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Abstract 

Epithelial ovarian cancer accounts for 5% of all cancer deaths and greater than 

50% of all gynaecological cancer deaths. It presents at a late clinical stage in more 

than 60% of patients, and is associated with a 5-year survival of only 30% in this 

group. In contrast, the 5-year survival for patients with organ-confined stage I 

ovarian cancer exceeds 90%, and most patients are cured of their disease. Thus, 

the detection of early stage ovarian cancer is the best way to improve survival. No 

clinically applicable method exists for the early detection of ovarian cancer. Hence, 

there is an unmet medical need for an accurate screening test. 

 

Most scientific efforts towards early detection are focused on the discovery of 

tumour-associated antigens (TAA). Autologous antibodies against TAAs, however, 

may serve as more sensitive diagnostic markers. They circulate in the blood 

before TAAs and are usually more abundant than the TAAs themselves as a result 

of amplification through the humoral immune response. Accumulating evidence 

also suggests that a humoral response already exists during malignant 

transformation when aberrant gene expression is translated into premalignant 

cellular changes. 

 

In this thesis, potential autoantibody biomarkers for ovarian cancer were 

discovered, verified and validated as an early detection test. A new 

immunoproteomic strategy was developed to identify novel autoantibodies that 

were elevated in serous ovarian cancer patients. Lysate extracted from the ovarian 

tissue of a patient was applied to an immunoaffinity column generated with 

autologous antibodies and a paired control immunoaffinity column. Relative 

quantification of captured autoantigens was performed using isotope coded protein 

label (ICPL) technology coupled with high resolution LC-MS. At a protein ratio 

cut-off of 1.45-fold, 148 autoantibodies were found to be enriched in ovarian 

cancer patients compared to the corresponding controls. 
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Upon bioinformatic prioritisation 50 autoantibody candidates were selected for 

verification. Protein microarray analysis of 98 samples revealed 9 autoantibody 

candidates to be significantly different in early stage cancer patients compared to 

healthy and benign controls. Biomarker candidates anti-ANXA1, anti-SAHH and 

anti-ARP3 showed the greatest potential where each marker achieved greater 

than 90% specificity at 83.3% sensitivity. As a 4-biomarker panel with the ‘gold 

standard’ for ovarian cancer detection, cancer antigen (CA)125, a sensitivity of 

76.5% at 100% specificity was attained. These values of sensitivity and specificity 

for early stage ovarian cancer surpassed the minimum requirements for an 

implementable screening test and showed great promise as a diagnostic tool. 

 

Validation of the top three autoantibody candidates using protein microarray 

revealed anti-ANXA1 to be the most robust and effective biomarker for stage I 

cancer detection. As a single biomarker anti-ANXA1 had 81.8% sensitivity and 

71.9% specificity for stage I cancer compared to healthy and benign controls. 

Excitingly, in combination with CA125, a sensitivity of 71.4% at 100% specificity 

was achieved when differentiating stage I cancer patients from healthy individuals. 

For this level of effectiveness a positive and negative predictive value of 100% and 

99.99% was achieved, respectively. Therefore, a biomarker panel containing 

anti-ANXA1 and CA125 may enable the development of a detection test that can 

be used to screen for stage I serous ovarian cancer in the general population. This 

promising discovery demands further investigation where continuing analysis in 

prospective samples is essential. 

 

The discovery of a screening test is crucial to reduce the morbidity and mortality 

caused by ovarian cancer. This study investigates the presence of differential 

autoantibody signatures in serous ovarian cancer patients as potential biomarkers. 

Additionally, those identified TAAs that are functionally involved in carcinogenesis 

could also serve as therapeutic targets. Finally, the immunoproteomic approach 

developed here could be used in studies aiming to discover novel autoantibody 

biomarkers for other asymptomatic malignancies.  
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Chapter 1 Manuscript Context 

A deep understanding of ovarian cancer, the immune system, biomarkers as well 

as proteomics and mass spectrometry was essential to perform the quality of 

research presented in this thesis. To this end a comprehensive literature review on 

ovarian cancer autoantibody biomarkers and discovery techniques was performed. 

Furthermore, an appreciation of the current ‘gold standard’ biomarker for ovarian 

cancer, cancer antigen (CA)125 was critical in order to understand the current 

challenges, requirements and need for a screening test for ovarian cancer. In joint 

authorship, mining of the literature was performed to produce an extensive review 

on the structure and function of CA125. These two reviews, which form parts of 

chapter 1, summarise the current knowledge and challenges faced in the field of 

ovarian cancer detection and screening. 
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Chapter 1: Introduction 

1.1 Ovarian Cancer 

The ovaries are specialised organs of the female reproductive system that 

have vital roles in the production of sex steroids and oogenesis. The ovary is 

structured so that an epithelial cell layer protects the maturating germ cells (ova) 

and the hormone releasing stromal cells. It is from these three cell types that 

ovarian cancer may develop with varying frequency (Table 1). Epithelial derived 

ovarian cancer (carcinoma) is the major histological type encompassing seven 

subtypes (Table 2). The most prominent of which is serous carcinoma that is 

primarily diagnosed at an advanced stage compared to the other major subtypes1. 

As these subtypes have different morphological features, genetic and molecular 

changes as well as patient prognosis and response to therapy, gathering evidence 

suggests each subtype should be considered separately in clinical and biomarker 

studies2. 

 

Table 1: Incidence of cancer arising from different ovarian histological types 

(table adapted from 3). 

Type of ovarian cancer Frequency (%) 

Epithelial carcinomas 83.7 

Sex cord-stromal tumours 1.3 

Germ cell tumours 3.9 
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Table 2: Incidence of cancer arising from different histological subtypes of 

ovarian carcinoma (table adapted from 1). 

Ovarian carcinoma subtype Frequency (%) 

Serous  68-71 

Mucinous  3 

Endometrioid  9-11 

Clear cell  12-13 

Transitional cell  1 

Mixed cell  6 

†Undifferentiated carcinoma not reported  

 

The causes of ovarian cancers are still largely unknown, however trends implicate 

age and family history as two major contributors. The lifetime risk of ovarian 

cancer is low at 1.38%4 but it rises with increasing age. The majority of diagnoses 

(60%) are made in women aged 60 years or older compared to 7% of diagnoses 

that are women under 40 years of age3. Hereditary cancers, accounting for 10% of 

epithelial ovarian cancers, are associated with a significant lifetime risk compared 

to sporadic tumours5. These tumours are known to arise from germ line mutations 

in the BRCA1 and BRCA2 tumour suppressor genes and, to a lesser extent, 

hMLH1 and hMSH2 gene mutations. Other explanations for the development of 

ovarian cancer include the incessant ovulation6, pituitary gonadotropin and 

androgen/progesterone hypotheses7. 

 

Ovarian cancer is the leading cause of death from gynaecological malignancies3,4. 

It accounts for 5% of all cancer deaths among women with an estimated 22,240 

new cases and 14,030 deaths from ovarian cancer in the United States in 20134. 

The poor prognosis and high mortality associated with the disease have not 

significantly improved over the last 30 years despite advances in treatment8. This 

arises as ovarian cancer development is largely asymptomatic resulting in the 
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majority of patients (60%) presenting with advanced disease (International 

Federation of Gynecology and Obstetrics (FIGO) stage III and IV) (Table 3)4,9. 

Current therapies prove effective for patients with early stage disease (FIGO stage 

I/II) where 5-year survival rates range from 55% to 92% (Table 3)9. Their value, 

however, is limited for patients with advanced stage disease where the 5-year 

survival is only 6% to 22% (Table 3)4,9,10. This suggests that diagnosis and 

intervention at tumour stage I or stage II would improve the overall survival of 

patients, thus highlighting the importance of an effective screening method for 

ovarian cancer. 

 

Table 3: Stage of ovarian cancer at detection and the respective survival 

outcome (table adapted from 9). 

Stage at diagnosis Frequency (%) 5-year relative survival (%) 

Stage I 29 92.0 

Stage II 4 55.1 

Stage III 45 21.9 

Stage IV 15 5.6 

Unstaged 6 27.6 

 

Although the aetiology of ovarian cancer is still poorly understood11-13 early 

detection and screening should be feasible as the oncogenic development of the 

tumour is somewhat consistent with three key biological requirements14. Firstly, 

the majority of ovarian cancers have been found to arise from and are genetically 

identical to a single, aberrant cell of the ovary15-17. Interestingly, a proportion of 

high-grade serous carcinomas are believed to arise from tubal intraepithelial 

carcinoma (TIC)15,18. Secondly, stage I tumour growth that is limited to the ovaries 

can be detected prior to acquiring metastatic potential and disseminating into the 

pelvis19. Thirdly, the duration in which the tumour growth is restricted to the ovary 
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may be sufficient for detection prior to metastasis14,20. Together these tumour 

properties allow for the potential to screen for early ovarian disease. These 

aspects satisfy two of ten important screening principles, outlined by the World 

Health Organisation (WHO), in that; 1) “there should be a recognisable latent or 

early symptomatic stage” and 2) “The natural history of the condition, including 

development from latent to declared disease, should be adequately understood”21. 

 

These guidelines, developed by Wilson and Jungner, also focused on the clinical 

impact of a screening test21. This included consideration of 1) the importance of 

the disease, 2) effective treatment of the disease upon detection, 3) availability of 

diagnosis and treatment facilities, 4) validity of the test, 5) acceptability of the test 

by individuals, 6) a defined target population, 7) cost effectiveness and 8) ongoing 

testing. Each principle assesses the value of a screening test for early disease 

detection, which can be readily applied to ovarian cancer. 

1.1.1 Detection of Ovarian Cancer 

The effectiveness of a screening test is based on its sensitivity and 

specificity for the disease. Sensitivity represents the proportion of truly diseased 

persons in a screened population who are identified as being diseased by the test. 

It is a measure of the probability of correctly diagnosing a condition (Scheme 1b). 

Specificity is the proportion of truly non-diseased persons who are identified by the 

screening test. It is a measure of the probability of correctly identifying a 

non-diseased person (Scheme 1b). In screening and diagnostic tests, the 

probability that a person with a positive test is a true positive (i.e., has the 

disease), is referred to as the positive predictive value (PPV); whereas, the 

negative predictive value (NPV) is the probability that the person with a negative 

test does not have the disease (Scheme 2a and b). 
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Due to the low lifetime risk of a woman developing ovarian cancer in the 

population the minimum requirements for a global screening strategy to detect 

early ovarian cancer are benchmarked at >75% sensitivity and 99.6% specificity22-

24. These values aim to generate a PPV of 10% where no more than 10 suspected 

individuals would need to undergo surgery to confirm one ovarian cancer case. 

Due to potential complications associated with surgery25 a PPV less than 10% has 

been deemed unfavourable. 

 

Currently, transvaginal ultrasonography (TVU) and serum levels of the cancer 

antigen 125 (CA125) are used alone or in combination to diagnose ovarian cancer. 

However, both approaches have limitations that render them inappropriate for 

screening the general population. TVU alone has poor diagnostic power where a 

sensitivity of 84.9%, specificity of 98.2% as well as PPV of 5.3% for primary 

ovarian and tubal cancer have been reported in an ongoing ovarian cancer 

screening study26. 

 

The discovery of CA125 represented a milestone for ovarian cancer detection. In 

1981, Bast and co-workers identified a murine monoclonal antibody, OC125, 

which reacted almost exclusively with ovarian cancer cell lines and cryo-preserved 

tissue of ovarian cancer patients27. An immuno-assay for the detection of the 

OC125 antigen (CA125) in serum was soon developed and demonstrated a 

significant correlation between CA125 expression levels and the regression, 

stability or progression of epithelial ovarian carcinomas28. Here, a serum CA125 



 

Page | 6  

 

level over 35 U/ml was shown to discriminate between healthy and disease 

cases28. Although effective at identifying 90% of patients with ovarian tumours that 

have spread beyond the ovaries and/or have metastasised (stage II, III and IV), 

CA125 is only elevated in 50% of patients with organ-confined stage I ovarian 

cancer29,30. 

 

Another caveat to the use of CA125 is its elevation in 29% of patients with 

non-gynaecological cancers as well as individuals presenting with benign 

conditions such as endometriosis, menstruation and pregnancy28,31. Due to the 

lack of specificity of CA125 a risk of malignancy index (RMI) is commonly used in 

clinical practice, which is an algorithm combining CA125 levels, ultrasonographic 

findings and menopausal status of the patient. Using this approach 85% sensitivity 

and 97% specificity can be achieved when distinguishing benign from malignant 

ovarian disease32. 

 

A large randomised controlled trial (RCT) of ovarian cancer screening (OCS) that 

is ongoing in the United Kingdom, involving 200,000 postmenopausal women (UK 

Collaborative Trial of Ovarian Cancer Screening, UKCTOCS, www.ukctocs.org) in 

a multimodality approach, estimates a woman’s risk of ovarian cancer (roc)26. 

Here, an initial roc is determined from age and then adjusted based on the fit of 

that individual’s serial CA125 profile to the change-point model derived from 

diagnosed cases in comparison to the flat profile model derived from established 

controls33,34. Women who are found to have a high roc then undergo screening by 

TVU. Preliminary results are promising but it remains unknown if this multimodality 

screening with CA125 will improve disease specific mortality. 

 

Recently, the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening 

Trial (http://prevention.cancer.gov/plco) has reported the findings from a RCT of 

OCS conducted in the United States between 1993 and 201025. In this study 

annual screening with TVU for 3 years and serum CA125 measurements for at 

least 4 years after the initial examination were provided to 34,253 women 

http://www.ukctocs.org/
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(intervention group) and ‘usual care’ was given to 34,304 women (control group). 

Interestingly, ovarian cancer diagnosis and related mortality between the two 

groups were similar with a rate ratio of 1.21 and 1.18, respectively. Although this 

suggests annual screening of the general population by CA125 and TVU does not 

improve the mortality rate from ovarian cancer, this study had various limitations35. 

The primary criticism being the use of absolute CA125 serum levels as a form of 

assessment compared to the roc algorithm that is shown to have a higher 

sensitivity and specificity34. As adequate screening methods have not yet been 

realised the discovery of novel ovarian cancer biomarkers with high specificity and 

sensitivity are warranted. 

1.1.2 Potential Biomarkers of Ovarian Cancer 

By definition, a biomarker is “a characteristic that is objectively measured 

and evaluated as an indicator of normal biological processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention”36. To date 

numerous potential biomarkers for the detection of ovarian cancer have been 

reported in the literature (reviewed 24,37-41). The vast majority are proteins 

produced by the cancer, which can be identified in the sera of patients. A major 

limitation of these proteins as biomarkers is the inability to detect them at early 

stages of cancer development. This arises due to low amounts of the protein being 

secreted by small, early stage cancerous lesions and the high dynamic range of 

proteins in serum (12 orders of magnitude)42. 

 

Although few biomarkers have been assessed for diagnostic power in 

combinatorial studies with CA125, a consensus exists that for early detection of 

ovarian cancer a panel of biomarkers is required. This would ultimately enhance 

the sensitivity and specificity of a screening test to a level that is viable for 

large-scale application43. This is also true for other cancers where a compilation of 

1,261 candidate biomarkers from the literature has been performed in hope that a 

panel will have better clinical potential than the individual marker for detecting 

cancer44,45. 
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One protein biomarker that has shown great promise is human epididymis protein 

4 (HE4; UniProtKB recommended name: WAP four-disulfide core domain protein 

2). An early study, assessing the discriminatory power of the HE4 protein levels in 

patient sera, demonstrated similar sensitivities and specificities as CA125 at 

correctly classifying early and advanced stage ovarian disease from healthy 

individuals46. Additionally, immunohistochemical assessment of the four major 

histological subtypes of ovarian carcinoma revealed overexpression of HE4 in 

93% serous, 100% endometrioid and 50% clear cell tumours but not in mucinous 

carcinomas47. 

 

Furthermore, HE4 has been shown to be a superior marker to CA125 when used 

to discriminate between women with benign conditions and malignant tumours46,48. 

Investigation of 1042 women, diagnosed with a broad range of benign 

gynaecological diseases, revealed CA125 to be more frequently elevated than 

HE4 in women with endometriosis, benign serous ovarian tumours, uterine 

fibroids, dermoids and inflammatory disease49. Not surprisingly, HE4 

demonstrated a greater specificity of 72.9% compared to CA125 (specificity of 

43.3%), at a sensitivity of 95%, when assessed for diagnostic value in 

differentiating benign disease from invasive epithelial ovarian cancer48. 

Consequently, the combination of CA125 and HE4 increased the specificity for 

disease to 76.4%, therefore is somewhat complementary to CA125 as a diagnostic 

marker. 

 

The utility of the dual biomarker panel was further investigated as a possible 

decision tool to recommend women, allocated to low- and high-risk groups, to the 

appropriate care50,51. This approach, called the risk of malignancy algorithm 

(ROMA), involves a logistic regression calculation based upon CA125 and HE4 

serum measurements to determine the predictive index of pre- or post-

menopausal women. The predictive probability is then estimated from those 

values to give a percentage cut-off of 13.1% and 27.7% for pre- and post-

menopausal women, respectively, at a specificity of 75%50,52. From a preliminary 



 

Page | 9  

 

study, 76.5% and 92.3% sensitivity (at ~75% specificity) was achieved when 

distinguishing benign from malignant ovarian masses in pre- and post- 

menopausal women, respectively50. To validate these promising results a 

prospective, multicentre, double-blind clinical trial of 472 patients undergoing 

surgery was performed. Here, the ROMA obtained a sensitivity of 93.8%, a 

specificity of 74.9%, and a negative predictive value of 99.0% for classifying 

women with benign or malignant ovarian disease51. 

 

An earlier study by the same group compared the ROMA to the RMI in a 

prospective multicentre clinical trial involving 457 women diagnosed with a pelvic 

mass52. Moore and colleagues demonstrated that the ROMA achieved a greater 

sensitivity of 94.3% compared to 84.6% obtained by the RMI at 75% specificity. 

Furthermore, the ROMA was significantly better at discriminating benign from early 

ovarian disease (stage I/II), obtaining a sensitivity of 85.3%, compared to the RMI 

that achieved a sensitivity of only 64.7%. In September 2011 the US Food and 

Drug Administration (FDA) approved the clinical use of the ROMA, in conjunction 

with preoperative examination, to determine the probability that an adnexal mass 

is benign or malignant53. 

 

Interestingly, recent results released by the International Ovarian Tumour Analysis 

(IOTA) study showed that an ultrasound based prediction model (Logistic 

Regression Model 2 –LR2) was superior to the ROMA54. This retrospective study 

assessing 360 women presenting with an adnexal mass yielded 93.8% sensitivity 

and 81.9% specificity from the LR2 compared to 84% sensitivity and 80% 

specificity from the ROMA. 

 

Another recently approved biomarker panel, OVA1® (Vermillion, Inc., Austin, TX), 

is an in vitro diagnostic multivariate index assay (IVDMIA) used to evaluate women 

presenting with a pelvic mass and who are intended for surgery55. The test utilises 

a panel of five serum proteins including CA125, transthyretin, apolipoprotein A-1, 

β2-microglobulin and transferrin56. Measured expression levels are collated to 
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calculate an ovarian malignancy risk index score between 0 and 10. A value above 

5.0 for premenopausal women and 4.4 for postmenopausal women place these 

women in a high-risk group and are referred to gynaecologic oncologists for 

surgery. A comparative study demonstrating the usefulness of the OVA1® test 

showed greater sensitivity and NPV for malignant ovarian masses compared to 

preoperative examination or CA125 measurements alone57. Conversely, the sole 

use of the OVA1® assay or in combination with preoperative examination resulted 

in a marked drop in specificity and PPV. However, as the test was designed to aid 

the triage of women with suspected ovarian cancer malignancies58 and the 

benefits associated with surgery from a gynaecological oncologist59,60, the greater 

number of benign patients recommended to a specialist surgeon was not seen as 

a major limitation55. 

 

A direct comparison between the ROMA and OVA1® assay has not yet been 

performed; However, Macuks and others investigated the individual components 

of each assay to develop a novel ovarian cancer risk assessment algorithm61. 

Based upon a training cohort, a logistic regression that incorporated CA125 and 

HE4 serum levels as well as ultrasound features and menopausal status was more 

accurate than any other diagnostic test examined including the ROMA. Further 

examination using a validation cohort revealed this test to be better at 

discriminating between benign and malignant masses compared to the RMI. 

Although promising additional studies need to be performed to determine the 

clinical utility of the ovarian cancer malignancy risk index developed by Macuks 

and colleagues. 

 

While new tests have shown promise in distinguishing benign from malignant 

ovarian disease, they do not have the required sensitivity for screening the general 

population. Several other biomarker panels37,62-66 and multimodal screening 

strategies 67,68 have been reported for the detection of ovarian cancer, each with 

different efficiencies and at various stages of validation. The limited sensitivity and 

PPV of these tumour-associated protein biomarkers constrain their use in 
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screening for early ovarian cancer. Thus, new avenues for the discovery of novel 

biomarkers are now sought to overcome these pitfalls. 

1.2 Immunity and Cancer 

1.2.1 Immune Response to Cancer 

The human body has both innate and acquired immunity to defend itself 

from foreign and potentially lethal invading agents such as bacteria. Its role in the 

surveillance and elimination of cancer is also widely recognised69-71. The concept 

of cancer immunoediting, coined in 2002, is now used to describe the complex 

interplay between cancer and the immune system72. The cancer immunoediting 

hypothesis encompasses three stages; 1) elimination, 2) equilibrium and 3) 

escape73-75. In the first stage of ‘elimination’, detection and clearance i.e. 

immunosurveillance, of the developing tumour occurs. If elimination is 

unsuccessful the immune system-tumour microenvironment enters the 

‘equilibrium’ stage for an undefined period of time. During this phase it is proposed 

that tumour cell variants may develop which have reduced immunogenicity. These 

changes may allow for the ‘escape’ of tumour cells which, through multiple 

mechanisms, are no longer suppressed by the immune system and form clinically 

detectable tumours. Immunological protection and suppression through this 

process has been described for ovarian cancer (reviewed in76,77). Although great 

progress has been made towards understanding cancer immunoediting, the 

immune factors responsible and the molecular mechanisms that underpin each 

stage are not yet fully defined78. 
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1.2.2 Humoral Immune Response to Cancer Antigens  

One arm of acquired immunity is the humoral immune response, which 

involves the secretion of antibodies (immunoglobulins) by B-lymphocytes. In order 

to elicit a humoral immune response to “foreign” proteins, B lymphocytes (B cells) 

must be activated through the input of two signals79. One is the specific binding of 

the antigen with the membrane bound B cell immunoglobulin (B cell receptor). This 

interaction may occur in the secondary lymphatic organs (i.e. spleen and lymph 

nodes) or in the circulatory system. The second is helper T cell (TH cell) cytokine 

signalling, which occurs upon cooperative interaction with the complementary B 

cell. TH cell involvement is critical to induce B cell proliferation as well as 

differentiation to plasma cells (antibody secreting) and memory cells. It is during 

this activation of B cells that the transformation of the membrane bound 

immunoglobulin to the secreted and functionally active antibody occurs via a 

process termed class switching80. 

 

There are five immunoglobulin classes (isotypes), which have different biological, 

structural and functional attributes (Table 4). Of particular interest is isotype IgG, 

which makes up 80% of all immunoglobulin present in serum and has the longest 

half-life of 23 days. There are four IgG subtypes (IgG1-IgG4) that vary slightly in 

effector function and the types of antigens they are raised against (Table 5)81. 

Interestingly, the prevalence of different IgG subtypes has been shown to vary 

depending on the stage of ovarian cancer and the antigen’s cellular localisation82. 

 

Structural characterisation by papain enzymatic digestion revealed IgG to have a 

fragment antigen binding (Fab) and crystallisable fragment (Fc) region. The Fab 

region is the site specific to the epitope (antigenic determinant) of an antigen and 

the Fc region is the effector portion that determines biological function (Figure 1). 
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Table 4: Biological, structural and functional characteristics of the five 

immunoglobulin isotypes. Table adapted from 83. 

Characteristic Isotype 

IgG IgA IgM IgD IgE 

Structure Monomer Monomer/Dimer Pentamer Monomer Monomer 

Subclass 4 2 0 0 0 

Molecular 

Weight 

150 kDa 160 kDa (monomer) 900 kDa 180 kDa 200 kDa 

Approx. serum 

concentration  

(mg/ml) 

12 1.8 1 0-0.04 0.00002 

Total 

Immunoglobulin 

(%) 

80 13 6 0.2 0.002 

Distribution Intravascular and 

extravascular 

(blood, lymph, 

cerebrospinal, 

peritoneal fluid) 

Intravascular and 

secretions (Saliva, 

mucus, sweat, 

gastric fluid and 

tears) 

Mostly 

intravascular or 

present on 

lymphocyte 

surface 

Present on 

lymphocyte 

surface 

On 

basophils 

and mast 

cells 

present in 

saliva and 

nasal 

secretions 

Half life (Days) 23 5.5 5 2.8 2 

Activation of 

complement 

+ - +++ - - 

Binding to Fc 

Receptors  

++ - - - - 

Function - Facilitates 

phagocytosis 

- Antibody-

dependent, cell-

mediated 

cytotoxicity 

(ADCC) 

- Complement 

activation 

- Prevents 

microorganism 

attachment and 

invasion of epithelial 

cells 

- Agglutination  

 

- First 

immunoglobulin 

produced 

- Complement 

activation 

- Agglutination  

 

 

- Antigen 

specific B 

cell receptor 

 

- Anti-

parasitic 

activity 

   



 

Page | 14  

 

Table 5: Characteristics of the four IgG subtypes. Table adapted from 81,83. 

Subtype Prevalence 

(% total IgG) 

Half-life 

(days) 

Complement 

interaction 

Opsonisation Macrophage 

interaction 

Antigen type 

IgG1 67 23 + Yes +++ Protein 

IgG2 22 23 + Yes + Polysaccharide 

IgG3 7 7 +++ Yes +++ Protein 

IgG4 4 23 - No ± Polysaccharide 

 

 

Figure 1: Graphical representation of immunoglobulin G structure. 

Fab: fragment antigen binding; Fc: crystallizable fragment; Heavy chain(s): pink, 

50kDa; Light chain(s): orange, 25 kDa; Hinge region: silver; V: variable amino acid 

content; C: constant amino acid content; Superscript numbering based on domain 

location in the molecule. 
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There are fundamental differences between the immunoglobulin class Fc regions 

that ultimately determine the type of physiological response that ensues81. IgG can 

activate three key immunological processes to remove a target cell; phagocytosis, 

antibody-dependent:cell-mediated cytotoxicity (ADCC) and the activation of 

complement. Phagocytosis is facilitated through the binding of IgG to cell surface 

expressed antigens (opsonisation). Macrophages and polymorphonuclear 

phagocytes that have receptors to the Fc region of IgG can then recognise, 

internalise and destroy the target cell through lysosomal degradation. Similarly, 

natural killer (NK) cells also recognise the Fc region of IgG and can cause ADCC 

through the release of chemicals that cause target cell lysis and apoptosis. 

 

Furthermore, IgG stimulates the activation of complement (a chemical signalling 

pathway) that attracts and aids phagocytic cells as well as facilitate direct lysis of 

antibody- or opsonin-bound target cells. It is through these mechanisms that 

cancer cells may be detected and eliminated by the immune system. Interestingly, 

IgG effector functions have been shown to be perturbed by cancer-induced 

aberrant and asymmetric glycosylation of IgG, which contributes to the immune 

evasion/suppression of ovarian cancers84,85. 

 

Cancers arise from genetic aberrations that cause disruptions in normal cellular 

function, leading to uncontrollable growth and metastasis86-88. At the molecular 

level there are changes to protein expression, which may or may not be directly 

involved in cancer progression. Tumour associated antigens (TAAs) are tumour 

specific proteins and peptides that are subject to dysregulation, mutation or post 

translational modification (PTM) during cancer development and have been 

reported as potential causes of an (auto-)antibody response89,90. Autoantibodies to 

proteins with cancer specific modifications such as glycosylation91-93, 

phosphorylation94,95, alternate splicing96 or truncation97 have also been observed 

for numerous cancers. The autoantibody-response may therefore present a new 

avenue for cancer detection89,98,99. 
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1.2.3 Autoantibodies as Novel Biomarkers for Ovarian and Other Cancers  

The existence of autoantibodies to TAAs was first established in several 

animal studies, some of which explored the prospect of immunotherapy against 

cancer100-102. Although the mechanisms through which autoantibody generation 

and cancer elimination are yet to be elucidated, autologous antibodies may serve 

as more sensitive cancer markers103. 

 

Autoantibodies have three qualities that make them ideal candidates for biomarker 

validation and screening. Firstly, they are detectable at early stages of disease. 

Autoantibody production can be activated by a single antigen resulting in signal 

amplification through the humoral immune response. High titres and appearance 

of autoantibodies before clinical manifestations have been reported for various 

cancer types, underscoring the potential of these biomolecules for screening104,105. 

Secondly, autoantibodies are naturally resistant to proteolysis and metabolism 

experienced by other molecules, attributing to their long half-life of approximately 

23 days106-108. Furthermore, when antigen-bound IgG is internalised by a cell for 

antigen processing IgG catabolism is blocked, recycled back to the cell surface 

and released into the blood stream for further antigen detection109. This stability 

allows for their reliable detection and facilitates their use in the development of 

diagnostics. Finally, autoantibodies are present in the sera of patients, an 

accessible biological material, and can therefore be analysed using 

well-established techniques42. 

 

A recent study explored p53 autoantibodies as a diagnostic and prognostic 

indicator for serous ovarian cancer together with known biomarkers, CA125 and 

HE4110. Although the biomarker panel did not significantly improve upon the 

diagnostic power of the original test, their presence in the sera of patients 

appeared to correlate with overall survival outcome. 
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The examination of autoantibodies as potential diagnostic markers has also been 

reported for other malignancies such as breast cancer. Autoantibodies in the sera 

of 97 primary invasive breast cancer patients were assayed against seven known 

biomarkers111. Of the seven biomarkers six were able to discriminate between 

cancer and controls with a specificity that ranged between 92-98% but at 

extremely low sensitivity (13-34%). As a panel of six markers, the sensitivity of the 

assay was markedly increased to 64% at 85% specificity. Chapman and 

colleagues also examined a similar set of seven biomarkers and their respective 

autoantibodies as diagnostic indicators in lung cancer112. Again, the greatest 

sensitivity was observed for a panel of four biomarkers (71%) compared to the 

individual markers (12%-36%) at 94% specificity 

 
Autoantibody signatures for colon cancer have also been identified using phage 

display113. Upon identification of a number of autoantibody candidates, six were 

combined with known colon cancer biomarker, carcinoembryonic antigen (CEA). 

Sera from 48 cancer patients and healthy controls were assayed against the panel 

to give a sensitivity of 91.8% and specificity of 95.8%. Although these values are 

promising further validation is required with a greater number of patients114. 

 

In the current literature the necessity for a panel of autoantibody biomarkers for 

development of a screening test for early cancer is greatly emphasised115. This is 

particularly important in the growing absence of new tests being approved by the 

United States FDA116. Principal methods by which novel autoantibodies for cancer 

can be identified are detailed in section 1.4 with particular emphasis on ovarian 

cancer. 
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1.3 Proteomics and Immunoproteomics 

The term ‘proteome’ was coined in 1995 to describe all proteins that are 

expressed in a particular cell or tissue type under defined conditions117. 

Proteomics, the study of the proteome, is now widely used to better understand 

the cause of a disease, its progression and therapeutic response. A variety of 

proteomic techniques have been developed and employed in a clinical research 

setting to identify potential biomarkers, novel therapeutic targets as well as 

characterise proteins of interest. The proteome arising from an immune response 

(immunoproteome) is now the focus of many studies that search for 

autoantibodies as novel biomarkers for disease118. Overlap exists between 

classical proteomic and immunoproteomic approaches; however specific 

immunoproteomic methods such as protein microarray also play an important role. 
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1.4 Immunoproteomics 

Novel biomarkers are urgently required to detect early ovarian cancer and 

reduce the current mortality rate. Evidence suggests that a single biomarker is not 

sufficiently sensitive or specific for implementation of a global screening strategy, 

thus a panel of cancer specific biomarkers will need to be generated. Various 

methods including serological analysis of recombinant cDNA expression libraries 

(SEREX), phage display, protein microarray, serological proteome analysis 

(SEPRA) and immunoaffinity chromatography have been used to identify 

autoantibody biomarkers in various malignancies. However, reports on the use of 

these technologies in ovarian cancer are limited. Furthermore, validation of 

autoantibody biomarkers is a vital step towards clinical implementation. Yet, there 

is currently a disconnect between the discovery stage and validation, which is 

represented in a number of studies described in this section. 

1.4.1 Serological Analysis of Recombinant cDNA Expression Libraries 

(SEREX) 

SEREX utilises cDNA libraries for the expression and detection of antigens that 

elicit a humoral immune response in patients. To this end, mRNA extracted from 

cancer tissue or a tumour cell line is converted to cDNA by in vitro methods and 

subsequently cloned into a bacteriophage for infection of Escherichia coli (E.coli) 

(Figure 2a). During lytic infection the recombinant proteins are expressed and can 

be blotted onto a nitrocellulose membrane for antibody screening with sera (Figure 

2b). Seroreactive proteins can then be identified by sequencing the phage cDNA 

from positive plaques. 

 

SEREX has been useful for identifying several tumour specific antigens that 

generate a humoral immune response in cancers such as those from the kidney, 

lung, breast and colon119. However, this approach has inherent limitations that 

restrict the types of TAAs that may be identified to those that can be expressed in 

a prokaryotic system. This precludes TAAs that require folding mechanisms 
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unique to eukaryotes to achieve the correct conformational epitope for recognition 

and those that are subject to PTM, which is a common property of cancer 

antigens. Furthermore, the TAA encoded in the cDNA library may not have the 

full-length protein sequence. Thus those patients that elicit a humoral immune 

response to different antigenic determinants of the same TAA may be missed 

using this system. Furthermore, identification of TAAs is limited to those that are 

expressed by the patient tumour or cell line in which the cDNA library was derived. 

As the majority of cancers are very heterogeneous more than one cDNA library 

may be required to identify a comprehensive set of seroreactive TAAs120. Finally, 

the generation and screening of a cDNA library is labour-intensive, not amenable 

to automation and therefore presents a challenge for high-throughput analysis. 

 

Stone and colleagues employed SEREX screening of three cDNA libraries using 

allogenetic sera from advanced stage ovarian cancer patients. Overall, 13 patients 

showed immunoreactivity to 25 antigens. The majority of those TAAs were 

recognised by only a single patient; however 6 antigens were found to be 

immunogenic in at least 2 of the 25 sera screened. A secondary screening using 

an additional 25 allogenetic sera showed that only 36% (9/25) of patients exhibited 

immunity against at least one of the 25 TAAs in the panel. Here, 7 TAAs were 

found to generate an autoantibody response in at least 1 of those 9 patients. 

Together, the two screens successfully identified 9 autoantibodies to TAAs that 

were not present in the 45 healthy controls tested (Table 6). Although they have 

potential as diagnostic indicators of ovarian cancer, further analyses in a larger 

cohort, that includes early stage patients, are required. 

 

Utilising RNA isolated from a single ovarian cancer cell line (OV-1063), SEREX 

was performed against more than 200,000 recombinant proteins121. Here, 

autoantibodies to seven positive clones encoding homeobox B7 (HOXB7) 

sequences were identified. Subsequent verification using ELISA showed 33.3% 

(13/39) of ovarian cancer patients had anti-HOXB7 antibodies compared to 3.4% 
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(1/29) of healthy individuals. However, validation in an independent patient cohort 

with a greater number of early stage patients (only stage II, n=1) is required. 

 

Lou and co-workers screened a commercially available ovarian carcinoma cDNA 

library with ascites pooled from 5 advanced stage ovarian cancer patients122. 

Twelve novel immunoreactive tumour antigens were identified (Table 6). 

Autoantibodies against one antigen - HSP90 - were further assessed by ELISA. At 

a fluorescence ratio cut-off of 2.0 no healthy individuals and only 5% of individuals 

with benign gynaecologic disease demonstrated immunity against HSP90, 

suggesting that HSP90 autoantibodies may reflect a specific response to the 

cancer. Prevalence of HSP90 autoantibodies was higher in advanced stage (32%) 

than early stage ovarian disease (10%). It is unclear from this small patient cohort 

if HSP90 autoantibodies would be suitable for early detection. Results from a 

larger cohort have not been presented. 

 

Serological screening of a commercially available cDNA library by Lokshin and 

colleagues identified 20 TAAs of which 14 were previously unreported123. Amongst 

these interleukin-8 (IL-8) and the corresponding autoantibody were subsequently 

examined as potential biomarkers. As the average serum levels for IL-8 

autoantibodies were significantly lower in healthy individuals compared to both 

early stage and late stage ovarian cancer patients it was concluded that they might 

have potential diagnostic value. Receiver operating characteristic (ROC) curves 

generated from the early stage ovarian cancer patient cohort demonstrated IL-8 

autoantibodies to have a similar sensitivity (65.5%) to that of IL-8 (62.6%) at 98% 

specificity. Consequently, 79-80% of patients were correctly identified by IL-8 or 

IL-8 autoantibodies. Unfortunately, the mean serum levels for IL-8 autoantibodies 

in patients with benign gynaecological disease were not significantly different from 

those with ovarian cancer. As a result IL-8 autoantibodies alone were not specific 

enough for screening early disease. However, the utility of IL-8 autoantibodies as 

a complementary marker to CA125 was promising. A combination of the three 

biomarkers, IL-8, IL-8 autoantibodies and CA125 resulted in an increase in the 
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sensitivity to 87.5% compared to CA125 alone (76.8%) without compromising 

specificity (98%). Thus, IL-8 autoantibodies had diagnostic potential when 

incorporated into a panel of ovarian cancer biomarkers, however these need to be 

investigated in larger cohorts. 

 

With the aim to identify new therapeutic targets Jin and colleagues performed 

autologous screening of a cDNA library created from a single ovarian cancer 

patient124. Of the 27 seroreactive peptides identified 7 were classified as proteins 

transcribed from expressed sequence tags (EST). EST 1753 generated protein, 

referred to as OVA66, was assessed for immunogenicity by ELISA using 48 

control sera and 113 cancer sera from patients with various malignancies including 

ovarian cancer (24%). Although the difference in OV66 levels were significantly 

different between cancers and controls, OVA66 autoantibody expression was not 

restricted to ovarian cancer patients. Autoantibodies were detected in 52.6% 

hepatocellular carcinoma patients, 27.3% colon cancer patients, 23.8% gastric 

cancer patients compared to 22.2% of ovarian cancer patients. Therefore, 

autoantibodies to OVA66 would not be useful as specific ovarian cancer 

biomarker. 

 

In conclusion, to date SEREX has enabled the identification of several TAAs that 

elicit a humoral immune response in patients with ovarian cancer (see also Cancer 

Immunome Database: http://ludwig-sun5.unil.ch/CancerImmunomeDB/). However, 

their diagnostic value has not been established. 
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Figure 2: Schematic outlining autoantibody identification by SEREX. 

(a) mRNA extracted from cancer tissue or cell line is converted to cDNA prior to 

cloning into a phage vector, which is packaged into phage virions and expressed 

during bacterial infection. (b) Proteins generated during lytic infection are blotted 

onto a membrane and probed with sera. Upon detection of cancer specific 

autoantibody signals phage DNA is sequenced and TAA identified through a 

database search. 
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Table 6: Identified ovarian cancer autoantibodies and applied technique. 

Technique Antigen Source 

 

Autoantibody 

Source 

TAA Ref. 

SEREX 1. Ovarian cancer cell line 

2. Pool of ovarian tumour 

lysates 

3. Normal human testes 

Serum p53 

NY-ESO-1 

Putative helicase RUVBL 

Topoisomerase IIα 

Ubiquilin-1 

Homeobox B6 

HMBA inducible protein 

HDCMA 18P protein 

Deadbox polypeptide 5 

120 

Ovarian cancer cell line 

 

Serum Homeobox B7 

 

121 

Commercial cDNA library Ascites HSP90 122 

Commercial cDNA library Serum IL-8 123 

Ovarian cancer tumour lysate Serum OVA66 124 

Phage 

Display 

Random peptide library Ascites Mimic peptide CVPELGHEC 125 

Ovarian cancer cell line Serum RCAS1 

Signal recognition protein-19 

AHNAK-related sequence 

NASP 

Nijmegen breakage syndrome 1 

Ribosomal protein L4 

Homo Sapiens KIAA0419 gene 

product 

Eukaryotic initiation factor 5A 

Casein kinase II 

Chromodomain helicase DNA-

binding protein 1 

126 

Protein 

Microarray 

ProtoArray (V3.0) Serum 94 Autoantigens 127 

ProtoArray (V4.0) Ascites L-aminoadipate-semialdehyde 

dehydrogenase-

phosphopantetheinyl transferase 

(AASDHPPT) 

128 

Ovarian cancer cell line Serum Nucleophosmin 129 



 

Page | 25  

 

Technique Antigen Source 

 

Autoantibody 

Source 

TAA Ref. 

(exosome derived) dot blot 

array 

Cathepsin D 

SSX common antigen 

GRP78 

P53 

Placental-type alkaline 

phosphatase 

Heat shock protein 90 

NY-ESO-1 

Survivin 

TAG72 

CA125 

HoxA7 

Immuno-

affinity 

Purification 

Methods 

Ovarian adenocarcinoma cell 

line lysate 

Serum A-kinase anchor protein 9 

Eukaryotic translation initiation 

factor 4γ 

Midasian 

RAD50 

Talin1 

Vinculin 

Vimention 

Centrosome-associated protein 

350 

130 

Malignant ovarian tissue lysate Plasma S100A7 131 

Ovarian tissue lysate Serum Stress-induced phosphoprotein-

1 

132 
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1.4.2 Page Display 

In a phage display proteins are expressed as fusions of the viron capsid 

proteins, thus eliminating the need for infection of bacteria for protein production 

like in SEREX (Figure 3a). Phage clones with seroreactive surface proteins are 

selected by incubating the pool with autoantibodies bound to protein G-sepharose. 

Routinely, phage clones that are recognised by autoantibodies in the sera of 

healthy individuals are depleted from the pool before repetitive biopanning with 

autoantibodies in the sera of cancer patients (Figure 3b). This ensures that phage 

clones identified have a cancer specific immune response. Although this approach 

enables extensive identification of cancer autoantibodies it has the same 

limitations encountered by SEREX: Proteins expressed are restricted to those that 

are found in the source of the cDNA library, can be expressed by phage and lack 

PTMs or conformational epitopes. 

 

Vidal and co-workers utilised a phage display library containing 108 - 109 peptide 

sequences to screen for autoantibodies in the ascites of a patient with stage IV 

papillary serous ovarian carcinoma125. Peptide sequence CVPELGHEC was found 

to be displayed by 86% of the phage clones isolated in the screening and was 

subsequently assessed for immunogenicity by ELISA. Patients with metastatic 

gastrointestinal cancer, non-malignant liver cirrhosis, benign gynaecological 

disease and healthy individuals all demonstrated low autoantibody reactivity of 

less than 14%. Although 58.8% of stage IV ovarian cancer patients analysed had 

anti-CVPELGHEC autoantibodies, only 7.1% of patients with stage III ovarian 

cancer demonstrated reactivity. These findings suggest that autoantibodies to 

CVPELGHEC would not be a useful biomarker due to a low sensitivity. 

 

Chatterjee and colleagues utilised phage display in conjunction with protein 

microarray to identify novel antigens and validate autoantibodies present in the 

sera of patients as biomarkers for ovarian cancer126. Upon biopanning of a phage 

display cDNA library 480 positive plaques were identified. These plaques were 
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subsequently screened with sera from patients with ovarian cancer, borderline 

tumours, benign gynaecological disease, endometrial cancer and healthy controls. 

Only 45 of the antigens were identified as generating a specific immune response 

in ovarian cancer patients. A panel of the 6 best clones, as determine by ROC 

curve analysis, demonstrated an average sensitivity and specificity of 32% and 

94%, respectively. Upon sequencing of the phage cDNA clones these 6 antigens 

were not natural gene products but formed a novel sequence when recombinantly 

expressed as a phage fusion protein.  

 

Termed mimotopes, it was proposed that these fusion proteins demonstrate 

seroreactivity in patients due to molecular mimicry of the epitopes of native 

proteins that have elicited the immune response. These mimotopes account for 

approximately 80% of the antigens identified by this approach and may have 

clinical utility as antigens for autoantibody screening for ovarian cancer. The 

remaining 10 antigens (Table 6) that represent native gene products have been 

reported in other malignancies and therefore an autoantibody response to these 

proteins as ovarian cancer specific biomarkers requires further validation. 

Recently, 174 of the previously identified biomarkers were validated as predictors 

of recurrence in platinum-sensitive serous adenocarcinoma patients133. Of those, a 

panel of three was found to have the best sensitivity and specificity for disease 

recurrence of 94.7% and 86.7%, respectively. Importantly, these autoantibody 

biomarkers were detectable in the serum of patients 9.07 months (median) before 

the manifestation of clinically detectable disease. Although promising, assessment 

in a patient cohort containing more than 10 non-recurrent and 30 recurrent 

samples is required. 

 

Phage display has enabled the identification of various antigens that elicit 

autoantibody responses in ovarian cancer. However the majority of those are 

mimotopes of native proteins. Thus the identity of those antigens may need to be 

determined before the corresponding autoantibodies are investigated as 

biomarkers. 
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Figure 3: Schematic outlining autoantibody identification by phage display. 

(a) mRNA extracted from cancer tissue or cell line is converted to cDNA. Phage 

vectors encoding human cDNA sequences are assembled into virions for 

expression as recombinant capsid fusion proteins. (b) Phage clones presenting 

immunoreactive peptides are immunoprecipitated from the pool with antibodies 

from the sera of healthy individuals. Unbound clones are immunoprecipitated with 

antibodies from the sera of cancer patients, eluted and amplified through infection 

of E.coli. Phage clones isolated by multiple rounds of immunoprecipitation with 

antibodies from cancerous sera are then sequenced and antigenic proteins 

identified. 
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1.4.3 Protein Microarray 

Protein microarrays enable the identification of protein-protein interactions, 

such as antibody-antigen binding, in a high-throughput and automated setting 

[Reviewed 134,135]. The two types used to explore the immunoproteome are termed 

forward-phase and reverse-phase microarray depending on the nature of the 

capture/bait molecule. Reverse-phase microarrays employ the antigenic nature of 

proteins (the bait) to capture antibodies (the prey). The source of the bait may be 

from a commercial recombinant protein library arrayed onto a slide (Human 

ProtoArray, Invitrogen™, CA, USA)136, cell free cDNA expression and protein 

immobilisation onto a slide137 or lysates from cancer tissue or cell lines138-140. In 

the case of cell lysates, proteins require liquid phase fractionation, incorporating 

isoelectric focusing and reverse-phase liquid chromatography, prior to printing 

onto an array support. The array can then be probed with patient or control sera in 

a multiplexed approach followed by incubation with fluorophore-conjugated 

anti-human IgG secondary antibody (Figure 4). Immunoreactive fractions can be 

subsequently detected and data analysed. This technology can be used to identify 

novel TAAs or validate known TAAs by screening the sera from several patients. 

 

Forward-phase microarrays utilise immobilised antibodies (bait) to capture TAAs 

(prey). Immobilisation of antibodies to a range of support media can involve 

covalent linking (aldehyde), adsorption (poly-L-lysine), affinity interaction (biotin-

streptavidin, Protein G) and capture (agarose, polyacrylamide) that vary in binding 

capacity and effect on antibody conformation/activity141. Using in-house or 

commercially available monoclonal antibody microarrays (BD Clontech AB 

Microarray 500, CA, USA) TAAs from tumour cell lysates are captured and 

detected by sandwich ELISA. Using this approach Qin and co-workers 

demonstrated that novel TAAs specific for prostate cancer could be identified 

using purified and labelled autoantibodies from serum142. However, the use of two 

antibodies that recognise different epitopes of a single antigen is required. 

Alternatively, cancer and control tissue lysates can be fluorescently labelled for 
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direct detection of an interaction. In both protein microarray approaches 

immunoreactive antigens can be subsequently identified by mass spectrometry. 

To date only reverse-phase protein microarrays have been employed to identify 

novel TAAs or characterise known TAAs and their respective autoantibodies in 

ovarian cancer. 

 

Gnjatic and colleagues used a commercially available protein microarray (V4.0 

Human ProtoArray, Invitrogen™) with 8277 human proteins to identify 

autoantibodies in ovarian cancer sera136. Of the arrayed proteins, 197 

demonstrated a greater seroreactivity and stronger fluorescent signal in the patient 

cohort compared to the healthy controls. The authors noted that further studies are 

ongoing to elucidate the diagnostic potential of these autoantibodies. 

 

An earlier study by Hudson and co-workers similarly used the ProtoArray protein 

microarray (V3.0 Human ProtoArray, Invitrogen™) to identify seroreactive antigens 

in ovarian cancer127. At that time only 60% of the recombinant proteins of the 

currently available array were present. Ninety-four TAAs were identified as having 

immunogenicity specific to ovarian cancer patients when compared to healthy 

individuals, some of which were not identified in the study by Gnjatic and others136. 

However, no further exploration of the autoantibodies to these TAAs has been 

carried out to date. 

 

The same commercial protein microarray (V4.0 Human ProtoArray, Invitrogen™) 

was used to screen a pool of ascites samples from 30 patients with serous ovarian 

carcinoma by another group128. Here, only 10 proteins were identified as having 

seroreactivity specific for ovarian cancer. Of the identified proteins 

L-aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl transferase 

(AASDHPPT) was found to have the greatest signal intensity compared to 

controls. However, upon further analysis of ascites from 100 patients by ELISA, 

anti-AASDHPPT autoantibodies were only present in a single patient, which was 
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used in the preliminary screening. For this reason pooling of samples is 

controversial143,144. 

 

Conversely, Taylor and co-workers used a dot-blot protein array to define the 

immunogenicity of 12 previously identified autoantigens in ovarian cancer patients 

(Table 6)129. Of the 12 TAAs analysed the mean autoantibody level against 

nucleophosmin, cathepsin D and SSX common antigen was significantly greater in 

patients at each stage (I-IV) compared to healthy or benign controls. All other 

autoantibodies assayed were able to discriminate between cancer patients and 

healthy controls to some extent. Further analysis was therefore performed to 

determine the specificity of the immune response against these antigens in 

ovarian cancer compared to other malignancies. Of the 6 autoantigens analysed 

placental-type alkaline phosphatase (PLAP) autoantibodies demonstrated the 

greatest specificity for ovarian cancer, however immunoreactivity in stage I 

patients was not significantly different to healthy or benign controls. It was 

therefore concluded from this study that a two-tiered approach should be taken. 

Firstly, a panel of autoantigens such as nucleophosmin, cathepsin D and SSX 

common antigen, characterised in this study, would be employed to discriminate 

between cancer patients and those with benign gynaecological disease. Secondly, 

subsequent testing for ovarian cancer by means of specific marker(s) such as 

PLAP would follow. 

 

Recently, Murphy and colleagues utilised an in-house protein array containing 

37,200 (redundant) proteins to identify immunoreactive antigens in ovarian cancer 

patients145. Two of the three most promising candidates, p53 and endosulfine 

alpha, were exclusively seroreactive in advanced stage patients whereas alpha 

adducin was seropositive across all stages. These autoantibody candidates were 

subsequently verified (original patient cohort) and validated (14 stage III/IV, 7 

stage I/II) by ELISA and Western blot. In this small patient cohort the autoantibody 

candidates did not appear to be promising biomarkers. However, the study did 

highlight the importance of the antigenic determinant i.e. conformational vs linear 
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epitope, and the type of assay performed. Here, the results from the protein 

microarray and Western blot analyses were consistent, compared to ELISA where 

a number of seroreactive serum samples were negative for the autoantibody of 

interest. 

 

Overall, protein microarray is a promising technique that enables the identification 

and characterisation of various autoantibodies specific to ovarian cancer. 

However, most of the autoantibodies identified to date have not been validated 

regarding their diagnostic value in larger patient cohorts. 

 

 

Figure 4: Schematic outlining autoantibody identification by reverse-phase 

protein microarray. 

Microarray slides spotted with recombinant proteins are incubated with sera from 

cancer patients or healthy controls. Autoantibodies captured by proteins present in 

the array are visualised through incubation with fluorophore-conjugated 

anti-human IgG secondary antibody. Differential signals between cancer and 

control protein microarrays are subjected to statistical analysis to identify 

autoantibodies specific for cancer. 
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1.4.4 Serological Proteome Analysis (SEPRA) 

Serological proteome analysis utilises the separation of proteins by 

two-dimensional gel electrophoresis (2-DE) combined with Western blotting to 

screen patient sera for autoantibodies against cancer specific antigens (Figure 5). 

2-DE is a classical proteomic technique that enables the separation of proteins in 

a complex mixture based on charge and molecular weight (Section 1.6.1.1). 

 

Proteins and peptides isolated from cancer cell lines or tumour tissue are 

separated by 2-DE, electrophoretically transferred onto a membrane and 

subsequently probed with patient or control sera for biomarker discovery and 

validation. Autoantibodies bound to antigens can then be detected by probing the 

membrane with a secondary antibody that is raised against the Fc region of 

human IgG. The secondary antibody is typically linked to an enzyme, such as 

horseradish peroxidase (HRP), which catalyses a chemiluminescent reaction in 

the presence of substrate that can be visualised on X-ray film. Alternatively, the 

secondary antibody may be conjugated to a detectable fluorescent tag (Cy5, Cy3 

etc.) that can be visualised by scanning of the membrane with a fluorescence 

scanner. Seroreactive proteins specific to cancer can then be identified by MS. 

 

SEPRA, in contrast to SEREX and phage display, enables the detection of 

proteins that have undergone PTMs and allows the assessment of several 1000 

proteins simultaneously on a single format under defined conditions146. Limitations 

of detecting autoantibodies by SEPRA stem from the inherent limitations of 2-DE. 

Those are the potential loss of small (<15 kDa), very large (>200 kDa), very acidic 

(pI <3), very basic (pI >10) and very hydrophobic proteins as well as the inability to 

detect TAA with conformational epitopes due to the denaturing conditions. 

 

Several reports have been published using SEPRA for successful identification of 

autoantibodies against TAAs in cancers of the kidney147, lung148, stomach149, 

breast150,151, pancreas152 and other organs153. The first study using SEPRA to 
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investigate the presence of ovarian cancer specific autoantibodies and their 

potential as ovarian cancer biomarkers was published by Barua and others154. 

Overall, the level of detected serum autoantibodies was significantly higher for 

ovarian cancer patients compared to controls. While a similar proportion of sera 

samples from cancer patients reacted against healthy tissue protein lysates (81%) 

as well as tumour lysates (69%), spot differences in two-dimensional Western 

blots demonstrated the presence of unique cancer antigens. Although this 

principle had been previously established for several other cancers155, this study 

demonstrated that there are ovarian cancer specific autoantibodies that may have 

biomarker potential. However, the antigens were not identified in this study and to 

date there are no further reports on the identification of biomarkers for ovarian 

cancer by SEPRA. 
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Figure 5: Schematic outlining autoantibody identification by SEPRA. 

Cancer tissue lysates are subjected to two-dimensional electrophoresis prior to 

electrophoretic transfer onto a low fluorescent PVDF membrane. Serum from 

cancer patients or healthy controls is used to probe the membrane and captured 

autoantibodies detected by incubation with fluorophore conjugated anti-human IgG 

secondary antibody. Blots are imported into computational software where they 

can be viewed in multichannel mode and merged to enable identification of 

immunoreactive spots specific to cancer. Protein spots of interest are excised from 

a replicate gel and analysed by mass spectrometry for identification. 
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1.4.5 Immunoaffinity Purification Methods 

Affinity purification has been widely used to enrich targeted proteins of 

interest from a complex sample. Recently, purified autoantibodies from the sera of 

cancer patients or healthy controls have been used to generate immunoaffinity 

columns that capture autoantigens from cancer tissue lysates99,156,157. Termed 

multiple affinity protein profiling (MAPPing), this approach first utilises 

autoantibodies from healthy individuals to capture autoantigens that are present in 

cancer tissue lysates (Figure 6a). This first dimensional separation effectively 

removes autoantigens that do not elicit a cancer specific immune response but are 

present in the healthy population. Unbound proteins are then applied to an 

immunaffinity column created with autoantibodies from cancer patients (second 

dimension) (Figure 6b). Captured TAAs are subsequently eluted and identified by 

online tandem MS. This two-dimensional chromatography based separation 

ensures that the identified antigens reflect a cancer specific immune response and 

identify autoantibodies present in patient sera that are potential biomarkers. Caron 

and colleagues developed this technique to identify autoantibodies as biomarkers 

for colorectal cancer99. However, since published in 2007, no other group has 

described the use of this approach for cancer biomarker discovery. 
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Figure 6: Purification of TAAs from cancer tissue lysates using 

two-dimensional affinity chromatography. 

 (a) Autoantigens that are not specific to cancer (blue circles) are captured in the 

first dimension by autoantibodies from healthy subjects. (b) Proteins that are not 

captured in the first dimension (flow through; square and diamond) are subjected 

to the second dimension where cancer specific TAAs will be captured (square) by 

autoantibodies from cancer patients. The subsequent elution fractions from both 

columns are assessed by LC-MS/MS. LC: liquid chromatography; MS: mass 

spectrometry. 
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Immunoprecipitation of cancer lysates using autoantibodies acquired from serum 

of cancer patients and healthy individuals has also been explored. Philip and 

co-workers incubated lysates from two ovarian adenocarcinoma cell lines with 

pooled antibodies from cancer or control sera that were coupled to protein A/G 

beads (Figure 7)130. Following immunocapture and elution of antigens, samples 

were fractionated and analysed by LC-MS/MS. Several autoantigens and their 

respective autoantibodies, specific to ovarian cancer, were identified. Of those, 

eight autoantigens were found to be precipitated from all 5 different pools of 

cancer sera (Table 6). Although promising, no further analysis was performed to 

determine the prevalence or diagnostic value of these autoantibodies. 
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Figure 7: Immunoprecipitation method employed by Philip and colleagues to 

identify ovarian cancer specific TAAs130. 

Pooled healthy or cancer sera from patients were incubated with protein A/G 

sepharose beads before incubation with lysates from an ovarian cancer cell line. 

Co-eluted autoantibodies were separated from the autoantigens by liquid 

chromatography (LC) and were subsequently identified using mass spectrometry 

(MS). S/N: supernatant. 
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In a different approach, Gagnon and colleagues used pre- and post-operative sera 

from ovarian cancer patients to identify autoantibodies whose concentration 

decline after treatment, reflecting decreased tumour load, and therefore potentially 

having diagnostic value131. Firstly, antigens present in the cancer tissue lysates 

were immunoprecipitated with plasma antibodies from the same patient that were 

chemically cross-linked to protein-G sepharose beads (Figure 8a). Eluted fractions 

were then fluorescently labelled and subjected to differential gel electrophoresis 

(DIGE) analysis (Figure 8b). Autoantigens that were present at a higher intensity in 

pre-operative samples than post-operative samples on the DIGE gel were 

indicative of a change in autoantibody response due to treatment. By means of a 

two-dimensional differential gel electrophoresis analysis of immunoprecipitated 

tumour antigens (2D-DITA) Gagnon and others identified autoantigen S100A7 to 

have the greatest differential signal131. 

 
The prevalence of S100A7 autoantibodies in ovarian cancer patients, patients with 

benign gynaecological disease and healthy controls was subsequently analysed 

by ELISA131. The mean plasma levels of S100A7 autoantibodies were significantly 

greater in both early stage and advanced stage ovarian cancer patients when 

compared to healthy controls. However, when analysing the mean plasma S100A7 

autoantibody levels of cancer patients versus those with benign ovarian disease, 

only patients with advanced cancer had a higher mean S100A7 autoantibody 

level. Furthermore, analysis of S100A7 autoantibodies alone or as a composite 

biomarker to CA125 showed that the sensitivity and specificity remained inferior to 

CA125 alone at detecting ovarian cancer. However, the authors concluded that 

further analyses in a larger patient cohort were required to determine the real 

diagnostic potential of S100A7 autoantibodies. 

 

Similarly, Kim and co-workers employed 2D-DITA to analyse the sera from 14 

serous ovarian cancer patients before and after treatment for autoantibodies132. 

From the 36 differential proteins identified in the DIGE gels, stress-induced 

phosphoprotein-1 (STIP-1) had a 1.16-fold higher expression in pre-treatment sera 
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compared to post-treatment sera. Noted as having one of the highest differential 

signals, the stimulation of a humoral immune response by STIP-1 was assessed in 

68 ovarian cancer patients (stage not specified), patients with borderline ovarian 

tumours (n=13) and healthy controls (n=63) by ELISA. The mean STIP-1 

concentration in the sera of ovarian cancer patients was significantly different to 

healthy controls. These results suggest a potential value of STIP-1 autoantibodies 

as a biomarker for ovarian cancer, however the relevance for detecting early stage 

disease remains unclear.  
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Figure 8: Immunoprecipitation method employed by Gagnon and co-workers 

to identify autoantigens and their respective autoantibodies in ovarian 

cancer patients131. 

(a) Pre- or post-operative serum antibodies are cross-linked to protein G 

sepharose beads prior to incubation with tissue lysate from the same patient. (b) 

Autoantibodies that are indicative of cancer decline upon treatment (purple 

antibody) and capture proportionally less autoantigen (purple squares). Eluted 

fractions are fluorescently labelled and subjected to 2-DE (DIGE). Protein spots 

that are only immunoprecipitated by the pre-operative antibody pool (red spots) or 

those with a greater intensity are excised from the gel and identified by mass 

spectrometry. DIGE: Differential gel electrophoresis; Ab: Antibody; green spots: 

autoantigens immunoprecipitated by the post-operative antibody pool only; yellow 

spots: autoantigens immunoprecipitated by both the pre- and post-operative 

antibody pool. 

  



 

Page | 43  

 

1.4.6 Investigated Autoantibodies Based Upon Identified Antigens 

The generation of a humoral immune response to known cancer antigens 

has been explored in several ovarian cancer studies (Table 7). In many cases 

autoantibodies to these targets are identified, however their prevalence compared 

to the antigen are often disparate. 

 

Epithelial cell adhesion molecule (EpCAM), a cell surface protein with roles in 

adhesion and transcriptional activation, has been characterised as an oncogene in 

several cancers of the epithelium158. In a study utilising cDNA microarray the 

EpCAM gene was found to be expressed 444-fold greater in pooled ovarian 

cancer cell lines than in normal human ovarian epithelial cell lines159. Based upon 

these finding Kim and co-authors assessed the potential of EpCAM autoantibodies 

as a biomarker in 52 invasive ovarian cancer patients of various histological 

subtypes and stages160. The mean EpCAM autoantibody level present in the sera 

of ovarian cancer patients was found to be significantly higher than the level 

detected in the sera of patients with benign disease and healthy controls. From 

this small patient cohort anti-EpCAM antibodies were determined to have a 

sensitivity of 73.1% and specificity of 80.8%. However, CA125 remained as the 

superior marker with a sensitivity of 86.5% and specificity of 88.5% in this cohort. 

Thus, EpCAM autoantibodies were proposed as a composite marker to CA125 

where the sensitivity and specificity was increased to 90.4% and 92.3%, 

respectively. 

 

Furthermore, a recent study by Heubner and colleagues assessed EpCAM 

autoantibodies as a prognostic indicator in ovarian cancer161. Interestingly, the 

mean level of anti-EpCAM antibodies in sera was lower in ovarian cancer patients 

before treatment than healthy individuals. This contradiction between reports was 

suggested to arise from the fewer stage I patients included in the analysis. 

Additionally, Heubner and co-workers observed an increase in the mean EpCAM 

autoantibody level in patients after first-line therapy. Here, the autoantibody titre 
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was found to be significantly greater in patients with residual tumour compared to 

those who achieved a complete resection. Unfortunately, these findings were not 

significantly correlated to relapse or survival. To date the clinical usefulness of 

EpCAM autoantibodies as a diagnostic and/or prognostic indicator of ovarian 

cancer remains ambiguous and requires further validation in larger patient cohorts. 

 

Interestingly, the prevalence of autoantibodies to FDA approved biomarker HE4 

was also explored162. Overall, seropositivity for anti-HE4 antibodies was 

significantly greater among ovarian cancer patients compared to controls. 

However, only 22% (20/92) of patients were classified as positive at a specificity of 

96%. Hellstrom and colleagues noted that the frequency of anti-HE4 antibodies in 

ovarian cancer patients might have been low due to the high levels of HE4 protein 

present in patient sera. Here, the HE4 antigen could potentially sequester the 

autoantibodies into immune complexes causing them to be undetectable by the 

employed immunoassay. 

 

Autoantibodies to tumour suppressor protein p53 have been well documented in 

ovarian as well as other cancers as a diagnostic and prognostic indicator for 

disease110,163,164. However, the lack of specificity and the limited utility for the 

detection of early stage disease hinders its use as a diagnostic ovarian cancer 

tool165. 

 

Human kallikrein 5 (hK5) was also assessed for immunogenicity after elevated 

levels of the antigen were observed in the sera and ascites of ovarian cancer 

patients166. Disappointingly, the mean hK5 autoantibody concentration, as 

determined by ELISA, was not significantly different between highly invasive 

epithelial ovarian cancer patients and those with borderline tumours, benign 

gynaecological disease and healthy individuals167. At a serum cut-off value of 23 

AU/mL, where all healthy individuals were correctly identified, only 14% (7/50) of 

the cancer patients were correctly classified. Conversely, the concentration of the 

autoantigen was significantly elevated in the sera of patients. Thus, the absence of 



 

Page | 45  

 

autoantibodies to hK5 is unlikely to stem from a lack of circulating antigen but may 

be a weakly immunogenic molecule. These studies demonstrate that although 

antigens have been identified as candidate biomarkers for ovarian cancer this 

trend does not necessarily correlate to the autoantibodies generated in response 

to those TAAs. Alternatively, the use of recombinant proteins as the target antigen, 

which may lack important tumour-induced PTMs (described in section 1.2.2), could 

fail to detect those cancer specific autoantibodies raised against modified antigen. 
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Table 7: Autoantibodies to known cancer antigens in ovarian cancer. 

 TAA Cohort Findings Ref. 

Epithelial cell 

adhesion molecule 

(EpCAM) 

Healthy (n=26), benign (n=26), 

mixed histology stage I (n=16), 

stage II (n=6) and stage III/IV 

(n=30) 

73.1% sensitivity and 80.8% specificity.  160 

Healthy (n=28), mixed 

histology stage I/II (n=14) and 

stage III/IV (n=70) 

Significantly different mean autoantibody 

level in patients compared to controls. 

161 

HE4 Healthy (n=71), Stage I/II 

(n=17) and stage III/IV (n=75) 

At 96% or 97% specificity, 22% or 14% of 

patients are seropositive, respectively. 

162 

P53 Various Various 110,165

,168-

173 

Human kallikrein 5 

(hK5) 

Healthy (n=50), benign (n=50), 

borderline tumours (n=17), 

mixed histology stage I/II (n=8) 

and stage III/IV (n=42) 

Seropositivity was detected in 14% of 

cancer patients, 8% of benign patients and 

11% of patients with borderline tumours at 

100% specificity. 

167 

A-kinase anchor 

protein 4 (AKAP4) 

Healthy (n=25), mixed 

histology stage I (n=7), stage II 

(n=7) and stage III/IV (n=24) 

Seropositivity was detected in 100% of 

stage I, 43% of stage II, 61% of stage III 

and 36% of stage IV ovarian cancer 

patients at 100% specificity. 

174 

Type-1 angiotensin 

II receptor (AT1) 

Healthy (n=55), mixed 

histology stage I (n=6), stage II 

(n=56) and stage III/IV (n=27) 

Levels were significantly increased in 

ovarian cancer patients.  

Seropositivity was detected in 45% of 

stage I, 61.5% of stage II, and 72.8% of 

stage III patients. 

175 

Mesothelin Healthy (n=44) and ovarian 

cancer patients (n=24)  

Seropositivity was detected in 41.7% of 

ovarian cancer patients at 100% specificity. 

176 

Healthy (n=23), Benign (n=34) 

as well as mixed histology 

ovarian cancer patients with 

NED (n=14) or CED (n=21) 

after treatment 

Levels were significantly increased in 

patients with NED* or #CED. Seropositivity 

was detected in 15% of benign patients, 

71% of patients with NED and 43% of 

patients with CED at 73.9% specificity 

177 

MUC1 (CA15-3) Healthy (n=100), benign 

(n=27) and ovarian cancer 

patients (n=100) 

Anti-MUC1 IgM levels were significantly 

decreased in ovarian cancer patients. 

Seropositivity was detected in 70% healthy 

178 
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 TAA Cohort Findings Ref. 

individuals, 67% of benign patients and 

40% of ovarian cancer patients 

Percentage of positive stage I/II patients 

(67%) was significantly greater than stage 

II/IV patients (37%) 

MUC1 and MUC16 

(CA125) 

Ovarian cancer patients (n=28) 

undergoing treatment 

Seropositivity for anti-MUC1 IgM and IgG 

was detected in 60% and 28% of patients, 

respectively. 

Anti-MUC1 IgG levels were significantly 

decreased in responders (n=13) compared 

to non-responders (n=11) but no significant 

difference in anti-MUC1 IgM, anti-MUC16 

IgG or IgM levels. 

 

 

179 

MUC1 Healthy controls (n=247) and 

ovarian cancer patients (n=86) 

No significant difference in mean anti-

MUC1 IgG level or percentage 

seropositivity in patients compared to 

controls prior to clinical detection. 

180 

Sperm-associated 

antigen 9 (SPAG9) 

Healthy (n=30), mixed 

histology stage I (n=6), stage II 

(n=2) and stage III/IV (n=22) 

Seropositivity was detected in 67% of 

cancer patients (66.7% stage I, 50% stage 

II and 68% stage III/IV) at 100% specificity. 

181 

NY-ESO-1/LARGE-1 Ovarian cancer patients (n=48) 
Seropositivity was detected in 25% of 

cancer patients. Seropostivity was not 

significantly associated with survival 

outcome. 

182 

Survivin, p53, p16, 

cyclin B1, cyclin D1, 

cyclin A, cyclin E, 

koc, IMP1, p62, 

CDK2, p90 and c-

myc 

Healthy individuals (n=32) and 

ovarian cancer patients (n=82) 

Overall, seropositivity was detected in 

62.5% of cancer patients at 85.4% 

specificity. A panel of the top 7 

autoantibodies yielded the best sensitivity 

and specificity of 62.5% and 90.2%, 

respectively. 

183 

*NED = No evidence of disease; #CED = clinical evidence of disease 
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1.5 Mass Spectrometry 

Mass spectrometry (MS) measures the mass-to-charge ratio (m/z) of 

gaseous molecular ions to enable protein identification. A mass spectrometer is an 

instrument comprised of an ionisation source, mass analyser and detector, all of 

which can vary depending on the proteomic application. 

1.5.1 Ionisation Methods 

The analysis of proteins or peptides by mass spectrometry requires 

ionisation. Several ionisation strategies have been developed, however ‘soft’ 

ionisation methods are the most widely adopted. Electrospray ionisation (ESI) and 

matrix assisted laser desorption/ionisation (MALDI) allow for the generation of 

gaseous ions with minimal analyte fragmentation caused by the ionisation event. 

1.5.1.1 Electrospray Ionisation 

The use of a solvent spray to deliver analytes to a mass spectrometer was 

initially proposed in 1968184. Two decades later Fenn and colleagues developed 

the method for ESI185, which is now routinely used in mass spectrometry. Briefly, 

solvent, containing peptides of interest, is passed through a capillary needle at a 

microliter flow rate (μl/min). As a 1-2 μm droplet evolves from the needle, solvent 

ions (protons) coat the surface of the droplet due to the applied voltage across the 

capillary outlet186 (Figure 9). Upon release from the capillary solvent evaporates 

from the droplet by the application of heat and/or presence of nitrogen gas. This 

increases the columbic repulsion forces experienced at the surface of the droplet 

to cause dispersion into smaller charged droplets187. These charged droplets 

become further desolvated into charged peptide ions, which are accelerated 

towards the orifice of the mass analyser by the applied electric field. 

 

In 1996 ESI was adapted to support lower flow rates (nl/min) and low analyte 

concentrations (pmol/μl) through the use of a finer capillary188. Termed 

nanoelectrospray ionisation (nESI), the smaller droplets that evolve (<200nm 

diameter) has enhanced the desolvation, ionisation and transfer efficiencies of the 
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analyte ions189. Both ESI and nESI are able to generate multiply charged peptide 

species, which allow for the analysis of large peptides within the detection window 

of the mass spectrometer. 

 

 

Figure 9: Formation of gaseous molecular ions by ESI. 

Emerging sample droplets become charged by the applied electric field and are release from the 

capillary. Columbic forces within the charged parent droplet (1 μm) cause a protrusion at the 

surface and lead to the formation of offspring droplets (100 nm). Solvent evaporation at the source 

creates smaller droplets (10 nm) and causes the subsequent release of gaseous molecular ions 

that enter the mass analyser. 

1.5.1.2 Matrix Assisted Laser Desorption/Ionisation 

First described in 1988190, MALDI utilises the properties of low molecular 

weight organic compounds to allow “soft” ionisation of peptides. These molecules 

are co-crystallised, in vast molar excess, with the analyte to form a “matrix”. The 

type of matrix compound used is dependent on the analyte of interest191-195. 

Typically, α-cyano-4-hydroxy cinnamic acid (HCCA) is employed for the analysis of 

peptides and sinapinic acid (SA) is used for the analysis of proteins. A third 

compound, 2,5-dihydroxy benzoic acid (DHB), can also be used to analyse 

peptides or small proteins (<10 kDa). 
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Upon irradiation of the matrix co-crystals with a pulsed UV-laser (Nd:YAG), 

simultaneous desorption/ablation of matrix and analyte into the gas phase occurs 

(Figure 10). This process leads to the generation of predominantly singly-charged 

ions through a mechanism that is still poorly understood196-199. The peptide ions 

are then accelerated towards the mass analyser by an applied electric field at the 

site of the plume. As the majority of the incident laser energy is absorbed by the 

matrix compound minimal fragmentation of peptides occurs. 

 

 

Figure 10: Formation of molecular ions by MALDI. 

A pulsed laser beam directed towards the target plate triggers desorption and ionisation of 

co-crystallised matrix and analyte. The applied potential difference causes the molecular ions to 

accelerate through the electric field toward the mass analyser for measurement. 
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1.5.2 Mass Analyser 

The mass analyser is the core component of a mass spectrometer, which enables 

determination of the m/z of gaseous molecular ions. There are a number of 

different mass analysers available that vary in the accuracy and resolution of a 

measurement as well as mass range and scan rate. Importantly, mass analysers 

are not only used for determination of the parent ion mass (MS1 scan) but in many 

cases are capable of performing tandem MS. Tandem MS or MS/MS is the 

measurement of daughter ions upon capture, isolation and fragmentation of the 

parent ion. Through this process peptide sequence information for the precursor 

ion of a particular m/z is acquired and subsequently used for protein identification. 

An ESI source is typically coupled with a mass analyser that has peptide trapping 

capabilities such as the linear ion trap to manage the continuous flow of charged 

biomolecules (Section 1.5.2.1). Furthermore, the mass measurement capabilities 

of a mass spectrometer can be enhanced though the inclusion of a second, 

high-resolution mass analyser such as the Orbitrap (Section 1.5.2.2). Conversely, 

MALDI sources are traditionally coupled to time-of-flight (TOF) mass analysers 

where the mass measurement begins upon release of analyte through pulsed 

laser excitation (Section 1.5.2.3). 

1.5.2.1 Linear Ion Trap 

The linear ion trap mass analyser is comprised of four hyperbolic-shaped 

rods that are segmented into three parts (Figure 11). These form a front, central 

and back quadurpole where each segment is under a different direct current (dc) 

voltage. The differential dc potential between these three segments, from high to 

low to high, allows for the trapping of injected ions. For the ejection of ions from 

the trap an alternative current (ac) voltage is applied to each segment. Here, 

parallel rods are subjected to the same ac voltage but the voltage sign (+/-) differs 

between rod pairs. This main radio frequency (rf) voltage generates a quadrupolar 

electric field that causes captured ions to maintain a stable oscilating state in the 

axial direction200. An increasing rf voltage gradient can then be used to induce 

unstable ion trajectories that leads to the ejection of ions, with increasing m/z, from 
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the trap. Ions leave the trap through the slit in the two central “exit” rods, collide 

with the detector, and the resultant signals reported as a spectrum of intensity 

versus m/z. 

 

 

Figure 11: Schematic representation of the linear ion trap mass analyser. 

Gaseous molecular ions enter the ion trap and are captured by the differential dc voltage applied to 

the three ion trap segments. Increasing rf voltage causes expulsion of ions from the trap, which are 

detected through an electron multiplier. 

 

Tandem MS in the ion trap involves an initial (pre-)scan to determine the rf in 

which the precursor ion of interest is ejected from the trap. A subsequent scan is 

then performed, where a broad spectrum of rf are employed, excluding the rf of the 

precursor ion, to expel all other ions that enter the trap. The rf voltage of the exit 

rods is then increased to increase the energy of the precursor ions. This causes 

collisions with an inert gas (helium) present in the trap to generate daughter ions. 

The main rf voltage then increases to cause ejection of ions in a m/z dependent 

fashion. 
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1.5.2.2 Orbitrap 

The Orbitrap is a high-resolution, accurate-mass analyser with a central (spindle) 

electrode and a split outer electrode (Figure 12)201-204. Ions are injected into the 

Orbitrap at a tangent by an upstream quadurpole i.e. C-Trap, which initiates the 

rotation of ions around the spindle through electrostatic and centrifugal forces. At 

the same time ions are focused or “squeezed” towards the spindle by an 

increasing electric field and are confined there by the outer electrode. For 

detection, the spindle voltage is held in a steady state to allow the stable 

oscillation of ions. Ions of the same m/z have the same frequency of rotation 

around the spindle (axially) and form a ring of ions. The frequencies of the axial 

oscillation of the ion rings are then detected as an image current. An accurate m/z 

can then be derived by the use of a Fourier Transform. As the Orbitrap is solely 

used for mass measurement it is typically coupled to an ion trap for MS/MS 

capabilities. 
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Figure 12: Schematic representation of the Orbitrap mass analyser. 

Molecular ions enter the Orbitrap at an angle and are driven towards the spindle though a dynamic 

electrostatic attraction. The frequency of axially oscillating ion rings are measured and 

mathematically transformed to give an m/z. 
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1.5.2.3 Time-of-Flight 

A time-of-flight (TOF) mass analyser measures the m/z of ions based on 

their movement through a vacuum and electric field-free “drift” region to a detector. 

The kinetic energy of the ions entering the TOF tube is equivalent to the electric 

potential energy gained from their acceleration through the applied electric field at 

the source (Table 8, eq. 1 and 2). Here, the kinetic energy, which is the same for 

all ions, is directly proportional to the mass and velocity of the ion. Therefore, 

smaller ions will have a greater velocity compared to larger ions and will reach the 

detector first. As the velocity can be determined by flight tube length and the time 

taken for the ion to traverse the flight tube (Table 8, eq. 3), the m/z of an ion can 

be derived (Table 8, eq. 4). 

 

Table 8: Formulas used for the determination of an ion’s m/z by a TOF mass 

analyser. 

Equation Formula Element definitions 

1 𝐸𝑝 = 𝑞𝑈 𝐸𝑝 is the electric potential energy, q is the ion charge and U is the accelerating 

voltage 

2 
𝐸𝑘 =

1

2
𝑚𝑣2 

𝐸𝑘 is the electric kinetic energy, 𝑚 is the mass of the ion and 𝑣 is the ion velocity 

3 
𝑣 =

𝑑

𝑡
 

𝑑 is the length of the drift region and t is the time of flight of the ion 

4 𝑚

𝑞
=
2𝑡2𝑈

𝑑2
 

See above 

 

Unfortunately, the resolution of the acquired mass spectra by a linear TOF mass 

analyser is limited205. This is primarily caused by the temporal, spatial and kinetic 

energy distribution of ions during the ionisation event. Evidently, these factors 

could be improved upon by either delaying the time in which ions are accelerated 

to the mass analyser upon formation206 or by lengthening the flight path. In 1973 

the mass-reflectron was introduced, which essentially extends the flight path of the 

ions without physically increasing the length of the TOF tube207. Here, an opposing 

electric field to the path of the ions is used to adjust the velocity and align analytes 
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of the same mass. Ions with a greater velocity will reach the reflector first and 

move further into the field compared to ions of the same mass with a lower 

velocity. These ions will then leave the reflector through re-acceleration and 

impact the detector at the same time (Figure 13). TOF reflectron mass analysers 

were further developed to enable tandem MS through the addition of a second 

TOF tube separated by a floating collision cell208. Termed TOF-TOF, ions of 

interest that fly with a particular velocity are allowed to exclusively enter the 

collision cell through a timed-ion-selector. Upon fragmentation, the precursor and 

fragment ions are accelerated towards the second TOF tube for measurement. 

 

 

Figure 13: Schematic representation of the TOF reflectron mass analyser. 

Ions generated by MALDI are accelerated into the electric field free drift region of the TOF mass 

analyser. Smaller ions will traverse the tube with a greater velocity than larger ions and will reach 

the linear detector first. For high mass accuracy measurements ions of the same m/z but different 

velocity will enter the reflectron, are then re-accelerated into the drift region and will reach the 

reflectron detector simultaneously. 
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1.5.3 Ion Detector 

The detection of ions that are separated by a mass analyser can be 

performed though various mechanisms. Electron multiplier and photomultiplier 

detectors are the most commonly employed. Electron multipliers amplify the signal 

current of a single ion by inducing a cascade of electrons. This can be achieved 

through the sequential collision of electrons with a series of dynodes that increase 

in voltage. Alternatively, a dynode with a curved, continuous surface can be used 

to cause multiple collisions along the length of the electron multiplier. 

 

For both systems, positive ions collide with a negatively charged conversion 

dynode resulting in the expulsion of secondary particles such as negative ions, 

electrons and neutrals. These negatively charged particles are then accelerated 

toward the electron multiplier where ongoing collisions result in the release of 

electrons. The resultant ion current is proportional to the number of particles 

colliding with the electron multiplier. A microchannel plate (MCP) electron 

multiplier is a type of continuous dynode that is primarily used for the detection of 

ions analysed by MALDI-TOF209. The numerous channels allow for the 

simultaneous analysis of multiple ion packets generated by MALDI. 

 

Similar to electron multipliers, photomultiplier detection also uses a conversion 

dynode for the initial release of electrons from the incident ions. However, these 

secondary particles then collide with a phosphors screen to cause the emission of 

photons. These photons then enter a photomultiplier tube where amplification of 

signal occurs through the cascading release of electrons. 
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1.5.4 High Performance Liquid Chromatography 

High performance liquid chromatography (HPLC) is the rapid and efficient 

separation of molecules based on their interaction with the mobile and stationary 

phase210. The stationary phase is a porous material packed within stainless steel, 

glass or PEEK polymer tubing to form a column. The type and size (2 - 50 μm) of 

the particles as well as the surface chemistry differ depending on the type of 

chromatography required211. The four main modes of separation are 

normal-phase, reversed-phase, ion exchange and size exclusion. The principles of 

each type of chromatography are similar, however the mechanism of analyte 

separation varies (Table 9). 

 

Reversed-phase (RP) HPLC is most commonly used for the separation of peptides 

or proteins prior to MS212. Here, the porous particles that make up the stationary 

phase are chemically bonded to alkyl chains with 18 (C18) or 8 (C8) carbons for 

peptide separation or 4 carbons (C4) for protein separation. Peptide samples 

loaded onto a column in an aqueous solution are retained through hydrophobic 

interactions with the alkyl chains. This is an entropically driven process whereby 

multiple water molecules that coat the analyte are displaced and disordered 

through the newly formed interaction between the hydrophobic surfaces. 

Separation of analyte components then occurs as the mobile phase passing 

though the column transitions from a primarily aqueous to an increasingly organic 

solvent solution. Peptides with increasing hydrophobicity are then eluted from the 

stationary phase as the solvent gradient progresses over time. The reproducibility, 

speed, efficiency and sensitivity of HPLC has resulted in its widespread use, both 

on-line and off-line to mass spectrometers, for the analysis of analytes213. 
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Table 9: Different modes of separation by HPLC. 

Chromatography Stationary phase 

 

Mobile phase Separation Mechanism 

 

Reversed-phase Non-polar Water/organic 

solvent 

Analytes are separated based on 

hydrophobicity. With increasing hydrophobicity 

of the analtye the retention time by the 

stationary phase increases. 

Normal-phase Polar Non-polar Analytes are separated based on 

hydrophilicity. With increasing hydrophilicity of 

the analtye the retention time by the stationary 

phase increases. 

Ion-exchange Ionic 

(cation/anion) 

Aqueous 

buffer 

Analytes are separated based on the ionic 

interaction with the stationary phase. Cation 

exchange involves the attraction of positively 

charged analytes to the negatively charged 

stationary phase. The reverse is true for anion 

exchange. 

Size-exclusion Porus Aqueous/non-

aqueous buffer 

Analytes are separated based on size. Smaller 

analytes migrate slowly through the pores of 

the stationary phase compared to larger 

analytes, which migrate faster between the 

porus particles. 
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1.6 Quantitative Proteomics 

1.6.1 Gel Based 

1.6.1.1 Two-Dimensional Gel Electrophoresis 

2-DE is a well-established technique that enables the separation of proteins 

in a complex mixture based on charge and molecular weight (Mr). Separation in 

the first dimension exploits the acidic or basic properties of proteins, which is 

based on the content of positively or negatively charged amino acid side chains. 

Under an applied electric field proteins will migrate in a pH gradient until they 

reach their isoelectric point (pI) where the sum charge equals zero214. This 

process, termed isoelectric focusing, has been at the centre of optimisation and 

development to achieve greater reproducibility and higher resolution since first 

demonstrated in 1926215. Some examples include the shift from carrier ampholytes 

to an immobilised pH gradient in the polyacrylamide support matrix, generation of 

wide to ultra-narrow range pH strips as well as maximising sample loads216. Other 

considerations for quality separation include sample preparation, loading method, 

voltage application as well as buffer conditions that should comprise of chaotropes 

(Urea/Thiourea), zwitterionic detergents (CHAPS), reductants (dithiothreitol) and 

carrier ampholytes217. 

 

After isoelectric focusing strips are then subjected to reduction and alkylation in a 

sodium dodecyl sulfate (SDS) containing buffer prior to the second dimension. 

This ensures that proteins are reduced and disulfide bridges cannot be 

re-established, artefacts do not arise from unreacted reductant dithiothreitol (DTT) 

and proteins are sufficiently coated in detergent to give an overall negative charge. 

In the second dimension, proteins become separated based upon their molecular 

weight using conventional SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 

where light weight proteins migrate to the anode more rapidly than heavier 

proteins. 
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For protein visualisation Coomassie brilliant blue stain is commonly employed and 

can detect 200 - 500 ng of protein per spot. Alternatively, silver-staining can be 

used to detect protein with a greater sensitivity of 0.1 ng protein per spot. 

Qualitative analysis of spot differences between comparable gels (i.e. control vs 

experimental) can then be performed using image analysis software such as 

PDQuestTM 2D software (Bio-Rad Laboratories Inc., CA, USA). Manual spot 

picking and the creation of “landmarks” allow warping of the 2-DE gels so that 

matched spots are overlayed. Here, proteins that are present only in the 

experimental but not control gel, or vice versa, can be subsequently identified 

using MS. However, this method is reliant on user discretion for spot picking and 

matching as well as subjective assessment of the validity of the protein spot. This 

in combination with run-to-run variability inherent to SDS-PAGE results in great 

technical variability. 

 

Alternatively, a more robust, quantitative approach can be performed using a 

combination of 2-DE and fluorescent protein labelling (Section 1.6.1.2). 

Additionally, coupling of 2-DE with conventional Western blotting has been utilised 

for identification and characterisation of temporally regulated proteins (Section 

1.4.4). 

1.6.1.2 Differential Gel Electrophoresis 

Differential gel electrophoresis (DIGE) is an extension of 2-DE that utilises 

fluorophores (cyanine dyes) to label protein samples that can be combined and 

analysed on the same gel (multiplexing). As the different samples are exposed to 

the same running conditions, technical variation that may arise from separate gel 

runs are eliminated and biological variations are more easily identified. 

 

The cyanine dyes (CyDyes) have several properties that enable quantitative 

analysis of protein expression. Firstly, they have an N-hydroxysuccinimide (NHS) 

moiety that reacts and forms a covalent linkage with the primary (epsilon) amino 

group present in the side chain of lysine residues. Under minimal labelling 
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conditions each protein in the sample population will receive a single tag and only 

3-5% of all proteins present will be labelled146. This ensures that the fluorophore 

emission detected for a particular spot on a 2-DE gel correlates to protein 

abundance. Secondly, the fluorophore is positively charged to compensate for the 

loss of the lysine ε-amino group. Therefore, the protein pKa and pI remain 

unaltered and will separate with unmodified proteins of the same type in the first 

dimension. Thirdly, these tags have a small molecular weight (446-465 Da) and 

labelled and non-labelled identical proteins in each sample will therefore 

co-migrate when run in the second dimension. 

 

The three CyDye labels employed, Cy5, Cy3 and Cy2, have different maximal 

excitation and emission wavelengths (Table 10). This enables multi-channel 

analysis (overlays) and the differentiation between the multiplexed control and 

experimental protein samples as well as the internal standard. The internal 

standard, a pool of all samples, is analysed on every gel in the experiment to 

ensure that each protein is present at least twice 217. This enables normalisation of 

all sample spots in the separate gels, which is required for downstream 

quantification and spot matching. 

 

Dedicated analytical software such as DeCyder 2D (GE Healthcare Biosciences, 

Uppsala, Sweden) can be used to analyse multiplexed DIGE gels where 

specialised algorithms are employed for accurate protein quantification. After 

automated in-gel spot matching, sample spot volumes are reported as a ratio to 

the internal standard and then normalised so that the spot volume ratio is zero 

when 'no change' is detected. Here, volume ratios greater than +1 or less than -1 

represents a fold increase or decrease, respectively. Spots of interest, where 

statistically significant differences in protein abundance have been observed, are 

subsequently excised from the gel and identified using MS. 
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Table 10: Spectral properties of the CyDyes implemented in DIGE. 

CyDye Excitation wavelength (nm) Emission wavelength (nm) Band pass 

Cy5 648  669  30 

Cy3 532 580 30 

Cy2 480 520 40 

 

1.6.2 Stable Isotope-Based Quantitative Proteomics  

The incorporation of an isotopic label into a protein or peptide for 

quantification can be achieved through three different approaches; enzymatic 

catalysis, chemical reaction or metabolic integration. There are various forms of 

each approach with associated advantages and disadvantages218. The approach 

selected to perform an MS-based quantitative proteomics experiment primarily 

depends on the sample under investigation and the purpose of the study219. 

1.6.2.1 Enzymatic Labelling 

Catalytic addition of the oxygen-18 isotope (18O) to the C-terminus of 

peptides can be performed simultaneously with the enzymatic digestion of 

proteins. Typically, trypsin is used and facilitates the hydrolysis of H2
18O as well as 

the covalent attachment of two 18O to the carboxylate carbon220. Labelling results 

in a peptide mass shift of 4 Dalton compared to the unlabelled peptide sample. 

Other endoproteases such as Glu-C221 and Lys-C can also be employed for the 

incorporation of two 18O atoms222. Limitations of this approach include multiplexing 

(only two conditions can be compared) and robustness. Due to the nature of the 

reaction it is not always complete i.e. incorporation of only a single label occurs 

and different peptides are labelled with varying efficiency. Furthermore, samples 

are combined late in the workflow, after enzymatic digestion and labelling, and are 

therefore susceptible to high technical variability. For these reasons errors may 
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arise and due to the complexity of the resultant mass spectra software tools are 

required to aid quantification223. 

1.6.2.2 Stable Isotope Labelling by Amino Acids in Cell Culture  

Stable isotope labelling by amino acids in cell culture (SILAC) is a metabolic 

labelling approach developed in 2002224. Typically, heavy isotopes of lysine 

(13C6
14N2) and/or arginine (13C6

14N4) residues are added to cell culture media in 

order to label newly synthesised proteins during cellular proliferation. Depending 

on the research question other amino acids may be employed; however, the use 

of lysine and arginine ensures at least one label per peptide is present when 

proteins are enzymatically digested with trypsin. Once SILAC is completed the cell 

cultures that represent different protein populations under investigation are 

combined. The pooling of samples prior to processing and analysis by MS ensures 

minimal technical variation is introduced, which makes the approach robust and 

more accurate compared to other methods that label at later stages of the 

experimental procedure. 

 

Subsequent to LC-MS analysis, relative quantification is performed based on the 

intensity of the co-eluting “light” and “heavy” peptide pairs. Depending on the label, 

a mass shift of approximately 6 Da (Lys/Arg 13C6), 8 Da (Lys 13C6, 15N2) or 10 Da 

(Arg 13C6, 15N4) is observed at the MS1-level. The analysis of the mass spectra 

can be assisted through the use of a variety of freely and commercially available 

software packages223. The most commonly employed is MaxQuant 

(http://www.maxquant.org) developed by Mann and colleagues225. 

 

The major limitation of this technique is that it requires the active incorporation of 

amino acids into proteins by live cells. Thus, SILAC is limited to cell lines that are 

not sensitive to growth media conditions226 and cannot be used for the analysis of 

tissue or fluids. The latter issue was somewhat overcome though the development 

of Super-SILAC227. Here, multiple cell lines that best represent the tissue studied 

(i.e. human cancer tissue) are labelled and pooled to perform relative 

http://www.maxquant.org/
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quantification on human samples. Although this opens new avenues for 

tissue-based biomarker discovery projects, the findings would still need to be 

translated to serum to be used as a detection tool228. 

1.6.2.3 Chemical Labelling 

1.6.2.3.1 Isobaric Tags for Relative and Absolute Quantification 

The use of isobaric tags for the quantitative comparison of proteins across 

multiple samples was first demonstrated by Ross and colleagues229. Coined 

isobaric tags for relative and absolute quantification (iTRAQ®, AB SCIEX), this 

technique became widely used in proteomic studies due to its multiplexing (4- and 

8-plex) and quantitative capabilities. The isobaric tags consist of three key parts: 

1) an NHS moiety that enables labelling of peptides via the ε-amino group of lysine 

residues and amino-terminus; 2) the balance group which maintains mass 

equivalency between the different tags; and 3) the reporter ion that is released 

during fragmentation of the parent peptide. For 8-plex experiments reporter ions of 

m/z 113, 114, 115, 116,117, 118, 119 and 121 will be observed in the MS/MS 

spectra (reporter ions for 4-plex are bold). 

 

Due to the isobaric nature of the tags the same peptide with different iTRAQ labels 

will be detected as a single peak in the survey spectra (MS1 level). This enhances 

the ability of that peptide to be selected for tandem MS due to the collective signal 

intensity. Relative quantification of the reporter ions is then performed at the MS2 

level to determine the relative peptide abundance in the different samples 

analysed. As labelling is performed after tryptic digestion all peptides should be 

tagged and, therefore, maximise the number of peptides in which protein 

identification and quantification can be performed. A number of different software 

applications are available, both free and commercial, for the analysis iTRAQ 

data223. 
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Absolute quantification by iTRAQ can be achieved through the addition of stable 

isotope standard (SIS) peptides into the different samples at a known 

concentration229. In this way the absolute concentration of a specific protein can be 

determined by comparing the intensity of the target protein peptides with the SIS 

peptides. However, it has been suggested that due to expense and technical 

difficulty the approach is better suited for biomarker discovery than targeted 

investigations218. 

 

Although iTRAQ has shown great promise for the use in biomarker discovery 

studies230, there is an increasing number of reports discussing the limitations of 

this technique. Incomplete tryptic digestion and labelling as well as differential 

labelling efficiency of peptides can negatively impact the reproducibility of the 

experiment218. Furthermore, mixing of labelled peptides occurs late in the 

experimental protocol and is therefore susceptible to technical variably introduced 

during sample processing. More recently, issues regarding quantitative precision 

and accuracy have been highlighted231,232. This has been found to arise from the 

quantification of reporter ions with low signal to noise and the co-selection of 

contaminants in the survey spectra, respectively. However, different solutions 

including bioinformatic analysis strategies as well as HPLC and instrument 

methods have been explored to address these issues. 

1.6.2.3.2 Isotope-Coded Protein Label 

Isotope-coded protein label (ICPL) represents an alternate approach for the 

identification and relative quantification of protein samples. Developed in 2005, 

ICPL utilises isotopologues of N-nicotinoyloxy-succinimide (Nic-NHS) to 

differentially label intact proteins through free amino groups (lysine residues and 

amino-terminal) (Figure 14)233,234. For every modified lysine a mass of 105.02 Da, 

109.05 Da, 111.04 Da or 115.07 Da is added to the peptide/protein depending on 

the label used. Labels containing either no heavy isotopes (ICPL0), four deuterium 

atoms (ICPL4), six 13C atoms (ICPL6) or four deuterium/six 13C atoms (ICPL10) 
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may be employed to study up to four different experimental conditions 

simultaneously235. 

 

 

Figure 14: Molecular structures of ICPL Nic-NHS tags. 

Structural formula of compounds (a) ICPL0, (b) ICPL4, (c) ICPL6 and (d) ICPL10. H: Hydrogen, D: 

Deuterium, C: Carbon 12 isotope and C: Carbon 13 isotope. 

 

As samples are labelled and pooled at the protein level conventional separation 

techniques such as 1D-PAGE, IEF and SEC can be employed prior to tryptic 

digestion to minimize sample complexity and allow for deeper proteome mining236. 

This poses an advantage over methods that label at the peptide-level (iTRAQ) or 

require minimal sample handing steps for experimental reproducibility (label-free). 

Furthermore, relative quantification of peptides is performed at the MS1 level. This 

overcomes certain limitations of iTRAQ, which relies on quantification of reporter 

ions in the low mass region of MS/MS spectra. Additionally, as quantification 

(MS1) is decoupled from identification (MS2) iterative rounds of MS can be 
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performed using imported peak list of peptides that were quantified but unidentified 

in the initial analysis237. 

 

Due to the isotopic nature of the labels, identical peptide species that are 

differentially modified will co-elute during chromatographic separation and can be 

distinguished by mass in the survey spectrum. For singly modified peptides with a 

+1 charge state a peptide mass shift of 4.05 Da, 6.02 Da or 10.01 Da is observed. 

The peptide ratio is then determined from the relative intensity of the monoisotopic 

peak from each labelled peptide. 

 

Data analysis can be aided by application specific software, ICPLQuant, that was 

development for a LC-MALDI-MS238 or a LC-ESI-MS workflow237,239. Briefly, peak 

detection is performed for each survey spectrum using the raw profile data to 

identify peptide elution profiles. Centroid m/z values are then derived for each 

peak and are subsequently deisotoped based on comparisons with theoretical 

(calculated) isotopic patterns. Each monoisotopic peak detected across the elution 

profile of a labelled peptide is integrated into a feature to give a single ion intensity 

value. The relative abundance of proteins in the samples is then derived from the 

median peptide ratio of quantified peptides originating from the same protein. 

Although other software solutions are available223 ICPLQuant accounts for method 

specific technicalities such as retention time (TR) shift for peptides labelled with the 

deuterium containing tags and isotope impurities for labels ICPL6 and ICPL10238. 

 

To date, ICPL has been successfully utilised in a number of quantitative proteomic 

studies (Table 11). Several groups have also shown that ICPL is a complementary 

strategy to other quantitative proteomic approaches such as 2D-PAGE240,241. 

Turtoi and colleagues compared the quantitative capacity of label-free and ICPL 

using serum. Here, 211 proteins were identified and 128 (61%) of those proteins 

quantified by ICPL. Although the number of identified proteins by label-free was 

around half that of ICPL (n=114) a slightly greater proportion were quantifiable 
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(68%). The greater number of protein identifications for ICPL may be due to the 

addition of sample pre-fractionation, which would reduce complexity and may 

allow for the identification of low abundant proteins. Of those proteins quantified, 

66 were common to both approaches, where 89% showed congruent protein 

ratios. As some differences were apparent, validation of 8 quantified proteins was 

performed to determine the reliability of each technique. Reported protein ratios 

were confirmed for 5 and 7 out of 8 proteins using either ICPL or label-free, 

respectively. This demonstrates that both approaches can be effectively employed 

for the quantification of complex samples, but require subsequent validation of 

findings. 

 

Interestingly, ICPL has also been applied at the peptide level242,243, which has 

been shown to yield comparable and supplementary results to iTRAQ244. Using 

this strategy Nogueira and co-workers reported 309 and 321 proteins to be 

successfully quantified by ICPL and iTRAQ, respectively244. A significant number 

of these quantified proteins (n=214) were common to both strategies with few 

discrepancies. Although the accuracy of the protein ratios was not verified both 

approaches appear to be effective. However, limitations that arise from labelling at 

the peptide level are still apparent, i.e. lack of pre-fractionation and down-stream 

mixing of samples. 

 

Table 11: Studies utilising ICPL to relatively quantify different proteomes. 

Multiplex Study purpose 

Number of proteins 

Ref. Identified Quantified Significantly 

regulated  

Successfully 

validated 

Triplex To determine cell cycle 

dysregulation caused by the over-

expression of proteins pp32r1 and 

pp32r2Y140H in a renal cancer 

cell line. 

277 129 (±1.4-fold) 

13 

2/2 245 

Duplex (2) To investigate protein expression 

changes during radiation-induced 

1. 532 1. 344 (±1.3-fold) 8/8 246 
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Multiplex Study purpose 

Number of proteins 

Ref. Identified Quantified Significantly 

regulated  

Successfully 

validated 

damage (1. 8 gray and 2. 16 gray). 2. 662 2. 371 1: 54 

2: 116 

Duplex (3) To investigate protein expression 

changes during radiation-induced 

endothelial cell senescence (1. 1 

week, 2. 3 weeks and 3. 6 weeks). 

1141 ± 19 632 ± 26 (±1.3-fold) 

1. 31 

2. 61 

3. 54 

3/3 247 

Triplex (5) To identify protein profile changes 

across the different tumour zones 

in Glioblastoma (3 zones, 5 

patients). 

277 ± 25 93 ± 36 (>1.41 and <0.71) 

1. 59 ± 29* 

2. 72 ± 15* 

3. 55 ± 30* 

2/2 248 

Duplex To investigate protein expression 

changes caused by the loss of 

Dicer in Sertoli cells. 

168 130 (±1.3-fold) 

53 

6/6 249 

Duplex To investigate the proteome of an 

in-vivo acne microenvironment 

caused by P. acnes infection. 

NA 13 (>1.5 and <0.6) 

4 

NA 250 

Duplex (2) To identify protein profile 

differences in the tumour 

microenvironment generated by a 

progressive and regressive 

fibrosarcoma cell line (1. cellular 

proteome and 2. secretome). 

1. 195 

2. 27 

1. 108 

2. 23 

(>1.5 and <0.6) 

1. 25 

2. 3 

NA 251 

Duplex (2) To investigate the nuclear 

proteome during early apoptosis 

(1. 30 min and 2. 60 min). 

NA NA (Mean >2SD) 

1. 15 

2. 38 

1/1 252 

Duplex To investigate protein expression 

changes in hepatoma cells upon 

TCDD toxin exposure. 

NA 89 (±1.2-fold) 

45 

NA 253 

*mean and standard deviation (mean ± SD) reported for multiple (>3) ICPL experiments performed in the same 

study. 
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1.6.3 Label-Free Approaches 

Relative quantification by label-free mass spectrometry has become an 

increasingly popular technique over label-based approaches in recent years231. 

This is primarily due to the advancement in HRAM MS instruments and 

development of high resolution HPLC. Cost effectiveness, simplicity of sample 

processing workflow and unlimited sample comparisons have also contributed to 

the wide spread use of this approach. A number of label-free workflows have been 

described, which enable quantitative comparisons between samples analysed in 

different LC-MS runs218. Two commonly employed label-free strategies utilise 

precursor ion intensity/area under the curve (AUC) or spectral counting254. A 

myriad of software programs are available, which accept certain data formats, 

utilise different algorithms for peak detection/feature extraction and may include 

chromatographic alignment tools223,255. Therefore, the software employed is 

dependent on the label-free workflow selected, data format acquired and access to 

commercial products256. 

1.6.3.1 Precursor Ion Intensity or AUC 

Two key aspects of precursor ion intensity-based label-free quantification 

are peak detection and alignment. Depending on the algorithm used, peak picking 

may be performed using TR and m/z measurements to define a region in which a 

specific peptide is detected during the LC-MS analysis256 (Figure 15). This area, 

termed feature, therefore contains all MS1 spectra acquired for a particular peptide 

observed at a particular m/z255. To aid the differentiation of precursor ion signal 

from background noise in the survey spectra, peak shape and isotopic pattern 

predictions for a particular m/z observation may be used. Deconvolution and 

deisotoping may then be performed to reduce the complexity of the data 

generated from the multiple charge states and isotopic clusters of the precursor 

ions and therefore, improve the signal to noise257. The monoisotopic peaks, 

derived from multiple MS1 scans, are then grouped to determine a relative 

intensity or peak area for a particular peptide. Relative protein abundance can 
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then be determined by collating multiple peptide intensities derived from the same 

protein through a number of different computational methods258. 

 

Peptide identifications and/or feature assignments can be used to align total ion 

chromatograms (TICs) arising from different LC-MS analyses259. This enables the 

relative abundance of proteins to be compared across different samples. Peptide 

standards may also be spiked into the sample to aid alignment. However, many 

peptides would be required to cover the complete LC-MS range to account for 

unequal chromatographic drifts and may compete with sample peptides for MS 

acquisition. 

 

For accurate quantification of peptides multiple MS1 measurements must be 

acquired over the chromatographic peak. Identification of the relatively quantified 

peptides may then be performed in a separate LC-MS/MS analysis using a 

targeted peak list. Alternatively, fragment ion spectra may be acquired 

simultaneous using data dependent acquisition. However, this would reduce the 

number of survey spectra acquired and compromise quantification of low abundant 

proteins219. 
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Figure 15: Label-free peak detection strategy. 

Peptide features mapped across the LC-MS run define peptides of specified m/z in 

which survey spectra was acquired across the chromatographic peak at a 

particular TR. Deconvolution and deisotoping may be performed prior to grouping 

consecutive MS1 spectra for precursor ion intensity determination. 
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1.6.3.2 Spectral Counting 

The number of MS/MS spectra acquired and identified for multiple peptides 

from the same protein can be used as an estimator to determine the relative 

amount of a protein between samples. This approach, however, relies on the 

assumption that more fragment ion spectra would be acquired for peptides arising 

from the more abundant proteins present in the samples. Therefore, HPLC 

reproducibility is extremely important as changes in chromatography may impact 

the elution peak width and profile, which would influence the number of MS2 

spectra acquired between different LC-MS runs. Furthermore, the peptide content 

of the samples needs to be similar to ensure minimal differences arise from the 

different peptide ionisation efficiencies. Additionally, detection and quantification of 

low abundant proteins, which may be of greater interest in biomarker discovery 

studies, may be hindered by the presence of high abundant proteins. For example, 

up to 10 most intense precursor ions can be selected for CID from the survey scan 

of an LTQ XL Orbitrap MS run. Therefore, the depth in which the sample is 

analysed is limited to this sampling rate. As a result, low-abundant peptides are 

not always detected in replicate runs or have very few peptides available for 

quantification leading to unreliable conclusions. 
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1.7 Thesis synopsis 

Circulating autoantibodies to TAAs presents a new avenue for cancer 

detection and screening. The generation of autoantibodies during early stages of 

malignancy and their inherent stability in sera may enable the diagnosis of ovarian 

cancer at a stage when treatments are most effective. This study explored the 

presence of such autoantibodies in the sera and plasma of patients diagnosed 

with serous ovarian cancer. 

 

The discovery phase, described in chapter 3, involved the development and 

execution of a novel immunoproteomic strategy. Patient-specific and 

control-paired immunoaffinity columns, generated with serum-purified antibodies, 

were treated with autoantigens derived from autologous ovarian cancer tissue. 

Chapter 4 details the relative quantification of immunocaptured proteins using 

isotope coded protein label (ICPL) technology. One hundred and forty eight 

autoantibody biomarker candidates were discovered and subsequently prioritised 

for verification. 

 

The verification phase focused on 50 potential autoantibody biomarkers, which 

were examined using protein microarray. Of those, 9 candidates were found to 

best discriminate early ovarian cancer from healthy individuals and those 

diagnosed with benign ovarian disease. 

 

The top three autoantibody biomarker candidates were further assessed in chapter 

5 using a large and global patient cohort as part of the validation phase. One 

candidate demonstrated the most robust and effective detection of stage I serous 

ovarian cancer from healthy individuals. As a 2-biomarker panel with the ‘gold 

standard’, CA125, the efficacy of the test superseded many reported biomarker 

panels to date. Therefore, a biomarker panel including the autoantibody candidate 

identified in this study has the potential to be used as a screening test to detect 

early stage I serous ovarian cancer.  
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Chapter 2: General Materials and Methods 

2.1 Materials 

2.1.1 General Materials 

Item Description Supplier Catalog Number 

96-Well Glass Bottom 

Plate  

SuperEpoxy Arrayit® Corporation, CA, USA M96FE 

Acclaim™ PepMap™ 

Nano-Trap Column 

75m i.d. x 2 cm, 

packed with Acclaim 

PepMap100 C18, 3 m, 

100Å, nanoViper 

Thermo-Dionex, Amsterdam, 

The Netherlands 

164535 

Acclaim™ PepMap™ 

Nano-LC Column 

75m i.d. x 15 cm, 

packed with Acclaim 

PepMap100 C18, 3 m, 

100Å, nanoViper 

Thermo-Dionex, Amsterdam, 

The Netherlands 

164568 

Affi-Gel 10® Gel  Activated immunoaffinity 

chromatography media 

Bio-Rad Laboratories Inc., CA, 

USA 

153-6099 

Affi-Gel® Hz Hydrazide 

Gel 

Hydrazide gel activated 

support 

Bio-Rad Laboratories Inc., CA, 

USA 

153-6047 

Amersham Hyperfilm 

ECL 

18 x 24 cm GE Healthcare Biosciences, 

Uppsala, Sweden 

28-9068-36 

BD Luer-Lok™ Syringe 10 mL Becton, Dickinson and 

Company, Singapore, 

Singapore 

301029 

BioTrace™ NT 

Nitrocellulose 

Membrane 

Pure nitrocellulose 

blotting membrane 

PALL Corporation, FL, USA  66485 

Blotting Paper Chromatography paper 

3mm, 15 x 20 cm 

Whatman International Ltd., 

Maidstone, England 

3030-6188 

Capillary Column 

 

Nikkyo Technos Co., Ltd., 

Tokyo, Japan 

NTCC-360/100-5-

155 

CelluSep® T3 

Regenerated Cellulose 

Tubular Membrane 

12-14 kDa MWCO Membrane Filtration Products 

Inc., Texas, USA 

1230-33 

Corning® 96 Well 

EIA/RIA High Bind 

Microplate 

Clear, flat bottom, 

polystyrene 

Sigma-Aldrich, MO, USA CLS3590 
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Item Description Supplier Catalog Number 

Criterion™ XT Precast 

Gel 

4-12% Bis-Tris: IPG+1 

Well Comb, 11 cm, 1.0 

mm 

Bio-Rad Laboratories Inc., CA, 

USA 

345-0127 

DIGE Gel 24 cm format precast 

12.5% polyacrylamide 

gel 

GE Healthcare Biosciences, 

Uppsala, Sweden 

28-9374-51 

Fuji Medical X-Ray film 18 x 24 cm FUJIFILM Co., Tokyo, Japan NA 

HPLC vials Polypropylene Dionex, Amsterdam, The 

Netherlands 

6820.0029 

 

HPLC Vial Caps NA Dionex, Amsterdam, The 

Netherlands 

6820.0028 

 

Hybond™ LFP 

membrane 

PVDF membrane GE Healthcare Biosciences, 

Uppsala, Sweden 

RPN2020LFP 

Immobiline DryStrip Gel 11 cm/24 cm, pH 3-11 

NL 

GE Healthcare Biosciences, 

Uppsala, Sweden 

17-6003-74/  

17-6003-77 

Male/ Female Adapter Low pressure 

chromatography fittings, 

1.6 mm barb to 

male/female luer, 

polypropylene 

Bio-Rad Laboratories Inc., CA, 

USA 

731-8222/ 731-8225 

Microfuge® Tube 

Polyallomer 

1.5 ml Beckman instruments Inc., CA, 

USA 

41121703 

MTP AnchorChip™ 

800/384 T F 

NA Bruker Daltonics, Bremen, 

Germany 

209514 

Novex® Sharp protein 

standard 

Unstained Invitrogen™, CA, USA LC5801 

Novex® Sharp protein 

standard 

Pre-stained Invitrogen™, CA, USA LC5800 

NuPAGE Novex® 

Pre-cast Gel 

4-12% Bis-Tris, 1.0 mm, 

10 well and 12 well 

Invitrogen™, CA, USA NP0321BOX/ 

NP0322BOX 

NuPAGE Novex® 

ZOOM® Pre-cast Gel 

4-12% Bis-Tris, 1.0 mm, 

IPG well 

Invitrogen™, CA, USA NP0330BOX 

Paper Electrode Wicks NA GE Healthcare Biosciences, 

Uppsala, Sweden 

80-6499-14 

PD MidiTrap G-10  Desalting column GE Healthcare Biosciences, 

Uppsala, Sweden 

28-9180-11 

Peristaltic Tubing i.d. 1.29 mm, maximum Gilson (John Morris Scientific), F117940 
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Item Description Supplier Catalog Number 

flow rate 6.15 ml/min, 

PVC (Tygon) 

CA, USA 

pH-indicator Strips pH 0 - 14 MERCK Millipore, Darmstadt, 

Germany 

1095350001  

Pierce® 

Chromatography 

Cartridge Melon™ Gel 

1 ml and 5 ml columns Thermo Scientific, IL, USA 89932/ 89933 

Pierce® PepClean™ 

C-18 Spin Column 

NA Thermo Scientific, IL, USA 89870 

Poly-Prep 

Chromatography 

Columns 

9 cm, 2 ml bed volume 

(0.8 x 4 cm), 

polypropylene  

Bio-Rad Laboratories Inc., CA, 

USA 

731-1550 

Protease Inhibitor 

Cocktail 

Mammalian Sigma-Aldrich, MO, USA P8340 

Protein G Sepharose 4 Fast flow GE Healthcare Biosciences, 

Uppsala, Sweden 

17-0618-01 

ReadyStrip IPG Strips 11cm, pH 3-10 NL Bio-Rad Laboratories Inc., CA, 

USA 

163-2016 

Safe-Lock Tubes™ 0.5 ml, 1.5 ml and 2 ml, 

polypropylene 

Eppendorf, Hamburg, 

Germany 

0030 120.094 

ScrewCap Conical Tube 0.5 ml Astral Scientific Pty, NSW, 

Australia 

B71057 

Screw Caps  Secure closure Astral Scientific Pty, NSW, 

Australia 

B91300 

Silicon Tubing i.d. 1.6 mm / 0.8 mm 

wall, 10 m, low pressure 

tubing for liquid handling 

Bio-Rad Laboratories Inc., CA, 

USA 

731-8211 

Vivaspin 500 10 kDa MWCO Sartorius Stedim Biotech, 

Goettingen, Germany 

VS0101 

Vivaspin 6 5 kDa MWCO GE Healthcare Biosciences, 

Uppsala, Sweden 

28-9322-94 
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2.1.2 Chemical Reagents 

All chemicals and reagents were of analytical grade or higher. Most 

common laboratory chemicals were purchased from Sigma-Aldrich (MO, USA) and 

MERCK Millipore (Darmstadt, Germany). Barnstead water with resistivity of 18.2 

MΩ-cm at 25°C, total organic carbon (TOC) <1 ppb was used. Specialised 

reagents and their suppliers are listed below. 

 

Reagent Supplier Catalog Number 

3,3’,5,5’-Tetramethylbenzidine eBioscience®, CA, USA 00-4201 

Albumin From Bovine Serum  Sigma-Aldrich, MO, USA A7030 

Assay Diluent (5x) eBioscience®, CA, USA 00-4202-AD2 

Blocking Reagent Roche Applied Science, Mannheim, Germany 1-096-176 

Blockit™ Plus Microarray Blocking 

Buffer, Automation Formulation 

Arrayit® Corporation, CA, USA BKTPL 

Carrier Ampholyte, IPG buffer pH3-11 

NL 

GE Healthcare Biosciences, Uppsala, Sweden 17-6004-40 

Casein, Bovine Milk MERCK Millipore, Darmstadt, Germany 218680 

Chemiluminescent Peroxidase 

Substrate - 3 

Sigma-Aldrich, MO, USA CPS3 

DeStreak Reagent  GE Healthcare Biosciences, Uppsala, Sweden 17-6003-18 

DTT Sigma-Aldrich, MO, USA D9163 

ECL Western Blotting Detection 

Reagent 

 GE Healthcare, Buckinghamshire, UK RPN2109 

Ethanolamine Sigma-Aldrich, MO, USA E9508 

Gelatin From Porcine Skin (Type A) Sigma-Aldrich, MO, USA G1890 

HCCA Bruker Daltonics, Bremen, Germany 201344 

Immobilon Western Chemiluminescent 

HRP substrate 

MERCK Millipore, Darmstadt, Germany WBKLS0500 

IAA GE Healthcare Biosciences, Uppsala, Sweden RPN6302OL/AG 

Magic Mark™ XP Western Protein Invitrogen™, CA, USA LC5602 
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Reagent Supplier Catalog Number 

Standard 

Naphthol Blue Black  Sigma-Aldrich, MO, USA N3393 

NuPAGE® LDS Sample Buffer Invitrogen™, CA, USA NP0008 

NuPAGE® MES SDS Running Buffer 

(20x) 

Invitrogen™, CA, USA NP0002 

NuPAGE® MOPS SDS Running Buffer 

(20x) 

Invitrogen™, CA, USA NP0001 

Pefabloc SC® PLUS PSC-Protector 

Solution 

Roche Applied Science, Mannheim, Germany 11873601001 

Peptide Calibration Standard II Bruker Daltonics, Bremen, Germany 222576 

Pierce® Protein-Free T20 (PBS) 

Blocking Buffer  

Thermo Scientific, IL, USA 37573 

PlusOne™ DryStrip Cover Fluid Amersham Biosciences, Uppsala, Sweden 17-1335-01 

Ponceau-S Sigma-Aldrich, MO, USA P7170 

Protein Microarray Reaction Buffer 

Plus 

Arrayit® Corporation, CA, USA PMRBP 

Skim Milk Powder Diploma NA 

Sodium m-periodate Sigma-Aldrich, MO, USA 1878 

SuperSignal® West Femto Maximum 

Sensitivity Substrate 

Thermo Scientific, IL, USA 34095 

Triethanolamine Sigma-Aldrich, MO, USA T58300 

Trypsin gold Promega, WI, USA V5280 

Western Blocking Reagent, Solution 

(10x) 

Roche Applied Science, Mannheim, Germany 11921681001 
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2.1.3 Buffers and Solutions 

Buffer/Solution Components 

Colloidal Coomassie brilliant blue G-

250 Stain 

8% ammonium sulfate (w/v), 0.8% phosphoric acid (v/v), 0.08% dye 

stock (v/v), 20% methanol (v/v) 

Dye stock 0.05% Coomassie brilliant blue G-250 (w/v) 

IEF alkylating solution 1x NuPAGE LDS sample buffer, 125 mM IAA 

IEF reducing solution 1x NuPAGE LDS sample buffer, 50 mM DTT 

IEF rehydration buffer 1.2% DeStreak (v/v), 0.5% pH 3-11 ampholites (v/v), 0.5% 

bromophenol blue (v/v), TUC4 

Low melt agarose 1% agarose (w/v), MOPS buffer 

MES buffer (1X) 50mM MES, 50mM Tris base, 0.1%(w/v) SDS, 1mM EDTA 

MOPS buffer (1X) 50mM MOPS, 50mM Tris base, 0.1%(w/v) SDS, 1mM EDTA 

Poceau-S staining solution 1% glacial acetic acid (v/v), 0.11% Ponceau-S (w/v) 

SDS-PAGE fixer solution 40% (v/v) ethanol, 10% (v/v) acetic acid 

SDS-PAGE loading buffer (2X) 0.1 M Tris (pH 7), 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, 20% 

(w/v) glycerol 

Silver developing solution 30 g/L sodium carbonate, 0.03 g/L sodium thiosulphate, 500 µl 

formaldehyde 

Silver sensitising solution 0.2 g/L sodium Thiosulphate 

Silver staining solution 1 g/L silver, 100 µl/L formaldehyde 

Silver stopper solution 10 g/L glycine 

TBST TBS, 0.1% (v/v) Tween20 

Tissue lysis buffer (Denaturing) 20 mM DTT, 1 mM PMSF, 90% TUC4 (v/v), 1% protease inhibitor 

cocktail (v/v) 

Tissue lysis buffer (Native) 1xTBS (pH7.5), 1% Triton X-100, 1% protease inhibitor cocktail (v/v), 

1% Pefabloc SC PLUS protector solution 

Towbin transfer buffer (10x) 1.92 M glycine, 250 mM Tris, 0.1% (w/v) SDS 

Transfer buffer (1x) 192 mM glycine, 25 mM Tris, 0.001% (w/v) SDS, 10% (v/v) methanol 

Tris buffer saline (TBS) 25 mM Tris pH 7.5, 150 mM NaCl 

TUC4 7 M urea, 2 M thiourea, 4% CHAPS, 34 mM Tris 
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Buffer/Solution Components 

Western Blocking 3% (w/v) skim milk powder in TBST 

 

2.1.4 Commercial Kits 

Kit Supplier Catalog Number 

Affi-Gel Hz Immunoaffinity Bio-Rad Laboratories Inc., CA, 

USA 

1536060 

CarboLink™ Immobilization Trial 

Kit 

Thermo Scientific, IL, USA 20355 

EZQ® Protein Quantitation Invitrogen™, CA, USA R-33200 

SERVA ICPL™  SERVA Electrophoresis, 

Heidelberg, Germany 

29230.01 

ReadyPrep™ 2-D Cleanup  Bio-Rad Laboratories Inc., CA, 

USA 

163-2130 

SilverQuest™ Silver Staining Invitrogen™, CA, USA LC6070 
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2.1.5 Recombinant Proteins 

All recombinant proteins were sourced from Abnova (Taipei, Taiwan) unless 

otherwise specified. Alternate protein name written in brackets. 

 

Protein Name ENI/UniProtKB Catalog Number 

ACLY P53396 TP300508 (OriGene, MD, USA) 

ACON (ACO2) Q99798 H00000050-P01 

ACTA (ACTA2) P62736 H00000059-P01 

ACTB P60709 H00000060-P01 

ACTN1 P12814 H00000087-P01 

ACTN4 O43707 H00000081-P01 

ANXA1 P04083 H00000301-P01 

ARAP1 Q96P48 H00116985-P01 

ARP3 (ACTR3) P61158 H00010096-P01 

ASSY (ASS) P00966 H00000445-P01 

AT1A1 (ATP1A4) P05023 H00000480-P01 

C1TC P11586 H00004522-P01 

CATZ (CASZ) Q9UBR2 H00001522-P02 

CERU (CP) P00450 P4942 

CFAH (CFH) P08603 H00003075-P03 

CO3 (C3) P01024 TP315069 (OriGene, MD, USA) 

CPT1A P50416 H00001374-P01 

CSK P41240 H00001445-P01 

EF2 (EEF2) P13639 H00001938-P01 

ENOA (ENO1) P06733 H00002023-P01 

ENPL (TRA1) P14625 H00007184-P02 

F13A (F13A1) P00488 H00002162-P01 

FLNA P21333 H00002316-P01 
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Protein Name ENI/UniProtKB Catalog Number 

FPPS (FDPS) P14324 H00002224-P01 

G3P (GAPDH) P04406 H00002597-P01 

GANAB Q14697 H00023193-P01 

GLGB (GBE1) Q04446 H00002632-P01 

GSTK1 Q9Y2Q3 H00051064-P01 

HS90A (HSP90AA1) P07900 P3387 

HS90B (HSP90AB1) P08238 H00003326-P01 

ILEU (SERPINB1) P30740 H00001992-P01 

ISOC2 Q96AB3 H00079763-P01 

ITIH4 Q14624 TP319753 (OriGene, MD, USA) 

NDKB (NME2) P22392 H00004831-P01 

OTUB1 Q96FW1 H00055611-P01 

PITRM1 (PREP) Q5JRX3 TP310596 (OriGene, MD, USA) 

PPA6 (ACP6) Q9NPH0 H00051205-P01 

PPIB P23284 H00005479-P01 

PRDX1 Q06830 H00005052-P01 

RAB10 P61026 H00010890-P01 

SAHH (AHCY) P23526 H00000191-P01 

SERPH (SERPINH1) P50454 H00000871-P01 

SLC25A5 (ADT2) P05141 TP308949 (OriGene, MD, USA) 

STAT1 P42224 H00006772-P01 

SYG (GARS) P41250 H00002617-P01 

TBA1A (TUBA1B) Q71U36 TP308669 (OriGene, MD, USA) 

TBA1B P68363 H00010376-P02  

TIF1B (TRIM28) Q13263 H00010155-P01 

UBA1 P22314 H00007317-P01 

VINC (VCL) P18206 H00007414-P01 
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2.1.6 Antibodies 

Antibody Catalog Number Supplier 

Cy™3-conjugated AffiniPure Donkey Anti-Human IgG, Fcγ 

Fragment Specific 

709-165-098 Jackson ImmunoResearch 

Laboratories Inc., PA, USA 

Alexa Fluor® 488-conjugated AffiniPure Goat Anti-Mouse 

IgG  

A11029 Invitrogen™, CA, USA 

Alexa Fluor® 647-conjugated AffiniPure Goat Anti-Human 

IgG (H+L) 

109-605-003 Jackson ImmunoResearch 

Laboratories Inc., PA, USA 

Peroxidase-conjugated AffiniPure Goat Anti-Human IgG 

(H+L) 

109-035-003 Jackson ImmunoResearch 

Laboratories Inc., PA, USA 

HRP-conjugated Rabbit Anti-Mouse IgG (H+L) 61-6520 Invitrogen™, CA, USA 

HRP-conjugated Mouse Anti-Human IgG (Fc) Ab99765 Abcam, Cambridge, UK 

Mouse Anti-ACTR3 mAb 00010096-M02 Abnova, Taipei, Taiwan 

ChromPure Goat IgG, whole molecule (highly purified from 

the serum of non-immunised animals) 

005-000-003 Jackson ImmunoResearch 

Laboratories Inc., PA, USA 
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2.1.7 Instruments 

Instrument Manufacturer 

B-173 Compact Twin Conductivity Meter Horiba Scientific, NJ, USA 

Centrifuge 5810R Eppendorf, Hamburg, Germany 

Criterion™ Blotter Bio-Rad Laboratories Inc., CA, USA 

Criterion™ Cell Bio-Rad Laboratories Inc., CA, USA 

CyberScan PC 300 pH Meter Eutech Instruments, Singapore, Singapore 

Biotrak™ II Visible Plate Reader (v1.2) Amersham Biosciences, Uppsala, Sweden 

EPS 601 Power Supply Amersham Biosciences, Uppsala, Sweden 

Ettan™ Spot Picker  GE Healthcare Biosciences, Uppsala, Sweden 

Ettan™ DALTtwelve System Separation unit Amersham Biosciences, Uppsala, Sweden 

Ettan™ DIGE Imager  GE Healthcare Biosciences, Uppsala, Sweden 

Ettan™ IPGphor™ II Isoelectric Focusing System GE Healthcare Biosciences, Uppsala, Sweden 

Film Processor CP1000 Agfa-Gevaert, SC, USA 

Leica HistoBath HI1210 Leica Instruments, Nussloch, Germany 

LTQ Orbitrap XL™ Thermo Scientific, IL, USA 

Minipuls 3 Peristaltic Pump Gilson Inc, WI, USA 

Nano-HPLC Ultimate 3000 RS system Thermo-Dionex, Amsterdam, The Netherlands 

NanoVue™ Spectrophotometer GE Healthcare Biosciences, Uppsala, Sweden 

Optima™ TLX Ultracentrifuge  Beckman instruments Inc., CA, USA 

PowerLook 1120 UDS Scanner UMAX Technologies Inc., CA, USA 

Savant SpeedVac™ SVC-100 Savant, NY, USA 

TE 77 PWR Semi-Dry Transfer Unit Amersham Biosciences, Uppsala, Sweden 

Typhoon Trio Amersham Biosciences, Uppsala, Sweden 

Ultraflex III MALDI-TOF/TOF Bruker Daltonics, Bremen, Germany 

ultrafleXtreme MALDI-TOF/TOF Bruker Daltonics, Bremen, Germany 

XCell SureLock™ Mini-Cell Electrophoresis System Invitrogen™, CA, USA 
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2.1.8 Computer Software 

Software Version Company 

Adobe® Photoshop® Elements 6 6.0 Adobe Systems, Inc. 

DeCyder 2D Differential Analysis 7.0 GE Healthcare Biosciences 

Ettan DIGE imager 1.0 GE Healthcare Biosciences 

Ettan Spot Picker  1.20 GE Healthcare Biosciences 

Excel® 14.3.7 (for MAC 2011) Microsoft Corporation 

GraphPad Prism 6.0b (for Mac OS X) GraphPad Software, Inc.260 

ICPL_ESI Quant 2.0 Max-Planck Institute of Biochemistry237 

ImageJ 1.47n Wayne Rasband, National Institute of 

Health, USA 

ImageQuant® 5.2 (and TL 7.0) Molecular Dynamics, Inc. 

MagicScan 4.6  UMAX Data Systems, Inc. 

PD Quest™ 2-D Analysis Software 7.2 Bio-Rad Laboratories, Inc. 

Proteome Discoverer 1.3 Thermo Scientific 

Proteome Discoverer Daemon 1.3 Thermo Scientific 

R: A language and environment for 

statistical computing 

2.15.2 / 3.0.0 R Core Team, R Foundation for 

Statistical Computing261 

Xcalibur  2.0.7 SP1 release Thermo Scientific 
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2.1.9 Web Resources 

NCBI was used to access protein, nucleotide and PubMed databases 

(http://www.ncbi.nlm.nih.gov/) as well as the BLAST (Basic Local Alignment 

Search Tool) databases. The ExPasy Proteomics Tools server 

(http://au.expasy.org/tools/) provided access to protein prediction (localisation, 

motif searches, predicted MW and PI) programs and DNA  Protein Translation 

programs. UniProt was used to access the protein knowledgebase (UniProtKB) for 

protein sequence and gene ontology (GO) annotations (The UniProt Consortium, 

http://www.uniprot.org)262. 

 

The PANTHER (protein analysis through evolutionary relationships) Classification 

System database (v8.1, http://www.pantherdb.org) was used for the classification 

of GO terms “molecular function” and “cellular component”263,264. Networks were 

generated through the use of Ingenuity Pathway Analysis (Ingenuity® Systems, 

www.ingenuity.com) and the STRING database265 (search tool for the retrieval of 

interacting genes/proteins v9.05, http://string-db.org) software tools. 

  

http://www.ncbi.nlm.nih.gov/
http://au.expasy.org/tools/
http://www.uniprot.org/
http://www.pantherdb.org/
http://www.ingenuity.com/
http://string-db.org/
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2.2 General Methods 

2.2.1 Protein Techniques 

2.2.1.1 Determination of Protein Concentration 

Protein concentration was determined using the EZQ® protein quantitation 

assay (Invitrogen™). A standard curve of ovalbumin (OVA) was generated from 

0.125 to 2 mg/ml (linear detection range) and protein samples were diluted by 

factors of 5, 10 or 20 depending on the source material. The same sample buffer 

was used for solubilisation and dilution of the OVA standards and protein samples. 

Standards, samples and buffer (background control) were spotted (1 µl) in 

triplicate or quadruplicate onto a sheet of assay paper. Protein spots were air dried 

to completeness before fixation and washing in methanol (40 ml) for 5 min with 

gentle agitation. Subsequently, the assay paper was air dried and stained with 

EZQ® protein quantitation reagent (40 ml) for 30 min in the dark with gentle 

agitation. Upon completion the assay paper was washed in 50 ml rinse buffer 

(10% methanol, 7% acetic acid) three times. The assay paper was dried using a 

heating block (60°C) and analysed using either the Typhoon Trio 

spectrophotometer (Amersham Bioscience) or the Ettan™ DIGE imager (GE 

Healthcare). 

 

Typhoon Trio spectrophotometer detection parameters were set at an excitation 

filter of 488 nm, emission filter of 580/30 nm, 300V photon multiplier tube (PMT) 

and 100 µm pixel resolution. Ettan™ DIGE imager detection parameters were set 

at an excitation filter of 480/30 nm, emission filter of 530/40 nm, 100 µm pixel 

resolution and exposure of 0.05. Resultant standard curves required an R-squared 

value of ≥0.9999 and coefficient of variance ≤10% for accurate sample protein 

concentration determination. 
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2.2.1.2 Precipitation of Protein Samples 

For protein concentration and salt elimination, ice cold 100% acetone was 

added in four times the volume of the protein sample. These were incubated 

overnight -20°C then centrifuges (5,000 xg) for 10 min at -9°C. The supernatant 

was carefully removed before the pellet was washed with 500 μl ice cold acetone 

(80% v/v). Washing was performed for 30 min on ice with vortexing for 30 sec 

every 10 min. The centrifugation step and removal of supernatant was repeated. 

Residual acetone was evaporated to dry the pellet. Alternatively, TCA/acetone 

precipitation was performed using the ReadyPrep™ 2-D Cleanup kit (Bio-Rad 

Laboratories) following the manufacturer’s instructions. 

2.2.1.3 Conductivity of Protein Samples 

Prior to IEF the sample was measured for conductivity (micro Siemens per 

meter, μS/m) using a Twin Compact Meter (HORIBA) conductivity meter B-173.  

Measurements were performed following the manufacturers instructions. 

2.2.2 Gel-Based Techniques 

2.2.2.1 IEF 

Immobiline DryStrip gels (GE Healthcare) were removed from storage 

at -20°C and rehydrated in 100 µl rehydration buffer using the DryStrip reswelling 

tray (GE Healthcare) overnight at room temperature. Upon rehydration the strips 

were removed from the reswelling tray with forceps and transferred to the Ettan™ 

IPGphor Manifold tray. The anodic end of the IPG strip was orientated toward the 

anodic side of the instrument with the gel face-up. Two paper wicks were treated 

with 150 µl of reverse osmotic water and placed onto each end of the strip 

overlapping the gel. 

 

Electrode cams were swivelled into the closed position under the external lip of the 

tray and sample loading cups were placed onto the strip at the anodic end. 

Approximately 100 ml of PlusOne dry strip cover fluid was loaded into the 
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manifold. Protein samples (150 µl) in IEF buffer were loaded into the sample cups. 

PlusOne dry strip cover fluid (50 µl) was applied to the top of each sample and the 

Ettan IPGphor II isoelectric focusing program was initiated (Table 12) at 50 

µA/strip, 20°C. 

 

Table 12: Protocol parameters employed for IEF of protein samples on an 11 

cm immobiline DryStrip gel. 

Step Type Volts Duration 

1 Step 300 2 hrs 

2 Step 500 2 hrs 

3 Step 1000 2 hrs 

4 Gradient 8000 5 hrs 

5 Step 8000 45000 vhrs 

6 Step 500 10 hrs 

2.2.2.2 1D SDS-PAGE 

Protein samples were boiled in NuPAGE® LDS Sample Buffer 

(Invitrogen™) containing 0.05 M DTT for 5 min prior to separation. Samples 

loaded into the wells of a 4-12% Bis-Tris polyacrylamide precast gel (Invitrogen™) 

were electrophoresed at 200V for 1 hr in MOPS or 50 minutes in MES SDS 

running buffer (Invitrogen™). 

2.2.2.3 2D SDS-PAGE 

Protein samples that were previously separated based on charge using 

gel-based IEF were further separated based on size using 2D SDS-PAGE. IEF 

strips containing sample were equilibrated in IEF reducing solution (5 ml) for 15 

min with gentle agitation. The reducing solution was poured off and equilibration in 

IEF alkylating solution (5 ml) was performed for 15 min with gentle agitation. 

Approximately 250 µl of molten low melt agarose was applied to the single 1.0 cm 

x 11 cm well of a Criterion™ XT precast gel (Bio-Rad Laboratories) and the IEF 
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sample strip placed into the molten agarose. Approximately 100 µl of molten 

agarose was applied to the top of the strip and was allowed to set for 10 min at 

4°C prior to electrophoresis. Gels were electrophoresed in two steps; 1) 50V for 30 

min and 2) 150 V for 1 hr in MOPS SDS running buffer (Invitrogen™). 

2.2.2.4 Western Blot Analysis 

 Protein samples fractionated by 1D or 2D SDS-PAGE were transferred onto 

low fluorescent PVDF or nitrocellulose membrane using a Criterion™ Blotter 

electrophoretic wet-transfer cell (Bio-Rad Laboratories). Six sheets of Whatman 

filter paper and the gel were pre-soaked in transfer buffer for 10 min prior to 

assembly of the gel sandwich. PVDF membrane was treated with 100% methanol 

and ultrapure water for 30 sec before equilibration in transfer buffer for 5 min. 

Nitrocellulose membrane was treated with 10% methanol and ultrapure water for 

30 sec before equilibration in transfer buffer for 5 min. Proteins were transferred 

for 1 hr at 300 mA per gel. 

 

Upon completion the membrane was removed from the sandwich and incubated 

with blocking buffer for 1 hr at room temperature or overnight at 4°C. The 

membrane was washed 3 times with TBST (0.1%) and probed with patient serum 

(1 in 100 dilution) for 1 hr at room temperature. The membrane was washed 3 

times with TBST (0.1%) before probing with anti-human IgG for 1 hr at room 

temperature. For fluorescence detection, the membrane was analysed using the 

Typhoon Trio spectrophotometer (Amersham Biosciences). 

 

For chemiluminescent analyses Western blots were treated with an ECL solution, 

following the manufacturer’s instructions, prior to exposure of autoradiogaphy film. 

Exposed film was then developed using the CP1000 film processor (Agfa-

Gevaert). Semi-Dry Western blotting was also performed using a TE 77 PWR 

Semi-Dry Transfer Unit (Amersham Biosciences) at 0.8 mA/cm2 for 1 hr. All other 

steps were performed as described for the “wet” transfer of proteins. 
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2.2.3 Protein Visualisation 

2.2.3.1 SDS-PAGE Gel Staining 

Proteins fractionated by SDS-PAGE were visualised by staining with 

colloidal Coomassie stain (G-250) or silver. Proteins were fixed to the gel using 

SDS-PAGE fixer solution for at least 2 hrs prior to staining. Coomassie staining 

was performed overnight at room temperature with gentle agitation. Alternatively, 

silver staining was performed using the SilverQuest™ Silver Staining kit 

(Invitrogen™) following the manufacturer’s instructions or using in-house reagents 

following the silver staining method described by Bloom et al266. 

 

Briefly, the gel was incubated in 30% ethanol (30% v/v) for 20 min then again with 

ethanol (15% v/v) for 20 min with gentle agitation. The gel was rinsed in UPW for 

20 min prior to incubation with silver sensitising solution (0.2 g/L sodium 

thiosulphate) for 1 min. Immediately after, the gel was rinsed with UPW three 

times for 20 sec. Staining was performed with silver staining solution (1 g/L silver 

nitrate, 100 µl/L formaldehyde) for 30 min and excess solution removed by rinsing 

with UPW three times for 20 sec. Visualisation of proteins was performed using 

silver developing solution (30 g/L sodium carbonate, 0.03 g/L sodium thiosulphate, 

500 µl formaldehyde) for 1 min. The developing solution was refreshed and 

allowed to react until protein bands appeared. The reaction was stopped with 

silver stopper solution (10 g/L glycine) for 15 min. 

2.2.3.2 Ponceau-S Staining of Nitrocellulose Blotting Membrane 

Proteins transferred onto a nitrocellulose membrane were visualised using 

ponceau-S stain. The membrane was air dried to aid protein binding then 

incubated with ponceau-S staining solution for 5 min. The membrane was washed 

twice with 5% acetic acid (v/v) solution for 5 min to remove excess stain. Scans 

were taken using the PowerLook 1120 (UMAX Technologies, Inc.). 
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2.2.4 Clinical Material 

Ethics approval was granted by the local Research Ethics Committee 

(Royal Adelaide Hospital (RAH), Adelaide, Australia) prior to commencement of 

the study and signed consent was provided by patients undergoing surgery for 

gynaecological disease. Pre-therapeutic serum and tissue specimens collected 

from the primary ovarian site during surgery were stored at -80°C. Biospecimens 

acquired from other institutions or biobanks have patient consent and ethics 

approval according to the ethics regulation of the participating centre. Sample 

exclusion criteria included those individuals with a personal history of cancer and 

secondary malignancies. Where possible control samples were matched based on 

age, menopausal status and collection centre/repository. 

2.2.5 Sample Preparation 

2.2.5.1 Tissue Protein Extraction 

Ovarian tissue (approximately 1.2 g) was snap frozen in liquid nitrogen. 

Mechanical homogenisation was performed using a mortar and pestle that was 

chilled in liquid nitrogen for 2 min prior to use. Homogenised tissue was 

transferred to a sample tube (Microfuge® Tube Polyallomer) and proteins 

extracted into a native or denaturing extraction buffer (150 mg/ml). Under 

denaturing conditions the sample mixture was incubated at room temperature for 

20 min and subjected to ultracentrifugation (100,000 xg, 2 hrs, 15°C) to remove 

cellular debris. Under native conditions the sample mixture was incubated at 4°C 

for 2 hrs and subjected to ultracentrifugation (100,000 xg, 2 hrs, 4°C) to remove 

cellular debris. The supernatant was removed and stored at -80°C. 

2.2.5.2 Antibody Purification From Serum 

Immunoglobulin G was purified from serum using a 1 ml Pierce® 

Chromatography Cartridge Melon™ Gel (Thermo Scientific) following the 

manufacturer’s instructions. Briefly, serum (0.5 ml) was diluted by factor of 10 in 

Melon™ Gel purification buffer (proprietary, Thermo Scientific) and applied to the 
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chromatography cartridge at 0.5 ml/min using a syringe pump. Flow-through 

fractions (0.5 ml) containing purified antibodies were collected simultaneously. The 

chromatography cartridge was regenerated with Melon™ Gel regeneration buffer 

(proprietary, Thermo Scientific) at a rate of 1 ml/min using a Minipuls 3 peristaltic 

pump (Gilson). 

 

For the purification of pooled healthy and benign sera (10 ml) a 5 ml Pierce® 

Chromatography Cartridge Melon™ Gel (Thermo Scientific) was employed. Prior 

to antibody purification pooled sera was dialyzed in Melon™ Gel purification buffer 

using CelluSep® regenerated cellulose tubular membrane (MWCO 12-14 kDa, 

Membrane Filtration Products Inc.). Dialysis was performed in 1 L of buffer at 4°C 

for 1 hr with stirring. The buffer was then exchanged and dialysis continued for 2 

hrs. Finally, dialysis was performed overnight in fresh buffer and IgG purified from 

dialysed serum as described above following manufacturer’s instructions. 

2.2.6 Low Salt In-Gel Tryptic Digest with Reduction and Alkylation 

Proteins were fractionated by 1D SDS-PAGE and bands of interest excised 

from the gel. Gel bands were cut into 1 mm cubes for efficient reduction, alkylation 

and digestion of proteins. All steps were performed at room temperature unless 

specified otherwise. Coomassie stain was removed from the gel pieces through 

sequential incubation with 100 mM ammonium bicarbonate (5 min) and 50 mM 

ammonium bicarbonate in 30% acetonitrile (15 min, sonicating water bath). The 

procedure was repeated until compete stain removal was achieved. 

 

Gel pieces were dehydrated with 100% acetonitrile for 15 min before rehydration 

and incubation with the reducing solution (10 mM DTT, 100 mM ammonium 

bicarbonate) for 45 min at 56°C. Gel pieces were allowed to cool to room 

temperature and excess liquid removed. Dehydration of the gel pieces was 

performed with 100% acetonitrile for 15 min followed by rehydration with alkylating 

solution (55 mM IAA, 100 mM ammonium bicarbonate). Alkylation was performed 

for 20 min in darkness with gentle agitation (600 rpm, Thermomixer, Eppendorf).  
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Gel pieces were incubated with 5 mM ammonium bicarbonate for 10 min and 

dehydrated with 100% acetonitrile for 15 min. Residual acetonitrile was 

evaporated by vacuum. 

 

In-gel tryptic digestion (10 μl of 10 ng/μl trypsin in 5 mM NH4HCO3) was performed 

overnight at 37°C. Tryptic peptides were extracted into solutions with increasing 

organic content. Firstly, hydrophilic peptides were extracted into 1% formic acid 

with sonication in a water bath for 15 min. Extraction was then performed, as 

above, with 50% acetonitrile containing 1% formic acid. Finally, hydrophobic 

peptides were extracted into 100% acetonitrile with sonication in a water bath for 

15 min. Pooled peptide extracts were concentrated to a final volume of 1 µl by 

vacuum centrifugation. For MALDI-TOF MS analysis samples were reconstituted 

to 5 µl in 30% acetonitrile, 0.1% TFA. For LC-MS/MS analysis samples were 

reconstituted to 10 µl in 3% acetonitrile, 0.1% FA. 

2.2.7 Nano-LC-MS/MS 

Nano-LC-MS/MS analysis was performed on an LTQ Orbitrap XL™ mass 

spectrometer (Thermo Fisher) coupled to an Ultimate 3000 rapid separation liquid 

chromatography (RSLC) system (Dionex-Thermo Fisher). Briefly, peptides were 

pre-concentrated on an reverse phase trapping column (Acclaim™ PepMap™ 

Nano-Trap, Dionex-Thermo Fisher) and subsequently separated on an analytical 

capillary column (Nikkyo Technos Co., Ltd) using a binary gradient (solvent A: 

0.1% FA, 2% ACN, solvent B: 0.1% FA, 80% ACN) at a flow rate of 300 nl/min. 

Peptides were analysed using a 60 min elution program: 4% B for 10 min; linear 

gradient 4 to 55% of B in 40 min, maintained at 90% of B for 10 min; re-

equilibration of the columns with 4% B for another 10 minutes. 

 

Full MS survey scans from m/z 300 to 2000 were acquired on the LTQ Orbitrap 

XL™ mass spectrometer at a resolution of 60,000 (full width at half maximum) at 

m/z 400. Orbitrap automatic gain control (AGC) target ion count was set to 1 x 106 

for MS with maximum fill time of 500 ms. The six most intense peaks were 
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subjected to MS/MS in the ion trap with the AGC value set to 1 x 104 with 

maximum fill time of 100 ms. CID spectra were acquired with a normalized 

collision energy of 35%; dynamic exclusion time of 30 sec; precursor ion isolation 

width of m/z 3.0; spectra were recorded in profile mode; activation time of 30 ms. 

Singly charged and charge-unassigned precursor ions were excluded. 
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Chapter 3: Development of an approach for the 

identification of ovarian cancer autoantibody biomarkers 

3.1 Background 

A number of methods have been developed for the identification of 

autoantibody biomarkers for ovarian cancer (Section 1.4). Do date, SEREX, phage 

display and protein microarray have been the most notable discovery approaches 

and have yielded some promising candidates (Table 6). However, subsequent 

validation or publication of these markers has been limited. 

 

SEPRA, however, is a useful discovery tool that appears to be underutilised for 

ovarian cancer. Uniquely, this approach enables the identification of 

autoantibodies that are raised against protein isoforms present in cancerous 

tissue. This represents a major advantage as many proteins are aberrantly 

modified during cancer development and may generate a sub-population of 

autoantibodies specific to the disease. However, due to the protein-denaturing 

environment of this approach autoantibody biomarkers would be limited to those 

that are raised against antigen linear epitopes. 

 

Alternatively, immunoaffinity purification methods have been used in a few ovarian 

cancer studies to successfully identify autoantibody biomarkers raised against 

conformational protein epitopes (Section 1.4.5). One of the earliest reports was by 

Philip and colleagues, which utilised proteins from two ovarian cancer cell lines 

and autoantibodies from a pool of cancer or healthy sera130. Cell lines provide a 

concentrated source of cancer antigens; however, autoantibody discovery is then 

limited to those antigens present in those cell lines, which does not encapsulate 

the heterogeneity of ovarian cancer. Furthermore, commercial cell lines have 

undergone many passages, which can alter gene expression, and therefore, 

antigen profile. These changes may reduce the number of potential autoantibody 

biomarkers identified. 
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Conversely, Gagnon and co-workers used 2D-DITA to compare the autoantibody 

profiles in pre- and post-operative ovarian cancer patient sera using patient 

specific tissue lysates131. This approach gave insight into which autoantibodies 

have prognostic potential. Interestingly, this method has not been used to 

determine autoantibody profiles in ovarian cancer patients compared to healthy 

individuals and those with benign ovarian disease. 

 

SEPRA and immunoaffinity chromatography are two complementary approaches 

that have the potential to yield novel autoantibody biomarkers for ovarian cancer. 

In this chapter both approaches were explored using tissue and sera from serous 

ovarian cancer patients compared to healthy and benign controls. Initial 

experiments performed were to establish each method and then to subsequently 

determine their usefulness for biomarker discovery. 1D-SEPRA using fluorescence 

or ECL detection was set-up to allow a preliminary assessment of autoantigen 

content in ovarian cancer samples. This led to the development of 2D-SEPRA 

where autoantibodies present in the cancer patients were compared to those 

present in healthy and benign samples. Concurrently, different modes of 

generating immunoaffinity columns were explored. Here, antibody purification from 

patient sera and cross-linking to various support media were tested for optimal IgG 

binding and autoantigen capture. 
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3.2 Specific Methods 

3.2.1 Small-Scale Immunoaffinity Chromatography Using Protein 

G-Sepharose Support or Hydrazide Gel 

3.2.1.1 Dimethyl Pimelimidate Dihydrochloride (DMP) 

Melon™ gel purified patient #3 IgG was buffer exchanged into PBS solution 

(pH 7.5) and the concentration determined by EZQ® protein quantitation assay. 

Pure IgG (0.3 mg) was incubated with protein G-sepharose 4 fast flow (37 µl) 

overnight at 4°C. The protein G-sepharose:IgG slurry was washed once with PBS 

(pH 7.5) and twice with 0.2 M triethanolamine (pH 8.2). Cross-linking was 

achieved by incubating the protein G immobilised IgG with 0.2 M triethanolamine/ 

3 mM DMP for 45 min at room temperature. The beads were washed once with 

100 mM ethanolamine (pH 8.2) for 25 min, followed by a 10 min wash in TBS 

solution (pH 7.5) and TBS solution containing 1% triton X-100. 

 

Patient #3 tissue protein lysate (2 mg) was applied to the beads where the 

suspension was allowed to incubate overnight at 4°C. The beads were 

subsequently washed twice with TBS (pH 7.5) and once with 50 mM Tris (pH 7.5). 

Elution of immunoprecipitated autoantigens was performed using 0.1 M 

glycine.HCl buffer (pH 2.8). The pH of the elution fractions was adjusted to neutral 

with 1M Tris.HCl (pH 9.5). Fractions were analysed by 1D SDS-PAGE (200V, 1 hr) 

using 1x MES SDS running buffer. For protein visualisation the gel was fixed and 

stained with Coomassie G450 colloidal blue. 

3.2.1.2 Disuccinimidyl Suberate (DSS) 

Melon™ gel purified patient #3 IgG was buffer exchanged into PBS solution 

(pH 7.5) and the concentration determined by EZQ® protein quantitation assay. 

Pure IgG (0.3 mg) was incubated with protein G-sepharose 4 fast flow (37 µl) 

overnight at 4°C. The protein G-sepharose:IgG slurry was washed once with PBS 

(pH 7.5) and twice with DMF. Cross-linking was achieved by incubating the protein 
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G immobilised IgG with 4.5 mM DSS in DMF for 45 min at room temperature. The 

beads were washed once with 100 mM ethanolamine (pH 8.2) for 25 min, followed 

by a 10 min wash in TBS solution (pH 7.5) and TBS solution containing 1% triton 

X-100. 

 

Patient #3 tissue protein lysate (2 mg) was applied to the beads where the 

suspension was allowed to incubate overnight at 4°C. The beads were 

subsequently washed twice with TBS (pH 7.5) and once with 50 mM Tris (pH 7.5). 

Elution of immunoprecipitated autoantigens was performed using 0.1 M 

glycine.HCl buffer (pH 2.8). The pH of the elution fractions was adjusted to neutral 

with 1M Tris.HCl (pH 9.5). Fractions were analysed by 1D SDS-PAGE (200V, 1 hr) 

using 1x MES SDS running buffer. For protein visualisation the gel was fixed and 

stained with Coomassie G450 colloidal blue. 

3.2.1.3 Immunoaffinity Chromatography Using Affi-Gel® Hz Immunoaffinity Support  

Melon™ Gel purified patient #3 IgG was buffer exchanged into Affi-Gel® Hz 

coupling buffer using a Vivaspin500 device. IgG (0.6 mg) was oxidised in the 

presence of sodium m-periodate (14 mM) for 30 minutes at room temperature. 

Oxidised IgG was desalted using a Vivaspin500 device before coupling to 

Affi-Gel® Hz hydrazide gel (0.6 ml) overnight at room temperature. The hydrazide 

gel immobilised-IgG slurry was poured into a poly-prep® chromatography column. 

The column was washed with 5 column volumes of PBS (0.5M NaCl, pH 7.0), 5 

column volumes of PBS (pH 7.0) and 5 column volumes of application buffer 

(TBS, pH7.2). 

 

Patient #3 tissue protein lysate (4 mg) was applied over the column and was 

allowed to incubate for 1 hr at room temperature. The column was washed with 10 

column volumes of application buffer prior to autoantigen elution. Elution of 

immunocaptured autoantigens was performed using 0.1M glycine.HCl (pH 3.0) 

and the pH of the fractions were adjusted to neutral with 1M Tris.HCL (pH 9.5). 
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3.2.2 Large-Scale Immunoaffinity Chromatography Using Affi-Gel® Hz or 

Affi-Gel® 10 Gel 

3.2.2.1 Immunoaffinity Chromatography Using Affi-Gel® Hz Immunoaffinity Support  

Melon™ Gel purified patient #7 IgG as well as pooled healthy/benign IgG 

were buffer exchanged into Affi-Gel® Hz coupling buffer using a Vivaspin500 

device. IgG (3.8 mg) was oxidised in the presence of sodium m-periodate (25 mM) 

for 30 min at room temperature. Oxidised IgG was desalted using a Vivaspin500 

device before coupling to Affi-Gel Hz hydrazide gel (1 ml) overnight at room 

temperature. The hydrazide gel immobilised IgG slurry was poured into a 

poly-prep® chromatography column. The column was washed with 5 column 

volumes of PBS (0.5M NaCl, pH 7.0), 5 column volumes of PBS (pH 7.0) and 5 

column volumes of application buffer (TBS, pH 7.2). 

 

Patient #7 tissue protein lysate (27 mg) was applied to both the cancer and 

healthy/control immunoaffinity column. These were allowed to incubate for 1 hr at 

room temperature. The columns were then washed with 10 column volumes of 

application buffer prior to autoantigen elution. Elution of immunocaptured 

autoantigens was performed using 0.1M glycine.HCl (pH 2.5) and the pH of the 

fractions were adjusted to neutral with 1M Tris.HCL (pH 9.5). Fractions were 

pooled, concentrated and removed of salts and contaminants (ReadyPrep™ 2D 

clean-up kit) prior to protein quantitation by EZQ® quantitation assay. Cancer or 

healthy/benign elution samples were subjected to 2-DE and protein visualisation 

was performed using the SilverQuest™ Silver Staining kit. 

3.2.2.2 Immunoaffinity Chromatography using Affi-Gel® 10 Activated Affinity 

Coupling Immunoaffinity Support 

Purified IgG was buffer exchanged into 0.02M HEPES coupling buffer (pH 

6.8) using a Vivaspin500 device (10 kDa MWCO, Sartorius Stedium Biotech) and 

protein concentration determined using the EZQ® protein quantitation assay 

(Invitrogen™). IgG (4mg) was coupled to 0.6 ml Affi-Gel® 10 Activated Affinity 
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Media (Bio-Rad Laboratories) overnight at 4°C with gentle agitation. The reaction 

was stopped by the addition of 0.2 M glycine (pH 6.8) for 1 hr at room temperature 

with gentle agitation. The Affii-Gel® immobilised IgG slurry was poured into a 

poly-prep® chromatography column (Bio-Rad Laboratories). The column was 

washed with 4 column volumes of PBST (0.1% Tween-20) and 1 column volume 

of TBST (0.01% Tween-20). 

 

Pre-cleared tissue protein lysate (27 mg) was applied to the immunoaffinity column 

and allowed to incubate overnight at 4°C with gentle agitation. Prior to autoantigen 

elution the column was washed with 5 column volumes of PBST (0.1% Tween-20) 

for 5 min at 4°C with gentle agitation. Elution of immunocaptured autoantigens was 

performed in one step using 0.5 ml TUC4 buffer for 45 min at room temperature. 

The single elution fraction was concentrated and re-constituted in 6M guanidine 

hydrochloride (pH 8.5) using the ReadyPrep™ 2D clean-up kit prior to protein 

quantitation. 

3.2.3 Differential Gel Electrophoresis (DIGE) 

CyDye DIGE Fluor minimal labelling (GE Healthcare) was performed on 

disease and control samples using fluorophores Cy3 and Cy5 at 200 pmol per 50 

µg protein for 30 min on ice. The labelling reaction and all subsequent treatments 

were performed in darkness to maintain the integrity of the fluorphores. The 

labelling reaction was stopped by the addition of 10 mM lysine solution for 10 min 

and proteins reduced with 10 mM DTT for 1 hr on ice. 

 

Three technical replicates per condition were generated with the inclusion of a dye 

swap to negate the effects of any preferential binding of a fluorophore to a set of 

proteins. The internal standard, labelled with Cy2, was generated through the 

addition of the disease and control sample in equal parts. IEF was employed as 

the first dimension of protein separation (Section 2.2.2.1) on Immobiline DryStrip 
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gels (pH 3-10NL, 24 cm, GE Healthcare). Ettan™ IPGphor II isoelectric focusing 

program was initiated at 50 µA/strip, 20°C (Table 13). 

 

Table 13: Protocol parameters employed for IEF of protein samples on a 24 

cm immobiline DryStrip gel. 

Step Type Volts Duration 

1 Step 200 1 hrs 

2 Step 400 1 hrs 

3 Step 800 2 hrs 

4 Gradient 8000 1 hrs 

5 Step 8000 27,000 Vh 

6 Step 400 50,000 Vh 

 

Subsequently, focused strips were equilibrated in IEF reducing solution (5 ml) for 

15 min at room temperature followed by 15 min equilibration in IEF alkylating 

solution (5 ml). Afterward, strips were loaded on a 24 cm precast 12.5% 

polyacrylamide gel (GE Healthcare) to separate proteins in the second dimension 

according to their molecular weight. Electrophoresis was carried out in an Ettan™ 

DALTtwelve System Separation unit (GE Healthcare) for 1 hr at 5 mA and 1 hr at 8 

mA followed by a constant current of 20 mA overnight. Upon completion gels were 

scanned with the Typhoon Trio (Amersham Bioscience). Detection parameters 

were set for Fluorescence at 450V PMT and 100 µm pixel resolution. The digital 

images were analysed with Decyder 2D Differential Analysis software (GE 

Healthcare). 
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3.3 Results and Discussion 

3.3.1 1D SEPRA 

In this chapter preliminary analysis of ovarian cancer sera by 1D-SEPRA 

was performed. This approach aimed to ascertain those patient sera with the 

greatest reactivity to ovarian cancer proteins. 2D-SEPRA would then be used to 

further explore the specific seroreactivity in patients compared to controls. To this 

end a series of 1D-SEPRA experiments were performed to optimise various 

aspects of the Western blot component. This included the protein transfer 

conditions, detection method, serum dilution, secondary antibody concentration as 

well as tissue lysate type and quantity. 

3.3.1.1 Fluorescence detection of autoantibodies 

Western blot detection and visualisation by fluorescence is an increasingly 

adopted method that circumvents the need for chemiluminescent substrates and 

x-ray film. Furthermore, digital scans of the Western blot can be assessed at 

precise parameters, which allow for rapid quantification and reliable comparison 

between blots. For fluorescence detection fluorophore conjugated secondary 

antibodies may be employed. For this study Cy™3-conjugated AffiniPure donkey 

anti-human IgG (Jackson ImmunoResearch Laboratories Inc., PA, USA) 

secondary was used. Excitation (Amax 550 nm) and detection (Emax 570 nm) of 

the Cy3 fluorophore was performed using Typhoon Trio (Amersham Bioscience, 

Uppsala, Sweden) using green laser (532 nm) excitation and 580BP30 emission 

filter. 

 

Sample preparation is an integral part of the proteomic approach267. The sample 

material employed for SEPRA may be native or denatured tissue lysates. For 

consistency and to enable comparisons between the SEPRA and immunoaffinity 

chromatography analyses native tissue lysates were used. However, large 

proteins were not as successfully extracted under native conditions compared to a 

denaturing state (Figure 16). Two-dimensional SDS-PAGE analysis enabled visual 
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assessment of patient #3 (P3) tissue lysate extracted under native or denaturing 

conditions. Most obvious was the absence of a number high molecular weight 

proteins above 80 kDa in the native tissue extract (Figure 16A and C) compared to 

the denatured extract (Figure 16B and D). To quantify the protein differences, gel 

images were imported into PD Quest™ 2-D Analysis software (Bio-Rad 

Laboratories, Inc., CA, USA) for spot picking and matching. Upon manual 

verification 40% (404/664) of the protein spots present in the denatured extract 

were not identifed in the native extract. 

 

As those ‘absent’ proteins may have represented missed autoantigens the 

previously analysed native and denatured tissue lysate were explored by 

1D-SEPRA (Figure 17). Ponceau-S stain of transferred proteins showed similar 

band patterns between the two tissue lysates (Figure 17A lane 1 and 2). 

Furthermore, the band pattern of detected autoantigens by serum did not differ 

between the two samples (Figure 17B lane 1 and 2). This suggested that the 

difference in extraction method did not influence the detection of proteins by 1D 

SDS-PAGE or Western blot. As the same sample material would be used for 

SEPRA and immunoaffinity chromatography a comparison between detected 

autoantibodies that recognise linear and/or conformational epitopes could be 

performed. For this reason, and that the majority of proteins (60%) were effectively 

obtained by native extraction, all subsequent experiments were perfomed using 

native tissue lysates. 
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Figure 16: Comparison of ovarian tissue protein lysates extracted under 

native or denaturing conditions. 

P3 tissue protein lysate (100 μg) extracted under native (A) or denaturing 

conditions (B) were analysed by 2D SDS-PAGE (4-12% Bis-Tris SDS-PAGE, 11 

cm). Gel images were false coloured green for native extraction (C) or red for 

denaturing extraction (D) using PD QUEST. The raw (E) and enhanced (F) overlay 

image illustrates spot difference between the two treatments. 
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Furthermore, the secondary antibody alone control revealed those antigens in 

which the secondary antibody binds to independent of serum IgG (Figure 17B 

control, arrows). As expected, recognition of and binding to the Fc portion of 

sample IgG occurred at approximately 55 kDa. Additional bands at 80 kDa and 

110 kDa were a secondary antibody interaction with IgG complexes that had not 

undergone complete reduction (see section 3.3.3.1). 

 

In addition to the sample material, determination of the appropriate transfer 

conditions for the target protein(s) is an important aspect of Western blot analysis. 

However, as SEPRA was to be used as a biomarker discovery tool the identity of 

the target protein(s) was unknown. Therefore, the transfer conditions were 

optimised to enable detection of numerous autoantigens at a wide range of 

molecular weights (Figure 17). Here, proteins were transferred onto nitrocellulose 

for either 30 min at 300 mA (transfer conditions I, Figure 17B) or 1hr at 200 mA 

(transfer conditions II, Figure 17C). The results obtained from the two Western 

transfer conditions tested were consistent in regard to the number of autoantigens 

detected. However, detected bands appeared to be sharper and more easily 

distinguished from background when analysed using transfer conditions II (Figure 

17C). 
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Figure 17: Optimisation of 1D SEPRA wet Western transfer conditions for the 

detection of autoantigens in native and denatured ovarian tissue lysates. 

P3 native (lane 1) and denatured (lane 2) tissue protein lysates (10 μg) were 

analysed in duplicate by 4-12% Bis-Tris SDS-PAGE (1x MOPS buffer, 200V, 50 

min). Proteins were transferred onto nitrocellulose membrane at (B) 300 mA for 30 

min (transfer conditions I) or (C) 200 mA for 1 hr (transfer conditions II). (A) 

Protein visualisation by ponceau-S stain was performed prior to overnight blocking 

in 3% skim milk 0.1% TBST. Western blotting was performed with P3 serum 

(1:100 dilution) and detection of captured autoantibodies by incubation with 

Cy3-conjugated donkey anti-human IgG (1:800 dilution). Signal detection using the 

Typhoon spectrophotometer was performed at PMT 450V, high sensitivity, 100 

microns. Experimental: Blot probed with serum and secondary antibody; Control: 

Blot probed with secondary antibody alone. Arrows: Secondary antibody 

interaction with human IgG present in the analysed lysate. 
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Many reports employing SEPRA primarily use serum at a dilution of 

1:100148,152,154,268-270 and, to a lesser extent 1:20095,149,271 and 1:300150,272,273. To 

determine the appropriate serum dilution for this study strip blot analysis of patient 

#8 (P8) native tissue lysate was performed (Figure 18). Here serum was diluted 

1:100, 1:200, 1:400 or 1:800. Furthermore, the manufacturers recommended 

dilution range for the secondary antibody was 1:100 – 1:800 (0.015 – 0.00188 

mg/ml). As secondary antibodies are typically applied at higher dilutions a range of 

concentrations were tested i.e. 1:800 (1.88 x10-3 mg/ml), 1:5,000 (3 x10-4 mg/ml) 

and 1:10,000 (1.5 x10-4 mg/ml). 

 

Evidently, no autoantigens were detected regardless of serum or secondary 

antibody concentration for P8. Overall, this suggested that potential autoantigens 

might not have been present in sufficient quantities on the membrane to enable 

autoantibody binding and detection as seen for P3. Additionally, a large proportion 

of the 10 μg sample analysed by SDS-PAGE appeared to be haemoglobin 

tetramer (64 kDa) and subunit (16 kDa) (Figure 17A, MS data not shown). 

Therefore, to determine if an increase in sample amount would improve 

autoantigen detection another series of strips blots were analysed using sample 

material from a different patient (Figure 19). 
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Figure 18: Optimisation of serum and secondary antibody dilution for the 

detection of autoantigens in native ovarian tissue lysates by 1D-SEPRA. 

A series of strip blots were generated with P8 native tissue protein lysate (10 μg) 

that was separated by 4-12% Bis-Tris SDS-PAGE (1x MES buffer, 200V, 40 min). 

Western blot onto PVDF membrane was performed at 200 mA for 1 hr and 

subsequently blocked overnight in 3% skim milk TBST 0.1%. Western blotting was 

performed with P8 serum at a dilution of 1:100 (A), 1:200 (B), 1:400 (C) or 1:800 

(D). Detection of captured autoantibodies was performed using Cy3-conjugated 

donkey anti-human IgG at a dilution of 1:800 (strip 1), 1:5000 (strip 2) or 1:10,000 

(strip 3). Signal detection using the Typhoon spectrophotometer was performed at 

PMT 450V, normal sensitivity, 200 microns. 
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For optimal separation of sample by SDS-PAGE the maximum protein load is 0.5 

μg per band when using a pre-cast NuPAGE® Novex® Bis-Tris mini gel (10 well). 

Above this amount smearing of proteins along the sides of the well and a loss of 

band sharpness occurs. This decline in resolution was observed for protein lysates 

loaded in quantities greater than 40 μg (data not shown). Therefore, to ensure the 

smearing of predominant bands did not confound SEPRA results but enabled 

detection of low abundant proteins the analysis was performed using 40 μg of 

ovarian tissue lysate. 

 

Interestingly, autoantibody binding was not observed for 10 μg of patient #395 

(P395) ovarian tissue lysate at a secondary antibody dilution of either 1:400 or 

1:800 (Figure 19 lane 2, strip I and II). Furthermore, no additional bands were 

detected for 40 μg of P395 ovarian tissue lysate (Figure 19 lane 1, strip I and II) 

other than those generated by the binding of secondary antibody to sample IgG. 

To enhance the detection of weak bands the PMT voltage was adjusted from 450V 

to 750V to improve signal collection. Regardless, no additional bands were 

detected at 450V, 500V or 550V (Figure 19A-C). Blots developed at a PMT 

voltage greater than 550V resulted in a loss of sensitivity (increased pixilation) and 

did not present any additional bands (data not shown). 
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Figure 19: Optimisation of Western blotting conditions for the detection of 

autoantigens in native ovarian tissue lysates by 1D-SEPRA. 

A series of strip blots were generated with P395 native tissue protein lysate that 

was separated by 4-12% Bis-Tris SDS-PAGE (1x MES buffer, 200V, 40 min). 

Western blot onto PVDF membrane was performed at 200 mA for 1 hr and 

subsequently blocked overnight in 3% skim milk TBST 0.1%. Western blotting was 

performed with P395 serum (1:100) (strip I and II) and detection of captured 

autoantibodies was performed using Cy3-conjugated donkey anti-human IgG at a 

dilution of 1:400 (strip I) or 1:800 (strip II and III). Signal detection using the 

Typhoon spectrophotometer was performed at normal sensitivity, 200 microns and 

PMT (A) 450V, (B) 500V and (C) 550V. Lane 1) 40 μg P395 lysate; lane 2) 10 μg 

P395 lysate. Strip III: Secondary antibody alone control.  
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From these results and others (data not shown) it was evident that autoantibodies 

in serum could not be detected across multiple ovarian cancer patients by 1D 

SEPRA using fluorescence detection. Three possible explanations for this were; 1) 

no autoantibodies are generated against ovarian proteins and, were therefore, 

absent in the ovarian cancer patient serum; 2) fluorescence detection was not 

sensitive enough to enable the detection of low abundant proteins or 3) the 

quantity of tissue lysate analysed was too low to enable detection of low abundant 

autoantigens. 

 

The first instance was unlikely, as a number of studies had already demonstrated 

the prevalence of anti-tumour antibodies in ovarian cancer (see section 1.4). 

However, these studies utilised different and, perhaps, more sensitive 

immunoproteomic techniques as the discovery tool. Many reports have described 

the identification of autoantibody biomarker candidates by SEPRA in other cancers 

types, yet this is not the case for ovarian cancer. 

 

Using 1D-SEPRA Chinni and others successfully identified two potential 

autoantibody biomarkers for ovarian cancer274. Here, the cellular membrane 

extract from ovarian cancer cell line UL-1 (40 μg) was used to identify seroreactive 

antibodies in 25 ovarian cancer patients. The combined use of an ovarian cell line 

and membrane-enriched sample material may have resulted in a more 

concentrated source of autoantigens, thus improving the detection of potential 

autoantibodies. However, Barua and co-workers described the detection of a 

number of bands by 1D-SEPRA using tissue homogenates154. 

 

The 1D-SEPRA method employed by Barua and colleagues was similar to that 

used in this study; however detection was performed using HRP-conjugated 

secondary antibody. This leads into the second explanation for an absence of 

autoantibody-binding signal. The detection limit of fluorescence is at the low 

nanogram-level275. However, Western blotting using ECL, such as that employed 

by Barua and co-authors, can achieve femtogram-level detection. Therefore, 
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1D-SEPRA experiments were subsequently performed using the ECL system to 

enhance the identification of autoantibodies in patient sera (Section 3.3.1.2). 

 

Furthermore, published SEPRA experiments primarily involve two-dimensional 

separation of proteins prior to Western blot. This enables more than 100 μg of 

protein to be analysed, depending on the gel format, and therefore increases the 

amount of low abundant antigens available for detection. In the case of 

1D-SEPRA, the detection of low abundant antigens in tissue lysates is limited to 

40 μg, which may not be sufficient when using fluorescence detection. To test the 

utility of 2D- over 1D-SEPRA for autoantibody discovery 2D-SEPRA was 

performed using both fluorescence and ECL detection methods (Section 3.3.2). 
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3.3.1.2 ECL detection of autoantibodies 

Western blot detection and visualisation by ECL is a well-established 

method that uses the oxidation of chemiluminescent substrates, such as luminol, 

to cause an emission of light to expose x-ray film. The reaction is catalysed by 

enzymes horseradish peroxidase (HRP) in the presence of hydrogen peroxide or 

alkaline phosphatase (AP) that are conjugated to the appropriate secondary 

antibody. For ECL, phenols are typically added to ‘enhance’ the intensity and 

duration of the chemiluminescent reaction. 

 

Initially, the optimal serum and secondary antibody dilution for Western blotting, 

using ECL development, was determined. As performed for fluorescence 

1D-SEPRA, a series of strip blots were probed with serum diluted 1:100, 1:200, 

1:400 or 1:800 (Figure 20). Secondary antibody dilutions at 1:20,000, 1:40,000 

and 1:80,000 were also tested. From the results it was evident that the best 

secondary antibody concentration across all serum dilutions was 1:40,000 (Figure 

20), whereas saturated or diffuse signal was observed for 1:20,000 and 1:50,000, 

respectively (data not shown). 

 

Excitingly, a number of bands were observed in the experimental blots (Figure 20 

strip 1-4) compared to the secondary antibody alone control (Figure 20 strip 5). 

Here, serum dilutions of 1:100 to 1:400 appeared to yield the best results whereby 

a number of defined bands could be observed. For each blot the X-ray film was 

exposed for 1 sec (Figure 20), 30 sec or 1 min (data not shown). Unfortunately, 

measureable exposure times greater than 1 sec resulted in high background, 

which made it difficult to identify discernable bands. 
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Figure 20: Representative strip blots showing the optimisation of serum and 

secondary antibody dilution for optimal ECL Western blotting. 

A series of strip blots were generated with P385 native tissue protein lysate (10 

μg) that was separated by 4-12% Bis-Tris SDS-PAGE (1x MOPS buffer, 200V, 50 

min). Western blot onto PVDF membrane was performed at 250 mA for 1 hr and 

subsequently blocked overnight TBST 0.05%. Western blotting was performed 

with P385 serum at a dilution of 1:100 (strip 1), 1:200 (strip 2), 1:400 (strip 3) or 

1:800 (strip 4). Detection of captured autoantibodies was performed using 

HRP-conjugated mouse anti-human IgG at a dilution of 1:40,000. Secondary 

antibody alone control was performed at 1:50,000 dilution. Signal detection using 

the SuperSignal® West Femto substrate (Thermo Scientific), exposure 1 sec. 
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To reduce background signal the blocking buffer was modified from 0.05% TBST 

to 3% skim milk in TBST (0.1% v/v). The optimal serum dilution was then 

re-assessed against an additional 11 patient lysates in an allogeneic manner. 

Although, a 1:100 serum dilution and 1:40,000 secondary antibody dilution 

enabled the best visualisation of bands (Figure 21), the exposure time of ~1 sec 

was not appropriate for accurate quantification and comparison between blots. 

Unfortunately, exposure times greater than this resulted in high background signal 

across all serum dilutions (data not shown). 
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Figure 21: Representative blot showing the optimisation of serum antibody 

dilution for optimal ECL Western blotting. 

A series of blots were generated with ovarian tissue protein lysate from 12 patients 

(10 μg) that was separated by 4-12% Bis-Tris SDS-PAGE (1x MOPS buffer, 200V, 

50 min). Western blot onto PVDF membrane was performed at 250 mA for 1 hr 

and subsequently blocked overnight in 3% skim milk TBST 0.1%. Western blotting 

was performed with P385 serum at a dilution of 1:100. Detection of captured 

autoantibodies was performed using HRP-conjugated mouse anti-human IgG at a 

dilution of 1:40,000. Signal detection using the SuperSignal® West Femto 

substrate (Thermo Scientific), exposure 1 sec. Lane 1) P5; lane 2) P8; lane 3) 

P56; lane 4) 86; lane 5) 88; lane 6) 281; lane 7) P288; lane 8) P363; lane 9) P376; 

lane 10) P385; lane 11) P395; lane 12) P467. 
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The ECL substrate used for the development of these blots had low 

femtogram-level sensitivity (SuperSignal® West Femto substrate, Thermo 

Scientific). As this may have been the cause of high background, three different 

ECL substrates were tested for better signal-to-noise at longer exposure times 

(Table 14). 

 

Table 14: Approximate detection limit of tested ECL substrates. 

Substrate Detection limit (pg) 

SuperSignal® West Femto substrate 

 (Thermo Scientific) 

0.1 

Immobilon Western Chemiluminescent HRP substrate 

(MERCK Millipore) 

0.5 – 0.25 

Western Blotting Detection Reagent 

 (GE Healthcare) 

10 

Chemiluminescent Peroxidase Substrate-3  

(Sigma-Aldrich) 

2,500 

 

Disappointingly, no autoantigenic bands were detected for Western blots 

developed with the ECL substrates that were 1- to 3-orders of magnitude less 

sensitive than the SuperSignal® West Femto substrate (data not shown). ECL 

substrate Immobilon Western Chemiluminescent HRP substrate (MERCK 

Millipore) was examined due to its same order of magnitude detection and 

potentially lower background signal. Again, no distinguishable antigenic bands 

could be observed from the analysis of either 10 μg or 40 μg of tissue lysate 

(Figure 22B). Additional bands could be observed at longer exposure times, 

however these did not clearly differ from the pure-IgG control (Figure 22C lane 2 

and 4). 
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Figure 22: Analysis of the Immobilon Western Chemiluminescent HRP ECL 

substrate for Western blotting detection. 

A series of blots were generated with P395 ovarian tissue protein that was 

separated by 4-12% Bis-Tris SDS-PAGE (1x MOPS buffer, 200V, 50 min). 

Western blot onto PVDF membrane was performed at 250 mA for 1 hr and 

subsequently blocked overnight in 3% skim milk TBST 0.1%. Western blotting was 

performed with P395 serum at a dilution of 1:100. Detection of captured 

autoantibodies was performed using HRP-conjugated mouse anti-human IgG at a 

dilution of 1:40,000. Signal detection was performed using Immobilon Western 

Chemiluminescent HRP substrate (MERCK Millipore). A) Secondary alone control, 

5 min exposure, B) 1 min exposure and C) 5 min exposure. Lane 1) Magic Mark™ 

XP Western Protein Standard; 2) pure-IgG control; 3) 10 ug lysate; 4) 40 ug lysate. 
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From the data it was evident that 1D-SEPRA was not an appropriate avenue for 

the detection of autoantibody biomarkers. The limiting factor appeared to be the 

quantity of sample that could be analysed by 1D SDS-PAGE. Reported SEPRA 

studies classically employed 2D SDS-PAGE for the fractionation of proteins prior 

to analysis. As this would enable more of the sample to be analysed this approach 

represented a more promising discovery method. To this end 2D-SEPRA was 

performed using fluorescence and ECL detection. 

3.3.2 Two-dimensional SEPRA 

Two-dimensional SEPRA has several advantages over 1D-SEPRA aside 

from its capacity to analyse larger quantities of sample. Here, proteins are 

separated by an extra dimension based on charge prior to separation based upon 

molecular weight. This results in fewer proteins (2-3) occupying the same space 

on the gel unlike 1D separations. Therefore, detection of low abundant 

autoantigens would not be masked by high abundant proteins of the same 

molecular weight and can be easily identified by MS. Furthermore, 2D-SEPRA 

enables the identification of protein isoforms. Normal tissue proteins that are 

modified during tumourgenesis and elicit an immune response represent an 

excellent avenue for early detection. This has been demonstrated for lung276, 

breast273 and pancreatic268 cancer where autoantibodies against modified proteins 

were identified as potential biomarkers. 

 

In this study, the identification of ovarian cancer antigens by 2D-SEPRA was first 

explored using ECL detection. Following the Western blot parameters established 

in section 3.3.1.2 autoantibody binding to antigens derived from P544 tissue could 

be observed (Figure 23). Compared to 1D-SEPRA, the majority of detected spots 

were only identified in the blot probed with serum and secondary antibody, not 

secondary antibody alone. Therefore, these signals represented specific 

interactions between serum autoantibodies and tissue antigens. However, the low 

signal-to-noise would pose a challenge when comparing blots for the identification 

of ovarian cancer specific autoantibodies. 
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Figure 23: SEPRA using ECL for the detection of autoantibodies in ovarian 

cancer patient serum. 

P544 tissue protein lysate (100 μg) was analysed, in duplicate, by 2D SDS-PAGE 

(4-12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto PVDF 

membrane at 300 mA for 1 hr. Western blotting was performed with P544 serum 

(1:100 dilution) and detection of captured autoantibodies was performed using 

HRP-conjugated mouse anti-human IgG at a dilution of 1:40,000. Signal detection 

was performed using Chemiluminescent Peroxidase Substrate-3 (Sigma-Aldrich). 

A) Serum and secondary antibody blot, 2 min exposure; B) secondary antibody 

alone blot, 5 min exposure. 

 

Fluorescent 1D-SEPRA experiments had considerably lower background signal 

compared to ECL detection. Although few autoantigenic bands were originally 

observed, the increase in quantity of tissue lysate tested from 40 μg to 100 μg was 

more likely to yield positive results. Effective electrophoretic transfer of proteins 

from the 2D-PAGE gels is another important consideration when working at the 

lower limits of detection for the system. Semi-dry transfer of proteins is a more 

high-throughput method than wet transfer as it enables the analysis of multiple 

blots under the same conditions and requires less buffer. However, a wet transfer 

can be performed under a shorter time frame and achieve high transfer efficiency 

due to the higher conductivity that can be tolerated by the system. 
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To this end, the effectiveness of fluorescence detection for 2D-SEPRA was 

examined using wet and semi-dry transfer methods. Excitingly, several protein 

spots could be identified from the Western blots of P3 ovarian tissue lysate probed 

with autologous serum (Figure 24A). However, the signal intensity for the semi-dry 

technique was lower due to the inferior transfer of proteins. This was indicated by 

the visualisation of several proteins that remained in the post-transfer gel (Figure 

24B). 
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Figure 24: Optimisation of 2D-SEPRA Western blot transfer conditions for 

the detection of autoantigens by ovarian cancer serum autoantibodies. 

P3 tissue protein lysate (100 μg) was analysed, in duplicate, by 2D SDS-PAGE (4-

12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto nitrocellulose 

membrane at 300 mA for 1 hr (Wet Transfer) or at 0.8 mA/cm2 for 1 hr (Semi-dry 

Transfer). Western blotting was performed with P3 serum (1:600 dilution) and 

detection of captured autoantibodies by incubation with Cy3-conjugated donkey 

anti-human IgG (1:800 dilution). Signal detection using the Typhoon 

spectrophotometer was performed at PMT 300V, normal sensitivity, 200 microns 

(Panel A). Proteins retained in the gel post-Western transfer were stained with 

Coomassie blue G250 (Panel B). 
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Subsequently, blots of P3 tissue lysate were probed with pooled healthy or pooled 

benign sera to determine the quality of the autoantigen signal acquired with 

allogeneic sera. This was performed using an extended semi-dry transfer protocol 

as well as the previously tested wet transfer method. Using either approach quality 

SEPRA results were acquired for both the pool of healthy and pool of benign sera 

(Figure 25A and B). This was promising, as the high signal-to-noise would enable 

clear comparisons between blots for successful identification of cancer specific 

autoantibodies. The increase in transfer time for semi-dry Western blotting from 1 

hr to 1.5 hr appeared to have greatly improved the signal detection. However, wet 

transfer remained the superior technique where fewer proteins could be observed 

in the Coomassie-stained post-transfer gel (Figure 25C). Furthermore, spot 

resolution on the ponseau-s stained membrane (Figure 25D) and Western blot 

appeared to be greater when using the wet transfer apparatus. Therefore, 

subsequent SEPRA experiments were performed using the wet transfer method. 
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Figure 25: Optimisation of 2D SEPRA Western blot transfer conditions for 

the detection of autoantigens by healthy and benign serum autoantibodies. 

P3 tissue protein lysate (100 μg) was analysed, in quadruplicate, by 2D 

SDS-PAGE (4-12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto 

nitrocellulose membrane at 0.8 mA/cm2 for 1.5 hr (Semi-dry Transfer) or at 300 

mA for 1 hr (Wet Transfer). Western blotting was performed with a pool of healthy 

serum (Panel A) or a pool of benign serum (Panel B) at a 1:100 dilution. Detection 

of captured autoantibodies was performed by incubation with Cy3-conjugated 

donkey anti-human IgG (1:800 dilution). Signal detection using the Typhoon 

spectrophotometer was performed at PMT 450V, normal sensitivity, 200 microns. 

Proteins retained in the gel post-Western transfer were visualised with Coomassie 

blue G250 (Panel C) and protein transfer to the membrane was visualised by 

Ponseau-S stain (Panel D). Pooled healthy serum: P22, P23, P27, P28, P29, P30; 

Pooled benign serum: P11, P13, P34, P54, P55, P58. 
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From the 1D-SEPRA experiments it was evident that the Western blot signal was 

primarily generated from an interaction with the secondary antibody alone. 

Therefore, the profile of secondary antibody interactions independent of serum 

autoantibodies was determined (Figure 26). Strikingly, several protein spots could 

be clearly observed in the experimental blot compared to the secondary antibody 

alone control (Figure 26A). As the efficiency of the Western transfer (Figure 26B) 

and protein profile (Figure 26C) between the replicate blots was consistent, the 

observed differences correlated to a true binding event between autologous serum 

autoantibodies and antigens from ovarian cancer tissue. 

 

To detect ovarian cancer specific autoantibodies a 2D-SEPRA experiment was 

performed to compare the autoantibody profile in P3 cancer serum to a pool of 

healthy or pool of benign serum. The pooled healthy serum (P22, P23, P27, P28, 

P29, P30) and pooled benign serum (P11, P13, P34, P54, P55, P58) was 

analysed at a 1:100 dilution. As this would result in a total serum dilution of 1:600 

the dilution factor of the cancer serum (P3) was increased from 1:100 to 1:600 for 

comparable analysis. 

 

Interestingly, only a few protein spot differences could be observed (Figure 27). 

The most prominent difference was the high intensity spot train unique to the 

ovarian cancer blot at an approximate molecular weight of 45 kDa and pI of 6 

(Figure 27D red box). To identify the antigen interacting with the ovarian cancer 

specific autoantibody gel spots were excised (Figure 28), subjected to in-gel tryptic 

digestion and peptides analysed by nano-LC-MS/MS as described in section 2.2.6 

and 2.2.7. 

 

Acquired MS/MS spectra were searched against the UniprotKB/Swiss-Prot 

database (release 2013_04, Homo sapiens taxonomy, 20253 sequence entries) 

using the Mascot algorithm (Mascot server v2.3.02, Matrix Science). Searchers 

were performed using the following parameters: trypsin digestion with two missed 
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cleavages allowed, ±10 ppm precursor tolerance, ±0.8 Da fragment-ion tolerance, 

fixed carbamidomethylation of cysteine and variable oxidation of methionine. 
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Figure 26: Identification of serum antibody-independent interactions of 

secondary antibody with antigens in ovarian tissue lysates. 

P3 tissue protein lysate (100 μg) was analysed, in duplicate, by 2D SDS-PAGE (4-

12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto nitrocellulose 

membrane at 300 mA for 50 min using the wet transfer method. Western blotting 

was performed with P3 serum (1:100 dilution) and detection of captured 

autoantibodies by incubation with Cy3-conjugated donkey anti-human IgG (1:800 

dilution) (Experimental Panel A) or the secondary antibody alone (Control Panel 

A). Signal detection using the Typhoon spectrophotometer was performed at PMT 

450V, normal sensitivity, 200 microns. Proteins retained in the gel post-Western 

transfer were visualised with Coomassie blue G250 (Panel B) and protein transfer 

to the membrane was visualised by Ponseau-S stain (Panel C). 
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Figure 27: 2D SEPRA for the detection of ovarian cancer specific 

autoantibodies. 

A) P3 tissue protein lysate (100 μg) was analysed, in quadruplicate, by 2D 

SDS-PAGE (4-12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto 

nitrocellulose membrane at 300 mA for 1 hr using the wet transfer method. 

Western blotting was performed with B) a pool of healthy serum (1:100 dilution), 

C) a pool of benign serum (1:100 dilution) or D) P3 serum (1:600 dilution). 

Detection of captured autoantibodies was performed by incubation with Cy3-

conjugated donkey anti-human IgG (1:800 dilution). Signal detection using the 

Typhoon spectrophotometer was performed at PMT 450V, normal sensitivity, 200 

microns. Red box: spot train identified by P3 ovarian cancer serum only. Pooled 

healthy serum: P22, P23, P27, P28, P29, P30; Pooled benign serum: P11, P13, 

P34, P54, P55, P58. 
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Figure 28: Protein spots excised from replicate SDS-PAGE gel for 

identification of target autoantigens. 

Replicate SDS-PAGE (4-12% Bis-Tris SDS-PAGE, 11 cm) analysis of P3 tissue 

protein lysate (100 μg). Spots corresponding to unique autoantigens detected by 

SEPRA (red circles) were excised and proteins identified by nano-LC-MS/MS. Box 

exert: zoom image of spots taken for analysis. 
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For each spot a number of protein families were identified at significance threshold 

of 0.01 and ion score cut-off of 20 (Table 15). For each identified protein an 

exponentially modified protein abundance index (emPAI) is reported by MASCOT. 

Protein hits with an emPAI score greater than 1 were taken as the predominant 

proteins species present in that spot and most likely to cause the autoantibody 

detection by SEPRA. 

 

Table 15: Protein identifications for spots detected by 2D-SEPRA. 

Spot # Protein Families Protein Hits Protein Hits (emPAI ≥1) emPAI 

1 25 32 Adenosylhomocysteinase 5.36 

2 43 46 Adenosylhomocysteinase 3.57 

Rab GDP dissociation inhibitor 

beta 

2.28 

Proliferation-associated protein 

2G4 

1.75 

Serum albumin 1.15 

3 46 61 Adipocyte plasma membrane-

associated protein 

5.79 

Serum albumin 1.82 

Adenosylhomocysteinase 1.21 

Pyruvate kinase isozymes M1/M2 1.27 

Aminoacylase-1 1 

 

From the MS data it was evident that adenosylhomocysteinase (SAHH) was most 

likely to be the autoantigen in which the cancer serum autoantibodies reacted. In 

spot 1, where the strongest autoantibody signal was detected, SAHH was the only 

protein hit to have an emPAI above 1. Furthermore, the decrease in SAHH emPAI 

value from spot 1 - 3 follows the SEPRA autoantibody intensity. However, this 

observation needed to be verified by Western blot using an anti-SAHH specific 

antibody. 
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Although promising SEPRA was not pursued further for a number of reasons. 

Firstly, SEPRA is prone to high false positive results where gel-to-gel and 

blot-to-blot technical variability may cause the incorrect spots to be selected for 

identification. Although these false positives would be divulged upon verification 

each analysis would be resource and time intensive. Furthermore, SEPRA is not 

amenable to high-throughput, which would limit the number of biological samples 

that could be tested for autoantibodies. To determine biologically relevant cancer 

biomarkers in at least 10 patients would need to be tested277. 

 

Additionally, the preliminary 2D-SEPRA analysis revealed very few autoantibody 

differences between cancer and healthy/benign sera. Although the quantity of 

tissue sample analysed was increased to 100 μg, detection was still limited to 

autoantigens present at the low nanogram level. Thus, a combination of the low 

sensitivity and amount of antigen present may hinder the discovery of relevant 

autoantibody biomarkers. Therefore, immunoaffinity chromatography was pursued 

as a more sensitive technique to detect novel autoantibody biomarker candidates. 

3.3.3 Immunoaffinity Chromatography 

Immunoaffinity chromatography using antibodies purified from ovarian 

cancer sera is a promising technique for the identification of autoantibodies to 

ovarian tissue proteins. This has been demonstrated, somewhat, by three recent 

studies. Philip and colleagues used pooled ovarian cancer patient serum or control 

serum to immunocapture antigens from lysates derived from two ovarian cell 

lines130. Although successful at identifying a number of candidates subsequent 

verification was not performed. Also, pooling of cancer sera can cause loss of 

patient specific information as a result of diluting and averaging the antibody 

population143,144. Furthermore, the use of cell lines as an antigenic source does not 

capture the complete heterogeneity of cancer278. Together these factors may 

result in a loss of information and limit the identification of novel autoantibody 

biomarkers. 
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Conversely, two separate groups used 2D-DITA for the identification of biomarkers 

for ovarian cancer131,132. Here, antibodies from pre- and post-operative sera were 

used for the immunoprecipitation of antigens derived from patient tissue. Each 

study verified one autoantibody candidate by ELISA. Although promising, the 

diagnostic or prognostic value was not clear. Gagnon and colleagues showed a 

significant difference in S100A7 autoantibody levels between early and late stage 

patients compared to healthy controls131. However, verification was performed 

using a small and unequal number of samples in each cohort. Furthermore, Kim 

and co-workers identified a significant difference in anti-STIP-1 autoantibody levels 

between ovarian cancer patients and healthy controls132. While described as a 

novel biomarker candidate, the number of early stage patients and corresponding 

autoantibody seropositivity was not specified. 

 

For this research 2D-DITA was explored and subsequently modified to enable the 

discovery of multiple autoantibody biomarker candidates for ovarian cancer. This 

involved ovarian tissue protein extraction, antibody purification from sera, 

optimisation of the immunoaffinity support and determination of the relative 

quantification method. 

3.3.3.1 Sample Preparation 

For the immunoprecipitation of ‘conformational’ TAAs both the tissue 

protein extraction and antibody purification was performed under native conditions. 

Following the method described in section 2.2.5.1 protein lysates were generated 

from fresh-frozen tissue acquired from advanced stage serous ovarian cancer 

patients. Advanced stage patients were used for the discovery phase primarily 

because at least 1.2 g of fresh-frozen ovarian cancer tissue was required to 

generate a minimum of 54 mg of protein lysate. Tumours of this size are rarely 

acquired from early stage patients and were therefore not suitable for this 

approach. 
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Successful extraction and protein content was assessed by 1D SDS-PAGE 

analysis. Here, a number of protein bands were detected between 15 – 260 kDa 

(Figure 29). However, haemoglobin appeared to contribute to a large proportion of 

the sample where predominant bands of the single subunit and the tetramer could 

be observed at 16 kDa and 64 kDa, respectively (MS data not shown). 

 

 

Figure 29: Ovarian tissue protein lysates extracted under native conditions. 

Ovarian cancer tissue protein lysates (10 μg) extracted under native conditions 

were analysed by 1D SDS-PAGE (4-12% Bis-Tris SDS-PAGE, 11 cm). A) Lane 1) 

P5; 2) P8; 3) P56; 4) P86; 5) P88. B) Lane 1) P119; 2) P281; 3) P288; 4) Novex® 

Sharp unstained protein standard 5) P363; 6) P376; 7) P395; 8) P467. C) P544. 

Red box: haemoglobin tetramer (upper) and subunit (lower). 
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Furthermore, antibody purification was performed for all patients using separate 

Pierce® Chromatography Cartridge Melon™ Gel (Thermo Scientific, IL, USA) 

columns (Section 2.2.5.2). This proprietary column is capable of binding all serum 

proteins, excluding IgG, at physiological pH. Using this approach all IgG subtypes 

were purified and retained conformation. Assessment of the purified fractions by 

SDS-PAGE analysis showed the predominance of the heavy (55 kDa) and light 

(25 kDa) IgG chain (Figure 30). Mass spectrometric analysis of the two other high 

intensity protein bands, at 80 kDa and 110 kDa, revealed them to be IgG also (MS 

data not shown). These were suspected to be incompletely reduced forms of IgG 

where a single heavy/light chain complex and two heavy chains would yield a 

molecular weight of 80 kDa and 110 kDa, respectively. 
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Figure 30: Purified P288 IgG from serum (representative gels). 

Patient IgG was purified from serum using a Pierce® Chromatography Cartridge 

Melon™ Gel column. Column fractions were analysed by 1D SDS-PAGE (4-12% 

Bis-Tris SDS-PAGE, MOPS buffer). A) Flow-through fractions collected during the 

application of the diluted serum sample- Lane 1 - 9) Fractions 1- 9. B) 

Flow-through fractions collected during the application of purification buffer - Lane 

1 - 9) F10 - 17; 10) Flow-through fraction collected during the application of 

regeneration buffer. Red box (bottom to top): IgG light chain (25 kDa); IgG heavy 

chain (55 kDa); single heavy/light chain (80 kDa); two heavy chains (110 kDa). 

 

Overall, the passive purification of IgG from all other serum proteins was effective. 

This was evident by the number and intensity of protein bands identified in the 

column regeneration fraction (Figure 30B lane 10). Furthermore, the few non-IgG 

bands detected in the purified fractions were present in low amounts and would 

therefore have negligible effect on the immunocapture of TAAs. This process was 

also performed for a pool of sera from 10 healthy individuals and 10 benign 

patients (Figure 31). 
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Figure 31: Purified IgG from pooled healthy and benign serum 

(representative gel). 

Control IgG was purified from pooled serum using a Pierce® Chromatography 

Cartridge Melon™ Gel column. Column fractions were analysed by 1D SDS-PAGE 

(4-12% Bis-Tris SDS-PAGE, MES buffer). Flow-through fractions collected during 

the application of the dialysed sample- Lane 1-11) Fractions 1-11. 

 

Evidently, the quantity of control IgG collected in each fraction was substantially 

more than that of an individual patient. This was expected as 20 times more 

sample material was used for the acquisition of at least 48 mg of control IgG (4 mg 

per control immunoaffinity column). Pooled fractions represented the average IgG 

content present in the healthy and benign population. In addition to the 4 

predominant IgG bands, 5 other low-intensity bands were also observed. Through 

a comparison with the cancer IgG purification (Figure 30), it was evident that the 

contaminant at ~40 kDa was consistent between the two analyses. Due to the 

consistency of the purification method, this and other co-purified proteins would be 

comparable between the cancer and control samples. Thus, any IgG-independent 

immunoprecipitation caused by these proteins would be negated. Furthermore, the 
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relative quantity of these proteins compared to IgG was minimal and therefore, 

unlikely to influence the analysis. 

 

To ascertain whether the purification process leads to a loss of autoantibodies or 

affects antibody activity 2D-SEPRA was performed using serum or pure IgG. For 

comparable results the quantity of serum IgG employed was estimated from the 

approximate concentration of 10 mg/ml. Here, serum (150 μl) containing an 

estimated 1.5 mg of IgG was diluted 1:100 to a final concentration of 0.1 mg/ml. 

Purified IgG (~1 mg/ml) was diluted 1:10 to achieve a final concentration of 0.1 

mg/ml also. 

 

Importantly, the Western transfer of tissue lysate proteins was consistent between 

the replicate membranes (Figure 32A and B). This ensured that any differences 

between blots would be due to a loss of autoantibodies or activity. However, no 

discernable differences could be observed when probed with whole serum (Figure 

32C) or purified IgG (Figure 32D) from the same patient. PD Quest™ 2-D analysis 

of false-coloured blots also revealed no difference (Figure 32E-G). Therefore, 

purification of antibodies by this method maintained the native immunoglobulin 

conformation and did not appear to cause loss of autoantibody species. 

Consequently, the purification process was performed for all patients selected for 

analysis (Appendix 1). Different methods for generating an immunoaffinity column 

for the enrichment of TAAs were then explored using these patient-specific purified 

antibodies and native ovarian cancer tissue lysates. 
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Figure 32: Autoantibody profile of patient serum or purified IgG as 

determined by SEPRA. 

P3 tissue protein lysate (100 μg) was analysed, in duplicate, by 2D SDS-PAGE (4-

12% Bis-Tris SDS-PAGE, 11 cm). Proteins were transferred onto nitrocellulose 

membrane at 300 mA for 50 min using the wet transfer method. A/B) Protein 

transfer to the membrane was visualised by Ponseau-S stain. Western blotting 

was performed with P3 C) serum or D) purified IgG. Detection of captured 

autoantibodies was performed by incubation with Cy3-conjugated donkey anti-

human IgG (1:800 dilution). Signal detection using the Typhoon 

spectrophotometer was performed at PMT 450V, normal sensitivity, 200 microns. 

Gel images were false-coloured red for serum (E) or green for pure IgG (F) and 

overlayed (F) using PD™ QUEST. 
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3.3.3.2 Immunoaffinity Supports and Cross-Linking 

The most common support matrix used to generate an immunoaffinity 

column is protein G-sepharose beads. Recombinant protein G binds to the Fc 

portion of immunoglobulin. A bifunctional cross-linking reagent, such as 

disuccinimidyl suberate (DSS, water insoluble) or dimethyl pimelimidate (DMP, 

water soluble), could then be used to covalently link the antibodies to the support 

(Figure 33A and B). Alternatively, an activated immunoaffinity support such as 

Affi-Gel® 10 gel (Bio-Rad Laboratories) could be used. Here, agarose beads are 

functionalised with a 10-atom spacer and NHS group that react spontaneously in 

the presence of free amino groups (Figure 33C). This circumvents the need for 

additional materials such as protein-G sepharose and cross-linking reagents, as 

well as minimises sample-handling steps. In each of the above approaches the 

reactive NHS ester or imidoester moieties form cross-links through the epsilon 

amino group of lysine residues. Thus, a limitation of these methods is the 

unfavourable modification of lysine residues within the paratope (antigen binding 

site), which may render the autoantibodies inactive and unable to capture 

antigens. 

 

To maximise the number of active autoantibodies a hydrazide-agarose support 

matrix could be used (Figure 33D). Here, cross-linking via a carbohydrate moiety 

can be exploited as all IgG molecules have a conserved glycosylation site (Asn 

297) within the Fc region. These sugar groups are oxidised to form aldehydes, 

which are free to react with the Affi-Gel® Hz hydrazide gel (Bio-Rad Laboratories). 

The formation of a stable, covalent hydrazone bond between the immunoglobulin 

sugar and agarose support ensures that the paratope is available and unmodified 

for optimum antigen binding. Each of the above approaches were explored for 

effective TAA enrichment. 
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Figure 33: Immunoaffinity support cross-linking reagents. 

A) Disuccinimidyl suberate. B) Dimethyl pimelimidate. C) Activated immunoaffinity 

support Affi-Gel® 10 gel. D) Cross-linking reaction through Affi-Gel® Hz 

immunoaffinity support. Vicinal hydroxyl moieties of immunoglobulin sugar 

residues are oxidised in the presence of sodium meta-periodate to form 

aldehydes. The carbonyl-reactive hydrazide groups spontaneously react to form a 

covalent hydrazone bond. 

 

Initially, methods for cross-linking through primary amines were tested using P3 

purified antibodies and tissue protein lysate. From the small-scale experiments it 

was evident that cross-linking using the water-soluble reagent, DMP (Figure 34A), 

was less effective than water-insoluble reagent, DSS (Figure 34B). This was 

highlighted by the presence of IgG in the post cross-linking fraction for DMP only 

(Figure 34 lane 3). Consequently, there appeared to be a greater number of 

autoantigens pulled down for DSS cross-linking than DMP cross-linking as seen in 

the elution fractions (Figure 34 lane 5 and 6). Unexpectedly, intense 

immunoglobulin bands at 25 kDa and 55 kDa were observed in the elution 

fractions for both techniques. This indicated poor cross-linking efficiency. Although 

the capture of autoantigens would still occur, the large quantity of immunoglobulin 

in the elution fraction would interfere with the detection/identification of 

autoantigens. Furthermore, high molecular weight proteins above 80 kDa 

appeared to be retained on the beads after the elution step. 
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Figure 34: Immunocaptured autoantigens using protein-G sepharose 

immunoaffinity support (small scale). 

Immunoaffinity capture using protein G–sepharose immobilised P3 IgG via DMP 

cross-linking (A) or DSS cross-linking (B). Column fractions were subjected to 1D 

SDS-PAGE and gels stained in Coomassie G-450 colloidal blue for protein 

visualisation. Lane 1) Purified P3 IgG; 2) unbound IgG; 3) post cross-linking IgG; 

4) unbound tissue lysate; 5) elution 1; 6) elution 2; 7) boiled protein-G sepharose 

resin; 8) whole P3 tissue lysate. 

 

For comparison, P3 purified antibodies and tissue protein lysate were again used 

to explore cross-linking through the carbohydrate moiety. A small immunoaffinity 

column (0.6 ml bed volume) was created using the Affi-Gel® Hz hydrazide gel and 

purified immunoglobulin. Here, the covalent linkage of IgG appeared to be more 

successful than when using the cross-linking reagents above. This was evident by 

the low intensity IgG bands (25 kDa and 55 kDa) in the post cross-linking and 

column wash fractions (Figure 35A lane 2-3). However, the presence of these 

bands indicated that a small proportion of IgG was not covalently linked to 

hydrazide gel. Regardless, a greater number of autoantigens at a range of 
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molecular weights were eluted from the hydrazide immuoaffinity column compared 

to the DSS and DMP immuoaffinity column (Figure 35B). Additionally, IgG bands 

were not prominent in the elution fractions and would therefore not interfere with 

downstream analyses. However, the quantity of autoantigen acquired was not 

enough for subsequent quantitative analysis. Unexpectedly, upon pooling and 

concentration of the elution fractions the estimated amount of antigen present was 

less than 8 μg (below the detection limit of the EZQ® protein quantitation assay). 

 

 

Figure 35: Immunocaptured autoantigens using Affi-Gel® Hz hydrazide gel 

immunoaffinity support (small scale). 

Immunoaffinity column fractions were subjected to 1D SDS-PAGE. Protein 

visualisation was achieved using Coomassie G-450 colloidal blue or silver. A) 

Column preparation: lane 1) post cross-linking IgG; 2) IgG column wash 1; 3) IgG 

column wash 2; 4) unbound tissue lysate; 5) lysate column wash 1; 6) lysate 

column wash 2. B) Captured autoantigens: lane 1-5) elution fraction 1-5; 6) 

Novex® Sharp unstained protein standard; 7-11) elution fraction 6-10. 
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Therefore, a large-scale immunoaffinity experiment was performed (1 ml bed 

volume) using the Affi-Gel® Hz hydrazide gel to increase the amount of 

immunocaptured antigen. Previously purified IgG from cancer P7 and control 

serum was used to generate a cancer patient specific immunoaffinity column and 

healthy/benign immunoaffinity column, respectively. P7 tissue lysate was applied 

to each immunoaffinity column and captured autoantigens eluted (Figure 36). 

 

Again, several protein bands could be observed in the control (Figure 36A lane 

7,8) and cancer elution fractions (Figure 36B lane 5,6). However, intense IgG 

bands could be observed in the post cross-linking fractions indicating that 

optimisation of the coupling reaction was required (Figure 36 lane 1). This may not 

have been previously detected in the small-scale experiment, as silver staining is 

10 times more sensitive than Coomassie colloidal blue. However, changes to the 

cross-linking conditions to accommodate for the large-scale experiment may not 

have been optimal compared to the conditions of the small-scale experiment. 

 

To determine the success of the immunoprecipitation technique elution fractions 

were pooled, concentrated and protein concentration determined (EZQ® Protein 

quantitation kit). Encouragingly, around 150 µg of protein was acquired for both 

the cancer (148 µg, 1.48 µg/µl) and control (158 µg, 1.58 µg/µl) elution sample, 

which was adequate for subsequent DIGE analysis. However, protein differences 

between the cancer and control elution could not be clearly identified from the 

1-DE band patterns. 

 

Prior to DIGE analysis, 2-DE was performed to assess protein differences in the 

immunoaffinity column elution fractions (Figure 37). Promisingly, there appeared to 

be some differences between the two protein profiles upon visual inspection 

(Figure 37A arrows). However, this needed to be quantified by DIGE where 

gel-to-gel variation was eliminated. 
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Figure 36: Immunocaptured autoantigens using Affi-Gel® Hz hydrazide gel 

immunoaffinity support (Large scale). 

Immunoaffinity column fractions were subjected to 1D SDS-PAGE and proteins 

visualised using silver. A) Control immunoaffinity fractions: lane 1) post 

cross-linking IgG; 2) PBS final column wash; 3) TBS final column wash; 4) 

unbound tissue lysate; 5) elution fraction 1; 6) Novex® Sharp unstained protein 

standard; 7) elution fraction 6; 8) elution fraction 11. B) Cancer Immunoaffinity 

fractions: lane 1) post cross-linking IgG; 2) PBS final column wash; 3) TBS final 

column wash; 4) unbound tissue lysate; 5) elution fraction 1; 6) elution fraction 6; 

7) elution fraction 11. 
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Figure 37: 2-DE profile of immunocaptured autoantigens. 

Autoantigens eluted from P7 serum derived immunoaffinity column (A) or pooled 

healthy/benign serum derived immunoaffinity column (B). Pooled and prepared 

autoantigen elution fraction (10 μg) was analysed by IEF using a 7 cm IPG strip 

(pH 3-11 NL) in the first dimension then SDS-PAGE in the second dimension. 

Protein visualisation was achieved by silver staining. Arrows: spot differences 

between gels. 

 

To relatively quantify protein differences a preliminary DIGE experiment was 

performed using P7 cancer and control immunoaffinity elution fractions (Figure 

38). Here, 33 protein spots were identified as differentially regulated with a protein 

ratio greater than ±1.5 (p<0.01) at a false discovery rate (q-value) of less than 

0.01. Although promising, the substantial amount of IgG present in elution fraction 

(Figure 38E, red box) may have masked less abundant autoantigens. This needed 

to be rectified prior to further patient analysis by 2D-DITA. Evidently, a substantial 

amount of IgG was also present in the post cross-linking fraction (Figure 36 lane 

1). As this may have stemmed from poor cross-linking efficiency optimisation of 

the protocol was performed. 
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Figure 38: Relative quantification of P7 cancer and control 

immunoacaptured autoantigens by DIGE (representative gel). 

Representative DIGE analytical gel (pH 3-10NL, 24 cm, GE Healthcare). Images 

were acquired on the Typhoon Trio and analysed using Decyder 2D Differential 

Analysis software. (A) Cancer sample (20 μg) labelled with Cy3, (B) control 

sample (20 μg) labelled with Cy5, (C) pooled internal standard (20 μg) labelled 

with Cy2, (D) merged image and (E) merged image with adjusted levels for 

visulaisation of low abundant protein spots. Red Box: IgG. 
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Notably, various conditions must be met for efficient cross-linking of IgG to the 

Affi-Gel® Hz hydrazide support. These include antibody concentration (1 - 5 

mg/ml), antibody amount per milliliter of resin (1 - 5 mg/ml) and the oxidant stock 

solution must be added at one-tenth the volume of purified IgG. Additionally, a final 

oxidant concentration of 10 - 25 mM was required for effective oxidation of 

galactose, mannose and sialic acid residues. Nonetheless, there still appeared to 

be a large proportion of IgG present in the unbound fraction of the large-scale 

experiment when adhering to these parameters. The primary difference between 

the large- and small-scale experiment was the oxidant concentration of 25 mM and 

14 mM, respectively. Although the oxidant concentrations were within the 

acceptable range this may have influenced the reaction. Thus, an experiment 

employing a low concentration of sodium m-periodate (15 mM) over a longer 

period (1 hr) was performed using goat IgG. 

 

Interestingly, almost half (47%) of the material used for the coupling reaction was 

collected in the post cross-linking and wash fractions (Table 16 Row 1, Figure 

39A). This was also the case when human IgG was tested under the same 

conditions (Table 16 Row 2). Furthermore, visualisation of proteins in each fraction 

by SDS-PAGE revealed a proportion of IgG was being eluted from the column 

(Figure 39B lane 7-10). The stringency of the column washes prior to elution 

appeared to be adequate (Figure 39B lane 3-6) and those IgG that had undergone 

covalent cross-linking would not be removed under the employed elution 

conditions (0.1M glycine.HCl pH 2.5). Thus, it appeared as though the IgG was 

binding non-specifically to the resin, which was likely to be a consequence of the 

poor cross-linking efficiency. 
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Table 16: Experimental parameters for generating immunoaffinity columns with Affi-Gel® Hz gel. 

Exp. IgG 

Source 

Initial IgG 

Quantity (μg) 

Oxidant 

Conc. (mM) 

Oxidant Final 

Vol. (%) 

Oxidant 

Incubation (hr) 

Final IgG 

Quantity (μg) 

Desalting 

Loss (%) 

IgG Conc. 

(μg/μl) 

IgG:Hz 

(μg/μl) 

IgG Unbound (%) IgG Bound (% 

initial material) 

1 Goat  1138 15 10 1 900 21 1.8 3.6 47 53 

2 Healthy 1026 15 10 1 810 21 1.76 3.2 41 47 

3 Goat 600 23 NA 0.5 574 4 0.64 0.57 70 33 

4 Healthy 2049 10 7 1 1804 12 3.47 3.6 29 62 

5 Healthy 2001 10 9 1 1463 27 2.84 3 35 47 

6 Healthy 2013 10 9 1 1620 20 3.24 3.24 30 56 

Exp.: experiment; Conc.: Concentration; Vol.: Volume; IgG:HZ: IgG amount per microliter of resin. 

Table 17: Experimental parameters for generating immunoaffinity columns with Affi-Gel® 10 gel. 

Exp. IgG Source IgG Quantity (μg) IgG Conc. (μg/μl) IgG:Affi-Gel 10 (μg/μl) Sample volume per μl gel (μl/μl) IgG Unbound (%) IgG Bound (% initial material) 

1 Healthy 1082 7.21 10.8 1.5 4 96 

2 P385 1321 8.81 13.2 1.5 7 93 

3 P544 4004 4.45 6.67 1.5 0.25 99.75 

Control 4005 4.45 6.67 1.5 0.5 99.5 

4 P376 3999 4.45 6.67 1.5 NA NA 

Control 4003 4.44 6.67 1.5 NA NA 

5 P467 3640* 4.04 6.07 1.5 4 96 

Control 3640 4.04 6.07 1.5 3 97 

*10% loss due to buffer exchange into coupling buffer (0.02M HEPES pH 6.85). IgG:Affi-Gel 10: IgG amount per microliter of resin. 
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Figure 39: Antibody cross-linking using Affi-Gel® Hz hydrazide gel 

immunoaffinity support. 

Oxidised goat IgG (0.9 mg) cross-linked to Affi-Gel® Hz hydrazide gel (0.25mL) to 

generate an immunoaffinity column. Collected fractions (0.25 ml) were subjected 

to 1D SDS-PAGE and proteins visualised using Coomassie G-450 colloidal blue. 

A) Lane 1-4: unbound IgG F1-4; lane 5-8: PBS (0.5M NaCl, pH 7.0) wash F1-4; 

lane 9-11: PBS wash F1-3. B) Lane 1: PBS wash F4; lane 2: Novex® Sharp 

unstained protein standard; lane 3-6) TBS (pH 7.2) wash F1-4; lane 7-10) 0.1M 

glycine (pH 2.5) wash F1-4. 

 

To test an alternative method for hydrazide cross-linking a CarboLink™ 

Immobilisaton kit was used. Here, goat IgG was cross-linked to the resin following 

the manufacturers instructions. Unlike the Affi-Gel® Hz hydrazide support a sample 

concentration of 0.5 to 10 mg/ml was acceptable, oxidation was performed for a 

maximum of 30 min and desalting was performed using a Zeba™ Desalt spin 

column. Interestingly, cross-linking using this approach was far less effective than 

when using Affi-Gel® Hz hydrazide support as 70% of IgG was collected in the 

unbound fraction (Table 16 Row 3). 
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Thus, cross-linking at lower oxidant concentrations for a longer period appeared to 

be most successful. For this reason the lowest acceptable oxidant concentration 

(10 mM) was tested using healthy IgG. Excitingly, only 29% of the oxidised IgG 

was collected in the unbound and wash fractions (Table 16 Row 4). As the 

generation of the immunoaffinity column using Affi-Gel® Hz hydrazide gel involved 

several sample handling steps the reproducibility of the experiment was examined. 

To this end, the oxidation and cross-linking of 2 mg of human IgG was performed 

twice more (Table 16 Row 5 and 6). 

 

Overall, the cross-linking of oxidised material to the hydrazide support was 

reproducible where 65% to 70% IgG was effectively bound (9% CV). However, 

substantial variability was introduced during the desalting step where 12% to 27% 

of oxidized IgG was lost. Therefore, the proportion of IgG that was successfully 

cross-linked to the column from the starting material was between 47% and 62% 

(13% CV). From the data it was evident that this form of cross-linking was not very 

efficient as, on average, 50% of the material applied did not contribute to the final 

immunoaffinity column. Furthermore, the technical variability would result in 

disproportional cross-linking of IgG in the cancer and control immunoaffinity 

column. If these differences were greater than the true difference between the 

autoantibody populations this would result in a number of false negatives. For 

these reasons the approach was deemed unacceptable for quantitative 

comparisons between cancer and control immunoaffinity column elution fractions. 

 

Use of the Affi-Gel® 10 gel (Bio-Rad Laboratories Inc., CA, USA) to generate an 

immunoaffinity column is a reliable approach as cross-links are formed through a 

robust and efficient chemistry. Importantly, Affi-Gel® 10 gel is reported to have 

90% coupling efficiency for human globulin279. Although cross-linking through 

primary amines may result in inactivity of some antibodies, under controlled 

conditions, the effects would be equal between different immunoaffinity columns. 
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To test the coupling efficiency approximately 1 mg of healthy IgG was cross-linked 

to Affi-Gel® 10 gel under defined experimental conditions. These specified 

conditions included; 1) 10 mg IgG per ml gel, 2) 1.5 - 4.5 ml sample per ml gel and 

3) IgG concentration between 5 - 10 mg/ml. Excitingly, only 4% (42 μg) was 

collected in the unbound fraction as determined by EZQ® protein quantitation 

assay (Table 17 Exp. 1). 

 

The experiment was replicated using P385 IgG and further assessed for 

autoantigen capture capabilities. Again, only 7% (93 μg) of IgG was collected in 

the post cross-linking fraction (Table 17 Exp. 2). Furthermore, the removal of 

unbound tissue lysate proteins appeared to be successful after the fifth wash (5 

bed volumes) with 0.01% PBST (Figure 40A lane 3-7). Additionally, a number of 

autoantigen bands could be observed in the immunoaffinity column elution 

fractions after incubation with P385 tissue lysate (Figure 40B lane 2-10). However, 

a number of bands could still be observed in the final wash fraction, prior to 

elution, when stained with silver (Figure 40B lane 1). This was unexpected as a 

Gagnon and co-workers employed only two washes with TBS and one wash using 

50 mM Tris (volumes unknown) when performing 2D-DITA. Regardless, the 

stringency of the washes used here was increased to minimise the amount of 

unbound lysate proteins present on the column prior to the elution step (discussed 

below). 

 

Additionally, non-specific binding of proteins to the immunoaffinity support could 

be occurring. IgG bands at 25 kDa and 55 kDa could be observed in each of the 

elution fractions. This was an unexpected result as the column wash fractions 

were devoid of IgG bands and the Fc portions of IgG that have undergone 

covalent cross-linking would not be removed under the employed elution 

conditions (0.1M glycine.HCl, pH 2.5). Therefore, these may have been antibodies 

present in the tissue lysate that were binding non-specifically to the support or the 

cross-linking reaction was not complete. 
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Figure 40: P385 Immunocaptured autoantigens using Affi-Gel® 10 gel 

immunoaffinity support. 

P385 IgG (1.3 mg) cross-linked to Affi-Gel® 10 gel (0.1 mL) to generate an 

immunoaffinity column. Collected fractions (0.1 ml) were subjected to 1D SDS-

PAGE and proteins visualised using Coomassie. A) lane 1: unbound lysate, 2: 

Novex® Sharp unstained protein standard, 3-7: 0.01% PBST wash F1-5, 8-12: 

0.01% PBST wash F16-20. B) lane 1: final wash, 2-10: elution F1-9. 

 

To explore this further a column containing inactivated Affi-Gel® 10 gel was 

incubated with P376 tissue lysate in the absence of IgG. The ratio of lysate to 

Affi-Gel® 10 (7:1) was based on the column parameters for a large-scale 

experiment i.e. 4 mg IgG to 400 μl Affi-Gel® 10 incubated with 27 mg tissue lysate. 

Upon removal of the supernatant the gel material was washed with PBS 

containing 0.01% (Figure 41A and B) or 0.1% (Figure 41C and D) Tween-20. 

Evidently, unbound proteins were effectively washed from the material when using 

either 0.1% or to 0.01% PBST. However, protein bands were slightly fainter for 

0.1% PBST suggesting the increase in tween-20 does improve the removal of 

unbound proteins. 
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Figure 41: Optimisation of immunoaffinity column washes and non-specific 

protein binding to the Affi-Gel® 10 gel immunoaffinity support. 

P376 tissue lysate (7 mg) was incubated with inactivated Affi-Gel® 10 gel (100 μl) 

in the absence of conjugated autoantibodies. The mock columns were washed 

with 0.01% PBST (A) or 0.1% PBST (C) prior to incubation with 0.1M glycine 

pH2.5 (B and D). Collected wash and elution fractions were analysed by 1D SDS-

PAGE. A and C) Lane 1: flow-through fraction, 2-6: PBST wash F1-5. B and D) 

Lane 1: final PBST wash F6, 2-6: elution F1-5. Red boxes: Keratin, cytoskeletal. 1: 

haemoglobin subunit α/β. 2: macrophage migration inhibitory factor. 
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The elution buffer was then applied to the incubated Affi-Gel® 10 material to 

determine the number and identity of proteins binding non-specifically to the 

support. Interestingly, haemoglobin subunit α/β and macrophage migration 

inhibitory factor were identified as the two predominant protein bands that 

appeared to be eluted from the column (Figure 41D #1 and #2, MS data not 

shown). The identification of these proteins in subsequent immunoaffinity 

experiments would therefore be disregarded due to this phenomenon.  

 

All other protein bands (excluding keratin contaminants, Figure 41B red boxes) 

were extremely faint and would be equivalent in those immunoaffinity columns 

incubated with the same tissue lysate. Therefore, these proteins were unlikely to 

influence the comparative analysis. However, to mitigate potential effects a 

pre-clear column of inactivated Affi-Gel® 10 material was used, prior to lysate 

incubation with the immunoaffinity column, for all subsequent experiments. 

 

Additionally, IgG was not present in the elution fractions, which suggested that 

they were not derived from the tissue lysate. Therefore, the IgG present in the 

elution fractions of the previous experiment was most likely to be purified serum 

IgG that was not efficiently cross-linked to the material (Figure 40). The balance 

between cross-linking efficiency and inactivation of the paratope is important for 

effective immunocapture of antigens. Therefore, the quantity of the Affi-Gel® 10 gel 

was increased, only slightly, from 100 μl to 150 μl per milligram of IgG to improve 

the cross-linking efficiency. 

 

A large-scale experiment was then performed using purified IgG from P544 and 

the healthy/benign pool. Here, 4 mg IgG was incubated with Affi-Gel® 10 gel and 

the cross-linking efficiency subsequently determined by EZQ® protein quantitation 

assay (Table 17 Exp 3). Promisingly, only 0.25% (10 μg) and 0.5% (20 μg) of IgG 

was present in the post cross-linking fraction for the cancer and control 

immunoaffinity column, respectively. This was also shown by SDS-PAGE analysis 

where a low amount of IgG was present in the post cross-linking fraction (Figure 
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42A lane 1). Furthermore, unbound immunoglobulin was effectively removed from 

the column as no bands could be observed in the final wash (Figure 42A lane 3). 

 

 

Figure 42: P544 Immunocaptured autoantigens using Affi-Gel® 10 gel 

immunoaffinity support. 

Purified IgG from P544 (A) or control (B) serum was cross-linked to Affi-Gel® 10 

gel to generate an immunoaffinity column. P544 tissue lysate was pre-cleared 

prior to application to the patient specific and control immunoaffinity columns. 

Column fractions were subjected to 1D SDS-PAGE and proteins visualised using 

silver. A) Lane 1: post cross-linking fraction, 2: 0.1% PBST IgG wash F1, 3: 0.1% 

PBST IgG wash F5, 4: unbound lysate, 5: 0.1% PBST lysate wash F1, 6: 0.1% 

PBST lysate wash F5, 7-11: Elution fractions 1-5. B) Lane 1: post cross-linking 

fraction, 2: Novex® Sharp unstained protein standard, 3: 0.1% PBST IgG wash 

F1, 4: 0.1% PBST IgG wash F5, 5: unbound lysate, 6: 0.1% PBST lysate wash F1, 

7: 0.1% PBST lysate wash F5, 8-12: Elution fractions 1-5. 
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P544 tissue lysate was then applied to each immunoaffinity column and captured 

autoantigens eluted. Although a number of protein bands were present in the 

tissue lysate flow-through fraction (Figure 42A lane 4) and first wash fraction 

(Figure 42A lane 5) these proteins were effectively cleared from the column by the 

fifth and final wash (Figure 42A lane 6). Interestingly, some proteins differences 

could be noted between the cancer and control the elution fractions upon visual 

inspection (Figure 42A lane 7-11 and B lane 8-12). For quantitative analysis, 

elution fractions in 0.1 M glycine.HCl pH 2.5 were pooled (5 x 500 μl) and 

concentrated using a Vivaspin2 device (3 kDa MWCO, Sartorius Stedium Biotech). 

Unfortunately, the process caused a loss of protein to below the detection limit of 

the EZQ® protein quantitation assay. Therefore, the elution strategy was revised to 

be a single step elution in 0.5 ml TUC4 buffer, which was compatible with the 

intended DIGE analysis. 

 

To assess the effectiveness of the new elution conditions an experiment was 

performed using purified IgG from P376 and the healthy/benign pool. Again, 4 mg 

IgG was incubated with Affi-Gel® 10 gel (Table 17 Exp. 4). Interestingly, the 

cross-linking efficiency could not be determined quantitatively as the IgG in the 

post cross-linking fraction was below the detection limit of the EZQ® protein assay. 

However, low amounts of IgG could be observed in the unbound fraction by 

SDS-PAGE analysis when stained with silver (Figure 43 lane 1). P376 tissue 

lysate was then applied to each immunoaffinity column and captured autoantigens 

eluted. As expected, the majority of autoantigens were collected in the single 

elution step (Figure 43A lane 10 and B lane 11). The first elution fraction was 

concentrated using the ReadyPrep™ 2-D Cleanup kit and quantified using the 

EZQ® protein assay. 
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Figure 43: P376 Immunocaptured autoantigens using Affi-Gel® 10 gel 

immunoaffinity support. 

Purified IgG from P376 (A) or control (B) serum was cross-linked to Affi-Gel® 10 

gel to generate an immunoaffinity column. P367 tissue lysate was pre-cleared 

prior to application to the patient specific and control immunoaffinity columns. 

Column fractions were subjected to 1D SDS-PAGE and proteins visualised using 

silver. A) Lane 1: post cross-linking fraction, 2: 0.1% PBST IgG wash F5, 3: 

unbound lysate, 4-8: 0.1% PBST lysate wash F1-5, 9: elution buffer application 

fraction, 10-11: elution F1-2. B) Lane 1: post cross-linking fraction, 2: Novex® 

Sharp unstained protein standard, 3: 0.1% PBST IgG wash F5, 4: unbound lysate, 

5-9: 0.1% PBST lysate wash F1-5, 10: elution buffer application fraction, 11-12: 

elution F1-2. 

 

Interestingly, 30 µg (0.3 µg/µl) and 25 µg (0.25 µg/µl) of protein were acquired for 

the cancer and control elution sample, respectively. This was not sufficient for 

DIGE analysis. A similar immunoprecipitation experiment performed by Gagnon 

and colleagues yielded 150 μg for DIGE analysis (24 cm gel format)131,280. 

However, the washes they employed may not have been as efficient and therefore 

contained unbound tissue lysate proteins in the elution fraction. The published 
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study reported two washes with TBS and one wash using 50 mM Tris (volumes 

unknown). However, in this study, three washes with PBST were not sufficient for 

complete removal of unbound lysate proteins (Figure 40A lane 3-5). Therefore, the 

immunoaffinity columns were washed with 5 column volumes of 0.1% PBST for 5 

min with gentle agitation to ensure complete removal (Figure 42 and Figure 43). 

Consequently, the stringency of the method had reduced the amount of sample 

material acquired, but may have also minimised potential false positives. 

 

Overall, the immunoaffinity approach using the Affi-Gel® 10 support was 

successful. To determine the reproducibility of the cross-linking reaction the 

experiment was repeated using purified IgG from P467 serum and the 

healthy/benign pool. Here, 4% (144 μg) and 3% (106 μg) of IgG was present in the 

post cross-linking fraction for the cancer and control immunoaffinity column, 

respectively (Table 17 Exp. 5). Thus, from the four quantifiable immunoaffinity 

columns generated, 96% to 99.8% of IgG was effectively cross-linked to the 

support. This yielded a 2% coefficient of variance between columns, which was 

superior to hydrazide crosslinking (9% CV). Furthermore, the few sample handling 

steps prior to cross-linking resulted in little to no loss of IgG (<10%). For these 

reasons this immunoprecipiation strategy was used for all subsequent 

experiments. 

3.3.4 Immunoaffinity chromatography: Discovery Phase 

Immunoaffinity chromatography using Affi-Gel® 10 gel was determined to 

be the best strategy to identify novel ovarian cancer autoantibody biomarkers. To 

this end patient-specific immunoaffinity columns were generated using purified IgG 

(4 mg) from twelve advanced stage serous ovarian cancer patients (Table 18). 

Twelve control columns were also generated using IgG purified from the pool of 10 

benign patient sera and 10 healthy sera (Table 18). Using the optimised method, 

described in section 3.2.2.2, paired cancer and control immunoafffinity columns 

were treated under the same conditions and eluted autoantigens collected for 

quantitative analysis (Table 19). 
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Table 18: Discovery cohort demographics. 

Demographic Characteristic Serous ovarian cancer 

(n=12) 

Healthy (n=10) Benign (n=10) 

Age Mean ±SD range 54.3 ± 10.5 

37-75 

49.8 ± 8.0 

42-70 

58.9 ± 12.5 

44-84 

Menopausal status Pre 5 6 3 

 Post 7 4 7 

FIGO stage III 12   

Institute/Biobank RAH 12 10 10 
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Table 19: Immunoaffinity chromatography parameters employed for the analysis of the discovery cohort. 

Patient Purified IgG (HEPES buffer) Patient specific tissue lysate Clean elution in 6M guanidine hydrochloride 

Concentration 

(μg/μl) 

Volume (μl) Quantity 

(mg) 

Concentration 

(mg/ml) 

Volume 

(ml) 

Quantity 

(mg) 

Concentration 

(μg/μl) 

Volume (μl) Quantity (μg) CV 

(%) 

P5 6.03 664 4 7.36 3.7 27 0.93 45 42.04 4.2 

P5 Control 11.14 417 4 0.83 45 37.17 2.5 

P8 11.09 361 4 10.46 2.6 27 1.94 45 87.18 4.5 

P8 Control 7.48 535 4 1.95 45 87.67 3.4 

P56 8.59 466 4 8 3.375 27 0.94 45 42.15 4.9 

P56 Control 7.30 548 4 1.63 45 73.45 1.3 

P88 6.77 591 4 11.76 2.3 27 1.36 45 60.98 0.5 

P88 Control 9.61 360 4 1.00 45 45.08 4.1 

P281 4.91 815 4 7.79 3.47 27 0.52 45 23.44 1.1 

P281 Control 5.26 761 4 0.695 45 31.28 1.85 

P288 9.76 410 4 11.52 2.4 27 2.62 45 117.77 3.1 

P288 Control 9.61 471 4 2.96 45 133.01 2.4 

P363 4.99 802 4 9.93 2.72 27 0.64 45 28.64 0.8 
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Patient Purified IgG (HEPES buffer) Patient specific tissue lysate Clean elution in 6M guanidine hydrochloride 

Concentration 

(μg/μl) 

Volume (μl) Quantity 

(mg) 

Concentration 

(mg/ml) 

Volume 

(ml) 

Quantity 

(mg) 

Concentration 

(μg/μl) 

Volume (μl) Quantity (μg) CV 

(%) 

P363 Control 6.60 607 4 0.47 45 21.05 2.7 

P376 5.68 728 4 6.84 3 20 1 20 20 3 

P376 control 4.72 621 4 1 20 20 1 

P385 9.19 435 4 11.84 2.3 27 1.93 45 87.02 2.0 

P385 Control 6.59 607 4 1.98 45 89.13 2.5 

P395 5.74 697 4 10.52 2.6 27 1.09 45 49.18 0.6 

P395 Control 11.14 360 4 1.10 45 49.55 1.6 

P467 4.04 900 3.64 5.79 3.45 20 0.79 45 35.40 6.0 

P467 Control 4.54 802 3.64 0.71 45 32 4.15 

P544 9.59 418 4 13.58 2 27 1.5 45 67.55 4.9 

P544 Control 4.92 814 4 1.28 45 57.47 4.9 
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Fractions collected from the 12 pairs of immunoaffinity chromatography 

experiments were visually assessed for consistency (Figure 44 and Appendix 2). 

In each case the purified IgG applied to the Affi-Gel® 10 gel was effectively 

cross-linked and not present in the IgG unbound or final wash fraction (Figure 44A 

lane 1-2, 4). Furthermore, all unbound lysate proteins were effectively washed 

from the column prior to the elution step (Figure 44A lane 5-9). Finally, captured 

autoantigens were successfully eluted in a single step for analysis (Figure 44A 

lane 11). 

 

 

Figure 44: Immunoaffinity chromatography using Affi-Gel® 10 gel 

immunoaffinity support (representative gel). 

Purified IgG from P88 (A) or control (B) serum was cross-linked to Affi-Gel® 10 gel 

to generate an immunoaffinity column. P88 tissue lysate was pre-cleared prior to 

application to the patient specific and control immunoaffinity columns. Column 

fractions were subjected to 1D SDS-PAGE and proteins visualised using silver. A) 

Lane 1: IgG pre cross-linking, 2: IgG post cross-linking fraction, 3: Novex® Sharp 

unstained protein standard, 4: 0.1% PBST IgG wash F5, 5: Lysate before 

pre-clear, 6: lysate after pre-clear, 7: unbound lysate, 8: 0.1% PBST lysate wash 

F1, 9: 0.1% PBST lysate wash F5, 10: elution buffer application, 11: elution F1, 12: 

elution F2. 
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Each elution fraction was precipitated using the ReadyPrep™ 2D clean-up kit and 

re-constituted in 50 μl 6M guanidine hydrochloride (pH 8.5) prior to protein 

concentration determination. Using this immunoaffinity approach between 20 - 130 

μg of protein was acquired (Table 19 and Figure 45). Notably, the variability in 

autoantigen quantity obtained from the different patient-specific columns was 

substantial. Here, the largest quantity gap, between P363 control (21 μg) and 

P288 control (133 μg), was approximately 6 times. However, the quantity 

difference within paired cancer and control immunoaffinity columns was much 

less. Here, the difference ranged from 0.4 μg to 31.3 μg where the maximum 

variance, observed between P56 cancer and control elution, was only 1.7 times. 

 

The large variability between patients was expected as ovarian cancer is a 

heterogeneous disease. Therefore, the generation of more or different antigens 

that are unique to certain patients would result in a distinct population of captured 

autoantigens. This would be observed as a difference in autoantigen quantity 

between patient-specific immunoaffinity columns as seen here. In the case of 

P376 and P467 only 20 mg of tissue lysate was applied to the paired 

immunoaffinity columns as a proportion of sample was lost during the tissue lysate 

pre-clear step. However, the quantity of autoantigen acquired from this modified 

treatment was within the range of other autoantigen elution fractions arising from 

the standard 27 mg of tissue lysate. 

 

Additionally, a difference in autoantigen quantity within the patient-specific cancer 

and control immunoaffinity column pair was also expected. Here, the different 

autoantibody populations cross-linked to the immunoaffinity columns would 

capture a different repertoire of autoantigens. This is the core principle of this 

technique, which has been demonstrated by others130-132,154. 
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Figure 45: Immunocaptured autoantigens from patient derived and paired 

control immunoaffinity columns. 

Coefficient of variance <10%. Note: Originally acquired 30 µg and 25 µg of protein 

for P376 cancer and control elution sample, respectively. 
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3.4 Conclusion 

 In this chapter SEPRA and immunoaffinity chromatography were explored for 

effective detection of autoantibody biomarkers in ovarian cancer patient serum. 

Although promising, the screening of sera using 1D-SEPRA did not yield 

conclusive or utilisable results. This arose due to technical limitations and low 

quantities of autoantigen in the native tissue lysates. As the detection limit of the 

system appeared to be a constraining factor, fluorescent 2D-SEPRA was pursued 

to enable analysis of greater lysate quantities. Evidently, with the increased 

sample amount a number of autoantibody signals could be detected. However, 

this was not the case for ECL detection where the high background remained 

problematic. Subsequently, fluorescent 2D-SEPRA was performed to compare the 

autoantibody profiles in cancer patient sera, a pool of healthy sera and a pool of 

benign sera. Here, an autoantibody spot-train was identified in the ovarian cancer 

sample alone. Upon MS analysis, Adenosylhomocysteinase (SAHH) was identified 

as the potential ovarian cancer autoantigen that elicits an immune response. 

 

Although encouraging, immunoaffinity chromatography appeared to be the more 

promising strategy where a number of autoantigens were captured. Upon testing 

and optimisation, immunoprecipitation using Affi-Gel® 10 gel yielded the most 

reproducible results (2% CV). Using the method developed here between 20 µg 

and 133 µg of captured autoantigen was acquired for downstream quantitative 

analysis. 

 

Although the low sample amounts prohibited the use of DIGE an alternative 

quantitative proteomic method was considered. ICPL is a high throughput mass 

spectrometric technique that has been effectively used for the relative 

quantification of hundreds of proteins between samples and is compatible with low 

sample quantities (Section 1.6.2.3.2). For these reasons ICPL was implemented 

as the quantitative approach for detection of differential autoantigens, and their 

respective autoantibodies, in these immunoaffinity samples.  
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Chapter 4: Identification of differential autoantibody 

signatures in serous ovarian cancer patients 

4.1 Background 

Over the last decade mass spectrometry-based quantitative proteomics has 

become widely used for the analysis of complex protein mixtures219,281,282. This 

encompasses a range of different approaches, described in section 1.6, that have 

been developed and employed for protein discovery or characterisation 

studies283,284. 

 

ICPL is one such strategy that has been effectively used for the differential 

analysis of protein samples (Table 11). Here, stable isotopic labelling at the protein 

level enables samples to be pooled and pre-fractionated prior to enzymatic 

digestion. Pooling early in the workflow reduces quantitative errors that could be 

introduced in subsequent steps. Furthermore, the reduction in sample complexity 

allows for in-depth analysis of low abundant proteins. This would pose an 

advantage over label-free quantitative approaches where minimal sample handling 

prior to LC-MS is necessary for reliable quantification. Nonetheless, a study 

comparing ICPL to label-free reported similar ratios for 89% of the commonly 

identified proteins. Interestingly, quantitative information was also acquired for an 

additional 62 proteins using ICPL compared to 11 proteins using the label-free 

approach. Therefore, a more comprehensive analysis of proteins within a sample 

may be achieved when using ICPL. 

 

Conversely, a comparison of ICPL with 2D-PAGE revealed only 10% of proteins to 

be commonly identified240. Almost half of the differences could be attributed to the 

inherent limitations of 2D-PAGE where small, very large, very acidic, very basic 

and very hydrophobic proteins are lost. However, these approaches were 

described as complementary as 64 and 80 differentially regulated proteins were 

identified by 2D-PAGE or ICPL alone. 
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To date, DIGE has been the only quantitative proteomic approach used for the 

down-stream analysis of ovarian cancer immunoaffinity chromatography 

experiments131,132. A direct comparison between DIGE and ICPL has not yet been 

reported. However, parallels between 2D-PAGE and DIGE can be drawn as they 

are based on the same technical principles. Therefore, based on the 2D-PAGE 

findings of Sarioglu and colleagues240 analysis of samples by ICPL would 

potentially enable the identification and quantification of a different set of 

autoantigens. 

 

Furthermore, the large sample quantities required for DIGE limits its usability with 

proteomic workflows that yield low sample amounts, as seen in this study. Notably, 

quantitative mass spectrometry-based approaches, such as ICPL, require 

relatively small sample amounts. iTRAQ is another label-based technique that is 

amenable to minimal sample material. However, this isobaric labelling method has 

been reported to have various limitations, primarily associated with the 

reproducibility and quantification of low intensity reporter ions in the MS2 spectra 

(see section 1.6.2.3.1). 

 

Conversely, quantification of ICPL labelled peptides is performed at the MS1 level. 

Therefore, detection of peptides using the LTQ Orbitrap XL™ mass spectrometer, 

available in the laboratory, would allow for the acquisition of quality spectra for 

quantification. Using this instrument a high-resolution survey scan can be acquired 

at 60,000 resolution (m/z 400) at a scan rate of 1 Hz and accurate mass of <3 

ppm. 

 

To this end, immunoaffinity chromatography samples attained in section 3.3.4 

were differentially labelled using ICPL and peptides detected using the LTQ 

Orbitrap XL™ mass spectrometer. Relative quantification was then performed to 

identify 148 autoantigens, and therefore their corresponding autoantibodies, to be 

present in ovarian cancer patient sera with a protein ratio of >1.45 fold compared 
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to the control. Following candidate prioritisation, 50 potential autoantibody 

biomarkers were selected for subsequent verification. 
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4.2 Specific Methods 

4.2.1 ICPL 

Labelling was performed using the duplex ICPL-kit (Serva Electrophoresis) 

according to the manufacturer’s instructions235. Briefly, each sample (15 µg) was 

adjusted to 0.75 µg/µl by the addition of 6 M guanidine HCl, pH 8.5. Reduction and 

alkylation of disulphide bonds was performed with 0.2 M tris(2-carboxyethyl) 

phosphine and 0.4 mM iodoacetamide, respectively. Labelling of lysine residues 

and the N-terminus of proteins was performed with either the light (12C-

nicotinoyloxysuccinimide) or the heavy (13C-nicotinoyloxysuccinimide) ICPL for 2 

hrs at room temperature. Upon completion, excess reagent was quenched with 6 

M hydroxylamine and paired light/heavy labelled samples were combined. 

 

Combined samples were concentrated by acetone-precipitation, dissolved in 1 x 

LDS sample buffer (Invitrogen™) and pre-fractionated by 1D SDS-PAGE. Upon 

protein visualisation using coomasie blue G-250, 20 gel bands were excised and 

subjected to in-gel tryptic digestion. Proteolytic peptides were then extracted from 

the gel by sequential incubation in the following solutions: 1% FA (v/v), 

ACN/H2O/FA, 50/50/1 (v/v/v) and 100% ACN. Pooled peptide extracts were 

concentrated to a final volume of 1 µl by vacuum centrifugation and reconstituted 

to 10 µl in ACN/H2O/FA, 3/97/1 (v/v/v). 

4.2.2 Protein Identification and Relative Quantification 

Relative protein quantification was obtained using ICPL_ESIQuant software 

(v2.0)237-239. Here, RAW data files were converted to the open mzXML format285 

using MSConvert (release 3.0.4001)286 and analysed using the following 

parameters: 20 ppm label delta accuracy, 0.02 Da isotopic pattern accuracy, 

charge state range from +2 to +5, compound size ≥5 and coelution count ≥2. All 

other quantification parameters were kept at the recommended default settings. 

Proteome Discoverer v1.3 software (Thermo Fisher Scientific) was used to search 

MS/MS spectra against the UniprotKB/Swiss-Prot database (release 2011_08, 
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mammalian taxonomy, 65451 sequence entries) using the Mascot algorithm 

(Mascot server v2.3.02, Matrix Science). Searchers were performed using the 

following parameters: trypsin digestion with two missed cleavages allowed, ±0.01 

Da precursor tolerance, 0.5 Da fragment-ion tolerance, fixed 

carbamidomethylation of cysteine and variable oxidation of methionine. Labelling 

of the N-terminus or lysine residues by the light (ICPL_0, monoisotopic mass 

105.02 Da) or heavy (ICPL_6, monoisotopic mass 111.04) ICPL reagents was set 

as a variable modification. Protein lists for each ICPL duplex analysis 

(corresponding to the 20 bands) were compiled. Identified proteins were 

considered deregulated based upon the following criteria: protein ratio 0.55 ≥ x ≥ 

1.45 fold (>3SD), labelled peptides per protein ≥ 2, protein coefficient of variance ≤ 

20%. 

4.2.3 Verification Protein Microarray and Statistical Analysis 

Protein microarrays were generated and analysed by Arrayit® Corporation 

(Sunnyvale, CA, USA). Briefly, recombinant autoantigens (OriGene Technologies/ 

Abnova) were printed onto SuperEpoxy 2 glass microarray substrate slides, at a 

final concentration of 0.3 µg/µl, using a NanoPrint™ protein microarray spotter. 

Array spots were approximately 50 µm in diameter with a 200 µm horizontal and 

vertical pitch. Auto-antigens were arrayed in triplicate resulting in an array of 3,600 

spots (150 spots per microarray) across 5 arrays for a total of 17,550 spots. 

Blocking was performed for 1 hr using BlockIt™ Plus and serum (1:100 dilution in 

Reaction Buffer Plus) applied to each protein microarray for 1 hr at room 

temperature. Auto-antibody binding was detected using a Cy5-conjugated 

secondary antibody (Alexa Fluor® 647-AffiniPure Goat Anti-Human IgG (H+L) 

(JacksonImmuno Research). Fluorescence detection was performed using an 

InnoScan 710 microarray scanner at a wavelength of 635 nm, 3 µm resolution, 10 

laser power and 100 PMT detection gain. Image quantification to yield spot 

intensity data was performed using Mapix software V4.6.2. 
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Mean spot pixel intensity data with local feature background subtraction were used 

to calculate an average from each triplicate. Variance stabilisation and 

normalisation (VSN)287 as well as one-way analysis of variance (ANOVA)288, 

post-hoc Tukey’s ‘Honest Significant Difference’ (HSD) tests289,290 and linear 

discriminant analysis (LDA)291-293 were performed using R (A language and 

environment for statistical computing, V2.15.2)261. Parallel coordinates and 

box-and-whisker plots were generated using MATLAB® (V7.12.0.635, 

MathWorks®, Inc.) and GraphPad Prism (V6.0b, GraphPad Software, Inc.), 

respectively. Non-parametric ANOVA utilising the Kruskal-Walls and Dunn’s 

multiple comparisons test was used on the raw intensity data to determine the 

significance of the biomarker levels in serum between various cohorts. 

Receiver-operating characteristic (ROC) curve analysis was performed using 

GraphPad Prism (V6.0b, GraphPad Software, Inc.) to estimate the sensitivity and 

specificity of the candidate biomarkers. 
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4.3 Results and Discussion 

4.3.1 Establishing Experimental Conditions 

Understanding the technical variability of a relative quantification 

experiment is crucial for determination of significant differential expression. In this 

study the protein amount acquired from the immunoprecipiation protocol was not 

adequate enough to perform technical replicates. To address this cancer or control 

autoantigen samples were pooled to represent the total protein population in each 

condition. Therefore, to test the reproducibility and chemical robustness of the 

labelling procedure a replicate and label-swap experiment was performed using 

these sample pools. Following the method described in section 4.2.1 samples 

were labelled, pooled and pre-fractionated by 1D SDS-PAGE.  

 

Visualisation of proteins upon Coomassie staining revealed a number of bands at 

various molecular weights and intensities (Figure 46). Twenty gel pieces for a gel 

lane were excised at different widths based upon the protein band thickness. This 

would ensure that high-abundant proteins would not mask other proteins present 

in faint, adjacent bands. Furthermore, the identification of the same protein across 

multiple bands would be minimised. 
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Figure 46: Fractionation of ICPL labelled test samples and excision of 

protein bands. 

The cancer and control elution pool was split equally into four parts (15 μg of total 

protein) and labelled with the light (ICPL0) or heavy (ICPL6) tag. Labelled samples 

were pooled and pre-fractionated by 1D SDS-PAGE. Gel pieces (20) for each lane 

were excised and number accordingly (1-20). The autoantigen pool was 

comprised of the cancer or corresponding control immunoaffinity column elution 

fraction generated from P5, P8, P56, P88, P288, P385, P395, P467 and P544 

analysis. Lane A and B) cancer pool labelled with ICPL6 and control pool labelled 

with ICPL0; C and D) control pool labelled with ICPL0 and cancer pool labelled 

with ICPL6. 
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Relative quantification of proteins identified in representative gel slice #14 yielded 

similar results between replicate and dye swap experiments (Table 20). By 

querying the acquired MS/MS spectra against the UniprotKB/Swiss-Prot database 

using the Mascot algorithm between 130 and 147 (136 ± 8) peptide to spectrum 

matches (PSM) were identified. Peptide identifications were accepted if the 

individual ions scores were above 20 (the ion score is -10*log(P), where P is the 

probability that the observed match is a random event). Using Mascot, MS/MS 

spectra were searched against a decoy (randomised sequence) database to 

estimate the false discovery rate of ≤3.4%. 

 

Table 20: Number of identified and relatively quantified proteins in 

representative gel slice #14. 

 

Band 

Identified Proteins Quantified Proteins 

PSM* FDR (%) Protein 

Families 

Protein 

Hits 

Total Doublet 

n =1 

Doublet 

n ≥ 2 

ICPL Doublet n 

≥2, CV ≤20% 

A14 131 2.29 139 98 32 16 16 12 

B14 130 2.31 123 98 30 15 15 10 

C14 135 2.22 124 99 34 16 18 11 

D14 147 3.40 141 96 31 14 17 14 

*Above identity threshold 

 

Protein identifications were accepted if the ion scores indicated identity or 

homology where the probability that the identification is a random match was lower 

than 5% (significance threshold p<0.05). On average, 136 ± 8 protein families 

were identified in each gel slice, corresponding to around 98 protein hits. Of these 

proteins a heavy/light (H/L) ratio was calculated for 32 ± 2 proteins per gel slice. 

Approximately 50% of the protein ratios were derived from the quantification of a 

single peptide pair (doublet). For reliable quantification protein ratios should be 

calculated based upon at least two peptides. This enables the calculation of a 

standard deviation and coefficient of variance (CV) for each reported protein ratio. 
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Here, 61% to 82% of reliably quantified proteins had a CV less than 20% with an 

average CV between 8% and 10%. 

 

Quantified proteins that satisfied the above criteria (n ≥2, CV ≤20%) were 

compared between replicate experiments. Here, around half of the quantified 

proteins were common to the A/B14 and C/D14 replicate (Appendix 3 and 

Appendix 4). A comparison of the ratios for each commonly quantified protein 

revealed a maximum CV of 8.9% and 14% for replicate experiments A/B14 and 

C/D14, respectively (Table 21). The maximum CV obtained for the label-swap 

replicates was between 11% and 28% (Table 21, Appendix 5 to Appendix 8). 

However, the majority of proteins quantified had a CV ≤15% (16/21). Furthermore, 

the three proteins that were commonly quantified across the four control 

experiments demonstrated a maximum CV of 14% (Table 21, Appendix 9). 

Therefore, the variation of the ICPL experiment was determined to be 15% and a 

protein variation of 45% (>3 CV) was considered significant. This significant 

variation would overcome the technical variability of the quantified doublets (CV 

≤20%) and account for run-to-run as well as labelling differences. 
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Table 21: Variance of commonly quantified proteins between ICPL control 

experiments (representative gel slice #14). 

Analysis Common Proteins CV (%) 

A/B Replicate Hydroxymethylglutaryl-CoA lyase 0.56 

Complement C4-A 3.84 

Annexin A1 5.44 

Spermidine synthase 8.03 

F-actin-capping protein subunit beta 8.41 

Serum albumin 8.87 

C/D Replicate F-actin-capping protein subunit beta 1.92 

Heterogeneous nuclear ribonucleoprotein K  4.42 

14-3-3 protein beta/alpha 6.07 

Complement C4-A 13.90 

Serum albumin 14.01 

A/C Label-Swap Serum albumin 1.80 

Complement C4-A 6.80 

Heterogeneous nuclear ribonucleoprotein K  8.23 

Annexin A2 16.71 

F-actin-capping protein subunit beta 17.77 

A/D Label-Swap Heterogeneous nuclear ribonucleoprotein K  3.82 

Tubulin beta chain 5.44 

Complement C4-A 7.14 

Spermidine synthase 9.66 

Serum albumin 15.79 

F-actin-capping protein subunit beta 15.87 

Annexin A1 23.02 

B/C Label-Swap Tropomyosin alpha-3 7.61 

F-actin-capping protein subunit beta 9.43 
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Analysis Common Proteins CV (%) 

Complement C4-A 10.62 

Serum albumin 10.66 

B/D Label-Swap Spermidine synthase 1.63 

Complement C4-A 3.31 

F-actin-capping protein subunit beta 7.52 

Serum albumin 24.49 

Annexin A1 28.28 

A/B/C/D Complement C4-A 8.60 

F-actin-capping protein subunit beta 11.22 

Serum albumin 14.08 
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4.3.2 Identification and Relative Quantification of Immunoprecipitated 

Autoantigens 

The autoantibody profile in individual ovarian cancer patients was identified 

and relatively quantified by ICPL. Briefly, paired control and cancer immunoaffinity 

samples were differentially labelled using the light (ICPL0) and heavy (ICPL6) 

ICPL tag, respectively. Labelled samples were pooled, pre-fractionated by 1D 

SDS-PAGE and gel bands excised as described for the control experiments 

(Figure 47). 

 

 

Figure 47: Fractionation of ICPL labelled analytical samples and excision of 

protein bands. 

Pre-fractionation of differentially labelled and pooled sample pairs by 1D 

SDS-PAGE (1x MOPS, 200V, 55 min). Gel pieces (20) for each lane were excised 

and number accordingly (1-20). Lane 1) P5, 2) P8, 3) P56, 4) P88, 5) P281, 6) 

P288, 7) P363, 8) P376, 9) P385, 10) P395, 11) P467, 12) P544. 
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The resultant 240 bands were subjected to in-gel tryptic digestion and extracted 

peptides analysed by LC-MS/MS. For quality control bovine serum albumin (10 

fmol/μl) was analysed after 6 analytical runs to monitor the integrity of the total ion 

chromatograms (TIC). Retention time drift, peak shape and intensity as well as 

MASCOT ion scores were assessed for consistency across the quality control and 

analytical runs (Figure 48, data not shown). 

 

 

Figure 48: Representative LC-MS/MS analysis of ICPL samples. 

Nano-LC-MS/MS analysis of 240 ICPL peptide samples performed on an Ultimate 

3000 RSLC system coupled to an LTQ Orbitrap XL™ mass spectrometer. A) TIC 

of an analytical LC-MS run; 2) extracted ion current (XIC) of a singly labelled 

peptide; (3) mass spectrum of a differentially labelled and co-eluting light (873.40 

m/z) and heavy (876.41 m/z) singly labelled peptide with a ratio of 1.6. 
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Using the ICPL_ESIQaunt software tools peptide doublets were identified and the 

H/L ratio calculated based on the monoistopic peak signal intensity acquired in the 

MS1 spectra. Protein ratios were then determined as the median of the peptide 

ratios belonging to that protein. Following the stringent quantification requirements 

established from the control analyses (n ≥2, CV ≤20%, ratio ±1.45) between 1 and 

47 proteins were accurately quantified in each patient (Table 22).  

 

In total, 102 unique proteins, excluding human serum albumin (HSA), IgG and 

keratins, were found to be enriched in the ovarian cancer patients compared to the 

corresponding control. Interestingly, very few proteins were classified as 

down-regulated with a protein ratio less than 0.55. This was anticipated because 

the presence of cancer would most likely cause an induction of the humoral 

immune response and the amplification of autoantibodies to tumour antigens at 

late tumour stage. Furthermore, over half of those down-regulated proteins were 

IgG (6/16), keratin (2/16) and HSA (1/16) and the remaining 44% were not 

identified in more than one patient. For these reasons the down-regulated proteins 

were not pursued further. 
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Table 22: Identified and relatively quantified proteins in OVCA 

immunoprecipitation samples. 

Patient Quantified Proteins 

Total Doublet 

n =1 

Doublet 

n ≥ 2 

Doublet n ≥2, CV ≤20% H/L ratio ≥1.45 (≤0.55) 

5 151 79 72 63 7 (3) 

8 154 85 69 58 11 

56 89 55 34 27 18 

88 138 76 62 55 1 

281 167 103 64 57 5 (1) 

288 217 120 97 35 1 (1) 

363 159 98 61 51 32 (1) 

376 101 54 47 29 19 (3) 

385 194 107 87 82 21 (2) 

395 252 131 121 112 3 

497 183 100 83 72 25 (4) 

544 123 61 62 54 47 (1) 

 
Interestingly, approximately 50% of protein ratios were quantified from a single 

doublet. Although these proteins were omitted due the absence of a calculable CV 

they were subsequently included if they were identified in another patient and had 

a H/L ratio of ≥1.45. Furthermore, those proteins that had a CV >20% were also 

included if they were identified in more than one patient and the ratio was within 

the range observed for the other patients. This was to ensure maximum utilisation 

of the complete dataset without compromising on quality. 

 

Inclusion of this data resulted in a 45% increase in the number of proteins 

quantified and expanded the number of regulated proteins identified in each 

patient (Table 23, Appendix 10). Here, 148 proteins were enriched in the ovarian 

cancer patients; 112 of which were identified in more than 1 patient (Figure 49). 
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Excitingly, 1 protein (endoplasmin) was enriched in 7 out of the 12 patients and 3 

proteins enriched in half of the patients. This highlights the importance of a 

biomarker panel for the detection of ovarian cancer as no single marker was 

identified across all 12 patients. 

 

Table 23: Enriched autoantigens quantified using more than one or two 

doublets. 

Patient 

Number of Proteins 

 n ≥1 doublet n ≥2 doublet Difference  

5 6 1 5 

8 21 9 12 

56 40 17 23 

88 1 0 1 

281 11 4 7 

288 8 0 8 

363 76 28 48 

376 33 14 19 

385 32 17 15 

395 8 1 7 

467 52 23 29 

544 71 44 27 
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Figure 49: Enriched autoantigens across multiple ovarian cancer patients. 
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4.3.3 Biomarker Candidate Prioritisation 

Prioritisation of the 148 enriched proteins was performed to determine the 

most promising biomarker candidates for verification. This involved the following 

considerations; 

1) Gene ontology (GO) terms “molecular function” and “cellular component” of 

the autoantigen 

2) Interacting protein networks and signalling pathways 

3) Enrichment in multiple patients 

4) Availability of recombinant autoantigen 

5) Autoantigen or autoantibody reported with a role, link or dysregulated 

expression in cancer 

 

Initially, GO analysis was performed on the autoantigens using PANTHER263,264 

software tools where 142 of the candidates could be identified in the database. 

Evaluation of the molecular function showed a large proportion of autoantigens to 

have binding and/or catalytic activity (Figure 50). Interestingly, analysis of the 

binding subcategories revealed a number of proteins to be specifically involved in 

protein (45%) and nucleic acid (33%) binding. The major component of protein 

binding was cytoskeletal (74%), which is a major biological pathway shown to be 

dysregulated during cancer294-297 and a potential target for therapeutics298,299. 

Similarly, nucleic acid binding was reported to be over-represented by cancer 

compared to non-cancer genes upon bioinformatic analysis of the GO and Cancer 

Gene Census databases300. Furthermore, the two major catalytic subtypes, 

hydrolase301-304 and transferase305-309 activity, have been shown to be 

dysregulated in a range of cancers. Therefore, the majority of the autoantigens 

identified in this study have molecular functions that have been disrupted in cancer 

and may be the cause of a differential autoantibody response. 
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Figure 50: Molecular function of enriched autoantigens. 

(A) A total of 184 function hits were identified for the 142 analysed proteins that 

were distributed across 11 functional categories. (B) The binding subgroup 

contained 47 proteins with 63 function hits across 5 subcategories. (C) The 

catalytic activity subgroup contained 68 proteins with 82 function hits across 7 

subcategories. 

 

Analysis of the cellular component in which each candidate protein is localised 

revealed 81% to be intracellular (Figure 51). This was not surprising as an 

autoantibody response is most likely to occur against antigens that are not 

typically present outside the cell and are therefore not immune-toleranted. 
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Figure 51: Cellular component of enriched autoantigens 

A total of 37 component hits were identified for the 142 analysed proteins, which 

were distributed across 4 localisation categories. 

 

Subsequently, Ingenuity® pathway analysis (IPA) software tools were used to 

elucidate probable network functions, diseases and canonical pathways. Here, 

core analysis of the 147 mapped candidates revealed cancer to be one of the top 

network functions identified from this dataset (Table 24). Visualisation of the 

cancer network interactions showed proteins cyclin D1 (CCND1), TP53 and 

trifunctional purine biosynthetic protein adenosine-3 (GART aka PUR2) to be key 

effector nodes (Figure 52). Although GART was identified as a key network protein 

it was only enriched in a single patient in this study. This supported published 

findings that suggested overexpressed TAAs do not necessarily translate to a 

detectable immune response162,166. Interestingly, an autoantibody response to 

transcriptional regulator TP53105,110,163-165 and cell cycle regulator CCND1115,183,310 

has been identified in ovarian and other cancers. 
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Table 24: Proteins identified in the top 4 functional networks. Candidate 

autoantigens are bold (gene names). 

Diseases Score 
Focus 

molecules 
Proteins in network 

Hematological Disease, 

Immunological Disease, 

Inflammatory Disease 

42 25 ACTR2, ACTR3, Alpha tubulin, ANXA2, 

ATP1A1,CORO1B, CPT1A, DDB1, DPYSL2, ENO1, 

ERK, ERK1/2, FASN, GAPDH, Histone h3, Histone h4, 

HNRNPUL1, IDH1, IQGAP1, Lh, LRPPRC, mediator, 

NUMA1, P38 MAPK, Pkc(s), PPIB, RAD50, RNA 

polymerase II, SMC3, STAT1, TLN1, TRIM28, TUBB, 

UBB, WARS 

 

Immunological Disease, 

Dermatological Diseases 

and Conditions, 

Inflammatory Disease 

40 24 ACTB, Actin, ANXA1, ATP2B4, C3, C4A/C4B, caspase, 

CD3, CD63, CD74, CLTC, CSK, CTSZ, DDX58, EEF2, F 

Actin, FLNA, Focal adhesion kinase, GSN, HLA-DR, 

HSP90B1, HSPA9, IFN Beta, LDL, MX1, NFkB 

(complex), PFN2, PGK1, PI3K (complex), TCR, UBA7, 

UBE2N, VCL, YWHAE, YWHAQ 

 

RNA Post-Transcriptional 

Modification, DNA 

Replication, 

Recombination, and 

Repair, Nucleic Acid 

Metabolism 

20 15 AGTR1, AHCY, ATAD3A/ATAD3B, ATP5A1, DDX1, 

DHX15, EBNA1BP2, EEF1D, EEF1G, FBL, GRB2, 

HDLBP, HNRNPA3, HSPA6, KCTD3, MLH1, MYH10, 

NAT10, NME1, NME2, OTUB1, PABPC4, PLEC, RCC2, 

RPL3, RPL26, RPS17/RPS17L, RPS3A, RPS4X, 

SERBP1, SPTBN1, TUBA1B, UBA52, VARS, XRN1 

 

Cancer, Endocrine 

System Disorders, 

Organismal Injury and 

Abnormalities 

19 14 ACTN4, ASL, ATIC, CCND1, CCT7, CDH1, CEL, 

CEP55, CHMP4C, CLDN3, EIF4A1, EPCAM, estrogen 

receptor, FDPS, GART, GORASP2, GSR, HSP90AA1, 

HSPA1L, IDH2, MELK, miR-183-5p, MUC1, MYO6, 

NT5E, PAICS, PDCD6IP, PFAS, PFKP, PPAT, RFC1, 

SNRK, SNRNP70, TAP2, TP53 
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Figure 52: Cancer functional network protein relationships. 

 

Not surprisingly cancer was the second most significant disease arising from this 

dataset, which involved 96 of the enriched autoantigens (Table 25). Further 

analysis of the cancer group showed a significant association with malignant 

ovarian neoplasms (p= 1.53x10-4) for which 14 autoantigens were identified (Table 

26). A comparison of the proteins identified in the general cancer network and 

malignant ovarian network showed 3 proteins, EPCAM, GART and HSP90AA1, to 

be common to both (Table 26 bold). As these autoantibodies were likely to be 

general, non-specific cancer markers only HSP90AA1 was selected for verification 

as part of an autoantibody biomarker panel. This was primarily because it was 
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enriched in four patients and has already been shown to be a promising indicator 

of ovarian cancer122,125,129. Five additional autoantibody candidates were selected 

from this list based on functional considerations and the availability of a 

recombinant target antigen (discussed below). 

 

Table 25: Number of autoantigens associated with the top 5 disease 

networks. 

Disease p-value Number of autoantigens 

Dermatological Diseases and Conditions 1.1x10-8 – 1.8x10-2 38 

Cancer 6.3x10-8 – 2.6x10-2 96 

Respiratory Disease 6.3x10-8 – 2.4x10-2 26 

Organismal Injury and Abnormalities 1.3x10-7 – 2.6x10-2 54 

Reproductive System Disease 1.3x10-7 – 2.4x10-2 46 

 

Table 26: Enriched autoantigens associated with the malignant ovarian 

neoplasm network. Bold: Proteins common to the cancer functional 

network; 

Gene identifier Protein name 

C4A/C4B Complement C4-A 

*CFH Complement factor H 

*CP Ceruloplasmin 

*ENO1 Alpha-enolase 

EPCAM Epithelial cell adhesion molecule 

*GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GART (PUR2) Trifunctional purine biosynthetic protein adenosine-3 

*HSP90AA1 Heat shock protein HSP 90-alpha 

HSP90AB1 Heat shock protein HSP 90-beta 

HSP90B1 Endoplasmin 

RAD50 DNA repair protein RAD50 

*STAT1 Signal transducer and activator of transcription 1-alpha/beta 

TUBA1A Tubulin alpha-1A chain 

TUBB Tubulin beta-5 chain 

*Selected candidates for verification 
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Interestingly, the 5 most significant molecular and cellular function networks 

identified using IPA are those that are commonly disrupted during cancer86,88,311-

313(Table 27). Of particular interest was the cellular growth and proliferation 

network involving 48 candidate autoantigens. Here, 41 proteins were shown to be 

specifically associated with the proliferation of cells (p= 2.44x10-5) and therefore 

may have a direct role in cancer development that could have resulted in an 

autoantibody response (Figure 53). 

 

Table 27: Number of autoantigens associated with the top 5 biological 

functions. 

Biological function p-value Number of autoantigens 

Cellular Growth and Proliferation 2.4x10-5 – 2.6x10-2 48 

Cell-To-Cell Signalling and Interaction 4.6x10-5 – 2.3x10-2 21 

Cellular Assembly and Interaction 4.6x10-5 – 2.6x10-2 27 

Cellular Movement 7.8x10-5 – 2.5x10-2 31 

Cell Death and Survival 7.9x10-5 – 1.8x10-2 41 
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Figure 53: Autoantigens with a biological function associated with the 

proliferation of cells. 
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Finally, actin cytoskeleton signalling was identified as the top canonical pathway in 

which 21 autoantigens were associated (p= 1.84x10-16) (Table 28 and Figure 54). 

This supported the GO annotations derived from the PANTHER database where a 

large proportion of proteins were reported to be intracellular and structural 

constituents of the cytoskeleton (Figure 51). Interestingly, ACTN4 was the only 

protein common to the cancer functional network and actin cytoskeleton signaling 

pathway. As ACTN4 was also enriched in three ovarian cancer patients it was 

selected as a potential autoantibody biomarker candidate for verification. 

 

Table 28: Top 5 significant canonical pathways. 

Canonical pathway p-value 

Actin Cytoskeleton signalling 1.8x10-16 

Remodelling of epithelial adherens junctions 1.7x10-14 

Epithelial Adherens Junction Signalling 2.6x10-12 

Rac Signalling  3.3x10-7 

Regulation of Actin-based Motility by Rho 6.5x10-7 
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Figure 54: Autoantigens associated with the actin cytoskeleton signaling canonical pathway. 
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Furthermore, submission of the autoantigen list to the STRING265 database of 

known and predicted protein-protein interactions enabled the visualisation of 

potential networks (Figure 55). Of the 144 proteins found in the database 108 

proteins were involved in a total of 176 interactions. The level of evidence for a 

functional link (white connection) or specific action (coloured connection) varied. 

Analysis of the functional pathways again revealed the regulation of the 

cytoskeleton to be the most prominent network (p-value <0.001) involving 16 

autoantigens that were already highlighted by the IPA. 
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Figure 55: Protein-protein interactions between identified autoantigens. 

The thickness of a connection indicates the level of evidence for a functional link (white connection) or specific action (coloured 

connection). Specific action: binding (blue), catalysis (purple), PTM (pink) and reaction (black). Red box: zoom of autoantigens (red) 

involved in the regulation of the actin cytoskeleton. 
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Overall, analysis of the protein-protein interactions and biological pathways 

demonstrated that many of the autoantibodies identified here have the potential as 

ovarian cancer biomarkers. Therefore, candidates were preferentially selected if 

the autoantigen was enriched in more than three ovarian cancer patients. This 

resulted in 48 autoantigens that could potentially be verified. However, the 

availability of a full-length recombinant for the protein of interest was critical to 

ensure that the epitope would be present to capture serum autoantibodies. Of 

those 48 candidates, 4 could not be sourced recombinantly, 6 had a partial protein 

sequence of <10% amino acid content of the full-length protein and 4 were a part 

of functional networks that were represented by other selected proteins. 

 

Selection of the remaining 16 candidates was then performed on those proteins 

that were enriched in 2 patients (Appendix 11). Based upon the literature 81% 

(52/64) of the candidates were associated with cancer. Autoantigens CFAH (CFH) 

and G3P (GAPDH) were two such proteins that were originally selected due to an 

association with the malignant ovarian neoplasm network (Table 26). Autoantigens 

were then segregated depending on the type of relationship with cancer i.e. 

dysregulated expression, role, autoantibody response or none. In order to explore 

a comprehensive autoantibody biomarker panel, autoantigens were selected 

proportionally across each group, taking into consideration the availability of a 

recombinant protein. In addition to the literature mining, the proportion of proteins 

across each molecular function and cellular component was maintained to 

replicate the original group (Table 29). 
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Table 29: Comparative analysis of GO annotations for all and selected 

candidate biomarkers derived from the PANTHER database. 

GO annotation 
Number of hits for 

selected candidates 

Hits for selected 

candidates (%) 

Hits for all 

candidates (%) 

Molecular 

function 

Antioxidant activity 1 1.7 1.1 

Binding 14 24.1 25.5 

Catalytic activity 22 37.9 37.0 

Enzyme regulator 

activity 5 8.6 6.5 

Ion channel activity 1 1.7 1.6 

Receptor activity 1 1.7 3.3 

Structural molecule 

activity 9 15.5 14.1 

Transcription regulator 

activity 1 1.7 1.1 

Translation regulator 

activity 1 1.7 2.7 

Transporter activity 3 5.2 5.4 

Cellular 

component 

Intracellular 10 83.3 81.1 

Protein complex  2 16.7 10.8 

 

This analysis led to the selection of a divers group of 50 autoantibody candidates 

whose target autoantigens have various biological functions and associated 

networks as well as elicit an immune response in a number of patients (n≥2). Due 

to the commercial availability of a recombinant protein for all 50-target antigens 

verification of the autoantibodies as potential biomarkers for serous ovarian cancer 

could be performed. 
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4.3.4 Verification of Autoantibody Biomarker Candidates 

Protein microarray is an emerging technique that enables high-throughput 

analysis of protein-protein interactions (Section 1.4.3). Here, reverse-phase 

protein microarrays were used to verify 50 autoantibody biomarker candidates 

identified in this study. Typically, accurate quantitative analysis of protein 

microarrays by fluoresce requires a target-protein spot diameter of ≤250 μm for 

optimal signal-to-noise314-317 and an array pitch sufficiently large enough to avoid 

signal overlap i.e. ≥2-times the estimated spot size318,319. Generation of a number 

of microarrays with multiple target proteins needs to be reproducible for differential 

analysis of cancer and control samples. However, this can be problematic without 

specialised protein microarray printers that are temperature and humidity 

controlled320. 

 

For these reasons, in-house protein microarrays are associated with high technical 

variability (CV >17%) and require the analysis of a large number of replicate spots 

for each analysed sample321-323. This would come at a greater cost as larger 

quantities of recombinant protein and serum would be required. Furthermore, 

passive (electrostatic/hydrophobic) binding of the target protein to 

membrane-coated surfaces such as nitrocellulose require large sample volumes 

and are associated with low as well as variable signal intensity compared to 

functionalised surfaces such as epoxy324-327. 

 

Generation and analysis of custom protein microarrays was outsourced to Arrayit® 

Corporation (CA, USA, www.arrayit.com) for quality control. Recombinant proteins 

(Section 2.1.5) for each of the 50 autoantigens of interest were spotted in triplicate 

onto epoxy-coated glass slides at constant temperature (24°C) and humidity (50%) 

using the NanoPrint™ Protein Microarrayer (Arrayit® Corporation, USA). 

 

For verification of candidate biomarkers an independent sample cohort was used 

(Table 30). Of those samples, 11 stage III serous ovarian cancer cases and 5 
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controls were previously analysed as part of the discovery cohort. Plasma and 

serum sourced from Prince Henry’s Institute (PHI) of Medical Research (Victoria, 

Australia) and the Medical University of Vienna (Vienna, Austria) were also 

examined. 

 

Table 30: Verification cohort demographic information. 

Demographic Characteristic Serous ovarian 

cancer (n=38) 

Healthy (n=30) Benign (n=30) 

Age Mean ±SD range 58.1 ± 13.1 

37-86 

55.8 ± 11.7 

42-61 

56.4 ± 12.4 

25-86 

Menopausal status Pre 19 11 9 

Post 38 19 21 

FIGO stage I 29   

II 8   

III 20   

Institute/Biobank RAH 28 30 30 

PHI 10


 NA NA 

Vienna 19 NA NA 

Plasma samples 

 

In total, 117 protein microarrays were analysed and autoantibody capture reported 

as the mean or median spot pixel intensity with local background subtraction 

(Figure 56). From the raw data a total of 42 (0.25%) analytical spots were flagged 

as bad (n=35) or not found (n=7) and therefore removed from the analysis 

(Appendix 13). Here, 26 unique autoantibodies across 19 patients had a single 

replicate flagged and therefore, the average signal intensity was derived from the 

two valid replicate spots. Additionally, 2 out of 3 replicate spots were flagged for 

autoantibodies anti-CFAH, anti-FLNA and anti-SAHH across 3 patients where only 

a single intensity value was then used to represent the autoantibody level in those 

patients. Furthermore, 2 patients had all replicate spots for anti-GLGB flagged and 

could not be included in the subsequent analysis. 
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Figure 56: Representative protein microarrays demonstrating differential 

serum levels of two autoantibody candidates. 

Protein microarrays incubated with (A) KM300 healthy, (B) KM352 benign, (C) KM343 

stage I and (D) KM265 stage III serum. Upper box: anti-VICN autoantibody signal; lower 

box: anti-ACON autoantibody signal. Average signal intensity of autoantibody binding to 

antigens VICN (E) and ACON (F). 

 

Another quality consideration was the percentage of spot saturated pixels. 

Importantly, only 4% (747/17550) of analytical spots contained pixels that reached 

the saturation maximum of 65,535. Here, around half (62/117) of microarrays had 

1 or more spots that had between 1% and 89% pixel saturation (Figure 57, data 

not shown). As the majority of the protein microarrays had no or less than 10% of 

the analytical spots saturated and that pixel saturation did not reach 100%, all 

intensity values were considered valid. 
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Figure 57: Percentage of analytical spots containing saturated pixels in 62 protein microarrays. 
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Subsequently, the mean and median spot pixel intensity was compared to 

determine the quality of the protein microarray. The median spot pixel intensity is 

less sensitive to the effect of particulates and/or non-homogeneity of autoantibody 

spots on the protein microarray compared to the mean pixel intensity. Thus, small 

deviations between these values would indicate that the protein microarray was 

generated and analysed under optimal conditions. This was the case where a plot 

of the log of the mean/median ratio for each spot showed few values to be greatly 

different from zero (Figure 58). As expected the greatest deviation was observed 

for low intensity values due to the lower signal to noise. However, as the mean 

and median intensity values were in close agreement the mean spot intensity was 

used for downstream analyses. 

 

 

Figure 58: Deviation between the mean and median spot pixel intensity. 
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Interestingly, a variance-mean dependence exists for intensity data acquired by 

DNA or protein microarray287,328. Analysis of the average intensity and standard 

deviation for a particular autoantibody across all 117 samples showed this 

dependence (Figure 59A). As expected, the standard deviation increased 

proportionally with increasing intensity (r = 0.94). Additionally, a quantile-quantile 

plot (q-q plot) of the averaged intensity of replicate spots showed that the data was 

not normally distributed. As only 68% of the data (1 standard deviation from the 

mean) appeared to be normal (Figure 59B), standard statistical methods could not 

be used. Therefore, variance stabilisation and normalisation (VSN) was performed 

prior to statistical analysis. Here, the raw mean intensity data was converted to an 

expression file of class “matrix” and transformed using a VSN function (justvsn) in 

R that utilises affine-linear mappings and the generalised logarithm (base 2)287. 

 

Evaluation of the VSN-transformed microarray intensity data by q-q plot showed 

the data to be fairly normal as the central (middle) 95% of data lied along the 

straight line (Figure 59D). Furthermore, the data no longer exhibited a 

variance-mean dependence (Figure 59C). Therefore, parametric statistics could 

be used to assess significant differences in the data regardless of high or low 

signal intensity. 
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Figure 59: Variance-mean dependence of raw and transformed protein 

microarray intensity data. 

A) Evaluation of the population mean (raw) intensity and standard deviation for 

each of the 50 candidate autoantibodies. B) q-q plot of the averaged (triplicate) 

raw intensity data. C) Evaluation of the VSN transformed population mean 

intensity and standard deviation for each of the 50 candidate autoantibodies. D) 

q-q plot of the averaged (triplicate) and VSN transformed intensity data. 
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Differential autoantibody signals between the cohorts were initially evaluated 

qualitatively using parallel coordinate plots (Appendix 15 and Appendix 16). 

Encouragingly, all healthy and benign serum autoantibody signals were similar for 

each of the 50 candidates (Figure 60). However, a disparate signal pattern was 

observed between the early stage samples collected in Australia (RAH/PHI) and 

the early stage samples collected at the Medical University of Vienna (Figure 61A). 

Here, autoantibody binding signal intensity appeared to peak for antigens ARP3 

(#9) and SAHH (#41) in the early stage samples from Australia only. 

 

Interestingly, a comparison of the control samples with early stage samples from 

Vienna showed very similar autoantibody signal intensities (Figure 61B), whereas 

signal intensities for anti-ARP3 and anti-SAHH remained prominent for the 

Australian early stage samples (Figure 61C). For this reason the Vienna cohort 

was explored as a separate group in subsequent quantitative analyses. 
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Figure 60: Autoantibody binding signal intensity for all antigens in the 

healthy and benign cohort. 

A) Parallel coordinates plot comparing the autoantibody signal intensity in healthy 

(green) and benign (blue) serum. Each line represents the autoantibody signal in a 

single serum sample from the healthy (B) or benign (C) cohort. Target antigens 

labelled 1 – 50 (see Appendix 14). 
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Figure 61: Comparison of the autoantibody signal intensity for all antigens in the serum of early stage patients and 

controls. 

A) Parallel coordinates plot comparing the autoantibody signal intensity in early stage samples from Australia (red) and Vienna 

(yellow). B) Parallel coordinates plot comparing the autoantibody signal intensity in Vienna early stage samples (yellow) with 

healthy (green) and benign (blue) controls. C) Parallel coordinates plot comparing the autoantibody signal intensity in early stage 

samples from Australia (red) and Vienna (yellow) with healthy/benign controls (green). Each line represents the autoantibody signal 

in a single serum/plasma sample. Target antigens labelled 1 – 50 (see Appendix 14). * Autoantigens ARP3 (#9) and SAHH (#41). 
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Using the transformed data, one-way analysis of variance (ANOVA) was 

performed for each autoantibody to determine whether the population means for 

the different cohorts (healthy, benign, earlyAustralia, earlyVienna and late) were 

significantly different. The resultant ANOVA tables enabled assessment of the 

calculated variation between and within the cohorts as well as the size of the F 

statistic and resultant p-value (where p is the probability that a random variable 

having the F distribution is greater than or equal to the calculated value of the F 

statistic)329. 

 

For each autoantibody the degrees of freedom for the group i.e. cohort (DFG) was 

the variation of each group sample mean around the overall mean (DFG=4). 

Furthermore, the degrees of freedom for error (DFE) was the number of 

observations (patients) being compared with the five group sample means 

(DFE=112). The sum of squared deviations for the group (SSG) and error (SSE) 

were also calculated to indicate the variation of the group means around the 

overall mean and the observations around the group mean, respectively. From 

these values the mean square was derived in order to calculate the F statistic and 

resultant p-value. 

 

Here, 11 autoantibodies were revealed to have significantly different (p<0.001) 

population means between certain cohorts (Table 31). At a p-value of <0.01 and 

<0.05 an additional 3 and 8 autoantibodies were also identified to have 

significantly different population means, respectively (Appendix 17). 

  



 

Page | 214  

 

Table 31: Collated analysis of variance for top 11 autoantibodies (p<0.001). 

Autoantibody Cohort Variation Sum of squares Mean square F Statistic p-value 

Anti-ANXA1 Between (group) 9.6 2.40 15.3 5.4 x10-10 

 Within (error) 17.5 0.16    

Anti-ARAP1 Between (group) 5.2 1.30 7.2 3.6 x10-5 

 Within (error) 20.2 0.18     

Anti-ARP3 Between (group) 49.5 12.38 20.5 1.1x10-12 

 Within (error) 67.5 0.60   

Anti-AT1A1 Between (group) 13.6 3.40 12.1 3.3x10-8 

 Within (error) 31.4 0.28     

Anti-CFAH Between (group) 11.7 2.93 6.8 5.8x10-5 

 Within (error) 47.9 0.43     

Anti-OTUB1 Between (group) 8.5 2.13 13.8 3.5x10-9 

 Within (error) 17.3 0.15     

Anti-PITRM1 Between (group) 6.3 1.58 5.5 4.7 x10-4 

 Within (error) 32.3 0.29     

Anti-SAHH Between (group) 56.5 14.13 28.7 <2x10-16 

 Within (error) 55.2 0.49    

Anti-SERPH Between (group) 7.6 1.90 17.0 6.3 x10-11 

 Within (error) 12.5 0.11     

Anti-SYG Between (group) 5.1 1.28 11.4 8.1 x10-8 

 Within (error) 12.5 0.11     

Anti-UBA1 Between (group) 3.8 0.95 6.7 6.9 x10-5 

 Within (error) 15.8 0.14     

 

Subsequent post-hoc analyses using Tukey’s ‘Honest Significant Difference’ 

(HSD) test at a critical value of 0.05 was performed to determine which population 

means (cohorts) were significantly different from each other. Of the top 11 

autoantibodies 9 were revealed to have the greatest significant difference between 

key cohorts (Table 32 bold). Importantly, for the majority (82%) of those 

autoantibodies the intensity levels were not significantly different between healthy 

individuals and benign cases. Therefore, those candidate markers have the 

potential to differentiate both healthy and benign individuals from cancer patients. 

Furthermore, a significant difference was observed between early and late stage 

cancer patients for 7 candidate markers (Table 32). This was expected, as 
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changes in the immune response would occur with disease progression. 

 

Interestingly, the post-hoc analysis supported the qualitative observations derived 

from the parallel coordinates plots (Appendix 18). Here, almost no significant 

difference was found between the early stage samples from Vienna and the 

healthy/benign controls. Accordingly, a significant difference between the Vienna 

samples and Australian early stage samples was identified. 

 

Various factors may have accounted for these differences. Firstly, genetic 

differences associated with ethnicity may influence tumour development and 

consequently, the cancer antigens that elicit a humoral immune response 330-339. 

However, even for notably large differences in population-based statistics genetics 

is not considered a major discriminating factor compared to socioeconomics, 

clinical care and life-style effects340-344. 

 

Regardless, for countries such as Austria and Australia the 1-year prevalence is 

very similar at 12.8 and 10.4 per 100,000 women, respectively345. Likewise, the 

incidence rate for women from Australia and New Zealand is 8.1 per 100,000 

females, which is comparable with women from Western Europe (including 

Austria) at 8.86 per 100,000 females346. Therefore, the disparity in autoantibody 

intensity observed in this study may be due to genetic differences but does not 

appear to impact the clinical outcome of patients from the two populations. These 

potential genetic differences would need to be explored in a large patient cohort 

from each population with centre-based controls to validate this hypothesis. 

 

Alternatively, differences in blood sample collection protocols have been shown to 

have a substantial impact on the detected level of certain biomarkers116,347,348. 

Notably, ovarian cancer biomarker prolactin was no longer significantly different 

between ovarian cancer patients and controls when sample collection bias was 

taken into account349. Furthermore, sample degradation due to repeat freeze-thaw 

cycles350,351 and long-term storage352 has also been shown to influence analyte 



 

Page | 216  

 

integrity. 

 

Overall, this finding highlighted the importance of having controls from the same 

collection centre with the same patient demographics. Importantly, autoantibody 

signal intensity for the early stage samples from the two Australian collections 

centres were analogous and could be compared to controls with the same 

demographics. As this was not the case for the early stage cases from Vienna 

these were excluded from subsequent analyses. 

 

As illustrated in Figure 62, compared to healthy individuals and patients with 

benign gynaecological disease autoantibody levels to cancer antigens (A) ARP3, 

(B) SAHH and (C) ANXA1 were significantly different to both early and late stage 

cancer. Furthermore, autoantibody levels to cancer antigens (D) SERPH, (E) 

ARAP1, (F) OTUB1 and (G) AT1A1 were very significantly different for early stage 

cancer and somewhat significantly different for late stage disease. However, 

autoantibody levels to cancer antigens (H) UBA1 and (I) CFAH were significantly 

different to early stage cancer only. 

 

Receiver operating characteristic (ROC) curves of those 9 autoantibody 

candidates were then assessed to determine their sensitivity and specificity for 

early ovarian disease (Figure 63). Anti-ARP3 appeared to be the superior 

candidate diagnostic marker with the greatest area under the curve (AUC) of 0.94 

(Table 33). Excitingly, the remaining autoantibody biomarkers also had a high 

AUC between 0.81 and 0.93 (Table 33). At a sensitivity of 83% the top three 

candidate markers were able to identify 15/18 true positives; however, specificity 

varied at 98%, 97% and 92% for anti-ARP3, anti-ANXA1 and anti-SAHH, 

respectively (Table 34). 
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Table 32: Significant difference (p-value) between cohorts from post-hoc (Tukey’s HSD) analysis for the top 11 

autoantibody candidates. 

Autoantibody Healthy-Benign EarlyA-Late EarlyA-Healthy EarlyA-Benign Late-Healthy Late-Benign 

Anti-ANXA1 0.91 0.16 *** *** ** * 

Anti-ARAP1 0.99 0.85 ** ** . * 

Anti-ARP3 1.00 ** *** *** ** ** 

Anti-AT1A1 0.93 * *** *** * 0.12 

Anti-CFAH 1.00 . ** ** 0.90 0.85 

Anti-OTUB1 0.97 * *** *** * 0.18 

Anti-PITRM1 0.99 0.56 . * 0.77 0.49 

Anti-SAHH . * *** *** * *** 

Anti-SERPH 0.86 ** *** *** 0.24 * 

Anti-SYG ** 1.00 0.17 *** 0.16 *** 

Anti-UBA1 0.55 * ** *** 1.00 0.61 

Significance: p<0.001 (***); p<0.01 (**); p<0.05 (*); p<0.1 (.). Bold: Top 9 autoantibody candidates. EarlyA: Early stage samples 

from Australia. 
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Figure 62: Box-and-whisker plots representing the normalised signal 

intensity of samples from each cohort for the top 9 autoantibody biomarker 

candidates. 

Intensity spread of samples (dots) belonging to the healthy (n=30), benign (n=30), 

early stage (n=18) and late stage (n=20) cohort for target autoantigens (A) ARP3, 

(B) SAHH, (C) ANXA1, (D) SERPH, (E) ARAP1, (F) OTUB1, (G) AT1A1, (H) 

UBA1 and (I) CFAH. 
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Figure 63: ROC curves generated from the normalised protein microarray 

data for the top 9 autoantibody candidates when differentiating early stage 

(n=18) patients from controls (n=60). 

(A) Anti-ARP3, (B) Anti-SAHH, (C) Anti-ANXA1, (D) Anti-SERPH, (E) Anti-ARAP1, 

(F) Anti-OTUB1, (G) Anti-AT1A1, (H) Anti-UBA1 and (I) Anti-CFAH. 
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Table 33: ROC AUC for the top 9 autoantibody candidates. 

Autoantibody 
Controls (n=60) vs. Early Stage Cancer (n=18) Controls (n=60) vs. Cancer (n=38) 

AUC  95% CI P value AUC  95% CI P value 

Anti-ARP3 0.94 0.867 to 1.014 <0.0001 0.81 0.708 to 0.905 <0.0001 

Anti-SAHH 0.93 0.874 to 0.987 <0.0001 0.86 0.789 to 0.934 <0.0001 

Anti-ANXA1 0.89 0.784 to 0.998 <0.0001 0.81 0.716 to 0.907 <0.0001 

Anti-SERPH 0.90 0.799 to 0.998 <0.0001 0.80 0.704 to 0.898 <0.0001 

Anti-ARAP1 0.82 0.702 to 0.927 <0.0001 0.77 0.674 to 0.864 <0.0001 

Anti-OTUB1 0.91 0.834 to 0.976 <0.0001 0.79 0.695 to 0.882 <0.0001 

Anti-AT1A1 0.93 0.869 to 0.982 <0.0001 0.80 0.712 to 0.896 <0.0001 

Anti-UBA1 0.83 0.737 to 0.922 <0.0001 0.70 0.595 to 0.808 0.0008 

Anti-CFAH 0.81 0.717 to 0.906 <0.0001 0.69 0.587 to 0.799 0.0013 

CI: Confidence interval 

Table 34: Sensitivity and specificity of the top 3 autoantibody candidates for 

early stage ovarian cancer as determined by ROC curve analysis. 

Autoantibody Criterion 
(NIU) 

Sensitivity 
(%) 

Specificity 
(%) 

True Positives 
(/18) 

True Negatives 
(/60) 

Anti-ARP3 >12.43 83.3 98.3 15 59 

Anti-ANXA1 <12.05 83.3 96.7 15 58 

Anti-SAHH >12.97 83.3 91.7 15 55 

NIU: Normalised intensity units 

 

In comparison, ROC analysis of both early and late stage patients compared to 

controls showed a decrease in sensitivity and specificity for disease (Figure 64). 

This corresponded with a reduction in the AUC for each candidate marker to 

between 0.69 and 0.86 (Table 33). Therefore, the individual autoantibody 

biomarker candidates identified in this study were better differentiators of controls 

from early ovarian disease than advanced stage disease. 
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Figure 64: ROC curves generated from the normalised protein microarray 

data for the top 9 autoantibody candidates when differentiating all cancer 

(n=38) patients from controls (n=60). 

(A) Anti-ARP3, (B) Anti-SAHH, (C) Anti-ANXA1, (D) Anti-SERPH, (E) Anti-ARAP1, 

(F) Anti-OTUB1, (G) Anti-AT1A1, (H) Anti-UBA1 and (I) Anti-CFAH. 
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Consequently, the top 3 autoantibody candidates were assessed as a biomarker 

panel to improve the differentiation of advance stage ovarian cancer samples from 

controls. To combine candidate biomarkers Fisher’s linear discriminant analysis 

(LDA) was performed. Fisher’s LDA finds a direction in the data, which maximises 

the difference between the classes i.e. cancer and controls, and minimises the 

variability within each class. Principally, this direction is one that makes the 

classes as `tight' as possible and as distinct from each other as possible. This is 

achieved through the minimisation of a mathematical equation that does not 

require assumptions about the distribution of the data. In particular, the method 

does not require the data to be normal. 

 

On the other hand, if the data are normal or close to multivariate normal then a 

(Gaussian) likelihood-based linear discriminant function could be applied, as the 

extra information (the Gaussian structure of the data) is likely to improve 

classification. For Gaussian data from two classes Fisher's solution and the 

likelihood-based Gaussian solution are similar. For details see 353. 

 

Although the transformed microarray intensity data followed a Gaussian 

distribution (Figure 59D), biomarker analyses were also performed with CA125 

data and/or raw microarray intensity data. These datasets were clearly not 

Gaussian as illustrated by normal q-q plots of the individual variables (Appendix 

19). In this case, the likelihood-based approach was not appropriate. Therefore, 

for consistency Fisher’s LDA in its basic form was used for all proceeding 

analyses. 

 

Firstly, Fisher’s LDA was applied to the normalised microarray intensity data to 

generate classifiers based on anti-ARP3, anti-ANXA1 and/or anti-SAHH 

autoantibodies. These classifiers changed depending on the combination of 

biomarkers used in the panel and the number of samples used to generate the 

classifiers. Each sample was then classified as “cancer” or “control”, based upon 
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these discriminate parameters, and subsequently analysed using ROC curves to 

determine the sensitivity and specificity of the panel for ovarian cancer. 

 

Here, dual-biomarker panel containing anti-SAHH and anti-ANXA1 best 

discriminated between controls and cancer patients with a sensitivity and 

specificity of 79.0% and 91.7%, respectively (Figure 65A and Table 35). However, 

the two other dual-biomarker panels containing anti-ARP3/anti-SAHH and 

anti-ARP3/anti-ANXA1 were also effective at differentiating cases with an AUC of 

0.89 and 0.85, respectively. Interestingly, analysis of all three biomarkers using 

this method (LDA1) did not greatly improve the sensitivity and specificity for 

disease compared to the dual-biomarker panels (Figure 65B and Table 35). 

 

To test the robustness of the LDA the data was arbitrarily separated into training 

samples (25% of the data) and test samples (100% or 75% of the data). 

Classifiers for the 3-biomarker panel were then generated using the training 

samples and applied to either the complete dataset (LDA2.1) or 75% of the 

dataset that did not contain the test samples (LDA2.2). Here, the AUC did not 

markedly change for each analysis (Figure 65B and Table 35), which indicated 

that the data was not being over-fitted by the classifiers that may have resulted in 

a misleadingly high AUC. 
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Figure 65: ROC curves generated from the LDA of the normalised protein 

microarray data for the top 3 autoantibody candidates. 

A) Assessment of dual-biomarker panels for differentiating cancer patients from 

controls. B) Assessment of the three-biomarker panel (anti-ARP3, anti-SAHH and 

anti-ANXA1) for differentiating cancer patients from controls. C) Assessment of 

dual-biomarker panels for differentiating early stage patients from controls. D) 

Assessment of the three-biomarker panel (anti-ARP3, anti-SAHH and anti-ANXA1) 

for differentiating early stage patients from controls. LDA1: All data used as the 

training and test samples; LDA2.1: Random 25% of the data used as the training 

samples and all data used as the test samples (included original 25%); LDA2.2: 

Random 25% of the data used as the training samples and 75% of the data used 

as the test samples (excluded training samples). 
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Table 35: Sensitivity and specificity of various autoantibody biomarker 

panels for ovarian cancer as determined by ROC curve analysis of LDA 

generated data. 

Autoantibody 

Panel 

Training 

Samples 

(%) 

Test 

Samples 

(%) 

Criterion 

(NIU*) 

Sens. 

(%) 

Spec. 

(%) 
AUC 95% CI P value 

Anti-ARP3 + 

Anti-ANXA1 
100 100 <0.28 73.7 80.0 0.85 0.760 to 

0.936 
< 0.0001 

Anti-ARP3 + 

Anti-SAHH 
100 100 <0.44 92.1 68.3 0.89 0.821 to 

0.953 
< 0.0001 

Anti-SAHH + 

Anti-ANXA1 
100 100 <-0.30 79.0 91.7 0.90 0.834 to 

0.963 
< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA1) 

100 100 <0.40 86.8 73.3 0.90 0.837 to 
0.967 

< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA2.1) 

25 100 <0.38 84.2 83.3 0.90 0.829 to 
0.965 

< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA2.2) 

25 75 <0.38 85.7 82.2 0.91 0.836 to 
0.976 

< 0.0001 

NIU*: Normalised intensity units subjected to LDA. Sens.: Sensitivity. Spec.: 

Specificity. CI: Confidence interval. Cohorts included controls (n=60) and cancer 

(n=38) samples. 

 

The above process was replicated to determine the utility of the biomarker panels 

for early stage ovarian cancer. Excitingly, each duel-biomarker panel 

demonstrated a high sensitivity and specificity for early stage disease with an AUC 

ranging from 0.97 to 0.99 (Figure 65C and Table 36). Surprisingly, analysis of the 

3-biomarker panel did not appear to improve the sensitivity and specificity of the 

test, as the AUC remained large (0.99). To ensure the data was not being 

over-fitted LDA2.1 and LDA2.2 was again performed. Here, only a moderate 
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decrease in AUC was observed from 0.99 to 0.97, indicating a robust analysis that 

was not subjected to over-fitting (Figure 65C and Table 36). 

 

Table 36: Sensitivity and specificity of various autoantibody biomarker 

panels for early ovarian cancer as determined by ROC curve analysis of LDA 

generated data. 

Autoantibody 

Panel 

Training 

Samples 

(%) 

Test 

Samples 

(%) 

Criterion 

(NIU*) 

Sens. 

(%) 

Spec. 

(%) 
AUC 95% CI P value 

Anti-ARP3 + 

Anti-ANXA1 
100 100 >0.38 94.4 96.7 0.99 0.969 to 

1.005 
< 0.0001 

Anti-ARP3 + 

Anti-SAHH 
100 100 >0.32 88.9 96.7 0.97 0.923 to 

1.010 
< 0.0001 

Anti-SAHH + 

Anti-ANXA1 
100 100 >1.01 94.4 96.7 0.98 0.942 to 

1.010 
< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA1) 

100 100 >0.12 100 91.7 0.99 0.973 to 
1.005 

< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA2.1) 

25 100 <-0.73 94.4 96.7 0.98 0.962 to 
1.006 

< 0.0001 

Anti-ARP3 + 

Anti-SAHH + 

Anti-ANXA1 

(LDA2.2) 

25 75 <-0.68 92.3 95.5 0.97 0.938 to 
1.009 

< 0.0001 

NIU*: Normalised intensity units subjected to LDA. Sens.: Sensitivity. Spec.: 

Specificity. CI: Confidence interval. Cohorts included controls (n=60) and early 

stage cancer (n=18) samples. 
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Importantly, the combination of two or more of the top 3 biomarkers markedly 

improved upon the classification of cancer patients and controls compared to the 

single markers alone (Figure 66A). Moreover, from this analysis it was evident that 

the different panels as well as individual candidates were more effective 

discriminators of early stage ovarian cancer (Figure 66B). This was encouraging 

as ovarian cancer marker CA125 is associated with a high specificity and 

sensitivity for late stage disease and, therefore may be complementary to the 

makers identified here. 

 

Figure 66: ROC curves generated from the normalised protein microarray 

data for the top 3 autoantibody candidates and combined biomarker panel. 

A) Comparison of the top 3 candidate biomarkers with the 3-biomarker panel for 

differentiating all cancer patients from controls. AUC for Panel = 0.91, anti-ARP3 = 

0.81, anti-SAHH = 0.86 and anti-ANXA1 = 0.81. B) Comparison of the top 3 

candidate biomarkers with the 3-biomarker panel for differentiating early stage 

cancer patients from controls. AUC for Panel = 0.97, anti-ARP3 = 0.94, anti-SAHH 

= 0.93 and anti-ANXA1 = 0.89. 

 

Consequently, the top 3 autoantibody biomarker candidates were assessed as a 

biomarker panel with CA125. Measurement of CA125 serum levels for 92 patients 

(6 samples excluded due to availability) was performed by a specimen testing 

facility (SA Pathology, Adelaide, Australia) using the ADVIA Centaur® XP 

immunoassay system (Siemens Healthcare Diagnostics). For this dataset CA125 

alone had a high sensitivity and specificity of 91.9% and 90.9%, respectively 
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(Table 37 and Figure 67). This was somewhat higher than previous reports where 

at a serum cut-off value of 35 U/ml the sensitivity and specificity was 80.1% and 

86.1%, respectively354. 

 

A comparison of the specificity for healthy and benign samples between the two 

datasets showed that the benign samples yielded a superior specificity of 85.7% in 

this study compared to 71.4%. Furthermore, all stage II and late stage samples in 

the current study appeared to have CA125 levels greater than 35 U/ml. Therefore, 

the sensitivity of CA125 for these samples was 100% compared to 88.4% in the 

published dataset. However, the sensitivity for stage I samples appeared to be 

similar between the two studies; 70.0% compared to 65.5% in the published 

dataset. Moreover, the ratio of stage I to stage II samples was approximately 1:1 

compared to the published data that had a ratio of approximately 7:1. These 

differences in the level of CA125 and proportion of samples in each cohort 

resulted in a higher sensitivity and specificity overall. Regardless, CA125 

performed as expected in the verification samples where it was a more effective 

marker for differentiating controls from late stage cancer patients (AUC = 0.98) 

than early stage cancer patients (AUC = 0.90) (Table 37). 

 

Table 37: Sensitivity and specificity of CA125 for ovarian cancer as 

determined by ROC curve analysis. 

Cohorts AUC 
Criterion 

(U/ml) 

Sensitivity 

(%) 

Specificity 

(%) 

True 

Positives 

True Negatives 

(/55) 

Controls vs. Cancer 0.95  35 91.9 90.9 34 (/37) 50 

Controls vs. Early 0.90 35 82.4 90.9 14 (/17) 50 

Controls vs. Late 0.98 35 100.0 90.9 20 (/20) 50 
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Figure 67: ROC curves generated from the immunoassay for CA125 

concentration in patient serum/plasma samples. 

Cohorts examined include healthy and benign controls (n=55) as well as early 

stage (n=17) and late stage (n=20) cancer cases. Controls v cancer AUC= 0.95, 

95% CI = 0.896 to 0.997, p-value <0.0001. Controls v early AUC= 0.90, 95% CI = 

0.809 to 0.998, p-value <0.0001. Controls v late AUC= 0.98, 95% CI = 0.960 to 

1.008, p-value <0.0001. 

 

Interestingly, the addition of the top 3 autoantibody biomarker candidates to 

CA125 did not improve the sensitivity or specificity of CA125 alone (Table 38 and 

Figure 68). This would be primarily due to the inclusion of advanced stage ovarian 

cancer samples, which were less effectively identified by the autoantibody 

biomarker candidates. Here, the addition of a single marker resulted in a drop in 

the AUC for CA125 alone (0.95) to 0.92, 0.90 and 0.86 for anti-SAHH, anti-ARP3 

and anti-ANXA1, respectively (Figure 68A). This was also the case when any 2 of 

the 3 autoantibody candidates were assessed as a panel with CA125 (Figure 

68B). 
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Table 38: Sensitivity and specificity of various biomarker panels for ovarian 

cancer (n=37) compared to controls (n=55) as determined by ROC curve 

analysis of LDA generated data. 

Biomarker Panel Criterion* Sens. (%) Spec. (%) AUC 95% CI P value 

CA125 35 91.9 90.9 0.95 0.896 to 
0.997 

< 0.0001 

CA125 + Anti-ARP3 <0.48 83.8 74.6 0.90 0.835 to 
0.970 

< 0.0001 

CA125 + Anti-ANXA1 <0.31 83.8 70.9 0.86 0.778 to 
0.942 

< 0.0001 

CA125 + Anti-SAHH <0.10 83.8 89.1 0.92 0.860 to 
0.974 

< 0.0001 

CA125 + Anti-ARP3 + 

Anti-ANXA1 
<0.32 83.8 87.3 0.92 0.852 to 

0.979 
< 0.0001 

CA125 + Anti-ARP3 + 

Anti-SAHH 
<0.27 83.8 90.9 0.93 0.880 to 

0.986 
< 0.0001 

CA125 + Anti-ANXA1 + 

Anti-SAHH 
<-0.09 83.8 90.9 0.93 0.881 to 

0.985 
< 0.0001 

§CA125 + Anti-ARP3 + 

Anti-ANXA1+ Anti-SAHH 

(1) <0.07 

(2) <0.51 

(1) 83.8 

(2) 91.9 

(1) 90.9 

(2) 76.4 
0.94 0.889 to 

0.988 
< 0.0001 

#Anti-ARP3 + Anti-ANXA1+ 

Anti-SAHH 
<0.09 83.8 87.3 0.90 0.835 to 

0.966 
< 0.0001 

Criterion*: U/ml and/or normalised intensity units subjected to LDA. Sens.: 

Sensitivity. Spec.: Specificity. CI: Confidence interval. §Specificity assessed at two 

set sensitivity values for comparable analysis between key panels. 

#CA125-matched cohort. 

 

Encouragingly, the combination of all 3 candidate biomarkers with CA125 

improved the sensitivity and specificity of the 3-biomarker panel for both the 

original (n=98) (Table 35) and CA125-matched (n=92) cohort (Figure 68C). Here, 

the specificity increased from 87.3% to 90.9% at 83.8% sensitivity (Table 38). 

However, at a sensitivity of 91.9% CA125 alone had a superior specificity over the 

4-biomarker panel of 90.9% compared to 76.4%, respectively. 
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Figure 68: ROC curves generated from the LDA of the top 3 autoantibody 

candidates with CA125 for discriminating all cancer cases from controls. 

A) Comparison of CA125 with and without 1 of the 3 top candidate biomarkers as 

a 2-biomarker panel for differentiating cancer patients from controls. B) 

Comparison of CA125 with and without 2 of the 3 top candidate biomarkers as a 

3-biomarker panel for differentiating cancer patients from controls. C) Comparison 

of CA125 with and without the 3 top candidate biomarkers as a 4-biomarker panel 

for differentiating cancer patients from controls. AUC = 0.90 for the 3-biomarker 

panel analysing the complete cohort (n=98) and CA125-matched cohort (n=92). 
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Early stage detection of ovarian cancer is critical for effective treatment of the 

disease10,355,356. The 5-year survival rate for women that receive an early diagnosis 

is high at 92% compared to 6-22% for women identified with advanced stage 

disease9,10,355,356. Furthermore, at advanced stages of the disease clinical 

manifestations are typically present and can be effectively detected by existing 

methods such as TVU and CA12526. Therefore, the usefulness of a test for 

detecting advanced stage ovarian cancer is not as imperative when considering a 

screening strategy. As the top 3 autoantibody biomarker candidates identified in 

this study were most effective at discriminating early stage cancer from controls 

(Figure 66B) they were subsequently assessed as a panel with CA125 for this 

early stage cohort (Figure 69). 

 

Considering only early stage cancer cases, ROC curve analysis of CA125 alone 

yielded a sensitivity and specificity of 82.4% and 90.9%, respectively, at a serum 

concentration cut-off of 35 U/ml (Table 37). Interestingly, at the same level of 

sensitivity as CA125 (~82%) the specificity of the top 3 autoantibody biomarker 

candidates alone for early stage cancer was greater in both the original (n=78) 

(Table 34) and CA125-matched (n=72) cohort (Table 39). Consequently, as a 

2-biomarker panel, the addition of anti-SAHH or anti-ARP3 to CA125 resulted in 

an increase in the ROC AUC from 0.90 (CA125 alone) to 0.97 and 0.95, 

respectively (Table 39 and Figure 69A). This corresponded to a higher sensitivity 

and specificity for early ovarian cancer compared CA125 alone. Conversely, 

following the addition of anti-ANXA1 to CA125, the specificity for early ovarian 

cancer decreased to 78.2% at a slightly higher sensitivity of 88.2% (Table 39). 

 

However, further improvement to the discrimination of early stage samples was 

evident when examined as a 3-biomarker panel. Interestingly, the combinations 

that included anti-ANXA1 yielded a higher AUC of 0.99, compared to 0.97 for 

panel CA125/anti-ARP3/anti-SAHH (Table 38 and Figure 69B). Excitingly, the 

3-biomarker panel containing CA125, anti-ANXA1 and anti-ARP3 resulted in a 

high sensitivity and specificity of 94.1% and 94.6%, respectively. Moreover, the 
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addition of anti-SAHH to this panel yielded 100% sensitivity at the same specificity 

(94.6%) (Table 38 and Figure 69C). Overall, this 4-biomarker panel outperformed 

all other panels as well as the individual markers examined for the differentiation 

early ovarian cancer from healthy and benign controls. 

 

Table 39: Sensitivity and specificity of various biomarker panels for early 

stage ovarian cancer (n=17) compared to controls (n=55) as determined by 

ROC curve analysis of LDA generated data. 

Biomarker Panel Criterion* 
Sens. 

(%) 

Spec. 

(%) 

Sens. (at 

100% spec.) 
AUC 95% CI P value 

CA125 35 82.4 90.9 23.5 0.90 
0.809 

to 
0.998 

< 0.0001 

#Anti-ARP3 >12.43 82.4 98.2 76.5 0.94 
0.859 

to 
1.015 

< 0.0001 

#Anti-SAHH >12.97 82.4 92.7 35.3 0.93 
0.875 

to 
0.990 

< 0.0001 

#Anti-ANXA1 <12.05 82.4 96.4 NA 0.88 
0.764 

to 
0.996 

< 0.0001 

CA125 + Anti-ARP3 >-0.08 88.2 96.4 76.5 0.95 
0.888 

to 
1.016 

< 0.0001 

CA125 + Anti-SAHH >0.44 88.2 92.7 52.9 0.97 
0.933 

to 
1.002 

< 0.0001 

CA125 + Anti-ANXA1 >-0.10 88.2 78.2 23.5 0.90 
0.799 

to 
1.004 

< 0.0001 

CA125 + Anti-ARP3 + 

Anti-ANXA1 
>0.22 94.1 94.6 76.5 0.99 

0.968 
to 

1.006 
< 0.0001 

CA125 + Anti-ARP3 + 

Anti-SAHH 
>-0.21 94.1 85.5 82.4 0.97 

0.928 
to 

1.012 
< 0.0001 

CA125 + Anti-ANXA1 + 

Anti-SAHH 
>-0.16 94.1 80.0 76.5 0.99 

0.960 
to 

1.010 
< 0.0001 

CA125 + Anti-ARP3 + 

Anti-ANXA1 + Anti-SAHH 
>0.22 100 94.6 76.5 0.99 

0.9773 
to 

1.006 
< 0.0001 

#Anti-ARP3+ Anti-ANXA1 + 

Anti-SAHH 
<-0.13 100 90.9 70.6 0.99 

0.9706 
to 

1.006 
< 0.0001 

Criterion*: U/ml and/or normalised intensity units subjected to LDA. Sens.: 

Sensitivity. Spec.: Specificity. CI: Confidence interval. #CA125-matched cohort. 
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In the context of a global screening strategy for early ovarian cancer the lowest 

acceptable level of sensitivity and specificity of a test is set at 75% and 99.6%, 

respectively. At 100% specificity CA125 had an exceptionally low sensitivity of 

23.5% in this cohort (Table 39). Comparably, anti-ARP3 was the best single 

biomarker where it surpassed both sensitivity and specificity requirements at 

76.5% and 100%, respectively (Table 39). Not surprisingly, the combination of 

CA125 with anti-ARP3 did not enhance the level of sensitivity for early ovarian 

cancer at maximum specificity. However, the addition of anti-SAHH to CA125 and 

anti-ARP3 further improved the sensitivity to 82.4% at 100% specificity (Table 39). 

Correspondingly, this 3-biomarker combination was the most promising panel that 

has the potential to be employed as a screening test for early stage serous ovarian 

cancer. 
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Figure 69: ROC curves generated from the LDA of the top 3 autoantibody 

candidates with CA125 for discriminating early stage cancer cases from 

controls. 

A) Comparison of CA125 with and without 1 of the 3 top candidate biomarkers as 

a 2-biomarker panel for differentiating early stage patients from controls. B) 

Comparison of CA125 with and without 2 of the 3 top candidate biomarkers as a 

3-biomarker panel for differentiating early stage patients from controls. C) 

Comparison of CA125 with and without the 3 top candidate biomarkers as a 

4-biomarker panel for differentiating early stage patients from controls. AUC = 0.99 

for the 3-biomarker panel analysing the complete cohort (n=78) and 

CA125-matched cohort (n=72). Number of samples examined in cohort controls = 

55 and early stage cancer = 17. 

  

CVE CA125+ 3-marker

0 20 40 60 80 100

0

20

40

60

80

100

100 - Specificity

S
e

n
s
iti

v
ity

CA125 + 3-Biomarker Panel

CA125

3-Biomarker Panel (n=72)

3-Biomarker Panel (n=78)

CVE CA125+

0 20 40 60 80 100

0

20

40

60

80

100

100 - Specificity

S
e

n
s
it
iv

ity
Anti-ARP3

Anti-ANXA1

Anti-SAHH

CA125 alone

CVE CA125+ 2-marker

0 20 40 60 80 100

0

20

40

60

80

100

100 - Specificity

S
e

n
s
iti

v
ity

Anti-ARP3 + Anti-ANXA1

Anti-ARP3 + Anti-SAHH

Anti-ANXA1 + Anti-SAHH

CA125 alone

A B 

C 



 

Page | 236  

 

The discovery and evaluation of several possible biomarkers for ovarian cancer 

have been reported in the literature (see section 1.1.2 and 1.4). A large proportion 

of those are tumour-associated antigens that have been shown to have 

inadequate sensitivity and/or specificity to be used for population screening 

(reviewed in 24,37-41). Autoantibody biomarkers represent a new and favourable 

approach for ovarian cancer detection due to the amplification of the autoantibody 

signal during a humoral immune response to TAAs. For ovarian cancer, the four 

main methods that have been used for autoantibody discovery include SEREX, 

phage display, protein microarray and Immunoaffinity purification-based 

techniques. Studies utilising these tools have reported varying degrees of success 

and effectiveness of the identified autoantibody biomarker candidates (Section 

1.4). 

 

Anti-IL8 autoantibodies represented one of the more promising findings, which 

was shown to have high specificity of 98% and moderate sensitivity of 65.5% for 

early stage ovarian cancer123. Although this was inferior to CA125 alone, a 

3-biomarker panel containing CA125, IL8 antigen and anti-IL8 yielded a sensitivity 

of 87.5% at 98% specificity. A direct and accurate comparison between published 

biomarkers and those identified here would require measurements in the same 

patient cohort to account for sampling bias. However, broad comparisons 

regarding the sensitivity and specificity of the markers can be made. 

 

The top 3 autoantibody biomarker candidates identified in this study all 

demonstrated a greater specificity for early stage ovarian cancer compared to 

CA125 alone. At a sensitivity of 82.4% each candidate had a specificity greater 

than 90%. In contrast to anti-IL8, the single candidates all showed a greater 

sensitivity, yet only anti-ARP3 appeared to have reached an equivalent level of 

specificity. As a 3-biomarker panel with CA125, anti-SAHH and anti-ARP3 yielded 

a comparable level of sensitivity and specificity to the anti-IL8/IL8 antigen panel 

with CA125. However, the critical differentiator of the biomarker panel identified 

here was that 100% of the healthy and benign samples were distinguished from 



 

Page | 237  

 

early stage cases. Due to the low prevalence of ovarian cancer in women of 

0.01%3 the level of specificity of a screening test is required to be greater than 

99.6%. Excitingly, the discovered autoantibody biomarker panel with CA125 met 

this requirement and achieved a PPV of 100% (Appendix 20). 

 

Interestingly, the risk of ovarian cancer (roc) algorithm, which utilises the serial 

CA125 profile change, has been shown to yield a greater sensitivity and specificity 

for ovarian cancer than the absolute cut-off value34. A published report on the 

ongoing UKCTOCS of 200,000 post-menopausal women showed that a 

multimodal approach using the roc algorithm and TVU yielded a sensitivity, 

specificity and PPV of 89.4%, 99.8% and 43.3%, respectively26. The high level of 

sensitivity and specificity of the top 3 autoantibody biomarkers, determined during 

the verification phase, was extremely promising and may have the potential to 

improve upon this multimodal screening strategy. Therefore, further exploration of 

the key autoantibody biomarker candidates in a different and larger patient cohort 

was warranted to validate these initial findings. 

 

Additionally, the three autoantigens in which the target autoantibodies were raised 

against may also be complementary markers for ovarian cancer detection. 

Notably, TAAs encounter several technical difficulties, primarily associated with 

their low concentration in blood relative to other serum proteins, which limits their 

use as a biomarker for cancer42 (see section 1.1.2). However, Lokshin and 

colleagues demonstrated the complementary use of the antigen IL8 and anti-IL8 

autoantibodies to improve the sensitivity and specificity of ovarian cancer 

detection123. 

 

Unsurprisingly, the autoantigens of interest have each been shown to have a role 

in and are dysregulated during cancer (Table 40). ANXA1 (annexin A1) is the first 

member of the vertebrate super-family of calcium and/or phospholipid-binding 

proteins357. The annexin proteins have key roles in calcium signalling, signal 

transduction, apoptosis as well as cellular growth and proliferation (reviewed in 
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358,359). These biological process are often disrupted during cancer and is therefore 

unsurprising that expression changes to 11 of the 13 annexin-A proteins have 

been reported in a range of cancer types357. Interestingly, ANXA1 has been shown 

to have increased or decreased expression depending on the cancer tissue 

examined360. This may reflect the disruption of different molecular functions that 

ANXA1 performs and hence, impact the type of immune response that ensues. 

Unfortunately, studies of ANXA1 expression in ovarian tissue have not been 

extensively performed361 and the impact of expression on the immune system 

remains uncertain. However, ANXA1 also has anti-inflammatory and 

anti-hyperalgesic functions, which may, in the event of overexpression, cause 

immune suppression and the decrease in anti-ANXA1 autoantibodies in ovarian 

cancer as seen here. 

 

Table 40: Various descriptors of the top 3 autoantibody-target antigens. 

Antigen Annexin A1 Adenosylhomocysteinase Actin-related protein-3 

Alternate Names Annexin I 

Calpactin II 

Chromobindin-9 

Lipocortin I 

Phospholipase A2 
inhibitory protein 

P35 

S-adenosyl-L-homocysteine 
hydrolase 

AdoHcyase 

S-Adenosylhomocysteine 
Hydrolase 

Actin-like protein 3 

Actin Related Protein 2/3 
Complex, Subunit 3 

Gene Names ANX1, LPC1 SAHH, AHCY ARP3, ACTR3 

UniProtKB ID P04083 P23526 P61158 

Protein Length (aa) 346  432 418 

Protein Size (Da) 38,714 47,716 47,371 

 

Additionally, SAHH (adenosylhomocysteinase) is an essential hydrolase in the 

methionine and trans-sulfuration pathway that converts 

S-adenosylhomocysteinase into adenosine and homocysteine362,363. This catalytic 

reaction is vital for downstream processes that impact redox homeostasis, cell 
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signal transduction as well as DNA and histone methylation364,365. The 

aforementioned processes all have the potential to alter gene expression which, 

when dysregulated, may contribute to tumour progression. Recently, drug and 

siRNA induced inhibition of SAHH was linked to altered Src activity366. Src is a 

well-known proto-oncogene and disruption of Src function through SAHH halted 

many tumorigenic processes including cellular proliferation, morphological 

transformation and angiogenesis. Furthermore, cell cycle arrest, apoptosis and 

differentiation of breast cancer cells were also observed upon SAHH inhibition365. 

Correspondingly, overexpression of SAHH has been reported in ovarian367, 

breast368, colorectal369,370 and colon371 cancer, which may enhance these 

oncogenic pathways and ultimately elicit a humoral immune response. 

 

Finally, ARP3 (actin-related protein-3) is a key subunit of the ARP2/3 complex, 

which drives the assembly of actin filaments to remodel the cytoskeleton372 

(reviewed in 373,374,375). Remodelling of the actin cytoskeleton is essential for 

various cellular processes including cell division, migration and apoptosis376. 

Disruption of these pathways has been implicated in cancer cell invasion and 

metastasis297,377. Interestingly, overexpression of the ARP2/3 complex378-380), and 

more specifically ARP3381-384 has been reported in a range of cancers. Recently, 

ARP3 was proposed as a prognostic marker for gallbladder cancer where high 

expression levels were significantly associated with tumour metastasis and poor 

survival outcome384. This aberrant expression of ARP3 during tumorigenesis may 

induce a humoral immune response leading to the production of anti-ARP3 

autoantibodies, as identified in this study, which could prove to be a more potent 

biomarker for cancer. Although the above antigens presented interesting 

biomarker targets they were not pursued further based on the inherent shortfalls of 

autoantigen biomarkers in serum. 
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4.4 Conclusion 

In this chapter 148 potential autoantibody biomarkers for the detection of 

early stage ovarian cancer were discovered. These candidates were found to be 

enriched in cancer immunoaffinity samples by >1.45 fold compared to controls 

using ICPL for the relative quantification of proteins. Extensive bioinformatic 

analysis revealed the majority of target autoantigens to be intracellular with 

predominantly protein binding and/or catalytic activity. Encouragingly, these 

antigens were found to be associated with cancer disease and functional 

networks, particularly cellular growth and proliferation. Fifty autoantibody 

candidates were then verified using customised protein microarrays in a large and 

independent patient cohort. 

 

Excitingly, 9 autoantibody candidates were significantly different between cancer 

patients and controls. The most promising of which were anti-ARP3, anti-SAHH 

and anti-ANXA1. As individual markers each autoantibody was very effective at 

differentiating early stage ovarian cancer from healthy and benign controls. 

However, anti-ARP3 demonstrated the best sensitivity and specificity of 82.4% 

and 98.2%, respectively. This surpassed the efficiency of CA125 where only 

90.9% specificity was achieved at the same sensitivity for the early stage cohort 

examined. 

 

As a 3-autoantibody biomarker panel the sensitivity was not greater than 75% at 

100% specificity, which is the minimum requirement for an ovarian cancer 

screening strategy. However, with the addition of CA125 a sensitivity of 76.5% 

was achieved at 100% specificity. Strikingly, the biomarker panel that included 

CA125, anti-ARP3 and anti-SAHH demonstrated the greatest sensitivity of 82.4% 

at 100% specificity. 

 

Accordingly, the aforementioned biomarker panels offered an unexpected and 

significant advance with respect to sensitivity and specificity over current markers 
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for ovarian cancer, particularly early stage ovarian cancer. This warranted further 

validation of the top 3 autoantibody biomarker candidates in a larger and global 

cohort. 
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Chapter 5: Validation of anti-ARP3, anti-SAHH and 

anti-ANXA1 as potential autoantibody biomarkers for 

early stage serous ovarian cancer 

5.1 Background 

Validation of biomarker candidates in a large number of samples (100-500) 

is critical to determine the effectiveness and utility of the panel for detecting early 

stage cancer277. Typically, this is performed on retrospective samples using the 

experimental platform employed for the verification phase. During the validation 

phase clinical parameters and cut-off values are established for subsequent 

analysis in prospective patient cohorts. Accordingly, candidate biomarkers 

anti-ARP3, anti-SAHH and anti-ANXA1 were retrospectively assessed in a large 

and independent patient cohort using protein microarray. 

 

As part of the validation phase, the top 3 autoantibody candidates were also 

re-assessed in the verification sample cohort using an orthogonal technique. 

Enzyme-Linked Immunosorbent assay (ELISA) is a common immunological 

method used to measure the relative and absolute quantity of an analyte in 

biological fluids. For autoantibody detection indirect ELISA is performed. Here, a 

recombinant of the target antigen is adsorbed onto microtitre plates to capture the 

specific antibody of interest through epitope recognition. Antibody binding is then 

detected using an enzyme-conjugated secondary antibody. In the presence of 

enzyme conjugates such as horseradish peroxidase chromogenic substrates are 

hydrolysed to generate a colourimetric signal that is proportional to the amount of 

antibody captured. Although manually and resource intensive this approach 

enabled further assessment of the autoantibody biomarkers and tested the 

robustness of the top 3 candidates for different analytical measurement systems. 
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5.2 Specific Methods 

5.2.1 Indirect Enzyme Linked Immunosorbent Assays 

Recombinant proteins for ARP3, ANXA1 and SAHH were sourced from Abnova 

(Section 2.1.5). Microplates (Corning®) were coated with 100 µl (1 µg/ml) 

recombinant protein in 0.1M sodium carbonate buffer pH 9.4 overnight at 4°C. The 

plates were washed three times with PBS pH 7.4 containing 0.05% (v/v) Tween-20 

to remove unbound recombinant protein. The non-specific sites were blocked by 

incubation with 200 µl Pierce® Protein-Free T20 (PBS) Blocking Buffer per well for 

2 hrs at room temperature and washed. Serum was diluted (1:100) in PBST and 

100 µl was added to antigen-coated as well as background wells in triplicate. 

Autoantibody capture was performed for 2 hrs at room temperature and washed. 

 

One hundred microliters of diluted (1:10,000) peroxidase-AffiniPure goat 

anti-human IgG (H+L) secondary antibody (Jackson ImmunoResearch 

Laboratories) was added to each well and incubated for 30 min at room 

temperature. The plates were washed four times with PBST prior to the addition of 

100 µl 3,3`,5,5`-tetramethylbenzidine (eBioscience®) per well, and incubated for 20 

min at room temperature. The resultant blue colour reaction was stopped by the 

addition of 100 ul 0.1 M sulphuric acid to each well and the absorbance values at 

450 nm (A450) were determined using a Biotrak™ II Visible Plate Reader 

(Amersham Biosciences). Negative controls involving the exclusion of serum and 

secondary antibody as well as an anti-ARP3 (mouse anti-ACTR3 mAb, Abnova) 

dilution series as a positive control were incubated on each plate.  

 

For each sample, the mean absorbance of the triplicate uncoated control wells 

was subtracted from the mean absorbance of the triplicate antigen-coated wells. 

Non-parametric ANOVA (Kruskal-Walls/Dunn’s multiple comparisons test) or 

Mann-Whitney U test was used to determine the significance of the autoantibody 

levels in serum between various cohorts. Column graphs and box-and-whisker 
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plots were generated using Microsoft® Excel® (Mac 2011, v14.3.9) and GraphPad 

Prism (V6.0b, GraphPad Software, Inc.), respectively. 

5.2.2 Validation Protein Microarray  

See section 4.2.3 
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5.3 Results and Discussion 

5.3.1 Orthogonal Verification 

Thorough preclinical assessment of newly discovered biomarkers is 

essential for determining the efficacy of the markers for detecting cancer in known 

sample populations. Therefore, to corroborate the results derived from the 

verification microarray indirect ELISA was performed for candidate markers 

anti-ARP3, anti-SAHH and anti-ANXA1. Generation of the three in-house ELISAs 

required optimisation of various stages of the assay. 

 

Firstly, blocking of unoccupied sites in the wells of the ELISA microtitre plate was 

essential for maximal signal-to-noise. Typically, non-specific proteins such as 

BSA, casein and gelatin are employed in conjunction with detergents such as 

Tween-20 in a phosphate or tris buffer. Importantly, these blocking proteins should 

not react with the autoantibody of interest or secondary antibody. To determine the 

lowest level of background that could be achieved for the system various 

concentrations of BSA in PBS containing 0.05% Tween-20 were examined. In the 

absence of recombinant protein the background absorbance was similar across 

eight different BSA concentrations with an average of 0.17 ± 0.008 AU (Figure 70). 

Here, the optimal blocking solution appeared to contain 2% BSA (w/v) when 

considering the low signal and amount of BSA required. 
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Figure 70: Background absorbance for different concentrations of BSA in 

the blocking solution. 

Duplicate wells of a microtitre plate were blocked with various concentrations of 

BSA in 0.05% PBST. Wells were incubated with patient #119 serum diluted 1:100 

and subsequently probed with HRP-conjugated mouse anti-human IgG diluted 

1:10,000. Absorbance values at 450 nm (A450) were determined using a Biotrak™ 

II Visible Plate Reader. 

 

Serum dilution and secondary antibody concentration were also important 

considerations for ELISA development. To this end selected serum samples were 

tested at a dilution of 1:100, 1:400 and 1:800 with a secondary antibody dilution of 

1:5000, 1:20,000 and 1:80,000 for optimal signal generation. For each 

autoantibody investigated two serum samples were assessed where either sample 

was previously identified as having a very high or low signal from the verification 

protein microarray (Table 41). This enabled the determination of an optimal serum 

and secondary antibody dilution that accommodated samples with large and small 

amounts of the target autoantibody. 
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Table 41: Autoantibody signal in samples analysed by protein microarray 

and ELISA. 

Autoantibody Patient Protein Microarray 

Reference 

Protein Microarray 

Signal 

ELISA Signal 

(1:100/1:20,000) 

Anti-ANXA1 819 KM303 54,442 0.55 

*683 KM245 585 0.24 

Anti-SAHH *251 KM241 24,331 0.49 

489 KM293 519 0.20 

Anti-ARP3 119 KM261 31,500 0.25 

945 KM308 518 0.90 

*Plasma samples sourced from PHI 

 

From the ELISA analysis of both anti-ANXA1 and anti-SAHH a secondary antibody 

dilution of 1:5000 and 1:80,000 did not yield optimal absorbance values (Figure 

71A and B). At a 1:5000 dilution, serum samples with a high amount of target 

autoantibody resulted in an absorbance value near or at the saturation limit of the 

system (~1.2 AU) unless the serum was applied at a high dilution. However, for 

samples with low levels of the autoantibody this secondary antibody dilution was 

ideal. Conversely, at a high secondary antibody dilution of 1:80,000, sample 

absorbance dropped below 0.1 AU regardless of the serum dilution tested. This 

was particularly problematic for samples with low levels of the target autoantibody. 

 

Overall, a 1:20,000 secondary antibody dilution yielded the best absorbance 

values for samples with a high or low autoantibody level when coupled with a 

serum dilution of 1:100. However, for optimal detection of samples with a low level 

of the autoantibody as well as accommodating for samples with a high 

autoantibody level, a secondary antibody dilution of 1:10,000 with a serum dilution 

of 1:100 was selected. 
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Figure 71: Optimisation of serum and secondary antibody dilution for the 

detection of autoantibodies in serum by ELISA. 

Microtitre plate wells were coated with 0.1 µg of target antigen and blocked with 

2% BSA in 0.05% PBST. In duplicate, wells were incubated with various dilutions 

of serum (1:100, 1:400 and 1:800) and HRP-conjugated mouse anti-human IgG 

secondary antibody (1:5000, 1:20,000 and 1:80,000). A) Anti-ANXA1 autoantibody 

levels in P819 (blue) and P683 (grey). B) Anti-SAHH autoantibody levels in P251 

(blue) and P489 (grey). C) Anti-ARP3 autoantibody levels in P119 (blue) and P945 

(grey). Deducted no recombinant negative control average absorbance (0.13 AU) 

determined using P119 serum and secondary at 1:800 and 1:20,000, respectively. 
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Importantly, the intensity results determined by the protein microarray were 

consistent with the ELISA absorbance levels for anti-ANXA1 and anti-SAHH. Here, 

P819 and P251 had high absorbance values relative to P683 and P489 (Table 41). 

However, the autoantibody absorbance level by ELISA showed only a two-fold 

difference between the high- and low-level samples compared to the protein 

microarray where the difference was approximately 90-fold. This may reflect the 

difference in sensitivity of the two assays for detecting specific autoantibodies in 

serum. In particular, protein microarray technology allows for a higher 

concentration of target antigen to be analysed over a smaller surface area315. This 

enables faster binding kinetics and higher concentration ratio between the antigen 

and target autoantibody in solution resulting in high signal. Furthermore, the use of 

laser microarray scanning and fluorescent detection also allows for a higher signal 

to noise ratio. Conversely, ELISA utilise one third of the antigen amount to coat the 

larger surface area of a mictrotitre plate well i.e. 0.1 µg over 0.32 cm2 compared to 

0.3 µg over 2x10-5 cm2. Together these factors would impact the degree of 

differentiation between high- and low-level autoantibody samples as seen here. 

 

Interestingly, the anti-ARP3 autoantibody level determined by ELISA did not 

correspond to that of the protein microarray. In this case P119 was determined to 

have an anti-ARP3 absorbance of only 0.25 compared to P945 where an 

absorbance of 0.90 was detected (Table 41 and Figure 71). Contrariwise, P119 

was determined to have an autoantibody intensity 60-times that of P945 by protein 

microarray. To confirm the ELISA results anti-ARP3 levels were tested in these as 

well as four additional samples (Table 42 and Figure 72). 
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Table 42: Anti-ARP3 autoantibody signal in samples analysed by protein 

microarray and ELISA. 

Autoantibody Patient Protein Microarray 

Reference 

Protein Microarray 

Signal 

ELISA Signal 

(1:100/1:20,000) 

Anti-ARP3 111 KM260 19971 0.02 

489 KM293 26 -0.02 

*422 KM249 24795 0.30 

350 KM328 695 0.35 

*Plasma samples sourced from PHI 

 

 

Figure 72: Examination of the anti-ARP3 autoantibody levels in serum by 

ELISA. 

Microtitre plate wells were coated with 0.1 µg of recombinant ARP3 and blocked 

with 2% BSA in 0.05% PBST. In duplicate, wells were incubated with serum at a 

dilution of 1:100 and subsequently with HRP-conjugated mouse anti-human IgG 

secondary antibody at a dilution of 1:20,000. Deducted no recombinant negative 

control average absorbance (0.19 AU) that was determined using P119 serum. 

-0.1 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

119 945 111 489 422 350 

A
b

s
o

rb
a
n

c
e

 (
4
5

0
n

m
) 

Patient 



 

Page | 252  

 

As expected, the autoantibody level for P119 and P945 was consistent with the 

previous ELISA and contradictory to the protein microarray (Figure 72). This was 

also the case for the four other samples tested. Based on the protein microarray 

P111 was expected to have a similar autoantibody intensity to P422, which was 

anticipated to have a greater intensity than P489 and P350. Furthermore, P350 

was expected to have a low autoantibody amount but demonstrated a similar 

autoantibody level to P422 when examined by ELISA.  

 

These stark differences between the two assays may be a function of antigen 

recognition. For ELISA, proteins are passively bound to the microtitre plate well 

through hydrophobic interactions, which may cause disruption of the tertiary 

structure and modification of the epitope. Adsorption of proteins to solid phase 

surfaces such as polystyrene has been shown to cause the denaturation of 

antigens and antibodies resulting in a loss of activity (reviewed in 385). Importantly, 

the autoantibody candidates under investigation were discovered and verified in 

their conformational state. Therefore, denaturation of the antigen would impact the 

detection of the autoantibody in serum if it recognises a conformational epitope. 

 

Alternatively, recombinant proteins were covalently cross-linked to the microarray 

glass surface in a random orientation using SuperEpoxy2 chemistry. As this 

technique causes minimal disruption to the protein structure (www.arrayit.com, 

326,386-388), the difference in the exposed epitope was likely to account for the 

conflicting findings for anti-ARP3 levels in ovarian cancer serum. Regardless, 

ELISA analysis of target autoantibodies was pursued in order to determine the 

impact of antigen presentation on the effectiveness of the candidate markers. 

 

ELISA analysis of the 98 samples initially tested by the verification microarray was 

performed for anti-ANXA1, anti-SAHH and Anti-ARP3 (data not shown). Each 

sample was tested in triplicate causing the 98-sample cohort to be analysed 

across 4 microtitre plates. Importantly, each plate was assayed with two positive 

controls and three negative controls. The serum samples tested for high and low 

http://www.arrayit.com/
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autoantibody levels as part of the assay optimisation served as the positive 

controls. 

 

The negative controls included the elimination serum, secondary antibody and 

recombinant antigen. As expected the serum and secondary antibody negative 

control was consistent across the 4 microtitre plates tested and between 

autoantibody assays (Figure 73). However, this was not the case when different 

serum samples were used to assess the background absorbance level in the 

absence of recombinant protein (Figure 74). Surprisingly, each serum sample was 

associated with a unique background absorbance. This suggested that serum 

proteins and/or antibodies were interacting non-specifically with the BSA. 

However, sample-specific background signal was also observed when other 

blocking buffers including 5% skim milk, 5% casein, 3% gelatin and a proprietary 

protein-free block were used (data not shown). 
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Figure 73: Negative controls employed for the detection of target 

autoantibodies in serum by ELISA. 

Microtitre plate wells were coated with 0.1 µg of recombinant protein and blocked 

with 2% BSA in 0.05% PBST. Controls were analysed in duplicate. A) Negative 

control testing the elimination of serum. HRP-conjugated mouse anti-human IgG 

secondary antibody applied at a dilution of 1:10,000. Average absorbance 0.05 ± 

0.002 AU. B) Negative control testing the elimination of the secondary antibody. 

Serum applied at a dilution of 1:100. Average absorbance 0.05 ± 0.002 AU. 
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Figure 74: Background absorbance level for the exclusion of recombinant 

protein negative control. 

Microtitre plate wells were blocked with 2% BSA in 0.05% PBST. Controls were 

analysed in duplicate on two different assay plates. Serum applied at a dilution of 

1:100 and secondary antibody applied at a dilution of 1:10,000. 

 

To test the ELISA system and confirm that the background was serum-specific, 

known and varying amounts of an anti-ARP3 monoclonal antibody (mouse 

anti-ACTR3, Abnova) was analysed. In the absence of the ARP3 recombinant 

protein a background absorbance of 0.06 ± 0.001 AU was achieved (Figure 75A). 

This background absorbance level was consistent with the previously tested 

serum and secondary antibody negative control (Figure 73). 

 

Furthermore, analysing increasing amounts of the primary antibody resulted in a 

proportional increase in absorbance (Figure 75B). As expected, signal intensity 

plateaued after exceeding an absorbance value of 1 at a primary antibody 

concentration of 0.01 μg/μl. Therefore, the ELISA system was functional and could 

be used to assess autoantibody levels in serum samples. However, changes to 

the protocol were considered to account for the serum sample-specific 

background. 
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Figure 75: Examination of the ELISA system using various amounts of 

anti-ARP3 monoclonal antibody. 

Microtitre plate wells were coated with 0.1 µg of recombinant ARP3 and blocked 

using a protein-free blocking buffer. In duplicate, wells were incubated with various 

concentrations of mouse anti-ARP3 monoclonal antibody. Detection was 

performed using HRP-conjugated rabbit anti-mouse IgG secondary antibody at a 

dilution of 1:10,000. A) Column graph showing the absorbance values for different 

amounts of anti-APR3. B) Scatter plot showing the absorbance curve generated 

by assaying different amounts of anti-ARP3. 
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Interestingly, Hellstrom and co-workers alluded to this sample-specific background 

when assaying for HE4 autoantibodies in serum using ELISA162. Here, each serum 

sample was analysed in the presence and absence of recombinant HE4. Triplicate 

control values were then subtracted from the experimental values to acquire a 

delta absorbance for each sample tested. Therefore, an ELISA for anti-ANXA1, 

anti-SAHH and anti-ARP3 was again performed but with sample-specific, 

no-recombinant controls (Appendix 21 to Appendix 23). 

 
The analysis of 98 samples in triplicate for both antigen-coated and antigen-free 

wells required the assay to be performed across 7 ELISA plates. To ensure the 

results were consistent across each plate positive and additional negative controls 

were examined (Figure 76). The serum and secondary antibody negative control 

background absorbance was low and reproducible across each plate with an 

average of 0.07 ± 0.01 AU and 0.05 ± 0.008 AU, respectively. Although a 

protein-free blocking buffer was employed for the final assay these background 

values were consistent with previous absorbance readings when 2% BSA was 

used as the blocking agent (Figure 73). 

 

Furthermore, a dilution series of anti-ARP3 monoclonal antibody was used as a 

positive control to measure potential signal fluctuations between plates (Figure 

76). Here, a coefficient of variance of less than 10% was achieved when 

considering all replicates across the 7 mictrotitre plates analysed for a given 

autoantibody. This suggested that all samples were effectively analysed under the 

same conditions and that technical variation would not skew the results for any 

particular cohort. 
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Figure 76: Representative ELISA positive and negative controls. 

Controls associated with the detection of anti-ARP3 autoantibodies in the serum of 

98 subjects. Each control was performed in duplicate on each ELISA plate for a 

total of 14 replicates. 

 

Disappointingly, serum autoantibody levels were not significantly different between 

the healthy or benign samples and early or late stage cancer cases (Figure 77). 

This was somewhat anticipated as the protein microarray intensity levels did not 

necessarily correspond to ELISA absorbance values examined in the preliminary 

assessment. 

 

Based upon the ELISA data anti-ANXA1 serum levels were not significantly lower 

in early or late stage ovarian cancer patients compared to controls (Figure 77A). 

Moreover, three patients had a seropositivity greater than 3 standard deviations 

(SD) from the mean of all controls (Figure 78A). Unexpectedly, one of those three 

patients (P118) had an early stage diagnosis and an anti-ANXA1 autoantibody 

level greater than 3 SD from the mean of healthy individuals (Figure 79A). This 
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autoantibody levels were significantly decreased in early stage ovarian cancer 

patients (Figure 62C). 

 

 

Figure 77: Box-and-whisker plots representing the absorbance (delta) level 

of samples from each cohort for autoantibodies (A) anti-ANXA1, (B) 

anti-SAHH and (C) anti-ARP3. 

Anti-ANXA1 cohort: healthy n=26, benign n=26, early n=17 and late n=20. 

Ant-SAHH cohort: healthy n=29, benign n=29, early n=18 and late n=20. 

Anti-ARP3 cohort: healthy n=29, benign n=30, early n=18 and late n=20. Note: 

samples excluded if background absorbance exceeded experimental absorbance. 

 

In contrast, anti-SAHH and anti-ARP3 autoantibody levels were expected to be 

markedly greater in ovarian cancer patients compared to healthy and benign 

controls (Figure 62A and B). However, only one patient (P111) had an anti-SAHH 

seroreactivity greater than 3 SD from the mean and two patients (P567/P277) with 

a seroreactivity greater than 2 SD from the mean of controls (Figure 78B). 

Encouragingly, early stage patient #277 had an autoantibody intensity level 

greater than 3 SD from the mean of healthy individuals when considered 

separately from benign cases (Figure 79B). This indicated that the mean 

anti-SAHH level for healthy individuals was lower than those with benign ovarian 

conditions, however it was not significant (p=0.42).  
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Surprisingly, no early or late stage cancer patients had an anti-ARP3 seropositivity 

level greater than 2 SD from the mean of controls (Figure 78C). This was 

disappointing as anti-ARP3 was identified as the most promising autoantibody 

biomarker candidate based upon the verification protein microarray. Only when 

early stage samples were compared to healthy individuals were two patients 

revealed as having an anti-ARP3 seropositivity greater than 3 SD from the mean 

of healthy controls (Figure 79C). 

 

 

Figure 78: Box-and-whisker plots representing the absorbance (delta) level 

of control and cancer samples for autoantibodies (A) anti-ANXA1, (B) 

anti-SAHH and (C) anti-ARP3. 

Solid arrow: Patients identified with a seropositivity greater than 3 standard 

deviations from the mean of healthy and benign controls. Dashed arrow: Patients 

identified with a seropositivity greater than 2 standard deviations from the mean of 

healthy and benign controls. 
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Figure 79: Box-and-whisker plots representing the absorbance (delta) level 

of healthy individuals and early stage cancer cases for autoantibodies (A) 

anti-ANXA1, (B) anti-SAHH and (C) anti-ARP3. 

Solid arrow: Patients identified with a seropositivity greater than 3 standard 

deviations from the mean of healthy individuals. Dashed arrow: Patients identified 

with a seropositivity greater than 2 standard deviations from the mean of healthy 

individuals. 
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protein microarray results due to several reasons. Firstly, the difference in antigen 

conformation and therefore epitope presented by the two techniques would alter 

the efficiency of autoantibody binding. As the autoantibodies discovered in this 

study were identified under native conditions protein microarray was the most 

appropriate method for verification and validation as it maintains protein structure. 
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autoantibodies may be raised against both linear and conformational epitopes. 

Therefore, the results from the ELISA are different to that of the protein microarray 
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detected and are distorting the findings. This was particularly evident for 

anti-ARP3 autoantibodies in ovarian cancer serum where the results were most 
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was affected by the presentation of different epitopes was uncertain. Therefore, 
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step toward understanding the mechanism of the autoantibody response to these 

TAAs as well as for the development of an unambiguous screening test. 

 

Secondly, protein microarray is a more sensitive technique that allows for the 

detection of low autoantibody levels in serum. Notably, triple the amount of 

recombinant protein can be applied to a fraction of the surface area of an ELISA 

well (1/16000th), which allows for more favourable antigen-antibody binding 

conditions. The resultant high signal to noise allows for effective detection and 

differentiation of autoantibody levels in cancer and control samples. Conversely, 

ELISA with human serum was associated with a low signal to noise due to 

non-specific binding of proteins that was unique to the serum sample analysed. In 

order to improve the signal to noise an increase in the amount of recombinant 

protein used to coat the ELISA well, up to 0.3 μg, was tested (data not shown). 

However, the background signal was already high for many samples analysed. 

Therefore, the increase in signal from the antigen-autoantibody specific binding, at 

antigen amounts greater than 0.1 μg, breached the saturation limit of the ELISA 

system. Thus, ELISA was a more resource intensive and less effective technique 

for assaying autoantibody levels in ovarian cancer samples compared to protein 

microarray. 

 

Finally, protein microarray is a high throughput, rapid and reproducible technique 

that can be readily translated to a routine screening test for a panel of 

autoantibody biomarkers. Unlike other autoantibody biomarker studies, ELISA was 

not appropriate for orthogonal verification of the candidates identified here. This 

appeared to be a result of the type of epitope exposed, which differed between the 

ELISA and protein microarray employed in this study. Therefore, to validate the 

top 3 autoantibody candidates, the same protein microarray platform was used to 

assess the biomarker levels in the serum of a large, independent and global 

patient cohort. 
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5.3.2 Biomarker Validation Using Protein Microarray 

Validation of the top 3 candidate biomarkers was performed using reverse-phase 

protein microarray. Again, the generation and technical analysis of the custom 

protein microarrays were outsourced to Arrayit® Corporation (CA, USA, 

www.arrayit.com). Notably, the validation cohort was a compilation of new 

samples sourced from six collection centres internationally (Table 43). This 

extensive cohort of 240 samples included 61 early stage serous ovarian cancer 

patients. Due to the low detection rate of early stage ovarian cancer these 

samples are exceedingly rare. Therefore, the majority of biomarker verification or 

validation studies have very few stage I/II samples and are typically of mixed 

histology. However, assessment of potential biomarkers in a large and global 

cohort of a single histology, as performed in this study, is an important step 

towards establishing a novel screening strategy. 

 

Table 43: Validation cohort demographic information. 

Demographic Characteristic Serous ovarian 

cancer (n=116) 

Healthy 

(n=62) 

Benign 

(n=62) 

Age Mean ±SD (range) 62.2 ± 11.3 

(36-87) 

56.2 ± 12.7 

(32-83) 

58.5 ± 14.2 

(16-90) 

Menopausal 

status 

Pre 19 15 15 

Post 97 47 47 

FIGO stage I 41   

II 20   

III 55   

Institute/ 

Biobank 

Royal Adelaide Hospital (RAH) 39 23 34 

Innsbruck Medical University (IMU) 16 20 21 

Ontario Institute for Cancer Research 

(OICR), 

9 NA NA 

Fox Chase Cancer Centre (FCCC) 20 9 NA 

Tumorbank Ovarian Cancer Network 

(TOC) 

22 NA NA 

National University of Singapore (NUS) 10 10 7 

Plasma samples 

http://www.arrayit.com/
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In total, 240 protein microarrays were analysed and autoantibody capture reported 

as the mean or median spot pixel intensity with local background subtraction. 

From the raw data only a single analytical spot was flagged and therefore removed 

from the analysis. Here, the average signal intensity was derived from the two 

valid replicate spots measuring anti-ARP3 antibodies in the sera of patient KM362. 

 

As with the previous microarray the percentage of spot saturated pixels was 

assessed. Importantly, only 8% (169/2159) of analytical spots contained pixels that 

reached the saturation maximum of 65,535. Furthermore, only 24% (58/240) of the 

microarrays had 1 or more spots containing saturated pixels (Figure 80). Around 

6% were from spots measuring anti-ARP3 (n=41) or anti-SAHH (n=40) serum 

levels, whereas 12% of anti-ANXA1 (n=88) analytical spots contained saturated 

pixels. However, there did not appear to be a cohort bias as saturated pixels were 

identified among roughly equal numbers in each group (data not shown). 
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Figure 80: Number of microarrays containing analytical spots with saturated 

pixels. 

 

The percentage of spot pixel saturation varied greatly between 0.23% and 100% 

(Figure 81). However, the majority of spots had pixel saturation below 5% and only 

20 spots had pixel saturation that exceeded 90%. Those 20 spots corresponded to 

four patients where at least one replicate across the three target antigens had 

reached 90% pixel saturation (Appendix 24). As high signal intensity corresponded 

with a high autoantibody level in serum those spots containing saturated pixels 

were included in subsequent analyses to allow for relative comparisons between 

all subjects examined. 
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Figure 81: Frequency of the percentage of saturated pixels across the 169 

spots. 

 

Subsequently, the mean and median spot pixel intensity was compared to 

determine the quality of the protein microarray. Here, the deviation between those 

values was exceptionally small where a plot of the log of the mean/median ratio for 

each spot showed few values to be greatly different from zero (Figure 82). As the 

mean and median intensity values were in close agreement the mean spot 

intensity was again used for downstream analyses. 
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Figure 82: Validation protein microarray deviation between the mean and 

median spot pixel intensity. 

 

As observed with the verification microarray intensity data a variance-mean 

dependence was also identified for the validation microarray (Figure 83A). Even 

with only 3 target autoantibodies under investigation the population standard 

deviation increased proportionally with increasing intensity (r = 0.998). As 

expected, a q-q plot of the averaged intensity of replicate antigens showed that the 

data was not normally distributed (Figure 83B). Therefore, VSN transformation 

was performed on the raw mean intensity data using the same process applied to 

the verification microarray data. Here, the associated variance-mean dependence 

was rectified (Figure 83C) and the data fit a normal distribution (Figure 83D), 

which enabled the analysis of significance differences to be performed using 

parametric statistics. 
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Figure 83: Validation microarray variance-mean dependence of raw and 

transformed protein microarray intensity data. 

A) Evaluation of the population mean (raw) intensity and standard deviation for 

each of the 3 candidate autoantibodies. B) q-q plot of the averaged (triplicate) raw 

intensity data. C) Evaluation of the VSN transformed population mean intensity 

and standard deviation for each of the 3 candidate autoantibodies. D) q-q plot of 

the averaged (triplicate) and VSN transformed intensity data. 

 

Qualitative evaluation of the differential autoantibody signals between the cohorts 

was again performed using parallel coordinates plots. Interestingly autoantibody 

signals for anti-ARP3 (Figure 84, #1) and anti-SAHH (Figure 84, #3) did not 

appear to be greatly different between the control (healthy/benign) and cancer 

(early/late stage) samples. However, a range of autoantibody intensities were 

observed for anti-ANXA1 (Figure 84, #2), where the spread of the healthy data 



 

Page | 269  

 

appeared to be greater than that of the benign, early stage and late stage cancer 

samples. Qualitatively, no prominent differences between the cohorts could be 

observed. 

 

During the analysis of the verification protein microarray differences in signal 

intensity due to collection centre was observed for early stage cancer samples 

(Figure 61). As the early stage samples tested in the validation microarray were 

sourced from 5 different collection centres potential differences were assessed 

visually (Figure 85). Although the signal intensities for anti-ARP3 (Figure 85, #1) 

and anti-SAHH (Figure 85, #3) were similar between centres an obvious difference 

could be observed for anti-ANXA1 (Figure 85, #2). Notably, early stage samples 

from IMU appeared to be different from the FCCC (Figure 85G) and the few RAH 

(Figure 85F) samples. Conversely, samples from IMU appeared to match certain 

samples collected from OICR (Figure 85A) and TOC (Figure 85E). However, 

samples from the OICR and TOC also matched other samples from FCCC (Figure 

85D and I) and RAH (Figure 85C and H).  

 

Although, there was a clear split in the early stage data between and within 

centres (Appendix 25) these differences could not be attributed to a difference in 

stage I and II samples as the autoantibody signals overlapped (Appendix 26). 

Regardless, the large variation in sample signal intensity within the healthy and 

benign cohort overlapped the early stage samples, both greater and less than a 

normalized intensity of 11 (Figure 86). 
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Figure 84: Parallel coordinates plots comparing autoantibody binding signal 

intensity for target antigens in various cohorts. 

A) Autoantibody signal intensity in healthy (green) and benign (blue) samples. B) 

Autoantibody signal intensity in early stage (red) and late stage (black) samples. 

C) Autoantibody signal intensity in healthy (green) and early stage (red) samples. 

D) Autoantibody signal intensity in healthy (green) and late stage (black) samples. 

E) Autoantibody signal intensity in benign (blue) and early stage (red) samples. F) 

Autoantibody signal intensity in benign (blue) and late stage (black) samples. Each 

line represents the autoantibody signal in a single serum/plasma sample. y-axis: 

Normalised intensity (VSN); x-axis: Target antigens 1) ARP3, 2) ANXA1 and 3) 

SAHH.  
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Figure 85: Parallel coordinates plots comparing autoantibody binding signal 

intensity for target antigens in early stage cancer samples from various 

centres. 

Autoantibody signal intensity in early stage samples from A) OICR (green) and 

IMU (blue), B) OICR (green) and TOC (red), C) OICR (green) and RAH (purple), 

D) OICR (green) and FCCC (black), E) IMU (blue) and TOC (red), F) IMU (blue) 

and RAH (purple), G) IMU (blue) and FCCC (black), H) TOC (red) and RAH 

(purple), I) TOC (red) and FCCC (black), J) RAH (purple) and FCCC (black). Each 

line represents the autoantibody signal in a single serum/plasma sample. y-axis: 

Normalised intensity (VSN); x-axis: Target antigens 1) ARP3, 2) ANXA1 and 3) 

SAHH. 
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Figure 86: Parallel coordinates plots comparing the split in autoantibody 

binding signal intensity for early stage cancer samples with healthy, benign 

and late stage cancer cohorts. 

Autoantibody signal intensity for early stage samples with a normalised intensity of 

<11 (red) compared to A) healthy (green), B) benign (blue) and C) late stage 

(purple) samples. Autoantibody signal intensity for early stage samples with a 

normalised intensity of ≥11 (black) compared to D) healthy (green), E) benign 

(blue) and F) late stage (purple) samples. Each line represents the autoantibody 

signal in a single serum/plasma sample. y-axis: Normalised intensity (VSN); x-

axis: Target antigens 1) ARP3, 2) ANXA1 and 3) SAHH. 

  



 

Page | 273  

 

Subsequently, quantitative analysis was performed to determine whether the 

sample means for the different cohorts were significantly different. Surprisingly, 

one-way ANOVA testing of the normalised data showed that only anti-ANXA1 had 

significantly different (p<0.0001) sample means between certain cohorts (Table 

44). This was unexpected due to the significant findings for anti-ARP3 and 

anti-SAHH initially identified in the verification phase (Table 31). 

 

Table 44: Validation microarray ANOVA for autoantibodies anti-ARP3, 

anti-SAHH and anti-ANXA1. 

Autoantibody Cohort Variation Sum of squares Mean square F Statistic p-value 

Anti-ARP3 Between (group) 0.41 0.14 0.38 

  

0.77 

 Within (error) 84.45 0.36 

Anti-SAHH Between (group) 6.60 2.20 2.01 

  

0.11 

   Within (error) 258.70 1.10 

Anti-ANXA1 Between (group) 44.60 14.88 6.07 5.4x10-4 

 Within (error) 578.70 2.45 

#DFG = 3; DFE = 236 

 

Post-hoc analysis using Tukey’s HSD test at a critical value of 0.05 was performed 

for anti-ANXA1 to determine which sample means were significantly different from 

each other. Unexpectedly, a significant difference was only identified between the 

late stage cancer cohort and the healthy cohort (p<0.01) or early stage cancer 

cohort (p=0.001) (Table 45 and Figure 87A). Previously, a significant difference 

was identified between the early stage cancer cohort and healthy/benign cohort for 

anti-ANXA1 (Table 32 and Figure 62C). 

 

Table 45: Significant difference (p-value) between cohorts from post-hoc 

(Tukey’s HSD) analysis for anti-ANXA1 autoantibody. 

Healthy-Benign Early-Late Early-Healthy Early-Benign Late-Healthy Late-Benign 

0.29 0.001 (**) 0.98 0.14 0.004 (**) 0.32 
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In this study both stage I and II samples were examined as early stage cancer. 

This is typical as both stages are considered to be curable and, due to the rarity of 

stage I samples, need to be analysed together to increase sample numbers. 

However, stage II pathology is associated with pelvic extensions and therefore, no 

longer confined to the ovary as with stage I. Therefore, to determine if stage 

influenced significance to the healthy and benign cohort, samples were 

segregated into stage prior to ANOVA and Tukey’s HSD analysis. 

 

Disappointingly, anti-ANXA1 autoantibody levels were not significantly different 

between stage I or II cases and healthy or benign controls (Figure 88A). However, 

stage I samples maintained their significance when compared to stage III samples 

(p=0.001). Interestingly, the stage II cohort was no longer significantly different to 

advanced stage samples when assessed as a separate group from stage I. As the 

stage II samples were not significantly different from stage I or III samples this may 

represent a mixed population of samples that have more stage I- or stage III-like 

characteristics. However, a relatively small number of stage II samples (n=20) 

were assessed, which may have affected the significance of the results. 

Disappointingly, neither anti-ARP3 nor anti-SAHH autoantibodies were 

significantly different between the various cohorts analysed (Figure 87B/C and 

Figure 88B/C). 
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Figure 87: Box-and-whisker plots representing the normalised signal 

intensity of samples from each cohort for autoantibodies (A) anti-ANXA1, (B) 

anti-ARP3 and (C) anti-SAHH. 

Intensity spread of samples (dots) belonging to the healthy (green), benign (blue), 

early stage (orange) and late stage (red) cohort. Significance level p<0.01 (**). 

 

 

Figure 88:Box-and-whisker plots representing the normalised signal 

intensity of samples for autoantibodies (A) anti-ANXA1, (B) anti-ARP3 and 

(C) anti-SAHH in cancer stage-specific cohorts compared to healthy and 

benign controls. 

Intensity spread of samples (dots) belonging to the healthy (green), benign (blue), 

stage I (orange), stage II (maroon) and stage III (red) cohort. Significance level 

p<0.01 (**). 
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To identify significant differences within a cohort due to sample collection centre 

ANOVA and Tukey’s HSD tests were performed. Interestingly, a significant 

difference in anti-ANXA1 levels was identified for early stage samples from the 

IMU when compared with FCCC (p=0.003) and TOC (p=0.002) (Figure 89C). 

Furthermore, the benign samples from IMU were also significantly different from 

the RAH (p=0.0001) (Figure 89B). 

 

Similarly, anti-SAHH levels for early stage samples from IMU were significantly 

different to TOC (p=0.01) and the benign sample were significantly different to 

RAH (p=0.008) (Figure 90B and C). However, no significant differences were 

observed between centre-based cohorts for anti-ARP3 (data not shown). This 

supported the qualitative analyses where parallel coordinates plots comparing 

early stage samples from different centres revealed the disparate autoantibody 

intensity levels for anti-ANXA1 and, to a lesser extent, anti-SAHH (Figure 85). 
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Figure 89: Box-and-whisker plots representing the anti-ANXA1 normalised 

signal intensity of samples from different collection centre. 

Intensity spread of (A) healthy, (B) benign, (C) early and (D) late samples sourced 

from the IMU (blue), NUS (orange), FCCC (black), RAH (purple), OICR (green) 

and TOC (red) collection centres. Significance level p<0.01 (**), p<0.001 (***). 
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Figure 90: Box-and-whisker plots representing the anti-SAHH normalised 

signal intensity of samples from different collection centre. 

Intensity spread of (A) healthy, (B) benign, (C) early and (D) late samples sourced 

from the IMU (blue), NUS (orange), FCCC (black), RAH (purple), OICR (green) 

and TOC (red) collection centres. Significance level p<0.05 (*), p<0.01 (**). 
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As the autoantibody intensity levels in early stage patients were significantly 

different depending on the source, these samples were compared to the 

corresponding centre-based healthy and benign controls. Unfortunately, cancer 

biobanks OICR and TOC did not have the appropriate controls available for this 

study, therefore could not be compared. However, a cohort comparison could be 

performed for IMU, RAH, FCCC and NUS. 

 

Interestingly, anti-ANXA1 and anti-SAHH autoantibody levels were significantly 

different between healthy samples and early stage cancer samples from the IMU 

(Figure 91A and B). However, no significant difference was identified between IMU 

early stage samples and controls for anti-ARP3 (Figure 91C). 

 

 

Figure 91: Box-and-whisker plots representing the normalised signal 

intensity of samples from the IMU. 

Intensity spread of healthy (green), benign (blue), early stage (orange) and late 

stage (red) samples for (A) anti-ANXA1, (B) anti-SAHH and (C) anti-ARP3 

autoantibodies. Significance level p<0.05 (*), p<0.01 (**). 
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Moreover, no significant difference between early or late stage patients with 

healthy or benign controls was identified for samples from the RAH (Figure 92A-

C). Based upon the verification microarray, which primarily tested samples from 

the RAH, the greatest significant difference was between the controls and early 

stage cohort (Table 32 and Figure 62). However, only four newly available early 

stage cases from the RAH could be analysed in the validation microarray. 

Therefore, the sample mean determined here may not represent the true 

population mean for early stage cancer samples collected at the RAH. This, in 

turn, may cause the centre-based comparison to be inaccurate. 

 
Furthermore, by comparing the small but equal numbers of samples for each 

cohort from the FCCC a significant difference was only identified for anti-ANXA1 

between healthy and late stage patients (Figure 92D). Conversely, no significant 

difference between late stage patients and healthy/benign controls from the NUS 

was identified (Figure 92G-I). 
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Figure 92: Box-and-whisker plots representing the normalised signal 

intensity of samples within the specified collection centre. 

Intensity spread of healthy (green), benign (blue), early (orange) and late (red) 

samples sourced from the RAH (A: anti-ANXA1, B: anti-SAHH and C: anti-ARP3), 

FCCC (D: anti-ANXA1, E: anti-SAHH and F: anti-ARP3) and NUS (G: anti-ANXA1, 

H: anti-SAHH and I: anti-ARP3). Significance level p<0.05 (*), p<0.01 (**). 
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This centre-dependent significance was also observed during the analysis of the 

verification microarray where the Vienna early stage cohort was not significantly 

different to the RAH healthy and benign controls. However, the cause of the 

phenomenon, whether genetically-based or due to sample collection procedure, 

remained unclear. Therefore, collection centre-matched controls are critical in 

order to avoid confounding factors and identify biomarkers that are solely 

indicative of tumorigenesis. For this reason only validation microarray samples 

from the IMU, RAH, FCCC and NUS were analysed further due to the availability 

of centre-matched healthy and/or benign controls. 

 

Overall, anti-ANXA1 levels were not significantly different between the cancer and 

control samples (Figure 93A). This was also the case when both early stage I and 

stage II cancer samples were compared to the controls (Figure 93B). However, a 

significant decrease in anti-ANXA1 levels was identified for early stage I cancer 

samples (p=0.013) when analysed separately from stage II cancer (Figure 93C). 

Correspondingly, the anti-ANXA1 levels in stage II cancer samples were not 

significantly different from controls (p=0.72) (Figure 93D). Interestingly, advanced 

stage cancer samples appeared to have an anti-ANXA1 autoantibody level that 

was significantly increased compared to controls (p=0.005) (Figure 93E). This was 

consistent with the initial findings from the discovery phase where anti-ANXA1 was 

shown to be elevated in advanced stage ovarian cancer patients resulting in its 

inclusion in the validation phase. Together these findings not only highlight the 

difference between stage I and II cancer pathology but suggests a change in 

immune response during cancer progression. 
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Figure 93: Box-and-whisker plots representing the anti-ANXA1 normalised 

signal intensity of samples from validation protein microarray. 

A) Intensity spread of all controls (healthy and benign) and cancer (early and late 

stage samples. B) Intensity spread of all controls (healthy and benign) and early 

(stage I and stage II) samples. C) Intensity spread of all controls (healthy and 

benign) and early stage I samples. D) Intensity spread of all controls (healthy and 

benign) and early stage II samples. E) Intensity spread of all controls (healthy and 

benign) and late stage samples. Validation cohort; healthy (n=62), benign (n=62), 

cancer stage I (n=14), cancer stage II (n=16) and late stage cancer (n=55). 

Significance level p<0.05 (*) and p<0.01 (**).  
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Similarly, anti-SAHH autoantibody levels were not significantly different when all 

controls were compared to early and late stage samples together (Figure 94A). 

However, analysis of all early stage (I and II) ovarian cancer samples revealed the 

anti-SAHH levels to be significantly different from controls (p=0.006) (Figure 94B). 

In this case the anti-SAHH autoantibody signal in controls was significantly 

different regardless of cancer stage I (p=0.04) or stage II (p=0.04) (Figure 94C and 

Figure 94D). Conversely, no significant difference in anti-SAHH levels was 

identified between advanced stage ovarian cancer samples and controls (Figure 

94E). Therefore, a change in immune response or immune suppression may be 

occurring during the later stages of ovarian cancer. Regardless, anti-SAHH levels 

appeared to be consistently different from controls during the early stages of 

ovarian disease. 

 

Importantly, both anti-ANXA1 and anti-SAHH autoantibodies appeared to be more 

effective markers for early stage, in particular stage I, ovarian cancer. This is 

essential for the development of a screening strategy that identifies women with 

ovarian cancer at a curable stage. The five-year survival rate for women 

diagnosed with stage I ovarian cancer is approximately 92%9. However, it is rarely 

detected and the current gold standard, CA125, is only elevated in 50% of stage I 

cases29,30. Therefore, the discovery of a stage I specific marker would be a 

significant advancement toward the screening, diagnosis and treatment of women 

with ovarian cancer. 
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Figure 94: Box-and-whisker plots representing the anti-SAHH normalised 

signal intensity of samples from validation protein microarray. 

A) Intensity spread of all controls (healthy and benign) and cancer (early and late 

stage) samples. B) Intensity spread of all controls (healthy and benign) and early 

(stage I and stage II) samples. C) Intensity spread of all controls (healthy and 

benign) and early stage I samples. D) Intensity spread of all controls (healthy and 

benign) and early stage II samples. E) Intensity spread of all controls (healthy and 

benign) and late stage samples. Validation cohort; healthy (n=62), benign (n=62), 

cancer stage I (n=14), cancer stage II (n=16) and late stage cancer (n=55). 

Significance level p<0.05 (*) and p<0.01 (**).  
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To determine the sensitivity and specificity of the candidate markers ROC curve 

analysis was performed (Figure 95 and Table 46). As expected anti-ANXA1 had 

superior sensitivity for stage I compared to stage II ovarian cancer. At a specificity 

of 66.9% a sensitivity of 92.9% and 37.5% was achieved for stage I and stage II 

ovarian cancer, respectively (Figure 95A). Conversely, anti-SAHH was equally 

effective at differentiating stage I and stage II ovarian cancer from controls (Figure 

95B). Here, a sensitivity of 63.3% and specificity of 67.7% was achieved when 

differentiating both stage I and stage II cancer cases from controls. Interestingly, 

anti-ANXA1 had a similar sensitivity and specificity of 60% and 72.6%, 

respectively, when taking into account both early stage I and stage II cancer 

cases. 

 

 

Figure 95: ROC curves generated from the normalised protein microarray 

data for autoantibody candidates anti-ANXA1 (A) and anti-SAHH (B) when 

differentiating early stage cancer samples from controls. 

A) Anti-ANXA1 autoantibody levels differentiating early stage cancer patients from 

healthy and benign controls. B) Anti-SAHH autoantibody levels differentiating early 

stage cancer patients from healthy and benign controls. Analysed cohort; Controls 

(n=124), early stage cancer (n=30), cancer stage I (n=14) and cancer stage II 

(n=16). 
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Table 46: Sensitivity and specificity of anti-ANXA1 and anti-SAHH for early 

stage ovarian cancer as determined by ROC curve analysis. 

Marker Cohorts AUC 95% CI P value Criterion 
Sens. 

(%) 

Spec. 

(%) 
TP 

TN 

(n=124) 

Anti-

ANXA1 

C vs. E 0.67 
0.571 

to 
0.761 

0.005 <10.69A 60.0 72.6 18 (/30) 90 

C vs. SI 0.77 
0.6801 

to 
0.8660 

0.001 <10.90A 92.9 66.9 13 (/14) 83 

C vs. SII 0.57 
0.448 

to 
0.695 

0.352 <10.88A 37.5 66.9 6 (/16) 83 

Anti-

SAHH 

C vs. E 0.66 
0.546 

to 
0.770 

0.008 >10.29A 63.3 67.7 19 (/30) 84 

C vs. SI 0.66 
0.505 

to 
0.815 

0.050 >10.31A 64.3 67.7 9 (/14) 84 

C vs. SII 0.66 
0.507 

to 
0.804 

0.044 >10.29A 62.5 67.7 10 (/16) 84 

Anti-

ANXA1 

+ Anti-

SAHH 

C vs. E 0.67 
0.565 

to 
0.777 

0.004 >0.42B 63.3 70.2 19 (/30) 87 

C vs. SI 0.74 
0.617 

to 
0.864 

0.003 >0.48B 71.4 73.4 10(/14) 91 

C vs. SII 0.66 
0.508 

to 
0.803 

0.044 >0.41B 62.5 66.1 10 (/16) 82 

CI: Confidence interval. A Normalised intensity units. B Normalised intensity units 

subjected to LDA for combined biomarker analysis. Sens.: Sensitivity. Spec.: 

Specificity. TP: True positives. TN: True negatives. C: Controls (n=124); E: Early 

Stage I and II Cancer (n=30); SI: Stage I Cancer (n=14); SII: Stage II Cancer 

(n=16). 

 

Overall, as a single marker, anti-ANXA1 and anti-SAHH were equally effective at 

differentiating early stage samples from healthy and benign controls with a ROC 

AUC of 0.67 and 0.66, respectively (Table 46). This was lower than originally 

determined for the verification microarray where a ROC AUC of 0.89 and 0.93 was 

acquired for anti-ANXA1 and anti-SAHH, respectively (Table 33). However, 

changes in specificity and sensitivity of a marker were expected to occur with the 
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analysis of different and larger patient cohorts i.e. 78 compared to 154 samples in 

the verification and validation cohort, respectively. 

 

Evidently, anti-ANXA1 levels were very significantly different between controls and 

stage I (p<0.0001) and stage II (p<0.0001) samples from the verification cohort 

(data not shown). Conversely, a significant difference between stage I samples 

only and controls (p<0.05) was identified for the validation microarray. The lack of 

significance for stage II cancer samples from the validation microarray may have 

been the result of an increase in the number of samples used to estimate the 

population mean. Here, both the number of controls and stage II cancer cases 

analysed were increased by 50% from 60 to 124 samples and 8 to 16 samples, 

respectively. In this larger validation cohort the sample means were no longer 

significantly different and ultimately affected the level of sensitivity and specificity 

of anti-ANXA1 for stage II and, overall, early stage cancer. Alternatively, samples 

in the validation cohort were sourced from a range of centres that engage different 

clinicians and pathologists to stage the cancer. If the staging of stage II cancer 

samples was not consistent and are more advanced than those classified as stage 

II in the verification cohort, this would potentially yield confounding results. 

 

Interestingly, the analysis of only stage I ovarian cancer cases and controls from 

the verification microarray yielded a sensitivity and specificity similar to that 

observed with the validation microarray. At a sensitivity of 90%, a specificity of 

80% was determined for the verification cohort when differentiating controls (n=60) 

from stage I cancer (n=10) samples. With a 50% increase in the number of 

controls (n=124) but a similar number of stage I samples (n=14) analysed a 

sensitivity of 92.9% and specificity of 66.9% was determined. Therefore, 

anti-ANXA1 was consistently superior at distinguishing early stage I ovarian 

cancer samples from controls in both the verification and validation microarray.  

 

Evidently, anti-SAHH was less sensitive and specific for early stage ovarian 

cancer cases in the validation microarray compared to the verification microarray. 
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In both datasets the marker appeared to be equally effective at differentiating 

controls from stage I or stage II cancer cases (data not shown). However, at a 

similar level of specificity (68%) the sensitivity was 100% and 63.3% for the 

verification and validation microarray, respectively, when differentiating controls 

from early stage cancer samples. The inclusion of more controls and the sourcing 

of samples from different international collection centres may have more 

accurately represented the anti-SAHH autoantibody levels in the serum of a global 

population and consequently, was not as effective as initially determined. 

 

Irrespectively, both anti-ANXA1 and anti-SAHH still appeared to be promising 

biomarkers for early stage serous ovarian cancer in this large and global sample 

cohort. Therefore, these autoantibody candidates were subsequently explored as 

a 2-biomarker panel for the detection of early stage ovarian cancer (Figure 96 and 

Table 46). 

 

 

Figure 96: ROC curve generated from the LDA of dual-biomarker panel 

anti-ANXA1 and anti-SAHH for differentiating early stage cancer cases from 

controls. 

A) Assessment of dual biomarker panel anti-ANXA1 and anti-SAHH for 

differentiating early stage cancer patients from healthy and benign controls. B) 

Comparison of dual biomarker panel with anti-ANXA1 and anti-SAHH alone for 

differentiating stage I cancer patients from healthy and benign controls. Analysed 

cohort; Controls (n=124), early stage cancer (n=30), cancer stage I (n=14) and 

cancer stage II (n=16). 
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Subsequent to Fisher’s LDA of the normalised intensity data, the dual-biomarker 

panel had superior sensitivity and specificity for early stage I ovarian cancer of 

71.4% and 73.4%, respectively (Figure 96A). Although this was greater than what 

could be achieved for anti-SAHH alone, the sensitivity for early stage I cancer 

dropped from 92.9% for anti-ANXA1 alone with only a marginal improvement in 

specificity (Figure 96B). This again contrasted with the verification data whereby 

the addition of anti-SAHH to anti-ANXA1 improved the specificity above either 

individual marker for differentiating stage I ovarian disease from controls. Here, 

analysis of only stage I cancer samples from the verification microarray yielded a 

sensitivity and specificity of 90% and 98.3%, respectively. The autoantibody panel 

disparity between the two cohorts could be attributed to the notable difference in 

anti-SAHH effectiveness determined from the two microarrays. Therefore, 

anti-ANXA1 appeared to be the best single autoantibody biomarker for early stage 

I ovarian cancer identified in the verification sample cohort and confirmed in the 

validation sample cohort. 

 

Importantly, a comparison between the top 2 biomarker candidates with CA125, 

was performed. A recorded CA125 serum concentration was available for 76 

samples analysed in the validation microarray (advanced stage samples also 

excluded). As anticipated, the concentration of CA125 in early stage patients was 

significantly different from the healthy and benign controls (Figure 97A). 

Subsequent ROC curve analysis revealed CA125 to have poor sensitivity for early 

stage I ovarian cancer at high specificity (Figure 97B and Table 47). At a CA125 

serum concentration cut-off of 35 U/ml a sensitivity and specificity of 54.6% and 

93% was determined for stage I cancer cases, respectively. Interestingly, the 

discrimination of stage II cancer cases from control samples by CA125 resulted in 

a much greater sensitivity of 75% at 93% specificity (Figure 97B). 
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Figure 97: Analysis of CA125 serum concentration in patients included in the 

validation cohort. 

A) Box-and-whisker plot representing the concentration of CA125 in healthy 

(green), benign (blue), cancer stage I (orange) and stage II (maroon) samples. B) 

ROC curves generated from the CA125 concentration in serum of early stage 

cancer patients and controls. Cohorts analysed healthy (n=22), benign (n=35), 

cancer stage I (n=11) and stage II (n=8). Kruskal-Wallis and Dunn’s multiple 

comparison test (non-parametric). Significance level p<0.05 (*), p<0.01(**), 

p<0.001 (***). 

  

CA125

He
alt

hy

Be
nig

n

St
ag

e I

St
ag

e I
I

0

10

20

30

40

50
3000

4000

5000

6000
C

o
n

c
e

n
tr

a
ti
o

n
 (
U

/m
l)

Cohort

*
**

**
***

ROC curve: ROC of CA125_CvE

0 20 40 60 80 100

0

20

40

60

80

100

100 - Specificity

S
e

n
s
iti

v
ity

Controls vs. Early Stage

Controls vs. Stage I

Controls vs. Stage II

A B 



 

Page | 292  

 

Table 47: Sensitivity and specificity of CA125 for early ovarian cancer as 

determined by ROC curve analysis. 

Cohorts AUC 95% CI P value Sens. (%) Spec. (%) TP TN (n=57) 

C vs. E 0.88 0.780 to 
0.984 

< 0.0001 57.9 93.0 11(/19) 53 

C vs. SI 0.83 0.667 to 
0.989 

0.0006 54.6 93.0 6(/11) 53 

C vs. SII 0.96 0.901 to 
1.011 

< 0.0001 75.0 93.0 6(/8) 53 

CI: Confidence interval. Sens.: Sensitivity. Spec.: Specificity. TP: True positives. 

TN: True negatives. C: controls; E: Early Stage I and II; SI: Stage I; SII: Stage II. 

Cut-off at 35 U/ml. 

 
Overall, the differentiation of all early stage and control samples by CA125 

resulted in a sensitivity of only 57.9% at 93% specificity. Interestingly, the 

sensitivity of CA125 determined for early stage samples, analysed as part of the 

verification microarray, was markedly higher at 82.4% for a similar level of 

specificity (90.9%) (Table 39). Therefore, cohort selection differences have had a 

notable impact on the sensitivity and specificity of all markers for early ovarian 

cancer. This highlights the importance of testing a high number of cases and 

controls to ensure that the sample mean of a biomarker is representative of the 

population mean. 

 

Based upon the CA125-matched validation cohort anti-ANXA1 appeared to be 

more sensitive but less specific than CA125 for early stage I ovarian cancer. Here, 

anti-ANXA1 achieved 100% sensitivity at 68.4% specificity for the differentiation of 

early stage I patients from healthy and benign controls (Figure 98A and Table 48). 

To a lesser extent this was also the case for anti-SAHH where a sensitivity and 

specificity of 81.8% and 63.2%, respectively, was determined for the 

CA125-matched cohort (Figure 98B and Table 48). Therefore, anti-ANXA1 and 

anti-SAHH may be complementary markers to CA125 for the detection of early 

stage I serous ovarian cancer. 
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Accordingly, autoantibody candidates, anti-ANXA1 and anti-SAHH, were assessed 

as a potential biomarker panel with CA125 for differentiating stage I ovarian 

disease from healthy and benign cases. Fisher’s LDA was initially performed using 

only the normalised intensity data acquired from the validation protein microarray 

(PM2) as both the training and test samples. 

 
Surprisingly, the combination of anti-ANXA1 and/or anti-SAHH with CA125 did not 

greatly improve the sensitivity or specificity of any individual marker (Figure 98 and 

Table 48 Bold). Here, the addition of anti-ANXA1 to CA125 resulted in a slight 

increase in the AUC to 0.85 compared to the individual markers (AUC=0.81 and 

0.83). However, at 100% sensitivity, the specificity for stage I ovarian cancer did 

not markedly change from what could be achieved with anti-ANXA1 alone. As a 

2-biomarker panel the grouping of anti-SAHH with CA125 was not as effective as 

the CA125 combination with anti-ANXA1 or anti-ANXA1 alone. This was expected 

as anti-SAHH alone was associated with a poorer sensitivity and specificity for 

stage I ovarian cancer than anti-ANXA1. Furthermore, the addition of anti-SAHH to 

anti-ANXA1 and CA125 resulted in a substantial drop in sensitivity from 100% to 

72.7% for a reasonable improvement in specificity from 70.2% to 80.7%. Overall, 

from this dataset, the 2-biomarker panel containing anti-ANXA1 and CA125 

yielded the best sensitivity and specificity for early stage I serous ovarian cancer. 
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Figure 98: ROC curves generated from the LDA of the top 2 autoantibody 

candidates with CA125 for discriminating early stage I ovarian cancer 

patients from healthy and benign cases. 

Differentiation of early stage I cancer cases (n=11) from healthy and benign 

controls (n=57). A) Comparison of CA125 with and without anti-ANXA1 as a 

biomarker panel. B) Comparison of CA125 with and without anti-SAHH as a 

biomarker panel. C) Comparison of CA125 with the 2-biomarker panel (CA125 and 

anti-ANXA1) and 3-biomarker panel (CA125, anti-ANXA1 and anti-SAHH). 
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Table 48: Sensitivity and specificity of various autoantibody biomarker 

panels for early stage I ovarian cancer (n=11) from healthy and benign 

controls (n=57) as determined by ROC curve analysis of LDA generated 

data. 

Marker/Panel 

Training 

Samples 

(%) 

Test 

Samples 

(%) 

Criterion 
Sens. 

(%) 

Spec. 

(%) 
AUC 95% CI P value 

CA125 

PM2 PM2 35A 54.6 93.0 0.83 0.667 to 
0.989 

0.0006 

PM1 PM2 35A 54.6 93.0 0.83 0.667 to 
0.989 

0.0006 

#Anti-ANXA1 

PM2 PM2 <10.70B 100.0 68.4 0.81 0.706 to 
0.912 

0.0013 

PM1 PM2 <-5.11B 100.0 68.4 0.81 0.706 to 
0.912 

0.0013 

#Anti-SAHH 

PM2 PM2 >10.31B 81.8 63.2 0.71 0.570 to 
0.853 

0.0274 

PM1 PM2 >-3.01B 81.8 63.2 0.71 0.570 to 
0.853 

0.0274 

#Anti-ANXA1 

+ Anti-SAHH 

PM2 PM2 >0.45C 81.8 71.9 0.83 0.722 to 
0.931 

0.0007 

PM1 PM2 >2.03C 81.8 73.7 0.82 0.715 to 
0.922 

0.0009 

CA125 + 

Anti-ANXA1 

PM2 PM2 >-0.01C 100.0 70.2 0.85 0.756 to 
0.948 

0.0002 

PM1 PM2 >3.94C 100.0 68.4 0.84 0.735 to 
0.937 

0.0005 

CA125 + 

Anti-SAHH 

PM2 PM2 >0.03C 81.8 66.7 0.78 0.638 to 
0.928 

0.0031 

PM1 PM2 >-3.00C 81.8 66.7 0.78 0.638to 
0.928 

0.0031 

CA125 + 

Anti-ANXA1 + 

Anti-SAHH 

PM2 PM2 >0.40C 72.7 80.7 0.86 0.755 to 
0.955 

0.0002 

PM1 PM2 >1.83C 72.7 82.5 0.84 0.739 to 
0.948 

0.0003 

A U/ml. B Normalised intensity units. C U/ml and normalised intensity units 

subjected to LDA for combined biomarker analysis. Sens.: Sensitivity. Spec.: 

Specificity. CI: Confidence interval. #CA125-matched cohort; PM1: protein 

microarray 1 (verification); PM2: protein microarray 2 (validation). 
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To test the likeness and ROC curve classification of samples analysed in both the 

verification (PM1) and validation (PM2) protein microarray Fisher’s LDA was 

performed using both datasets (Table 48). Firstly, PM1 stage I cancer, healthy and 

benign samples served as the training set to generate LDA classifiers. Those 

classifiers were then fitted to the PM2 ‘test samples’ to enable a comparison of the 

closeness of the microarray data through ROC curves. Here, identical ROC curves 

were generated when using either PM1 or PM2 data to create classifiers for the 

single markers as well as the CA125/anti-SAHH panel. This suggested that the 

maker levels in samples from the verification cohort were similar to samples from 

the validation cohort. Interestingly, use of the PM1 data parameters moderately 

improved the specificity of the 2-biomarker panel anti-ANXA1/anti-SAHH and the 

3-biomarker panel. Conversely, there was a slight decline in specificity for the 

CA125/anti-ANXA1 panel by 2%. 

 

To further test the robustness of the data acquired from the two protein 

microarrays an inverse of the above LDA was performed. Here, the stage I cancer, 

healthy and benign samples from PM2 served as the training set to generate 

classifiers to fit the PM1 data (Table 49). Again all single markers and biomarker 

panel CA125/anti-SAHH maintained the same sensitivity and specificity for stage I 

ovarian cancer. Interestingly, an increase in the sensitivity for biomarker panel 

CA125/anti-ANXA1 from 80% to 90% was observed upon using the PM2 data to 

establish classification parameters. This suggested that, for this panel, sample 

parameters derived from PM2 enabled a better fit for PM1 samples. Contrariwise, 

the 2-biomarker panel anti-ANXA1/anti-SAHH and the 3-biomarker panel were 

associated with a moderate decrease in specificity. 
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Table 49: Comparison of the verification (PM1) and validation (PM2) protein 

microarray as determined by ROC curve analysis of LDA generated data for 

discriminating early stage I ovarian cancer (n=10) from healthy and benign 

controls (n=55). 

Marker/Panel 

Training 

Samples 

(%) 

Test 

Samples 

(%) 

Criterion 
Sens. 

(%) 

Spec. 

(%) 
AUC 95% CI P value 

CA125 

PM1 PM1 35A 70.0 90.9 0.86 0.711 to 
1.003 

0.0004 

PM2 PM1 35A 70.0 90.9 0.86 0.711 to 
1.003 

0.0004 

#Anti-ANXA1 

PM1 PM1 <-1.22B 80.0 96.4 0.90 0.798 to 
1.009 

< 0.0001 

PM2 PM1 <0.79B 80.0 96.4 0.90 0.798 to 
1.009 

< 0.0001 

#Anti-SAHH 

PM1 PM1 >0.87B 90.0 92.7 0.94 0.873 to 
1.007 

< 0.0001 

PM2 PM1 >2.67B 90.0 92.7 0.94 0.873 to 
1.007 

< 0.0001 

#Anti-ANXA1 

+ Anti-SAHH 

PM1 PM1 >1.36C 100 96.4 0.99 0.973 to 
1.008 

< 0.0001 

PM2 PM1 >0.41C 100 94.6 0.99 0.978 to 
1.008 

< 0.0001 

CA125 + 

Anti-ANXA1 

PM1 PM1 >0.89C 80.0 94.6 0.93 0.863 to 
1.002 

< 0.0001 

PM2 PM1 >-0.69C 90.0 94.6 0.95 0.895 to 
1.007 

< 0.0001 

CA125 + 

Anti-SAHH 

PM1 PM1 >0.71C 100 92.7 0.98 0.955 to 
1.008 

< 0.0001 

PM2 PM1 >1.34C 100 92.7 0.98 0.959 to 
1.008 

< 0.0001 

CA125 + 

Anti-ANXA1 + 

Anti-SAHH 

PM1 PM1 >1.50C 100 98.2 0.998 0.992 to 
1.004 

< 0.0001 

PM2 PM1 >0.19C 100 96.4 0.996 0.987 to 
1.006 

< 0.0001 

A U/ml. B Normalised intensity units. C U/ml and normalised intensity units subjected 

to LDA for combined biomarker analysis. Sens.: Sensitivity. Spec.: Specificity. CI: 

Confidence interval. #CA125-matched cohort. PM1: protein microarray 1 

(verification). PM2: protein microarray 2 (validation). 
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These changes in sensitivity and specificity for the different LDA analyses 

reflected the differences in marker levels present in the two sample populations 

analysed (PM1 and PM2). As these differences were small the two sample 

populations were similar when considering the early stage I cancer cases and 

controls. Furthermore, the difference in marker sensitivity and specificity between 

microarray cohorts was reasonable considering the difference in sensitivity noted 

for CA125 alone. In this study the sensitivity of CA125 differed by 15% from 70% 

to 55% for early stage I cancer samples in the PM1 and PM2 cohort, respectively. 

However, at a comparative level of sensitivity between the two microarrays, 

anti-SAHH showed the greatest disparity in specificity when examined as a single 

marker and as part of any 2-biomarker panel (Table 50). 

 

Comparatively, anti-ANXA1 yielded a similar sensitivity and specificity between 

microarrays especially when used in combination with CA125 (Table 50). 

Excitingly, at 100% sensitivity the CA125/anti-ANXA1 2-biomarker panel 

demonstrated a specificity of 72.7% and 70.2% for PM1 and PM2, respectively. 

Therefore, this panel appeared to be the most robust and promising detection 

method for stage I serous ovarian cancer identified in this study. 
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Table 50: Comparison of biomarker effectiveness from PM1 and PM2 at a 

similar percentage of sensitivity or specificity for early stage I ovarian 

cancer. 

Marker/Panel 
Training 

Samples (%) 

Test 

Samples (%) 

Sensitivity 

(%) 

Specificity 

(%) 
AUC 

CA125  
PM1 PM1 70.0 90.9 0.86 

PM2 PM2 54.6 93.0 0.83 

#Anti-ANXA1  
PM1 PM1 80.0 96.4 0.90 

PM2 PM2 81.8 71.9 0.81 

#Anti-SAHH  
PM1 PM1 80.0 92.7 0.94 

PM2 PM2 81.8 63.2 0.71 

#Anti-ANXA1 + Anti-SAHH 
PM1 PM1 80.0 98.2 0.99 

PM2 PM2 81.8 71.9 0.83 

CA125 + Anti-ANXA1 
PM1 PM1 100.0 72.7 0.93 

PM2 PM2 100.0 70.2 0.85 

CA125 + Anti-SAHH 
PM1 PM1 80.0 96.4 0.98 

PM2 PM2 81.8 66.7 0.78 

CA125 + Anti-ANXA1 + 

Anti-SAHH 

PM1 PM1 70.0 100 0.998 

PM2 PM2 72.7 80.7 0.86 

#CA125-matched cohort. PM1: protein microarray 1 (verification). PM2: protein 

microarray 2 (validation). 
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To further compare the data acquired from the verification and validation 

microarray all samples were assessed as a single experiment (Appendix 27). 

Here, anti-ANXA1 levels in stage I cancer cases remained significantly different 

from both healthy and benign controls (p<0.05) (Figure 99). Disappointingly, 

anti-SAHH levels were no longer significantly different between early stage I or II 

cancer and healthy or benign controls (data not shown). Correspondingly, it’s utility 

as a biomarker for ovarian was limited with a resultant ROC AUC of 0.64 for stage 

I ovarian cancer (data not shown). However, in this collated cohort of 218 

samples, anti-ANXA1 remained a potential biomarker for early ovarian cancer. 

 

 

Figure 99: Box-and-whisker plots representing the anti-ANXA1 raw signal 

intensity of samples from the verification and validation protein microarray. 

Intensity spread of all healthy (green), benign (blue), stage I (orange), stage II 

(maroon) and stage III (red) samples. Kruskal-Wallis and Dunn’s multiple 

comparison test (non-parametric). Significance level p<0.05 (*). Note: combined 

samples include those with corresponding centre-based controls (Appendix 27). 
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ROC curve analysis of anti-ANXA1 levels in cancer (early/late stage) and control 

(healthy/benign) subjects yielded an AUC of 0.62 (Figure 100A and Table 51). 

However, the sensitivity and specificity for early stage I ovarian cancer alone was 

substantially greater with an AUC of 0.71 (Figure 100B and Table 51). Importantly, 

the superior effectiveness of anti-ANXA1 at differentiating controls from early 

stage compared to late stage cancer was consistent with the individual 

assessment of PM1 and PM2. This further supported the similarity between 

samples analysed from PM1 and PM2. 

 

 

Figure 100: ROC curves generated from the anti-ANXA1 raw signal intensity 

when differentiating cancer samples from controls analysed in the 

verification and validation protein microarray. 

A) Anti-ANXA1 autoantibody levels differentiating early and late stage cancer 

patients (n=184) from healthy and benign controls (n=123). B) Anti-ANXA1 

autoantibody levels differentiating early stage cancer patients (n=48) from healthy 

and benign controls. Cohorts analysed: stage I cancer (n=24), stage II cancer 

(n=24) and late stage cancer (n=75). 
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Table 51: Sensitivity and specificity of anti-ANXA1 for ovarian cancer as 

determined by ROC curve analysis of both the verification and validation 

cohort. 

Cohorts Criterion* Sens. (%) Spec. (%) AUC 95% CI P value 

C vs. Ca. <3016 50.4 70.7 0.62 0.560 to 
0.688 

0.0002 

C vs. E <4000 64.6 63.0 0.64 0.548 to 
0.732 

0.0029 

C vs. SI <3208 70.8 68.5 0.71 0.601 to 
0.810 

0.0011 

C vs. SII <3386 54.2 67.4 0.57 0.437 to 
0.711 

0.2384 

C vs. SIII <3745 50.7 65.2 0.61 0.539 to 
0.688 

0.0043 

* Raw intensity units. Sens.: Sensitivity. Spec.: Specificity. CI: Confidence interval. 

C.: Controls (n=184). Ca.: Cancer (n=123). E: Early Stage I and II Cancer (n=48). 

SI: Stage I (n=24). SII: Stage II (n=24). SIII: Stage III (n=75). 

 

Moreover, anti-ANXA1 was assessed as a complementary marker to CA125 in the 

combined sample cohort using Fisher’s LDA and ROC curve analysis. The subset 

of samples analysed from both microarrays were those with a recorded CA125 

serum concentration (Appendix 28). Notably, in this CA125-specific cohort the 

anti-ANXA1 levels remained significantly different between early stage samples 

and controls (Figure 101A). As expected, CA125 levels were also very significantly 

different between stage I or stage II cancer cases and healthy or benign controls 

(p<0.0001) (Figure 101B). 
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Figure 101: Box-and-whisker plots representing (A) the anti-ANXA1 raw 

signal intensity (CA125-matched cohort) and (B) CA125 concentration of 

samples from the verification and validation protein microarray.  

Combined and CA125-matched cohort (Appendix 28); healthy (n=47), benign 

(n=63), cancer stage I (n=21) and stage II (n=15). Kruskal-Wallis and Dunn’s 

multiple comparison test (non-parametric). Significance level p<0.05 (*), p<0.01 

(**) and p<0.001 (***). 
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In this combined cohort, ROC curve analysis of early stage samples (I and II) with 

healthy and benign controls revealed CA125 to be a superior marker to 

anti-ANXA1 (Figure 102A and Table 52). However, combination of the two 

markers increased the sensitivity and specificity to above that of CA125 alone. At 

a specificity of 93.6%, a sensitivity of 72.2% was achieved for the 2-biomarker 

panel (Table 52). 

 

Table 52: Sensitivity and specificity of CA125 and/or anti-ANXA1 for early 

stage ovarian cancer as determined by ROC curve analysis of both the 

verification and validation cohort. 

Marker/Panel Cohort Criterion Sens. (%) Spec. (%) AUC 95% CI P value 

CA125 

H: 47 

B: 63 

E: 36 

> 35A 69.4 92.7 0.89 0.821 to 
0.962 

< 0.0001 

Anti-ANXA1 < 3218B 75.0 73.6 0.77 0.682 to 
0.857 

< 0.0001 

CA125 + 

anti-ANXA1 
> 0.20C 72.2 93.6 0.87 0.796 to 

0.947 
< 0.0001 

CA125 

H: 47 

B: 63 

SI: 21 

> 35A 61.9 92.7 0.84 0.731 to 
0.951 

< 0.0001 

Anti-ANXA1 < 3208B 76.2 73.6 0.79 0.695 to 
0.889 

< 0.0001 

CA125 + 

anti-ANXA1 
> 0.20C 71.4 95.5 0.87 0.778 to 

0.966 
< 0.0001 

CA125 

H: 47 

B: 63 

SII: 15 

> 35A 86.7 92.7 0.96 0.930 to 
0.997 

< 0.0001 

Anti-ANXA1 < 3218B 73.3 73.6 0.74 0.598 to 
0.877 

0.0029 

CA125 + 

anti_ANXA1 
> -0.08C 86.7 95.5 0.97 0.946 to 

0.998 
< 0.0001 

A U/ml. B Raw intensity units. C U/ml and raw intensity units subjected to LDA for 

combined biomarker analysis. Sens.: Sensitivity. Spec.: Specificity. CI: Confidence 

interval. H: Healthy; B: Benign; E: Early; SI: Stage I; SII: Stage II. 
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Figure 102: ROC curves generated from the raw intensity data and LDA of 

anti-ANXA1 with CA125 for discriminating early stage ovarian cancer 

patients from healthy and benign controls.  

Comparison of CA125 with and without anti-ANXA1 as a biomarker panel for 

differentiating between (A) early stage cancer patients from healthy and benign 

controls, (B) stage I cancer patients from healthy and benign controls and (C) 

stage II cancer patients from healthy and benign controls. Cohorts analysed 

healthy (n=47), benign (n=63) and early stage cancer (n=36). 
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Unsurprisingly, the greatest advantage was observed when the 2-biomarker panel 

was used to differentiate stage I cancer patients from controls (Figure 102B) 

compared to stage II patients (Figure 102C). Expectedly, anti-ANXA1 had a 

slightly better sensitivity for stage I patients over stage II patients at the same 

specificity (Table 52). Furthermore, CA125 alone is more effective at classifying 

stage II cancer cases from healthy and benign controls. For stage II ovarian 

cancer, Van Haaften-Day and colleagues reported CA125 to have a sensitivity and 

specificity of 87.5% and 86.1%, respectively354. This is consistent with the 

combined-cohort data analysed in this study where 86.7% sensitivity and 92.7% 

specificity for stage II ovarian cancer was identified (Table 52). 

 

As mentioned previously, stage II ovarian cancer is not strictly early disease as the 

cancer has already metastasised to secondary sites. Additionally, stage II 

malignancies are commonly under-staged, which can confound investigations 

looking to develop an ovarian cancer screening strategy. Therefore, the greatest 

gain to be had toward the development of a screening test would be the discovery 

of a biomarker that is highly sensitive and specific for stage I ovarian cancer. 

Strikingly, the use of anti-ANXA1 as a composite maker to CA125 enhanced the 

sensitivity and specificity, over CA125 alone, for stage I ovarian cancer (Figure 

102B). Here, a sensitivity of 71.4% and specificity 95.5% was achieved (Table 52). 
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Currently, there is an unmet medical need for a screening test that effectively 

detects early stage I ovarian cancer in the healthy population. Encouragingly, the 

sensitivity of anti-ANXA1 for stage I ovarian cancer was even greater when 

compared to healthy individuals alone (Figure 103 and Table 53). At a similar level 

of specificity, the sensitivity for stage I ovarian cancer increases from 76.2% to 

81% when compared to healthy/benign controls or healthy individuals, 

respectively. As anti-ANXA1 was not as effective at differentiating stage II cancers, 

an advantage was not observed when these cases were compared to healthy 

individuals alone (Appendix 29). 

 

 

Figure 103: ROC curve generated from the raw intensity data and LDA of 

anti-ANXA1 with CA125 for discriminating early stage I ovarian cancer 

patients from healthy individuals. 

Comparison of CA125 with and without anti-ANXA1 as a biomarker panel for 

differentiating early stage I cancer patients (n=21) from healthy individuals (n=47). 
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Evidently, the exclusion of benign ovarian tumours decreased the number of stage 

I false negatives. Fundamentally, an effective screening method needs to be able 

to detect a significant proportion of stage I cancer cases to be beneficial from a 

curability standpoint. Furthermore, the positive detection of benign ovarian 

tumours in a screen would not be detrimental as the potential for malignancy can 

now be effectively assessed by the FDA approved ROMA53. Moreover, the 

identification of an adnexal mass would initiate monitoring and enable potential 

treatment of women presenting with benign or malignant disease. Thus, a 

biomarker that has greater sensitivity and specificity for stage I ovarian cancer in 

the healthy population would have an advantage over current detection schemes. 

 

Table 53: Sensitivity, specificity, PPV and NPV of CA125 and/or anti-ANXA1 

for stage I ovarian cancer as determined by ROC curve analysis of both the 

verification and validation cohort. 

Marker AUC 
Std. 

Error 
95% CI Criterion Sens. (%) Spec. (%) PPV (%) NPV (%) 

Anti-ANXA1 0.80 0.055 0.60 to 0.91 <4072A 81.0 72.3 0.03 99.99 

CA125 0.87 0.053 0.77 to 0.98 >35B 61.9 95.7 0.14 99.99 

CA125 + 

anti-ANXA1 
0.89 0.047 0.80 to 0.98 <-0.40C 71.4 100 100 99.99 

A Raw intensity units. B U/ml. C U/ml and raw intensity units subjected to LDA for 

combined biomarker analysis. CI: Confidence interval. Sens.: Sensitivity. Spec.: 

Specificity. Calculations performed based on the prevalence of ovarian cancer in 

the general population of 0.01%3. Cohorts analysed; healthy (n=47) and early 

stage I (n=21). 

 

Remarkably, the combination of anti-ANXA1 with CA125 as a 2-biomarker panel 

yielded a specificity of 100% when differentiating stage I ovarian cancer from 

healthy individuals (Table 53). Considering the prevalence of ovarian cancer in the 

female population is 0.01%, the PPV and NPV for this test was determined to be 

100% and 99.99%, respectively. This suggested that if a woman was measured 
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with a low serum level of anti-ANXA1 (approximately <4000 intensity units) and a 

CA125 concentration greater than 35 U/ml the percentage chance that the 

individual had ovarian cancer would be 100%. 

Furthermore, the percentage chance that a woman with a negative test is a false 

negative was determined to be approximately 0.01%. This indicated that only 1 per 

10,000 women with stage I ovarian cancer would be missed using this test. 

Importantly, a PPV of 100% and NPVs greater than 99% were determined for this 

dual-biomarker panel in high-risk populations including post-menopausal women 

as well as women with BRCA1 and/or BRCA2 mutations (Appendix 30). These 

high predictive values are extremely encouraging and, based on the patient 

cohorts analysed in this study, anti-ANXA1 autoantibodies in conjunction with 

CA125 have great potential as a novel screening test for stage I ovarian cancer.  

 

Potentially, the combined use of anti-ANXA1, the roc algorithm and HE4 could 

further improve the sensitivity and specificity for detecting stage I ovarian cancer 

from healthy individuals as well as benign cases. Menon and colleagues have 

demonstrated that analysing the profile changes of CA125 levels in serum 

increases the sensitivity and specificity over single measurements33,34. 

Furthermore, cancer antigen HE4 has been shown to have a greater specificity for 

benign ovarian disease than CA12548,50. Therefore, taken together with TVU and 

menopausal status, the superior sensitivity and specificity of the merged test may 

represent the first of its kind that could be effectively implemented as a screening 

method. 

 

Interestingly, anti-ANXA1 has been heavily investigated as part of a 

6-autoantibody biomarker panel for the detection of lung cancer389-391. High 

anti-ANXA1 seropositivity was first identified by SEPRA of a lung adenocarcinoma 

cell line 276 and was later shown to be elevated up to 12 months prior to diagnosis 

392. Although promising, anti-ANXA1 was excluded from the final biomarker panel 

upon revision with additional biomarkers393. 
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The anti-ANXA1 autoantibody response detected in lung cancer appeared to be 

different to that which was identified in ovarian cancer. Anti-ANXA1 autoantibodies 

identified in this study were significantly lower in stage I ovarian cancer serum and 

significantly greater in advanced stage III patients (Figure 93). Conversely, 

anti-ANXA1 autoantibodies in lung cancer were significantly increased in stage I-II 

lung cancer patients but not significantly different to controls at stage IV394. 

Furthermore, SEPRA and the ELISA-based assay used to detect and measure 

anti-ANXA1 in the serum of lung cancer patients would have examined linear 

epitopes of the TAA as these are both denaturing methods. This was supported by 

the detection of elevated anti-ANXA1 levels in non-small cell lung cancer patient 

serum using an ANXA1-based synthetic peptide394. In this study proteins were 

assessed under native conditions and, therefore anti-ANXA1 autoantibodies that 

recognise conformational epitopes have potentially been detected. The 

inconsistent results between the protein microarray and ELISA employed here 

alluded to this variance in antigenic specificity. 

 

Notably, this study was the first to describe anti-ANXA1 as a novel biomarker for 

ovarian cancer. Significantly decreased serum levels in stage I ovarian cancer 

patients present a new avenue for screening. As a 2-biomarker panel with CA125 

an exceptional level of sensitivity, specificity, PPV and NPV was achieved, which 

merits future investigation. 
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5.4 Conclusion 

Validation of anti-ARP3, anti-SAHH and anti-ANXA1 in an independent, 

large and global cohort was a crucial step towards the development of a screening 

test for ovarian cancer. Through this process robust and effective candidates can 

be selected and developed into a clinical assay that can be used for screening 

thousands of samples.  

 

Surprisingly, analysis of the top 3 autoantibody candidates in 240 samples showed 

no significant difference between early or late stage cancer cases and healthy or 

benign controls. However, sample collection centre-based significant differences 

were identified within each cohort. This was similarly observed in the verification 

protein microarray and may be a result of genetic variation or sample collection 

and storage. Therefore, only cancer samples with centre-based controls were 

assessed to eliminate confounding factors. 

 

Disappointingly, the significance of anti-ARP3 previously observed in the 

verification microarray could not be validated. In this independent sample cohort 

anti-ARP3 autoantibody levels were not significantly different between cancer and 

control subjects. This may have been due to the increase in number of cancer and 

control samples examined for each protein microarray from 38 to 116 and 60 to 

124, respectively. The greater number of samples used in the validation phase 

may have enabled a better estimation of the mean anti-ARP3 level in serum of 

cancer patients in the population, which was not significantly different from the 

mean of controls. 

 

To some extent this was also observed for anti-SAHH where serum levels were 

not as significantly different between cancer patients and controls. As a single 

marker anti-SAHH had 81.8% sensitivity and 63.2% specificity for stage I ovarian 

cancer compared to controls. Furthermore, anti-SAHH appeared to be somewhat 

complementary to CA125 where, as a 2-biomarker panel, the specificity increased 
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to 66.7% at the same level of sensitivity. However, the effectiveness of anti-SAHH 

determined from the verification and validation microarray varied greatly. 

Furthermore, amalgamation of the two microarray datasets revealed anti-SAHH to 

be a relatively modest biomarker with 66.7% sensitivity and 63.6% specificity for 

stage I ovarian cancer. Therefore, anti-SAHH was not as effective as initially 

determined and may not serve as a robust marker for screening. 

 

Conversely, anti-ANXA1 autoantibodies demonstrated reliably significant and 

effective differentiation of stage I ovarian cancer samples from controls. 

Anti-ANXA1 alone yielded 100% sensitivity and 68.4% specificity for stage I 

ovarian cancer when evaluated in the validation microarray. This was constant 

with the verification microarray where a sensitivity and specificity of 90% and 

68.3% was achieved, respectively.  

 

Furthermore, as a composite biomarker to CA125, a similar level of sensitivity and 

specificity was observed for the verification and validation sample population. At 

100% sensitivity, a 2.5% difference in specificity (72.7% and 70.2%) was 

determined when differentiating stage I patients from controls. Excitingly, this high 

level of sensitivity and specificity was maintained when the data from both 

microarrays were assed as a single experiment. Outstandingly, this 2-biomarker 

panel achieved a sensitivity and specificity of 71.4% and 100%, respectively, when 

comparing serum levels in stage I ovarian cancer patients to healthy individuals. 

Correspondingly, this panel yielded an exceptional PPV of 100% and NPV of 

99.99%. Based upon the patient cohorts examined in this study anti-ANXA1 

together with CA125 showed great promise as a potential screening test to detect 

women with ovarian cancer at a curable stage. As this may have a significant 

impact on the morbidity and mortality currently seen for ovarian cancer, continuing 

research into the autoantibody response to ANXA1 should be performed. 
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Chapter 6: Final Discussion and Future Directions 

6.1 Discussion 

Ovarian cancer mortality has not been dramatically improved over the last thirty 

years. Over 60% of patients present with advanced disease (FIGO stage III/IV) 

and despite developments in cytoreductive surgery and chemotherapy, have a 

5-year survival of approximately 30%. Early detection of ovarian cancer is pivotal 

as patients with early stage disease (FIGO stage I/II) display an improved 5-year 

survival rate up to 90%. However, screening for ovarian cancer is currently not 

possible. 

 

Efforts are being made to identify ovarian cancer biomarkers, which are in an 

accessible biological material (i.e. serum) and at a concentration detectable at 

early stages of the disease. Cancer-induced autoantibodies have potential as such 

biomarkers. Autoantibodies that are raised against TAAs are stable in the sera of 

patients and are present in higher concentrations than the TAAs themselves as a 

result of amplification through the humoral immune response. A number of 

different approaches have been employed to discover novel autoantibody 

biomarkers including SEREX, phage display, protein microarray, SEPRA and 

immunoaffinity enrichment. However, not many studies have progressed beyond 

the discovery and/or verification phase. Furthermore, very few analyses have been 

performed in a large number of stage I ovarian cancer samples of single 

histopathology, where the greatest benefits would be realised. 

 

To this end, the project aimed to discover, verify and validate novel autoantibody 

biomarkers for early stage I serous ovarian cancer that have the potential to be 

used as the first screening test. The development of an immunoproteomic 

approach represented an integral part to the identification of novel autoantibodies. 

Individualised immunoaffinity columns were generated using NHS chemistry to 

cross-link highly purified IgG from patient serum. Autologous ovarian tissue lysate 
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was applied to each cancer and corresponding control immunoaffinity column to 

capture autoantigens. Although other research groups have taken a similar 

immunoaffinity approach131,132 this was the first to be used in conjunction with 

stable isotope-based quantitative proteomics. The published immunoaffinity 

chromatography strategy utilised a gel-based platform for relative quantification. 

Therefore, the detection of enriched autoantigens would be limited to those that 

can be assessed in a gel i.e. exclusion of small, very large, very basic and very 

hydrophobic proteins. Furthermore, a study comparing ICPL with 2D-PAGE 

showed that there was minimal overlap between identified proteins240. Thus, the 

methodology employed in this study enabled the discovery of a different and novel 

set of autoantibody biomarkers for ovarian cancer. 

 

Relative quantification by ICPL revealed 148 autoantibodies to be enriched in 

ovarian cancer patients by >1.45-fold. Following bioinformatic prioritisation, 50 

autoantibody candidates were selected for further investigation as potential 

biomarkers for early ovarian cancer. This involved an in-depth literature search on 

the novelty of the autoantibodies as biomarkers for ovarian cancer as well as other 

cancers, autoantigen function and potential role in cancer, autoantigen subcellular 

localisation i.e. intracellular, cellular membrane etc. and whether the autoantigens 

were known to be associated with a disease network. 

 

The majority of identified autoantibody targets were intracellular proteins with 

binding and/or catalytic functions. This was the case for the top 3 autoantibody 

candidates, anti-SAHH, anti-ANXA1 and anti-ARP3, where the autoantigen targets 

are cytoplasmic with hydrolase, calcium/phospholipid-binding and 

nucleotide/actin-binding functions, respectively. 

 

Protein microarray verification using 98 samples confirmed 9 autoantibody 

candidates to be significantly different in the sera of cancer patients compared to 

healthy and benign controls. Excitingly, each autoantibody candidate 

demonstrated a better sensitivity and specificity for early stage compared to late 
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stage ovarian cancer. Here, the ROC AUC for the 9 biomarkers ranged from 0.81 

to 0.94 and 0.69 to 0.86 for early and advanced stage ovarian cancer, 

respectively.  

 

The autoantibody biomarker candidates that yielded the greatest sensitivity and 

specificity were anti-SAHH, anti-ANXA1 and anti-ARP3. At 83.3% sensitivity each 

marker demonstrated a specificity of 91.7%, 96.7% and 98.3%, respectively. 

Although these values were outstanding, the minimum requirement for ovarian 

cancer screening of >75% sensitivity and 99.6% specificity, were not met. 

However, these autoantibody biomarkers, which appeared to be highly effective at 

detecting early stage ovarian cancer, were complementary to the ‘gold standard’ 

CA125. Excitingly, as a 4-biomarker panel with CA125, a sensitivity of 76.5% was 

achieved at 100% specificity. These encouraging results suggested that a 

potential screening test for early stage ovarian cancer could be developed based 

upon this panel. 

 

Importantly, validation of the top 3 candidate biomarkers in a larger and global 

patient cohort was vital. In order to achieve a high number of early stage ovarian 

cancer cases a collaboration was established with the Innsbruck Medical 

University (Innsbruck, Austria), Ontario Institute for Cancer Research (ON, 

Canada), Fox Chase Cancer Centre (PA, USA), Tumorbank Ovarian Cancer 

Network (Berlin, Germany) and the National University of Singapore (Singapore, 

Singapore). This multicentre study aimed to validate the biomarker potential of the 

top 3 autoantibody candidates in 41 stage I ovarian cancer patients by protein 

microarray. 

 

Disappointingly, centre-based controls could not be acquired from the tumour 

biobank based in Canada or Germany. This was particularly problematic as 

centre-based significant differences within and between cohorts was identified. 

Although this was likely to be a result of different sample collection and storage 

conditions, those factors may have a confounding influence on the biomarker 
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efficacy. Therefore only 14 stage I and 16 stage II ovarian cancer samples with 

centre-matched controls were included in the final analysis. 

 

Unfortunately, biomarker candidates anti-ARP3 and anti-SAHH were not as 

effective as initially determined. Overall, anti-ARP3 levels in the serum of ovarian 

cancer patients were not significantly different to healthy and benign controls. 

Although unexpected, triple the number of cancer samples and double the number 

of control samples were analysed in the validation microarray. Therefore, the 

sample mean may have more accurately represented the population mean, which 

was no longer significantly different between cases and controls.  

 

To some extent this was also observed for anti-SAHH. Here, only 64.3% sensitivity 

and 67.7% specificity was achieved when differentiating early stage patients from 

controls. Furthermore, when examined as a composite biomarker to CA125 a 

discernible decrease in specificity to 66.7% from 93%, for CA125 alone, was 

observed. High specificity (~99.6%) is crucial in order to achieve an acceptable 

positive predictive value of 10%. Therefore, the utility of anti-ARP3 and anti-SAHH 

as biomarkers is limited. However, this was the first study to describe the presence 

of an autoantibody response to self-proteins ARP3 and SAHH, which have been 

previously shown to be dysregulated and have a potential role in tumorigenesis. 

 

Encouragingly, anti-ANXA1 levels were significantly different between stage I 

ovarian cancer patients and healthy/benign controls. Notably, this study was the 

first to describe the presence and significant decrease of anti-ANXA1 

autoantibodies in ovarian cancer. As a single marker anti-ANXA1 yielded a 

sensitivity and specificity of 81.8 % and 71.9%, respectively. Remarkably, the 

combination of anti-ANXA1 with CA125 as a 2-biomarker panel increased the 

sensitivity for stage I ovarian cancer to 100% at a similar level of specificity. 

Expectedly, these high values were maintained when anti-ANXA1 results from the 

verification and validation microarray were combined. This enabled a total of 21 
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stage I serous ovarian cancer samples, which had corresponding CA125 levels 

and centre-based controls, to be examined. 

 

Impressively, the combined analysis of anti-ANXA1 and CA125 levels in the 21 

stage I cancer patients and 47 healthy individuals demonstrated a specificity of 

100% at 71.4% sensitivity. Although the prevalence of ovarian cancer in the 

general population is low at 0.01% this test achieved a PPV and NPV of 100% and 

99.99%, respectively. These predictive values signify that, if a woman was tested 

for serous ovarian cancer using anti-ANXA1 and CA125, a positive finding would 

indicate the presence of cancer and a negative finding would be 99.99% certain 

that cancer was absent. 

 

To date no single biomarker or panel has demonstrated this degree of 

effectiveness for detecting stage I serous ovarian cancer in the healthy population. 

Therefore, this 2-biomarker panel has the potential to be the first test used for 

screening. The conceivable clinical impact of the panel is unprecedented, as early 

detection would enable more successful treatment of this currently deadly disease. 

Ultimately, this research finding has the potential to minimise the burden of 

disease and improve the lives of women diagnosed with ovarian cancer. 
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6.2 Future Directions 

In this thesis a novel autoantibody biomarker for ovarian cancer was 

discovered, verified and validated in serous ovarian cancer patients. The results 

suggest that anti-ANXA1 has exceptional potential to be employed as part of an 

early ovarian cancer screening strategy. However, further investigation to better 

define the autoantibody response is required. 

 

Exploration of anti-ANXA1 as a biomarker for other, yet less frequent, histological 

subtypes of ovarian cancer would be important to determine how broadly it can be 

applied for screening. This may include epithelial subtypes such as mucinous, 

endometriod and clear-cell as well as other components of the ovary such as sex 

cord-stromal and germ-cell. 

 

Importantly, anti-ANXA1 should be confirmed as a specific biomarker for ovarian 

cancer and not other cancers or diseases. Biomarkers such as anti-p53 have 

limited utility as a diagnostic tool as they are frequently dysregulated in a range of 

cancer types164. Therefore, differential regulation cannot be attributed to a 

particular organ. Furthermore, anti-ANXA1 has been shown to be elevated in the 

serum of patients with autoimmune diseases395. Thus, establishing a serum cut-off 

value for ovarian cancer patients, in whom the autoantibody is decreased, and in 

patients suffering from various autoimmune diseases, where the autoantibody is 

elevated, should be established. Interestingly, this was not performed when 

elevated levels of anti-ANXA1 were used as a diagnostic marker for lung 

cancer389. 

 

More broadly, anti-ANXA1 should be assessed prospectively in high-risk ovarian 

cancer populations. This would enable determination of a lead-time in which 

anti-ANXA1 levels decline prior to the presentation of clinically detectable disease. 

Practically, a decrease in autoantibody levels needs be observed at least 12 

months before the onset of symptoms and diagnosis to be implemented as a 
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regular and compliant screening test that adds value to the treatment of ovarian 

cancer. 

 

Additionally, anti-ANXA1 could be investigated with other successful screening 

modes to improve the effectiveness of the test. The combination of anti-ANXA1 

with CA125 and HE4 may result in a more sensitive and specific assessment of 

stage I ovarian cancer from healthy and benign controls. This would need to be 

compared to the FDA approved ROMA51 for discriminating benign from malignant 

masses as well as applicability to screening. Moreover, the use of anti-ANXA1 in 

conjunction with the roc multimodal strategy currently being investigated by 

UKCTOCS26 could further enhance the effectiveness of the screening test. 

Ultimately, a prospective, multicentre, double-blind clinical trial involving thousands 

of women would need to be performed to clinically evaluate anti-ANXA1 and 

determine the impact of the test on disease management. 

 

Furthermore, the cause of an autoantibody response to ANXA1 should be 

investigated. Expression or cellular localisation changes of TAAs are the two most 

common causes of an autoantibody response. Potential changes in ANXA1 at the 

transcript or protein level could be assessed using real-time quantitative reverse 

transcription-PCR and immunohistochemistry. Furthermore, the epitope in which 

the autoantibody binds should be determined and characterised for development 

of a targeted screening test. The mapping of conformational as well as linear 

epitopes recognised by anti-ANXA1 autoantibodies present in the serum of cancer 

patients may be performed by conventional western blot and/or epitope-specific 

capture using synthetic peptides396. 

 

Together these investigations would provide a detailed understanding of the 

anti-ANXA1 response and reveal it’s utility as a biomarker for screening for early 

ovarian cancer in the general population. 
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Additional work to understand the significantly different autoantibody response 

detected in samples from different collections centres should also be performed. If 

available, a review of sample collection and storage protocols as well as 

freeze-thaw cycles and age of samples investigated in this study should be done. 

These factors may explain the differences observed in this study and can be 

compensated for in future investigations. Particularly, better-defined cohorts with 

explicit handling procedures will be selected for effective assessment of potential 

biomarkers. 

 

Moreover, orthogonal verification that is compatible with conformational epitope 

recognition may be explored for the top 3 candidate biomarkers. Luminex® xMAP® 

technology would enable the analysis of 100s of samples in a multiplexed fashion 

while causing minimal changes to antigen structure. This is because Luminex® 

assays utilise microspheres with reactive carboxyl groups on the surface for the 

cross-linking of target proteins and are analysed in solution. Using this approach 

differential autoantibody profiles in samples, analysed as part of the verification 

and validation phase, would be confirmed and highlight the need for 

conformational target proteins. 

 

The recognition of linear antigenic epitopes by anti-SAHH and anti-ARP3 may also 

be performed using Western blot. Interestingly, anti-SAHH seropositivity to a linear 

epitope(s) was observed in an ovarian cancer sample analysed by SEPRA. In this 

study a spot train of anti-SAHH was detected in a late stage ovarian cancer 

sample but absent in healthy and benign controls. Therefore, further exploration of 

those autoantibodies that recognise linear epitopes may reveal a different form of 

the biomarker that is more or less effective than those that recognise 

conformational epitopes. 

 

Furthermore, PTMs may influence the binding and specificity of autoantibody 

biomarkers for TAAs. Interestingly, Taylor and colleagues found that ‘naturally’ 

post-translationally modified ovarian cancer antigens isolated from exosomes 
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demonstrated greater immunoreactivity than their recombinant counterparts129. 

Therefore, the impact PTMs have on the effectiveness of the top 3 biomarker 

candidates may be assessed for added sensitivity and specificity for early ovarian 

cancer. 

 

The journey of a biomarker from discovery to clinical utility is a long and 

multifaceted process. Ongoing investigations that develop our understanding is 

necessary to ensure these biomarkers go from the bench to bedside and have 

tangible clinical impact. 
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6.3 Broader Significance 

No FDA approved screening test is available for the detection of ovarian 

cancer. New biomarkers that can detect early stage ovarian cancer, such as 

anti-ANXA1, need to be identified to improve the survival rate of women 

presenting with this disease. 

 

In this study a new immunoproteomic strategy that combined immunoaffinity 

chromatography with ICPL enabled the discovery of many novel autoantibody 

biomarkers for ovarian cancer. This quantitative method does not rely on a 

gel-based platform and therefore, could be used to explore the immunoproteome 

of other cancers for new biomarkers. 

 

Studying the immunoproteome for more effective cancer biomarkers is the right 

approach toward the development of a screening test. Presentation of a differential 

immune response appears to occur early in cancer development and may be 

subject to change during the course of the disease. This was the case for 

anti-ANXA1 where decreased levels in serum were indicative of stage I ovarian 

cancer; however the serum profile appeared to increase with increasing stage. For 

this reason future studies should not group stage I and stage II malignancies 

together as ‘early’ when considering an autoantibody biomarker. Furthermore, 

better-defined sample cohorts with appropriately matched controls must be used 

to ensure confounding factors such as sample collection do not influence the 

outcome of biomarker verification/validation studies. 

 

Finally, appreciating the epitope in which the discovered autoantibody recognises 

is integral to the validation of the biomarker. This study highlights the importance 

of understanding the target autoantigen in order to correctly validate the 

autoantibody that is associated with the differential response in cancer. 
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Chapter 7: Appendix 

 

 

Appendix 1: Patient IgG was purified from serum using a Pierce®  

Chromatography Cartridge Melon™ Gel column. 

Column flow-through fractions containing pure IgG were analysed by 1D 

SDS-PAGE (4-12% Bis-Tris SDS-PAGE, MOPS buffer). A) P5, B) P8, C) P56, D) 

P88, E) P281, F) P288, G) P363, H) P376, I) P385, J) P395, K) P467, L) P544. 
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Appendix 2: Immunoaffinity chromatography using Affi-Gel® 10 gel 

immunoaffinity support. 

Purified IgG from patient (A) or control (B) serum was cross-linked to Affi-Gel® 10 

gel to generate an immunoaffinity column. Tissue lysate was pre-cleared prior to 

application to the patient specific and control immunoaffinity columns. Column 

fractions were subjected to 1D SDS-PAGE and proteins visualised using silver. A) 

P5, B) P8, C) P56, D) P88, E) P281, F) P288, G) P363, H) P376, I) P385, J) P395, 

K) P467, L) P544. 

 

Lane 1: IgG pre cross-linking, 2: IgG post cross-linking fraction, 3: Novex® Sharp 

unstained protein standard, 4: 0.1% PBST IgG wash F5, 5: Lysate before 

pre-clear, 6: lysate after pre-clear, 7: unbound lysate, 8: 0.1% PBST lysate wash 

F1, 9: 0.1% PBST lysate wash F5, 10: elution buffer application, 11: elution F1, 12: 

elution F2. 
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Appendix 3:Commonly quantified proteins between replicate ICPL control experiments A and B (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

Annexin A1 A 1.25 0.05 4 5 1.3 0.07 5.44 

B 1.35 0.25 18 5 

Spermidine synthase A 0.96 0.05 5 2 1.01 0.08 8.03 

B 1.07 0.18 17 2 

Complement C4 A 1.04 0.08 8 6 1.01 0.04 3.84 

B 0.99 0.10 11 5 

Serum albumin A 1.195 0.19 16 2 1.28 0.11 8.87 

B 1.355 0.15 11 2 

Hydroxymethylglutaryl-CoA 

lyase 

A 1.26 0.15 12 4 1.27 0.01 0.56 

B 1.27 0.09 7 3 

F-actin-capping protein 

subunit beta 

A 0.87 0.13 15 4 0.93 0.08 8.41 

B 0.98 0.03 3 3 
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Appendix 4: Commonly quantified proteins between replicate ICPL control experiments C and D (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

14-3-3 protein beta/alpha C 0.85 0.01 2 2 0.82 0.05 6.07 

D 0.78 0.13 16 2 

F-actin-capping protein 

subunit beta 

C 1.12 0.07 7 3 1.01 0.02 1.92 

D 1.09 0.03 2 3 

Serum albumin C 1.165 0.09 8 2 1.06 0.15 14.01 

D 0.955 0.16 17 4 

Complement C4 C 1.145 0.11 9 7 1.04 0.14 13.9 

D 0.94 0.07 7 6 

Heterogeneous nuclear 

ribonucleoprotein K 

C 0.93 0.11 11 3 0.96 0.04 4.42 

D 0.99 0.10 10 3 
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Appendix 5: Commonly quantified proteins between label-swap ICPL control experiments A and C (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

Annexin A2 A 1.23 0.06 4 4 1.1 0.18 16.71 

C 0.97 0.08 8 3 

Heterogeneous nuclear 

ribonucleoprotein K 

A 1.045 0.05 5 2 0.99 0.08 8.23 

C 0.93 0.11 11 3 

Complement C4-A A 1.04 0.08 8 6 1.09 0.07 6.80 

C 1.145 0.11 9 7 

F-actin-capping protein 

subunit beta 

A 0.87 0.13 15 4 1.00 0.18 17.77 

C 1.12 0.07 7 3 

Serum albumin A 1.20 0.08 8 6 1.18 0.02 1.80 

C 1.17 0.11 9 7 
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Appendix 6: Commonly quantified proteins between label-swap ICPL control experiments A and D (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD (H/L) CV % (H/L) Multiplet Count Mean SD CV% 

Annexin A1 A 1.25 0.05 4 5 1.08 0.25 23.02 

D 0.9 0.09 10 9 

Tubulin beta chain A 1.08 0.05 4 3 1.04 0.06 5.44 

D 1 0.085 8 3 

Heterogeneous nuclear 

ribonucleoprotein K 

A 1.045 0.05 5 2 1.02 0.04 3.82 

D 0.99 0.10 10 3 

Spermidine synthase A 0.955 0.05 5 2 1.03 0.10 9.66 

D 1.095 0.11 10 2 

Complement C4-A A 1.04 0.08 8 6 0.99 0.07 7.14 

D 0.94 0.07 7 6 

F-actin-capping protein 

subunit beta 

A 0.87 0.13 15 4 0.98 0.16 15.87 

D 1.09 0.03 2 3 

Serum albumin A 1.195 0.193 16 2 1.08 0.17 15.79 

D 0.955 0.16 17 4 
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Appendix 7: Commonly quantified proteins between label-swap ICPL control experiments B and C (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

F-actin-capping protein 

subunit beta 

B 0.98 0.03 3 3 1.05 0.10 9.43 

C 1.12 0.07 7 3 

Tropomyosin alpha-3 B 1.055 0.04 3 2 1.12 0.08 7.61 

C 1.175 0.02 2 2 

Complement C4-A B 0.985 0.10 11 5 1.07 0.11 10.62 

C 1.145 0.11 9 7 

Serum albumin B 1.355 0.15 11 2 1.26 0.13 10.66 

C 1.165 0.09 8 2 
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Appendix 8: Commonly quantified proteins between label-swap ICPL control experiments B and D (representative gel slice 

#14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

F-actin-capping protein 

subunit beta 

B 0.98 0.03 3 3 1.04 0.08 7.52 

D 1.09 0.03 2 3 

Complement C4 B 0.985 0.10 11 5 0.96 0.03 3.31 

D 0.94 0.07 7 6 

Serum albumin B 1.355 0.15 11 2 1.16 0.28 24.49 

D 0.955 0.16 17 4 

Spermidine synthase B 1.07 0.18 17 2 1.08 0.02 1.63 

D 1.095 0.11 10 2 

Annexin A1 B 1.35 0.25 18 5 1.125 0.32 28.28 

D 0.9 0.09 10 9 
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Appendix 9: Commonly quantified proteins between ICPL control experiments (representative gel slice #14). 

Protein Band Ratio (H/L) SD 

(H/L) 

CV % 

(H/L) 

Multiplet 

Count 

Mean SD CV% 

F-actin-capping protein 

subunit beta 

A 0.87 0.13 15 4 1.02 0.11 11.22 

B 0.98 0.03 3 3 

C 1.12 0.07 7 3 

D 1.09 0.03 2 3 

Complement C4 A 1.04 0.08 8 6 1.03 0.09 8.60 

B 0.985 0.10 11 5 

C 1.145 0.11 9 7 

D 0.94 0.07 7 6 

Serum albumin A 1.195 0.19 16 2 1.17 0.16 14.08 

B 1.355 0.15 11 2 

C 1.165 0.09 8 2 

D 0.955 0.16 17 4 
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Appendix 10: Enriched autoantigens from cancer/control immunoaffinity columns Identified in 3 or more patients. 

Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

*ENPL Endoplasmin  P14625 56 6.90 0.65 9 3 803 315 

      281 1.66 0.00 0 1     

      376 6.35 0.00 0 1     

      385 1.57 0.06 4 2     

      467 2.44 0.14 6 3     

      544 2.12 0.30 14 2     

      363 2.51 0.73 29 2     

*ITIH4 Inter-alpha-trypsin inhibitor heavy chain H4 Q14624 5 11.83 0.00 0 1 930 930 

   56 3.62 0.00 0 1   

   88 8.44 0.00 0 1   

   281 1.62 0.13 8 2   

   363 1.60 0.00 0 1   

   376 20.10 0.00 0 1   

*UBA1 Ubiquitin-like modifier-activating enzyme 1 P22314 56 2.85 0.00 0 1 1058 1058 

   281 1.54 0.00 0 1   

   363 2.59 0.00 0 1   

   376 2.45 0.00 0 1   

   467 1.55 0.17 11 2   

   544 2.46 0.73 30 2   

ARPC4 Actin-related protein 2/3 complex subunit 4 P59998 8 2.03 0.28 14 4 168 110 

   56 3.02 0.08 3 2   

   288 1.86 0.32 17 2   

   385 1.64 0.07 4 4   

   467 2.92 0.03 1 2   

   544 2.35 0.18 8 2   

VIGLN Vigilin Q00341 56 2.52 0.33 13 3  NA NA  

      288 1.73 0.00 0 1     

      363 1.45 0.03 2 3     

      376 2.86 0.22 8 2     

      544 1.67 0.19 11 4     

*PREP Presequence protease, mitochondrial Q5JRX3 56 2.43 0.43 18 3 1037 1037 

      385 1.59 0.14 9 3    

      467 1.48 0.22 15 3    

      544 2.05 0.32 16 2    

      363 2.17 0.00 0 1    
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

*ILEU Leukocyte elastase inhibitor  P30740 8 1.50 0.15 10 7 379 379 

      467 1.90 0.16 8 7    

      5 2.66 0.00 0 1    

      385 1.44 0.00 0 1    

      395 1.89 0.00 0 1    

*FLNA Filamin-A P21333 56 2.78 0.45 16 4 2647 838 

      363 2.14 0.00 0 1    

      376 4.29 0.35 8 2    

      467 1.48 0.18 12 4    

      544 2.05 0.09 4 2    

CO8A Complement component C8 alpha chain  P07357 376 5.80 0.36 6 4 NA  NA 

      467 4.81 0.12 3 4    

      363 2.30 0.04 2 3    

      281 10.28 0.07 1 2    

      544 1.61 0.00 0 1    

CO4A Complement C4-A P0C0L4 56 3.09 0.11 3 2  1744 109 

      363 1.96 0.00 0 1    

      385 1.69 0.07 4 2    

      467 2.30 0.00 0 1    

      544 2.03 0.00 0 1    

*ACTB Actin, cytoplasmic 1  P60709 56 2.70 0.00 0 1 375 375 

      363 1.56 0.00 0 1    

      376 2.07 0.12 6 4    

      467 1.48 0.09 6 3    

      544 1.97 0.00 0 1    

*ADT2 ADP/ATP translocase 2 P05141 5 1.45 0.00 0 1 298 298 

      56 2.97 0.00 0 1    

      363 1.71 0.00 0 1    

      467 2.38 0.00 0 1    

      544 2.39 0.00 0 1    

*ACTN1 Alpha-actinin-1  P12814 56 4.48 0.00 0 1 892 892 

      288 1.74 0.00 0 1    

      363 4.15 0.00 0 1    

      467 2.14 0.00 0 1    

      544 2.47 0.36 15 6    

*ASSY Argininosuccinate synthase P00966 8 1.46 0.00 0 1 412 412 

      56 2.12 0.18 8 2    

      363 1.55 0.00 0 1    
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

      385 1.48 0.00 0 1    

      467 1.46 0.00 0 1    

CAND1 Cullin-associated NEDD8-dissociated protein 1  Q86VP6 56 3.22 0.00 0 1  1230 100 

      363 2.46 0.00 0 1    

      376 4.50 0.00 0 1    

      467 1.77 0.63 35 3    

      544 2.33 0.22 10 4    

*C1TC C-1-tetrahydrofolate synthase, cytoplasmic  P11586 56 2.56 0.00 0 1 935 935 

   363 1.57 0.00 0 1   

   467 1.47 0.00 0 1   

   544 1.61 0.00 0 1   

*CO3 Complement C3  P01024 56 2.37 0.00 0 1 1663 1663 

   363 2.00 0.29 15 4   

   376 2.46 0.26 10 3   

   544 1.98 0.25 12 4   

FLNB Filamin-B OS=Homo sapiens  O75369 363 2.54 0.00 0 1 2602 99 

   376 4.25 0.00 0 1   

   467 1.53 0.31 20 4   

   544 1.94 0.16 8 5   

PLEC Plectin Q15149 56 2.43 0.18 8 4 4684 109 

   363 2.17 0.26 12 15   

   467 1.52 0.19 12 4   

   544 1.67 0.32 19 4   

*STAT1 
Signal transducer and activator of transcription 1-
alpha/beta  P42224 8 1.58 0.00 0 1 750 721 

   363 2.27 0.36 16 5   

   376 1.50 0.00 0 1   

   385 1.93 0.00 0 1   

*AT1A1 
Sodium/potassium-transporting ATPase subunit 
alpha-1  P05023 56 2.22 0.00 0 1 1023 165 

   363 1.77 0.00 0 1   

   467 1.54 0.03 2 2   

   544 1.89 0.11 6 4   

*OTUB1 Ubiquitin thioesterase OTUB1  Q96FW1 8 1.62 0.00 0 1 271 271 

   363 1.71 0.00 0 1   

   385 1.69 0.00 0 1   

   467 1.47 0.00 0 1   

UGGG1 UDP-glucose:glycoprotein glucosyltransferase 1 Q9NYU2 363 2.21 0.29 13 2 NA NA 
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

   376 2.56 0.30 12 2   

   467 1.50 0.01 0 2   

   544 1.95 0.33 17 2   

CLH1 Clathrin heavy chain 1  Q00610 363 3.22 0.37 12 3 1675 108 

   376 5.73 1.23 21 2   

   467 2.37 1.41 59 2   

   544 2.39 0.40 17 6   

*EF2 Elongation factor 2  P13639 56 2.79 0.00 0 1 858 858 

   363 1.67 0.00 0 1   

   376 2.87 0.00 0 1   

   544 2.20 0.50 23 3   

*HS90A Heat shock protein HSP 90-alpha P07900 56 4.10 0.00 0 1 732 372 

   288 1.81 0.21 12 2   

   363 2.61 0.68 26 2   

   544 2.11 0.00 0 1   

*RAB10 Ras-related protein Rab-10  P61026 5 1.76 0.00 0 1 200 200 

   56 2.58 0.00 0 1   

   363 2.14 0.26 12 2   

   395 1.48 0.04 2 2   

*TBA1B Tubulin alpha-1B chain  P68363 363 1.87 0.00 0 1 451 451 

   376 2.17 0.00 0 1   

   467 1.48 0.02 1 3   

   544 1.75 0.00 0 1   

UBB Polyubiquitin-B P0CG47 363 2.34 0.00 0 1 229 76 

   376 2.90 0.00 0 1   

   467 1.74 0.00 0 1   

   544 1.91 0.00 0 1   

*VINC Vinculin  P18206 363 4.46 0.29 7 5 1134 1066 

   544 2.12 0.24 11 4   

   56 5.03 1.06 21 3   

   281 1.45 0.00 0 1   

*ENOA Alpha-enolase  P06733 363 2.44 0.29 12 5 434 434 

      281 2.25 0.09 4 3     

      376 2.08 0.10 5 5     

*ANXA1 Annexin A1  P04083 363 1.49 0.21 14 8 346 346 

      467 1.54 0.14 9 9     

      544 1.55 0.21 13 10     

*ACLY ATP-citrate synthase P53396 363 2.32 0.00 0 1 1101 1101 
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

      385 1.61 0.28 18 3     

      544 1.99 0.00 0 1     

*CERU Ceruloplasmin  P00450 363 7.98 0.00 0 1 1065 Native 

      467 1.65 0.36 22 3     

      544 2.26 0.23 10 3     

*F13A Coagulation factor XIII A chain P00488 56 2.35 0.00 0 1 732 732 

      363 2.09 0.00 0 1     

      376 1.46 0.00 0 1     

RAD50 DNA repair protein RAD50  Q92878 56 1.58 0.00 0 1  NA NA  

      363 1.77 0.37 21 3     

      544 1.57 0.24 15 4     

*GSTK1 Glutathione S-transferase kappa 1 Q9Y2Q3 8 1.54 0.00 0 1 226 226 

      363 2.59 0.00 0 1     

      395 1.51 0.00 0 1     

*ISOC2 
Isochorismatase domain-containing protein 2, 
mitochondrial  Q96AB3 56 1.53 0.00 0 1 205 205 

      395 2.31 0.00 0 1     

      544 1.48 0.02 1 3     

*GANAB Neutral alpha-glucosidase AB Q14697 56 4.01 0.18 5 2 944 944 

      467 1.74 0.04 2 3     

      544 2.37 0.00 0 1     

MYH9 Myosin-9 P35579 281 3.54 0.00 0 1  1960 105 

      385 1.49 0.15 10 5     

      544 2.18 0.23 10 9     

*ACTA Actin, aortic smooth muscle  P62736 56 2.80 0.00 0 1 377 377 

      376 1.45 0.00 0 1     

      467 2.89 0.00 0 1     

*ARP3 Actin-related protein 3  P61158 363 1.73 0.00 0 1 418 418 

      376 1.99 0.00 0 1     

      385 1.55 0.01 0 2     

*ACTN4 Alpha-actinin-4  O43707 56 5.36 0.11 2 2 911 911 

      544 2.43 0.31 13 11     

      376 7.93 1.03 13 2     

*HS90B Heat shock protein HSP 90-beta  P08238 56 3.97 0.19 5 2 724 724 

      363 2.06 0.10 5 3     

      467 2.48 0.20 8 2     

*SERPH Serpin H1  P50454 363 1.63 0.00 0 1 418 418 

      385 1.44 0.00 0 1     
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) 
Doublet 
Count 

Protein 
Length (aa) 

Recombinant 
Length (aa) 

      467 1.66 0.00 0 1     

*TBA1A Tubulin alpha-1A chain  Q71U36 8 1.46 0.00 0 1 451 451 

      395 1.46 0.00 0 1     

      467 1.55 0.00 0 1     

TBB5 Tubulin beta-5 chain  P07437 363 1.69 0.00 0 1  444 444  

      376 1.88 0.13 7 2     

      467 3.08 0.00 0 1     

ANXA2 Annexin A2 P07355 363 3.15 0.56 18 3  339 339  

      467 1.54 0.19 12 11     

      544 1.48 0.13 9 13     

*Selected candidate for verification; Bold: protein ratio calculated ≥2 doublets and ≤20% CV. 
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Appendix 11: Enriched autoantigens from cancer/control immunoaffinity columns Identified in 2 patients. 

Entry 
Name 

Protein Accession Patient Ratio STDEV CV (%) Doublet 
Count 

Recombinant Relationship 
to Cancer 

Ref. 

TAP2 Antigen peptide transporter 2 Q03519 8 2.03 0.00 0 1 Full Length Expression 397 
281 1.60 0.00 0 1 

CD63 CD63 antigen  P08962 288 1.48 0.00 0 1 Full Length Expression 398 
467 1.75 0.00 0 1 

*FPPS Farnesyl pyrophosphate synthase  P14324 467 1.84 0.00 0 1 Full Length Expression 399 
544 2.82 0.35 12 2 

AHNK Neuroblast differentiation-associated 
protein AHNAK  

Q09666 363 1.46 0.00 0 1 Partial 
(various) 

Expression 400 
544 1.53 0.00 0 1 

*NDKB Nucleoside diphosphate kinase B  P22392 56 2.90 0.22 8 5 Full Length Expression 401 
544 1.57 0.14 9 7 

*PRDX1 Peroxiredoxin-1 Q06830 8 1.56 0.10 6 2 Full Length Expression 402 
56 1.82 0.06 4 2 

PDC6I Programmed cell death 6-interacting 
protein  

Q8WUM4 363 1.60 0.00 0 1 Full Length Expression 403 
544 1.63 0.00 0 1 

GDIB Rab GDP dissociation inhibitor beta  P50395 363 3.77 0.00 0 1 Full Length Expression 404 
376 6.22 0.00 0 1 

AT2A2 Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 2 

P16615 544 1.94 0.20 10 2 Partial (96%) Expression 405 
395 1.46 0.00 0 1 

SBP1 Selenium-binding protein 1  Q13228 288 1.50 0.00 0 1 Full Length Expression 406 
363 1.54 0.08 5 2 

*GLGB 1,4-alpha-glucan-branching enzyme Q04446 385 2.22 0.00 0 1 Full Length Expression 407 
395 1.68 0.00 0 1 

ATPA ATP synthase subunit alpha, mitochondrial  P25705 363 1.58 0.00 0 1 Full Length Expression 408 
385 1.54 0.15 10 2 

DEST Destrin  P60981 56 2.45 0.00 0 1 Full Length Expression 409 
467 1.53 0.01 1 2 

DPYL2 Dihydropyrimidinase-related protein 2  Q16555 363 1.73 0.00 0 1 Full Length Expression 410 
544 1.54 0.00 0 1 

GELS Gelsolin  P06396 5 1.47 0.00 0 1 Full Length Expression 411 
376 1.62 0.00 0 1 

PGK1 Phosphoglycerate kinase 1  P00558 56 6.06 0.00 0 1 Full Length Expression 412 
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Entry 
Name 

Protein Accession Patient Ratio STDEV CV (%) Doublet 
Count 

Recombinant Relationship 
to Cancer 

Ref. 

363 3.56 0.00 0 1 
PROF2 Profilin-2  P35080 8 1.54 0.02 1 2 Full Length Expression 413 

385 2.44 1.48 61 2 
EF1G Elongation factor 1-gamma P26641 363 1.99 0.15 8 5 Full Length Expression 414 

376 2.25 0.31 14 4 
NUMA1 Nuclear mitotic apparatus protein 1  Q14980 385 1.95 0.07 4 2 Partial (5%) Expression 415 

467 2.05 0.00 0 1 
PODXL Podocalyxin  O00592 363 3.82 0.00 0 1 NA Expression 416 

467 1.72 0.00 0 1 
SPTA2 Spectrin alpha chain, brain  Q13813 363 1.51 0.45 29 15 NA Expression 417 

544 1.69 0.28 17 8 
*CSK Tyrosine-protein kinase CSK  P41240 8 1.76 0.28 16 2 Full Length Expression 418 

385 1.48 0.03 2 2 
*CPT1A Carnitine O-palmitoyltransferase 1, liver 

isoform  
P50416 363 2.22 0.00 0 1 Full Length Expression 419 

395 1.71 0.00 0 1 
*ACON Aconitate hydratase, mitochondrial  Q99798 376 3.16 0.56 18 2 Full Length Expression 420 

363 2.34 0.13 6 2 
*SAHH Adenosylhomocysteinase  P23526 56 1.85 0.03 2 2 Full Length Expression 367,369 

385 1.46 0.09 6 4 
CYFP1 Cytoplasmic FMR1-interacting protein 1 Q7L576 8 1.75 0.00 0 1 Partial (7%) Expression 421 

385 1.95 0.00 0 1 
COPA Coatomer subunit alpha  P53621 281 2.13 0.00 0 1 Partial (8%) Expression 421 

467 1.60 0.00 0 1 
*CFAH Complement factor H  P08603 363 5.02 0.33 7 3 Partial (37%) Expression 422 

544 2.39 0.36 15 3 
DX39A ATP-dependent RNA helicase DDX39A  O00148 363 1.69 0.21 13 4 Full Length Expression 423 

376 1.72 0.21 12 4 

*PPIB Peptidyl-prolyl cis-trans isomerase B  P23284 288 1.55 0.00 0 1 Full Length Role 424 
544 1.71 0.22 13 4 

AL7A1 Alpha-aminoadipic semialdehyde 
dehydrogenase  

P49419 363 1.45 0.00 0 1 Partial (95%) Role 425 
385 1.68 0.00 0 1 

MYH10 Myosin-10  P35580 385 1.49 0.22 14 5 NA Role 426 
544 2.09 0.23 11 4 
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Entry 
Name 

Protein Accession Patient Ratio STDEV CV (%) Doublet 
Count 

Recombinant Relationship 
to Cancer 

Ref. 

KINH Kinesin-1 heavy chain  P33176 363 1.69 0.04 2 2 NA Role 427 
544 1.52 0.17 11 2 

LPPRC Leucine-rich PPR motif-containing protein, 
mitochondrial  

P42704 363 6.00 0.00 0 1 NA Role 428 
467 1.54 0.04 2 2 

PSA Puromycin-sensitive aminopeptidase  P55786 385 1.90 0.00 0 1 Partial (11%) Role 429 
467 1.65 0.00 0 1 

*SYG Glycyl-tRNA synthetase  P41250 56 2.05 0.00 0 1 Partial (93%) Role 430 
363 1.87 0.00 0 1 

UBA7 Ubiquitin-like modifier-activating enzyme 7  P41226 281 1.48 0.00 0 1 Full Length Role 431 
467 1.50 0.42 28 2 

1433E 14-3-3 protein epsilon  P62258 363 2.14 0.00 0 1 Full Length Role 432 
376 2.70 0.00 0 1 

TLN1 Talin-1  Q9Y490 363 1.53 0.00 0 1 Partial 
(various) 

Role 433 
544 1.89 0.45 24 2 

*G3P Glyceraldehyde-3-phosphate 
dehydrogenase  

P04406 281 1.47 0.00 0 1 Full Length Role 434 
544 1.61 0.03 2 2 

FAS Fatty acid synthase  P49327 8 1.82 0.00 0 1 Partial (18%) Role 435 
363 1.85 0.00 0 1 

MK01 Mitogen-activated protein kinase 1 P28482 8 1.70 0.00 0 1 Full Length Role 436 
467 2.20 0.00 0 1 

*ARAP1 Arf-GAP with Rho-GAP domain, ANK 
repeat and PH domain-containing protein 
1  

Q96P48 363 1.68 0.00 0 1 Partial (83%) Role 437 
544 2.34 0.00 0 1 

HG2A HLA class II histocompatibility antigen 
gamma chain  

P04233 467 1.49 0.00 0 1 Full Length Link 438 
544 1.88 0.00 0 1 

*PPA6 Lysophosphatidic acid phosphatase type 6  Q9NPH0 8 1.98 0.00 0 1 Full Length Link 439 
385 1.78 0.00 0 1 

RO52 E3 ubiquitin-protein ligase TRIM21  P19474 5 2.30 0.18 8 2 Full Length Link 440 
385 1.80 0.18 10 2 

*CATZ Cathepsin Z  Q9UBR2 8 1.45 0.15 10 3 Full Length Link 441 
467 1.48 0.13 9 3 

SPTB2 Spectrin beta chain, non-erythrocytic 1 Q01082 467 1.56 0.21 13 3 NA Link 442 
544 2.21 0.00 0 1 
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Entry 
Name 

Protein Accession Patient Ratio STDEV CV (%) Doublet 
Count 

Recombinant Relationship 
to Cancer 

Ref. 

DX39B Spliceosome RNA helicase DDX39B  Q13838 363 1.69 0.21 13 4 Full Length Link 443,444 
376 1.72 0.21 12 4 

DHX15 Putative pre-mRNA-splicing factor ATP-
dependent RNA helicase DHX15  

O43143 56 1.81 0.00 0 1 NA Link 443,444 
385 1.59 0.13 8 5 

*TIF1B Transcription intermediary factor 1-beta  Q13263 363 1.97 0.00 0 1 Full Length Autoantibody 445 
544 2.06 0.00 0 1 

EPCAM Epithelial cell adhesion molecule P16422 363 1.94 0.00 0 1 Full Length Autoantibody 161 
544 1.72 0.00 0 1 

GDE Glycogen debranching enzyme  P35573 467 1.55 0.00 0 1 NA NA NA 

544 2.65 0.00 0 1 

CNRP1 CB1 cannabinoid receptor-interacting 
protein 1 

Q96F85 385 1.46 0.00 0 1 Full Length NA NA 

467 1.51 0.00 0 1 

APT Adenine phosphoribosyltransferase  P07741 56 2.04 0.00 0 1 Full Length NA NA 

544 1.62 0.20 13 3 

VPS25 Vacuolar protein sorting-associated protein 
29 

Q9BRG1 376 1.75 0.00 0 1 Full Length NA NA 

467 1.52 0.00 0 1 

TCPH T-complex protein 1 subunit eta  Q99832 363 2.13 0.00 0 1 Full Length NA NA 

544 2.13 0.00 0 1 

DDB1 DNA damage-binding protein 1  Q16531 288 2.60 0.46 18 3 Full Length NA NA 

544 2.16 0.00 0 1 

SYVC Valyl-tRNA synthetase P26640 363 1.93 0.45 23 2 Full Length NA NA 

544 1.89 0.00 0 1 

MX1 Interferon-induced GTP-binding protein 
Mx1  

P20591 56 2.54 0.00 0 1 Full Length NA NA 

363 1.57 0.18 12 4 

CO8G Complement component C8 gamma chain  P07360 376 5.23 0.28 5 3 Partial (90%) NA NA 

467 4.42 0.36 8 3 

RPN1 Dolichyl-diphosphooligosaccharide-protein 
glycosyltransferase subunit 1  

P04843 467 1.81 0.07 4 2 Full Length NA NA 

544 2.12 0.00 0 1 

SCLY Selenocysteine lyase Q96I15 8 1.46 0.00 0 1 Full Length NA NA 

385 1.48 0.00 0 1 

HNRL1 Heterogeneous nuclear ribonucleoprotein 
U-like protein 1 

Q9BUJ2 376 1.97 0.00 0 1 NA NA NA 

544 1.69 0.00 0 1 

*Selected candidate for verification; Bold: protein ratio calculated from ≥2 doublets and ≤20% CV.  
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Appendix 12: Enriched autoantigens from cancer/control immunoaffinity columns Identified in 1 patient. 

Entry Name Protein Accession Patient  Ratio STDEV CV (%) Doublet Count 
1433T 14-3-3 protein theta P27348 467 1.46 0.05 3 2 
ARP2 Actin-related protein 2  P61160 8 1.52 0.05 3 4 

ARPC2 
Actin-related protein 2/3 complex 
subunit 2 O15144 385 1.66 0.06 4 2 

AT2B4 
Plasma membrane calcium-
transporting ATPase 4  P23634 363 1.46 0.18 13 2 

COR1B Coronin-1B  Q9BR76 363 1.51 0.20 13 2 

CYFP2 
Cytoplasmic FMR1-interacting 
protein 2 Q96F07 544 1.79 0.09 5 2 

DDX58 
Probable ATP-dependent RNA 
helicase DDX58  O95786 363 2.51 0.33 13 2 

FCGBP IgGFc-binding protein Q9Y6R7 544 1.46 0.20 14 2 
GRP75 Stress-70 protein, mitochondrial P38646 363 1.66 0.18 11 2 

GSHR 
Glutathione reductase, 
mitochondrial  P00390 385 1.50 0.11 8 2 

HMGCL 
Hydroxymethylglutaryl-CoA lyase, 
mitochondrial  P35914 467 1.64 0.06 3 2 

HSP71 Heat shock 70 kDa protein 1 P08107 544 1.61 0.18 11 5 
HSP76 Heat shock 70 kDa protein 6  P17066 544 1.68 0.19 11 3 

IDHC 
Isocitrate dehydrogenase [NADP] 
cytoplasmic  O75874 363 2.52 0.26 10 4 

IDHP 
Isocitrate dehydrogenase [NADP], 
mitochondrial  P48735 363 2.57 0.16 6 2 

IF4A1 Eukaryotic initiation factor 4A-I  P60842 56 1.85 0.22 12 4 

IQGA1 
Ras GTPase-activating-like protein 
IQGAP1 P46940 544 2.71 0.55 20 2 

K6PP 6-phosphofructokinase type C  Q01813 56 2.46 0.30 12 2 

MTAP 
S-methyl-5'-thioadenosine 
phosphorylase Q13126 467 1.57 0.06 4 2 

NCKP1 Nck-associated protein 1  Q9Y2A7 385 2.16 0.20 9 3 
OPLA 5-oxoprolinase  O14841 544 1.54 0.15 10 4 
PRDX2 Peroxiredoxin-2  P32119 56 1.91 0.01 1 2 
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Entry Name Protein Accession Patient  Ratio STDEV CV (%) Doublet Count 

PUR2 
Trifunctional purine biosynthetic 
protein adenosine-3  P22102 544 1.85 0.06 3 2 

PUR4 
Phosphoribosylformylglycinamidine 
synthase  O15067 544 1.94 0.33 17 3 

PUR6 Multifunctional protein ADE2  P22234 385 1.44 0.03 2 3 
RCC2 Protein RCC2  Q9P258 544 1.57 0.15 10 5 

SAMH1 
SAM domain and HD domain-
containing protein 1 Q9Y3Z3 544 1.72 0.09 5 3 

SHIP2 
Phosphatidylinositol-3,4,5-
trisphosphate 5-phosphatase 2  O15357 544 1.94 0.06 3 2 

SMC3 
Structural maintenance of 
chromosomes protein 3 Q9UQE7 363 1.62 0.11 7 2 

SYNC 
Asparaginyl-tRNA synthetase, 
cytoplasmic  O43776 544 2.00 0.11 6 3 

SYWC 
Tryptophanyl-tRNA synthetase, 
cytoplasmic  P23381 363 1.92 0.18 10 2 

TKT Transketolase  P29401 544 1.94 0.20 10 3 

TMLH 
Trimethyllysine dioxygenase, 
mitochondrial Q9NVH6 8 1.50 0.11 7 3 

UBE2N Ubiquitin-conjugating enzyme E2 N  P61088 385 1.57 0.20 13 2 

UFC1 
Ubiquitin-fold modifier-conjugating 
enzyme 1  Q9Y3C8 8 1.54 0.05 3 3 

XRN1 5'-3' exoribonuclease 1  Q8IZH2 8 1.67 0.01 0 2 
Bold: protein ratio calculated from ≥2 doublets and ≤20% CV. 
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Appendix 13: Protein microarray spots flagged and excluded. 

Patient Autoantibody Number of removed spots Flag Accepted intensity value 

KM278 Anti-GLGB 3 NF NA 

KM283 Anti-GLGB 3 NF NA 

KM312 Anti-CFAH 2 Bad 1  

KM318 Anti-FLNA 2 Bad 1  

KM320 Anti-SAHH 2 Bad 1  

KM274 Anti-RAB10 1 NF 2 

KM312 Anti-ACLY 1 Bad 2 

KM283 Anti-ACTA 1 Bad 2 

KM272 Anti-ACTB 1 Bad 2 

KM296 Anti-ACTB 1 Bad 2 

KM328 Anti-ACTN1 1 Bad 2 

KM331 Anti-ACTN4 1 Bad 2 

KM264 Anti-ARAP1 1 Bad 2 

KM245 Anti-ARP3 1 Bad 2 

KM328 Anti-ARP3 1 Bad 2 

KM344 Anti-ARP3 1 Bad 2 

KM328 Anti-CFAH 1 Bad 2 

KM287 Anti-F13A 1 Bad 2 

KM354 Anti-FLNA 1 Bad 2 

KM328 Anti-GLGB 1 Bad 2 

KM312 Anti-GSTK1 1 Bad 2 
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Patient Autoantibody Number of removed spots Flag Accepted intensity value 

KM257 Anti-HS90A 1 Bad 2 

KM335 Anti-HS90B 1 Bad 2 

KM241 Anti-ILEU 1 Bad 2 

KM328 Anti-ILEU 1 Bad 2 

KM328 Anti-ISOC2 1 Bad 2 

KM241 Anti-ITHIH4 1 Bad 2 

KM328 Anti-OTUB1 1 Bad 2 

KM279 Anti-SERPH 1 Bad 2 

KM312 Anti-SLC25A5 1 Bad 2 

KM316 Anti-STAT1 1 Bad 2 

KM332 Anti-TBA1B 1 Bad 2 

KM328 Anti-TIF1B 1 Bad 2 

KM241 Anti-TUBA1A 1 Bad 2 

KM357 Anti-TUBA1A 1 Bad 2 

NF: Not found 
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Appendix 14: Target antigen numerical reference on parallel coordinates plots. 

Number Antigen Number Antigen 

1 ACLY 26 GANAB 

2 ACON 27 GLGB 

3 ACTA 28 GSTK1 

4 ACTB 29 HS90A 

5 ACTN1 30 HS90B 

6 ACTN4 31 ILEU 

7 ANXA1 32 ISOC2 

8 ARAP1 33 ITHIH4 

9 ARP3 34 NDKB 

10 ASSY 35 OTUB1 

11 AT1A1 36 PITRM1 

12 C1TC 37 PPA6 

13 C3 38 PPIB 

14 CATZ 39 PRDX1 

15 CERU 40 RAB10 

16 CFAH 41 SAHH 

17 CPT1A 42 SERPH 

18 CSK 43 SLC25A5 

19 EF2 44 STAT1 

20 ENOA 45 SYG 

21 ENPL 46 TBA1B 

22 F13A 47 TIF1B 

23 FLNA 48 TUBA1A 

24 FPPS 49 UBA1 

25 G3P 50 VINC 
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Appendix 15: Parallel coordinates plots showing autoantibody binding signal intensity for all target antigens in each 

cohort. 

Autoantibody signal intensity in (A) healthy, (B) benign, (C) early stage – Australia, (D) early stage - Vienna and (E) late stage 

samples. Each line represents the autoantibody signal in a single serum/plasma sample. Target antigens labelled 1 – 50 (see 

Appendix 14). 
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Appendix 16: Parallel coordinates plots comparing autoantibody binding 

signal intensity for all target antigens in various cohorts. 

A) Autoantibody signal intensity in healthy (green) and benign (blue) samples. B) 

Autoantibody signal intensity in early stage (red) and late stage (black) samples. 

C) Autoantibody signal intensity in healthy (green) and early stage (red) samples. 

D) Autoantibody signal intensity in benign (blue) and early stage (red) samples. E) 

Autoantibody signal intensity in healthy (green) and late stage (black) samples. F) 

Autoantibody signal intensity in benign (blue) and late stage (black) samples. Each 

line represents the autoantibody signal in a single serum/plasma sample. Vienna 

samples were excluded from the early stage analysis. Target antigens labelled 1 – 

50 (see Appendix 14). 

  



 

Page | 349  

 

Appendix 17: Collated analysis of variance for autoantibodies with a p <0.01 

(**) and <0.05 (*). 

Autoantibody Sum of 

squares 

Mean square F Value p-value (>F) Significance 

Anti-ACON 4.3 1.1 4.1 0.004 ** 

 29.7 0.3      

Anti-ACTA 1.7 0.4 4.3 0.003 ** 

 11.1 0.1      

Anti-STAT1 2.3 0.6 3.9 0.005 ** 

 16.6 0.2      

Anti-ENOA 1.0 0.3 3.0 0.02 * 

 9.3 0.1      

Anti-FLNA 1.1 0.3 2.8 0.03 * 

 11.4 0.1      

Anti-GLGB# 1.5 0.4 2.5 0.048 * 

 16.6 0.2      

Anti-HS90A 26.4 6.6 2.7 0.03 * 

 269.6 2.4     * 

Anti-NDKB 2.0 0.5 2.6 0.04 * 

 22.3 0.2      

Anti-PPA6 1.8 0.5 3.0 0.02 * 

 16.8 0.2      

Anti-TBA1B 1.7 0.4 2.9 0.02 * 

 16.2 0.1      

Anti-VINC 2.8 0.7 2.5 0.04 * 

 31.2 0.3      

#110 residuals 
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Appendix 18: Significant difference (p-value) between cohorts from post-hoc (Tukey’s HSD) analysis of the early stage 

samples from Vienna for the top 11 autoantibodies. 

Autoantibody EarlyV-Healthy EarlyV-Benign EarlyV-EarlyA EarlyV-Late 

Anti-ANXA1 0.91 0.5 *** *** 

Anti-ARAP1 0.76 0.94 *** ** 

Anti-ARP3 1.00 1.00 *** * 

Anti-AT1A1 0.98 1.00 *** 0.15 

Anti-CFAH 0.38 0.45 *** 0.11 

Anti-OTUB1 0.91 0.62 *** * 

Anti-PITRM1 0.24 0.48 *** * 

Anti-SAHH * 0.92 *** *** 

Anti-SERPH 0.75 1.00 *** * 

Anti-SYG 0.28 0.82 ** ** 

Anti-UBA1 0.48 1.00 *** 0.53 

EarlyA: Early stage samples from Australia; EarlyV: Early stage samples from Vienna.
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Appendix 19: Quantile-quantile plots demonstrating the lack of normality for 

raw and untransformed biomarkers of interest measured in ovarian cancer 

and control cases. 

(A) CA125 serum concentration, (B) Anti-ANXA1 averaged (triplicate) raw 

intensity, (C) Anti-SAHH averaged (triplicate) raw intensity and (D) Anti-ARP3 

averaged (triplicate) raw intensity. 

 

A B 

C D 
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Appendix 20: Sensitivity, specificity, PPV and NPV of CA125 and the 3-biomarker panel (CA125/anti-ARP3/anti-SAHH) for 

early stage ovarian cancer as determined by ROC curve analysis of the verification microarray cohort. 

Marker/Panel AUC Std. Error 95% CI p-value Criterion Sensitivity (%) Specificity (%) §PPV (%) §NPV (%) 

CA125 0.90 0.048 0.81 to 1.00 <0.0001 35 U/ml 82.4 90.9 0.09 100 

CA125 + Anti-ARP3 

+ Anti-SAHH 
0.97 0.022 0.93 to 1.01 <0.0001 >0.74 82.4 100 100 100 

§Calculation based upon the prevalence of ovarian cancer in the general population of 0.01%. 

 

NB: Calculations performed using the following equations for PPV and NPV. 

𝑷𝑷𝑽 =
𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆

(𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆) + (𝟏 − 𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆)
 

 

𝑵𝑷𝑽 =
𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆

(𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆) + (𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆)
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Appendix 21: Anti-ANXA1 autoantibody levels in serum determined by ELISA. 

A) Healthy, B) benign, C) early and D) late cohort. 
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Appendix 22: Anti-SAHH autoantibody levels in serum determined by ELISA. 

A) Healthy, B) benign, C) early and D) late cohort. 
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Appendix 23: Anti-ARP3 autoantibody levels in serum determined by ELISA. 

A) Healthy, B) benign, C) early and D) late cohort. 
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Appendix 24: Patient microarrays containing replicate spots with ≥90% pixel saturation. 

Patient Reference ARP3 (%Saturation) SAHH (%Saturation) ANXA1 (%Saturation) 

KM478_II 100 52 88 

 73 52 82 

 73 44 81 

KM549_B 95 100 89.7 

 61 88 88 

 53 88 78 

KM559_B 100 91 98 

 100 90 97 

 100 75 90 

KM600_H 100 100 100 

 94 100 100 

 92 100 96 
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Appendix 25: Parallel coordinates plot assessing the split in autoantibody 

binding signal intensity for target antigens in early stage cancer samples. 

A) Anti-ANXA1 autoantibody signal intensity in early stage cancer samples above 

(black) and below (red) a normalised intensity of 11. B) Early stage samples with a 

normalised intensity <11. C) Early stage samples with a normalised intensity ≥11. 

Each line represents the autoantibody signal in a single serum/plasma sample. y-

axis: Normalised intensity (VSN); x-axis: Target antigens 1) ARP3, 2) ANXA1 and 

3) SAHH. Centres OICR (green), TOC (red), IMU (blue), FCCC (black) and RAH 

(purple). 
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Appendix 26: Parallel coordinates plot comparing autoantibody binding 

signal intensity for target antigens in stage I and II cancer samples. 

Autoantibody signal intensity in stage I (red) and stage II (black) cancer samples. 

Each line represents the autoantibody signal in a single serum/plasma sample. 

X-axis: Target antigens 1) ARP3, 2) ANXA1 and 3) SAHH. 
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Appendix 27: Combined number of verification and validation samples. 

Protein 
Microarray 

Centre Healthy Benign Stage I Stage II Stage III 

Verification RAH 30 30 4 4 20 

PHI 0 0 6 4 0 

Validation RAH 23 34 1 3 35 

IMU 20 21 10 6 0 

 NUS 10 7 0 0 10 

 FCCC 9 0 3 7 10 

Total 92 92 24 24 75 
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Appendix 28: Combined number of verification and validation samples with 

a recorded CA125 serum concentration. 

Protein 
Microarray 

Centre Healthy Benign Stage I Stage II 

Verification RAH 26 28 4 3 

PHI 0 0 6 4 

Validation RAH 2 14 1 2 

IMU 19 21 10 6 

Total 47 63 21 15 
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Appendix 29: ROC curves generated from the raw intensity data and LDA of 

anti-ANXA1 with CA125 for discriminating early stage ovarian cancer 

patients from healthy individuals. 

Comparison of CA125 with and without anti-ANXA1 as a biomarker panel for 

differentiating between (A) early stage I and stage II cancer patients from healthy 

individuals; (B) early stage II cancer patients from healthy individuals. Cohorts 

analysed healthy (n=47), early stage I (n=21) and stage II (n=15) cancer. 
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Appendix 30: PPV and NPV of CA125 and/or anti-ANXA1 for stage I ovarian cancer in high-risk populations as determined 

by ROC curve analysis of both the verification and validation dataset. 

Marker/Panel 
Cohort AUC 

Sensitivity 

(%) 

Specificity 

(%) 

Prevalence (post-

menopause: 0.04%a) 

Prevalence (BRCA1 

mutation: 2.5%b) 

Prevalence (BRCA1 and 

BRCA2 mutation: 1.3%c) 

PPV (%) NPV (%) PPV (%) NPV (%) PPV (%) NPV (%) 

Anti-ANXA1 H: 47 

SI: 21 

0.80 81.0 72.3 0.12 99.99 6.97 99.33 3.71 99.66 

CA125 0.87 61.9 95.7 0.57 99.98 26.96 98.99 15.94 99.48 

CA125 + anti-

ANXA1 
0.89 

71.4 100 100 99.99 100 99.27 100 99.62 

Calculation based upon the estimated prevalence of ovarian cancer in; aPost-menopausal women446; bBRCA1 mutation 

carriers447,448; cBRCA1 and BRCA2 mutation carriers449. 

 

NB: Calculations performed using the following equations for PPV and NPV. 

 

𝑷𝑷𝑽 =
𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆

(𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆) + (𝟏 − 𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆)
 

 

𝑵𝑷𝑽 =
𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆

(𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄𝒊𝒕𝒚 × 𝟏 − 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆) + (𝑺𝒆𝒏𝒔𝒊𝒕𝒊𝒗𝒊𝒕𝒚 × 𝑷𝒓𝒆𝒗𝒂𝒍𝒆𝒏𝒄𝒆)
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