFNGR1 blocking antibody (2 µg/mL; 24 h) and/or JAK inhibitor 1 (5 µmol/L; 24 h) were 

treated with either IFNγ (10 pg/ml; 24 h) or/and CDDP (10 µM; 24 h) (Fig. 5C). In both OV90 

and A2780cp cell lines, only combined treatment with IFNγ and CDDP increased the 

phosphorylation of STAT1, reduced intracellular GSH and increased apoptosis (Fig. 5C). These 

effects were attenuated in the presence of IFNγ receptor blocking antibody as well as JAK1 
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inhibitor (Fig. 5C), suggesting the possible role of IFNGR1 and JAK1 in IFNγ-induced GSH 

production.  

We extended our study to examine how intracellular GSH regulates the response of 

OVCA cells’ to CDDP and IFNγ treatments and how pGSN could play a role in the mechanism. 

The GSH precursor N-acetyl cysteine (NAC) was used to promote GSH production in 

chemosensitive cells whereas buthionine sulfoximine (BSO), an inhibitor of the first rate-limiting 

enzyme (glutamate-cysteine ligase) of GSH synthesis, was used to deplete GSH production in 

chemoresistance OVCA cells. Chemosensitive cells (A2780s and OV2295) were pre-treated with 

NAC (200 µM; 12 h) and then treated with or without IFNγ (10 pg/ml; 24 h), CDDP (10 µM; 24 

h) or CM from activated CD8+ T cells (3 ml; 24 h) (Fig. 5D). NAC alone significantly induced 

intracellular GSH production without increasing apoptosis. CDDP failed to decrease NAC-

induced GSH production, a response associated with reduced apoptosis (Fig. 5D). Combining 

IFNγ or CM with CDDP and NAC significantly reduced GSH production and increased 

apoptosis (Fig. 5D). GSH production in chemoresistant OVCA cells (A2780cp and OV90) were 

decreased with BSO (6 µM; 12 h) and then treated with or without IFNγ (10 pg/ml; 24 h), CDDP 

(10 µM; 24 h) or CM from activated CD8+ T cells (3 ml; 24 h) (Fig. 5E). Although GSH 

production was significantly reduced, apoptosis was unaffected by BSO alone (Fig. 5E). CDDP 

however, increased apoptosis in cells pre-treated with BSO (Fig. 5E). The addition of IFNγ or 

CM with BSO and CDDP significantly and further reduced GSH production in the 

chemoresistant cells, a response associated with marked apoptosis (Fig. 5E).  

To investigate the role of pGSN in the above phenomena, pGSN was knocked down 

using two siRNAs (50 nM; 24 h) in OV90 cells and treated with or without BSO (6 µM; 12 h), 

IFNγ (10 pg/ml; 24 h), CDDP (10µm; 24 h) or CM from activated CD8+ T cells (3 ml; 24 h)  
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(Fig. 5F). Silencing pGSN expression decreased GSH level with no effect on apoptosis (Fig. 5F). 

BSO treatment further reduced GSH levels in pGSN-KD OV90 cells without affecting apoptosis. 

CDDP treatment following pGSN KD and BSO treatment further reduced GSH production and 

increased apoptosis, phenomena markedly enhanced by the addition of IFNγ or CM from 

activated CD8+ T cells (Fig. 5F).  

 

DISCUSSION 

In the current study, we have demonstrated that the functionality but not the mere 

presence of infiltrated CD8+ T cells plays a significant role in prolonging the survival of OVCA 

patients. pGSN expression was significantly associated with poor chemo-responsiveness and 

shortened OS in HGS OVCA patients, making pGSN a poor prognostic marker. This is 

consistent with our previous study (13) as well as supports other studies where total GSN was 

shown as a poor prognostic marker in gynecological, colon, pancreatic, breast and head-and-neck 

cancers (9, 10, 31, 32). Reliable prognostic factors are crucial to achieving therapeutic success 

and improving patient survival. In our Cox regression analysis, RD was observed to be an 

independent predictor of OVCA recurrence whereas epithelial pGSN presented as independent 

predictor for OVCA death. This is consistent with our earlier findings where circulatory pGSN 

and RD significantly predicted patient survival (14). Combining RD and pGSN in both blood 

and tissues could provide a reliable prognostic index to enhance OVCA patient survival and 

optimal management.  

Tumor infiltration by CD8+ T cells provide survival benefits to cancer patients (3, 4) and 

our findings that increased infiltrated CD8+ T cells is associated with reduced tumor recurrence 

are consistent with this notion. Interestingly, the prognostic benefits of infiltrated CD8+ T cells 
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on patients’ survival were inversely associated with increased pGSN levels. pGSN is highly 

secreted in OVCA patients compared with normal subjects (14) and transported via sEVs (13). 

Patients with higher levels of circulatory pGSN had decreased infiltration of CD8+ T cells 

compared with the cohorts with lower levels. This suggests that circulatory pGSN levels could 

predict the immunological status of OVCA patients that could inform physicians on the possible 

therapeutic options.  

We have previously shown that caspase-3, a mediator of apoptotic cell death, could be 

regulated by GSN (9). We thus examined caspase-3 activation in the same clinical samples and 

observed immunoreactivity. As to whether the caspase-3 activation was CD8+ T cell specific or 

not, was difficult to interpret since IF does not provide a time lapse to examine such mechanism. 

sEVs derived from chemoresistant but not chemosensitive OVCA cells induced apoptosis in 

CD8+ T cells via FLIP downregulation and caspase-8/3 activations, responses that were aborted 

when pGSN was silenced in the sEVs. This is consistent with our previous study where the 

interaction of GSN with FLIP and Itch had a direct effect on caspase-3 activation (9). To date, 

this is the first study to provide mechanistic detail on how sEV-pGSN induces apoptosis in 

CD8+ T cells via activation of the FLIP/caspase-8 axis. This is consistent with the findings of 

Wieckowski et al, who have shown that tumor-derived vesicles promote apoptosis of activated 

CD8+ T cells (33) as well as other studies where GSN-induced death in natural killer/T cells (34).  

Interestingly, sEV pGSN had no apoptotic effect on CD4+ T cells, which were however 

polarized towards type 2 helper cells as evident by increased secretion of IL-4. Our findings are 

consistent with the findings by Chen et al. showing secreted gelsolin in prostate cancer 

desensitizes and induces apoptosis in infiltrated effector T cells but not CD4 T cells (31) and 

provide new insights into how pGSN transported by sEVs induce apoptosis of CD8+ T cells in 
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OVCA, a phenomenon with significant impact on chemo-responsiveness. The decrease in IFNγ 

secretion as observed in the CD8+ T cells co-cultured with resistant cells and granzyme b and 

perforin in public datasets might be as a result of the decreased number of T cells left after 

pGSN-induced death. Detailed investigations are however needed to demonstrate if pGSN 

directly affects their gene expression independent of pGSN-induced CD8+ T cell death. This 

could explain in part why most immunotherapy trials in OVCA patients have not achieved 

significant success (35-37). Silencing pGSN expression and secretion could hold the key to 

maximizing immunotherapy efficiency in OVCA patients and other solid tumors. Whether this 

indeed is true requires further investigation. 

Intracellular GSH at a basal level provides antioxidant functions to cells by detoxifying 

and removing carcinogens (15-17). However, elevated levels of intracellular GSH chelate 

chemotherapeutic agents which are subsequently effluxed from the cell, thus reducing their 

cellular accumulation needed for tumor cell death (15-17). This conference of resistance to 

chemotherapeutic agents provides protection to OVCA cells and in many cancers (15-17). It is 

yet to be shown if pGSN plays a role in regulating intracellular GSH production in OVCA cells. 

We observed that increased pGSN activates the NRF2-antioxidant pathway leading to increased 

production of intracellular GSH. GSH therefore chelates, detoxifies and effluxes CDDP, 

reducing γH2AX levels (an indicator of CDDP accumulation and DNA double-strand break) in 

tumor cells and protecting them from CDDP-induced apoptosis. It has been demonstrated that 

GSH secreted by fibroblasts are taken up by cancer cells which protects them from CDDP-

induced apoptosis (30) and marked increased GSH synthesis in OVCA cells is a contributing 

factor to CDDP resistance (16, 17). Moreover, depleting GSH in human neuroblastoma MNS 

cells inhibits gelsolin expression although this response was not sustained (38). As to whether 
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GSN has a positive feedback effect on GSH production is yet to be investigated. pGSN treatment 

provides an antioxidant advantage by way of elevating circulating GSH levels to mitigate 

radiation injury (21). Our current data is consistent with these findings and also advances an 

intrinsic regulatory mechanism by which GSH is involved in pGSN-mediated OVCA 

chemoresistance.  

Infiltration of the tumor crest by effector T cells is significantly associated with 

prolonged survival in OVCA patients treated with CDDP and other treatment modalities (4, 35, 

36). Thus, we investigated the potential involvement of CD8+ T cells in sEV-pGSN-mediated 

regulation of intracellular GSH production. We observed that CD8+ T cells-derived IFNγ 

activated the IFNGR1/JAK/STAT1 pathway in OVCA cells, leading to reduced intracellular 

GSH level. As a result, OVCA cells became sensitized to CDDP-induced apoptosis. This is 

consistent with a report that CD8+ T cells-derived IFNγ regulates GSH and cysteine metabolism 

in fibroblasts via the JAK/STAT1 pathway (30). GSH antagonists, such as buthionine 

sulphoximine, phytochemical B-phenylethyl isothiocyanate, gossypol, 3-bromopyruvate and 

acetaminophen, have shown therapeutic promises (17) although no significant clinical advantage 

has been achieved to date due partly to their adverse side effects. In a phase III clinical trial 

(NCT00350948), the GSH analogue Telcyta (TLK286) together with doxorubicin recorded 

poorer outcomes compared with the standard treatment regimen (39, 40). The role of sEV-pGSN 

in regulating both intracellular GSH biosynthesis and immune-surveillance could hold the key to 

maximizing treatment efficiency in OVCA patients.  
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Figure 4.6 A Hypothetical model illustrating the expression and role of pGSN in the 

regulation of chemoresistance in OVCA. In chemosensitive condition, sEV-pGSN secretion in 

OVCA cells is low, hence T cell function is minimally affected. Functional CD8+ T cells can 

therefore secret higher levels of IFNγ which reduces GSH production in OVCA cells and 

sensitizes chemosensitive cells to CDDP-induced death. In the chemoresistant condition, high 

sEV-pGSN secretion by OVCA induces cell death in CD8+ T cells. This results in decreased 

levels of IFNγ, high NRF2-dependent GSH production and increased resistance to CDDP-

induced death in OVCA cells.  
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In summary, we have demonstrated for the first time, the immuno-modulatory role of 

sEV-pGSN in OVCA chemoresistance. To facilitate future investigations, we offer the following 

hypothetical model for OVCA cell-CD8+ T cell interaction in the tumour microenvironment in 

the regulation of chemosensitivity in human ovarian cancer (Fig. 6). In chemosensitive condition, 

sEV-pGSN secretion is relatively low in OVCA cells, hence CD8+ T cell function is minimally 

affected. Functional CD8+ T cells can therefore secrete higher levels of IFNγ which reduces 

NRF2-dependent GSH production in OVCA cells and sensitizes chemosensitive cells to CDDP-

induced apoptosis. In the chemoresistant condition, marked sEV-pGSN secretion from OVCA 

cells induces cell death in CD8+ T cells. With a small population of CD8+ T cells left, IFNγ 

secretion is reduced, hence NRF2-dependent GSH production in OVCA cells remains high, 

resulting in resistance to CDDP-induced death. The above findings provide useful mechanistic 

and clinical information to maximize immunotherapy efficiency in chemoresistant OVCA as 

well as establish a reliable prognostic index for OVCA patients. 
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SUPPLEMENTARY METHODS 

Immunofluorescence (IF) 

For the keratins in slides with CD8 + pGSN: a ready to use antibody cocktail against rabbit anti-

KRT8/18 (FLEX, clone EP17/EP30; Dako) was used and coupled with AF488 anti-rabbit 

secondary Ab (Invitrogen; ref A11008); In slides with CD8 + Casp3: a cocktail of mouse 

antibodies against KRT7 (MS-1352-P; Neomarkers), KRT18 (sc-6259; Santa Cruz 

Biotechnology) and KRT19 (MS-198-P; Thermo Scientific) was used and coupled with AF546 

anti-mouse secondary antibody (Invitrogen; ref. A10036). For CD8 staining in slides with CD8 + 

pGSN: anti-CD8 mouse monoclonal (Leica Biosystems; NCL-L-CD8-4B11) coupled with anti-

mouse AF546 secondary antibodies (Invitrogen; ref. A10036) were used. In slides with CD8 + 

Casp 3, anti-CD8 mouse monoclonal (Leica Biosystems; ref. NCL-L-CD8-4B11) coupled with 

anti-mouse Cy5 (Invitrogen, ref. A10524) were used. For cleaved caspase 3 staining, anti-casp3 

rabbit monoclonal (Cell signaling, ref. 9661S) antibody coupled with anti-rabbit AF488 

(Invitrogen, ref. A11008) secondary antibody were used. For pGSN staining, anti-pGSN mouse 

polyclonal (Antibodies online, ref. ABIN659182) coupled with anti-mouse Cy5 (Invitrogen, ref. 

A10524) secondary antibodies were used in both panels. The nuclei of cells in the tissues were 

stained with DAPI and slides scanned with 20 x 0.7NA objective with a resolution of 0.3225um 

(VS110, Olympus, Center Valley, PA). VisiomorphTM (Visiopharm, Denmark) was used to 

identify the regions of interest (ROIs) - epithelium (keratin positive cells) and stroma (region 

negative for cytokeratin staining) - and to quantify the mean fluorescence intensity (MFI) of each 

marker into the ROIs. CD8 positive cells were counted into each tumor tissue ROI and a CD8
+
 T 

cells density score corresponding to the number of CD8 per 100.000 pixels of ROI was 
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established. OVCA cell lines and their representative TMAs (lysates and pellets) were used to 

validate the specificity of antibodies using Western blot, IHC and IF. 

 

Immunohistochemistry (IHC) 

The TMA slide was reacted with 3,3ʹ-diaminobenzidine solution and counterstained with 

Mayor’s hematoxylin nuclei stain. Tissue slides were scanned with 20 x 0.7NA objective with a 

resolution of 0.3225um (VS110, Olympus, Center Valley, PA). 

 

Extracellular Vesicle (EVs) Isolation, Characterization and Nanoparticle Tracking 

Analysis (NTA) 

Total EVs concentration was determined by BCA Protein Assay Kit (Thermo Fisher Scientific). 

When fresh sEVs (40 µg/400,000 cells) were not required, they were suspended in PBS and 

stored at -80
o
C for subsequent analysis. EVs diluted in PBS were analyzed, using the ZetaView 

PMX110 Multiple Parameter Particle Tracking Analyzer (Particle Metrix, Meerbusch, Germany) 

in size mode, and ZetaView software version 8.02.28. With 11 camera positions, EVs were 

captured at 21
o
C. The sizes and concentrations of EVs were evaluated per samples in triplicates. 

 

ELISA 

pGSN levels were assayed in the plasma of OVCA patients (n = 92) by sandwich ELISA 

(Aviscera Bioscience, Inc. CA). The detection antibody was raised against human plasma 

(soluble) gelsolin. All ELISA measurements were carried out according to manufacturer’s 

instructions. Optical densities (OD) were determined at 450 nm, using a microtiter plate reader 

and compared with the standard curve. The blank was subtracted from the triplicate readings for 

each standard and test samples. 
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ABSTRACT 

Ovarian cancer (OVCA) is the most lethal gynaecological cancer with a 5-year survival 

rate less than 50%. Despite new therapeutic strategies, such as targeted therapies and immune 

checkpoint blockers (ICBs), tumor recurrence and drug resistance remain key obstacles in 

achieving long term therapeutic success. Therefore, there is an urgent need to understand the 

cellular mechanisms of immune dysregulation in chemoresistant ovarian cancer in order to 

harness the host’s immune system to improve cancer survival. Over-expression of plasma 

gelsolin (pGSN; an actin binding protein) mRNA is associated with a poorer prognosis in OVCA 

patients; however, its immuno-modulatory role has not been elucidated. In this study, we report 

for the first time, pGSN as an inhibitor of M1 macrophage anti-tumor functions in OVCA 

chemoresistance. Increased epithelial pGSN expression was associated with loss of 

chemoresponsiveness and poor survival. While patients with increased M1 macrophage 

infiltration exhibited better survival, cohorts with poor survival had higher infiltration of M2 

macrophages. Interestingly, increased epithelial pGSN expression was significantly associated 

with reducing the survival benefits of infiltrated M1 macrophages, through apoptosis via 

increased caspase-3 activation and reduced TNFα secretion. Additionally, epithelial pGSN 

expression was an independent prognostic marker in predicting progression-free survival (PFS). 

These findings support our hypothesis that pGSN is a modulator of inflammation and confers 

chemoresistance in OVCA, in part by resetting the relative abundance and function of 

macrophage subtypes in the ovarian tumour microenvironment. Our findings raise the possibility 

that pGSN may be a potential therapeutic target for immune-mediated chemoresistance in 

ovarian cancer.  
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SIGNIFICANCE 

This study demonstrates the novel inhibitory role of pGSN on tumor infiltrated M1 macrophages 

and also offers new insights in maximizing the effectiveness of immunotherapy for ovarian 

cancer patients. 

 

Key words:  

Tumor-associated macrophages (TAMs), plasma gelsolin (pGSN), ovarian cancer (OVCA), 

Small extracellular vesicles (sEV), chemoresistance 
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INTRODUCTION 

Ovarian cancer (OVCA) is ranked the fifth most commonly diagnosed female cancer; 

however, it is the most fatal amongst all gynecologic cancers (1-3). This is due primarily to late 

diagnosis, recurrence and chemoresistance, resulting in no significant improvement in the 5-year 

survival rate in the last decade (1-3) regardless of the ethnic backgrounds of the patients. 

Although cancer immunotherapy has improved the survival of patients with melanoma, 

colorectal cancer and blood cancers, it has not achieved great therapeutic success in OVCA 

patients (4-7). There is therefore an urgent need to better understand the molecular and cellular 

basis of these poor outcomes in patients with diverse ethnic backgrounds, and to investigate 

novel therapeutic targets to maximize survival in OVCA patients. 

Tumor-associated macrophages (TAMs) possess immuno-modulatory functions and, 

depending on their phenotypic state, may either promote tumor progression or regression (8, 9). 

TAMs are conventionally classified as M1 or M2 depending on the cytokine components of their 

environment. M1 macrophages are pro-inflammatory and have the ability to phagocytose; 

functions associated with an anti-tumor effect, enhanced treatment response and overall 

improvement in patient survival (10, 11). Higher tumor infiltration of M1 macrophages is 

associated with improved patient survival and this correlation has been shown in a plethora of 

neoplastic diseases such as ovarian, colorectal, breast, gastric, lung and head-and-neck cancers 

(8, 9, 12-14). TAMs exhibiting M2 phenotypes are classically anti-inflammatory and are 

involved in wound repair and pro-tumorigenesis effects. The immuno-suppressive functions of 

M2 macrophages have been implicated in breast, ovarian, prostate, lung and brain cancers. The 

ratio of M1-to-M2 provides prognostic significance in OVCA patients and has been shown to 

correlate with tumor recurrence and chemoresistance (10, 11, 15). However, the mechanism 
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involved in regulating TAMs infiltration and anti-tumor functions have not been well studied in 

the context of chemoresistance.  

Plasma gelsolin (pGSN), a multi-functional actin binding protein, is the secreted isoform 

of the gelsolin (GSN) gene (16, 17). Just like total GSN, pGSN has been implicated in many of 

disease conditions such as bacterial infection, sepsis, arthritis and cancer (16, 18). In our 

previous studies, we have shown that pGSN is transported by small extracellular vesicles (sEVs) 

– often referred to as exosomes - which can auto-regulate their own gene expression and, in a 

paracrine manner, transform chemosensitive cells to acquire a chemoresistant phenotype (19). 

Thus, sEV-pGSN is a determinant of OVCA chemoresistance. sEVs measure approximately 30-

150 nm in size. This is different from large extracellular vesicles (microvesicles) which measure 

approximately 0.1 to 1.0 µm in size and are produced by membrane blebbing by cells under 

stress (19, 20).  

OVCA patients whose tumor tissues show lower expression of pGSN mRNA have 

prolonged progression-free survival compared with those with higher pGSN mRNA expressions 

(19). In addition to OVCA, pGSN has been implicated in other types of cancer such as breast, 

prostate and colon (12, 19, 21-25). Recently, we have also demonstrated that aside the tumor 

expression of pGSN, circulating pGSN is a novel candidate for the early detection of OVCA, as 

well as predicting residual disease (26). To date, the involvement of pGSN in the regulation of 

the immune system is still not well understood. As to whether pGSN overexpression suppresses 

immune cell function and contributes to chemoresistance is yet to be examined. After the 

emergence of checkpoint blockers that activate T cells, one could have expected that OVCA 

patients would respond well to these new therapeutics. Unfortunately, immunotherapy with 

check point blockers has shown relatively low success in ovarian cancer (5, 7). It has therefore 
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become important to investigate other immune cells such as macrophages, to determine if they 

hold the key to maximizing the effectiveness of immunotherapy.  

In this study, we investigated the immuno-suppressive role of pGSN in the tumor 

microenvironment (TME) of Asian OVCA patients. Specifically, increased tumor pGSN 

expression attracts M1 macrophages and suppresses their viability and function without affecting 

M2 macrophages; an action that regulates the inflammatory environment by decreasing the 

M1/M2 ratio. These results support the notion that these events contribute to chemoresistance 

and shortened patient survival.  

 

MATERIALS AND METHODS 

Ethics Statement 

All patients provided a written informed consent. The study was performed in accordance 

with the appropriate guidelines approved by the institutional review board of the University of 

Fukui Hospital (IRB approval number; 20180140) and the Ottawa Health Science Network 

Research Ethics Board (IRB approval number; OHSN-REB 1999540-01H).  

 

Tissue Samples  

The study included tumor tissues with various histologic subtypes collected from 94 

OVCA patients receiving treatment from 2007 to 2018 at the University of Fukui Hospital, Fukui, 

Japan. Patients were diagnosed, clinicopathological parameters and follow-up data gathered as 

previously described. Details of patient population and demographics are outlined in 

Supplementary Table S1. 
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Supplementary Table 5.S1 Patients Demographics 

HGSC, high grade serous carcinoma; RD, residual disease; FIGO, International Federation of 

Gynecology and Obstetrics  

 

 

 

 

 

 

 

 

Variable Number of Patients 

Age (Range; 29 – 87 years) 
≤56 

>56  

  
51 

43 

Stage (FIGO) 
1 

2 

3 

4 

  
55 

9 

23 

7 

Stage (FIGO) 
≤2 

>2  

  
64 

30 

Histological Subtypes 

Clear cell  
HGS 

Mucinous  
Endometrioid 
LGS 
Carcinosarcoma 

 
26 

33 

14 
14 
4 
3 

Residual disease (RD) 
≤1 cm 

>1 cm 

  
79 

15 

Progression-free survival (PFS)  
Recurrent 
Non-recurrent 
Median PFS  

  
26 

68 
33.5 months 

Overall Survival (OS)  
Deceased  
Alive 
Median OS 

  
14 

80 
56.2 months 
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Supplementary Table 5.S2 Information on antibodies and Reagents 

 

 

 

 

 

Application Target Primary 

Antibody 

Company Catalog # Dilution Secondary 

Antibody 

Conjugate Company Catal

og # 

Dilution 

WB pGSN Anti-pGSN 

Goat 

polyclonal 

Antibodies 

online(Atlanta,

USA) 

ABIN1019662 1:1000 Dnk 

polyclonal to 

Goat IgG 

HRP Abcam 

(Toronto, 

Canada) 

Ab97

110 

1:2000 

WB CD63 Anti-CD63 

mouse 

monoclonal 

Abcam 

(Toronto, 

Canada) 

Ab193349 1:1000 Goat Anti-

mouse IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6516 

1:2000 

WB β-actin Anti-actin 

mouse 

monoclonal 

Abcam 

(Toronto, 

Canada) 

ab8226 1:1000 Goat Anti-

mouse IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6516 

1:2000 

IHC pGSN Anti-pGSN 

mouse 

polyclonal 

Antibodies 

online(Atlanta,

USA) 

ABIN659182 1:1000 MAX-PO 

(MULTI) 

    

IHC HLA-DR Anti-HLA-DR 

mouse 

monoclonal  

Abcam 

(Canada) 

Ab20181 1:1000 MAX-PO 

(MULTI) 

    

IHC CD68 Anti-CD68 

rabbit 

polyclonal 

Abcam 

(Canada) 

Ab125212 1:50 MAX-PO 

(MULTI) 

    

IHC CD163 Anti-CD163 

rabbit 

polyclonal 

Abcam 

(Canada) 

Ab87099 1:400 MAX-PO 

(MULTI) 

    

WB CD14 Anti-CD14 

rabbit 

monoclonal 

Abcam 

(Canada) 

Ab183322 1:1000 Goat Anti-

mouse IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6516 

1:2000 

WB HLA-DR Anti-HLA-DR 

mouse 

monoclonal  

Abcam 

(Canada) 

Ab20181 1:1000 Goat Anti-

mouse IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6516 

1:2000 

WB CD68 Anti-CD68 

rabbit 

polyclonal 

Abcam 

(Canada) 

Ab125212 1:1000 Goat Anti-

rabbit IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6515 

1:2000 

WB CD163 Anti-CD163 

rabbit 

polyclonal 

Abcam 

(Canada) 

Ab87099 1:1000 Goat Anti-

rabbit IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6515 

1:2000 

WB Activated 

caspase-3 

Anti-cleaved 

caspase-3 

rabbit 

polyclonal 

Cell signaling 

Technology, 

MA, USA 

9661 1:1000 

 

Goat Anti-

rabbit IgG 

(H+L) 

HRP Bio-Rad 

(Mississaug

a, Canada) 

170-

6515 

1:2000 

iNOS detection iNOS  Abcam 

(Canada) 

Ab211085       

TNF alpha 

ELISA kit 

TNF alpha  Abcam 

(Canada) 

Ab46087       

Caspase-3 

activation 

detection 

Caspase-3  Thermofisher 

Scientific 

(Canada) 

C10723       

Annexin V-FITC Annexin V  Fisher 

Scientific 

(Canada) 

50-930-1       

  PMA Sigma 

(Canada) 

P8139-1MG       

  LPS Sigma 

(Canada) 

L2630-10MG       

  hrIFN gamma  Stemcell 

Technologies 

(Canada) 

78020       

  Cisplatin  Sigma 

(Canada) 

P4394-100MG       

  Etoposide Sigma 

(Canada) 

E1383-25MG       
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Supplementary Table 5.S3 Information on OVCA cell lines 

 

 

 

 

Information on OVCA cell lines: The characterization of these cell lines has been verified in 

previous literature (Anglesio et al., 2013; Leroy et al., 2014; Provencher et al., 2000; Letourneau 

et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell line Tumor origin TP53 status Other Chemosensitivity 

A2780s Ovarian endometrioid 

adenocarcinoma 

Wild type PTEN/ARID1A Sensitive 

A2780cp Ovarian endometrioid 

adenocarcinoma 

Mutant 

V127F, R260S 

PTEN/ARID1A Resistant 

OV2295 High grade serous ovarian 

cancer 

Mutant 

IIe195Thr 

Not investigated Sensitive 

OV90 High grade serous ovarian 

cancer 

Mutant 

Ser215Arg 

Not investigated Resistant 
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Immunohistochemistry (IHC) 

Cryostat sections (2.5 um) were obtained from 94 formalin fixed, paraffin-embedded 

ovarian cancer tissues and immunohistochemically stained. Tissue samples were immuno-stained 

(overnight) with primary antibodies to pGSN (x1000), CD68 (total macrophage M0 marker; 

x50), HLA-DR (M1 marker; x1000) and CD163 (M2 marker; x400). After primary incubation, 

sections were washed 3x in PBS for 5 min and then incubated (30 min, RT) with secondary 

antibody [MAX-PO (MULTI)]. Immunoreaction was monitored and developed. Tissues were 

then counterstained (nuclei staining) with Mayer’s Hematoxylin solution and mounted. Staining 

intensity and distribution was evaluated by two blinded independent observers using a semi-

quantitative method (IRS-score), as described previously (27). Tissue sections treated with no 

primary antibodies were used as negative controls. Tissue sections were observed using Olympus 

Bx50F-3 (Olympus Optical Co., Nagano, Japan) and scanned with FlexScan S2000. Details of 

antibodies are outlined in Supplementary Table S2. The IHC was quantified by a semi-

quantitative method [immunoreactive (IRS)-score]. IRS-score was calculated as follows: IRS = 

SI x PP, where SI is the optical stain intensity graded as 0 = no staining, 1 = weakly stained, 2 = 

moderately stained and 3 = strongly stained. PP is the degree of positively stained cells defined 

as 0 = no staining, 1 = <10%, 2 = 11–50%, 3 = 51–80%, and 4 = >81%). 

 

Reagents. 

Cis-diaminedichloroplatinum (CDDP), phenylmethylsulfonyl fluoride (PMSF), aprotinin, 

dimethyl sulfoxide (DMSO), sodium orthovanadate (Na3VO4), and Hoechst 33258 were supplied 

by Millipore Sigma (St. Louis, MO). pGSN siRNA1 and 2 and scrambled sequence siRNA 

(control) were purchased from Integrated DNA Technology (Iowa, USA) and Dharmacon 
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(Colorado, USA) respectively. Recombinant human plasma gelsolin (rh-pGSN) was purchased 

from Cytoskeleton, Inc, USA and donated by Dr. Chia-Ching Chang. pGSN cDNA and 3.1A 

vector plasmids were produced in the lab of Dr. Dar-Bin Shieh, National Cheng Kung University 

Hospital, Taiwan. See Supplementary Tables S2 for details on antibodies and reagents.  

 

Cell Lines and Primary Cells.  

THP-1 monocytes were purchased from ATCC (VA, USA). HGS cell lines (28, 29) 

(OV2295, chemosensitive and OV90, chemoresistant) were kindly provided by Dr. Anne-Marie 

Mes-Masson [Centre de recherche du Centre hospitalier de l’Université de Montréal 

(CRCHUM), Canada] and were culture in OSE medium (Wisent Inc., St-Bruno, QC, Canada). 

Endometrioid cell lines (A2780, chemosensitive and A2870cp, chemoresistant) were generously 

donated by Dr. Barbara Vanderhyden (Ottawa Hospital Research Institute, Ottawa, Canada) and 

were cultured in Gibco RPMI 1640 (Life Technologies, NY, USA; catalog number: 31800-022). 

Cell lines were authenticated, frequently tested for Mycoplasma contamination using 

PlasmoTest
TM

 Mycoplasma Detection kit (Invivogen; catalog number: rep-pt1) and continuously 

checked for morphological changes as well as growth rate for any batch-to-batch change. Media 

were supplemented with 10% FBS (Millipore Sigma; St. Louis, MO), 50 U/mL penicillin, 50 

U/mL streptomycin, and 2 mmol/L l-glutamine (Gibco Life Technologies, NY, USA). Details on 

histologic subtypes and genetic alterations of cell lines used are described in Supplementary 

Table S3. All experiments were carried out in serum-free media.  
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Gene Interference.  

Cells were transfected (50 nM, 24 h) with siRNAs (scrambled sequence as controls) 

using lipofectamine 2000 and harvested for analysis. Two different siRNAs were used for each 

target to exclude off-target effects. Successful knock-down was confirmed by Western blotting, 

as previously described (19). (See Supplementary Table S2 for details on antibodies). 

 

Transient Transfection.  

Chemosensitive OVCA cells were transfected with pGSN cDNA (2 µg, 24 h) plasmid 

(empty vector as controls) using lipofectamine 2000 and harvested for further analysis. 

Successful over-expression was confirmed by Western blotting, as previously described (19, 30-

32). 

 

Extracellular Vesicle Isolation and Characterization.  

Serum-free conditioned media from cultured cells were used for extracellular vesicle 

isolation and characterization, as described previously (19). Total EV concentration was 

determined by BCA Protein Assay Kit (Thermo Fisher Scientific, Whitby, Canada). When fresh 

sEVs (40 µg/400,000cells) were not required, they were suspended in PBS and stored at -80
o
C 

for subsequent analysis.  

 

Nanoparticle Tracking Analysis (NTA).   

EVs in PBS were analyzed, using the ZetaView PMX110 Multiple Parameter Particle 

Tracking Analyzer (Particle Metrix, Meerbusch, Germany) in size mode using ZetaView 
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software version 8.02.28, as previously described (19). EVs were captured at 11 camera 

positions at 21
o
C and particle size and concentration evaluated. 

 

Protein Extraction and Western blot Analysis.  

Western blotting (WB) procedure for proteins were carried out as described previously 

(19, 30-33). After protein transfer, membranes were incubated with primary antibodies (1:1000) 

in 5% (wt/vol) blotto and subsequently treated with the appropriate horseradish peroxidase 

(HRP)-conjugated secondary antibody (1:2000) in 5% (wt/vol) blotto. Details on antibodies used 

are described in Supplementary Table S2. Peroxidase activity was visualized using 

Chemiluminescent Kit (Amersham Biosciences, Little Chalfont, UK). Image J was used to 

densitometrically measure the signal intensity generated on the film. 

 

ELISA 

Concentrations of TNFα were measured by ELISA in 100 µl of cell-free conditioned 

media from M1 macrophage after being treated with sEV, CM or co-cultured with OVCA cancer 

cells. All ELISA measurements were carried out according to manufacturer’s instructions. 

Optical densities (OD) were determined using a microtiter plate reader at 450 nm and compared 

to a standard curve. The blank was subtracted from the triplicate readings for each standard and 

test sample. 
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THP-1 Monocyte Differentiation and Macrophage Polarization 

THP-1 monocytes were treated with PMA (150 nM; 24 h) with RPMI. Treatment was 

removed and cells were left to grow in PMA-free RPMI for another 24 h. M0 macrophages were 

polarized to M1 macrophages with IFNγ (20 ng/ml) + LPS (10 pg/ml) treatment for 24 h. 

 

Macrophage differentiation and flow cytometry  

CD14 (VioBlue, 1:50; Miltenyi Biotec, Cambridge, USA) and CD68 (PE, 1:50; Miltenyi 

Biotec, Cambridge, USA) were assessed by using flow cytometry in THP1 and PMA-treated 

THP1. Inside Stain Kit (Miltenyi Biotec, Cambridge, USA; Cat# 130-090-477) was used for the 

fixation and permeabilization of cells for CD68 staining.   

 

Assessment of Cell Proliferation and Apoptosis.  

Apoptosis was assessed morphologically using Hoechst 33258 nuclear stain, as 

previously described (19, 24, 31). “Blinded” counting approach was used to prevent 

experimental bias with the Hoechst 33258 nuclear staining.  

 

Annexin V flow cytometry 

Treated cells were washed in cold 1X PBS before suspending in binding buffer at a 

concentration of 1x10
6 

cells/ml. Cells were stained with annexin V-FITC solution (1µl of 

annexin V stain in 100 µl of binding solution) and incubated for 15 mins. Cells were washed in 

1X binding buffer and analyzed immediately by flow cytometry. Details of the annexin V-FITC 

are described in Supplementary Table S2. 
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Caspase-3 detection assay 

Caspase-3 activation was detected in treated cells by washing the cells in PBS and 

staining with 100 µl of working solution as recommended by the manufacturer (Fisher Scientific, 

Whitby, Canada; Cat.#: C10723). Cells were then fixed with 3.7% formaldehyde (15 min) and 

counterstained with Dapi (3 min). Cells on the slides were mounted and examined 

microscopically. Percentage of caspase-3 positive M1 macrophages of the total cells per field 

was determined.  

 

iNOS detection assay 

Treated cells were washed with assay buffer and stained with the working solution (1 h, 

37
o
C) (1:200), as recommended by the manufacturer (Abcam, Toronto, Canada; Cat.#: 

ab211085). Cells were then analysed in a microplate reader (Ex/Em = 485nm/530nm). 

 

Statistical Analyses.  

Statistical analyses were performed using the SPSS software version 25 (SPSS Inc., 

Chicago, IL, USA) and PRISM software version 8.0 (Graphpad, San Diego, CA). The statistical 

analyses were performed as independent sample t-test, one- or two-way ANOVA and Bonferroni 

post-hoc tests to determine the differences between multiple experimental groups. Two-sided p ≤ 

0.05 was inferred as statistically significant. The relationship of variables to other 

clinicopathologic correlates was examined using Fisher exact test, T test and Kruskal Wallis 

Test, as appropriate. Survival curves (PFS and OS) were plotted with Kaplan Meier and P-values 

calculated using the log-rank test. Univariate and multivariate Cox proportional hazard models 
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were used to assess the hazard ratio (HR) for pGSN, M0, M1 and M2 macrophages, stage, RD 

and age as well as corresponding 95% confidence intervals (CIs).   

 

RESULTS 

Patients’ Characteristics 

Detailed histologic subtype (high grade serous, HGS; low grade serous, LGS; 

endometrioid; mucinous; clear cell and carcinosarcoma) description of OVCA patients (N=94) 

are described in Supplementary Table S1. A certified Gynecologic-Oncology team performed 

tumor staging and pathology. Patients recruited in the study did not receive neoadjuvant 

chemotherapy prior to sample collection at surgery. The age range of patients was 29 – 87 years 

(median age; 56 years) with FIGO stages classified as 1 (N=55), 2 (N=9), 3 (N=23) and 4 (N=7) 

(Supplementary Table S1). Seventy-nine (79) patients received complete/optimal cytoreduction 

compared with 15 patients who had suboptimal cytoreduction. The median progression-free 

survival (PFS) and overall survival (OS) were 33.5 and 56.2 months respectively 

(Supplementary Table S1).  

 

pGSN expression and infiltrated TAMs in OVCA tissues 

Chemoresistant OVCA cells express and secrete higher levels of pGSN, compared with 

their sensitive counterparts (19). Thus, we examined the clinical relevance of pGSN as well as 

infiltrated tumor associated macrophages (TAMs) in OVCA tissues. Ovarian tissue sections (2.5 

um) were collected from 94 OVCA patients and immunohistochemically stained with anti-

pGSN, anti-CD68 (M0 macrophage marker), anti-HLA-DR (M1 macrophage marker) and anti-

CD163 (M2 macrophage marker). Primary antibodies were omitted in tissues used as controls. 
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Supplementary Fig. S1A shows negative and positive pGSN expressions as well as infiltration 

of TAMs [M0 (CD68), M1 (HLA-DR) and M2 (CD163)] in the epithelial (cancer islet) and 

stromal regions. pGSN expression (cut-off=6) and TAMs infiltration (cut-off=6) in OVCA tissue 

compartments with respective to patients’ number is described in Supplementary Table S4. 

pGSN expression was not significantly different between epithelial and stromal regions 

(Supplementary Fig. S1B). Total macrophage (M0) infiltration in the stroma was higher 

compared with that of the epithelial region (Supplementary Fig. S1B). However, there was no 

significant difference in M1 macrophage infiltration between epithelial and stromal regions 

although M2 infiltration was higher in the epithelial region (Supplementary Fig. S1B). The 

M1/M2 ratio (cut-off=1) was significantly higher in the stroma compared with the epithelial 

compartment (Supplementary Fig. S1B). This could result in a suppressed inflammatory 

environment in the tumor islet, an action that promotes tumor progression and chemoresistance.  
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Sup. Fig. 5.S1 pGSN expression and infiltrated TAMs in OVCA tissues. (A) 94 OVCA 

tissues were immunostained with anti-pGSN, anti-CD68 (M0 macrophage), anti-HLA-DR (M1 

macrophage marker) and anti-CD163 (M2 macrophage marker) antibodies in the epithelial and 

stromal compartments. (B) pGSN expression and tissue infiltrated macrophages were quantified, 

compared between epithelial (n=94) and stromal (n=94) regions and presented as scatter plots 

(mean ± SD). P-values were calculated by independent sample t-test. Scale bar is 50 μm.  



179 
 

Supplementary Table 5.S4 pGSN expression and TAMs infiltration in OVCA tissue 

compartments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IRS, immunoreactive score; pGSN, plasma gelsolin  

Tissue Marker Expression (IRS) Number of Patients 

Epithelial pGSN  

≤6 (Low)  

>6 (High) 

Stromal pGSN 

≤6 (Low)  

>6 (High) 

Tumor pGSN  

≤6 (Low)  

>6 (High) 

  

68 

26 

 

62 

32 

 

50 

44 

Epithelial CD68 (M0)  

≤6 (Low)  

>6 (High) 

Stromal CD68 (M0) 

≤6 (Low)  

>6 (High) 

Tumor CD68 (M0) 

≤6 (Low)  

>6 (High) 

  

68 

26 

 

57 

37 

 

56 

38 

Epithelial HLA-DR (M1)  

≤6 (Low)  

>6 (High) 

Stromal HLA-DR (M1)  

≤6 (Low)  

>6 (High) 

Tumor HLA-DR (M1)  

≤6 (Low)  

>6 (High) 

  

73 

21 

 

81 

13 

 

68 

26 

Epithelial CD163 (M2) 

≤6 (Low)  

>6 (High) 

Stromal CD163 (M2) 

≤6 (Low)  

>6 (High) 

Tumor CD163 (M2) 

≤6 (Low)  

>6 (High) 

  

38 

56 

 

57 

37 

 

14 

80 

Epithelial M1/M2 Density 

≤1 (Low)  

>1 (High) 

Stromal M1/M2 Density 

≤6 (Low)  

>6 (High) 

Tumor M1/M2 Density 

≤6 (Low)  

>6 (High) 

  

65 

29 

 

53 

41 

 

81 

13 
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Sup. Fig. 5.S2 Epithelial pGSN expression, M1/M2 density and survival in OVCA 

histologic subtypes. (A) Patients were stratified using their histologic subtypes (Clear cell; 

n=26, HGS; n=33, Mucinous; n=14, Endometrioid; n=14, LGS; n=4, Carcinosarcoma; n=3) and 

correlated with PFS and OS. Kaplan Meier survival curves and log rank test were used to 

compare the survival distributions between the groups. (B) Epithelial pGSN expression was 

compared between patients with Clear cell; n=26, HGS; n=33, Mucinous; n=14, Endometrioid; 

n=14, LGS; n=4 and Carcinosarcoma; n=3. (C) Epithelial M1/M2 was calculated and compared 

between patients with Clear cell; n=26, HGS; n=33, Mucinous; n=14, Endometrioid; n=14, LGS; 

n=4 and Carcinosarcoma; n=3. n = number of patients in each group. P values were calculated 

using Kruskal-Wallis test (with Dunn’s multiple comparison test). [B, (a; **P<0.01 vs b), (a; 

**P<0.01 vs c); C, (a; **P<0.01 vs b), (a; *P<0.05 vs c)] 
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The patients were stratified according to their histologic subtypes and their survival 

impact determined. No significant difference was observed with both PFS (P=0.894) and OS 

(P=0.878) (Supplementary Fig. S2A). The epithelial pGSN expression and M1/M2 ratio in 

patients grouped into histologic subtypes were quantitated and compared. Epithelial pGSN was 

highly (cut-off=6) expressed in patients with HGS [mean ± SD (6.0 ± 2.8)], endometrioid [mean 

± SD (6.5 ± 2.6)] and LGS [mean ± SD (6.5 ± 1.7)] compared with clear cell [mean ± SD (3.2 ± 

1.9)], mucinous [mean ± SD (4.9 ± 3.1)] and carcinosarcoma [mean ± SD (4.8 ± 2.0)] 

(Supplementary Fig. S2B). M1/M2 ratio (cut-off=1) in the epithelium was higher in patients 

with HGS [mean ± SD (1.0 ± 0.4)], mucinous [mean ± SD (1.0 ± 0.7)], endometrioid [mean ± 

SD (1.1 ± 0.6)] and LGS [mean ± SD (1.0 ± 0.3)] compared with patients with clear cell [mean ± 

SD (0.6 ± 0.5)] and carcinosarcoma [mean ± SD (0.5 ± 0.3)] (Supplementary Fig. S2C). 

 

Increased epithelial pGSN expression is associated with suppressed survival benefits of 

infiltrated M1 macrophages in OVCA patients 

Patients were grouped into sub-categories based on their level of pGSN expression and 

TAM infiltration (low or high), and their survival benefits were determined. A significant 

(P=0.008) difference was observed between the groups and PFS but not OS (P=0.12) (Fig. 1A). 

Patients with low pGSN-low M1 macrophages, low pGSN-high M1 macrophages, high pGSN-

low M1 macrophages and high pGSN-high M1 macrophages had mean PFSs of 55.5, 85.5, 35.9 

and 28.2 months, respectively (Fig. 1A). A significant difference (P=0.01) was also observed 

with PFS but not OS when stratified by M2 macrophage infiltration (Fig. 1B). Patients with low 

pGSN-low M2 macrophages, low pGSN-high M2 macrophages, high pGSN-low M2 

macrophages and high pGSN-high M2 macrophages had mean PFSs of 68.1, 54.3, 32.9, 33.0 
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months respectively (Fig. 1B). When stratified by M1/M2 macrophage ratio, a significant 

association was observed with PFS (P=0.01) but not with OS (P=0.62). Patients with low pGSN-

low M1/M2, low pGSN-high M1/M2, high pGSN-low M1/M2 and high pGSN-high M1/M2 had 

mean PFSs of 57.9, 67.5, 25.7 and 41.3 months, respectively (Fig. 1C). This suggests that a pro-

inflammatory environment with reduced pGSN expression is key to prolonging tumor 

recurrence. 

 

Chemoresistance is associated with increased epithelial pGSN expression and M2 

infiltration 

Before determining the relationship between epithelial pGSN and chemoresistance, we 

assessed TAMs density between patients with high and low epithelial expression of pGSN. We 

observed that patients with high epithelial pGSN expression had significantly higher epithelial 

infiltration of total macrophages (M0; P=0.03), M1 macrophages (P=0.001) and M1/M2 ratio 

(P=0.003) but not M2 macrophages (P=0.602) (Fig. 2A-D). Interestingly, no significant 

difference was seen in the stromal compartments regardless of the TAMs phenotype (Fig. 2A-

D). To demonstrate the association between chemoresistance and epithelial pGSN expression 

and TAMs, patients were stratified by their progression-free interval (PFI). Patients were 

stratified as chemoresistant if the PFI was ≤ 12 months and chemosensitive if the PFI was > 12 

months. Patients with a PFI ≤ 12 were significantly associated with increased levels of pGSN 

expression in the epithelial (P=0.005), but not stromal region (P=0.689) (Fig. 2E). 

Chemoresistant and sensitive patients showed no difference in M1 macrophage infiltration 

regardless of the tissue compartment (epithelium; P=0.451, stroma; P=0.989) (Fig. 2F). 

However, chemoresistant patients had significantly higher infiltration of M2 macrophages in the 
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epithelial region (P=0.007), but not the stroma (P=0.563) (Fig. 2G). M1/M2 macrophage ratio 

showed no significant difference between chemosensitive and resistant patients as stratified 

(epithelium; P=0.682, stroma; P=0.787) (Fig. 2H).  No significant difference was also observed 

between total TAMs (M0; CD68+) and chemoresponsiveness, regardless of the tissue 

compartment (epithelium; P=0.278, stroma; P=0.268) (Fig. 2I). The expression of pGSN and the 

relative abundance of M1 and M2 macrophages in the cancer islet are therefore important factors 

in determining patients’ sensitivity to treatment. 

 

Increased pGSN expression is associated with poor patient survival, whereas increased 

epithelial M1/M2 macrophage density is associated with improved patient survival 

The clinical relevance of pGSN expression and macrophage infiltration to patient 

survival was first assessed. Patients with decreased levels of pGSN had prolonged PFS 

(epithelium; P=0.002, stroma; P=0.055) and OS (epithelial; P=0.081, stroma; P=0.02) regardless 

of the tissue compartment (Fig. 2J & K). We further examined the survival benefits of the 

various subtypes of infiltrated TAMs. Lower infiltration of total macrophages (M0) in both 

epithelial (PFS; P=0.036, OS; P=0.03) and stromal (PFS; P=0.009, OS; P=0.002) compartments 

was associated with survival benefits to patients (Fig. 2J & K).  OVCA patients with higher 

infiltration of M1 macrophages had significantly prolonged PFS (epithelium; P=0.038, stroma; 

P=0.065) and OS (epithelium; P=0.032, stroma; P=0.042) compared with patients with lower 

M1 infiltration (Supplementary Fig. S3A). Unlike M1 macrophages, no significant survival 

difference in PFS and OS was observed with M2 macrophages infiltration, regardless of the 

tissue compartment (Supplementary Fig. S3B). Although increased M1/M2 macrophage 

density was associated with improved PFS (P=0.018) and OS (P=0.007) in the epithelial region, 
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no significant survival difference was observed in the stroma (PFS; P=0.722, OS; P=0.595) 

(Supplementary Fig. S3C). This suggests that the survival of OVCA patients could be impacted 

by the level of pGSN expression and the ratio of M1/M2 macrophages present in the cancer nest.  

We then investigated the association between pGSN and TAMs infiltration in the tumor 

microenvironment. A significant positive correlation between epithelial pGSN expression and 

total (M0) macrophage infiltration was observed in the epithelial region (r=0.31; P=0.002) but 

not the stroma (r=0.16; P=0.13) (Supplementary Fig. S4A) although these correlations were 

weak. There was a weak but positive significant association between epithelial pGSN expression 

and M1 macrophage infiltration in the epithelial (r=0.41; P=0.0001) and stromal regions (r=0.25; 

P=0.005) (Supplementary Fig. S4B). Unlike M1 macrophages, no significant correlation was 

observed with M2 macrophage infiltration and pGSN, regardless of the tissue compartment 

(epithelium; r=0.12; P=0.25, stroma; r=0.11; P=0.30) (Supplementary Fig. S4C). When the 

relationship between M1/M2 macrophage ratio and epithelial pGSN expression was assessed, we 

observed a weak but positive and significant correlation between epithelial pGSN expression and 

the M1/M2 macrophage ratio, regardless of tissue compartment (epithelial; r=0.33; P=0.001, 

stroma; r=0.28; P=0.005) (Supplementary Fig. S4D), suggesting that a pro-inflammatory 

ovarian tumour microenvironment may be an important determinant of the pGSN-mediated 

reduction in OVCA patient survival.  
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Figure 5.1 Increased epithelial pGSN expression is associated with suppressed survival 

benefits of infiltrated M1 macrophages in OVCA patients. 94 OVCA tissues were 

immunostained with anti-pGSN, anti-CD68 (M0 macrophage marker), anti-HLA-DR (M1 

macrophage marker) and anti-CD163 (M2 macrophage marker) antibodies. pGSN expression 

(cut-off = 6) was assessed together with infiltrated (A) M1 (cut-off = 6), (B) M2 (cut-off = 6) and 

(C) M1/M2 macrophages (cut-off = 1) in the epithelial region and then correlated with PFS and 

OS. Kaplan Meier survival curves with cut-off values and log rank test were used to compare the 

survival distributions between the groups.  
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Figure 5.2 Chemoresistance is associated with increased epithelial pGSN expression and 

M2 infiltration. 94 OVCA patients were stratified into two groups depending on their level of 

pGSN expression (low; n=69 vs high; n=25). (A) M0, (B) M1, (C) M2 and (D) M1/M2 densities 

in the epithelium and stroma were compared and represented as scatter plots (mean ± SD). P-

values were calculated by independent sample t-test. Patients were also grouped into 

chemoresistant (PFI ≤ 12 months; n=67) and chemosensitive (PFI > 12 months; n=27) groups. 

Epithelial and stromal expressions of (E) pGSN, (F) M1, (G) M2, (H) M1/M2 and (I) M0 were 

quantitated, compared and represented as scatter plots (mean ± SD). P-values were calculated by 

two sided non-parametric Mann-Whitney test. (J) Epithelial and (K) stromal pGSN expression 

(cut-off=6) and infiltrated M0 (CD68+) macrophages (cut-off=6) were correlated with PFS and 

OS. Kaplan Meier survival curves of categorized pGSN expression (low and high group, cut-

off=6) and M0 density (low and high group, cut-off=6) and log rank test were used to compare 

the survival distributions between the groups. n = number of patients in each group. 
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Prognostic impact of epithelial pGSN, TAMs and other clinicopathologic parameters. 

We assessed the prognostic impact of epithelial pGSN, TAMs and other 

clinicopathological parameters using uni- and multivariate Cox regression analyses as shown in 

Tables 1 and 2, respectively. Median cut-offs were used to predict PFS and OS. In the univariate 

Cox regression analysis (Table 1), age, stage (FIGO), residual disease (RD) and M2 macrophage 

(CD163) showed a significant association with PFS and OS. Epithelial pGSN only showed a 

significant association with PFS (HR, 1.233; CI, 1.07-1.420; P=0.004) but not OS (HR, 1.054; 

CI, 0.870-1.276; P=0.591). In the multivariate Cox regression analysis (Table 2), only epithelial 

pGSN (HR, 1.181; CI, 1.010-1.381; P=0.038), histologic subtype (HR, 0.547; CI, 0.312-0.954; 

P=0.035) and RD (HR, 0.138; CI, 0.049-0.391; P<0.001) were found to be significant predictors 

of PFS. With regards to OS, only RD was significantly associated with an increased risk of 

death. Taken together, these findings suggest that increased tumor pGSN expression plays a key 

role in ovarian tumor progression and could serve as a marker for suboptimal residual disease 

and tumor recurrence.  

 

Chemoresistant cells-derived sEV attenuates M1 macrophage’s anti-tumor function by 

increased caspase-3-dependent apoptosis and decreased secretion of iNOS and TNFα 

In the OVCA tissues, we observed that although increased expression of pGSN is 

associated with increased M1 macrophage density, patient survival is reduced. We therefore 

hypothesized that increased pGSN expression attracts M1 macrophages into the cancer nest and 

suppress their viability, thus leading to a change in the pro-inflammatory environment (M1/M2 

ratio) and decreased patient survival. Thus, we further examined utilizing in vitro techniques, 

how this phenomenon occurs. Chemoresistant OVCA secrete increased levels of exosomal 
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pGSN that confers cisplatin resistance on otherwise sensitive cells and regulates immune cells. 

We therefore hypothesized that exosomal pGSN derived from chemoresistant OVCA cells will 

induce apoptosis in M1 macrophages, as well as reduce the secretion of iNOS and TNFα. Human 

THP-1 monocytes were differentiated and polarized into M1 macrophages (Supplementary Fig. 

S5A). M1 macrophage polarization was confirmed by microscopy (Supplementary Fig. S5B), 

flow cytometry (Supplementary Fig. S5C) and Western blotting (Supplementary Fig. S5D).   
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Sup. Fig. 5.S3 Higher infiltration of M1 but not M2 macrophages is associated with 

improved survival. (A) M1 (cut-off = 6), (B) M2 (cut-off = 6) and (C) M1/M2 infiltrated 

macrophages (cut-off = 1) in the epithelial and stromal regions were correlated with PFS and OS. 

Kaplan Meier survival curves with cut-off values and log rank test were used to compare the 

survival distributions between the groups. n = number of patients in each group. 
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Sup. Fig. 5.S4 Epithelial pGSN expression is significantly correlated with M1/M2 

macrophage ratio. Epithelial pGSN expression was correlated with epithelial and stromal 

densities of (A) M0, (B) M1, (C) M2 macrophages and (D) M1/M2 macrophage ratio. Pearson’s 

analysis was used to examine the correlation between epithelial pGSN and TAMs. 
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Table 5.1 Univariate Cox regression analysis for PFS and OS 

HR, hazard ratio; PFS, disease free survival; OS, overall survival; CI, confidence interval; RD, 

residual disease; pGSN, plasma gelsolin; FIGO, International Federation of Gynecology and 

Obstetrics; vs, versus; epi, epithelial  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

 

 

Univariate 

Variable PFS OS 

  HR
*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 

Age (years) 

≤56 vs >56 

  

1.046 

  

1.012 – 1.082 
  

0.008 

  

1.049 

  

1.002  –  1.098 
  

0.041 

Stage (FIGO) 

≤2 vs >2 

  

4.803 

  

2.153 – 10.717 
  

<0.001 

  

3.682 

  

1.232  –  11.005 
  

0.020 

RD (cm) 

≤1 vs >1 

  

0.114 

  

0.052 – 0.251 
  

<0.001 

  

.117 

  

0.039  –  0.350 
  

<0.01 

pGSNepi 

Low vs high  

  

1.233 

  

1.07 – 1.421 
  

0.004 

  

1.054 

  

0.870  –  1.276 

  

0.591 

CD68epi 

Low vs high 

  

1.092 

  

0.946 – 1.26 

  

0.23 

  

1.011 

  

0.832  –  1.228 

  

0.915 

HLA-DR (M1)epi 

Low vs high 

 

1.035 

 

0.881 – 1.215 

 

0.676 

 

0.826 

 

0.661 – 1.033  

 

0.093 

CD163 (M2)epi 

Low vs high 

 

1.328 

 

1.065 – 1.658 

 

0.012 

 

1.436 

 

1.047 – 1.971 

 

0.025 

M1/M2epi 

Low vs high 

 

0.787 

 

0.391 – 1.584 

 

0.503 

 

0.397 

 

0.138 – 1.137 

 

0.085 

Histologic subtype 0.787 0.549 – 1.129 0.194 0.806 0.488 – 1.333 0.401 
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Table 5.2 Multivariate Cox regression analysis for PFS and OS 

HR, hazard ratio; PFS, disease free survival; OS, overall survival; CI, confidence interval; RD, 

residual disease; pGSN, plasma gelsolin; FIGO, International Federation of Gynecology and 

Obstetrics; vs, versus; epi, epithelial  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

 

 

 

Multivariate Analysis 

Variable PFS OS 

  HR
*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 

Age (years) 

≤56 vs >56 

  

1.126 

  

0.387 – 3.279 

  

0.828 

  

1.352 

  

0.331 – 5.530 

  

0.675 

Stage (FIGO) 

≤2 vs >2 

  

1.090 

  

0.358 – 3.320 

  

0.880 

  

0.945 

  

0.183 – 4.874 

  

0.946 

RD (cm) 

≤1 vs >1 

  

0.103 

  

0.033 – 0.322 
  

<0.001 

  

0.139 

  

0.032 – 0.605 

  

0.009 

pGSNepi 

Low vs high 

  

1.300 

  

1.096 – 1.541 
  

0.003 

  

1.019 

  

0.793 – 1.309 

  

0.884 

CD68epi 

Low vs high 

  

0.939 

  

0.764 – 1.154 

  

0.549 

  

0.943 

  

0.706 – 1.261 

  

0.694 

HLA-DR (M1)epi 

Low vs high 

  

1.030 

  

0.809 – 1.312 

  

0.808 

  

0.828 

  

0.552 – 1.242 

  

0.362 

CD163 (M2)epi 

Low vs high 

 

1.274 

 

0.969 – 1.674 

 

0.082 

 

1.481 

 

0.910 – 2.413 

 

0.114 

M1/M2epi 

Low vs high 

 

0.603 

 

0.198 – 1.836 

 

0.373 

 

1.173 

 

0.174 – 7.912 

 

0.870 

Histologic subtype 0.547 0.312 – 0.954 0.035 0.730 0.354 – 1.503 0.393 
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M1 macrophages were treated with serum-free RPMI 1640 media (negative control), 

0.5µM etoposide (positive control), sEVs (40 µg/400,000 cells) and co-cultured with 

chemosensitive (HGS, OV2295 and endometrioid, A2780s) and chemoresistant OVCA cells 

(HGS, OV90; endometrioid, A2780cp) for 48 h (Fig. 3A). Apoptosis of M1 macrophages was 

assessed using annexin V flow cytometry (Fig. 3B) and caspase-3 fluorescence microscopic 

detection (Fig. 3C) as well as Western blotting and Hoechst staining (Fig. 3D & E). 

Chemoresistant cell-derived sEVs and chemoresistant OVCA cells significantly induced M1 

macrophage apoptosis (assayed morphologically by Hoechst nuclear staining; Fig. 3D & E), 

compared with chemosensitive cells, which was evidenced by increased annexin v+ cells (Fig. 

3B) and increased caspase-3 activation (Fig. 3C - E). Tumor infiltrated M1 macrophages secrete 

anti-tumor factors such as iNOS and TNFα, which induce apoptosis in cancer cells thereby 

contributing to improved patient survival (34, 35). Thus, we examined iNOS and TNFα 

production by M1 macrophages after their co-culture with OVCA cancer cells. iNOS and TNFα 

secretions by M1 macrophages were significantly decreased when treated with chemoresistant 

cells-derived sEVs or co-cultured with chemoresistant OVCA cells compared with 

chemosensitive cells, regardless of the histologic subtype (Fig. 3D - E). This suggests that sEVs 

derived from chemoresistant OVCA cells, regardless of histologic subtype are capable of 

suppressing the viability and anti-tumor functions of M1 macrophages.  

 

pGSN is directly involved with M1 macrophages apoptosis and anti-tumor suppression 

To further demonstrate that pGSN is indeed involved in the induction of M1 macrophage 

apoptosis as observed above, we performed loss- and gain-of-function studies in which pGSN in 

chemoresistant OVCA cells (OV90 and A2780cp) was knocked down (KD) with two (2) 
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different siRNAs (50 nM; 24 h), as well as over-expressed (OX) in chemosensitive cells, which 

otherwise express low pGSN (OV2295 and A2780s) using cDNA (2 µg; 24 h) (Fig. 4A & B). 

Scrambled plasmids were used as controls. pGSN KD and OX were confirmed by Western 

blotting (Supplementary Fig. S6A & B). M1 macrophages were then co-cultured with 

chemoresistant cells-pGSN-KD and chemosensitive cells-pGSN-OX and their respective control 

cells for 48 h. Knocking down pGSN from chemoresistant OVCA cells significantly reduced 

caspase-3 activation and apoptosis in M1 macrophages; a response that was associated with 

increased secretion of iNOS and TNFα (Fig. 4B). Overexpressing pGSN in chemosensitive 

OVCA cells resulted in significantly increased caspase-3 activation and apoptosis, which was 

associated with decreased iNOS and TNFα secretion (compared with control cells; Fig. 4B). This 

suggests that pGSN is an inhibitor of M1 macrophage function. 

To further investigate the role of pGSN in M1 macrophage suppression, M1 macrophages 

were treated with chemoresistant cells-derived conditioned media (CM)+IgG, sEV-depleted CM 

from chemoresistant cells+IgG (control), chemoresistant cells-derived CM+pGSN blocking 

antibody (bAb), as well as chemoresistant derived CM+pGSN-bAb+sEVs (Fig. 4C & D). 

Increased caspase-3 activation and apoptosis were observed in M1 macrophages when treated 

with CM+IgG; a response that was attenuated by the presence of pGSN-bAb (Fig. 4D). 

Moreover, this blocking effect of the pGSN antibody could be overcome by sEVs (CM+pGSN-

bAb+sEVs), a phenomenon that was associated with decreased iNOS and TNFα secretion (Fig. 

4D). M1 macrophage apoptosis was further validated using recombinant human pGSN (10 µM; 

24 h) (Supplementary Fig. S6C). M1 macrophage apoptosis was increased after rhpGSN 

treatment, which was marked by increased annexin V+ M1 macrophages (Supplementary Fig. 

S6C). Together, these findings demonstrate that pGSN is the key molecule in the 
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chemoresistant-derived sEVs responsible for suppressing the viability and anti-tumor functions 

of M1 macrophages.  

 

DISCUSSION 

In this present study, we have demonstrated for the first time the role of exosomal pGSN 

as a modulator of inflammation, leading to chemoresistance in OVCA in part by resetting the 

relative abundance and function of macrophage subtypes in the ovarian tumour 

microenvironment. Unlike our previous studies which involved patients from Western countries, 

the cohort used in the current study involves Asian patients which have an unusual patient 

distribution in histology (high number of non-serous), age (< average age at diagnosis), tumor 

stage (~60% stage 1), surgical outcomes (> average complete/optimal residual disease) and 

treatment regimen (increased treatment response). This diversity could impart patient survival 

and could explain why this cohort of patients has relatively higher PFS compared with patients 

from Western countries. These strengthen the point that ethnic differences may play a huge role 

in ovarian cancer pathology, management and patient survival.  

Using this Asian cohort, we have shown that increased epithelial expression of pGSN is 

associated with poor survival and chemoresistance. Although there was no significant difference 

between pGSN expression in the epithelial and stromal regions, the epithelial pGSN expression 

provided the most clinical relevance. These findings are consistent with our previous studies 

where increased pGSN mRNA levels were associated with poor prognosis regardless of 

treatment regimen or the OVCA histological subtype (19). This also supports the findings from 

other studies in which pGSN levels were implicated in head-and-neck, ovarian and prostate 

cancers (19, 21, 22, 24, 25). 
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Sup. Fig. 5.S5 M1 macrophage differentiation and polarization. (A) THP-1 monocytes were 

differentiated into M0 macrophages by PMA treatment (150 nM; 24 h). M0 macrophages were 

polarized to M1 macrophages with IFNγ (20ng/ml) + LPS (10pg/ml) for 24 h. Differentiation 

and polarization were confirmed by (B) microscopy, (C) flow cytometry and (D) Western blot 

(CD14, CD68, HLA-DR, beta actin and GAPDH). 
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Figure 5.3 Chemoresistant cells-derived sEV attenuates the anti-tumor function of M1 

macrophages by increased caspase-3-dependent apoptosis and decreased secretion of iNOS 

and TNFα. (A – E) M1 macrophages were co-cultured with serum-free media (negative control; 

48 h), etoposide (0.5 µM; 48 h), OV90- and A2780cp-derived sEV (40 µg/400,000 cells; 48 h), 

OV2295 and A2780s (48 h) and OV90 and A2780cp (48 h). M1 macrophage apoptosis was 

assessed by Annexin V-FITC flow cytometry, caspase-3 activation detection assay, 

morphologically by Hoechst 33258 DNA staining) and Western blot. iNOS (M1 macrophage) 

and TNFα secretions (M1 macrophage conditioned media0 were determined by fluorometric 

assay (Ex/Em=485/530nm) and ELISA respectively. Pro-caspase-3, activated caspase-3, pGSN 

and beta-actin contents were assessed by Western blot (M1 macrophage lysates). Results are 

expressed as means ± SD from three independent replicate experiments. [B, (a; ***P<0.001 vs 

b, c and d); C, (a; ***P<0.001 vs b, a; *P<0.05 vs c); D, (a; **P<0.01 vs b and c); E, (a; 

**P<0.01 vs b and c)]. Scale bar is 100 µm. 
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Figure 5.4 pGSN is directly involved with M1 macrophages apoptosis and anti-tumor 

suppression. (A) M1 macrophages (bottom chamber) were co-cultured with OVCA cells [upper 

chamber; chemoresistant, chemoresistant-pGSN-KD (siRNA 1 and 2; 50 nM; 24 h), 

chemosensitive and chemosensitive-pGSN-OX cells (cDNA; 2 µg; 24 h)] of different histologic 

subtypes (HGS and endometrioid OVCA cells; 48 h). (B) M1 macrophages were co-cultured 

with OV90/A2780cp (pGSN siRNA1 and 2; 50 nM; 24 h) and OV2295/A2780s (cDNA 2 µg; 24 

h). Scramble RNAs and empty vectors were used as control for the knock down and 

overexpression respectively. (C) M1 macrophages were treated with the following: CM + IgG, 

sEV-depleted CM + IgG (control), CM + pGSN blocking antibody (bAb) and CM + pGSN-bAb 

+ sEVs. CM was derived from chemoresistant cells (OV90 and A2780cp). (D) M1 macrophages 

were treated with CM + IgG, sEV-depleted CM + IgG (control), CM + pGSN-bAb and CM + 

pGSN-bAb + sEVs (3 ml; 48 h). Pro-caspase-3, activated caspase-3, pGSN and beta-actin 

contents were assessed by Western blotting assay (M1 macrophage lysates) and apoptosis 

determined morphologically by Hoechst 33258 DNA staining. iNOS (M1 macrophage) and 

TNFα secretions (M1 macrophages conditioned media) were determined by fluorometric assay 

(Ex/Em=485/530nm) and ELISA, respectively. Results are expressed as means ± SD from three 

independent replicate experiments. [B, (a; ***P<0.001 vs b); C, (a; ***P<0.001 vs b] 
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Sup. Fig. 5.S6 pGSN knockdown and overexpression confirmation in sEVs and rhpGSN-

induced apoptosis in M1 macrophages. (A) Chemoresistant OVCA cells (OV90 and A2780cp) 

were treated with pGSN siRNA1 and 2 (50 nM; 24 h). (B) Chemosensitive OVCA cells 

(OV2295 and A2780s) were treated with pGSN cDNA (2 µg; 24 h). Conditioned media from 

treated cells were collected and sEVs isolated. pGSN and sEV marker (CD63) contents were 

assessed by Western blotting. (C) M1 macrophages were treated with rhpGSN (10 μM; 24 h). 

DMSO was used as control.  Apoptosis was analysed by counting Annexin V+ M1 macrophages 

using flow cytometry. 
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Thus, targeting pGSN by way of monoclonal antibodies or small molecule inhibitors 

could provide therapeutic advantages to patients with OVCA regardless of their ethnic 

background. Since pGSN is highly detectable in all histologic subtypes, targeting it will not only 

provide therapeutic advantage to patients with HGS, but to all patients with other histologic 

subtypes. 

Harnessing the anti-tumor functions of CD8+ T cells has shown much promise, however 

minimal therapeutic success has been achieved (5, 36, 37). This has motivated us to investigate 

other anti-tumor immune cells such as tumor-associated macrophages (TAMs) to determine if 

they could be re-programmed to kill OVCA cells in the tumor microenvironment. Although there 

was no significant difference with M1 macrophage infiltration in both compartments, a 

prolonged survival was observed in patients who had increased infiltration in the cancer islet 

(epithelial compartment). This is consistent with other findings in breast, colon, lung and head-

and-neck cancers where M1 macrophage infiltration was associated with better survival and 

improved treatment responses (38-41). TAMs that exhibit M1 phenotypes are classically pro-

inflammatory and have high phagocytic properties. These cells in their functional state also 

produce increased levels of TNFα and iNOS, which contribute to the killing of tumor cells. Thus, 

increasing the presence of M1 macrophages in the tumor environment while inhibiting the 

expression of tumor pGSN could provide survival benefits to patients. This might explain the 

correlation between increased M1 macrophage infiltration and prolonged survival.  

Increased M2 macrophage infiltration in the epithelium, but not the stroma, was 

associated with chemoresistance, although no difference in infiltration was identified between 

patients with high and low pGSN levels. M2 macrophages possess pro-tumorigenic properties 

and secrete cytokines such as IL-4, IL-10 and IL-13 that inhibit other immune cells and promote 
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tumor growth (8, 9, 13). Thus, it is not surprising that increased infiltration of this population of 

cells reduced responsiveness to chemotherapy. These findings are consistent with other studies 

showing similar associations in breast, glioblastoma, lung, prostate, gastric, prostate and 

colorectal cancers (8, 9, 38, 39, 42). Re-engineering TAMs to express M1 macrophage 

phenotypic genes provides anti-tumor effects and has the potential of increasing patients’ 

survival (40).  

We further investigated the potential relationship between epithelial pGSN expression 

and TAM infiltration. We observed a significant positive correlation between pGSN expression 

and M1/M2 ratio in both the epithelial and stroma compartments. This ratio, indicative of the 

inflammatory status of the ovarian TME, provides the relative abundance of the two cell 

populations at a time and could be used as a diagnostic index. Interestingly, we observed that, 

although epithelial pGSN positively correlated with M1 macrophages, the survival impact of the 

M1 macrophages were hindered. Specifically, the mean PFS dropped significantly from 85.5 

months to 28.2 months. Similar phenomena were seen when the M1/M2 macrophage ratio was 

used. This was only significant with PFS but not OS. PFS is suggestive of the tumor biology and 

is a key determining factor for tumor recurrence and chemoresistance. Although this cohort is a 

mix of different histologies and difficult to stratify the biologic effects for each subtype due to 

sample size, the observed findings are intriguing and worth investigating further. 

Establishing reliable diagnostic and prognostic factors in cancer, especially OVCA, is 

key to improving the overall survival of patients. In both uni- and multivariate analysis, epithelial 

pGSN and residual disease (RD) emerged as independent predictors – amongst all prognostic 

factors investigated – associated with progression-free survival. Although there was no 

significant correlation between epithelial and stromal expression of pGSN, epithelial pGSN 
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expression increased with stage and residual disease (Supplementary Fig. 7A-C). Therefore, it 

is not surprising that epithelial pGSN was found to be an independent prognostic marker, 

together with RD. This observation is consistent with our previous study where pre-operative 

circulating pGSN presented as a less-invasive marker for predicting residual disease and 

indicating stage 1 OVCA (26). Thus, we were further motivated to investigate the inhibitory role 

of pGSN in M1 macrophages in vitro.  

Chemoresistant OVCA cells secrete increased levels of pGSN that are transported via 

sEVs (19). sEVs containing pGSN auto-regulates its gene and in a paracrine manner confers 

cisplatin resistance to otherwise chemosensitive cells (19). We therefore hypothesized that 

exosomal pGSN modulates the pro-inflammatory environment in the ovarian TME in part by 

down-regulating M1 macrophage viability and function, an effect that lowers the M1/M2 ratios 

associated with a shortening patient survival. Upon investigation, we demonstrated that 

chemoresistant cells-derived sEVs compared with their sensitive counterparts induced M1 

macrophage death via caspase-3 activation, phenomena associated with a secondary suppression 

of iNOS and TNFα production. Silencing the pGSN gene in chemoresistant OVCA cells resulted 

in attenuation of M1 macrophage caspase-3 activation, apoptosis and the elevated productions of 

iNOS and TNFα. These responses were the opposite when pGSN was overexpressed in 

chemosensitive cells. These observations support our hypothesis and are also consistent with 

other studies where exosomal pGSN suppresses the anti-tumor functions of immune cells such as 

CD8+ T cells and natural killer T cells (22, 43). To the best of our knowledge, this is the first 

study to demonstrate the inhibitory role of pGSN on M1 macrophage viability and function in 

the ovarian TME. The possibility that pGSN may also alter the phenotype of TAMs is worth 

considering in future studies. 
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Although the precise cellular mechanism by which pGSN promote chemoresistance in 

OVCA remains unclear, that pGSN modulates the inflammatory microenvironment by reducing 

the viability of M1 macrophages in the cancer islet could provide part of the explanation. 

Although the functional relationship between pGSN-induced M1 tumour infiltration and 

apoptotic response is unclear, the possibility that pGSN induces migration of macrophages into 

the tumour nest to better facilitate its pro-apoptotic function, remains to be determined. Our 

findings are also consistent with other studies where recombinant human pGSN reduced 

inflammatory cytokines such as iNOS, TNFα and IL-6 in LPS-stimulated human keratinocytes 

(44), RAW264.7 (45), peritoneal macrophages (45) and THP-1 cells (45) as well as carrageenan-

induced paw edema in mice (46). We would predict based on our results that combining pGSN 

inhibitors with other immune checkpoint blockers, such as anti-PD-1 and anti-PDL1 will 

significantly inhibit tumor growth and unleash the anti-tumor properties of CD8+ T cells, NK 

cells and M1 macrophages. This will provide a broad anti-tumor approach and could enhance 

patient survival. 

In conclusion, we have demonstrated for the first time that increased pGSN modulates the 

pro-inflammatory environment in the ovarian TME, favouring chemoresistance and poor patient 

survival.  In patients with low pGSN expression, the M1/M2 ratio was elevated, which predicts 

improved survival and chemoresponsiveness (Fig. 5A). In patients with high pGSN expression, 

M1 macrophages are selectively attracted into the cancer islet and their viability reduced without 

affecting the viability of M2 macrophages. Thus, the M1/M2 ratio is significantly decreased and 

favors poor survival and chemoresistance (Fig. 5B). 
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Sup. Fig. 5.S7 Epithelial pGSN expression increases with increased tumor stage and 

suboptimal residual disease. (A) Epithelial pGSN expression was compared between patients 

with low (n=62) and high (n=32) stage. Patients were stratified using epithelial pGSN and tumor 

stage. (B) Epithelial pGSN expression was compared between patients with complete/optimal 

(n=79) and suboptimal (n=15) RD. P values was calculated using independent sample t test. 

Patients were stratified using epithelial pGSN and residual disease. pGSN (cut-off = 6) in 

combination with tumor stage and residual disease were correlated with PFS and OS. Kaplan 

Meier survival curves with cutoff values and log rank test were used to compare the survival 

distributions between the groups. (C) Epithelial pGSN was correlated with stromal pGSN 

expression using Pearson’s analysis. n = number of patients in each group. 
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Figure 5.5 Hypothetical model illustrating the role of sEV-pGSN in modulating pro-

inflammatory environment in OVCA chemoresistance. (A) In chemosensitive condition, 

there is an increase in M1/M2 ratio due to decreased pGSN expression. (B) In chemoresistant 

condition, M1 macrophages are selectively attracted into the cancer islet and executed without 

affecting the viability of M2 macrophages. Thus, the M1/M2 ratio is significantly decreased and 

favors poor survival. (C) In chemosensitive condition, OVCA cells secrete decreased levels of 

sEV containing pGSN which have minimal suppression on M1 macrophages. In chemoresistant 

condition, OVCA cells secrete higher levels of sEV containing pGSN which suppress the anti-

tumor functions of M1 macrophages by i) inducing apoptosis and ii) decreasing TNFα and iNOS 

production. Diagram designed using biorender.  
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Specifically, in the chemosensitive condition, OVCA cells secrete decreased levels of 

sEV containing pGSN, rendering them incapable of inhibiting the anti-tumor functions of M1 

macrophages (Fig. 5C). However, in the chemoresistant condition, OVCA cells secrete increased 

levels of sEV containing that are taken up by M1 macrophages (Fig. 5C). Upon uptake, pGSN is 

released and activates caspase-3, resulting in apoptosis. This is also associated with a secondary 

response where TNFα and iNOS productions are significantly reduced (Fig. 5C). These 

cumulative effects render infiltrated M1 macrophages non-functional and unable to kill tumor 

cells. While these findings are novel and are of clinical relevance, we also acknowledge the 

unusual patient distribution and small population of patients recruited making it difficult to 

analyse the biologic effects of each subtype. Thus, future studies that address the above-

mentioned concerns will provide further validation of our observations and extend the 

applicability of the current study.  
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ABSTRACT 

Ovarian cancer (OVCA) patients with suboptimal residual disease and advanced stages 

have poor survival. pGSN is an actin binding protein which protects OVCA cells from cisplatin-

induced death. There is an urgent need to discover reliable biomarkers to optimize individualized 

treatment recommendations. 99 plasma samples with pre-determined CA125 were collected from 

OVCA patients and pGSN assayed using sandwich-based ELISA. Associations between CA125, 

pGSN and clinicopathological parameters were examined using Fisher exact test, T test and 

Kruskal Wallis Test. Univariate and multivariate Cox proportional hazard models were used to 

statistically analyze clinical outcomes. At 64 µg/ml, pGSN had sensitivity and specificity of 60% 

and 60% respectively, for the prediction of residual disease where as that of CA125 at 576.5 

U/mL was 43.5% and 56.5% respectively. Patients with stage 1 tumor had increased levels of 

pre-operative pGSN compared to those with tumor stage >1 and healthy subjects (P=0.005). At 

the value of 81 µg/mL, pGSN had a sensitivity and specificity of 75% and 78.4%, respectively 

for the detection of early stage OVCA. At the value of 0.133, the Indicator of Stage 1 OVCA 

(ISO1) provided a sensitivity of 100% at a specificity of 67% (AUC, 0.89; P<0.001). In the 

multivariate Cox regression analysis, pGSN (HR, 2.00; CI, 0.99 – 4.05; P=0.05) was an 

independent significant predictor of progression free survival (PFS) but not CA125 (HR, 0.68; 

CI, 0.41 – 1.13; P=0.13). Pre-operative circulating pGSN is a favorable and independent 

biomarker for early disease detection, residual disease prediction and patients’ prognosis.   

 

 

KEY WORDS: Plasma gelsolin, ovarian cancer, residual disease, early stage, CA125, 

biomarker 
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Introduction: 

Ovarian cancer (OVCA) causes more death than any gynecological cancer as a result of 

late presentation, frequent recurrences and ultimately chemoresistance development
1
. It is 

estimated that around 70% of OVCA patients are diagnosed with late stage of the disease, 

resulting in 5-year survival rate of ~45% due predominantly to no specific signs and symptoms 

in the early disease phase
2-4

. This is even more challenging in high grade serous (HGS) OVCA 

patients who have the worst survival outcomes compared to other histologic subtypes
2-4

. Despite 

considerable efforts to screen for OVCA, minimal progress has been made to date
5,6

. Although 

CA-125 and other circulating markers (such as CA-153, LPA, prostasin, HE4, osteopontin, 

kallikreins, bikunin and VEGF) have been studied, little diagnostic success has been achieved 
7
. 

In order to improve the pre-operative diagnosis of early OVCA and recurrence, multivariate 

index assays (ROMA
8
, Overa

9
 and Ova 1

10
) have been developed. These assays are modestly 

helpful, although their significance is mostly realised in OVCA surveillance and treatment 

monitoring. Plasma nucleic acids, including miR-21, miR-141, miR-214, let-7b, have shown 

promise; however, further validation studies are needed
11-13

.  

CA-125 is elevated in only ~40% of early-stage OVCA patients but more frequently 

elevated in advanced stages, thus making it an unsuitable candidate for early detection of the 

disease
5,6

. Regardless, CA125 and trans-vaginal ultrasound are widely used as screening tests for 

OVCA
11,14

. There are urgent needs for novel cost-effective diagnostic markers to better diagnose 

and manage OVCA patients. Another prognostic factor that reflects the survival of OVCA 

patients is the amount of residual disease after surgery
15-17

. Currently, there is no established 

marker to reliably predict residual disease pre-operatively
7
. Serum CA-125 remains a widely 
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used marker to screen for post-treatment tumor progression
18

. However, CA-125 is less sensitive 

and not specific in the detection of early stage disease
11,19-21

.  

pGSN is an actin binding protein and is present in the human plasma
22-25

. We have 

previously demonstrated that the over-expression of gelsolin protects ovarian cancer cells against 

cisplatin-induced death and could be a potential target for treatment
26

. pGSN has also been 

implicated in pathological disease conditions such as prostate cancer, breast cancer, sepsis, 

arthritis, microbial infections, hemodialysis and other inflammatory disorders
22,27-31

. Although 

pGSN is highly secreted in OVCA cells, its role in patients’ plasma has not been investigated 

yet. Our previous observation of the possible involvement of pGSN in chemoresistance in 

OVCA has prompted us to investigate its importance in the plasma of OVCA patients. In this 

study, we determined if pre-operative circulating pGSN is a better indicator of early stage OVCA 

and predictor of residual disease compared to CA125. 

 

Results: 

Characteristics of patients  

The validity of tumor stage was performed by certified Gynecologic-Oncology team. 

Clinicopathologic characteristics of the ovarian cancer patients are represented in Supplementary 

Table S1. Patients are classified as FIGO stages 1 (N=10), 2 (N=11), 3 (N=67) and 4 (N=11). No 

neoadjuvant chemotherapy or radiotherapy was used. The age of the patients ranged from 36 – 

82 years and was dichotomized by their median into ≤61 (N=51) and >61 (N=48). Optimal 

cytoreduction was achieved in 50 patients in the cohort. CA125 and pGSN levels were measured 

and dichotomized by their medians (576.5 U/mL and 79 µg/mL) into low and high groups 

respectively.  
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An elevated level of pre-operative circulating pGSN is highly associated with increased 

residual disease. 

Residual disease is a well validated predictor of patient prognosis and survival 
15,16,32

; 

however, there is no test to reliably predict complete, optimal or suboptimal cytoreduction 

preoperatively
7
. Using a Kaplan Meier survival analysis, our patients with ≤1 cm residual disease 

had better DFS (Fig. 1a; P=0.0001; N=92; median DFS, 28 months) and OS (Fig. 1b; P=0.01; 

N=92; median OS, 58 months) compared with the >1 cm group (median DFS, 14 months; 

median OS, 42 months). Also, using box plots, we compared the means of CA125 and pGSN in 

both residual disease groups and statistical significance calculated by independent sample t-test. 

Although no significant difference was observed in the levels of CA125 between both groups 

(Fig. 1c; P=ns; N=92), patients with suboptimal surgical debulking had increased levels of 

preoperative pGSN compared with the optimal cytoreduction group (Fig. 1d; P=0.005; N=92). 

This phenomenon was also observed when heat maps were used to stratify the means of pGSN 

and CA125 levels against residual disease (Fig. 1e and f). In Supplementary Table S2, levels 

of pGSN and CA125 were correlated with residual disease using the Pearson’s correlation test. 

There was a significant positive correlation between pGSN and residual disease (R=0.29, 

P<0.01, N=92); however, no significant correlation was observed with CA125 (R=-0.01, P=0.91, 

N=92). 
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Supplementary Table 6.1 Characteristics of patients 

a
Median cut-off value. CA-125, cancer antigen 125; pGSN, plasma gelsolin; FIGO, International 

Federation of Gynecology and Obstetrics. 

 

 

Variable Number of Patients 
Age (Range; 36 – 82 years) 
≤61 
>61  

  
51 
48 

Stage (FIGO) 
1 
2 
3 
4 

  
10 
11 
67 
11 

Stage (FIGO) 
≤2 
>2  

  
21 
78 

Histological Subtypes 
Not verified  
High Grade Serous (HGS) 
Low Grade Serous (LGS) 

 

26 
69 
4 

Residual disease (RD) 
≤1 cm 
>1 cm 

  
50 
42 

CA-125 (U/ml)
a

  
Low (≤576.5) 
High (>576.5) 

  
49 
50 

pGSN (µg/ml)
a

 
Low (≤79) 
High (>79) 

  
70 
29 

pGSN (µg/ml)
a

 
Not verified 
HGS 
LGS 

 

25 
70 
4 

Healthy Subjects 32 
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Fig. 6.1 Ovarian cancer patients with high residual disease (RD) have significantly high 

levels of circulating pGSN. (a and b) Kaplan Meier survival analysis stratified by RD (≤ 1 cm 

or > 1 cm). Patients with RD ≤ 1 cm have better DFS (a) and OS (b) compared with those with 

RD > 1 cm. P-values were calculated by the log-rank test. Distribution of CA-125 (c) and pGSN 

(d) in patients with low RD (≤ 1 cm) and high RD (> 1 cm) by bar charts. Although there was no 

significant difference with CA-125, high RD patients have significantly higher levels of pGSN  

compared with the low RD patients. Heat map was used to stratify the levels of CA-125 (e) and 

pGSN (f) against residual disease and stage. P-values were calculated by independent sample t-

test. 
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Supplementary Table 6.2 Correlation between plasma pGSN and CA-125 levels and 

ovarian cancer residual disease and stage. 

a
Pearson’s correlation, 

b
Number of patients. 

CA-125, cancer antigen 125; pGSN, plasma gelsolin; FIGO, International Federation of 

Gynecology and Obstetrics. 

 

 

 

 

 

 

 

 

 

 

 

  CA-125 (U/ml) pGSN (µg/ml) 
Residual disease (RD) R

a

 
Sig. (2-tailed) 
N

b

 

-0.01 
0.91 
92 

0.29 
<0.01 
92 

Stage (FIGO) R
a

 
Sig. (2-tailed) 
N

b

 

0.22 
0.04 
99 

-0.20 
0.05 
99 
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A pre-operative plasma level of pGSN is a better predictive marker for residual disease. 

To assess the performance of pGSN as a predictor of residual disease in ovarian cancer 

patients as compared with CA125, we generated receiving operating characteristic (ROC) 

curves. The approximate area under the curve (AUC) derived from the ROC curve was used to 

assess the diagnostic performances of pGSN and CA125. The AUC of pGSN to predict 

suboptimal residual disease was 0.65 (P=0.03) where as that of CA125 was 0.54 (P=0.30) (Fig. 

2). At the value of 64 µg/ml (optimal cut-off using Fisher’s exact test), pGSN has a sensitivity 

and specificity of 60% and 60% respectively, for the prediction of residual disease. CA125 value 

at 576.5 U/mL (optimal cut-off using Fisher’s exact test) has a sensitivity and specificity of 

43.5% and 56.5% respectively, in predicting suboptimal residual disease (Supplementary Table 

S3). 

A pre-operative plasma level of pGSN is a significantly sensitive diagnostic tool for 

early stage ovarian cancer. 

Patients were classified into two groups based on their tumor stage (FIGO; ≤2 and >2) 

and their survival were assessed using Kaplan Meier survival analysis (Fig. 3a and b). Patients 

with tumor stage ≤2 had better DFS (P=0.0001; N=96; median DFS, 83 months) and OS 

(P=0.009; N=96; median OS, 97 months) compared with their counterparts with >2 tumor stage 

(Fig. 3a and b; median DFS, 17 months; median OS, 49 months). Using box plots, we compared 

the means of CA-125 and pGSN from patients in all 4 tumor stages (FIGO; 1, 2, 3 and 4). While 

an increase in CA125 concentration was observed with increase in stage, this difference was not 

statistically significant (Fig. 3c; P=0.22; N=99). Patients who are more than 61 years old have 

decreased levels of CA125 compared with those below 61 years (Fig. 3d; P=0.042; N=99).  
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Fig. 6.2 Receiving operating characteristic (ROC) curves for pGSN and CA-125 in 

detection of residual disease (RD) in ovarian cancer patients. pGSN cutoff (64 µg/mL; 

sensitivity, 60%; specificity, 60%). CA125 cutoff (576.5 U/mL; sensitivity, 43.5%; specificity, 

56.5%). CA-125 vs RD, P=0.30; pGSN vs RD, P=0.03. 
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Supplementary Table 6.3 The sensitivities and specificities of OVCA plasma biomarkers. 

OVCA, ovarian cancer; CA125, cancer antigen 125; pGSN, plasma gelsolin. *Indicator of Stage 

1 OVCA. ^Area under the curve 

 

 

 

 

 

 

 

 

 

 

Biomarkers Sensitivity (%) Specificity (%) AUC
^ 

Stage 1 OVCA 
CA125 
pGSN 
ISO1

*
 Index (pGSN/CA125) 

  
0 
75 
100 

  
44.9 
78.4 
67 

  
0.125 
0.724 
0.89 

Residual disease 
CA125 
Pgsn 

  
43.5 
60 

  
56.5 
60 

  
0.54 
0.65 

Late Stage (3 and 4) 
CA125 
pGSN 

  
55.1 
21.6  

  
100  

0 

  
0.875 
0.276 
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pGSN levels were significantly higher in malignant patients (OVCA; N=99) compared with 

healthy subjects (N=32) without cancer (Fig. 3e; P=0.0001). Patients with stage 1 tumor had 

abundant levels of preoperative pGSN compared to patients with tumor stage >1 and the healthy 

subjects (Fig. 3f; P=0.005). Age had no significant effect on the levels of pGSN in OVCA 

patients (Fig. 3g; P=0.417; N=99). The means of pGSN and CA-125 levels were stratified 

against tumor stage using heat maps (Fig. 1e and f).  

We further tested how reliable pGSN could be used as an early diagnostic tool for 

ovarian cancer compared with CA-125. Using ROC curves, we derived AUC to assess the 

diagnostic performances of both markers. The AUC of pGSN to detect early stage ovarian cancer 

was 0.724 (P=0.04) where as that of CA-125 was 0.125 (P=0.001) (Fig. 4a). At the value of 81 

µg/mL (optimal cut-off using Fisher’s exact test), pGSN had a sensitivity and specificity of 75% 

and 78.4%, respectively for the detection of early stage ovarian cancer (Supplementary Table 

S3). Compared with pGSN (AUC, 0.276; P=0.04), CA-125 was a better marker for late stage 

ovarian cancer detection with an AUC of 0.875 (P=0.001) (Fig. 4a). At the value of 576.5 U/mL 

(optimal cut-off using Fisher’s exact test), CA-125 had a sensitivity and specificity of 55.1% and 

100% respectively (Supplementary Table S3), in detecting late stage ovarian cancer.  

Combining pGSN and CA125 in a multivariate index assay provides 100% sensitivity 

detection for stage 1 OVCA. 

To further increase the diagnostic accuracy of early stage OVCA, the pre-operative levels 

of pGSN and CA125 were combined in a multianalyte index assay. A formula, Indicator of Stage 

1 OVCA (ISO1) index, was derived from the values of CA125 and pGSN after which the 

resulting values were used in a ROC curve analysis (Fig. 4b). At the value of 0.133 (optimal cut-



230 
 

off using Fisher’s exact test), ISO1 provided a sensitivity of 100% at a specificity of 67% (AUC, 

0.89; P<0.001) (Fig 4b; Supplementary Table S3). The ISO1 index was derived as below: 

ISO1 index = P / C, 

Where P = pGSN (µg/mL), C = CA125 (U/mL) and ISO1 = Indicator of Stage 1 OVCA 

Prognostic impact of pre-operative circulating pGSN and relationship with other 

clinicopathologic parameter. 

We further evaluated the prognostic impact of pGSN, CA125 and other 

clinicopathological parameters using uni- and multivariate Cox regression analyses as shown in 

Supplementary Tables S4 and S5, respectively. Median cut-offs for pGSN and CA125 were 

used to predict DFS and OS. From the univariate analysis (Supplementary Table S4), FIGO 

stage, residual disease, CA125 and pGSN showed a significant association with DFS and OS. In 

the multivariate Cox regression analysis (Supplementary Table S5), pGSN (HR, 2.00; CI, 0.99 

– 4.05; P=0.05) and optimal residual disease (HR, 0.39; CI, 0.23 – 0.68; P<0.01) were found to 

be significant predictors of DFS but not CA125 (HR, 0.68; CI, 0.41 – 1.13; P=0.13). Regarding 

overall survival, age (HR, 0.47; CI, 0.28 – 0.81; P = 0.01), residual disease (HR, 0.51; CI, 0.29 – 

0.91; P=0.02) and CA125 (HR, 0.47; CI, 0.27 – 0.82; P=0.01) were found to be significantly 

associated with an increased risk for death. 
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Fig. 6.3 Circulating pGSN is highly detected in ovarian cancer patients with stage 1 disease. 

(a and b) Kaplan Meier survival analysis stratified by Stage showed that patients with stage ≤ 2 

have better DFS (a) and OS (b) compared with those with stage > 2. P-values were calculated by 

the log-rank test. Distribution of CA-125 (c and d) and pGSN (e, f and g) in patients stratified 

by stage and age using box plots. P-values were calculated by one-way ANOVA and 

independent sample t-test. 
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Fig. 6.4 Receiving operating characteristic (ROC) curves for pGSN, CA125 and ISO1 index 

in the detection of stage 1 disease in ovarian cancer patients. a) pGSN cutoff (81.09 µg/mL; 

sensitivity, 75%; specificity, 78.4%). b) ISO1 index cutoff (0.133; sensitivity, 100%; specificity, 

67%). CA-125 vs stage 1, P = 0.001; pGSN vs stage 1, P = 0.04; ISO1 index vs stage 1, P < 

0.001. 
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Supplementary Table 6.4 Univariate Cox regression analysis for disease-free and overall 

survival 

HR, hazard ratio; DFS, disease free survival; OS, overall survival; CI, confidence interval; RD, 

residual disease; CA-125, cancer antigen 125; pGSN, plasma gelsolin; FIGO, International 

Federation of Gynecology and Obstetrics; vs, versus.  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

Univariate 
Variable DFS OS 
  HR

*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 
Age (years) 
≤61 vs >61 

  
0.91 

  
0.58 – 1.43 

  
0.68 

  
0.66 

  
0.41 – 1.07 

  
0.91 

Stage (FIGO) 
≤2 vs >2 

  
0.30 

  
0.15 – 0.60 

  
<0.01 

  
0.39 

  
0.19 – 0.82 

  
0.01 

Stage 
1 vs >1 

  
0.15 

  
0.04 – 0.60 

  
<0.01 

  
0.23 

  
0.06 – 0.93 

  
0.04 

RD (cm) 
≤1 vs >1 

  
0.31 

  
0.19 – 0.53 

  
<0.01 

  
1.54 

  
1.13 – 2.10 

  
<0.01 

CA-125 
Low vs high  

  
0.59 

  
0.36 – 0.97 

  
0.04 

  
0.48 

  
0.28 – 0.80 

  
0.01 

pGSN 
Low vs high 

  
1.81 

  
1.05 – 3.12 

  
0.03 

  
1.94 

  
1.08 – 3.48 

  
0.03 
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SupplementaryTable 6.5 Multivariate Cox regression analysis for disease-free and overall 

survival 

HR, hazard ratio; DFS, disease free survival; OS, overall survival; CI, confidence interval; RD, 

residual disease; CA-125, cancer antigen 125; pGSN, plasma gelsolin; FIGO, International 

Federation of Gynecology and Obstetrics; vs, versus.  

*
Estimated from Cox proportional hazard regression model.  

^
Confidence interval of the estimated HR. 

 

 

 

Multivariate Analysis 
Variable DFS OS 
  HR

*

 95% CI
^

 P-value HR
*

 95% CI
^

 P-value 
Age (years) 
≤61 vs >61 

  
0.76 

  
0.47 – 1.25 

  
0.29 

  
0.50 

  
0.29 – 0.86 

  
0.01 

Stage (FIGO) 
≤2 vs >2 

  
0.63 

  
0.27 – 1.47 

  
0.29 

  
0.63 

  
0.25 – 1.57 

  
0.32 

Stage 
1 vs >1 

  
0.40 

  
0.08 – 2.00 

  
0.27 

  
0.78 

  
0.15 – 4.04 

  
0.76 

RD (cm) 
≤1 vs >1 

  
0.40 

  
0.23 – 0.68 

  
<0.01 

  
0.51 

  
0.28 – 0.91 

  
0.02 

CA-125 
Low vs high  

  
0.68 

  
0.41 – 1.13 

  
0.13 

  
0.47 

  
0.27 – 0.82 

  
0.01 

pGSN 
Low vs high 

  
2.00 

  
0.99 – 4.05 

  
0.05 

  
2.10 

  
0.94 – 4.33 

  
0.07 
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Discussion 

In this present study, we have demonstrated for the first time that pGSN is a better 

diagnostic tool for the detection of early stage ovarian cancer and prediction of suboptimal 

cytoreduction than the commonly used CA125. The overall sensitivity and specificity of pGSN 

were higher than those of CA125 in the detection of early stage OVCA. This was the same for 

predicting optimal residual disease status. The detection sensitivity for early stage OVCA was 

further enhanced by 35% when pGSN was combined with CA125 in a multianalyte assay 

analysis. CA125 however, showed a very high sensitivity and specificity for the detection of late 

stage ovarian cancer. These findings support our hypothesis that circulating pGSN is a novel 

marker for early stage OVCA detection and optimal residual disease prediction.  

Although much efforts are made to early detect ovarian cancer, there is no reliable and 

validated circulating biomarker established
7
. Despite CA125 being used as a serum marker to 

detect early ovarian cancer and monitor the clinical course of these patients, its low sensitivity 

presents as the greatest obstacle for its use to improve patients prognosis
7,33

. In our current study, 

we have demonstrated that pre-operative circulating pGSN is a better diagnostic tool than CA125 

to detect early stage ovarian cancers. Unlike CA125, circulating pGSN levels were not affected 

by age hence presents as a reliable marker for diagnosis. The overall early stage detection 

accuracy (sensitivity; 75% and specificity; 78.4%) of pGSN was higher than that of CA125. 

These findings are consistent with others who have similarly shown that CA125 has a lower 

sensitivity in detecting early stage ovarian cancer
34

. Although CA125 is frequently used in the 

clinical workup of a suspicious mass for OVCA, ~40% of all OVCA patients express little to no 

serum CA125 abnormalities in the early stages. This in addition to the absence of overt clinical 

significant symptoms leaves >70% of OVCA patients being diagnosed at the late stages of the 
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disease
19,35,36

. Unlike CA125, circulating pGSN was significantly elevated in early stage OVCA 

patients compared with the late stage disease. The positive and significant correlation between 

pGSN levels and stage 1 OVCA could be exploited to early diagnose patients and improve their 

overall survival. Given the heterogeneous nature of the OVCA tumor microenvironment and the 

relatively smaller HGS patients involved in this study, it is worth validating these findings in 

larger HGS OVCA cohorts as well as extend to other histologic subtypes such as endometrioid 

and clear cell carcinoma.   

We also have shown the combination of pGSN and CA125 in a multivariate index assay 

to detect early stage OVCA provided a much higher sensitivity and specificity than individual 

markers. Using the IS1O formula, 100 % sensitivity was achieved in the detection of early stage 

OVCA. The IS1O formula derived from the pre-operative levels of pGSN and CA125 

outperformed FDA approved OVCA multiplex assays such as ROMA (sensitivity; 89%)
33,36

 and 

Overa (sensitivity; 91%)
9
. Ova1 is the most recent multivariate index assay to be approved by 

FDA and entails two upregulated markers (CA125II, β-microglobulin) and 3 downregulated 

markers (apolipoprotein A1, prealbumin, transferrin) incorporated on the same detection panel 

10,33
. At a specificity of 54%, Ova1 has a sensitivity of 94%

10
; a diagnostic accuracy that is below 

the performance of the ISO1 index. We hypothesize that the usage of the ISO1 index in 

combination with trans-vaginal ultrasound will further provide additional diagnostic significance 

to early detect OVCA patients; an intervention that will improve patient survival.  

Residual disease is considered one of the most important prognostic factors for survival 

in OVCA patients; however, there is no established reliable marker to predict suboptimal 

cytoreduction preoperatively
15,16,32

. Although CA125 and other circulating proteins have shown 

promise as predictors of residual disease, their overall accuracy and reliability is still 
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questionable. In this respect, there is an urgent need to identify novel predictive markers to 

predict residual disease; an effort that could improve clinical strategies and outcome in OVCA 

patients. In this study, we have observed for the first time that pre-operative circulating pGSN 

outperforms CA125 in predicting optimal residual disease. The sensitivity and specificity of 

pGSN were significantly higher compared to that of CA125; thus, presenting as a better predictor 

of residual disease. In addition to CA125, pre-operative pGSN has a higher accuracy rate to 

predict residual disease compared to other circulating markers
12,14,18-20

. This could provide 

significant information for counselling patients regarding surgical outcomes, influencing major 

decisions regarding primary cytoreduction versus neoadjuvant approach as well as explore other 

treatment options. In the future, it is worthwhile investigating if circulating pGSN will decline 

after post-cytoreduction. This could be used to determine perioperative changes in circulating 

pGSN in order to predict disease-specific survival of OVCA patients.  

Establishing reliable prognostic factors in ovarian cancer is key to improving the overall 

management of OVCA patients. Early diagnosis, tumor grading, residual disease and poor 

performance status can affect to some extent patient survival
37

. In both uni- and multivariate 

analyses, pre-operative circulating pGSN also emerged in our study as an independent significant 

predictor – amongst all prognostic factors investigated – associated with disease free survival. 

This potentially provides a less invasive and inexpensive diagnostic test, which could be used 

together with other prognostic factors to enhance patient prognostication and optimal 

management. pGSN has also been evaluated in the serum of patients with disease conditions 

such as colon cancer, hemodialysis, arthritis, sepsis, burns and other inflammatory disorders
22

.  

We are the first however, to demonstrate the utility of circulating pGSN as a less-invasive 
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prognostic marker, and more also in ovarian cancer, when the majority patients are diagnosed at 

late stages at time of initial presentation.  

We have recently shown in our in-vitro studies that pGSN is transported by exosomes 

secreted from ovarian cancer cell lines. This has directed our research attention into 

differentiating the pathological significance of exosomal pGSN from the normal physiological 

free-circulating pGSN. We consider this as a necessary step since pGSN is one of the most 

abundant proteins in human plasma and hence, investigating the clinical significance of its 

exosomal delivery into the plasma will offer a more accurate prognostification. In addition to 

pre-operative sample analysis, the levels of pGSN should be further monitored in post-operative 

and chemotherapy/radiationtherapy/immunotherapy/targeted therapy periods to define and 

optimize its performance.  

Conclusion 

For the first time, we have identified in the present study pre-operative circulating pGSN 

as a potential marker for the detection of early stage ovarian cancer, and predictor of optimal 

residual disease and as an independent prognostic factor in OVCA (Fig. 5); outperforming the 

established tumor marker, CA125. Pre-operative pGSN in the plasma could be used to 

discriminate early-stage OVCA patients. Pre-operative circulating pGSN is not only sensitive as 

an individual diagnostic marker; however, using it together with CA125 provides additional 

diagnostic sensitivity compared with currently FDA approved multianalyte assays. Detecting 

circulating pGSN by ELISA is less expensive, less labor-intensive, reproducible and 

commercially available, presenting as an advantage over other sophisticated techniques like 

whole-genome analysis, transcription profiling and proteomic analysis. While we are encouraged 

by the novelty and clinical importance of the present findings, we acknowledge the small 
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population of patients involved in this study and hence involvement of  patients from multiple 

cohorts and stratification based on histological subtypes will help not only to validate the 

findings observed but extent the application of the current study.  
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Fig. 6.5 Hypothetical models illustrating how pre-treatment levels of pGSN could predict 

stage 1 ovarian cancer and residual disease (RD).  (a) Increased pre-operative levels of pGSN 

at diagnosis could predict high residual disease in ovarian cancer patients before 

surgery/treatment while low levels of pGSN at diagnosis could indicate minimal residual disease 

after surgery. (b) During the onset of ovarian cancer (stage 1), increased levels of pGSN are 

detectable in the plasma of patients which could improve survival. However, in advanced stages 

of ovarian cancer pGSN levels in patients’ plasma decrease, an indication of poor survival. 
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Patients and Methods: 

Data reporting: A convenient sample size was chosen. During samples preparation and 

analyses, plasma samples were blinded.  

Ethics Statement: This study was approved by the Centre hospitalier de l’Universite de 

Montreal (CHUM) ethics committee (IRB approval number; BD 04-002) and the Ottawa Health 

Science Network Research Ethics Board (IRB approval number; OHSN-REB 1999540-01H) and 

conducted in accordance with the appropriate guidelines. Written informed consent was obtained 

from all subjects. 

Plasma Samples: 99 plasma samples with predetermined CA125 levels (HGS; 69, LGS; 4, not 

verified; 26) were collected from ovarian cancer patients at the CHUM from 1992 to 2012. Prior 

to plasma collection, patients did not receive any neoadjuvant chemotherapy or radiotherapy. 

pGSN was measured in these samples as well as plasma samples from 32 healthy non-cancerous 

subjects. Details of patient population and demographics are outlined in Supplementary Table 

S1. All samples were examined by one gynecologic-oncologic pathologist who assigned tumor 

grade and histopathological subtype according to the International Federation of Gynecology and 

Obstetrics (FIGO) criteria. All patients were managed with primary surgery. They include 

optimal residual disease categorized as being ≤1 cm and suboptimal residual disease defined as 

being >1 cm. Disease-free (DFS) and overall (OS) survival assessment was based on CA125 and 

CT imaging during follow-up. DFS was calculated from time of diagnosis to time of recurrence 

and OS from time of diagnosis to time of death.  

ELISA: Pre-operative pGSN concentrations were assayed in OVCA patients (n=99) by 

sandwich ELISA (Aviscera Bioscience, Inc. CA), according to manufacturer’s instructions. The 

detection antibody was raised against human plasma (soluble) gelsolin. Plasma samples were 



244 
 

diluted in a sample buffer (1/1500; Aviscera Bioscience, Inc. CA) and all analyses done in 

triplicate. Optical densities (OD) were determined using a microtiter plate reader at 450 nm. The 

blank was subtracted from the triplicate readings for each standard and sample and 

concentrations reported in µg/mL.   

Biostatistical methods: The SPSS software version 25 (SPSS Inc., Chicago, IL, USA) and 

Graphpad Prism 7 (San Diego, CA, USA) were used to perform all statistical analyses and two-

sided P ≤ 0.05 considered to indicate statistical significance. Receiving operating characteristic 

(ROC) curves were used to assess the performances of pGSN and CA125 over their entire range 

of values. The area under the curve (AUC) was used as an index of global test performance. 

pGSN and CA125 concentrations were dichotomized by their medians cut-offs into low or high 

and correlated to residual disease and early stage using Pearson’s correlation test (two-tailed). 

The means of pGSN and CA125 levels were plotted against age, stage and residual disease using 

bar chat and statistical analyses performed by using unpaired t-test and one-way ANOVA; 

Gaussian distribution was tested. The means of pGSN and CA125 levels were plotted against 

stage, age and residual disease using box plots. The box represents the interquartile (IQ) range, 

and the whiskers represent the highest and lowest values, which are no greater than 1.5 times the 

IQ range. Outliers are values greater than 1.5 times (circle) or 2 times (stars) the IQ range. The 

relationship of these dichotomous variables to other clinicopathologic correlates was examined 

using Fisher exact test, T test and Kruskal Wallis Test as appropriate. Survival curves (DFS and 

OS) were plotted with Kaplan Meier and P-values calculated using the log-rank test. Univariate 

and multivariate Cox proportional hazard models were used to assess the hazard ratio (HR) for 

CA125, pGSN, stage (FIGO), residual disease and age as well as corresponding 95% confidence 

intervals (CIs).   
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CHAPTER 7 - ADDITIONAL RESEARCH FINDINGS 

7 Preview   

 During the course of my doctoral studies I have conducted experiments, the findings 

from which were not included in the manuscripts reported in Chapters 3, 4, 5 and 6. They were 

preliminary studies concerned with optimization of experimental conditions, validation of assay 

conditions and mechanism through which pGSN confers resistance in OVCA cells. While they 

are not central to the manuscripts mentioned, information gained will be an important reference 

and could form the foundation on which future investigations could be planned, and they are 

reported hereafter. 

 

7.1 Specificity of antibody used for assessment of pGSN expression in OVCA cells 

 We first validated our antibody to see whether it specifically binds to pGSN and not 

cGSN (the cytoplasmic isoform) given the architectural difference is only 25 amino acids 

sequence present on the N-terminal of pGSN but absent in the cGSN. We successfully 

demonstrated that pGSN antibody specifically binds to pGSN but not cGSN (Fig. 7.1). 
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Fig. 7.1. pGSN antibody (ABIN1019662) specifically targets the N-terminal region of pGSN 

but not cGSN. (A) 1 μg of recombinant human (rh) pGSN was loaded for Western blotting. 

Primary pGSN antibody (ABIN1019662) was either pretreated with rhpGSN or not before 

incubating with the nitrocellulose membranes. (B) 1 μg of rhcGSN was loaded for Western 

blotting. Nitrocellulose membranes were then incubated with pGSN antibody (ABIN1019662) 

and cGSN antibody (G4896). Three independent replicate experiments were done, and 

representative blots shown here. 
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7.2 Specificity of siRNA for pGSN knockdown in OVCA cells 

 Given both gelsolin isoforms are transcribed from the same gene, we next validated 

our siRNAs to confirm that they target pGSN mRNA without affecting cGSN mRNA (Fig. 7.2). 

When comparing three preparations of siRNA, we observed that whereas siRNA3 downregulated 

both cGSN and pGSN content in chemoresistant OVCA cells, siRNA1 and siRNA2 were 

specific for pGSN and were used in subsequent studies. Our findings are consistent with other 

studies where gelsolin was implicated in tumor progression and chemoresistance in OVCA, 

head-and-neck cancers and other cancer types although the specific isoform was not investigated 

in these studies
1-3

.  
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Fig. 7.2. pGSN siRNA 1 and 2 specifically targets pGSN without affecting cGSN. 

Chemoresistant OVCA cell line (A2780cp; 1.6 x 10
6
) were treated with siRNAs (50 nM; 24 h). 

siRNA 1 and 2 target only pGSN whereas siRNA 3 targets both pGSN and cGSN. pGSN, cGSN 

and β-actin contents were assessed by Western blotting. Three independent replicate experiments 

were done, and representative blots shown here. 
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7.3 pGSN-mediated induction of stem-like features in OVCA cells. 

 α5β1 integrin overexpression is significantly associated with OVCA progression, 

suboptimal residual disease, migration and drug resistance
4-6

. Although pGSN has been shown to 

interact with α5β1 integrin through fibronectin
7
, whether this interaction is involved in pGSN-

mediated chemoresistance has been demonstrated in this thesis. We have demonstrated that 

exosomal pGSN as well as rhpGSN activated the α5β1 integrin signalling cascade and induced 

the endogenous pGSN expression in an autocrine manner, a response that inhibited CDDP-

induced apoptosis in chemosensitive OVCA cells. Same responses explained how 

chemoresistant cells-derived pGSN in a paracrine manner conferred CDDP-resistance in 

otherwise chemosensitive OVCA cells. pGSN-mediated OVCA cell chemoresistance was 

associated with increased expression of the stem-like marker, Sall4 as well as increased colony 

formation, responses that may explain in part their resistance to CDDP treatment (Fig. 7.3). 
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Fig. 7.3. pGSN-mediated OVCA chemoresistance induce stem-like features. Chemosensitive 

OVCA cells, (A) OV2295 and (B) OV4453 were treated with exosomes (40 ug/400,000 cells; 24 

h) derived from OV2295 (chemosensitive), OV866(2) (chemoresistant), OV866(2)-pGSN-KD 

(siRNAs, 50 nM; 24 h), OV90 (chemoresistant) OVCA cells. OV2295 and OV4453 pretreated 

with exosomes were then treated with CDDP (10 μM; 24 h). Sall4 and β-tubulin contents were 

assessed by Western blotting. CDDP-induced apoptosis was measured by Hoechst staining 

morphologically. Colonies were stained by crystal violet and quantitated using image J. (a; 

***p<0.001 vs b). 
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7.4 Exosomal pGSN is present in human plasma and urine  

 We have demonstrated that circulating pGSN presents as a reliable and less-invasive 

biomarker indicative of early stage OVCA and predicting residual disease compared with the 

conventional CA125. These findings are contrary to the observed increased pGSN expression 

with advanced tumor stage. Whether this is due to increased urinary secretion with tumor 

development is not known. This is conceivable since increased actin concentration facilitates the 

clearance of pGSN from the blood, a mechanism that could occur in OVCA progression
8
. These 

observations motivated us to examine the urine of healthy volunteers for the presence of pGSN 

as a proof-of-concept to warrant our future investigation of OVCA patients’ urine, an approach 

that could provide a non-invasive platform to detect OVCA progression. Eight (8) healthy 

volunteers were thus, recruited and pGSN assessed in their urine using WB and sandwich ELISA 

(Aviscera Biosciences, Santa Clara, USA). We observed that pGSN and actin were present in the 

urine of all participants although at modest levels, suggesting that the levels could be elevated in 

OVCA progression due to increased clearance from the blood by actin
8
 (Fig. 7.4). Also, pGSN 

was detectable at 45 kDa, the molecular weight of actin, suggesting a possible truncation of 

pGSN and its interaction with actin. This could explain why circulatory pGSN levels decreased 

with increased tumor stage.  

 We have earlier shown that OVCA cells secrete pGSN of which a significant amount is 

carried via exosomes. Investigating exosomal pGSN in body fluids such as plasma and urine 

could therefore provide a more significant reflection of the tumor microenvironment. As a proof-

of-concept, we investigated the presence of exosomal pGSN in the plasma of two (2) HGS 

OVCA patients. We demonstrated that exosomes containing pGSN were present in the plasma of 

both patients (Fig. 7.5). The secretion of pGSN-containing exosomes by chemoresistant OVCA 
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cells could therefore present as a novel OVCA diagnostic opportunity as well as provide a more 

significant reflection of the tumor microenvironment. Future studies are therefore eminent to 

determine if circulating and urinary pGSN are predictive of OVCA stage, residual disease, 

chemoresponsiveness and survival in epithelial OVCA patients (as well as other histologic 

subtypes) by using a) whole pGSN and b) exosomal pGSN. 
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Fig. 7.4. pGSN and β-actin levels are detectable in the urine. 8 healthy volunteers were 

recruited, and urine samples collected. 100 μl of each sample was used in the pGSN assay using 

sandwich ELISA. The concentration of urine pGSN for each volunteer is plotted. 15 mL urine 

was concentrated and 30 μl of each sample used in the WB analysis and probed with pGSN and 

β-actin antibodies. N=number of volunteers.  

 

 

 

 

 

 

 

 



255 
 

 

 

 

 

 

 

 

 

Fig. 7.5. Exosomal pGSN is detectable in the plasma of HGS ovarian cancer patients. 

Plasma samples were collected from two (2) HGS ovarian cancer patients from CHUM, 

Montreal, and exosomes were isolated using total exosome isolation kit (Fisher Scientific). The 

particles were characterized by nanoparticle tracking analysis (size distribution) and WB (CD63 

marker). Vesicle concentration was analyzed in triplicated. pGSN content in exosomes and 

microparticles were detected using WB. (a; ***p<0.001 vs b). 
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CHAPTER 8 - DISCUSSION 

8 Overview and significance  

 Ovarian cancer is the most lethal gynaecological cancer with a 5-year survival rate 

<50%
1-3

. This is primarily due to late diagnosis, tumour recurrence and chemoresistance
2,4

. 

Although CA125 combined with trans-vaginal ultrasound is the conventional strategy to 

diagnose ovarian cancer, the non-specificity of CA125 makes this strategy unreliable
5,6

. Thus, 

most cases of ovarian cancer are diagnosed at late stages which compromise effective treatments 

and the survival of these patients. There is therefore the need for the discovery of novel, efficient 

and reliable biomarkers for the detection of ovarian cancer at an early stage. Chemoresistance is 

also a key obstacle to improved patient survival. The mechanisms involved with ovarian 

chemoresistance are multifactorial involving dysregulation of apoptotic genes, increased 

activation of oncogenes, increased metabolic activities and immune-suppression
7-12

. Although 

immunotherapy is effective in melanomas, breast cancers and other cancer types, little 

therapeutic success has been achieved in ovarian cancer
13-15

. Thus, there is an urgent need to 

investigate the ovarian tumour microenvironment to delineate the reason for the poor therapeutic 

success. pGSN is an actin-binding protein that has been implicated in inflammatory disorders, 

colon cancer metastasis and prostate cancer progression
16-20

. Although the cellular actions of 

gelsolin have been studied in the progression and treatment resistance of gastric
21

, prostate
20

, 

head-and-neck
10

 and ovarian cancer
11

, its role in the tumour microenvironment is yet to be 

established. Whether pGSN-mediated immune-suppression contributes to ovarian cancer 

chemoresistance remains to be investigated.  

 The goal of the thesis is to determine the role of pGSN in epithelial OVCA 

chemoresistance. The overall objective of the proposed study was to determine if and how 
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OVCA cell-immune cell interactions regulate chemosensitivity and how deregulation of these 

interactions modulate TME immunity as well as tumour chemosensitivity. We thus, investigated 

the autocrine and paracrine actions of pGSN in the ovarian tumour microenvironment as well as 

their prognostic significance using standard in vitro techniques and human clinical samples, 

respectively.  

 Exosomal pGSN induced HIF1α-mediated chemoresistance in an autocrine manner as 

well as conferred resistance to otherwise chemosensitive OVCA cell lines in a paracrine manner. 

pGSN-induced chemoresistance was also associated with increased endogenous production of 

pGSN, increased expression of stem-like marker, Sall4 and increased production of intracellular 

GSH. These responses could explain why CDDP accumulation (decreased phosphorylation of 

H2AX) was significantly decreased in pGSN-induced chemoresistant OVCA cells upon treating 

with CDDP. Although pGSN-mediated induction of stemness is intriguing, these findings are 

preliminary and therefore require further investigation.   

 Increased pGSN expression in OVCA tissues was significantly associated with poor 

prognoses regardless of the ethnic background of the patients and the histologic subtype of their 

tumour. Although increased infiltration of M1 macrophages and CD8+ T cells in the ovarian 

cancer islet was significantly associated with improved patient survival, increased expression of 

pGSN appeared to have blunted these survival benefits, an effect that drastically reduced patient 

survival. Further investigation revealed that pGSN induced caspase-3-dependent apoptosis in 

both CD8+ T cells and M1 macrophages, leading to decreased secretion of IFNγ and iNOS and 

TNFα respectively in these cells. Unlike CD8+ T cells and M1 macrophages, pGSN had no 

effects on CD4+ T cell viability but however, polarized them to type II helper T cells. These 

suggest that the mere presence of infiltrated immune cells in the ovarian tumour 
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microenvironment does not automatically imply patients will benefit from immunotherapy. This 

could explain why OVCA patients only benefit modestly from immunotherapies. Stratifying 

patients using tissue pGSN levels into immunotherapy responsive and non-responsive groups 

will therefore help maximize the therapeutic effects of these treatments.  

 We examined blood samples from OVCA patients if circulating pGSN could be used as 

an early diagnostic marker. Compared with CA125 (the conventional marker for OVCA 

diagnosis), pGSN had a higher test accuracy for the detection of stage 1 OVCA and residual 

disease. Combining pGSN and CA125 in a multi-analyte assay index exhibited significantly 

higher test accuracy for the detection of stage 1 diseases compared with either marker alone. 

Taking together, circulatory pGSN is a potential early detection marker as well as a reliable 

predictor of surgical outcomes. Although circulatory pGSN provides an improved test accuracy 

for early stage OVCA, we acknowledge that combining it with other biomarkers in a multi-

analyte index assay could further enhance its diagnostic accuracy. Thus, further developmental 

studies are needed to explore this possibility.  

 These studies for the first time demonstrate the oncogenic and immuno-suppressive roles 

of pGSN in epithelial OVCA chemoresistance (Fig. 1). Findings from these studies will provide 

insight to enhance the sensitivity of OVCA early detection, surgical interventions and maximize 

the efficacies of immunotherapy as well as other combinatory therapies to improve the 5-year 

survival rate of OVCA patients.  
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Fig. 8.1. Schematic diagram of the role of pGSN in epithelial OVCA chemoresistance. 1) 

pGSN is highly expressed and secreted (via exosomes) by chemoresistant OVCA cells compared 

with their sensitive counterparts. pGSN induce HIF1α-mediated chemoresistance in an autocrine 

manner as well as confers resistance to chemosensitive OVCA cells in a paracrine manner.  

Increased pGSN induce intracellular GSH production by activating NRF2. 2) pGSN-induced 

CD8+ T cell apoptosis is associated with decreased IFNγ secretion, an outcome that leads to 

decreased JAK1/STAT1 activation and increased GSH production. 3) pGSN induce M1 

macrophage apoptosis via caspase-3-dependent apoptosis resulting in reduced secretion of iNOS 

and TNFα. 4) Unlike CD8+ T cells, naïve CD4 T cells are polarized to type II helper T cells by 

pGSN which is marked by increased IL-4/IFNγ ratio. 5) Increased pGSN is significantly 

associated early stage OVCA disease and predicts suboptimal residual disease.  
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8.1 Experimental significance for using isogenic paired cancer cell lines 

 In addressing the objectives and hypotheses of my thesis, chemosensitive parental 

(A2780s) and its isogenic chemoresistant phenotype (A2780cp) OVCA cell lines were utilized. 

These matched paired cell lines were generously donated by Dr. Barbara Vanderhyden, The 

Ottawa Hospital Research Institute, Ottawa, Canada. The A2780s cell lines were obtained from 

serous cystadenocarcinoma OVCA whereas the A2780cp cell lines were derived from their 

parental (A2780s) cell lines by continuous exposure to increasing concentrations of CDDP in 

vitro (14 – 21 days). The availability of these matched paired cell lines has enabled us to 

investigate the cellular and molecular basis of OVCA chemoresistance by comparing differences 

(molecular pathogenesis, treatment responses, protein contents and outcomes of loss- and gain-of 

functions) between chemosensitive and chemoresistant phenotypes. Since both cell lines have the 

same genetic background, using them provides critical information to better delineate the 

molecular mechanisms of chemoresistance in OVCA cells. 

 Despite the relevance of isogenic cancer cell lines in investigating chemoresistance, there 

are a few draw backs for using these cells. Aside not being a true representation of the in vivo 

tumour model, they could also lose their original phenotype after passages beyond 25. These 

changes could impact the behaviour of the cell as well as responses to treatment. Although 

passage numbers were maintained below 25 during these studies, using human primary OVCA 

cells in future studies will further provide clinical information that is closer to in vivo tumour 

model. 
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8.2 Experimental significance of the use of clinical samples 

 Clinical samples (OVCA tissues and blood samples) from chemo-naïve patients of 

Western and Asian backgrounds were used in the current studies. These samples had 

accompanied by the clinical records of patients as well as their clinicopathological parameters 

(age, histologic subtypes, stage, residual disease, overall survival, progression-free survival and 

CA125 levels) and enabled us to analyse differential expressions of markers of interest. These 

markers were quantified and correlated with clinicopathological parameters such as PFS, PFI, 

OS, stage, residual disease and histologic subtypes. Thus, we were able to analyse the co-

localisation and association of pGSN and immune cells and provided the rationale to investigate 

the possible interaction of pGSN expression and immune cells in the OVCA cells.  The outcome 

from these studies enabled us to better understand OVCA progression and response to 

chemotherapeutic agents, patient immunological statuses, surgical outcomes, early diagnosis and 

the possible interaction between pGSN and immune cells. 

 

8.3 Antioxidant regulation in ovarian cancer chemoresistance  

Glutathione (GSH) and the nuclear factor erythroid 2-related factor (NRF2)-

dependent genes (xCT and GCLM) provide an advantage to cancer cells to become CDDP 

resistant
9,22

. Exogenous pGSN treatment increases GSH levels in the blood which mitigates 

radiation-induced injury in mice, although the exact mechanism has not been investigated
23

. 

Whether NRF2, an antioxidant transcription factor, is involved is yet to be investigated in the 

context of pGSN-mediated OVCA chemoresistance. In this thesis, we investigated GSH 

regulatory role of pGSN in OVCA chemoresistance. 
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We observed that elevated pGSN expression resulted in increased phosphorylation of 

NRF2 leading to increased production of GSH. These responses resulted in decreased 

accumulation of CDDP in the tumour cells (phosphorylation of H2AX) and reduced CDDP-

induced death. Our investigation of OVCA public datasets also revealed a significant correlation 

between pGSN and NRF2 mRNAs as well as its related gene, xCT. These findings could in part 

explain why most OVCA patients are resistant to platinum-based treatments. Fibroblast-derived 

GSH also confer CDDP-resistance in OVCA cells
24

, suggesting that GSH metabolism plays a 

key role in OVCA chemoresistance. Our current data is consistent with these findings and 

advances an intrinsic regulatory mechanism by which GSH is involved in pGSN-mediated 

OVCA chemoresistance. 

 

8.4 Clinical relevance of tissue pGSN expression and OVCA chemoresistance 

 Despite the enormous efforts in OVCA research, little success has been seen in terms 

of reliable prognostic markers, long term treatment and 5-year overall survival
1-3

. Thus, there is 

an urgent need to discover novel prognostic markers that will provide clinical advantages to 

OVCA patients regardless of their ethnic backgrounds. We thus, investigated the expression of 

pGSN in OVCA patients from North America (Canada), Asia (Japan) and public datasets 

(TCGA cbioportal). Unlike North America, the Asian cohort had unusual patient distribution in 

histology (high number of non-serous), age (< average age at diagnosis), tumour stage (~60% 

stage 1), surgical outcomes (> average complete/optimal residual disease) and treatment regimen 

(increased treatment response). This diversity could impart patient survival and could explain 

why this cohort of patients had relatively higher PFS compared with patients from North 

America. These strengthen the point that ethnic differences (e.g. genetic, lifestyle, dietary stc) 
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may play a possible role in ovarian cancer pathology, management and patient survival, an area 

which has been overlooked until recently.  

 Regardless of ethnic differences and histologic subtypes, pGSN expression was highly 

expressed in malignant tissues compared with normal tissues. Also, increased pGSN expression 

was significantly associated with increased tumour stage, suboptimal residual disease, 

recurrence, chemoresistance and poor survival. These findings are not only consistent with 

previous studies where increased total gelsolin expression in ovarian cancer
11

, head-and-neck 

cancer
10

, osteosarcoma
25

 and prostate cancer
20

 were significantly associated with poor prognosis, 

tumour recurrence and chemoresistance, but also demonstrate the clinical relevance of this 

isoform (pGSN) in OVCA patients with different ethnic backgrounds and histological subtypes. 

This suggests that pGSN is a potential OVCA prognostic marker independent of ethnic and 

histologic differences.  

 Aside pGSN expression in the TME, the extracellular matrix (ECM) and vasculature 

system might also play a role in OVCA chemoresistance
26

. ECM provides structural support and 

regulates other cellular activities as well. During tumorigenesis, the tumour-associated ECM 

serves as a gateway for cancer cell invasion and proliferation
26

. Since pGSN has tumorigenic 

properties and activates the Akt pathway, it is worth investigating if it has a role to play in ECM-

mediated cancer cell invasion and proliferation.  

 

8.5 Immuno-regulatory role of pGSN in the ovarian tumor microenvironment  

 Immunotherapy has achieved significant therapeutic success in haematological 

cancers and other solid cancer types
27-30

; however, they have achieved modest responses in 

OVCA patients
4,31

. These include but not limited to anti-CTLA-4 and anti-PD1/PD-L1. Anti-
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PDL1 achieved 1 partial response (PR) and disease stabilization (SD) in 2 patients in a phase 1 

clinical study involving 17 OVCA patients
27,32

. In another phase I trial, another anti-PDL1 

antibody showed 4 PR and 11 SD
32

. These modest responses require further investigations into 

the ovarian TME to discover novel targets to improve treatment successes. This motivated us to 

investigate if and how pGSN regulate the anti-tumour functions of T cells and tumour-associated 

macrophages in the OVCA chemoresistance.  

 In our clinical tissues, we observed that increased infiltration of CD8+ T cells and M1 

macrophages were both significantly associated with prolonged progression-free and overall 

survivals. Interestingly, the survival benefits of these infiltrated immune cells to OVCA patients 

were inversely and significantly associated with increased tissue pGSN expression, an 

observation that was marked by decreased PFS. In addition, we found that most of the CD8+ T 

cells that stained positive for pGSN were also positive for caspase-3, an indication of apoptosis. 

Patients with increased caspase-3+ CD8+ T cells were significantly associated with poor 

survival. Mechanistically, we observed that chemoresistant cell-derived exosomal pGSN induced 

caspase-3-mediated apoptosis in both CD8+ T cells and M1 macrophages compared with their 

sensitive counterparts. The reduction of the viability of CD8+ T cells and M1 macrophages were 

associated with decreased IFNγ and iNOS and TNFα, respectively. These findings are consistent 

with previous studies where pGSN induced cell death in T cells and NK/T cells as well as 

reduced pro-inflammatory cytokines (TNFα, IL-6 and IL-10) in macrophages. These suggest that 

the mere presence of T cells or M1 macrophages do not automatically imply improved survival; 

however, their functionality and viability determine therapeutic success. This could in part 

explain why immunotherapies have achieved modest responses in OVCA patients.  



265 
 

 The viability of infiltrated T cells is an important determining factor of a patient’s 

response to treatment and improved survival
14,33,34

. Thus, we investigated the reciprocal effects 

of immuno-suppressed T cells on OVCA cells. We observed that functional CD8+ T cells 

secreted increased levels of IFNγ which activated the STAT1 pathway in OVCA cancer cells, a 

mechanism that led to the reduction of GSH production and sensitized OVCA cells to CDDP-

induced death. The reverse happened when IFNγ secretion was reduced due to pGSN-mediated 

CD8+ T cells. A similar mechanism has been demonstrated in fibroblast where IFNγ reduced the 

production of GSH. For the first time, we have demonstrated how pGSN suppresses the anti-

tumour functions of T cells and M1 macrophages in OVCA chemoresistance. Tissue pGSN 

levels could therefore be used to stratify patients into immunotherapy responsive and non-

responsive groups, a strategy which could provide the clinicians an idea about the immunological 

status of OVCA patients. This approach could provide insight into maximizing the therapeutic 

efficiencies of immunotherapy which hitherto has provided modest results. 

 Recently, adoptive T cell transfer (ACT) therapy has received considerable attention as 

potential alternative treatment for OVCA patients
30

. ACT therapy is when autologous specific 

tumour infiltrating lymphocytes (TILs) are expanded ex-vivo and re-introduced into the same 

patient to generate tumour-specific immune response
30

. In a small pilot study with 13 recurrent 

OVCA patients, administering ACT after surgical resection and chemotherapy resulted in a 

significantly prolonged PFS and favourable clinical outcomes compared with the control 

subjects
35

. Our knowledge on the immuno-regulatory role of pGSN could enable one to select 

highly specific TILs for expansion and immune responses. Engineering T cells to express either 

pGSN-specific T cell receptors (TCRs) or chimeric pGSN receptors (CPRs) could also offer 

therapeutic advantages to OVCA patients. 
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8.6 Early diagnosis and residual disease in ovarian cancer 

 Tumour stage and residual disease are key prognostic factors with marked impact on 

OVCA patients’ treatment success and survival. Despite considerable efforts to screen for 

OVCA, minimal progress has been made to date on early detection
36-38

. In this thesis, we 

investigated the utility of circulatory pGSN as a biomarker for early diagnosis and residual 

disease. Although circulating pGSN alone had higher test accuracy compared with the 

conventional marker, CA125, the combination of the two markers provided a more sensitive 

diagnostic test for both stage 1 OVCA and residual disease. These suggest that including more 

promising markers such as CA153, LPA, HE4, VEGF, kallikreins and osteopontin in a multi-

analyte index assay could further enhance the test accuracy of pGSN
39-42

.  

 Circulating pGSN levels are inversely proportional to the tissue levels with regards to 

tumor stage. Although the reason(s) for this apparent discordance is not clear, it is possible that 

increased actin concentration resulting from disease-related tissue destruction facilitates the 

clearance of pGSN from the blood, thus resulting in decreased circulatory pGSN levels with 

increased tumour stage
43

. Ovarian tumour progression results in tissue invasion and, in the 

process, tissue destruction releasing actin into the circulation
44,45

. Whether the inverse correlation 

seen in the plasma is due to increased urinary excretion of pGSN-actin complex with tumour 

development is not known and worth investigated.  

 

 

 

 

 



267 
 

CHAPTER 9 - FUTURE RESEARCH DIRECTIONS 

 The current studies provide significant evidence that pGSN plays a key role in 

epithelial OVCA chemoresistance. Specifically, pGSN promotes tumour recurrence, 

chemoresistance, poor survival as well as suppress anti-tumour functions of infiltrated immune 

cells. This presents pGSN as an independent prognostic marker for epithelial OVCA patients. 

However, despite these major advances made as discussed in the previous section, there remains 

significant information gap in the current understanding on the molecular and cellular basis of 

OVCA chemoresistance and how these new principles could be applied in the development of 

new diagnostic and therapeutic strategies. These information gap includes but not limited to the 

following and require further investigation: (a) establishing the role of pGSN in chemoresistance 

in OVCA in vivo; (b) understanding why pGSN is expressed in higher levels in chemoresistant 

compared to chemosensitive OVCA cells; (c) specificity of immune-modulatory actions of 

pGSN in OVCA; (d) novel strategic approach in diagnostic development; and (e) pGSN as a 

novel target for alternative treatment. These possible future research directions are briefly 

elaborated hereafter.  

 

A) Establishing the role of pGSN in chemoresistance in OVCA in vivo 

1. Experimental significance of human primary OVCA cells 

 In the present studies, in vitro experiments were conducted using isogenic OVCA cell 

lines. We acknowledge the limitation of these cells and thus, propose the use of primary OVCA 

cells in key future studies to validate the molecular and cellular mechanisms involved. Primary 

human OVCA cells will be collected from human ovarian tumours as well as ascites with clinical 

information, such as sex, age, tumor stage, PFS, OS, PFI, histologic subtypes, treatment regimen 
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and residual disease. This makes it feasible to relate molecular findings with patient clinical 

outcomes to assess their relative importance to the patients’ prognosis, a strategy not achievable 

with isogenic cell lines. Another advantage of using primary human OVCA cells is that one 

could treat the cells with chemotherapeutic agent to assess the pre- and post-treatment response 

in vitro from the same tumour, which is difficult to achieve with TMAs. This makes it possible 

to investigate drug response mechanisms in the context of the clinical outcomes of the patients. 

 

2. Xenograft models 

 Although cell lines and human clinical samples provide convenient and informative 

findings, extending the current studies to include xenograft models will further provide insight 

into the molecular and cellular basis of OVCA chemoresistance and its target therapy in vivo
1
. 

We have shown that pGSN knockdown sensitizes chemoresistant OVCA cells to CDDP in vitro 

while its forced expression renders sensitive OVCA cells resistant to CDDP. We also observed 

that pGSN suppresses immune cell function by inducing cell death and increasing Th2/Th1 ratio, 

suggesting that T cell immunity may play a role in the action of pGSN in the regulation of 

chemosensitivity of OVCA. Dr. B Vanderhyden (uOttawa) has demonstrated that ID8 murine 

OVCA cells form tumors that resemble HGSC and has shown that these tumors are infiltrated by 

T cells. Our preliminary studies also revealed that murine ID8 cells express lower levels of 

pGSN and are also sensitive to CDDP-induced death (Fig. 1). This might explain the T cell 

infiltration observed by Dr. Vanderhyden in the ID8 tumors. Collaborating with Dr. 

Vanderhyden to define the role of pGSN in these tumors, ID8-GFP-luc-pGSN-OX murine cells 

(5×10
6
 cells/mouse), which are CDDP resistant after stably overexpressing pGSN 

(LentiCRISPRv2/cas-9 technology), will be GFP-tagged and injected intrabursally in syngeneic 
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mice to develop ovarian tumours. ID8-GFP-luc-pGSN-KO cells (LentiCRISPRv2/cas-9 

technology; 5x10
6
 cells) tumors will also be developed and ID8-GFP-luc murine cells expressing 

scrambled sequence used as control. The inclusion of GFP in the expression construct will 

facilitate whole animal imaging of tumour growth over the experimental period. When the 

tumour size reaches 0.5 cm in diameter, CDDP (5 mg/kg, i.p.) will be administered and changes 

in tumour volume will be measured weekly by bio-luminescent imaging. This dose of CDDP 

proposed to be used in this study is equivalent to the recommended dose used in human 

treatment. At humane endpoint, tumours will be processed for the assessment of tumour cell 

proliferation (Ki67; IHC), immune cell infiltration (CD8+, CD4+, TAMs, T regs; IHC/IF), CD8+ 

apoptosis and immunosuppressive cytokine expression (IFNγ, TNFα, IL-10). We anticipate that 

increased pGSN will result in decreased tumor burden, poor immune function and worse mice 

survival regardless of CDDP treatment, outcomes that will be reversed with pGSN KO.  

 We have observed that pGSN suppressed T cell function and thus we will study the 

involvement of T cells in the pGSN-mediated response. We will compare CDDP responsiveness 

of the tumour developed in C57BL/6 mice with B6.129P2-Tcrbtm1Mom/J KO mice (deficient in 

T cell beta receptor) with and without CDDP treatment. To investigate if T cell responses are key 

to inhibiting pGSN-mediated tumour growth and CDDP-resistance, we will assess tumour 

burden and regression (bioluminescent imaging), immune responses, apoptosis and survival 

(Kaplan-Meier analysis). Since ID8 cells express lower levels of pGSN, we anticipate that 

tumour growth in vivo will be low irrespective of the host immune status and suppressed by 

CDDP treatment although not significantly affected by pGSN knock-out (LentiCRISPRv2/cas-9 

technology).  
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Fig. 9.1. pGSN up-regulation in murine ID8 cells attenuated CDDP-induced apoptosis. 

Murine ID8 cells were transfected with pGSN cDNA (1 µg; 24 h) and treated with CDDP (10 

µM; 24 h). Empty plasmids were used as controls. pGSN and HIF1α contents were assessed by 

WB and apoptosis examined by Hoechst nuclear staining. Three (3) independent replicates were 

done and a representative blot shown. (a; ***p < 0.001vs b, a; *p < 0.05 vs c). N=3.  
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In contrast, pGSN overexpression would enhance tumor growth in normal immune environment 

(C57BL/6 mice), a response not affected by CDDP. Moreover, the same cells in immune-

compromised mouse (B6.129P2-Tcrbtm1Mom/J KO mice) will lead to increased tumor burden 

and decreased CDDP-induced apoptosis and cancer survival.  

 Xenograft models are useful in explaining the cellular and molecular basis of OVCA 

pathology since the pGSN expression in these isogenic cell lines could easily be manipulated 

using loss- and gain-in-function strategies. However, we also acknowledge the limitations of this 

model. Isogenic OVCA cell lines used to establish xenograft models upon several passages lose 

their genetic properties and heterogeneity, changes that affect tumor development. Also, tumours 

developed using this model may not necessarily be true representation of tumor heterogeneity as 

observed in OVCA primary tumors. These limit the use of cell line-xenograft models in the 

investigation of drug and immune responses. In order to circumvent these limitations, PDX 

model will be established using human primary OVCA cells to complement the findings 

observed in the cell line-xenograft model. 

 

3. Human primary OVCA cell xenograft model (PDX) 

 PDX models are established when immuno-deficient mice are implanted with human 

OVCA primary tumour tissues or ascites-derived tumour cells. This model enables the tumour to 

grow in a physiologic TME similar to that of patient primary tumours, maintain their genetic and 

molecular features as well as preserve the heterogeneous population of cells as observed in 

OVCA primary tumors
2-4

. These features of PDX models are difficult to achieve in isogenic cell 

line-xenograft models. 
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 Thus, PDX models will be used to investigate the role of pGSN in epithelial OVCA 

chemoresistance and immunological responses in future studies. Instead of isogenic OVCA cell 

lines, chemosensitive (PFI > 6 months) and chemoresistant (PFI ≤ 6 months) human primary 

tumours will be injected intrabursally in syngeneic mice to develop ovarian tumours and 

extended with the above experimental strategies and endpoints.   

 

B) Understanding why pGSN is expressed in higher levels in chemoresistant compared to 

chemosensitive OVCA cells 

 In the current study, we observed that pGSN expression is higher in chemoresistant 

OVCA cells compared with their sensitive counterparts irrespective of their histologic subtype. 

Whether this differential expression is as a result of dysregulation upstream of the GSN gene is 

yet to be investigated. MicroRNAs (miRNAs) are short single-stranded non-coding RNAs that 

negatively regulate gene expression by inhibiting mRNA expression or protein translation. 

miRNAs have been implicated in several pathologies including cancers. In a recent study, GSN 

was identified as a functional target of miR-200a, an action that regulates GSN expression and 

hepatocellular carcinoma progression
5
. Specifically, miR-200a expression was relatively higher 

in normal cells compared with malignant cells. MiR-200a overexpression in cancer cells 

significantly reduced GSN expression suggesting that GSN is a functional target of miR-200a
5
. 

Our interrogation of public datasets (TCGA, Nature 2011) also revealed a significant (P = 0.006) 

negative correlation between miR-200a and pGSN mRNA expression although the association 

was weak (Pearson = -0.12) (Fig. 9.1). If and how miR-200a regulates pGSN levels in OVCA 

chemoresistance, thus contributing to the differential expression observed, needs further 

investigation.  



273 
 

 

 

 

 

 

 

 

 

 

Fig. 9.2. pGSN mRNA expression is inversely correlated with miR-200a expression. 489 

ovarian serous cystadenocarcinoma patients were interrogated in public datasets (TCGA, Nature 

2011). mRNA levels of pGSN were inversely correlated with miR-200a expression using the 

Pearson’s correlation test. P = 0.006; N = 489. 
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 In our future studies, miR-200a and pGSN mRNA abundance and protein content will be 

examined in both chemosensitive and chemoresistant OVCA cells to determine the relationship 

between miR-200a and pGSN in the context of chemoresistance. CDDP effect on the expression 

levels of miR-200a and pGSN will also be assessed. MiR-200a loss- and gain-in-function will be 

investigated in OVCA cells using miR-200a mimic and inhibitors in chemoresistant and 

chemosensitive OVCA cells, respectively to establish the role of miR-200a in regulating pGSN 

levels. Synthetic scrambled non-targeting double-oligonucleotide will be used as a control. To 

measure the functional effect of miR-200a, pGSN mRNA, protein content and CDDP-induced 

apoptosis will be assessed and compared between the chemosensitive and chemoresistant OVCA 

cells. 

 We expect that the relative basal levels of miR-200a in the chemosensitive OVCA cells 

will be significantly higher compared with their chemoresistant counterparts. Also, increased 

levels of miR-200a will sensitize OVCA cells to CDDP-induced apoptosis, a mechanism that 

may explain the differential expression of pGSN in OVCA chemoresistance as well as provide a 

promising prognostic tool and target for the treatment of OVCA patients. 

 

C) Specificity of immune-modulatory actions of pGSN in OVCA 

 We have demonstrated that pGSN attenuates the anti-tumour functions of T cells and M1 

macrophages. In addition to T cells and macrophages, natural killer (NK) cells play a key 

effector role in immune-surveillance in the TME. NK cell suppression in the tumour 

microenvironment is significantly associated with poor prognosis in OVCA. As to whether 

pGSN is involved in the suppression of NK cells in OVCA chemoresistance is yet to be 

investigated. A previous study has demonstrated that pGSN overexpression promoted NK cell 
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line apoptosis although its clinical implication was not investigated. Thus, we hypothesize that 

increased tumour expression of pGSN will induce NK cell exhaustion and apoptosis resulting in 

chemoresistance and reduced patient survival. The immuno-regulatory role of pGSN in NK cells 

will be assessed using OVCA isogenic cell lines, primary OVCA cells and OVCA tissues.  

 NK cells densities in the ovarian TME will be analysed by IF and correlated with clinical 

outcomes such as PFS, OS, PFI, tumour stage and residual disease to determine their prognostic 

impact. Patients will also be stratified by tissue pGSN levels and NK cells and groups correlated 

with patient survival. This will provide clinical information whether pGSN expression may 

hinder the prognostic impact of infiltrated NK cells, as demonstrated in T cells and macrophages. 

To further demonstrate how the effector functions of NK cells are inhibited in human OVCA 

tissues, co-culture systems of NK cells with chemosensitive and chemoresistant OVCA cells will 

be established to investigated how NK cells’ function are regulated in relation to chemo-

responsiveness. Apoptosis and anti-tumour soluble factors will be measured using annexin V 

flow cytometry and ELISA, respectively. pGSN loss and gain-in-function studies will be 

conducted with pGSN siRNA and cDNA respectively to demonstrate the immuno-suppressive 

role of pGSN in NK cells. We anticipate that increased pGSN will suppress the anti-tumour 

effects of NK cells contributing to OVCA chemoresistance. The outcome of this study will 

provide pre-clinical information of the potential role of NK cells in OVCA patient survival as 

well as enable the stratification of NK cell-based therapy (immunotherapy) responsive and non-

responsive patients based on tissue pGSN levels. These novel strategic efforts will not only 

enhance the therapeutic effects of immunotherapies but also prolong patient survival.  
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D) Novel strategic approach in diagnostic development 

 Circulating pGSN has higher test accuracy for the detection of early stage OVCA 

compared with the conventional marker, CA125. The test accuracy was further enhanced when 

pGSN and CA125 was combined in a multi-analyte index assay. Although CA125 is used in 

tandem with transvaginal ultrasound (TVS), their diagnostic accuracy have not yielded much 

success partly due to the non-specificity of CA125. TVS has a superior ability to image the ovary 

although its specificity is not sufficient to provide higher test accuracy especially in early stage 

OVCA. Thus, there is the need to discover biomarkers that could complement the imaging 

superiority of TVS to successfully detect early stage OVCA. We hypothesize that combining 

multi-analyte index assay (pGSN/CA125) with TVS will further enhance the diagnostic 

superiority of pGSN in the detection of early stage OVCA patients. 

 To investigate this possibility, OVCA patients will be recruited and the image of their 

ovaries taken using TVS. CA125 and pGSN concentrations will also be measured in the plasma 

of these patients. The parameters, TVS, CA125 and pGSN will be combined in a multi-analyte 

index assay as previously demonstrated and dichotomized by their median cut-offs into low and 

high. The groups (low vs. high) will be correlated with the tumour stages of the patients. 

Receiving operating characteristic (ROC) curves will be used to assess the performances of 

multi-analyte index assay over their entire range of values. The area under the curve (AUC) will 

be used as an index of global test performance to predict early stage. The outcome from this 

study will provide a highly sensitive and specific diagnostic strategy for the detection of early 

stage OVCA, an approach that will significantly contribute to a successful treatment of OVCA.  
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E) pGSN as a novel target for alternative treatments 

 In our current studies, we have demonstrated that pGSN expression promotes ovarian 

tumor recurrence, chemoresistant and immune-suppression. Thus, targeting pGSN expression 

presents as a novel approach to enhancing treatment responses and survival in OVCA patients. 

Additionally, pGSN targeting could be combined with other tested therapies such as below to 

maximize therapeutic effects in OVCA.  

 

1. Nanomedicine based pGSN therapy 

 Nanotechnology has gained significant attention as a potentially alternative approach to 

cancer treatment due to its unique properties in size, advanced delivery, precise molecular level 

control of cellular and TME interactions
9
. Our laboratory has previously demonstrated that the 

C-terminus of the gelsolin protein sensitized chemoresistant OVCA cells to CDDP-induced 

apoptosis
11

. Thus, packaging the C-terminus in nanoparticles could serve as a novel therapeutic 

strategy to sensitize chemoresistant OVCA cells to CDDP-induced death.  

 Encapsulation of therapeutic peptides in biocompatible and biodegradable polymeric 

nanoparticles is an emerging trend in biopharmaceutic development. In collaboration with Dr. 

Dar-Bin Shieh (NCKU, Taiwan), we will design and optimize the nanoformulation tailored for 

the GSN sub-fragment. To effectively transfer the therapeutic GSN sub-fragment into target 

cancer cells, we will use a polymeric nano-vehicle with cell-penetrating peptide (CPPs) and 

cancer cell targeting ligand (folate-modified PEG; folate receptor is highly expressed on cancer 

cells but barely or minimally expressed on normal cells) as the platform (Fig. 9.2). CPP-GSN 

sub-fragment complex will facilitate trans-membrane delivery of the peptide as guided by folate 

receptor-mediated cancer cell targeting. The transmembrane delivery of CPP-GSN sub-fragment 
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will first be validated in vitro by Western blotting. To compare the efficacy of the new nano-

delivery system, in vitro cytotoxicity assays (MTT), cell cycle analysis, G2/M regulators 

investigation and mitosis and apoptosis evaluation will be performed to compare its mechanism 

of action. We will also assess and improve the stability, controlled release, and delivery of the 

complex and prepare pilot scale up for the animal study. Acute, sub-acute and chronic systemic 

toxicity of CPP-GSN-sub-fragment-PLGA-CDDP will be determined in vivo using 7-week-old 

BALB/c mice. The outcome from this study will provide the basis for future prospective clinical 

studies on their safety and effectiveness in chemoresistant OVCA treatment. 

   

2. Immune Checkpoint Blockers (ICBs) 

 Previous studies on immunotherapies in OVCA have yielded modest positive outcomes. 

This has resulted in the combination of immunotherapies with other treatment modalities such as 

radiotherapy, chemotherapy and targeted therapies. These new approaches have shown 

therapeutic promise and hence, clinical trials are underway to further validate their safety and 

efficacy. Currently, there are ongoing clinical trials testing the combination of anti-CTLA-4 and 

PARP inhibitor (NCT02571725) as well as anti-PDL1 and bevacizumab (NCT02659384) in 

ovarian cancer patients. Pre-clinical studies have demonstrated the efficacy of anti-PDL1 and 

paclitaxel/carboplatin chemotherapy combination on ovarian cancer cells which has warranted an 

ongoing phase II clinical trial (NCT02520154) combining paclitaxel/carboplatin chemotherapy 

and pembrolizumab.  

 Combining pGSN inhibitors (oligonucleotide sequences that degrades pGSN mRNA) 

with immune checkpoint blockers (ICBs) could be tested in pre-clinical models, strategies that 

will generate important clinical information for subsequent clinical trials.  
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Fig. 9.3. Schematic diagram of therapeutic targeting nanoformulation with GSN sub-

fragment. Nano-vehicle with cell-penetrating peptide (CPPs)-GSN complex, anti-cancer drug 

loading site and cancer cell targeting ligand (folate-modified PEG) as the platform. CPP-GSN 

sub-fragment complex with a sequence will facilitates trans-membrane delivery of the peptide as 

guided by folate receptor-mediated cancer cell targeting (Curtesy of Professor Dar-Bin Shieh, 

National Cheng Kong University, Tainan, Taiwan). 

.  
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OVCA PDX models with chemosensitive and chemoresistant OVCA primary tumors will be 

established as previously discussed and tumour treated CDDP, pGSN inhibitors and/or anti-

CTLA-4 monoclonal antibody intraperitoneally. pGSN inhibitors will suppress the expression 

and secretion of pGSN, a mechanism that will prevent the autocrine feedback of pGSN in OVCA 

cells as well as the paracrine suppression of immune cells.  To demonstrate the efficacy of pGSN 

inhibitors in combination with/without the other treatments, tumours will be resected and their 

volumes measured for tumour growth. Immune cell infiltration and mice survival will be 

measured as previously discussed. We expect that the combination of pGSN inhibitors and anti-

CTLA-4 monoclonal antibody will be associated with lower tumour burden, increased immune 

cell infiltration and prolonged mice survival.  
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CHAPTER 10 - CONCLUSION 

 This thesis delineates the cellular and molecular mechanisms of epithelial OVCA 

chemoresistance in both Western and Asian cohorts. We have demonstrated that pGSN increased 

ovarian tumour recurrence, chemoresistance and suppressed anti-tumor functions of immune 

cells, end points that were significantly associated with poor patient survival. These novel 

findings include: a) pGSN transported by small extracellular vesicles b) pGSN upregulated 

FAK/Akt/HIF1α–mediated pGSN endogenous expression in chemoresistant OVCA cells in an 

autocrine manner as well as conferred cisplatin resistance in otherwise chemosensitive OVCA 

cells; c) pGSN induced intracellular GSH in OVCA cells which led to decreased accumulation of 

CDDP (decreased phosphorylation of H2AX) and thus, reduced CDDP-induced apoptosis; d) 

pGSN decreased IFNγ production which was secondary to pGSN-mediated CD8+ T cell death 

via FLIP downregulation and caspase-8/3 activation; e) pGSN polarized CD4+ T cells to type II 

helper cells and f) pGSN induced M1 macrophage apoptosis resulting in decreased production of 

iNOS and TNFα.  

 In our clinical investigations of North American, Asian and public OVCA patient 

cohorts, we found that increased tissue pGSN expressions were significantly associated with 

advanced tumour stage, suboptimal residual disease, tumour recurrence, chemoresistance and 

poor survival. Also, increased pGSN was associated with lowered survival benefits of infiltrated 

CD8+ T cells and M1 macrophages in OVCA patients, outcomes that were associated with 

reduced PFS. Circulating pGSN presented a better early diagnostic marker and predictor of 

residual disease for OVCA patients compared with CA125. The test accuracy was further 

enhanced when circulating pGSN was combined with CA125 in a multivariate assay index.  
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 Our findings provide mechanistic and clinical evidence of pGSN as an inhibitor of 

immune-surveillance and promoter of chemoresistance in epithelial OVCA. Our efforts provide 

useful information for OVCA early diagnosis and surgical outcomes as well as maximizing the 

efficiency of immunotherapy and combinational therapies for chemoresistant OVCA. 
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