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Abstract 

Breast cancer (BCa) is the most common type of non-cutaneous cancer globally. 

Despite advances in screening methods and treatment regimens, the malignancy leads 

to the most female cancer-related deaths each year. An aggressive subtype of breast 

cancer which often presents at a high histological grade is triple negative breast cancer 

(TNBC). TNBC is characterised by the absence of estrogen and progesterone receptor 

expression, as well as a lack of HER2 over-expression. TNBC currently has the worse 

prognosis among the molecular subtypes. However, early diagnosis and the 

development of targeted treatment may improve patient outcome.  

Peptide-drug conjugates are an emerging class of targeted therapies that are 

increasing the efficacy of anticancer agents through tumour-specific delivery. This 

work focused on identifying small peptides which target TNBC cells for the subsequent 

development of a peptide-based drug delivery system. To identify small peptides 

which specifically target TNBC, next generation phage display was employed for the 

high throughput screening of a diverse, small peptide library against non-tumourigenic 

and TNBC cell lines. Next generation sequencing analysis led to the identification of 44 

potential TNBC targeting peptide candidates. In vitro cellular uptake studies with the 

peptide candidates resulted in the prioritisation of two TNBC targeting small peptides 

for in vivo biodistribution studies and the subsequent development of TNBC targeted 

therapeutics. 

Recent studies have highlighted the diagnostic potential of serum autoantibodies, 

which are produced in early carcinogenesis in response to tumour associated antigens. 

In this study, the presence of cancer-specific autoantibodies in TNBC patient serum 

samples was confirmed by flow cytometry and potential TNBC autoantibody antigens 

were identified using a serological proteome analysis approach. Following on from the 

identification of TNBC neoantigens, western blot analyses with overexpression lysate 

confirmed the presence of a novel TNBC autoantibody in patient sera. This highlighted 

the value of autoantibodies in early diagnostic screening, but also their potential use 

for targeted therapies when combined with novel delivery systems. 

Overall, the work in this study has led to the discovery of TNBC associated antigens, 

their corresponding autoantibodies, and targeting small peptides for the development 
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of early diagnostic tools and peptide-based targeted treatments with the potential to 

improve the prognosis and subsequent outcome for women with TNBC. 
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Chapter 1: Introduction 

 

1.1 Breast Cancer  

 

There was an estimated 2.3 million new cases of breast cancer (BCa) diagnosed in 

2020, with BCa being the most common form of non-cutaneous cancer globally (Sung 

et al., 2021). The disease has been estimated to affect 1 in 8 women in their lifetime, 

with ageing being associated with an increased risk of the disease (Siegel et al., 2022). 

In 2019, BCa incidence rates were 88% higher in developed countries (Australia, New 

Zealand and European and North American countries) compared to developing 

countries (Central American, African and South Asian countries). Despite this, BCa 

mortality rates were 17% higher in developing countries such as Melanesian, Western 

African and Caribbean countries (Sung et al., 2021). Incidence rates of BCa in the 

United States were also higher in white women compared to Black, Asian, American 

Indian and Hispanic women, however BCa mortality rates were 41% higher in Black 

women than in white women (Siegel et al., 2022). 

 

BCa consists of a compilation of distinct malignancies that arise in the mammary 

glands. Rates of survival have increased with improvements in early detection and 

systematic treatment, however, treatment is not curative in all individuals (Blanks et 

al., 2000, Cossetti et al., 2015, Siegel et al., 2022). Despite these advances, BCa 

accounted for 15.5% of global female cancer-related deaths in 2020 and the most 

female cancer-related deaths in women between 20 and 59 years old (Sung et al., 

2021, Siegel et al., 2022). The metastasis of BCa is the leading cause of mortality, 

where the tumour disseminates and moves to secondary sites in the body such as the 

lungs, brain and bone (Weigelt et al., 2005). 

 

The disease is highly heterogeneous, displaying both intertumoural and intratumoural 

differences (Aleskandarany et al., 2018). BCa is therefore classified into distinct 

subtypes whose molecular profiles and pathological characteristics vary. A patient’s 

prognosis is dependent on such variations, as the histopathological and molecular 

classifications of the malignancy are used to stratify treatment (Malhotra et al., 2010). 

Prognosis is also dependent on the stage of a breast tumour at diagnosis, where later 

stage BCas relate to a poorer patient survival rate (Table 1.1). In early-stage BCa, the 
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Nottingham Grading System (NGS) has been recommended by clinical professional 

bodies for histopathological classification of the tumour (Elston and Ellis, 1991).  

Following the NGS, tumour histological grade has been combined with tumour size 

and axillary lymph node status to form the Nottingham Prognostic Index (NPI) (Galea 

et al., 1992). Higher grade tumours are less differentiated and correlate with an 

increased lymph node status, making tumour grading an important indicator of 

metastasis and possible recurrence (Rakha et al., 2010, Ping et al., 2016). Equally, it is 

largely believed that tumour size strongly correlates with metastatic risk (Sopik and 

Narod, 2018). It is important to note that NPI is being superseded molecular 

classification.   

 

Table 1.1 One year survival rates based on breast cancer stage at diagnosis in England  

Stage at 

diagnosis 

One year  

net-survival 

Stage I 100% 

Stage II 98.9% 

Stage III 95.3% 

Stage VI 65.8% 

Women (aged 15-99) diagnosed in 2015 and followed up in 2016. National Cancer Registration 

and Analysis Service with Public Health England (Bannister and Broggio, 2016). 

 

1.2 Breast Cancer Classification 

 

The pathology of a cancerous lesion can also be determined and utilised to stratify 

treatment options. Carcinomas, which arise from epithelial tissue, are the most 

common form of BCa, with sarcomas representing around 1% of primary tumours. The 

histopathological classification system defines breast carcinomas as either in situ, 

invasive or metastatic carcinomas, where invasive and metastatic carcinomas often 

relate to a poorer outcome (Table 1.2) (Feng et al., 2018).  Carcinomas in situ are 

confined to the ductolobular system of the breast and are often grade 0 (Foote and 

Stewart, 1941, Lee et al., 2012). The most common form of non-invasive BCa is ductal 

carcinoma in situ (DCIS), representing 20-25% of all BCa cases and 80% of in situ cases 

(Kuerer et al., 2009). DCIS form from neoplastic luminal cells that are confined to the 

mammary ducts. If untreated, the ductal lesions can acquire an invasive phenotype 
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which allows cells to penetrate the basement membrane and infiltrate the stroma (van 

Seijen et al., 2019). This was observed in a population-based cohort study of women 

identified from the NHS Screening Programme to have DCIS. The follow up of 35,024 

women over five or more years found that DCIS treated patients were at an increased 

risk of invasive BCa compared to the general population, but intensive treatment or 

larger surgical margins appeared to lower the risk (Mannu et al., 2020).  

 

Table 1.2 Common forms of breast carcinoma 

Type of 

Carcinoma 

In situ or 

invasive 

Incidence Characteristics        

Ductal 

Carcinoma  

in situ (DCIS) 

In situ 20-25% Confined to the mammary ducts. No 

stromal invasion. 

Lobular 

Carcinoma  

in situ (LCIS) 

In situ 0.5-1% Confined to the breast lobules. No 

stromal invasion. 

Infiltrating 

ductal 

carcinoma 

Invasive 80% Neoplastic cells invade the surrounding 

stroma resulting in lymphovascular 

invasion. Includes tubular, medullary, 

mucinous, papillary and cribriform 

carcinomas. 

Infiltrating 

lobular 

carcinoma 

Invasive 10-15% Neoplastic cells invade the surrounding 

stroma resulting in lymphovascular 

invasion. More common in older 

women. 

Inflammatory 

breast cancer 

Invasive 1-5% Cancerous cells block lymph vessels in 

the breast. Symptoms include redness 

and swelling of the breast. Affects 

young women. 

Information adapted from Feng et al., 2018 and Wen and Brogi, 2018  

 

In a similar manner, lobular carcinomas in situ (LCIS), which are less common, can also 

progress into their invasive counterpart (Wen and Brogi, 2018). Invasive carcinomas 

are most commonly invasive ductal (IDC) or invasive lobular (ILC), with ILCs having a 

lower response rate to endocrine treatment and chemotherapy (Sikora et al., 2013, 
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Barroso-Sousa and Metzger-Filho, 2016). Due to the infiltrating nature of invasive 

carcinomas, cancerous cells are likely to form lymph node metastases, leading to 

systemic disease progression and possible mortality. 

 

In combination with histopathology, the gene expression profile of a tumour can be 

utilised as a prognostic factor tool. The molecular classification is dependent on 

whether a particular lesion expresses the estrogen receptor (ER) or the progesterone 

receptor (PR), and whether overexpression of the human epidermal growth factor 2 

(HER2) is observed. In addition, the nuclear non-histone protein Ki-67 has been 

identified as a proliferation marker which correlates with a poorer patient prognosis 

in luminal cancers (Soliman & Yussif, 2016). Collectively, there are five distinct 

molecular subtypes of BCa (Table 1.3). Hormone receptor positive BCas account for 

70% of patients and their gene expression is similar to that of the luminal epithelial 

component of normal breast (Perou et al., 2000). Due to differences in their relative 

expression of hormone receptors and proliferation- related genes, luminal cancers can 

be further sub classified into Luminal A and Luminal B tumours (Abubakar et al., 2019). 

Overall, luminal cancers have the best prognosis. The luminal B subtype is more 

aggressive than luminal A, where tumours are often a higher histological grade, are 

more likely to relapse, and possess a higher proliferative potential (Eroles et al., 2012). 

However, not all ER+ tumours are luminal, as a recent 80-gene signature study led to 

the reclassification of 13% of IHC identified ER+/HER2- luminal tumours to basal 

tumours, whose pathological complete response (pCR) rate was more similar to that 

of ER- basal BCas than their luminal counterparts (Krijgsman et al., 2012, Bertucci et 

al., 2020). Human epidermal growth factor receptor 2 (HER2) overexpressing cancers 

are less common, representing 15% of patients (Figueroa-Magalhães et al., 2014). The 

presence of malignant cells that express abnormally high levels of HER2 correlates to 

poor survival (Slamon et al., 1987). Despite this, the incorporation of HER2-targeted 

therapy into treatment regimens has led to a 50% reduction in recurrence and a 30% 

increase in disease-free survival rates (Romond et al., 2005, Perez et al., 2014). In 

contrast, basal-like BCa is not characterised by the presence of hormone or growth 

factor receptors, but by the expression of gene clusters similar to that of the basal-

myoepithelial layer of the breast, such as cytokeratins 5/6 and laminin (Perou et al., 

2000). Basal-like tumours represent 15% of clinical cases but are highly heterogeneous 

and invasive, leading to the worst prognosis across the molecular subtypes (Milioli et 
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al., 2017, Fallahpour et al., 2017). The majority of basal-like tumours are triple 

negative, lacking ER, PR and HER2 overexpression. Therefore, unlike luminal and HER2-

enriched tumours, basal-like BCa is poorly characterised and lacks targeted treatment 

(Dai et al., 2015). The least common molecular subtype is normal-like BCa, 

characterised by gene expression profiles similar to that of adipose and non-

myoepithelial cells (Sørlie et al., 2001). This rare subtype has a prognosis between that 

of luminal and basal-like BCa (Yersal and Barutca, 2014). 

 

Table 1.3 The Molecular Subtypes of Breast Cancer 

Molecular 

Subtype 

Molecular 

Signature 

Prognosis Specific 

Treatment 

5-year 

OS rate 

Luminal A ER+,PR+,HER2-,Ki-67 

low 

Good Hormone   

therapy 

93% 

Luminal B ER+,PR+,HER2-/+, Ki-

67 high 

Intermediate Hormone 

therapy 

88% 

HER2 

overexpression 

ER-,PR-,HER2+ Poor Anti-HER2    

therapy 

84% 

Basal  ER-,PR-,HER2-, basal 

marker+ 

Poor No targeted 

therapy 

83% 

Normal-like ER-,PR-,HER2-, Ki-67 

low 

Intermediate No targeted 

therapy 

N/A 

Adapted from Eroles et al., 2012, Dai et al.,2015 and Zuo et al., 2017 

 

In addition to the five intrinsic subtypes originally identified by Perou et al., claudin-

low BCa is now being explored as an additional molecular subtype of BCa. The tumours 

have been identified using murine and human models and express low levels of 

occludin, E-cadherin, and claudins 3,4 and 7, as well as high expression of 

mesenchymal markers (Herschkowitz et al., 2007, Sabatier et al., 2014). They can also 

be distinguished by their low levels of genomic instability, mutational burden, and 

proliferation (Fougner et al., 2019). This subtype are ductal invasive carcinomas which 

adopt a triple negative like phenotype and relate to a poor prognosis, with studies 

showing resistance to chemotherapy (Prat et al., 2010). The variation between 

subtypes highlights the importance of treating BCa as a compilation of distinct diseases 

which require differential treatment methods. 
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1.3 Methods of Diagnosis 

 

For all molecular subtypes, early-stage detection greatly improves a patient’s 

prognosis. BCa may be detected by a mammogram or from clinical breast examination 

(CBE), although CBE can only detect palpable tumours and relies on self-referral. Major 

advances in screening programmes and primary tumour diagnosis have aided in the 

early detection of the disease (Milosevic et al., 2018). The early detection of the 

disease in this manner has contributed to a global reduction in BCa mortality, 

measured by random control trials (RCTs) (Paci, 2012, Marmot et al., 2013, Tabár et 

al., 1985, Nelson et al., 2009). It is important to note that screening alone does not 

account for this reduction, as there have been vast improvements in treatment in 

conjunction with screening (Berry et al., 2005). Furthermore, early detection of 

asymptomatic secondary tumours has also been shown to greatly increase survival 

rate (Houssami et al., 2009). 

 

In the UK, women are invited to screening through the NHS breast screening 

programme within 3 years of turning 50 years old. The initial age group for screening 

was 50-64 years, however, this has now been extended to women who are 50-70 years 

old, with cancer detection rates being higher in older women (Bennett et al., 2009, 

Moss et al., 2001). The screening programme is estimated to have led to a 20% 

reduction in BCa mortality, due to early detection of the disease (Marmot et al., 2013). 

Additionally, the programme led to a 24% increase in BCa detection between 2000-

2005 (Bennett et al., 2009). However, evidence is emerging that supports the 

reduction of the NHS screening programme age, with data suggesting that starting 

screening at 40 years old results in reduced BCa mortality  (Moss et al., 2015, Duffy et 

al., 2020). The identification of primary tumours is achieved using a mammogram, 

where an X-ray of the breast tissue is taken. This is usually successful and results in 

asymptomatic detection, but in some cases, a mammogram is not sufficient. For 

example, high breast density is most frequent in younger women and affects 

mammogram quality, resulting in obscure results or misdiagnosis (Buist et al., 2004, 

Checka et al., 2012). A study by Mandelson et al., observed a decrease in 

mammographic sensitivity from 80% in women whose breasts were predominantly fat 

to 30% in women who had very dense breast tissue. Furthermore, higher breast 

density was also associated with an increased risk of interval cancer (Mandelson et al., 
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2000). The radiation risk is also higher in premenopausal women, particularly women 

who are less than 20 years of age (Ronckers et al., 2005). Young women are therefore 

not included in population-based screening programmes, but screening for women 

with a high genetic risk of BCa may be beneficial (Oeffinger et al., 2015). For instance, 

germline mutations in BRCA1 or BRCA2 have been reported in 8-12% of early-onset 

BCa cases, and women carrying BRCA1/2 mutations have a 45-80% lifetime risk of BCa 

(Sanjosé et al., 2003, Loman et al., 2001, Rosenberg et al., 2016, King et al., 2003, 

Antoniou et al., 2003). BRCA1 positive patients are also more likely to be diagnosed 

pre-menopause, therefore screening younger women with a genetic susceptibility to 

BCa would outweigh the risks in this population (Paul and Paul, 2014, Veronesi et al., 

2005). 

 

Even though population-based screening has been linked with reductions in BCa 

mortality, the method has been globally scrutinised (Marmot et al., 2013). Over-

diagnosis refers to the treatment of  tumours identified by screening and histologically 

confirmed, that may not have progressed to overt malignancies. The invasive nature 

and psychological stress of unnecessary treatment leads to over-diagnosis being the 

main adverse effect of mammograms (Puliti et al., 2012). Over-diagnosis is not only 

unique to BCa screening, as lung and prostate cancer may also be over diagnosed by 

X-ray or PSA detection respectively (Welch and Black, 2010). It is difficult to determine 

whether BCa is over-diagnosed, and estimations vary from 1% to 10% of cancer 

diagnoses (Duffy et al., 2005, Puliti et al., 2012, Zackrisson et al., 2006). These figures 

mainly relate to non-progressive ductal carcinomas in situ, although only 4% of DCIS 

have been shown to be non-progressive (Yen et al., 2003). It is therefore widely 

believed that the benefits of early detection through screening greatly outweighs the 

chance of over-diagnosis (Marmot et al., 2013). 

 

Another undesired factor of screening is the possibility of false-positive results, leading 

to unnecessary further imaging, clinical examination or, in the minority of cases, a 

biopsy. These results can cause psychological stress for a patient, which has been 

shown to last up to three years and deter patients from attending screening in the 

future (Bond et al., 2013). McCann et al. found that women who had received a false-

positive result at their first screen presented with interval cancer or larger tumours at 

following screens (McCann et al., 2002). Other studies contradict these findings, 



21 

 

suggesting that an individual who has received a false-positive result previously is not 

less likely to attend further mammograms in the future (Johns et al., 2010). False-

negative results also occur, however, they are much less frequent than false-positive 

scans (Nelson et al., 2016). They are influenced by high breast density and by 

histopathological classification, as lobular carcinomas are more difficult to identify due 

to their similarities with normal breast tissue (Seely and Alhassan, 2018).  

 

Although mammography is the most common method of BCa detection, the disease 

can also be detected via other supplementary imaging methods, such as 

ultrasonography and magnetic resonance imaging (MRI). If a mammogram yields 

positive or inconclusive results, ultrasonography is utilised by clinicians to assess the 

lesion and guide biopsy (Appleton et al., 2014). For dense breast tissue that is classified 

as 3 or 4 by the breast imaging and reporting system (BI-RADS), ultrasound scans may 

also be employed as mammograms are less sensitive in these cases (Okello et al., 

2014). This technique is non-invasive, does not use ionising radiation, and has been 

shown to have a greater sensitivity for detection in younger women (Corsetti et al., 

2008). MRI scans are more sensitive than mammography, leading to earlier cancer 

detection, especially in high risk younger women with dense breast tissue (Ahern et 

al., 2014). However, the cost of an MRI scan is high, and the increased sensitivity of 

contrast-enhanced MRI may lead to low specificity and an increased number of over-

diagnosed cases (Leach et al., 2005, Mann et al., 2019). 

 

1.4 Treatment and Resistance 

 

Once a patient is diagnosed with BCa, a treatment regimen is decided based on the 

pathological characteristics and the molecular subtype of the disease. Conventional 

treatment of BCa includes surgery, chemotherapy and radiotherapy. Depending on the 

size and histological grade of a primary tumour, an individual may be advised to have 

breast conserving surgery or, less frequently, a full mastectomy. The current standard 

treatment for early-stage BCa is breast conserving surgery followed by radiotherapy 

(Lovrics et al., 2009). Studies have shown that patients who receive breast conserving 

surgery with postoperative radiotherapy have similar rates of survival with less 

psychosocial impact on the individual compared to a full mastectomy (Fisher et al., 

2002, Litière et al., 2012). In addition, the systemic treatment of early invasive BCa by 
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adjuvant chemotherapy such as CMF (cyclophosphamide, methotrexate and 5-

fluorouracil) or anthracyclines reduces mortality and metastatic progression (Rossi et 

al., 2015). Neoadjuvant chemotherapy may also be administered in order to reduce 

tumour size prior to surgery, however administering chemotherapy in this manner 

leads to an increased risk of local recurrence compared to in an adjuvant setting 

(Asselain et al., 2018). In contrast, for locally advanced BCas, neoadjuvant 

chemotherapy can render inoperable tumours operable by breast conserving therapy 

(Swain et al., 1987, Klein et al., 2019). Node positive BCa neoadjuvant chemotherapy 

includes the use of anthracyclines and possibly taxanes (Gogas and Fountzilas, 2003, 

Henderson et al., 2003). Patients who are diagnosed with metastatic BCa are treated 

in a similar manner, with anthracyclines as a first-line treatment followed by taxanes, 

however metastatic BCa is rarely curable and patients eventually relapse (Crown et al., 

2002, Claessens et al., 2020). 

 

As aforementioned, prognostic markers of the disease can be utilised for molecular 

targeted treatment. The Her-2/neu oncogene is overexpressed in 30% of BCas, 

particularly in the malignant population (Slamon et al., 1987). Early in vitro and in vivo 

studies targeted the extracellular domain of the HER2 tyrosine kinase which 

subsequently inhibited cell proliferation, leading to the humanisation of a HER2 

targeting monoclonal murine antibody to form trastuzumab (Carter et al., 1992, 

Pietras et al., 1998). A phase three trial by Slamon et al. found that targeting HER2 

amplification with trastuzumab, along with first-line chemotherapy, increased 

treatment response thus patient survival in metastatic BCa (Slamon et al., 2001). 

When trastuzumab is administered with pertuzumab and docetaxel, a review of RCTs 

found that HER2-directed therapies worked synergistically and had an undeniable 

impact on the overall survival of patients with metastatic BCa (Mendes et al., 2015). 

Due to the clinical efficacy of administering trastuzumab with chemotherapy, 

trastuzumab has also been considered in antibody-drug conjugate therapeutics. 

Furthermore, HER2 is overexpressed in breast tumours and expressed at low levels in 

normal tissue, making HER2 monoclonal antibodies a good candidate for target 

treatment (Press et al., 1990). Another emerging target treatment for HER2 

overexpressing BCas is lapatinib. The dual tyrosine kinase inhibitor, which interrupts 

both HER2 and ER signalling, progressed through phase III clinical trials and has been 

shown to increase progression-free survival (PFS) of ER+/HER2+ metastatic BCa patients 
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when administered in combination with capecitabine (Seebacher et al., 2019, Yang et 

al., 2020). 

 

In ER+ BCas, selective estrogen receptor modulators, termed SERMS, act as  

antagonists of the ER in mammary cells and lead to a high response rate in these 

patients (Johnston and Dowsett, 2003). The agonistic or antagonistic action of SERMS 

is dependent on the differential expression of the ER and corresponding ligand-

receptor interactions, the interaction of SERMS with various co-activators and co-

repressors, and the tissue specificity of the non-steroidal compounds (Martinkovich et 

al., 2014, Riggs and Hartmann, 2003). For instance, Shang and Brown demonstrated 

that the SERM tamoxifen induces the recruitment of corepressors to ER target genes 

in mammary cells and the recruitment of coactivators in endometrial cells (Shang and 

Brown, 2002). In hormone receptor positive BCas, tamoxifen is an anti-estrogen 

therapy which increases patient survival and lowers recurrence rate (Early Breast 

Cancer Trialists' Collaborative, 1998, Ward, 1973, Kooreman et al., 2018, Osborne, 

1998). Adverse effects of tamoxifen include thrombosis and increased risk of 

endometrial cancers (Cuzick et al., 2003). In postmenopausal women, tamoxifen may 

be used alone or with aromatase inhibitors, which reduces recurrence risk compared 

to 5 years of tamoxifen alone (Burstein et al., 2010). Aromatase inhibitors result in 

estrogen deprivation to reduce ER activity, but also adversely lead to bone loss 

(osteoporosis) during treatment (Perez and Weilbaecher, 2006). In addition, the 

selective ER downregulator/degrader (SERD) fulvestrant was also found to increase 

the PFS of women with ER+ and PR+ locally advanced or metastatic BCa, with the 

median PFS being 16.6 months in the fulvestrant group vs 13.8 months in the 

anastozole group (Robertson et al., 2016). From this, fulvestrant became a Food and 

Drug Administration (FDA) approved treatment of ER+ advanced BCas and displays 

clinical efficacy when administered in combination with signalling inhibitors targeting 

endocrine resistance pathways (Rocca et al., 2018). 

 

There are also other emerging target therapies for BCa. Checkpoint inhibitors such as 

cyclin D-CDK4/CDK6 inhibitors block cell cycle progression and the subsequent 

proliferation of malignant cells (Toogood et al., 2005). In hormone receptor positive 

BCa, the inhibitors palbociclib and ribociclib significantly improved PFS when 

administered in conjunction with endocrine therapy (Shah and Cristofanilli, 2017, 
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Hortobagyi et al., 2016). Another class of inhibitors used to treat BCa are the 

PI3K/Akt/mTOR inhibitors. The phosphoinoside-3-kinase (PI3K)/Akt/mTOR pathway is 

often activated in hormone receptor positive BCa and regulates cell survival, 

proliferation and metabolism (Dey et al., 2017). The upregulation of this pathway is 

associated with endocrine therapy resistance, with PI3KCA being significantly mutated 

in luminal and ER+ BCa (Miller et al., 2010, Ellis and Perou, 2013). PI3K, Akt and mTOR 

inhibitors have each displayed promising clinical efficacy when used in combination 

with trastuzumab in HER2+ advanced BCa (Tolaney et al., 2015, Hudis et al., 2013, 

Seiler et al., 2015) . Poly (ADP-ribose) polymerase (PARP) inhibitors have also shown 

clinical response, particularly in cancers harbouring BRCA1/2 mutations such as TNBC. 

The PARP inhibitor Olaparib prevents single strand break repairs leading to 

subsequent apoptosis of tumour cells. When used as a monotherapy in a phase III trial, 

PFS of HER2- patients with BRCA1 mutations was extended by 2.8 months and risk of 

disease progression decreased by 42% when compared to standard therapy (Robson 

et al., 2017). Other potent PARP inhibitors are currently progressing through trials with 

promising clinical efficacy.  

 

Even though prognostic markers have enabled the molecular subgrouping of BCa and 

thus the development of targeted therapies, many patients still experience tumour 

relapse after remission. Tumour relapse is believed to occur due to intrinsic or 

acquired resistance. With regard to systemic therapy, the use of a single 

chemotherapy agent often elicits a response, however acquired drug resistance and 

tumour progression is inevitable. In metastatic BCa patients, drug resistance leads to 

failure of treatment in over 90% of patients (Longley and Johnston, 2005). 

Anthracyclines are mainly believed to develop resistance through increased drug 

efflux and alteration of topoisomerase II expression, whereas resistance to taxanes 

may occur through increases in multi-drug resistance protein 1 (MDR1) expression and 

the altered expression of β-tubulin isotopes (Gonzalez-Angulo et al., 2007, Saeki et al., 

2005). Patients can also acquire resistance to antibody-based and endocrine therapy. 

Despite the increase in overall survival of HER2+ BCa patients who receive trastuzumab 

and chemotherapy, metastatic patients acquire resistance to trastuzumab within a 

year (Nahta et al., 2006). Trastuzumab resistance is believed to involve the activation 

of the PI3K/Akt/mTOR pathway and loss of the tumour suppressor PTEN, disruption of 

antibody-receptor binding via overexpression of mucin-4 (MUC4), and upregulation of 
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other signalling pathways like insulin-signalling (Nagy et al., 2005, Lu et al., 2001, 

Nagata et al., 2004). In contrast, endocrine therapy resistance is believed to occur 

through loss of intact ERα expression with increased expression of truncated isoforms 

of the receptor, activation of PI3K pathway activity, and increased AP1 activity as a 

result of tamoxifen-induced oxidative stress (Schiff et al., 2000, Alistair and Mitch, 

2004, Musgrove and Sutherland, 2009). To overcome acquired treatment resistance 

to available therapies, combination therapy has been employed in clinical practice. 

 

1.5 Therapy Resistance and Breast Cancer Stem Cells 

 

The intrinsic chemoresistance, radioresistance and therapeutic resistance of BCa has 

also been linked to intratumoural heterogeneity and the existence of a subpopulation 

of undifferentiated cells termed cancer stem cells (CSCs) (Peitzsch et al., 2017). In 

normal tissue, somatic stem cells possess the ability to self-renew and to differentiate 

into multiple lineages to maintain tissue structure and function (Goodell et al., 2015).  

The existence of a similar population of cells in cancer was first alluded to in acute 

myeloid leukaemia, where only CD34+/CD38- leukaemia cells could initiate 

tumourigenesis in NOD/SCID mice (Lapidot et al., 1994). Furthermore, these cells 

could differentiate into leukemic blasts, inferring that a cell hierarchy was present 

(Bonnet and Dick, 1997). This work led to the identification of tumour initiating cells, 

termed cancer stems cells (CSCs), in a range of solid tumours including BCa (Al-Hajj et 

al., 2003). Conversely, there has been conflicting evidence on the existence of CSCs. 

For instance, Quintana et al., found that 28% of single melanoma cells obtained from 

patients were able to form tumours in NOD/SCID IL2Rγnull mice and suggested that 

differences in tumourigenicity in melanoma cells is due to phenotypic plasticity and 

not the presence of a cell hierarchy (Quintana et al., 2008, Quintana et al., 2010). 

However, there is a considerable amount of research which does correlate with the 

existence of a CSC subpopulation (Batlle and Clevers, 2017). 

 

In healthy tissue, the heterogeneous collection of different cell types that collectively 

form tissues and organs arise from stem cells in a hierarchal manner (Nguyen et al., 

2012). The CSC theory describes a CSC hierarchy similar to that of normal stem cells, 

where CSCs may initiate and sustain the tumour by asymmetric division to self-renew 

and maintain the CSC population, while producing progenitor cells which differentiate 



26 

 

and contribute to the tumour mass (Saeg and Anbalagan, 2018). This is controversial, 

as is it has also been hypothesised that neoplastic stem cells may divide symmetrically 

to expand the stem cell population and promote aneuploidy (Morrison and Kimble, 

2006). The origin of CSCs also remains unclear. Proposed models suggest that breast 

cancer stem cells (BCSCs) are formed when multipotent mammary stem cells, 

progenitor cells or differentiated cells acquire a series of genetic mutations which lead 

to the conversion or de-differentiation of mammary cells to malignant cells with 

“stem-like” properties (Sin and Lim, 2017).  

 

BCSCs have been suggested to be drivers of tumour progression and conventional 

therapy resistance (Zhang et al., 2020). This subpopulation of cells become enriched 

after treatment and can form mammospheres in culture, demonstrating that BCSCs 

may initiate tumour relapse (Li et al., 2008). As CSCs are mainly quiescent, they are 

protected from anti-proliferative chemotherapy (Chen et al., 2021, Chen et al., 2012). 

CSCs have also been shown to over express ABC transporters to increase substrate 

efflux, thus protecting breast cancer stem cells (BCSCs) from chemotherapeutic drugs 

(Begicevic and Falasca, 2017). Additionally, the inhibition of ABC transporters or 

reversal of CSC multi-drug resistance has been shown to sensitise chemoresistant cells 

to therapy (Wu et al., 2008). Radiotherapy also enriches for CSCs and promotes 

invasiveness through epithelial-mesenchymal transition (EMT) and increased 

migration (Ko et al., 2018). CSCs possess a high DNA repair capacity thorough 

activation of ATR-Chk1 and ATM-Chk2, allowing CSCs to repair radiation-induced 

lesions (Yin and Glass, 2011). 

 

BCSCs can be identified by cell surface marker expression. This was demonstrated by 

Al-Hajj et al., who found that CD44+/CD24-/lineage- cells extracted from solid primary 

breast xenografts initiated tumorigenesis in immunocompromised mice (Al-Hajj et al., 

2003). BCSCs also exhibit high cell plasticity across the molecular subtypes, with 

CD44+/CD24- BCSC populations expressing enhanced mesenchymal markers (Sheridan 

et al., 2006). For example, CD44+/CD24- cells possess a higher stem cell ability when 

identified in combination with EpCAM as a reference marker (Ghebeh et al., 2013). 

Furthermore, this sub-population of cells transits between either an epithelial-like 

proliferative state or a mesenchymal-like state which is less proliferative and highly 

invasive. The transition of cancer stem cells to a mesenchymal phenotype preserves 
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tumour ‘stemness’ and facilitates cell migration. This suggests that the 

microenvironment initiates EMT in BCSCs to enable metastasis and the invasion of 

cancer stem cells into secondary organs (Thiery et al., 2009, Liu et al., 2014). It has also 

been suggested that CSCs are able to readily undergo EMT as they possess epigenetic 

and metabolic plasticity (Walsh et al., 2019). For instance, Fiorello et al., identified a 

hyper proliferative, energy-driven subset of BCSCs that displayed an enhanced 

capability to undertake anchorage-independent growth and metastasise (Fiorillo et al., 

2019). 

 

To prevent residual disease and subsequent tumour relapse, CSC targeting is now 

being explored. The CSC tumour microenvironment is primed by CSC mediated 

activation of multiple signalling pathways, leading to the release of cytokines which 

prime the metastatic niche for CSC invasion (López de Andrés et al., 2020). To regulate 

cell differentiation and self-renewal, CSCs use signalling pathways such as Sonic 

hedgehog, Wnt, Notch and JAK/STAT3 (Cochrane et al., 2015, Rivas et al., 2018, Wang 

et al., 2018, Venkatesh et al., 2018). For instance, the inhibition of Wnt signalling via 

frazzled receptors was found to decrease the tumourigenicity of multiple malignant 

xenografts (Gurney et al., 2012). Other research also includes a study by McGowen et 

al., which found that the inhibition of Notch1 in MDA-MB-231 cells decreased the 

CD44+/CD24- subpopulation (McGowan et al., 2011). Interestingly, TNBC stem cells 

were also depleted when TNBC derived cell lines were exposed to metformlin, a type 

2 diabetes drug which was shown to suppress TNBC stemness through the PKA-GSK3β-

KLF5 pathway (Shi et al., 2017). With regard to targeting CSC signalling pathways, 

clinical trials targeting cancer stemness have been conducted, including the targeting 

of a hedgehog signalling pathway protein Smoothened (Smo) with Sonidegib in 

advanced triple negative breast cancer patients (Ruiz-Borrego et al., 2019). 

 

Targeting epigenetic modifications in CSCs has also been speculated, where 

combination therapy of epigenetic drugs with chemotherapy may re-sensitise 

chemoresistant CSC populations to treatment. For instance, the delivery of a DNA 

hypermethylation inhibitor encapsulated in a nanoparticle also increased the 

sensitivity of BCSCs in MDA-MB-231 cells and breast xenografts to doxorubicin, 

decreasing the BCSC population and inhibiting tumour growth (Li et al., 2015). 

Furthermore, a study by Schech et al., the histone deacetylating inhibitor, entinostat, 
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reduced the percentage of tumour initiating cells in triple negative breast cancer cells 

(Schech et al., 2015). Different therapeutic agents which target CSCs and the CSC 

microenvironment are progressing through clinical trials for cancer treatment, 

including the use of drugs, monoclonal antibodies and chimeric antigen receptor T-cell 

(CAR-T) therapies, thus highlighting the clinical interest in CSC-directed therapies 

(Yang et al., 2020). 

 

1.6 Triple Negative Breast Cancer 

 

A particular BCa subtype that has been associated with high tumour heterogeneity, 

BCSC enrichment and treatment resistance is triple negative breast cancer (Park et al., 

2019, Bianchini et al., 2022). Around 15-20% of all BCa patients have TNBC. The disease 

is prevalent in younger women, particularly in African-American and Hispanic women 

(Feng et al., 2018, Aysola et al., 2013). Socioeconomic and biological factors are 

believed to account for racial disparities in TNBC. For instance, Jenkins et al., 

demonstrated that DARC/ACKR1 mutations which are specific to Sub-Saharan African 

ancestry are associated with pro-inflammatory chemokines related to tumour 

progression (Jenkins et al., 2019). TNBC has a higher relapse and lower survival rate 

compared to hormone receptor BCas, which is mainly due to a lower age of onset, 

lymph node involvement at diagnosis, higher tumour heterogeneity and greater 

metastatic potential (Dent et al., 2007, Haffty et al., 2006). Approximately 80% of 

TNBCs are basal-like according to gene expression profiling (Dawood, 2010, Yersal and 

Barutca, 2014). Even though the majority of TNBC cases are defined as basal-like 

through the expression of basal/myoepithelial cell markers such as cytokeratin 5, 14 

and 17 and vimentin, some tumours are defined as more normal breast-like from their 

gene expression profiles (Dawood, 2010, Fan et al., 2006, Foulkes et al., 2010). 

However, Prat et al., found that none of the intrinsic subtypes of TNBC led to 

differences in pCR rates or survival after neoadjuvant chemotherapy (Prat et al., 2014). 

 

In a study by Dent et al., triple negative tumours were found in patients through 

clinical examination rather than imaging. This may have been due to either TNBC 

tumours expanding rapidly within screening intervals, or the density of breast tissue 

in women with TNBC effecting detectability (Dent et al., 2007). Furthermore, a study 

looking into interval cancers found by the population-based Norwegian Breast Cancer 
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Screening Programme between 1996 and 2001 discovered that triple negative, basal-

like tumours were more likely to present in the interval between mammograms than 

the other molecular subtypes (Collett et al., 2005). This stresses the need for 

alternative diagnostic tools to compliment screening programmes in the detection of 

TNBC. 

 

Frequent mutations observed in TNBC are related to the tumour suppressor genes 

BRCA1 and BRCA2. The increased risk of BCa among women who harbour BRCA 

mutations was found to be 60% in women who had no first-degree relative and 64% 

in women with a first-degree relative with BCa (Metcalfe et al., 2018). With regard to 

TNBC, around 30% of TNBC patients carry either BRCA1 or BRCA2 mutations, although 

this proportion varies with ethnicity and age (Greenup et al., 2013, Engel et al., 2018). 

The prevalence of BRCA1 mutations may relate to the development of TNBC 

specifically, as women with BCas that are BRCA1 mutated are more likely to have 

higher grade tumours which are triple negative. Woman carrying BRCA1 mutations are 

also more likely to develop TNBC than BRCA2 mutation carriers (Chen et al., 2018). 

Furthermore, the majority of TNBC patients who harbour BRCA1 mutations also have 

TP53 mutations (Greenblatt et al., 2001, Holstege et al., 2009). In addition, other gene 

variants such as BARD1, PALB2 and RAD51D mutations are observed in TNBC (Shimelis 

et al., 2018).  

 

TNBC cannot be targeted by hormonal therapies or monoclonal antibodies that are 

used to treat luminal or HER2 overexpressing cancers, respectively (Eroles et al., 2012). 

Therefore, the main systemic treatment method for TNBC is chemotherapy (Zagami 

and Carey, 2022). The first-line of therapy for advanced TNBC is neoadjuvant 

chemotherapy, which has an objective response rate of 20-35% and therefore a poor 

outcome in the majority of patients (Khosravi-Shahi et al., 2019). Even though 

neoadjuvant chemotherapy elicits the highest response rate in TNBC compared to 

other BCa subtypes, TNBC patients have a higher likelihood of recurrence than non-

TNBC patients within the first 5 years of diagnosis (Haffty et al., 2006). Within the TNBC 

subtype, patients who harbour hereditary BRCA1 mutations have the highest response 

rates to neoadjuvant chemotherapy (Silver et al., 2010). Similarly, TNBC responds well 

to adjuvant chemotherapy post-surgery, but patients have a higher risk of relapse 

within 3 to 5 years after initial chemotherapy (Park et al., 2018). Overall, 
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chemotherapy has varying efficacy for TNBC patients, highlighting tumour 

heterogeneity within the molecular subtype (Masuda et al., 2013). 

 

The differences in clinical response rate among TNBC patients has led to the 

identification of distinct TNBC subtypes. Using gene cluster analysis, Lehnmann et al. 

originally identified 6 intrinsic TNBC subtypes, including basal-like subtypes 1 and 2 

(BL1 and BL2), immunomodulatory (IM), mesenchymal stem-like (MSL), mesenchymal 

(M) and luminal androgen receptor (LAR) subtypes (Lehmann et al., 2011). 

Furthermore, the therapeutic response of each TNBC subtype was investigated in 

preclinical models. Subsequent studies refined the classification to 4 subtypes (BL1, 

BL2, M and LAR) as the gene expression profiles of IM and MSL subtypes were 

influenced by infiltrating lymphocytes and stromal cells in tumour sections (Lehmann 

et al., 2016). Burstein et al. confirmed this, further identifying the basal-like subtypes 

as basal-like immunosuppressed (BLIS) or basal-like immune-activated (BLIA), with 

BLIS tumours having the worst prognosis (Burstein et al., 2015). The BL1 subtype is 

enriched for cell cycle and DNA damage response genes, whilst the BL2 subtype is 

characterised by high expression of myoepithelial markers and growth factor signalling 

components and resulted in lower pCR rates than in patients with LAR or BL2 TNBC 

(Lehmann et al., 2016). The mesenchymal subtype (M) is associated with high 

expression of genes involved in cell motility and ECM interaction, and share features 

with chemoresistant, metaplastic BCas. The most differential subtype, LAR, has gene 

expression patterns similar to luminal tumours and, although ER-, the subtype is driven 

by hormone-related pathways such as androgen signalling (Lehmann et al., 2011). 

 

As predicted, the TNBC subtypes respond differently to chemotherapy and targeted 

treatment. The least proliferative subtype, LAR, has been associated with a better 

prognosis than other TNBC subtypes as LAR tumours are highly differentiated, non-

basal like apocrine carcinomas (Masuda et al., 2013, Yu et al., 2013, Meattini et al., 

2018). Conversely, other studies have suggested that LAR tumours are the most 

resistant to neoadjuvant chemotherapy and are associated with poor prognosis 

(Santonja et al., 2018, Bareche et al., 2018). As LAR tumours are androgen receptor 

(AR) positive, clinical trials have targeted these tumours with anti-androgen therapy 

with some clinical efficacy (Gucalp et al., 2013, Bonnefoi et al., 2016, Lehmann et al., 

2020). In contrast, the BL1 subtype are characterised by high tumour mutational 
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burden and are particularly sensitive to platinum based alkylating agents (Santonja et 

al., 2018).  In addition, BL1 tumours exhibited the highest pCR compared to BL-2 and 

LAR tumours when treated with neoadjuvant anthracycline and cyclophosphamide 

followed by taxane-based therapy (Lehmann et al., 2016). Similar to BL1, the M-

subtype is associated with high tumour mutational burden, which has been linked with 

increased sensitivity to immune checkpoint inhibitors (Barroso-Sousa et al., 2020, 

O'Meara and Tolaney, 2021). However, the M-subtype has low PD-L1 expression, 

indicating that PD-L1 directed immunotherapy would not be successful when used in 

combination with chemotherapy in patients this intrinsic subtype (Lehmann et al., 

2021). The varied pCRs observed in TNBC patients to chemotherapy and current 

treatment regimens emphasises the need for targeted therapy which may be used for 

the treatment of all TNBC subtypes (Masuda et al., 2013).    

 

1.7 Targeted therapies for TNBC    

 

Molecular and functional studies in TNBC have uncovered pathway alterations in the 

disease, therefore highlighting key signalling pathways and proteins that may be 

promising therapeutics targets (Bianchini et al., 2022). An example of a molecular 

pathway which is subject to genetic alteration in TNBC is the homologous 

recombination repair pathway (HRR), with genetic mutations or epigenetic silencing 

of HRR proteins BRCA1/2, PALB2 and RAD51C being associated with TNBC (Polak et al., 

2017, Liao et al., 2021). As aforementioned, PARP inhibitors are progressing through 

clinical trials and demonstrating clinical efficacy in the targeted treatment of TNBC. 

For instance, OlympiAD and EMBRACA phase III trials led to the FDA and the European 

Medicine Agency (EMA) approval of the PARP inhibitor olaparib and talazoparib for 

the treatment of HER2- metastatic breast patients harbouring BRCA1/2 mutations, 

respectively (Robson et al., 2017, Litton et al., 2018). However, follow-up data for both 

trials revealed that neither olaparib or talazoparib improved OS compared to 

chemotherapy (Robson et al., 2019, Litton et al., 2020). As the PI3K/AKT signalling 

pathway is often activated in TNBC through PIK3CA, AKT1 or MTOR activation and/or 

loss of PTEN and INPP4B, the PI3K pathway has also been identified as a molecular 

target for TNBC therapies (Bianchini et al., 2022). Examples of inhibitors targeting this 

pathway in clinical trials for the treatment of TNBC include the PI3Kα inhibitor alpelisib 

and AKT inhibitors ipatasertib and capivasertib (Kim et al., 2017, Schmid et al., 2019, 
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Oliveira et al., 2019, Sharma et al., 2021). Combination therapy aimed at different 

TNBC molecular targets is also being explored. For instance, a phase Ib/II clinical trial 

found that targeting AR+ metastatic TNBC with enzalutamide in combination with the 

PI3K inhibitor taselisib led to an increased clinical benefit rate being observed 

(Lehmann et al., 2020). 

 

Previously, breast tumours were considered as ‘cold’ and immunologically quiescent 

due to relatively low levels of T cell infiltration (Gatti-Mays et al., 2019). However, 

evidence supporting the role of tumour-infiltrating lymphocytes (TILs) as a predictive 

and prognostic marker of a higher pCR rate to neoadjuvant chemotherapy in early 

TNBC is emerging (Loi et al., 2019, Criscitiello et al., 2016, Denkert et al., 2018). A study 

by Dieci et al., found that the ten year overall survival rate of TNBC patients with a 

high number of stromal and intratumoural TILS was 89% compared to 68% in low TILs 

tumours (Dieci et al., 2015). In addition, Althobiti et al. found a higher percentage of 

TILs in TNBC samples compared to other BCa subtypes, with high numbers of average 

stromal TILs and CD3+, CD8+ and CD20+ cells being associated with longer survival in 

TNBC patients (Althobiti et al., 2018). More specifically, a high number of CD8+ TILS 

and a high CD8+/FOXP3 ratio in residual TNBC tumours after neoadjuvant 

chemotherapy has been shown to increase recurrence-free survival (RFS) and BCa 

specific survival (Miyashita et al., 2015).A similar relationship between CD8+/FOXP3 

ratio and RFS has also been highlighted in residual cervical tumours (Liang et al., 2018). 

Individuals with primary invasive TNBC tumours possessing a high number of CD8+ T 

cells were also found to have a better overall survival rate (Abdou et al., 2020).  

 

As well as immune cell infiltration, the expression of the immune cell evasion molecule 

programme death ligand-1, or PD-L1, has been linked to TNBC patient prognosis. The 

presence of checkpoint molecules such as PD-L1 has resulted in the development of 

immune checkpoint inhibitors, a now promising class of immunotherapeutics for 

TNBC. PD-L1 expression is common among high grade, hormone receptor negative 

BCas and expression is observed in around 20% of TNBC tumours (Mittendorf et al., 

2014, Dill et al., 2017). Based on results from the phase III IMpassion130 clinical trial, 

the anti-PD-L1 agent atezolizumab in combination with nanoparticle albumin bound 

paclitaxel has recently been approved by the National Institute for Health Care 

Excellence (NICE) and the FDA for use in PD-L1+ advanced TNBC (Schmid et al., 2018, 
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NICE 2020, Reddy et al., 2020). Trial results demonstrated how atezolizumab with nab-

paclitaxel increased the PFS of women in the intention-to-treat (7.2 vs 5.5 months) 

and PD-L1 positive (7.5 vs 5 months) subgroups compared to nab-paclitaxel only. With 

regard to early TNBC, the PD-L1 inhibitor pembrolizumab is progressing through 

clinical trials with promising phase 1b results, demonstrating high 12 month overall 

survival rates (80-100%) and manageable toxicity (Schmid et al., 2020).  However, 

current TNBC immunotherapies are still only effective in a subset of patients. 

 

An emerging class of immunotherapies for the targeted treatment of TNBC are 

antibody-drug conjugates, which may be utilised to directly deliver cytotoxic agents to 

cancerous cells that express a particular antigen. ADCs exploit the specificity of 

monoclonal antibodies for target cell antigens to deliver cytotoxic agents which are 

covalently linked to the monoclonal antibody. The humanised antibody must bind to 

the target antigen with a high affinity (Kd <10nM) to allow for efficient uptake into the 

target cell (Panowski et al., 2014). Upon antigen binding, the ADC is usually 

internalised by receptor mediated endocytosis, leading to the degradation of a 

cleavable or non-cleavable linker by intracellular conditions or by proteasomal or 

lysosomal degradation, respectively (Sievers and Senter, 2013). The target-specific 

delivery of ADCs improves both the efficacy and safety of cytotoxic drugs by increasing 

the cytotoxic load to target cells whilst decreasing adverse effects on non-target cells 

through minimised systemic drug exposure (Trail et al., 2018). For example, a clinically 

available ADC therapy for Hodgkinson’s lymphoma patients is brentuximab vedotin. 

The ADC achieved a high efficacy and low toxicity by targeting the delivery of 

monomethyl auristatin E (MMAE), a highly toxic antimitotic agent which cannot be 

administered systemically, directly to CD30 expressing Reed-Sternberg cells 

(Kaloyannidis et al., 2020, Whitt et al., 2020). Non-target tumour cells may also be 

subjected to the cytotoxic agent when antigen expressing tumour cells release the 

cytotoxin into the surrounding microenvironment, further improving the efficacy of 

ADCs by the bystander effect (Singh et al., 2016).    

 

Regarding BCa, trastuzumab deruxtecan is an ADC which is approved by the EMA and 

FDA for the treatment of HER2+ metastatic BCa (Duranti et al., 2021, Guo et al., 2022). 

The ADC consists of trastuzumab conjugated to the topoisomerase I inhibitor 

deruxtecan via a tetrapeptide-based linker which is selectively cleaved by cathepsins 
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(Modi et al., 2019, Hurvitz et al., 2023). In the phase III DESTINY-Breast02 trial, 

trastuzumab deruxtecan led to significantly longer median PFS in patients treated with 

trastuzumab deruxtecan (17.8 months) compared to patients treated with 

capecitabine plus trasuzumab or capecitabine plus lapatinib (6.9 months) (Hurvitz et 

al., 2023). In addition, the ADC led to longer PFS and OS in HER2-low metastatic BCa 

patients compared to chemotherapy (Modi et al., 2022). Ado-trastuzumab emtansine, 

or TDM-1, is an FDA approved ADC for the adjuvant treatment of HER2+ early BCa. The 

ADC TDM-1 combines trastuzumab with the antimicrotuble emtansine via a thioester 

linkage. Upon HER2-mediated internalisation, emtansine is released into the 

cytoplasm via lysosomal degradation and inhibits tubulin polymerisation, leading to 

cell-cycle arrest and subsequent apoptosis (Hardy-Werbin et al., 2019). Approval was 

based on the KATHERINE trial, where patients who received TDM-1 demonstrated a 

disease-free survival of 88% compared to 77% in patients who received trastuzumab 

alone (Wedam et al., 2020). Furthermore, the phase III EMILIA clinical trial studied the 

efficacy of TDM-1 compared to capecitabine–lapatinib in HER2+ BCa patients who had 

CNS metastases and who had previously received trastuzumab and taxane 

combination therapy. TDM-1 was associated with a significant increase in overall 

survival (26.8 vs 12.9 months), resulting in FDA approval of TDM-1 for second line 

treatment (Amiri-Kordestani et al., 2014, Krop et al., 2015, Krop et al., 2017). 

 

An ADC which is progressing through clinical trials for the treatment of TNBC is 

sacituzamab govitican, or IMMU-32, which consists of the Trop-2 targeting mAb hSR7 

coupled to SN-8, a potent topoisomerase inhibitor. The pH sensitive cleavable linker 

allows for drug delivery to both TROP-2 overexpressing cells and bystander cells in the 

tumour microenvironment (Bardia et al., 2019, Bardia et al., 2017) . The Ca2+ signal 

transducer Trop-2 is overexpressed in many solid cancers, including 90% of TNBC 

(Huang et al., 2005, Bardia et al., 2017). Phase II trials resulted in a 33.3% response 

rate in heavily pre-treated metastatic TNBC patients (Bardia et al., 2019). Other early-

stage trials are also ongoing with ADCs for TNBC treatment, such as a phase I trial with 

SGN-LIV1a, where an anti-LIV-1 is conjugated to monomethyl auristatin E via a 

protease cleavable linker. Trial results found that LIV-1 was highly expressed in 75% of 

the metastatic BCa tumour samples and that SGN-LIV1a displayed antitumour activity 

in heavily pre-treated metastatic TNBC (Nagayama et al., 2020, Modi et al., 2018).  
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In a similar manner to ADCs, peptide-drug conjugates (PDCs) are also designed for the 

targeted delivery of cytotoxins to malignant cell. In contrast to antibodies, peptides 

can be readily synthesised and modified, display low immunogenicity and toxicity, and 

can possess the ability to cross cell membranes (McGregor, 2008, Boohaker et al., 

2012, Marqus et al., 2017). In regard to TNBC, TH1902 is a PDC currently progressing 

through phase 1 clinical trials for the targeted treatment of SORT1 expressing solid 

cancers including triple negative tumours (Theratechnologies and PPD, 2021). When 

conjugated with docetaxel, the PDC was found to have potent antimigratory and cell-

death inducing effects on MDA-MB-231 cells. Further in vivo studies also resulted in 

increased tumour regression in TNBC xenograft models than with docetaxel (Demeule 

et al., 2021). In addition, Charfi et al., found that TH1902/TH1904 is able to efficiently 

inhibit vasculogenic mimicry in TNBC cell models (Charfi et al., 2021). This highlights 

the potential of peptide-drug delivery systems in targeting aggressive cancers such as 

TNBC. 

 

1.8 TNBC Unmet Clinical Needs 

 

Early detection of TNBC by mammographic screening has been shown to improve 

patient outcome (Chen et al., 2020). However, as previously mentioned, TNBC 

primarily affects premenopausal women who have not yet reached the age for the 

NHS screening programme and the disease often presents in screening intervals (Dent 

et al., 2007, Bennett et al., 2009). Furthermore, denser breast tissue in young women 

can lead to inconclusive results being obtained by current imaging methods, which 

emphasises the clinical need for complementary diagnostic tests to aid in the early 

detection of TNBC (Checka et al., 2012).  

 

Blood-based liquid biopsies are emerging as diagnostic tests for the early detection of 

cancer (Lone et al., 2022). Recent studies have focused on the presence of various 

tumour associated analytes in the blood and investigated their use as diagnostic and 

prognostic markers of TNBC, including circulating nucleic acids, circulating tumour 

cells, exosomes and tumour proteins (Stevic et al., 2018, Henderson et al., 2019, 

Radovich et al., 2020, Dass et al., 2021). When compared to invasive biopsies, 

screening for blood-based tumour biomarkers is low cost and minimally invasive, and 

can be used to monitor disease progression and response to treatment (Radovich et 
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al., 2020, Dass et al., 2021). Therefore, liquid biopsies could be utilised as a BCa 

screening method for young women at high risk of TNBC (Farina et al., 2017).  

 

TNBC targeted treatment also remains a major unmet clinical need, as new targeted 

therapeutics are needed to overcome therapy resistance and to subsequently improve 

patient outcome. In recent years, the development of TNBC targeted therapies such 

as PARP inhibitors, ADCs and immune checkpoint inhibitors have improved the 

treatment landscape for patients with early-stage and metastatic TNBC. However, a 

lack of therapeutic targets has led to chemotherapy remaining as the main treatment 

modality for patients with TNBC, despite the disease being associated with 

chemotherapy resistance and disease recurrence (Nedeljkovic et al., 2019, Zagami and 

Carey, 2022). The site-specific delivery of anticancer agents via targeting ligands has 

been shown to increase the efficacy of chemotherapeutic agents against TNBC, thus 

highlighting the potential of drug delivery systems in TNBC treatment (Bardia et al., 

2019, Demeule et al., 2021). Therefore, the work described in this thesis aims to 

address these unmet clinical needs and to directly investigate two main areas of early 

detection and targeted treatment by using advanced screening methods and novel 

drug delivery technologies. 

 

1.9 Project aims and objectives 

 

The aim of this study was to identify tumour associated antigens and small peptides 

with the potential to act as targeting ligands for TNBC targeted therapeutics. TNBC 

currently has the worse prognosis among the molecular subtypes and has a limited 

number of target therapies available. Therefore, the development of a TNBC targeted 

therapy would address a currently unmet clinical need.   

 

To identify a TNBC selective peptide, we aimed to conduct a non-bias high-throughput 

screen of small peptides against TNBC cells by next-generation phage display. The 

identification and subsequent characterisation of a TNBC peptide could therefore lead 

to a peptide-conjugated or peptide-based delivery system being developed for the 

treatment of the disease. 
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We also hypothesised that TNBC specific antigens may be identified via cancer 

autoantibodies raised in TNBC patients and be targeted by immunotherapy or 

antibody-peptide fusion therapies. The identification of TNBC-specific autoantibodies 

in patient blood sera could also be used for the early detection of TNBC as 

autoantibodies are produced in early-stage disease. This method of diagnosis may 

therefore identify TNBC at an earlier asymptomatic stage compared to a mammogram. 

A diagnostic blood test also would be a low cost and relatively non-invasive test for 

women who are at high risk of TNBC and young women with high breast density. 

 

The aims of this project are summarised as follows: 

1. To identify peptides that target TNBC using a phage display peptide library 

2. To characterise the panel of phage-derived TNBC targeting peptides so that they 

may be utilised in the design of peptide-based therapy. 

3. To establish whether autoantibodies extracted from TNBC patient blood sera bind 

to TNBC cell lines 

4. To identify the TNBC antigens which are leading to an autoantibody response 
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Chapter 2: Materials and Methods 

 

2.1 Materials 

 

All cell culture reagents were purchased from Thermo Fisher Scientific and all 

molecular biology reagents were purchased from Sigma Aldrich unless otherwise 

stated. 

 

2.2 Cell Culture 

Control (MCF10A, HMEC-TERT and BJ) and TNBC (BT549, CAL-51 and MDA-MB-231) 

cell lines (Table 2.1) were cultured at 37oC in a 5% CO2 humidified incubator and 

passaged using 1X trypsin/EDTA under sterile conditions. BT549 and MDA-MB-231 

cells were maintained in RPMI 1640 medium and CAL-51 and BJ cells were maintained 

in DMEM medium. RPMI and DMEM media were supplemented with 10% (v/v) foetal 

calf serum, 1% (v/v) penicillin-streptomycin, 1% (v/v) L-glutamine, 1% (v/v) MEM non-

essential amino acids and 1% (v/v) sodium pyruvate. MCF10A cells were maintained 

in DMEM-F12 medium supplemented with 5% (v/v) horse serum, 1% (v/v) penicillin-

streptomycin, insulin (10 µg ml-1), hydrocortisone (0.5 mg ml-1), epidermal growth 

factor (20 ng ml-1) and cholera toxin (100 ng ml-1). HMEC-TERT cells were maintained 

in serum-free HMEC media and trypsin inhibitor was used for cell passage. 

Table 2.1 Cell line information 

Cell line Source Pathology Site of 

origin 

Key 

mutations 

BJ1 ATCC fibroblast Normal 

neonatal 

foreskin 

NA 

HMEC-

TERT2 

HMEC purchased 

from Lonza and 

immortalised with 

hTERT 

mammary epithelial 

cells immortalised 

with hTERT 

Normal 

breast 

NA 

MCF10A3 ATCC Fibrocystic Normal 

breast 

NA 
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BT-5494 NCI-60 Cell Line 

Facility, University 

of Nottingham  

Infiltrating ductal 

carcinoma 

Primary 

tumour 

p53 mutation 

and PTEN 

homo 

deletion 

CAL-515 NCI-60 Cell Line 

Facility, University 

of Nottingham 

Adenocarcinoma Pleural 

effusion 

No PTEN 

expression 

MDA-

MB-2316 

NCI-60 Cell Line 

Facility, University 

of Nottingham 

Adenocarcinoma Pleural 

effusion 

p53 and KRas 

mutations 

3-6Information adapted from Chavez et al., (Chavez et al., 2010). 

1 (Pereira da Silva et al., 2014), 2 (Kiyono et al., 1998), 3 (Soule et al., 1990), 4 (Neve et al., 2006) 5 

(Gioanni et al., 1990),  6 (Cailleau et al., 1974). 

 

2.3 Next generation phage display  

 

2.3.1 TG1 E.coli  

 

Library propagations and titrations were carried out in Escherichia coli TG1 supE thi-1 

∆(lac-proAB)∆(mcrB-hsdSM)5(rK–mK)(F t́raD36 proAB lacIqZ∆M15)(60502-1,Lucigen). 

The bacteria were grown on minimal agar at 37oC overnight. TG1 cultures were grown 

from a single TG1 colony in 2YT media. The same colony was also grown in 2YT media 

supplemented with 150 µg mL-1 ampicillin to confirm that there was no ampicillin 

resistance prior to phage infection. 

 

2.3.2 Ex-phage stock preparation 

 

2YT media (500ml) was inoculated with 10ml of overnight TG1 culture and grown at 

37oC shaking. Once the bacterial culture reached an OD600 of 0.4-0.6, TG1 cells were 

infected with ex-phage (kindly provided by Dr Jonathan Owen, ADAS UK) at a 

multiplicity of infection (MOI) of 10 for 30 minutes at 37oC static. The bacterial cells 

were then harvested by centrifugation at 3000 x g for 10 minutes. TG1 cells were 

resuspended in 2YT media (1000ml) containing 50 µg ml-1 kanamycin and placed at 

30oC and 180 rpm overnight to allow for ex-phage expression. Bacterial cell debris was 
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removed by spinning the culture at 3000 x g for 20 minutes. The bacteriophages were 

precipitated with PEG-8000/2.5M NaCl for 2 hours and harvested by centrifugation at 

8000 x g for 20 minutes at 4oC. The phage pellet was slowly resuspended in PBS and 

titrated using the kanamycin titration method (see 2.3.3). The 1 x 1013 ml-1 ex-phage 

stock was stored with 20% glycerol (v/v) at -80oC. 

 

2.3.3 Kanamycin or ampicillin 2YT titration 

 

2YT media and 2YT media supplemented with 150 µg ml-1 ampicillin (negative control) 

was inoculated with the same single TG1 colony. Once the bacteria had entered log 

phase (OD600 0.4-0.6), 180µl of culture was infected with 20µl of bacteriophage 

dilutions A-E (Table 2.2) at 37oC for 30 minutes. The infected cultures (100µl) were 

plated on 2YT agar plates containing 50 µg ml-1 kanamycin or 150 µg ml-1 ampicillin 

and 1% glucose (D-Glucose Anhydrous, Thermo Fisher Scientific) and incubated at 37oC 

overnight. A TG1 only negative control culture (100µl) was also plated. The number of 

kanamycin or ampicillin resistant colonies were used to calculate the phage colony 

forming unit (CFU). 

 

Table 2.2 Phage dilution series to establish number of phage in stock solutions 

 

 

 

 

 

 

 

 

 

2.3.4 Library propagation 

 

A M13 filamentous bacteriophage library constructed by Dr Robert Workman (School 

of Veterinary Medicine and Science, University of Nottingham) was used for all 

biopanning experiments. The library is based on a modified pSD3 phagemid vector 

which is coupled to 9 arginine residues at the N-terminus of the pIII coat protein (see 

Plate PBS (µl) Phage (µl) Multiplication factor 

CFU ml-1 

A 9990 10 105 

B 990 10 of dilution A 107 

C 990 10 of dilution B 109 

D 990 10 of dilution C 1011 

E 990 10 of dilution D 1013 
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Appendix 3.1, Supplementary Figure 1)(Li et al., 1999). This was achieved using a BspQI 

inverse PCR cloning strategy, where 9-mer peptide diversity was introduced via NNK 

codons on a single primer (Tsoumpeli et al., 2022).  

 

The naïve phagemid library was propagated in 2YT media supplemented with 150 ug 

ml-1 ampicillin and 1% (w/v) glucose (D-Glucose Anhydrous, Thermo Fisher Scientific) 

at 37oC shaking. For super infection, 1 x 1013 ex-phage were added to the bacterial 

culture (MOI of 10) at an OD600 of 0.4-0.6 and incubated at 37oC for 30 minutes. The 

infected TG1 cells were centrifuged at 3000 x g for 10 minutes and resuspended in 2YT 

media (500ml) containing 150 µg ml-1 ampicillin and 50 µg ml-1 kanamycin to allow for 

phage expression at 30oC shaking overnight. The phage culture was then centrifuged 

at 3000 x g for 20 minutes to remove TG1 cells and debris. The phage extract was 

precipitated with 20% (w/v) PEG-8000/2.5M NaCl for 2 hours and harvested by 

centrifugation at 8000 x g for 20 minutes. The phage pellet was then resuspended in 

PBS and the final phage concentration was calculated by ampicillin 2YT titration (see 

2.3.3). The final library concentration was determined and stored at -80oC.  

 

2.3.5 Sanger sequencing of 9-mer library clones 

 

To confirm that each phagemid contained the nonapeptide insert, infected bacteria 

were plated on 2YT agar supplemented with 1% (w/v) glucose (D-Glucose Anhydrous, 

Thermo Fisher Scientific) and 150 µg ml-1 ampicillin at 37oC overnight. Single colonies 

were then grown in 2YT media supplemented with 150 µg ml-1 ampicillin at 37oC 

overnight. Plasmid DNA was purified using QIAprep® Spin Miniprep Kit (Qiagen) and 

each clone characterised by Sanger sequencing with the commercially available M13R 

primer (see Appendix 3.2). A 20% glycerol stock (v/v) of each overnight culture was 

also stored at -80oC. 

 

2.3.6 Mammalian cell line viability 

 

Each cell line was seeded in triplicate at a density of 2 x 105 cells. MCF10A and BT-549 

cells were incubated for five minutes in media only (control), 2% (v/v) glycerol only, 

2% (v/v) glycerol followed by stripping buffer (PBS, 150mM NaCl, 100mM glycine, pH 

2.5), or 1M Tris-HCl. The viability of all cell lines was tested via incubation with 
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propidium iodide (50 µg ml-1) after cells were washed three times with the stripping 

buffer for five minutes. The level of cell permeability was observed using the EVOS Cell 

Imaging Systems (Thermo Fisher Scientific, see Appendix 3.4). 

 

2.3.7 Biopanning 

 

Approximately 1 x 1012 phage were biopanned against 2 x 105 cells per well (5 

replicates per cell line). Phage were incubated with each subtractive non-malignant 

cell line in iterative steps (BJ, MCF10A and HMEC-TERT) for 30 minutes at 37oC prior 

to being transferred to one of the target cell lines (BT-549, CAL-51 or MDA-MB-231) 

for 1 hour at 37oC. The cell media was aspirated and target cells were washed three 

times with PBS for five minutes and then three times with stripping buffer for five 

minutes to remove surface bound phage (PBS,150mM NaCl,100mM glycine, pH 2.5). 

Residual stripping buffer was then neutralised with 1M Tris-HCl, pH 7.4. Cells were 

lysed with 100mM triethyl amine, neutralised and TG1 cells (grown to an OD600 of 0.4-

0.6) were infected with the phage containing cell lysate for 1 hour at 37oC static. 

Infected bacteria were used to both determine phage titre and for stock preparation. 

To determine output phage titre, the ampicillin titration method described in section 

2.3.3 was used and the number of ampicillin resistant colonies were used to calculate 

the phage cfu (Table 2.2). For stock preparation, infected TG1 cells were harvested at 

3000 x g for 3 minutes, resuspended in 2YT media containing 1% (w/v) glucose (D-

Glucose Anhydrous, Thermo Fisher Scientific) and 150 µg ml-1 ampicillin, and grown at 

37oC shaking overnight. The infected bacterial culture was aliquoted and stored with 

20% glycerol (v/v) at -80oC. The output phage was propagated and PEG precipitated to 

produce sufficient phage for the subsequent round of biopanning (see section 2.3.4). 

 

2.3.8 NGS sample preparation 

 

For next generation sequencing, plasmid DNA was extracted from bacterial glycerol 

stocks using a QIAprep® Spin Miniprep Kit (Qiagen) and quantified. The correct insert 

was then PCR amplified using library specific forward (5’ GTAATCCTTGTGGTATCGCT 

GGCGGCCCAACCGGCC 3’) and reverse primers (5’ CTAGAACATTTCACTTACCGCATGA 

ACTCCTTGATG 3’) that flanked the gene insert and incorporated linker sequences for 

Ion Torrent barcode attachment (linker regions are underlined). PCR amplification was 
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achieved in a 50µl reaction mix containing 1 X Q5 reaction buffer, 1 X Q5 high GC 

enhancer, 1 U Q5 Hot Start High-Fidelity DNA polymerase (NEB), 10mM dNTPs, 10ng 

plasmid DNA and 10µM forward and reverse primers. Thermocycler conditions are 

shown in Table 2.3. An aliquot of each PCR product was analysed on a 3% agarose gel 

at 100V for 45 minutes to confirm amplification of the correct 175 bp insert. The 

remaining product was cleaned using a NucleoSpin Gel and PCR clean-up kit (Machery-

Nagel). 

 

Table 2.3 Thermocycler conditions for first round PCRs 

Step Temperature Time 

1 95oC 3 mins 

2 95oC 30 secs 

3 60oC 30 secs 

4 68oC 30 secs 

5 72oC 5 mins 

 

Each purified PCR product was amplified further using a P1 sequencing primer 5’ 

CCTCTCTATGGGCAGTCGGTGATCTAGAACATTTCACTTAC 3’ and a unique nucleotide 

barcoded primer designed for Ion Torrent sequencing (see Appendix 2.1). The 

thermocycler conditions are shown in Table 2.4. An aliquot of each barcoded PCR 

product was analysed on a 3% agarose gel at 100V for 45 minutes to confirm that 

barcodes had attached. The remaining product was quantified by Qubit (Invitrogen).  

 

 

Table 2.4 Thermocycler conditions for second round PCRs 

 

 

 

 

 

 

 

All samples were pooled to equalise NGS reads and resolved on a 3% Metaphor 

agarose gel at 100V for 5h. The band was excised (~250 bps) and purified using a 

Step Temperature Time 

1 95oC 3 mins 

2 95oC 30 secs 

3 63oC 30 secs 

4 68oC 30 secs 

5 72oC 5 mins 

30 cycles 

12 cycles 
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NucleoSpin Gel and PCR clean-up kit (Machery-Nagel). DNA was further purified using 

Agencourt®AMPure®XP (Beckman Coultier) and quantified by Qubit (Invitrogen). The 

final amplicon pool (50µl of 100-200ng of DNA) was sequenced by Ion Torrent S5 NGS 

on a 540 chip (DNA Sequencing Facility, University of Pennsylvania). 

 

2.3.9 NGS analysis 

 

All scripts and adaptations used for NGS analysis are listed in Appendix 2.2 and were 

kindly provided by ADAS UK, School of Veterinary Medicine and Science, University of 

Nottingham. Perl scripts were applied to convert FASTQ files into FASTA files and Ion 

Torrent barcodes were identified using the “FASTQ/A Barcode splitter” from the 

FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). The barcoded DNA 

sequences were translated in all three reading frames and the 9-mer peptide inserts 

were isolated using the flanking motifs PAMAMSRP and PRRRR. Any amber stop 

codons (TAG) were replaced with glutamine (q). Peptide gene reads identified from 

control cell samples were pooled.  

 

Peptide sequences that were obtained from target cell lysate were compared to the 

sequences obtained from the control cell pool using a two proportional Z test (see 

Appendix 2.2). The Z test accounted for the absolute frequency (number of reads) and 

ratio (frequency in the target sample vs the control pool) of a given peptide, as well as 

the total number of peptide reads in the target sample and control pool (Zhang et al., 

2011, Naqid et al., 2016). 

 

z =
p1 − p2 

√𝑝1(1 − 𝑝1)
𝑛1 +  

𝑝2(1 − 𝑝2)
𝑛2

 

 

 

where: 

p1= the number of reads obtained for a specific peptide in the target sample 

p2= the number of reads obtained for a specific peptide in the control pool 

n1= first input file total peptide read count (target sample) 

n2= second input file total peptide read count (control pool) 
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This calculation led to a ranked Z score for each peptide representing the relative 

enrichment of the peptide specifically against the target cell line. For the first analysis, 

enriched peptides were selected that had a Z score above 2.0 observed in three out of 

four (CAL-51) or five (BT-549 and MDA-MB-231) replicates. For the second analysis, 

the threshold was altered to select peptides that had a Z score above 3.0 in two 

replicates.  

 

The frequency of an enriched peptides identified by the Z score analysis was then 

analysed as a normalised percentage of the total insert reads per sample or pool 

(countpep script, see Appendix 2.2). Unpaired non-parametric t-tests were performed 

in GraphPad Prism 9.4.1.   

 

2.4 Recovery of NGPD identified peptides 

 

2.4.1 Inverse PCRs for candidate TNBC targeting peptides 

 

Forward and reverse primers were designed to rescue the 44 TNBC enriched peptides 

identified from the next generation sequence analysis into a pGEX-6P-1 expression 

vector (GE Healthcare) kindly provided by Dr James Dixon (see Appendix 4.1, 

Supplementary Figure 6). The primers were also designed to incorporate the MSRP 

and 9R flanking regions present in the PSD3 phagemid vector. The 8R-mRFP sequence 

was cloned into the pGEX-6P-1 vector by Dr James Dixon’s group (University of 

Nottingham).  

 

Plasmid DNA was extracted from bacterial glycerol stocks using a QIAprep® Spin 

Miniprep Kit (Qiagen) and quantified. PCR amplification for each peptide was achieved 

in a 50µl reaction mix containing 1 X Q5 reaction buffer, 1 X Q5 high GC enhancer, 1 U 

Q5 DNA polymerase (NEB), 10mM dNTPs, 1ng plasmid DNA and 10µM forward and 

reverse primers. The thermocycler conditions are shown in Table 2.5. Each PCR 

product was separated on a 1% agarose gel at 100V for 45 minutes to confirm 

amplification of the correct insert. The 5.7kb band was gel extracted using a 

NucleoSpin Gel and PCR clean-up kit (Machery-Nagel) and quantified. To first assess 

the ligation efficiency of the PCR products, the inverse PCR was conducted with two 

sets of primers for peptides 1 and 2, where one reaction contained a 5’ phosphorylated  
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Table 2.5 Thermocycler conditions for rescuing 9-mer peptides 

Step Temperature Time 

1 95oC 3 mins 

2 94oC 30 secs 

3 52oC 60 secs 

4 72oC 330 secs 

5 94oC 30 secs 

6 55oC 60 secs 

7 72oC 330 secs 

8 94oC 30 secs 

9 58oC 60 secs 

10 72oC 330 secs 

11 72oC 5 mins 

 

primer and the other contained no phosphorylated primers (Figure 4.1A). The non-

phosphorylated PCR product was then 5’ phosphorylated prior to ligation. The 

subsequent ligation and transformation of the ligated vector into BL21 E.coli led to the 

efficient recovery of ampicillin resistant bacterial colonies with both the 

phosphorylated and non-phosphorylated primers, therefore subsequent reactions 

used non-phosphorylated primers and the PCR products were phosphorylated prior to 

ligation (Figure 4.1B-E). 

 

2.4.2 Inverse PCRs for control peptides 

 

Forward and reverse primers were designed to incorporate sequences for the mRFP 

only, 9R-mRFP and p21-9R-mRFP controls into the pGEX-6P-1 vector (GE Healthcare) 

containing 8R-mRFP (see Appendix 4.1, Supplementary Figure 6).  PCR amplification 

for each control peptide was achieved in a 50µl reaction mix containing 1X Q5 reaction 

buffer, 1X Q5 high GC enhancer, 1 U Q5 DNA polymerase (NEB), 10mM dNTPs, 1ng 

plasmid DNA and 10µM forward and reverse primers. The same thermocycler 

conditions from Table 2.5 were used for the mRFP and 9R-mRFP controls. 

Thermocycler conditions used for p21-9R-mRFP are shown in Table 2.6. Each PCR 

product was separated on a 1% agarose gel at 100V for 45 minutes to confirm 

20 cycles 

10 cycles 

10 cycles 
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amplification of the correct insert. The 5.7kb band was gel extracted using a 

NucleoSpin Gel and PCR clean-up kit (Machery-Nagel) and quantified. 

 

Table 2.6 Thermocycler conditions p21 positive control 

Step Temperature Time 

1 95oC 3 mins 

2 94oC 30 secs 

3 63oC 60 secs 

4 72oC 330 secs 

5 72oC 5 mins 

 

2.4.3 Phosphorylation and ligation  

 

The PCR products for the 9-mer and control peptides were 5’ phosphorylated in a 50µl 

reaction mix containing 1X T4 PNK reaction buffer, 1mM ATP, 1 U PNK (NEB) and 200ng 

PCR product. Each reaction mix was incubated at 37oC for 30 minutes before 

incubation at 65oC for 20 minutes. The phosphorylated PCR products were then ligated 

in a 20µl reaction mix containing 50ng of phosphorylated PCR product, 1 X T4 DNA 

ligase buffer and 400 U T4 DNA ligase (NEB). The ligation reaction mixes were 

incubated at 18oC for 48 hours before incubation at 65oC for 10 minutes.  

 

2.4.4 Preparation of electrocompetent E.coli cells 

 

A single TG1 E.coli colony was used to inoculate 2YT media (5ml) and was incubated 

overnight at 37oC shaking. The overnight bacterial culture was used to inoculate 500ml 

of fresh 2YT media (1:200) and was grown at 37oC shaking until the culture reached an 

OD600 0.4-0.6. The culture was placed on ice for 15 minutes and centrifuged at 8000 x 

g for 10 minutes at 4oC. The supernatant was removed and the bacterial pellet was 

resuspended in 25ml of ice cold 10% glycerol. This process was repeated four times, 

decreasing the volume of 10% glycerol each time to a final resuspension volume of 

5ml. The electrocompetent cells were aliquoted and stored at -80oC until required. 

 

2.4.5 Transformation into electrocompetent TG1 E.coli  

 

30 cycles 
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The 20µl ligation reaction mixes were dialysed using a 0.025 µm pore size MF-

MilliporeTM Membrane Filter (Sigma Aldrich) for 30 minutes at room temperature. 

After dialysis, 2µl of each ligation mix was added to 50µl of electrocompetent TG1 

E.coli cells (see section 2.4.4). The recombinant plasmids were then transformed into 

electrocompetent TG1 E.coli by electroporation (1.8kV, 25µF, 200Ω) in a 1 mm 

cuvette. The outgrowth of transformants was carried out in 250µl of SOC media for 40 

minutes at 37oC shaking.  Each transformation reaction was then plated on 2YT agar 

plates supplemented with 150 µg ml-1 ampicillin along with a pUC19 positive control 

(Thermo Fisher Scientific) and a TG1 E.coli only negative control. The plates were 

incubated at 37oC overnight. 

 

2.4.6 Sanger sequencing of recombinant plasmid 

 

To confirm that the 9-mer peptide or control peptide encoding sequences had been 

successfully cloned into the modified pGEX-6P1 vector (GE Healthcare), a single 

transformant colony was used to inoculate 5ml of 2YT media supplemented with 150 

µg ml-1 ampicillin and grown at 37oC overnight. Plasmid DNA was purified using 

QIAprep® Spin Miniprep Kit (Qiagen) and insertion of the correct peptide encoding 

sequence was confirmed by Sanger sequencing with the following sequencing primer 

5’ CCCATCCTGACTTCATGTTGT 3’. A 20% (v/v) glycerol stock of each overnight culture 

was also stored at -80oC. 

 

2.4.7 Recombinant protein expression and purification 

Recombinant vector (10ng) was transformed into competent BL21(DE3)pLysS (L119A, 

Promega) at 42oC for 50 seconds. The outgrowth of transformants was carried out in 

450µl of SOC media for 1 hour at 37oC shaking. Each transformation reaction was then 

plated onto nutrient agar plates supplemented with 34µg ml-1 chloramphenicol and 

50µg ml-1ampicillin and incubated at 37oC overnight. A single transformant colony was 

then used to inoculate 10ml of fresh nutrient broth containing 34µg ml-1 

chloramphenicol and 50µg ml-1 ampicillin and was grown overnight at 37oC and 

220rpm. A 20% glycerol stock (v/v) of each overnight transformant culture was stored 

at -80oC. 
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Overnight cultures (5ml) were used to inoculate fresh nutrient broth (125ml) and 

grown at 37oC and 220rpm. Once the bacterial cultures had reached OD600 0.4-0.6, 

mRFP expression was induced with 1mM isopropyl-β-D-1-thioglactopyranoside (IPTG) 

at 20oC, 180rpm for 24 hours. The cultures were then centrifuged at 2000 x g for five 

minutes and the supernatant removed. Bacterial pellets were resuspended in 1 X STE 

buffer (8ml) (10mM Tris-HCl, 1mM EDTA and 100mM NaCl) containing 1mM 

dithiothreitol (DTT) and freeze thawed on dry ice.  

The bacterial pellets were sonicated on ice five times for 30 seconds at 5 amplitudes. 

The insoluble protein fractions were then pelleted at 2000 x g for five minutes at 4oC 

and discarded. The soluble protein fractions were then incubated overnight at 4oC 

rotating with 600µl of Glutathione Sepharose™ 4B resin (Cytiva) washed in 1 X STE 

buffer and 1mM DTT. The resin was centrifuged at 3,600 x g for five minutes at 4oC 

and washed with 5ml of PBS for 1 hour. The beads were washed three more times 

with PBS and left in the final wash overnight at 4oC. The Glutathione Sepharose™ 4B 

resin was centrifuged at 3600 x g for five minutes and resuspended in 588µl of 

cleavage buffer (50mM Tris-HCL, 150mM NaCl, 1mM EDTA and 1mM DTT) and 40 units 

ml-1 of PreScission protease (Cytiva). GST-tag cleavage was achieved overnight at 4oC. 

The Glutathione Sepharose™ 4B resin was then pelleted at 3600 x g for five minutes 

and the supernatant containing recombinant protein fractions were collected and 

protein was quantified by Bradford assay (Sigma Aldrich) using a FLUOstar OPTIMA 

plate reader. The mRFP recombinant proteins were stored at -80oC until further use.  

GST tag cleavage and recombinant protein purification was then confirmed for three 

recombinant proteins by SDS-PAGE. To confirm recombinant protein purification, 10µl 

of Glutathione Sepharose 4B resin, 1µl of PreScission protease, 10µl of cleaved 

Glutathione Sepharose 4B resin for peptides 2, 8 and 9 and 500ng of purified protein 

for peptides 2, 8 and 9 were denatured with 1X Lamelli buffer and 5% (v/v) β-

mercaptoethanol at 95oC for 10 minutes. All samples were loaded onto a 10% 

polyacrylamide gel (Mini-PROTEAN® TGX™, BioRad) a long with a broad range 

molecular weight marker (NEB #P7712). Proteins were separated in 1 X Tris-glycine-

SDS running buffer at 150V for 45 minutes. The polyacrylamide gel was then stained 

with 0.5% (w/v) Coomassie in a 40% (v/v) methanol and 10% (v/v) acetic acid solution 

overnight at RT. Excess stain was removed by three 30 minute washes with a 40% 
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methanol (w/w) and 10% acetic acid (w/w) solution and two washes with milli-Q water 

before imaging using a BioRad ChemiDoc Imaging System. 

2.5 In vitro validation of peptides 

 

2.5.1 Fluorescence microscopy 

BJ, HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 cells were seeded at a 

density of 5,000 cells per well in a 96 well plate and incubated with each mRFP 

recombinant protein (20 µg ml-1) for 24 hours at 37oC in a 5% CO2 humidified 

incubator. HMEC-TERT cells were seeded on plates which had been coated with 0.1% 

(w/v) gelatin in PBS. Hoescht (1:200) was added to each well for 15 minutes and cells 

were washed in PBS and fixed with 4% PFA for 10 minutes. Cells were then washed 

with PBS prior to imaging. Microscope images were obtained using a Zeiss 

AxioObserver Z1 inverted widefield microscope with a 40x objective. DAPI and mRFP 

staining was visualised at 465nm and 561nm, respectively. The images were processed 

by applying background subtractions (100µM radius) and contrast alterations in Zeiss 

Zen 3.0 software. The total number of nuclei in each image were counted using ImageJ 

software and the number of cells with mRFP specific staining were calculated as a 

percentage of the total number of cells within a given image (Schneider et al., 2012). 

2.5.2 Flow cytometry 

 

5 x 104 HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 cells were seeded and 

incubated with each mRFP recombinant protein (20 µg ml-1) for 24 hours at 37oC in a 

5% CO2 humidified incubator. Cells were then washed with PBS and harvested with 1X 

trypsin/EDTA. Cell suspensions were centrifuged at 400 x g for four minutes and 

resuspended in 4% PFA for 10 minutes at RT. After fixation, the cells were centrifuged 

at 400 x g for four minutes and PFA was removed. Excess PFA was then washed with 

PBS and cells were pelleted at 400 x g for four minutes. Cell pellets were then 

resuspended in a final volume of 100 µl of PBS and flow cytometric analysis was carried 

out using a ID7000™ spectral cell analyser at the University of Nottingham Flow 

Cytometry Facility. Forward and side scatter data was acquired at 488nm (blue laser) 

and gated for single cells. mRFP fluorescence data acquired at 561nm with 20,000 

single cell events recorded per sample. The flow cytometry data was analysed using 
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Kaluza Analysis 2.1 software and Mann-Whitney tests were performed in GraphPad 

Prism 9.4.1. 

 

2.5.3 Magnetic nanoparticle (MNP) delivery 

 

The magnetic nanoparticles used for this study were 250nm Fe3O4 Nanomag®-D MNPs 

(Micromod,09-02-252). MNPs (25 µg ml-1) were complexed with 0.5nM of 

synthetically produced 9R, p21-8R, TLYRMVTVTS-9R, LMQDMALRL-9R and 

CSTTYYTVK-9R (Synpeptide). The peptides were complexed to MNPs (20 nmol mg-1 

MNP) in 50µl of Opti-MEM (Thermo Fisher Scientific) for 15 minutes at RT. Peptide-

MNPs were then delivered to HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 

cells in 500µl of supplemented RPMI 1640 media (see section 2.1) for 1 hour at 37oC 

5% CO2. The peptide-MNP containing media was then removed and fresh RPMI 1640 

media was added to cells and incubated at 37oC 5% CO2 for 23 hours.  

 

2.5.4 MTT assay 

 

5 x 104 HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 cells were seeded and 

were incubated with 50 µg ml-1 MNPs or 1nM of synthetically produced 9R, p21-8R, 

TLYRMVTVTS-9R, LMQDMALRL-9R or CSTTYYTVK-9R (Synpeptide) for 24 hours at 37oC 

in a 5% CO2 humidified incubator.  MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazoliumbromide) was then added to each well (0.5 mg ml-1) and incubated for 3 

hours at 37oC in a 5% CO2 humidified incubator. The MTT containing media was 

removed and cells were washed with PBS. The insoluble formazan crystals were then 

dissolved in isopropanol and 0.04M HCl and absorbances at 570nm and 650nm 

(background) were measured using a Varioskan LUX multimode microplate reader. 

Cell viability for each cell line was statistically assessed by ordinary one-way ANOVA 

performed in GraphPad Prism 9.4.1. 

 

2.5.5 Prussian blue staining 

 

6 x 104 HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 cells were seeded and 

grown overnight at 37oC in a 5% CO2 humidified incubator.. MNPs were then delivered 

to cells as described in section 2.4.3. Following MNP delivery, cell culture media was 



52 

 

removed from wells and cells were washed with PBS. Cells were then fixed with 4% 

PFA for 20 minutes at RT. After fixation, the cells were washed with milli-Q water and 

incubated in 2.5% (w/v) potassium ferrocyanide (Sigma-Aldrich) in 2.5% (v/v) 

hydrochloric acid for 30 minutes at RT. Prussion blue stained cells were then washed 

with milli-Q water to reduce background staining and imaged using a Leica DMi8 

inverted microscope. All images were obtained using a 10x objective and scale bars 

were added in Leica Application Suite X (LAS X). 

 

2.5.6 Inductively coupled plasma mass spectrometry (ICP-MS) 

 

6 x 105 HMEC-TERT, MCF10A, CAL-51, BT-549 and MDA-MB-231 cells were seeded and 

incubated overnight at 37oC in a 5% CO2 humidified incubator. MNPs were then 

delivered to cells as described in section 2.5.3. Following MNP delivery, cells were 

washed with PBS and harvested with 1X trypsin/EDTA. The trypsin was then 

neutralised with supplemented RPMI 1640 media (see section 2.1) and cells were 

pelleted at 400 x g for five minutes. The media was removed and cells were lysed to 

release the Fe content from MNPs in 12M hydrochloric acid and 6M nitric acid for 2 

hours at RT. Samples were then diluted in milli-Q water to a final volume of 10ml and 

a final acid concentration of < 2% (v/v) for ICP-MS.  

 

Multi-elemental analysis of samples was undertaken by ICP-MS (Thermo Fisher 

Scientific iCAP-Q; Thermo Fisher Scientific, Bremen, Germany). Samples were 

introduced (flow rate 1.2 mL min−1) from an autosampler (Cetac ASX-520) 

incorporating an ASXpress rapid uptake module through a perfluoroalkoxy Microflow 

PFA-ST nebulizer (Thermo Fisher Scientific, Bremen, Germany). Internal standards 

were used to correct for instrumental drift and were introduced to the sample stream 

on a separate line (flow rate 1.2 mL min−1) via the ASXpress unit. Internal standards 

included combinations of Sc (10 µg L-1), Ge (10 µg L-1), Rh (5 µg L-1), Re (5 µg L-1) and Ir 

(5 µg L-1). Calibration standards included a multi-element solution with Ag, Al, As, Ba, 

Be, Cd, Ca, Co, Cr, Cs, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Sr, Ti, Tl, U, V 

and Zn (0, 20, 40, 100 µg L-1) (Claritas-PPT grade CLMS-2 from SPEX Certiprep Inc., 

Metuchen, NJ, USA), a multi-element calibration solution (PlasmaCAL, SCP Science, 

France) with Ca, Mg, Na and K (0-30 mg L-1) and a mixed phosphorus, boron and 

sulphur standard made in-house (ICP-MS Facility, University of Nottingham). All 
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internal and calibration standards were diluted in 2% Primar grade HNO3 (Fisher 

Scientific, UK). Sample processing was undertaken using Qtegra™ software (Thermo 

Fisher Scientific) utilising external cross-calibration between pulse-counting and 

analogue detector modes where required. A collision cell charged with He gas with 

kinetic energy discrimination (KED) to remove polyatomic interferences was employed 

to measure Fe and results were reported in ug L-1.  

 

2.6 Autoantibody binding 

 

2.6.1 Patient IgG antibody purification 

 

Human serum extracted from 40 triple negative breast cancer patients obtained from 

The Nottingham Health Science Biobank (Ethical approval 2124-70914) was pooled 

and immunoglobulins G were purified using Nab protein G spin columns (Thermo 

Fisher Scientific). The elution buffer was exchanged via Zeba spin desalting columns 

(Thermo Fisher Scientific) to the storage buffer (PBS, 150mM NaCl) and the IgG 

concentration was measured by nanodrop. Purified IgGs were stored with 0.15% (w/v) 

BSA at -80oC until further use. 

 

2.6.2 Flow cytometry 

 

Cells were harvested from culture flasks and counted. 300,000 cells were incubated at 

4oC for 1h with human IgG isotype control (0.2 µg µl-1, Thermo Fisher Scientific, 02-

7102) or TNBC patient IgG (0.2 µg µl-1, see 2.6.1). Cells were washed with RPMI 1640 

medium and pelleted at 300 x g for four minutes. Cells were then fixed in ice cold 

acetone for 10 minutes at 4oC. After two further washes with media, cells were 

incubated with anti-human IgG-APC (1:20, Biolegend) for 30 minutes at 4oC. Excess 

antibody was washed with medium and after centrifugation, cells were resuspended 

in PBS for flow cytometry. Flow cytometric analysis was carried out using a ID7000™ 

spectral cell analyser at the University of Nottingham Flow Cytometry Facility. Forward 

and side scatter data was acquired at 488nm (blue laser) and gated for single cells. APC 

fluorescence data was acquired at 637nm (red laser) with 20,000 single cell events 

recorded per sample. The flow cytometry data was analysed using Kaluza Analysis 2.1 
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software and Kruskal-Wallis tests (Figure 5.2) or unpaired t-tests (Figure 5.4) analyses 

were performed in GraphPad Prism 9.4.1. 

 

2.6.3 Whole cell lysate protein extraction 

 

Control and TNBC cells were harvested using 1X trypsin/EDTA and washed with PBS. 

Cells were pelleted at 300 x g for four minutes and stored at -80oC until further use. 

All cells were lysed using 1X RIPA buffer (Cell Signalling) and incubated on ice for 40 

minutes. To remove cell debris, samples were centrifuged at 10000 x g for 10 minutes 

at 4oC and the protein supernatant was collected. Protein extracted from each cell line 

was then quantified by Qubit (Invitrogen) and stored at -80oC. 

 

2.6.4 Nuclear, cytoplasmic and membrane protein extraction 

 

MCF10A and MDA-MB-231 cells were harvested using 1X trypsin/EDTA and washed 

with PBS. Cells were pelleted at 300 x g for four minutes and stored at -80oC until 

further use. Nuclear and cytoplasmic fractionation of MCF10A and MDA-MB-231 

lysate was achieved using a NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo 

Fisher Scientific) according to manufacturer’s instructions. Cytoplasmic fraction of 

MCF10A and MDA-MB-231 lysate was also achieved using a MEM-PER Plus Membrane 

Protein Extraction kit (Thermo Fisher Scientific) according to manufacturers 

instructions. Final nuclear, cytoplasmic and membrane fractions were quantified by 

Qubit and Halt Protease Inhibitor Cocktail (100X) (Thermo Fisher Scientific) was added 

to each fraction (10 µl ml-1). Protein aliquots were then sorted at -80oC. 

 

2.6.5 Western blotting 

Protein extracts (20 µg) were denatured with 1 X Lamelli buffer and 5% (v/v) β-

mercaptoethanol at 95oC for 10 minutes. The protein extracts were loaded onto 12% 

polyacrylamide gels (Mini-PROTEAN TGX, BioRad) along with a broad range molecular 

weight marker (NEB, #P7712). Proteins were separated in 1 X Tris-glycine-SDS running 

buffer at 150V for 30 to 45 minutes. The separated proteins were transferred to a 

PVDF membrane (Trans-blot turbo transfer pack, BioRad) using a BioRad Trans-Blot® 

Turbo™ transfer system (Standard SD, 1.0A, 25V for 30 minutes). Membranes were 

blocked with 5% (w/v) skimmed milk for 1 hour at RT and incubated with human IgG 
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isotype control (0.02 µg µl-1, Thermo Fisher Scientific) or TNBC patient IgG (0.02 µg µl-

1) in 5% (w/v) milk at 4oC overnight. The membranes were then washed three times 

with 0.1% (v/v) TBS-Tween 20 before incubation with goat anti-human (H+L) HRP 

(1:5000, Thermo Fisher Scientific) for 40 minutes at RT. After three more washes with 

0.1% (v/v) TBS-Tween 20, membranes were incubated in Amersham ECL Prime (GE 

Healthcare) for five minutes to enable the detection of specific IgG binding by 

chemiluminescence using a BioRad ChemiDoc Imaging System.   

 

Membranes were stripped with 0.2M glycine pH 2.8 for 30 minutes at 50oC and 0.2M 

glycine pH 7.4 for 30 minutes at RT. The membranes were washed three times with 

0.1% TBS-Tween 20 and probed with either mouse anti-β actin (0.01 µg ml-1, R&D, 

P37215), mouse anti-GAPDH (0.05 µg ml-1, Biolegend, 649201), mouse anti-HDAC1 

(0.125 µg ml-1, Biolegend, 815103) or mouse anti-Na+/K+ ATPase a-1 (0.05 µg ml-1, 

Sigma-Aldrich 05-369) in 5% (w/v) milk overnight at 4oC. Membranes were then 

washed three times with 0.1% TBS-Tween 20 and probed with anti-mouse HRP 

(1:10,000, GE Healthcare) for 1 hour at RT. 

 

2.6.6 LC-MS/MS data analysis 

 

All LC-MS/MS samples were analysed using Mascot (Matrix Science, London, UK; 

version 2.7.0) by the Cambridge Centre for Proteomics. Mascot was set up to search 

the CCP_UniProt_homo_sapiens_proteome_20180409 peptide sequence database 

and a cRAP_20190401 database (Cambridge Centre for Proteomics) to remove 

contaminant proteins such as common proteins that are introduced in the sample 

preparation process or through contact with the sample. Mascot was searched with a 

fragment ion mass tolerance of 0.100 Da and a parent ion tolerance of 20 PPM. 

Carbamidomethyl of cysteine was specified as a fixed modification and deamidated of 

asparagine and glutamine and oxidation of methionine were specified in Mascot as 

variable modifications.  

 

Scaffold (version Scaffold_5.0.1, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications (Searle, 2010). Peptide 

identifications were accepted if they could be established at greater than 95.0% 

probability by the Peptide Prophet algorithm (Keller et al., 2002) with Scaffold delta-
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mass correction. Protein identifications were accepted if they could be established at 

greater than 99.0% probability and contained at least 2 identified peptides.  Protein 

probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). 

Proteins that contained similar peptides and could not be differentiated based on 

MS/MS analysis were grouped to satisfy the principles of parsimony. Proteins sharing 

significant peptide evidence were grouped into clusters. 

 

2.6.7 Silver staining 

 

10 µg of nuclear, cytoplasmic and membrane protein from MCF10A and MDA-MB-231 

protein fractions (see 2.5.4) were denatured with 1 X Lamelli buffer and 5% (v/v) β-

mercaptoethanol at 95oC for 10 minutes. The protein extracts were loaded onto 12% 

polyacrylamide gels (Mini-PROTEAN TGX, BioRad) along with a broad range molecular 

weight marker (New England Biolabs, #P7712). Proteins were separated in 1 X Tris-

glycine-SDS running buffer at 150V for 30 to 45 minutes. Proteins were then detected 

using a ProteoSilver Silver Stain kit (Sigma-Aldrich) according to manufacturer’s 

instructions. Stained SDS-PAGE gels were then imaged using a BioRad ChemiDoc 

Imaging System. 

 

2.6.8 LC-MS/MS sample preparation 

 

10 µg of nuclear and cytoplasmic protein from MCF10A and MDA-MB-231 protein 

fractions (see 2.6.4) were separated by SDS-PAGE and silver stained as described in 

section 2.6.7. Polyacrylamide gel slices were then excised at the correct molecular 

weight and submitted for liquid chromatography tandem mass spectrometry (LC-

MS/MS) at the Cambridge Centre for Proteomics (n=3). 

 

2.6.9 Unique normalised spectral abundance factor (uNSAF) and t-tests 

 

Proteins identified were normalised between LC-MS/MS samples by calculating the 

unique normalised spectral abundance factor (uNSAF) for each protein in Scaffold. The 

software calculated uNSAF values from the spectral abundance factor (SAF) for each 

protein based on the following calculation: 
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𝑆𝐴𝐹 =  
𝑢𝑆𝑃𝑐

𝑢𝐿 + 𝑠𝐿
 

 

Strategy 2-a (Zhang et al., 2010) for uNSAF calculation where: 

uSPC = number of unique spectral counts mapping to a protein 

uL = protein lengths mapping to unique peptides (amino acid length) 

sL = protein lengths mapping to shared peptides (amino acid length) 

 

SAF values were then normalised to NSAFs using a normalisation process within the 

Scaffold software. Zero data across all replicates was removed before statistical 

analysis. Differential expression was detected by applying multiple unpaired t-tests 

with Benjamini, Krieger and Yekutieli 1% FDR (False Discovery Rate) correction 

(Benjamini et al., 2006) in GraphPad Prism 9.4.1. Volcano plots were also produced in 

GraphPad Prism 9.4.1. 

 

2.6.10 DESeq2 

 

Exclusive spectral counts were also tested for differential expression by DESeq2. 

DESeq2 was implemented in R using the DESeq2 bioconductor package (Anders and 

Huber, 2010, Love et al., 2014). The DESeq2 script used is shown in Appendix 5.1. 

Exclusive spectrum count data was analysed by negative binomial distribution model 

fitting and Wald statistics. Statistical significance in log2 fold changes between a given 

protein in MCF10A and MDA-MB-231 samples was assessed by Benjamini-Hochberg 

adjusted p-values (padj) (Benjamini and Hochberg, 1995). Volcano plots were 

produced in GraphPad Prism 9.4.1. 

 

2.6.11 bc-GenExMiner 

 

Gene expression levels for proteins identified from uNSAF and t-tests and DESeq2 

analyses were analysed by bc-GenExMiner v4.8 (Jézéquel et al., 2021) (accessed 20th 

November 2022). Standardised mRNA expression levels were compared in healthy 

(n=92, GTEx), tumour-adjacent (n=89, TCGA), non-TNBC (n=578, TCGA) and TNBC 

(n=87, TCGA) transcriptomic data from the Genotype-Tissue Expression (GTEx) project 

(Lonsdale et al., 2013) and The Cancer Genome Atlas (TCGA) Network. Gene 
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expression comparisons were conducted between clinical groups by Welch’s t-tests in 

bc-GenExMiner v4.8. Multiple pairwise comparisons between each clinical group were 

performed by Dunnett-Tukey-Kramer’s test for two-by-two comparisons if Welch p-

values were significant (p < 0.0001 for all genes). 

 

2.6.12 Kaplan-Meier plotter 

 

The correlation between the expression of TPX2, WRNIP1, KHDRBS3, CALU, DNAJB6, 

KRT19 and HLA-A and overall survival in ER negative, PGR negative and HER2 negative 

patients (n=126) was assessed using the online Kaplan-Meier plotter tool (Lánczky and 

Győrffy, 2021). The analysis was conducted using BCa mRNA RNA-seq data and Kaplan-

Meier plots were generated using the best performing threshold (auto select best 

cutoff).   

 

2.6.13 TPX2 and KHDRBS3 western blot 

20µg of TPX2 (NM_012112) human over-expression lysate (OriGene, LC415965) and 

20µg of KHDRBS3 (NM_0006558) human over-expression HEK293T lysate (OriGene, 

LC41673) was resuspended in PBS and denatured with 1 X Lamelli buffer and 5% (v/v) 

β-mercaptoethanol at 95oC for 10 minutes. 10µg of lysate was then loaded per well 

onto a 12% polyacrylamide gel (Mini-PROTEAN TGX, BioRad) along with a broad range 

molecular weight marker (New England Biolabs, #P7712). Proteins were separated in 

1 X Tris-glycine-SDS running buffer at 150V for 30 to 45 minutes. The separated 

proteins were then transferred to a PVDF membrane using a BioRad Trans-Blot® 

Turbo™ transfer system (Standard SD, 1.0A, 25V for 30 minutes). Membranes were 

blocked with 5% (w/v) skimmed milk for 1 hour at RT and incubated with human IgG 

isotype control (0.02 µg µl-1, Thermo Fisher Scientific) or TNBC patient IgG (0.02 µg µl-

1) in 5% (w/v) milk at 4oC overnight. The membranes were then washed three times 

with 0.1% (v/v) TBS-Tween before incubation with goat anti-human (H+L) HRP (1:5000, 

Thermo Fisher Scientific) for 40 minutes at RT. After three more washes with 0.1% 

(v/v) TBS-Tween 20, membranes were incubated in Amersham ECL Prime (GE 

Healthcare) for five minutes to enable the detection of specific IgG binding by 

chemiluminescence using a BioRad ChemiDoc Imaging System.   
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Chapter 3: Identification of potential TNBC targeting small   

peptides by next generation phage display 

 

3.1 Introduction 

 

A high-throughput screening method, which has promising potential in the discovery 

of tumour targeting peptides for cancer therapeutics, is Next Generation Phage 

Display (NGPD). NGPD is a powerful technology that isolates and identifies  

target specific peptides or antibodies from an unbiased combinatorial phage-peptide 

library of up to 1010 clones (Scott and Smith, 1990, Dias-Neto et al., 2009).   

 

NGPD has successfully been applied to several cancer therapeutic studies. For 

instance, phage display screening for novel autoantigens for seminoma detected the 

highly conserved Kelch-like protein 11 (KLH11) and found that KLHL11 autoantibodies 

reflect paraneoplastic encephalitis in testicular cancer patients (Mandel-Brehm et al., 

2019). Additionally, Sun et al. identified the novel peptide LS-7 from a phage display 

peptide library, which specifically binds to the colon CSC marker CD133+. LS-7 binding 

reduced migration of both mouse colon cancer and BCa cells in in vitro assays, 

however LS-7 based therapeutics have not been clinically developed(Sun et al., 2012). 

Wada et al., also applied phage display technology to identify a homing peptide, 

termed LN1, which targeted LNCaP xenografts. The peptide was also found to 

selectively deliver a pro-apoptotic peptide to inhibit tumour growth in in vivo prostate 

cancer cells (Wada et al., 2019).  

 

Phage display technology was first described by George P. Smith who demonstrated 

that foreign DNA could be inserted into the filamentous phage gene III to create a 

fusion protein which is displayed on the surface of a bacteriophage without hindering 

the infectivity of the virion (Smith, 1985). His work led to the construction of epitope 

libraries and the subsequent affinity purification of target specific phages, as well as 

the expansion of the technology to display recombinant antibody fragments (Parmley 

and Smith, 1988, Devlin et al., 1990, McCafferty et al., 1990).  

 

The lysogenic family of filamentous Ff bacteriophages are the most extensively applied 

in phage display systems, particularly M13 bacteriophages. M13 bacteriophages 
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consist of a 6.4 kb ssDNA genome encapsulated by the minor (pIII, pVI, pVII and PIX) 

and major (pVIII) coat proteins, with ligands being displayed on the pVIII or pIII coat 

protein of M13 filamentous phage (Ledsgaard et al., 2018, van Wezenbeek et al., 

1980). There are up to 2700 copies of the major coat protein pVIII, therefore display 

of ligands on pVIII N-terminus can enhance their avidity (Bazan et al., 2012). However, 

the multivalent display of fusion proteins can lead to the identification of low affinity 

binding ligands through such high avidity selection (Falciani et al., 2005). Furthermore, 

only peptides up to seven amino acids in length can be displayed on the alpha-helical 

pVIII coat protein, as larger peptides impact phage viability (Saw and Song, 2019, 

Iannolo et al., 1995). Even though hybrid phage systems and coat protein 

modifications have been employed to overcome this, the majority of phage display 

libraries are therefore engineered to display peptides and antibody fragments on the 

pIII coat protein, as larger polypeptides or proteins (e.g antibody fragments) can be 

displayed and the low copy number of pIII (two to five copies per virion) enables the 

selection of high affinity ligands (Lowman, 1997, Fagerlund et al., 2008, Bazan et al., 

2012, Hess et al., 2012). 

 

In addition, there are also different display systems which impact fusion protein 

valency. In early studies, the generation of a combinatorial peptide library was 

achieved by the in-frame insertion of a peptide encoding gene directly into the phage 

genome (phage vector), which led to the foreign peptide being presented on all copies 

of the chosen coat protein and the identification of low affinity ligands through 

multivalent binding, termed the chilate-effect (Cwirla et al., 1990). Other display 

formats (33 and 88) reduce the copy number of the displayed protein by incorporating 

two pIII or pVIII genes into the phage genome, resulting in mosaic expression of both 

recombinant and wild-type protein on a single virion (Smith and Petrenko, 1997, 

Chang et al., 2020). Similarly, the display format types 3+3 and 8+8 are encoded by 

two copies of the pIII or pVIII gene, respectively. A key difference, however, is that the 

two genes are located on different replicons, with the wild-type pIII or pVIII gene 

incorporated in the helper phage genome and the recombinant gene included as part 

of a phagemid vector (Smith and Petrenko, 1997). 

 

The M13 bacteriophage library used in this study expressed 9 amino acid peptides 

displayed on the pIII coat protein flanked by MSRP and 9R sequences. The expression 
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was via a phagemid vector as described in Figure 3.1. Here, the wild-type pIII coat 

protein supplied by the helper phage competes with the recombinant gene for 

incorporation into the virion, resulting in less than three copies of recombinant pIII 

being expressed per bacteriophage particle (usually zero or one copies). The 

monovalent display achieved by this type of display system subsequently minimises 

avidity effects and allows for relatively high affinity binding ligands to be selected 

(Marks et al., 1992). In addition, phagemid vectors have a higher transformation 

efficiency than phage vectors and therefore facilitate the construction of larger and 

subsequently more diverse libraries for screening (O'Connell et al., 2002, Ledsgaard et 

al., 2018). 

 

 

 

Figure 3.1 Production of a peptide displaying bacteriophage using the phagemid system  

F+ non-suppressing E.coli are transformed with a phagemid vector containing the fusion protein 

encoding gene and propagated. Helper phage (M13K07 or the mutant ex-phage) are supplied 

in trans and infect the phagemid containing antibiotic resistant E.coli through the F-pilus. The 

helper phage genome encodes for all phage proteins required for the replication and assembly 

of phage progeny. The phagemid derived pIII-peptide protein competes with helper phage 

derived wild-type pIII for incorporation into the mature virion, leading to the monovalent 

display of the peptide for affinity selection (3+3). The helper phage is packaging deficient and 

is packaged at low levels compared to the phagemid vector. Figure adapted from Jaroszewiz et 

al., and created with BioRender.com. (Jaroszewicz et al., 2022, Ledsgaard et al., 2018). 

 

In order to isolate target specific peptides from a diverse library, the library undergoes 

affinity selection with a target molecule to enrich for target specific phage over three 

to five biopanning rounds (Figure 3.2). The target molecule selected may be in situ, 

such as a cell surface receptor, in vitro, such as purified protein,  or in vivo (Gallo et al., 

2020, Zhou et al., 2015b, Arap et al., 1998) .  
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Figure 3.2 Biopanning of a random peptide bacteriophage library  

1) Combinatorial phage peptide library is generated 2) and amplified. 3) The library is then 

incubated with an immobilised target or adherent cells to allow for binding (example given is 

an antibody). 4) Repeated washing removes unbound, non-target specific phage. 5) Target 

specific-phage are eluted or harvested and 6) propagated in bacteria to produce an amplified 

selective phage library for following rounds of biopanning. Iterative rounds are required to 

enrich for target binders as washing is not fully efficient. Figure adapted from Saw & Song, 2019 

and created in BioRender.com. 

 

In this project, a filamentous M13 bacteriophage pIII library containing 108 9 amino 

acid peptide variants was screened against control and TNBC cell lines to identify small 

peptides which selectively target TNBC cell and lead to the subsequent internalisation 

of their respective bacteriophage particle via a cell penetrating peptide (CPP). To 

achieve this, the phage display peptide library was enriched for TNBC over three 

rounds of subtractive biopanning with control cell lines, followed by the isolation of 

target specific phage pools from cell lysate and the identification of each peptide by 

next generation sequencing (NGS). Furthermore, the screening assay aimed to identify 

the phage-displayed peptides that best discriminated between normal and TNBC cell 

lines using a Z score bioinformatic analysis. The most promising peptides identified 

from this study may therefore lead to the development of a peptide-drug conjugate 

or peptide-based therapy with the capability of delivering a high cytotoxic payload to 

TNBC tumours with minimal off-target side effects in healthy tissue.  
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3.2 Results 

 

3.2.1 Library propagation and biopanning 

 

To first confirm that the naïve pIII peptide library contained the correct insert to allow 

for nonapeptide expression, phagemids purified from infected TG1 E.coli clones were 

sequenced. The library was constructed by Dr Robert Workman (University of 

Nottingham, Dixon Group) using a variation of the phagemid vector pSD3, named 

pHR2-8R (see Appendix 3.1, Supplementary Figure 1), where expression of the 

phagemid led to pIII fusion protein display. In addition to the 9-mer peptide inserts, 

the region of display also contained sequences encoding for a monomeric red 

fluorescent protein (mRFP) and a polyHis tag, as well as the 9-mer peptide flanking 

regions MSRP and a cationic CPP sequence, PRRRRRRRRR (Mitchell et al., 2000, Futaki 

et al., 2001). Sanger sequencing confirmed that all clones contained the peptide gene 

correctly inserted between the MSRP and polyarginine PRRRRRRRRR flanking regions. 

However, 25% of clones (4/16) contained multiple pelB-MSRP-peptide-PRRRR 

sequences found in different reading frames upstream to the correct MSRP-peptide-

PRRRRRRRRR encoding region (see Appendix 3.2, Supplementary Figure 2).  

  

To test whether the biopanning procedure would impact the viability of cells used in 

this study, each cell line was incubated with all reagents from the mammalian cell 

panning protocol and cell viability was assessed via a propidium iodide permeability 

test. The final stripping buffer wash, which removes unbound phage, appeared to 

increase cell permeability to propidium iodide, however, the cells remained intact (see 

Appendix 3.4, Supplementary Figure 4). As the stripping buffer is essential for the 

removal of background phage, this step was not removed from the biopanning 

protocol even though the buffer washes increased cell permeability. However, the 

protocol was adapted so that cells were lysed in the plate to minimise the loss of target 

specific phage by further manipulation of already permeabilised cells. 

 

To select for peptides which were specific to TNBC cell lines, three biopanning 

experiments were designed where the naïve peptide-phage library was separately 

enriched against three TNBC cell lines, BT-549, CAL-51 or MDA-MB-231 cells over three 

rounds of affinity selection (Figure 3.3). 
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Figure 3.3 Biopanning against TNBC cell lines 

(A) The naïve library was firstly panned against the three control cell lines MCF10A, HMEC-TERT 

and BJ (white boxes) before being transferred to either BT-549, CAL-51 or MDA-MB-231 cells 

(grey boxes). (B) Target-specific phage were harvested by TNBC cell lysis and propagated to 

produce a TNBC selective sub-library for the second round of panning. (C) In the final round of 

panning, round two output phage underwent subtractive panning against the three control cell 

lines and the unbound phage were transferred to either MCF10A, HMEC-TERT, BJ cells or TNBC 

cells (shown in grey). Cells were lysed and the control cell-penetrating phage (wells 11-25) and 

target cell penetrating phage (wells 26-30) were analysed by next generation sequencing. This 

method was repeated for each TNBC cell line.  

 

Prior to incubation with either BT-549, CAL-51 or MDA-MB-231 cells, the input phage 

library for each round of biopanning was screened against control cell lines for the 

removal of non-target specific phage, referred to as subtractive depletion.  The three 

control cell lines used were the immortalised non-tumourigenic epithelial cell lines 

MCF10A and HMEC-TERT and a normal fibroblast cell line BJ (see Table 2.1). After each 
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round of biopanning, cell-penetrating phage were harvested by target cell lysis. The 

resulting output phage titre harvested from each target cell line well was calculated to 

be between 105-106 CFU by the ampicillin titration method (see 2.3.3). The target 

specific bacteriophages were then propagated in bacteria to produce an amplified 

selective peptide-phage library for the subsequent biopanning round. The high-

throughput screen resulted in the production of 90 individual sub-libraries (30 sub-

libraries for BT-549, CAL-51 and MDA-MB-231 experiments) for subsequent Ion 

Torrent sequencing. 

 

3.2.2 Next generation sequencing (NGS) sample preparation 

 

To prepare each selective sub-library for NGS, plasmid DNA from all 90 biopanning 

samples was purified and the peptide gene inserts were PCR amplified using library 

specific primers (Figure 3.4A-C). The separation of the PCR products by gel 

electrophoresis confirmed that the correct 176 base pair insert was successfully 

amplified across all 90 samples. The negative controls included for the PCR confirmed 

that there was no phage contamination of the PCR master mix components or primers 

(PCR control, Figure 3.4A), and of the reagents used in the plasmid purification kit (R1 

negative control, Figure 3.4A). Plasmid DNA purified from two separate infected TG1 

stocks of the original library was also successfully amplified in the same manner 

(Appendix 3.3, Supplementary Figure 3). 

 

 

A   
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B  

 

C  

 

 

Figure 3.4 Amplification of 9-mer peptide inserts  

The nonapeptide gene inserts and flanking regions were amplified using library-specific 

primers. Amplification of the 176 base pair insert was confirmed across all 90 panning samples 

on a 1% agarose gel at 100V. The negative PCR and round 1 controls are also shown (A). 

MassRuler™ DNA ladder was used as the molecular marker. 

 

The purified PCR products were then further amplified using a forward primer 

containing a unique barcode sequence and A-key sequence for Ion Torrent 

sequencing, and a reverse P1 primer containing a P1 adapter sequence also designed 

for Ion Torrent Sequencing (Figure 3.5A-D). The unique Ion Torrent barcode sequences 

used to label DNA from each of the 90 panning samples are shown in Appendix 2.1. 

The PCR products were resolved on 1% agarose gels and the   
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A  

 

B  

 

C  
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D  

 

 

Figure 3.5 Attachment of barcode sequences for Ion Torrent sequencing 

A unique barcoded sequence was attached to each first round PCR product and separated by 

electrophoresis on a 1% agarose gel. Amplified inserts from the original library were also 

barcoded (D, Lanes 91 and 92). The first-round negative controls and PCR controls were also 

included in each PCR run (A-C). A first-round PCR product (176 bp) was resolved on each 1% 

agarose gel (A-D) to confirm that the second-round PCR products (275 bp) were longer. A 

100bp ladder was used as the molecular marker. 

 

attachment of the barcoded linkers was confirmed as the size of each insert increased 

by 99 base pairs. A round one negative control and a no template PCR control were 

included in each PCR run to confirm that there was no background phage 

contamination of the negative control after round one and no contamination of the 

PCR components, respectively.  

 

The barcoded peptide encoding inserts were pooled equally and further resolved to 

ensure that the correct insert had been amplified (Figure 3.6). The DNA pool did 

resolve into two bands after 5 hours (Figure 3.6B), however the base pair difference 

between the two bands was small and therefore both bands were gel extracted and 

purified. The pooled amplicon was then purified using paramagnetic beads and 

sequenced by NGS on a S5 Ion Torrent platform. 
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A  

 

B  

 

 

Figure 3.6 Pooled DNA resolved on a 3% MetaPhor agarose gel 

The amplicon pool was resolved at 100V on a 3% MetaPhor agarose gel for (A) three hours or 

(B) five hours to confirm that a single product had been amplified. The pooled DNA was 

resolved using 7 wells (Lanes 1-7). MassRuler™ DNA ladder was used as the molecular marker. 
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3.2.3 Next generation sequencing analysis 

 

Demultiplexing of the NGS data revealed that 85.6% of the total number of sequences 

contained an identifiable barcode. When translated, 35.3% of these sequences 

contained the correct PAMAMSRP and PRRRR flanking motifs and a minimum of a one 

amino acid insert. On average, ~250,000-350,000 barcoded sequences were identified 

for each target sample and ~3.5 million sequences were identified in each control pool 

(15 samples). Deep sequencing of the original library (see Appendix 3.2, 

Supplementary Figure 4) revealed that there was no overrepresentation of any 

peptide in the 9-mer library, confirming that the naïve library was unbiased. 

 

To compare the frequency of nonapeptides isolated from either BT-549, CAL-51 or 

MDA-MB-231 target samples that are likely to be specific for the TNBC cell line, a two 

proportional Z test was applied (see methods 2.3.9). From the BT-549 and MDA-MB-

231 biopanning experiments, five target sample replicates were sequenced, whereas 

four target sample replicates were sequenced from the CAL-51 panning. The Z score 

ranking system considered the total frequency of each peptide and the frequency of 

the peptide in the target and control replicates. TNBC binding peptides were isolated 

using a comparison script which was firstly set to select for peptides whose Z score 

was above the arbitrary value of 2.0 across three target cell replicates (Z>2). These 

peptides, apart from LESLSSMSP and SPVSSPPIT, did not appear more than twice in 

the original library sequences (Appendix 3.6, Supplementary Table 3).  

 

From this analysis, a total of 13 peptides were identified. This total included four BT-

549 targeting peptides, three CAL-51 targeting peptides, and six MDA-MB-231 

targeting peptides (Figure 3.7). The variance in Z scores across all biological replicates 

revealed that the Z scores of the BT-549 peptide TLYRMVVTS, the CAL-51 peptide 

MGSVRDTKF and the MDA-MB-231 peptide LSLPqHAPQ varied the least across 

replicates (Figure 3.7B). The frequency of each peptide was then analysed across the 

target samples and the control pool as a percentage of the total sequences obtained 

for the relevant barcode or pool. As alluded to by the Z score analysis, the average 

percentages calculated across all biological replicates for each TNBC cell line revealed 

that there was a significant increase in the frequency of each peptide found in the 
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Figure 3.7 Z>2 TNBC cell-penetrating peptides 

(A) The average percentage frequency of each peptide from the Z>2 analysis. Statistical 

significance was calculated by unpaired t-test.  * p = 0.0139 and ** p = 0.0046. (B) The variance 

in Z score values across the biological replicates shown as the mean ± SD. 

 

target samples compared to across the 15 control samples (Figure 3.7A, BT-549 0.0012 

vs 0.0049; CAL-51 0.00053 vs 0.0024; MDA-MB-231 0.001 vs 0.0047). The normalised 

frequencies of the individual nonapeptides isolated from TNBC cells are shown in 

Figure 3.8. The peptides with the highest normalised frequency values were the BT-

549 peptide NNSVIRER (0.0065%) and the MDA-MB-231 peptides qYRHSVLqL 

(0.0036%), LMqDMALRL (0.0071%) and CSTTYYTVK (0.0057%). The CAL-51 identified 

peptides MGSVRDTKF, LqVSLNSVM and HNPNqITMY had a lower frequency in CAL-51 

samples than the peptides identified in BT-549 or MDA-MB-231 samples. 

 

Of the 13 peptides identified, eight appeared to show cross-reactivity with other TNBC 

cell lines (Figure 3.8). The peptides that appear to show the most cross-  
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Figure 3.8 Frequency of each Z>2 peptide across all TNBC panning experiments 

Heatmap displaying the normalised frequency of peptides identified to have a Z score greater 

than 2 across three replicates in BT-549, CAL-51 and MDA-MB-231 cells. 

 

reactivity are the CAL-51 peptide HNPNqITMY, which is also seen in the MDA-MB-231 

barcodes, and the MDA-MB-231 peptide LASMSYALL, whose normalised frequency is 

higher in BT-549 cells. In contrast, TLYRMVVTS, MGSVRDTKF, SPVSSPPIT, LSPLqHAPQ 

and CSTTYYTVK did not show cross-reactivity with other TNBC cell lines. 

 

In order to increase the number of TNBC targeting peptides, the stringency of the 

analysis was altered by adjusting the threshold of the Z score criteria. Firstly, peptides 

with a Z score greater than 2.0 across two biological replicates were isolated. However, 

from this analysis, 172 BT549 targeting peptides, 189 CAL-51 targeting peptides and 

198 MDA-MB-231 targeting peptides were identified. The Z score comparison script 

was therefore adjusted so that peptides with a Z score greater than 3.0 across two out 

of five biological replicates of BT-549 and MDA-MB-231 cells, or two out of four 

biological replicates of CAL-51 cells, were highlighted. A total of 13 BT-549 peptides, 

10 CAL-51 peptides and 12 MDA-MB-231 peptides fit the Z score greater than 3 (Z>3) 

across two biological replicates criteria. 

 

Of the 35 TNBC targeting peptides from the Z>3 analysis, three peptides were also 

present in the Z>2 analysis (NNVSVIRER, LMqDMALRL and CSTTYYTVK). In addition, the 

MDA-MB-231 peptide LASMSYALL from the Z>2 analysis was found in BT-549 cell 

replicates in the Z>3 analysis. The only peptides to be seen more than twice in the  
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Figure 3.9 Z>3 TNBC cell-penetrating peptides 

(A) The average percentage frequency of each peptide from the Z>3 analysis. Statistical 

significance was calculated by unpaired t-test. *** p = 0.0001 and **** p = <0.0001. (B) The 

variance in Z score values across the biological replicates shown as the mean ± SD. Peptides 

marked with an asterisk were only seen in two out of four (CAL-51) or five (BT-549 and MDA-

MB-231) replicates. 
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original library files were the CAL-51 targeting peptides RWKVTLLNT and PPIELVMqG, 

which were seen 12 and 5 times, respectively (see Appendix 3.6, Supplementary Table 

3). 

 

The Z score variance for each peptide is shown in Figure 3.9B. The smallest variance in 

Z scores across the replicates is observed in CAL-51 targeting peptides and the largest 

variance in the MDA-MB-231 peptides. Some peptides were only seen in two of the 

TNBC replicates, therefore the mean Z score was not representative of all biological 

replicates. The peptides with the smallest variance in Z scores across all replicates are 

LASMSYALL, SGSLWPQRN, RWKVTLLNT and PPIELVMqG.  

 

For all three TNBC cell lines, there was a significant increase in the normalised 

frequency of the peptides in the TNBC cell lines compared to their respective control 

pool (Figure 3.9A). The peptides with the highest normalised frequency, again given as 

a percentage of the total sequences, were the BT549 penetrating peptides 

QSLWRALAqR (0.0074%), NNVSVIRER (0.0065%) and ELHRESHYV (0.0073%), as well as 

the MDA-MB-231 targeting peptides WVLSSLVRT (0.0057%), LMqDMALRL (0.0071%) 

and CSTTYYTVK (0.0057%). The CAL-51 targeting peptide with the highest normalised 

frequency was QERLKPVLS (0.0044%). Four BT549 peptides were also observed in 

another TNBC cell line, with NNVSVIRER also being observed in CAL-51 replicates, and 

LASMSYALL and CRHCIIGSC in MDA-MB-231 replicates. In addition, the CAL-51 peptide 

RWKVTLLNT was also found in BT-549 samples (Figure 3.10). 

Figure 3.10 Frequency of each Z>3 peptide across all TNBC biopanning experiments  

Heatmap displaying the normalised frequency of peptides identified to have a Z score greater 

than 3 across two replicates in BT-549, CAL-51 and MDA-MB-231 cells.  

    BT549                              CAL-51                          MDA-MB-231                                  

Y
G

G
S

D
T

T
M

R

S
L

S
L

H
V

T
q

S

S
L

L
G

L
H

S
S

L

Q
S

L
W

R
L

A
q

R

P
E

V
L

q
M

K
M

S

N
S

L
M

R
q

L
G

L

N
N

V
S

V
IR

E
R

L
Q

P
R

L
V

F
Q

G

L
A

S
M

S
Y

A
L

L

IM
D

N
P

L
E

q
G

F
S

Y
S

Y
R

G
R

A

E
L

H
R

E
S

H
Y

V

C
R

H
C

II
G

S
C

V
L

H
S

P
V

C
IG

S
G

S
L

W
P

Q
R

N

S
E

G
S

L
P

E
R

R

R
W

K
V

T
L

L
N

T

R
K

G
L

Q
Y

M
E

P

R
G

V
T

E
K

D
E

R

Q
E

R
L

K
P

V
L

S

P
P

IE
L
V

M
q

G

N
L

L
W

S
S

A
S

K

H
T

M
L

D
Q

H
T

I

W
V

L
S

S
L
V

R
T

W
L

L
C

D
P

D
A

T

S
V

D
F
A

N
K

G
P

S
T

L
L
T

W
K

E
W

S
K

K
q

R
R

A
L

L

P
D

S
T

Y
S

G
K

N

M
Q

IW
L

M
L
V

G

M
P

E
q

G
q

L
L

L

L
M

q
D

M
A

L
R

L

H
S

L
IP

C
L

A
S

G
S

V
A

H
q

W
F

T

C
S

T
T

Y
Y

T
V

K

BT549 cells

Cal-51 cells

MDA-MB-231 cells

Normalised frequency of peptides across all pools

0

0.002

0.004

0.006



75 

 

3.3 Discussion  

 

Deep sequence analysis of the naïve and amplified selective libraries by Ion Torrent 

sequencing allowed for the characterisation of the diversity of the phage library and 

the identification of TNBC specific ligands which may not have been identified from 

small-scale screening (’t Hoen et al., 2012, Matochko et al., 2012, Yang et al., 2017). 

The use of next generation sequencing to identify the phage isolated TNBC targeting 

9-mer peptide genes led to over 68 million reads being obtained. Of these reads, 85.6% 

were successfully labelled with a sample specific barcode (see Appendix 3.5). The 

multiplexing of the amplicon using barcode identifier primers therefore led to most 

sequences being assigned to a sample library. This is consistent with other studies 

where the percentage of barcoded reads ranged from 69 to >95% (Galan et al., 2010, 

Bybee et al., 2011, Shokralla et al., 2014). For example, Guo et al., achieved 

pentanucleotide labelling of 86.8% of 894 NGS samples (Guo et al., 2019). However, 

there were no sequences for barcode 52 which is believed to be through human error 

where the PCR amplified product was not included in the final DNA pool. In addition, 

although the concentration of each amplicon was measured and equalised for NGS, 

there were still differences in the number of reads obtained for each barcode (see 

Appendix 3.5, Supplementary Table 2). In part, the variation can be explained by 

differences in PCR amplification even though the amplicons were equalised, as lower 

reads for barcodes 35, 36 and 37 appeared to be consistent with the fainter bands 

seen in Figure 3.4C for these samples. The quantification method may have also been 

less accurate for lower DNA concentrations. Unequal amplicon concentrations may 

not be the only influence for differences in the barcodes reads, as a study by Binladen 

et al., found that sequencing PCR products of equal concentration produced unequal 

NGS reads of each product (Binladen et al., 2007). 

 

When translated in all three reading frames, only 35% of sequences contained the 

correct flanking motifs with at least one amino acid insert (see Appendix 3.5). A 

proportion of sequences may not have contained the correct PAMAMSRP-peptide-

PRRRRRRRR when translated as not all the reads obtained from NGS will have been 

long enough to encapsulate the peptide gene. Additionally, the Sanger sequencing 

data of 16 library clones revealed that, for 4 out of 16 clones, there were multiple 

binding sites for the forward primer in different reading frames upstream to the 
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correct peptide encoding sequence (see Appendix 3.2, Supplementary Figure 2). All 

the Sanger sequenced clones contained a single site for reverse primer binding. 

Multiple PAMAMSRP sequences in some clones were incorporated during library 

construction and as a result of this, the annealing of the forward PCR primer in the 

incorrect reading frame may have resulted in the final number of sequences with the 

correct insert being somewhat less than the total number of NGS reads. In addition, a 

proportion of PCR products may have been slightly longer than expected, which is 

supported by the presence of two DNA bands shown on the MetaPhor agarose gel 

when run for 5 hours (Figure 3.6). However, as the base pair difference between the 

two bands was small, it was experimentally difficult to separate the two bands. 

Therefore, if one band had not been sequenced, a proportion of the correct peptide 

encoding sequences would have been lost. Although the percentage of peptide 

encoding sequences is quite low, there were still approximately 20.6 million 

nonapeptide sequences, which were sufficient to investigate TNBC-peptide binders. 

 

The naïve random peptide library should be of a high diversity to increase the 

possibility of identifying target binding ligands but also be unbiased towards particular 

phage displayed peptides (Krumpe and Mori, 2007). In order to investigate whether 

the naïve library was indeed unbiased, peptide encoding genes were sequenced from 

two TG1 E.coli stocks of the original library (samples 91 and 92). A total of 532,972 

peptide sequences were obtained from the library stocks which were used to study 

library bias (see Appendix 3.5, Supplementary Table 2). Bias can occur through the 

presence of parasitic phage in the peptide library, which have a particular propagation 

advantage and would lead to the over-representation of some peptides irrespective 

of target selection (Matochko et al., 2014). Sequencing revealed that no TNBC peptide 

identified in this study appeared to be over represented in the initial 9-mer library, 

therefore confirming that the library was unbiased, and no fusion peptide led to the 

growth advantage of a particular bacteriophage (see Appendix 3.6, Supplementary 

Table 3). 

 

Biopanning against control cell lines for non-target cell phage depletion and target 

phage selection against the TNBC cell lines BT-549, CAL-51 and MDA-MB-231 

successfully isolated an amplified target specific phage pool for each TNBC cell line. 

Phage peptide libraries can, however, be selectively enriched against in situ, in vitro or 
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in vivo targets. Biopanning against immobilised in vitro targets, such as purified 

receptors, has been shown to reduce background interference from non-specific 

binders and leads to the identification of peptides with a high affinity for the target 

molecule. However, the homogenous environment and artificial presentation of a 

target molecule may result in the identification of high affinity binders which may not 

have been isolated through in situ or in vivo studies. In contrast, screening against in 

situ and in vivo targets retains the structure, function and expression levels of the 

peptide target (Wu et al., 2016). For example, an in situ phage display study conducted 

by Gallo et al., where integrin-α11/β1 was overexpressed on the cell surface, led to 

the identification of a diverse panel of anti-integrin-α11/β1 antibodies which targeted 

multiple epitopes that were able to block collagen binding (Gallo et al., 2020).  

 

In this study, the 9-mer peptide library was screened in situ against whole cells as cell 

specific peptides can be identified without knowing the specific cell surface target and 

whole cell screening in this manner may lead to the identification of a novel cancer 

targeting ligand (McGuire et al., 2009, Jäger et al., 2007). For example, the ovarian 

cancer specific peptide SWQIGGN was isolated from whole cell phage screening and 

the tumour targeting RLQLKL cell-penetrating peptide was identified when panning 

against tissue extracts (Whitney et al., 2010, Zhou et al., 2015a). In addition, a phage 

peptide library also led to the discovery of a 9 amino acid peptide, named RPMrel, 

which was found to specifically bind intact colon cancer cells. Furthermore, the 

peptide coupled to a mitochondrial toxin induced cell death in a carcinoma cell line 

but not in a well-differentiated cell line (Kelly and Jones, 2003). Target specific phage 

identified in this project were peptides which targeted unknown TNBC antigens and 

facilitated the internalisation of their corresponding phage particle into TNBC cells. 

Thus, the peptides identified by this peptide-phage screening study may alone exhibit 

anti-cancer effects or be utilised in the development of a therapeutic to deliver a 

cytotoxic agent directly into TNBC cells.  

 

A total of 44 peptides were determined as TNBC targeting through the bioinformatic 

pipeline analysis. As the bacteriophage biopanning setup resulted in the collection of 

phage extracted from control and target cell replicates, a Z score analysis script was 

able to detect statistically significant differences in the frequency of a given peptide in 

target cell replicates compared to control cell replicates and rank peptides accordingly. 
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As mentioned, the Z score threshold was a value given to rank peptides based on their 

enrichment across target cell replicates. Therefore, the peptides identified from this 

analysis need to be verified experimentally to confirm that enriched peptides are 

indeed promising candidates for TNBC targeting and to test the true TNBC cell 

penetrating ability of each peptide. Many NGPD studies have utilised Z score 

thresholds in a similar manner (Yuan et al., 2018, Vekris et al., 2019).  Naqid et al., 

found that applying a Z score cut off of 2.0 to rank potential target specific phage-

peptides isolated a number of peptides which, when synthesised, were shown to be 

discriminatory for their corresponding target by ELISA, thus indicating that the 

bioinformatic strategy applied to our study is effective in isolating target-specific 

peptides (Naqid et al., 2016).  All the nonapeptides identified were also not observed 

in the PepBank database, suggesting that the novel peptides were not enriched due 

to being parasitic phage or due to the peptides binding to biopanning components 

such as plastic (Shtatland et al., 2007). There was also no overall consensus between 

peptides from Seq2Logo analyses, indicating that the peptides did not share a 

common TNBC binding domain (Thomsen and Nielsen, 2012) (see Appendix 3.7, 

Supplementary Figure 5). 

 

Firstly, the peptides which had a Z score greater than 2.0 in three or more TNBC 

replicates (Z>2) when compared to the control cell lines were deemed to be enriched 

and indicative of TNBC cell specific penetration (Figure 3.7A). When considering all 

biological replicates, CAL-51 (n=4), BT-549 (n=5) and MDA-MB-231 (n=5), the Z score 

demonstrated variation (Figure 3.7B). The Z scores may have differed due to general 

variations that can occur across replicates, such as the number of cells seeded per well, 

the efficiency of bacteriophage pool transfer across wells and the success of the final 

isolation and amplification of target-specific bacteriophage through target cell lysis 

and TG1 E.coli infection. However, the stringency of the threshold resulted in peptides 

possessing a Z score higher than 2.0 in most replicates being selected and the 

normalised frequency of peptides across all samples supports this, with the average 

frequency of peptides in the target samples being significantly higher than the average 

frequency of a given peptide in the control pool (Figure 3.7A). Therefore, it is assumed 

that these peptides are indeed enriched for the TNBC target despite some variation 

across replicates. 
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The normalised frequency of each Z>2 peptide was also assessed to compare the TNBC 

binding ability of peptides and whether a peptide identified to be BT549, CAL-51 or 

MDA-MB-231 targeting was also present in other TNBC cell line samples (Figure 3.8). 

The peptides with the highest normalised frequencies, NNVSVIRER, LMqDMALRL and 

CSTTYYTVK may penetrate their respective TNBC cell line more readily and therefore 

may be more promising candidates for PDC development. In addition, peptides that 

have been internalised by more than one TNBC cell line, such as LASMSYALL, may 

target different TNBC subtypes or cell subpopulations and therefore have a higher 

efficacy in cancer therapy than peptides which only target one of the cell lines. 

 

To expand the list of TNBC peptide binders and to ensure the stringency of the analysis 

was not leading to the omission of potential candidates, the Z score threshold was 

altered to an arbitrary value of 3.0 across two or more replicates (Z>3). Even though 

the number of replicates was decreased, which may decrease the reliability and the 

reproducibility of the peptide binding data, the Z score cut off was increased so that 

only the most frequently observed peptides were selected. Therefore, possible TNBC 

binders which may not be present in all replicates due to handling errors or insufficient 

cell lysis were still considered. Surprisingly, the variation in Z score for each peptide 

across all the replicates in the Z>3 analysis (Figure 3.9B) was similar to the peptides 

from the Z>2 analysis (Figure 3.7B), where more replicates were considered in the Z 

score ranking. The small variation, such as for the CAL-51 peptides SGSLWPQRN and 

RWKVTLLNT, shows that even though the peptides did not meet the Z score threshold 

of 2.0 in three biological replicates criteria, the phage-peptides were still present and 

still targeted TNBC cells in these samples. The average normalised frequency for each 

peptide across all replicates is shown in Figure 3.9A, where again the average obtained 

from the BT549, CAL-51 or MDA-MB-231 peptide frequencies is significantly higher 

than the average in either of their respective control pool. This data infers that the 

peptides isolated from the bioinformatics analysis are discriminatory for TNBC cell 

lines, meaning the Z>3 peptides are also promising candidates for TNBC targeting 

therapy.  

 

Of the 35 peptides which had a Z score greater than three across two replicates, four 

of the peptides were also seen in the Z>2 analysis (NNVSVIRER, LASMSYALL, 

LMqDMALRL and CSTTYYTVK), suggesting that these peptides readily bind to either 
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BT-549, CAL-51 or MDA-MB-231 cells as they are still identified when the stringency 

of the Z score statistical analysis was altered. Again, the peptide sequences with the 

highest normalised frequencies, QSLWRLAqR, NNVSVIRER, WVLSSLVRT and 

LMqDMALRL, may be internalised more readily upon binding to a specific TNBC 

surface marker compared to other nonapeptides. The four peptides which facilitated 

phage internalisation in more than one cell line may, as previously mentioned, be the 

better candidates for TNBC target treatment. Interestingly, the Z>3 analysis clearly 

highlights that the peptide LASMSYALL targets both BT549 and MDA-MB-231 cells and 

not CAL-51 cells (Figure 3.10). This cell line-specific targeting may occur through the 

expression of a particular cell surface antigen in BT-549 and MDA-MB-231 cells but not 

in CAL-51 cells. 

 

In summary, the implementation of NGPD in this study led to the identification of a 

small number of peptide candidates being selected from a diverse bacteriophage 

library in a high-throughput screen. The Z score analysis inferred that the peptides 

identified discriminate TNBC from non-malignant mammary cells and therefore may 

be better candidates for the development of a TNBC targeted drug delivery system. 

Furthermore, the NGPD biopanning and bioinformatic strategy applied have 

previously been shown to successfully identify highly specific peptide ligands (Naqid 

et al., 2016). However, target-unspecific ligands can still be identified from NGPD 

screening methods, therefore potential target-specific ligands need to be validated by 

other experimental approaches (Vodnik et al., 2011).  Furthermore, the binding of a 

pIII displayed peptide as part of the phage protein scaffold may differ from the binding 

of the peptide when synthesised or recombinantly expressed (’t Hoen et al., 2012). 

Therefore, to confirm these findings and further characterise the 9-mer peptide 

candidates, further in vitro validation assays were performed and presented in the 

following chapter.  
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Chapter 4: In Vitro Validation of TNBC targeting peptides  

 

4.1 Introduction 

 

The first aim of this study was to identify TNBC discriminatory small peptides to be 

utilised in peptide-based delivery systems for TNBC targeted treatment. In relation to 

cancer therapeutics, there are three classes of peptides which have been studied for 

drug delivery: fusogenic peptides, cell penetrating peptides (CPPs) and tumour 

targeting peptides. Fusogenic peptides are derived from the N-terminal domain of the 

HA2 subunit of the influenza viral protein, hemagglutinin. The amphipathic, pH-

sensitive peptides are able to mediate cellular endocytic uptake and lead to the 

efficient release of drugs or therapeutic agents by destabilising the endosomal 

membrane once internalised (Plank et al., 1994, Plank et al., 1998, Samec et al., 

2022a). This class of peptides has mainly been applied for the delivery of siRNA-

mediated therapies to overcome the retention and subsequent lysosomal degradation 

of siRNA in target cells (Cantini et al., 2013). For example, Samec et al., efficiently 

delivered siRNA targeting casein kinase II which resulted in a 94% knockdown of 

CSNK2A1 mRNA compared to non-targeted siRNA in ovarian cancer cells (Samec et al., 

2022a). Additionally, Cantini et al., found that delivering siRNA targeting CIP2A using 

a fusogenic peptide sequence led to 18-fold higher amounts of siRNA being delivered 

into oral cancer cells than siRNA alone which significantly decreased CIP2A mRNA and 

protein expression levels (Cantini et al., 2013). However, clinically available siRNA and 

mRNA delivery involves the use of lipid nanoparticles, such as lipid nanoparticle-

encapsulated mRNA vaccines (Adams et al., 2018, Baden et al., 2020, Schoenmaker et 

al., 2021). 

 

CPPs have also been applied to cancer therapy to increase the transduction efficiency 

of cell-impermeable therapeutic cargos across the plasma membrane. The 10 to 30 

amino acid peptides consist mainly of basic residues and can translocate drugs, nucleic 

acids, proteins and nanoparticles across the membrane by energy-dependant 

endocytosis (Drin et al., 2003, Dissanayake et al., 2017). One of the first discovered 

CPPs was the trans-activating transcriptional activator TAT sequence, 

GRKKRRQRRRPPQ, from human immunodeficiency virus-1 (HIV-1) (Frankel and Pabo, 

1988). Zhang et al., found that conjugating palmitoylated TAT to doxorubicin could 
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increase the accumulation and subsequent retention of the anticancer drug in drug 

sensitive and resistant cervical cancer cell lines (Zhang et al., 2014). Leading on from 

the discovery of the protein transduction domain (PTD) TAT, further research found 

that arginine plays an important role in CPP translocation, with octa-arginine and 

nona-arginine sequences leading to efficient internalisation (Mitchell et al., 2000, 

Futaki et al., 2001). Zhang et al., showed that oct-arginine resulted in a high 

transfection efficiency of HDM2-siRNA in lung tumour cells, thus leading reduced cell 

proliferation through HDM2 gene knockdown (Zhang et al., 2006). 8R has also been 

applied to functionalise drug delivery systems such as to improve the intracellular 

delivery of doxorubicin-loaded PEGylated liposomes, resulting in increased cancer cell 

cytotoxicity in vitro, and to deliver taxol into drug-resistant ovarian cancer cell lines 

(Dubikovskaya et al., 2008, Biswas et al., 2013).  

 

As mentioned, CPPs play a vital role in translocating therapeutic agents across cell 

membranes, but they lack specificity. Tumour targeting peptides, however, lead to the 

specific homing of a therapeutic to cancerous tissue by targeting cells that overexpress 

a particular cancer-specific antigen, such as integrins, or G protein or tyrosine kinase 

coupled receptors (Worm et al., 2020). The interaction of a targeting peptide with its 

corresponding receptor can then lead to the translocation of an anticancer drug or 

therapy by clathrin-mediated endocytosis, where the therapeutic agent is released 

into the cytosol by lysosomal degradation. For example, targeting the vascular 

endothelial growth factor receptor (VEGF) with a targeting peptide led to VEGF-

receptor mediated endocytosis and the subsequent release of MMAE into target cells, 

leading to inhibition of VEGF activity (Michigami et al., 2021).  

 

Several peptides have been identified to target receptors which are overexpressed in 

TNBC cells. For instance, p160, NGR and RGD target have been shown to target keratin 

1, CD13 and integrin, respectively (Sugahara et al., 2010, Soudy et al., 2012, Soudy et 

al., 2017). The epidermal growth factor receptor (EGFR) is also of interest in TNBC 

therapeutics, as the receptor is overexpressed in a large number of patients and has 

been correlated with higher grade tumours and a poor clinical outcome (Park et al., 

2014, Changavi et al., 2015). Hossein-Nejad Ariani et al., found that four analogues of 

the dodecapeptide YHWYGYTPQNVI had a high uptake in BCa cell lines which 

expressed high levels of EGFR, making the EGFR peptides promising candidates in the 



83 

 

development of EGFR targeting PDCs (Hossein-Nejad-Ariani et al., 2019). Furthermore, 

when YHWYGYTPQNVI was reversibly cross linked to polymersomal doxorubicin 

(GE11-PS-DOX), in vivo biodistribution experiments revealed that GE11-PS-DOX 

achieved 2.5 fold higher accumulation of doxorubicin in tumours compared to 

liposomal doxorubicin in EGFR overexpressing SKOV3 ovarian tumour xenografts in 

mice (Zou et al., 2018). In addition to targeting cytotoxic drugs to cancer receptor 

expressing tissue, tumour targeting peptides can deliver other molecular cargos such 

as siRNAs. For instance, Gandioso et al., were able to induce selective gene silencing 

in HER2+ cell lines when covalently coupling the HER2 targeting peptide, TAT-AHNP, to 

siRNAs via click chemistry (Gandioso et al., 2017).  

 

In addition, antibody-peptide fusions combining the specificity of monoclonal 

antibodies and the cell penetrating ability of small peptides may improve the efficacy 

of targeted therapy. For instance, when a cell-penetrating peptide was fused to the C-

terminal of a Hepatitis B virus X protein targeting mAb, the recombinant antibody 

achieved efficient cell penetration which enabled the suppression of viral transcription 

and the promotion of an antiviral state in both in vitro and in vivo studies (Zhang et al., 

2018). Regarding tumour targeting, Gaston et al., fused known cell-penetrating 

peptides to a carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5) 

specific mAb and found that PEP-1, an amphipathic 21-residue peptide previously 

reported by Morris et al., facilitated the internalisation of the IgG antibody (Morris et 

al., 2001, Gaston et al., 2019). 

 

A major limitation to the use of peptides is their susceptibility to proteases and their 

short serum half-life. However, small peptides can be chemically modified or cyclised 

to improve their bioavailability (McGregor, 2008, Le Joncour and Laakkonen, 2018). 

An example of this is the decapeptide WXEAAYQkFL (where k is D-lysine), a cyclic 

analogue of the BCa cell line targeting peptide p160, which was identified when a 

random peptide phage library was screened against BCa cells. As well as displaying a 

high uptake in BCa cells, the N to C-terminus amide cyclised peptide was found to be 

stable to proteolysis and to preferentially accumulate in mouse orthotropic MDA-MB-

231 tumours (Raghuwanshi et al., 2017). Chemical modifications of peptides include 

lipidation or the addition of polyethylene glycol (PEG) polymers to increase the serum 

stability of cell penetrating peptides (Frokjaer and Otzen, 2005, Zhang et al., 2012). 
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Small peptides have also been shown to selectively bind to cancer cell subpopulations. 

A phage display screening study by Jones et al., demonstrated the selective binding of 

peptides to MCF-7 cells which had undergone TGFβ-induced EMT through subtractive 

depletion against breast epithelial cells and fibroblasts. The EMT specific phages were 

further screened against EMT enriched cell lines MDA-MB-231 and T47D-shNMI and 

primary and metastatic TMAs. This resulted in the identification of a 7 amino acid 

peptide LGLRGSL which showed specific binding to EMT BCa cells (Jones et al., 2018). 

Small peptides may also be utilised in stem cell targeted therapy, as an in vitro study 

found that MDA-MB-231 isolated stem cells could be specifically targeted by a 

dodecamer peptide (Liu et al., 2016).  

 

In the previous chapter, potential TNBC targeting peptides were identified when a 

diverse small peptide bacteriophage library was selectively enriched for the TNBC cell 

lines, BT-549, CAL-51 and MDA-MB-231. However, as previously mentioned, NGPD can 

lead to the identification of non-target specific ligands or ligands which are unable to 

bind to a target outside of the bacteriophage protein scaffold, meaning further in vitro 

validation of peptide candidates is required (Vodnik et al., 2011, ’t Hoen et al., 2012). 

Therefore, this chapter firstly aimed to validate the phage identified TNBC peptide 

candidates by confirming the binding of each peptide to TNBC cells. To achieve this, 

the TNBC targeting peptides were expressed with the CPP sequence 9R and 

monovalent red fluorescent protein (mRFP) for TNBC cell specific binding and 

intracellular delivery studies. Peptide-mediated binding and subsequent intracellular 

delivery of each peptide-mRFP into control (MCF10A and HMEC-TERT) and TNBC (BT-

549, CAL-51 and MDA-MB-231) cell lines was then assessed by fluorescent microscopy 

and flow cytometry. The most promising peptide candidates from the flow cytometric 

analysis were also complexed to magnetic nanoparticles (MNPs) and MNP uptake was 

assessed by Prussian blue staining and inductively coupled plasma mass spectrometry 

(ICP-MS). Overall, the in vitro validation and characterisation of the NGPD peptides in 

this chapter aimed to identify the more promising TNBC targeting peptides for their 

use in TNBC targeted therapeutics.   
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4.2 Results 

 

4.2.1 Recovery of peptide encoding sequences into a monovalent red fluorescent 

protein expressing vector 

 

To confirm whether the peptide candidates identified from the NGPD screening and 

bioinformatic analysis target TNBC cells, the 44 candidate 9-mer peptides were 

recovered by the insertion of the individual peptide encoding sequences into a pGEX-

6P1-8R-mRFP expression vector by inverse PCR (see Appendix 4.1, Supplementary 

Figure 6). Cloning the peptide encoding sequences directly upstream to the 

monomeric red fluorescent protein (mRFP) gene therefore led to peptide-mRFP 

recombinant protein expression for fluorescent microscopy and flow cytometric 

analysis. The peptides that were identified from the first Z score analysis (Z score 

greater than 2.0 across three or more replicates) were referred to as peptides 1 to 13, 

whereas peptides identified from the less stringent Z score analysis (Z score greater 

than 3.0 across two or more replicates) were referred to as peptides 14 to 44. 

 

Individual primers were designed to incorporate the TNBC specific 9-mer peptide 

sequences and the phagemid vector flanking regions, MSRP and PRRRRRRRRR, into 

the pGEX-6P1-mRFP by inverse PCR (see Appendix 4.2, Supplementary Figure 6). The 

nona-arginine CPP was also included to enhance the endocytic uptake of the final 

TNBC peptide-mRFP recombinant proteins as the identified TNBC targeting peptides 

may not be able to cross the plasma membrane (Dixon et al., 2016, Dissanayake et al., 

2017). The separation of the resulting PCR products by gel electrophoresis confirmed 

that the correct size sequence had been inserted into the expression vector for both 

the Z score greater than 2.0 peptides (Figure 4.1), and the Z score greater than 3.0 

peptides (see Appendix 4.3).  

 

Ampicillin resistant bacterial clones for each peptide were then miniprepped for 

sequencing. Sanger sequencing analysis of each recombinant plasmid revealed that all 

the peptide encoding sequences were successfully cloned into the expression vector 

(Figure 4.2). 
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Figure 4.1 Insertion of 9-mer peptide encoding sequences into the mRFP expression vector  

The DNA encoding sequences for the 13 peptides identified from the Z>2 criteria were cloned 

into the pGEX-6P1-mRFP expression vector by inverse PCR. The resulting PCR products are 

observed at around 5.8kb on a 1% agarose gel (A-E). A 1kb ladder was used as the molecular 

marker.   
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PEPTIDE 1       LEVLFQGPMSRPTLYRMVVTSPRRRRRRRRRTSTMASSE 

PEPTIDE 2       LEVLFQGPMSRPNNVSVIRERPRRRRRRRRRTSTMASSE 

PEPTIDE 3       LEVLFQGPMSRPLSKKHMPVNPRRRRRRRRRTSTMASSE 

PEPTIDE 4       LEVLFQGPMSRPLESLSSMSPPRRRRRRRRRTSTMASSE 

PEPTIDE 5       LEVLFQGPMSRPSPVSSPPITPRRRRRRRRRTSTMASSE 

PEPTIDE 6       LEVLFQGPMSRPQYRHSVLQLPRRRRRRRRRTSTMASSE 

PEPTIDE 7       LEVLFQGPMSRPLSPLQHAPQPRRRRRRRRRTSTMASSE 

PEPTIDE 8       LEVLFQGPMSRPLMQDMALRLPRRRRRRRRRTSTMASSE 

PEPTIDE 9       LEVLFQGPMSRPLASMSYALLPRRRRRRRRRTSTMASSE 

PEPTIDE 10     LEVLFQGPMSRPCSTTYYTVKPRRRRRRRRRTSTMASSE 

PEPTIDE 11     LEVLFQGPMSRPMGSVRDTKFPRRRRRRRRRTSTMASSE 

PEPTIDE 12     LEVLFQGPMSRPLQVSLNSVMPRRRRRRRRRTSTMASSE 

PEPTIDE 13     LEVLFQGPMSRPHNPNQITMYPRRRRRRRRRTSTMASSE 

PEPTIDE 14     LEVLFQGPMSRPYGGSDTTMRPRRRRRRRRRTSTMASSE 

PEPTIDE 15     LEVLFQGPMSRPSLSLHVTQSPRRRRRRRRRTSTMASSE 

PEPTIDE 16     LEVLFQGPMSRPSLLGLHSSLPRRRRRRRRRTSTMASSE 

PEPTIDE 17     LEVLFQGPMSRPQSLWRLAQRPRRRRRRRRRTSTMASSE 

PEPTIDE 18     LEVLFQGPMSRPPEVLQMKMSPRRRRRRRRRTSTMASSE 

PEPTIDE 19     LEVLFQGPMSRPNSLMRQLGLPRRRRRRRRRTSTMASSE 

PEPTIDE 20     LEVLFQGPMSRPLQPRLVFQGPRRRRRRRRRTSTMASSE 

PEPTIDE 21     LEVLFQGPMSRPIMDNPLEQGPRRRRRRRRRTSTMASSE 

PEPTIDE 22     LEVLFQGPMSRPFSYSYRGRAPRRRRRRRRRTSTMASSE 

PEPTIDE 23     LEVLFQGPMSRPELHRESHYVPRRRRRRRRRTSTMASSE 

PEPTIDE 24     LEVLFQGPMSRPCRHCIIGSCPRRRRRRRRRTSTMASSE 

PEPTIDE 25     LEVLFQGPMSRPVLHSPVCIGPRRRRRRRRRTSTMASSE 

PEPTIDE 26     LEVLFQGPMSRPSGSLWPQRNPRRRRRRRRRTSTMASSE 

PEPTIDE 27     LEVLFQGPMSRPSEGSLPERRPRRRRRRRRRTSTMASSE 

PEPTIDE 28     LEVLFQGPMSRPRWKVTLLNTPRRRRRRRRRTSTMASSE 

PEPTIDE 29     LEVLFQGPMSRPRKGLQYMEPPRRRRRRRRRTSTMASSE 

PEPTIDE 30     LEVLFQGPMSRPRGVTEKDERPRRRRRRRRRTSTMASSE 

PEPTIDE 31     LEVLFQGPMSRPQERLKPVLSPRRRRRRRRRTSTMASSE 

PEPTIDE 32     LEVLFQGPMSRPPPIELVMQGPRRRRRRRRRTSTMASSE 

PEPTIDE 33     LEVLFQGPMSRPNLLWSSASKPRRRRRRRRRTSTMASSE 

PEPTIDE 34     LEVLFQGPMSRPHTMLDQHTIPRRRRRRRRRTSTMASSE 

PEPTIDE 35     LEVLFQGPMSRPWVLSSLVRTPRRRRRRRRRTSTMASSE 

PEPTIDE 36     LEVLFQGPMSRPWLLCDPDATPRRRRRRRRRTSTMASSE 

PEPTIDE 37     LEVLFQGPMSRPSVDFANKGPPRRRRRRRRRTSTMASSE 

PEPTIDE 38     LEVLFQGPMSRPSTLLTWKEWPRRRRRRRRRTSTMASSE 

PEPTIDE 39     LEVLFQGPMSRPSKKQRRALLPRRRRRRRRRTSTMASSE 

PEPTIDE 40     LEVLFQGPMSRPPDSTYSGKNPRRRRRRRRRTSTMASSE 

PEPTIDE 41     LEVLFQGPMSRPMQIWLMLVGPRRRRRRRRRTSTMASSE 

PEPTIDE 42     LEVLFQGPMSRPMPEQGQLLLPRRRRRRRRRTSTMASSE 

PEPTIDE 43     LEVLFQGPMSRPHSLIPCLASPRRRRRRRRRTSTMASSE 

PEPTIDE 44      LEVLFQGPMSRPGSVAHQWFTPRRRRRRRRRTSTMASSE 

 

Figure 4.2 Translated Sanger sequencing results for recombinant plasmids 

Each peptide encoding sequence is shown in bold. The sequence was inserted between the 

HRV 3C site (shown in purple) and the mRFP1 (shown in red) original vector sequences. 

Sequencing data was analysed using SnapGene viewer (see Appendix 4.4). 
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In order to determine the specificity of each peptide for TNBC cells by fluorescent 

microscopy and flow cytometric analysis, the binding ability of three control mRFP 

recombinant proteins was also assessed. The two negative control proteins included 

in this study were mRFP only and mRFP coupled to the 9R protein transduction 

domain, named 9R-mRFP. The positive control protein selected included a lysine rich 

heparin binding domain peptide, p21. The positively charged 21-residue peptide, 

KRKKKGKGLGKKRDPCLRKYK, has been shown to greatly increase cell-penetrating 

peptide mediated endocytosis by Dixon et al., (Dixon et al., 2016). The p21 peptide 

was therefore expressed as the recombinant protein p21-9R-mRFP. 

 

In a similar manner to the 9-mer peptides, inverse PCR primers were designed to clone 

the control peptide sequences into the pGEX-6P1-mRFP vector (see Appendix 4.2). As 

the MRSP and 9RRRRRRRRR flanking regions were inserted into the pGEX-6P1-mRFP 

vector as part of the recovery of the 9-mer peptide clones, the expression construct 

for peptide 1 was used as a template to obtain the 9R, 9R-mRFP and p21-9R-mRFP 

recombinant vectors. The amplification of the correct inverse PCR product for mRFP 

and 9R-mRFP was confirmed by gel electrophoresis (Figure 4.3) and the successful 

cloning of each negative control peptide was confirmed by Sanger sequencing (see 

Appendix 4.4).  

 

 

 

 

 

                  

 

 

 

 

 

 

Figure 4.3 Insertion of the control peptide sequences into the mRFP expression vector  

The DNA encoding sequences for mRFP, 9R-mRFP and p21-9R-mRFP were cloned into the 

pGEX-6P1-mRFP expression vector by inverse PCR. The correct size PCR product was observed 

at around 5.8kb (indicated by a white arrow). A 1kb ladder was used as the molecular marker.   



90 

 

However, the correct inverse PCR product was not observed for p21-9R-mRFP. A new 

set of primers were therefore designed to incorporate this sequence into the original 

pGEX-6P1-mRFP vector. The inverse PCR with the original vector designed primers also 

did not lead to the amplification of a 5.8kb product. As the p21 primers were long, the 

PCR conditions were altered to increase the number of annealing cycles, which led to 

the amplification of the correct p21 PCR product when both sets of primers were 

tested (Figure 4.4) and the insertion of the correct p21 encoding sequence (see 

Appendix 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Insertion of the p21 sequence into the mRFP expression vector 

The DNA encoding sequence for the 21-mer positive control peptide was cloned into the 

expression vector by inverse PCR. The correct size PCR product was observed at around 5.8kb 

(indicated by a white arrow) and gel excised.  A 1kb ladder was used as the molecular marker.   

 

Next, fluorescently labelled recombinant proteins were expressed from the individual 

peptide encoding constructs and purified. To ensure that IPTG induced protein 

expression and Glutathione Sepharose™ 4B resin purification successfully led to 

recombinant protein being obtained, three peptides were randomly selected 

(peptides 2, 8 and 9) and the purification protocol followed. Separation of 500ng of 

purified recombinant protein for each peptide by 1D SDS-PAGE confirmed that 

purified peptide-mRFP was present in the eluted fractions (Figure 4.5). However, the 

Coomassie stained polyacrylamide gel revealed that peptide-mRFP remained on the  
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Figure 4.5 Purification of peptide-mRFP using Glutathione Sepharose™ 4B resin  

10ul of unused resin, 1ul of PreScission protease, 10ul of cleaved resin and 500ng of eluted 

recombinant protein were loaded onto a 12% polyacrylamide gel and proteins were separated 

by SDS-PAGE and stained with Coomassie blue. A colour-stained broad range marker was used 

as the molecular weight marker. 

 

glutathione beads after cleavage with PreScission protease. Therefore, the protein 

expression and purification protocol was altered by increasing the number of bacteria 

in the TG1 expression culture and the concentration of PreScission protease was 

increased by decreasing the volume of cleavage buffer for subsequent elutions. This 

resulted in higher concentrations of the final purified proteins being obtained. 

 

As the peptides identified from the first Z score criteria were found to be enriched in 

more target cell replicates than the second Z score analysis, peptides 1 to 13 were 

prioritised for in vitro validation.  Therefore, the BT-549 targeting peptides 

TLYRMVVTS, NNVSVIRER, LSKKHMPVN, LESLSSMSP, the CAL-51 targeting peptides 

MGSVRDTKF, LQVSLNSVM and HNPNQITMY and the MDA-MB-231 targeting peptides, 

SPVSSPPIT, QYRHSVLQ, LSPLQHAPQ, LMQDMALRL, LASMSYALL, CSTTYYTVK were 

expressed and purified for subsequent peptide uptake analyses. 
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4.2.2 Cellular uptake of TNBC peptides by fluorescent microscopy 

 

The endocytic uptake of the recombinantly expressed peptide-mRFPs was first 

visualised by fluorescent microscopy to assess whether the peptides interacted with 

the control and TNBC cell lines used in the NGPD screen. To confirm that the 

recombinant proteins could bind to the cells and that internalised peptide-mRFPs 

could be visualised by fluorescent microscopy, the positive control p21-9R-mRFP was 

incubated with the control cell lines BJ, MCF10A, HMEC-TERT, and the TNBC cell lines 

BT-549, CAL-51 and MDA-MB-231 cells. This resulted in mRFP fluorescence being 

observed for all cell types (Figure 4.6A, p21). In contrast, there was only a small 

amount of mRFP fluorescence observed when each cell type was incubated with the 

mRFP only negative control (Figure 4.6A, mRFP). The 9R-mRFP control resulted in an 

increase in mRFP fluorescence compared to the mRFP only control in MCF10A, HMEC-

TERT, BT-549, CAL-51 and MDA-MB-231 wells. However, no mRFP or 9R-mRFP was 

observed in BJ cells (Figure 4.6A, 9R). 

 

The BT-549 targeting peptide, TLYRMVTTS, appeared to lead to an increased uptake 

of mRFP in the TNBC cell lines as mRFP was observed around the nuclei of BT-549, CAL-

51 and MDA-MB-231 cells. Fluorescence could also be seen in the non-tumourigenic 

cell lines, with fluorescence being observed in HMEC-TERT and MCF10A cells. 

However, the TLYRMVTTS-mRFP fluorescence appeared to be lower in the control cell 

lines compared to the TNBC cell lines (Figure 4.6A, TLYRMVTTS). The peptides 

NNVSVIRER and LSKKHMPVN appeared to target BT-549 and MDA-MB-231 cells the 

most compared to the other cell lines, with considerably less staining observed in CAL-

51 cells. The NNVSVIRER recombinant protein did, however, appear to lead to an 

increase in mRFP seen in all the control cell lines compared to the fluorescence 

observed with the mRFP and 9R-mRFP negative controls (Figure 4.6B, NNVSIRER). In 

contrast, there was less mRFP observed in the control cell lines with LSKKHMPVN. The 

peptide also appeared to lead to the most fluorescence in BT-549 cells compared to 

the other Z>2 peptides (Figure 4.6B, LSKKHMPVN). There was limited mRFP observed 

with the LESLSSMSP-mRFP recombinant protein, with the least fluorescence observed 

in the control and CAL-51 cell lines. The peptide did appear to result in more 

fluorescence in the BT-549 and MDA-MB-231 cells, however there was less mRFP 

observed with LESLSSMSP when compared to the other BT-549 targeting peptides  
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Figure 4.6 Binding of each mRFP labelled peptide to BJ, MCF10A, HMEC-TERT, BT-549, MDA-

MB-231 and CAL-51 cells 

Cell nuclei were stained with Hoechst 33342 (blue) to identify cell specific mRFP fluorescence 

(orange). Cells were fixed with 4% PFA following incubation with each peptide for 24 hours 

(n=3). All images were captured using a 40X objective. 
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(Figure 4.6B, LESLSSMSP). 

 

SPVSSPPIT-mRFP binding is also shown in Figure 4.6. Like LESLSSMSP, there was only 

a small amount of mRFP observed with SPVSSPITT. The peptide did appear to lead to 

more mRFP observed in the BT-549 and MDA-MB-231 samples, however the 

fluorescence was less than that observed with the fluorescently labelled TLYRMVTTS, 

NNVSVIRER and LSKKHMPVN peptides (Figure 4.6B, SPVSSPITT). The MDA-MB-231 

targeting peptides QYRHSVLQL and LSPLQHAPQ did not lead to any mRFP in CAL-51 

cells, but mRFP was observed around the nuclei of BT-549 and MDA-MB-231 cells. 

Some mRFP was also seen when the control cell lines were incubated with 

QYRHSVLQL-mRFP or LSPLQHAPQ-mRFP, with QYRHSVLQL resulting in mRFP in BJ cells 

and LSPLQHAPQ resulting in fluorescence being observed in HMEC-TERT cells. 

Although faint, there was also some mRFP fluorescence seen in MCF10A wells with 

both peptides (Figure 4.6C, QYRHSVLQL and LSPLQHAPQ). In contrast, there was 

limited fluorescence observed in each control cell line with LMQDMALRL-mRFP. 

Furthermore, this peptide led to intracellular mRFP being observed in all the TNBC cell 

lines, albeit at low intensity (Figure 4.6C, LMQDMALRL). TNBC cellular uptake of mRFP 

was also present with LASMSYALL, however a considerable amount of mRFP was also 

observed in BJ and HMEC-TERT cells (Figure 4.6C, LASMSYALL). The final MDA-MB-231 

peptide, CSTTYYTVK, appeared to lead to slightly more fluorescence observed in 

MCF10A cells than the other potential MDA-MB-231 targeting peptides, however 

intracellular fluorescence observed in the BT-549, CAL-51 and MDA-MB-231 cells 

appeared brighter than that observed in the control cells (Figure 4.6D, CSTTYYTVK).  

 

The final Z score greater > 2 peptides, MGSVRDTKF, LQVSLNSVM and HNPNQITMY, are 

shown in Figure 4.6D. Even though the peptides were identified to be CAL-51 cell 

targeting from the phage study, all three of the peptides only lead to a small amount 

of mRFP being observed in CAL-51 cells. Regarding the control cell lines, mRFP 

fluorescence was seen in HMEC-TERT cells when MGSVRDTKF was the targeting 

peptide. Additionally, MGSVRDTKF and LQVSLNSVM led to fluorescence being 

observed in MCF10A cells. In contrast, there was little fluorescence observed when all 

the CAL-51 targeting recombinant proteins were incubated with BJ cells. A similar 

amount of fluorescence was observed in BT-549 cells with MGSVRDTKF-mRFP and 

LQVSLNSVM-mRFP, with both peptides appearing to lead to specific mRFP binding. 
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The peptides also led to the cellular uptake of their corresponding protein in MDA-

MB-231 cells. On the other hand, there was little fluorescence observed in the non-

tumourigenic and TNBC cell lines when the cells were subjected to HNPNQITMY-mRFP. 

However, cell specific uptake of HNPNQITMY-mRFP could still be seen in all TNBC cell 

lines.  

 

The fluorescence microscopy data for all fluorescently labelled peptides is summarised 

in Table 4.1. The arbitrary values of +, ++ and +++ were assigned to each image based 

on the level of cell specific intracellular fluorescence observed in each cell line for the 

control and TNBC targeting peptides. Image analysis found that the peptide-mediated 

delivery of mRFP did vary depending on the control or TNBC peptide used, however 

differences in the level of mRFP uptake could not be clearly determined, particularly 

in BT-549 and MDA-MB-231 cells.  Therefore, flow cytometry was employed to 

quantify peptide-mediated mRFP in the non-tumourigenic and TNBC cell lines. 

 

Table 4.1 Summary of mRFP fluorescence observed by fluorescence microscopy 

 Control cell lines  TNBC cell lines 

Peptides BJ HMEC-TERT MCF10A  BT-549 CAL-51 MDA-MB-231 

mRFP     +   

9R  ++ ++  +++ ++ +++ 

p21  + +++  +++ ++ +++ 

TLYRMVVTS  +++ ++  +++ ++ +++ 

NNVSVIRER + ++ +++  +++ + +++ 

LSKKHMVN  + ++  +++  +++ 

LESLSSMSP  + +  +++  +++ 

SPVSSPPIT     +++  +++ 

QYRHSVLQL   +  +++ + +++ 

LSPLQHAPQ  ++ ++  +++  +++ 

LMQDMALRL     +++ ++ +++ 

LASMSYALL +    +++ ++ +++ 

CSTTYYTVK  + +++  +++ ++ +++ 

MGSVRDTKF  + +++  +++ + +++ 

LQVSLNSVM   +++  +++ ++ +++ 

HNPNQITMY   +  +++  +++ 

+ cell specific fluorescence in 25-50% of cells, ++ cell specific fluorescence in 50-75% of cells, 

+++ cell specific fluorescence in greater than 75% of cells 
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4.2.3 Cellular uptake of TNBC peptides by flow cytometry 

 

Fluorescence microscopy confirmed that each recombinant protein was able to lead 

to the cell specific uptake of mRFP in one or more control or TNBC cell line. However, 

the differential uptake of each peptide-mRFP between the cell lines used in this study 

could not be determined from the qualitative data. Therefore, flow cytometry was 

employed so that the peptide-mediated endocytic uptake of the individual peptide-

mRFPs by HMEC-TERT, MCF10A, BT-549, CAL-51 and MDA-MB-231 cells could be 

quantified. 

 

To determine whether each peptide specifically targeted one or more TNBC cell line, 

the cellular uptake of the Z score greater than 2.0 peptides in each TNBC cell line was 

compared to the uptake of the same peptide in HMEC-TERT and MCF10A cells. Even 

though BJ cells were used as a control cell line for the phage display screening study, 

this cell type was not used in flow cytometric analysis as fluorescence microscopy 

revealed that there was limited cellular uptake of all peptide-mRFPs in BJ cells (Figure 

4.6). 

 

An example of the flow cytometry data collected for BT-549 cells is shown in Figure 

4.7. Flow cytometric analysis revealed that an increase in mRFP positive binding 

events, defined as binding events found above the mRFP only gate, were observed 

with 9R-mRFP, p21-mRFP and TLYRMMVTS-mRFP, with p21 (p = < 0.0001) and 

TLYRMMVTS (p = 0.0038) leading significant increases in the percentage of mRFP 

positive cells (Figure 4.7E). To measure the uptake of each peptide candidate by non-

tumourigenic and TNBC cell lines, mean mRFP fluorescence values were calculated for 

each peptide-mRFP to assess fluorescence intensity. Mean fluorescence values were 

calculated as an average of the raw fluorescence values recorded, with more than 

20,000 single cells per sample. The single cell population was assessed for each sample 

based on forward and side scatter characteristics (Figure 4.7A, gate A). As the 9R CPP 

may lead to differing levels of endocytic uptake in each cell line, the mean fluorescence 

values that were measured for each TNBC peptide-mRFP with each cell line were 

normalised based on the mean fluorescence value that was recorded when the cell 

penetrating peptide mRFP which possessed no targeting peptide (9R-mRFP) was 
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Figure 4.7 Cellular uptake of control and TNBC targeting peptides by BT-549 cells 

(A) More than 20,000 single cell events were analysed (gate A) and the level of mRFP 

fluorescence within the single cell population was quantified by the mean fluorescence value 

obtained when cells were incubated with (B) no peptide, (C) the control peptides (mRFP, 9R 

and p21) and (D) the individual TNBC targeting peptides. Mean fluorescence values for each 

sample are shown (X-Med). Flow cytometric data is presented for one TNBC targeting peptide 

(TLYRMVVTS) and from one experimental repeat for reference. (E) Number of positive binding 

events found above the mRFP only gate shown as the mean ± SD (n=6–9). Statistical 

significance was calculated by Kruskall-Wallis test. ** p = 0.0038, **** p = < 0.0001.  
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incubated with the same cell line (Figure 4.7C). The endocytic uptake of mRFP only 

(negative control protein) and p21-9R-mRFP (positive control protein) by each control 

and TNBC cell line was also measured and the raw fluorescence values were 

normalised to 9R-mRFP (Figure 4.8, Figure 4.9 and Figure 4.10). 

 

The uptake of p21-9R-mRFP led to high intracellular fluorescence in both the non-

tumourigenic cell lines HMEC-TERT (4.79 ± 0.321) and MCF10A (32.3 ± 0.738) and in 

the TNBC cell lines BT-549 (10.7 ± 0.991), CAL-51 (57.7 ± 12.3) and MDA-MB-231 (40.6 

± 7.47). The mean fluorescence values obtained for p21-9R-mRFP varied the most 

across all the cell lines, however the values were much higher than the fluorescence 

values obtained from the TNBC targeting peptides. In contrast, the negative control 

recombinant protein, mRFP, resulted in little fluorescence in each cell line, with mRFP 

leading to normalised fluorescence values of 0.032 ± 0.002, 0.091 ± 0.007, 0.236 ± 

0.020, 0.354± 0.026 and 0.273 ± 0.030 in HMEC-TERT, MCF10A, BT-549, CAL-51 and 

MDA-MB-231 cells, respectively. 

 

The ability of each fluorescently labelled TNBC peptide to target TNBC was firstly 

assessed with BT-549 cells (Figure 4.8). Four peptides, TLYRMVVTS (0.472 ± 0.070 vs 

1.14 ± 0.078; P = 0.0004), LSKKHMPVN (0.507 ± 0.104 vs 1.46 ± 0.231; p = 0.0008), 

CSTTYYTVK (1.12 ± 0.058 vs 1.36 ± 0.068; p = 0.0360) and MGSVRDTKF (1.91 ± 0.193 

vs 2.48 ± 0.165; p = 0.0256), resulted in a significant increase in mRFP fluorescence 

observed in BT-549 cells compared to HMEC-TERT cells. There were also four peptides, 

SPVSSPITT (1.15 ± 0.146 vs 0.474 ± 0.025; p = 0.0004), LASMSYALL (0.767 ± 0.028 vs 

0.498 ± 0.032; p = 0.0004), LQVSLNSVM (2.79 ± 0.257 vs 1.26 ± 0.125; p = 0.0004) and 

HNPNQITMY (0.94 ± 0.166 vs 0.422 ± 0.044; p = 0.0076), which resulted in significantly 

less mRFP fluorescence in BT-549 cells than HMEC-TERT cells (Figure 4.8A). In contrast, 

no peptides were found to target BT-549 cells more than MCF10A cells, whereas 

CSTTYYTVK (2.38 ± 0.172 vs 1.36 ± 0.068; p = 0.0002), LQVSLNSVM (2.88 ± 0.300 vs 

1.26 ± 0.125; p = 0.0004) and HNPNQITMY (0.77 ± 0.043 vs 0.42 ± 0.044; p = 0.0007) 

led to a higher mean mRFP fluorescence value measured from MCF10A cells compared 

to BT-549 cells (Figure 4.8B).  
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Figure 4.8 Cellular uptake of control and TNBC peptides in BT-549 cells compared to HMEC-

TERT and MCF10A cells 

mRFP fluorescence was measured by flow cytometry with 20,000 single cell events recorded 

per sample. Mean fluorescence data is shown as the mean ± SEM (n=6-9). Statistical 

significance between (A) HMEC-TERT and (B) MCF10A compared to BT-549 cell samples was 

calculated by Mann-Whitney test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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With regard to CAL-51 targeting peptides, TLYRMVVTS (0.472 ± 0.070 vs 2.56 ± 0.426; 

p = 0.0003), LSKKHMPVN (0.507 ± 0.104 vs 1.93 ± 0.272; p = 0.0007), LESLSSMSP (0.538 

± 0.102 vs 0.985 ± 0.091; p = 0.0160), LMQDMALRL (0.316 ± 0.020 vs 1.14 ± 0.315; p = 

0.0003) and CSTTYYTVK (1.12 ± 0.047 vs 4.67 ± 0.733; p = 0.0003) led to a significantly 

higher mean mRFP fluorescence value being observed in CAL-51 cells than in HMEC-

TERT cells (Figure 4.9A). In addition, TLYRMVVTS (1.01 ± 0.171 vs 2.56 ± 0.426; p = 

0.0004), LESLSSMSP (0.632 ± 0.072 vs 0.985 ± 0.091; p = 0.0220), LMQDMALRL (0.321 

± 0.026 vs 1.14 ± 0.315; p = 0.0003) and CSTTYYTVK (2.38 ± 0.172 vs 4.67 ± 0.733; p = 

0.0232) also led to more mRFP fluorescence being observed in CAL-51 cells compared 

to MCF10A cells (Figure 4.9B). The 9-mer peptides NNVSVIRER, LSPLQHAPQ, 

LASMSYALL and MGSVRDTKF resulted in a higher mean fluorescence value in CAL-51 

samples than in both MCF10A and HMEC-TERT samples, however the increase was not 

significant. SPVSSPPIT was the only peptide in this analysis which resulted in 

significantly less mRFP being observed in CAL-51 cells than a control cell line, with a 

mean fluorescence value of 1.15 ± 0.146 and 0.65 ± 0.078 (p = 0.0176) being observed 

in CAL-51 and HMEC-TERT cells, respectively. 

 

All TNBC targeting peptides, excluding SPVSSPITT and HNPNQITMY, resulted in a 

higher mean fluorescence value in MDA- MB-231 cells being observed when compared 

to both HMEC-TERT and MCF10A cells (Figure 4.10). Statistical analysis of the flow 

cytometric data revealed that peptides TLYRMVVTS (0.51 ± 0.075 vs 1.72 ± 0.150; p = 

0.001), LSKKHMPVN (0.51 ± 0.104 vs 1.98 ± 0.323 p = 0.001), LESLSSMSP (0.54 ± 0.102 

vs 0.97 ± 0.111; p = 0.0200), QYRHSVLQL (0.97 ± 0.080 vs 1.35 ± 0.163; p = 0.0312), 

LSPLQHAPQ (0.80 ± 0.143 vs 1.53 ± 0.152; p = 0.0120) and LMQDMALRL (0.32 ± 0.024 

vs 0.88 ± 0.141; p = 0.001) delivered more mRFP intracellularly into MDA-MB-231 cells 

than into HMEC-TERT cells (Figure 4.10B). NNVSVIRER, LASMSYALL, CSTTYYTVK, 

MGSVRDTKF and LQVSLNSVM also led to more fluorescence in MDA-MB-231 cells 

when compared to HMEC-TERT cells, although the increases were not statistically 

significant. 

 

In addition, NNVSVIRER, LSKKHMPVN, SPVSSPITT, QYRHSVLQL, LSPLQHAPQ, 

LASMSYALL, CSTTYYTVK, MGSVRDTKF, LQVSLNSVM and HNPNQITMY resulted in non-

significant increases in fluorescence in MDA-MB-231 cells compared to MCF10A cells. 

However, significant increases were observed with TLYRMVVTS (1.01 ± 0.171 vs 1.72  
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Figure 4.9 Cellular uptake of control and TNBC peptides in CAL-51 cells compared to HMEC-

TERT and MCF10A cells 

mRFP fluorescence was measured by flow cytometry with 20,000 single cell events recorded 

per sample. Mean fluorescence data is shown as the mean ± SEM (n=6-9). Statistical 

significance between (A) HMEC-TERT and (B) MCF10A compared to CAL-51 cell samples was 

calculated by Mann-Whitney test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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± 0.150; p = 0.0315), LESLSSMSP (0.632 ± 0.072 vs 0.967 ± 0.111; p = 0.0220), 

QYRHSVLQL (0.804 ± 0.067 vs 1.35 ± 0.163; p = 0.0021) and LMQDMALRL (0.321 ± 

0.026 vs 0.881 ± 0.141; p = 0.00004), with LMQDMALRL leading to the most significant 

increase in the MDA-MB-231 versus MCF10A analysis (Figure 4.10B). 

 

The 9-mer TNBC peptides which led to a significantly higher mean mRFP fluorescence 

in a TNBC cell line compared to one (MCF10A or HMEC-TERT) or both (MCF10A and 

HMEC-TERT) of the control cell lines are highlighted in Table 4.2. From this, 

TLYRMVVTS, LMQDMALRL and CSTTYYTVK were selected for further TNBC targeting 

analyses, as each of these peptides resulted in significantly higher mRFP uptake in two 

or more TNBC cell lines when compared to either MCF10A cells, HMEC-TERT cells or 

both non-tumourigenic cell lines. Peptides LSKKHMPVN and LESSLSSMSP were also 

considered for further validation, however, LSKKHMPVN did not lead to any significant 

fluorescent increases in the MCF10A vs TNBC cell line analyses and all LESLSSMSP 

comparisons led to less significant p-values (p ≤ 0.05) than observed with LMQDMALRL 

and CSTTYYTVK. 
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Figure 4.10 Cellular uptake of control and TNBC peptides in MDA-MB-231 cells compared to 

HMEC-TERT and MCF10A cells  

mRFP fluorescence was measured by flow cytometry with 20,000 single cell events recorded 

per sample. Mean fluorescence data is shown as the mean ± SEM (n=6-9). Statistical 

significance between (A) HMEC-TERT and (B) MCF10A compared to MDA-MB-231 cell samples 

was calculated by Mann-Whitney test. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 

0.0001. 
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Table 4.2 Cellular uptake of fluorescently labelled peptides in TNBC cell lines compared to 

control cell lines 

 TNBC cell lines 

Peptides BT-549 CAL-51 MDA-MB-231 

TLYRMVVTS ✓ ✓✓ ✓✓ 

NNVSVIRER    

LSKKHMVN ✓ ✓ ✓ 

LESLSSMSP  ✓✓ ✓✓ 

SPVSSPPIT    

QYRHSVLQL   ✓✓ 

LSPLQHAPQ   ✓ 

LMQDMALRL  ✓✓ ✓✓ 

LASMSYALL    

CSTTYYTVK ✓ ✓✓  

MGSVRDTKF ✓   

LQVSLNSVM    

HNPNQITMY    

✓ significantly increased uptake in TNBC cell line when compared to one control cell line. 

✓✓ significantly increased uptake in TNBC cell line when compared to both control cell lines. 

 

4.2.4 Qualitative analysis of TNBC peptide mediated delivery of MNPs 

 

Following flow cytometric analysis, the specificity of the targeting peptides 

TLYRMVVTS, LMQDMALRL and CSTTYYTVK for TNBC was further investigated by 

assessing their ability to enhance cellular uptake of magnetic nanoparticles (MNPs). 

MNPs are superparamagnetic iron oxide nanoparticles (SPIONs) with high in vivo 

biocompatibility and biodegradability (Reddy et al., 2012). The nanoparticles have 

been translated to numerous biomedicine applications including cancer diagnostics 

and therapies such as MRI contrast enhancement, controlled and targeted drug 

release and magnetic fluid induced hyperthermia cancer treatment (Thiesen and 

Jordan, 2008, Sun et al., 2008, Estelrich et al., 2015, Avasthi et al., 2020). 

 

Blokpoel Ferreras et al., have previously demonstrated that positively charged homing 

peptides or CPPs can be complexed to negatively charged MNPs via electrostatic 

interactions. The formation of peptide-MNP nanocomplexes can then enhance the 
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intracellular delivery of MNPs (Blokpoel Ferreras et al., 2020). Therefore, to investigate 

whether TLYRMVVTS, LMQDMARL and CSTTYYTVK can lead to increases in cellular 

MNP uptake, the three potential TNBC targeting peptides were complexed to MNPs 

and delivered into MCF10A, HMEC-TERT, BT-549, CAL-51 and MDA-MB-231 cells. 

 

As the recombinantly expressed proteins used in the initial cellular uptake analyses 

(see 4.2.2 and 4.2.3) were fluorescently labelled with mRFP, the TNBC peptides used 

for MNP complexation were purchased as synthetic peptides. In a similar manner to 

the recombinant proteins used for the fluorescent microscopy and flow cytometric 

analyses, the synthetic peptides included the MRSP and PRRRRRRRRR flanking 

sequences (Table 4.3). A 9R control peptide was also synthetically produced as a 

negative control protein and the p21-8R peptide investigated by Blokpoel Ferraras et 

al., in previous MNP delivery studies was used as the positive control, referred to here 

as p21 (Blokpoel Ferreras et al., 2020). 

 

Table 4.3 Amino acid sequences of synthetic peptides used in MNP complexation 

Peptides Amino acid sequence  

9R RRRRRRRRR  

p21 KRKKKGKGLGKKRDPCLRKYKRRRRRRRR  

TLYRMVVTS MSRPTLYRMVVTSPRRRRRRRRR  

LMQDMALRL MSRPLMQDMALRLPRRRRRRRRR  

CSTTYYTVK MSRPCSTTYYTVKPRRRRRRRRR  

 

To ensure that the MNPs and synthetically produced peptides did not cause 

cytotoxicity, cell viability assays were firstly performed (Figure 4.11). Blokpoel Ferraras 

et al., delivered 50 ug ml-1 MNPs and p21-8R:MNPs (4 nmol mg -1 MNP) into NIH3T3 

cells with no effect on cell viability or proliferation observed and Markides et al., 

demonstrated that 20 nmol mg-1 of p21-8R:MNPs (1nM of peptide per 50 ug of MNP) 

could be delivered to mesenchymal stromal cells without impacting cell viability or 

proliferation (Markides et al., 2019). Therefore, in this study, 50 ug ml-1 of MNPs and 

1nM of each peptide were delivered into the non-tumourigenic breast cell lines (Figure 

4.11A) and the TNBC cell lines (Figure 4.11B). 
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Figure 4.11 Control and TNBC cell viability with MNPs and targeting peptides  

Cell viability was assessed by the conversion of MTT to formazan crystals in (A) control and (B) 

TNBC cells incubated with 50 µg ml-1 MNPs or 1nM 9R, p21, TLYRMVVTS, LMQDMALRL or 

CSTTYYTVK for 24 hours (mean ± SD). Statistical significance was calculated by ordinary one-

way ANOVA (n=3). * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001.                                                                                                                                                                                                                                                                                                                                                                                                                                    

 

The addition of MNPs did not appear to impact cell viability in MCF10A, CAL-51 and 

MDA-MB-231 cells, however some reduction in cell viability was observed in HMEC-

TERT and BT-549 cells. The control peptides 9R and p21 also appeared to result in 

reduced cell viability in HMEC-TERT cells. In contrast, peptides TLYRMVVTS and 

LMQDMALRL did not lead to decreases in cell viability being observed in any of the five 

cell lines. CSTTYYTVK did, however, lead to reduced cell viability in HMEC-TERT, BT-

549 and CAL-51 cells. 

 

MNPs were then complexed to each control and TNBC targeting peptide at 20nmol 

mg-1 (1nM peptide : 50 µg MNPs) and delivered into the non-tumourigenic (Figure 4.12 
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and Figure 4.13) and TNBC cells lines (Figure 4.14, Figure 4.15 and Figure 4.16). Each 

cell line was exposed to the peptide:MNP complexes for 1 hour and removed so that 

only highly specific binding events would lead to MNP endosomal uptake. Cells which 

were not exposed to MNPs or any peptide:MNP complex were also analysed as 

negative controls. Peptide:MNP delivery was analysed by Prussian blue staining, a 

chemical stain which can detect iron oxide magnetic nanoparticles in cells or tissue 

(Liu et al., 2010). As expected, no Prussian blue staining was observed when the cells 

were not exposed to MNPs in all cell lines (Figure 4.12 to Figure 4.16; no peptide or 

MNPs).  

Prussian blue staining of the iron content in each non-tumourigenic cell line after 

peptide:MNP incubation revealed that MNP increases were observed when comparing 

MNPs only, 9R:MNPs and p21:MNPs, with p21:MNPs leading to the most MNP uptake 

in HMEC-TERT and MCF10A cells. With regard to HMEC-TERT cells, TLYRMVVTS and 

LMQDMALRL resulted in a similar amount of cellular MNP to cells incubated with 

9R:MNPs. In contrast, CSTTYYTVK:MNPs resulted in an increase in Prussian blue 

staining observed when compared to the 9R:MNPs control (Figure 4.12). Similarly, 

complexing p21 and MNPs resulted in high iron content in MCF10A cells, with the 

majority of cells containing MNPs (Figure 4.13). CSTTYYTVK:MNPs also led to more 

Prussian blue staining compared to 9R:MNPs but the staining was substantially less 

than that observed with p21:MNPs. In contrast, TLYRMVVTS:MNPs and 

LMQDMALRL:MNPs complexes delivered less MNPs to MCF10A cells, however some 

intracellular iron from MNPs was seen. 

Prussian blue staining also highlighted intracellular MNPs in BT-549 cells when 

subjected to the peptide:MNP complexes. As with the control cell lines, p21:MNPs 

appeared to lead to higher levels of intracellular iron than that observed with the other 

TNBC peptide:MNPs (Figure 4.14). When compared to the 9R:MNPs control, 

LMQDMALRL appeared to result in less Prussian blue staining, however the staining 

observed appeared to be cell specific. In contrast, TLYRMVVTS:MNPs appeared to lead 

to an increase in MNPs delivered into BT-549 cells than the CPP peptide only 

(9R:MNPs). CSTTYYTVK:MNPs resulted in the most Prussian blue staining observed out 

of all the TNBC targeting peptide complexes, inferring that the peptide may have led 

to more intracellular MNP delivery. 
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Figure 4.12 TNBC peptide-mediated delivery of MNPs into HMEC-TERT cells 

Peptide:MNP complexes were delivered to cells for 1 hour to allow for initial cell peptide:MNP 

binding with bound MNPs internalised overnight. Intracellular MNPs were stained with 

Prussian blue (n=3). Images taken with 10x objective. Scale bar = 100 µM. 
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Figure 4.13 TNBC peptide-mediated delivery of MNPs into MCF10A cells  

Peptide:MNP complexes were delivered to cells for 1 hour to allow for initial cell peptide:MNP 

binding with bound MNPs internalised overnight. Intracellular MNPs were stained with 

Prussian blue (n=3). Images taken with 10x objective. Scale bar = 100 µM. 
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Figure 4.14 TNBC peptide-mediated delivery of MNPs into BT-549 cells  

Peptide:MNP complexes were delivered to cells for 1 hour to allow for initial cell peptide:MNP 

binding and bound MNPs were internalised overnight. Intracellular MNPs were stained with 

Prussian blue (n=3). Images taken with 10x objective. Scale bar = 100 µM. 
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Figure 4.15 TNBC peptide-mediated delivery of MNPs into CAL-51 cells 

Peptide:MNP complexes were delivered to cells for 1 hour to allow for initial cell peptide:MNP 

binding and bound MNPs were internalised overnight. Intracellular MNPs were stained with 

Prussian blue (n=3). Images taken with 10x objective. Scale bar = 100 µM. 
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Figure 4.16 TNBC peptide-mediated delivery of MNPs into MDA-MB-231 cells 

Peptide:MNP complexes were delivered to cells for 1 hour to allow for initial cell peptide:MNP 

binding and bound MNPs were internalised overnight. Intracellular MNPs were stained with 

Prussian blue (n=3). Images taken with 10x objective. Scale bar = 100 µM. 



116 

 

When considering CAL-51 MNP delivery, TLYRMVVTS led to higher levels of 

intracellular MNP derived iron than LMQDMALRL and CSTTYYTVK (Figure 4.15). 

Additionally, both TLYRMVVTS and CSTTYYTVK resulted in more Prussian blue staining 

being seen than in cells subjected to 9R:MNPs. In a similar manner to HMEC-TERT, 

MCF10A and BT-549 cells, the complexation of p21 to MNPs resulted in the most 

Prussian blue staining, with intracellular iron being observed in almost all CAL-51 cells. 

Unlike the other cell lines in this study, p21:MNPs did not appear to lead to the most 

Prussian blue staining in MDA-MB-231 cells compared to other peptide:MNP 

complexes (Figure 4.16). Instead, CSTTYYTVK complexed MNPs resulted in the most 

cell staining observed. p21 does, however, appear to result in higher levels of cellular 

iron content through MNP delivery than 9R only. The qualitative analysis did not 

highlight differences in TLYRMVVTS or LMQDMALRL mediated MNP uptake, with both 

peptides appearing to lead to similar levels of cell associated iron in MDA-MB-231 

cells. 

 

4.2.5 Quantitative analysis of TNBC peptide mediated delivery of MNPs by ICP-MS 

 

To quantify differences in the uptake of TLYRMVVTS:MNPs, LMQDMALRL:MNPs and 

CSTTYYTVK:MNPs seen by the TNBC cell lines with Prussian blue staining, the iron 

content of each cell after exposure to the peptide:MNPs was then investigated by ICP-

MS . Cells were exposed to the same peptide and MNPs conditions as in section 4.2.4. 

After incubation with no MNPs, MNPs only or peptide:MNPs, the cells were harvested 

and the iron content of each sample was measured. The iron content for each cell was 

calculated and normalised to the Fe values measured in the 9R:MNPs samples for each 

cell line (Figure 4.17).  

There were no significant differences observed between cells subjected to MNPs only 

or 9R:MNPs for any of the TNBC cell lines (Figure 4.17). As expected, the positive 

control peptide:MNP complex, p21:MNPs, led to significantly higher Fe values in BT-

549 (Figure 4.17A, P=0.0068), CAL-51 (Figure 4.17B, P = 0.0006) and MDA-MB-231 

(Figure 4.17C, P = 0.0215) cells. There was also a significant increase in Fe content in 

BT-549 cells subjected to CSTTYYTVK:MNPs compared to 9R:MNPs (Figure 4.17A, P = 

0.003). However, no other increases in Fe content were observed with 

TLYRMVVTS:MNPs, LMQDMALRL:MNPs or CSTTYYTVK:MNPs.  
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Figure 4.17 ICP-MS results for TNBC peptide-mediated delivery of MNPs into TNBC cell lines  

Peptide:MNP complexes were delivered to (A) BT-549, (B) CAL-51 or (C) MDA-MB-231 cells for 

1 hour to allow for initial cell peptide:MNP binding and bound MNPs were internalised 

overnight. Intracellular MNPs were quantified by ICP-MS and each experimental run was 

normalised to the uptake of 9R:MNPs for each cell line (mean ± SD). Statistical significance was 

calculated by ordinary one-way ANOVA (n=6). * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001.  
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4.3 Discussion 

 

In this chapter, the 44 9-mer TNBC targeting peptides identified from NGPD analysis 

in chapter 4 were successfully sub-cloned into a mRFP expressing vector for cell 

delivery studies (Figure 4.2). Additionally, the CPP sequence was also introduced into 

the vector downstream of the 9-mer sequence, as removing the 9R CPP may have 

resulted in the decreased intracellular delivery of mRFP and poor TNBC cell 

penetration.  The CPP ability of each 9-mer peptide was assessed using BChemRF-

CPPred, but the online predictor tool revealed that only one of the peptides, 

SKKQRRALL, was predicted to be a CPP when all groups of structure-based and 

sequence-based descriptors were considered (see Appendix 4.5, Supplementary Table 

6 (de Oliveira et al., 2021). However, removal of the 9R sequence may have still led to 

endocytic uptake of the TNBC targeting peptides and their corresponding cargos via 

TNBC-specific receptor mediated endocytosis, therefore TNBC-specific delivery 

without the 9R sequence warrants further investigation. Furthermore, the removal of 

the CPP sequence may increase TNBC cell selectivity by reducing the uptake of 

therapeutic cargos into non-TNBC cells.  

 

Following the insertion of each 9-mer peptide into the mRFP expressing vector, the 13 

peptides from the Z>2 analysis (Figure 3.7) were expressed and purified. The Z>2 TNBC 

targeting peptides were selected for in vitro validation studies as this Z score criteria 

was the most stringent threshold used, with each peptide identified in the Z>2 analysis 

being enriched in three target cell replicates compared to the control pool. Therefore, 

the Z>2 peptides were prioritised as the most promising TNBC targeting candidates for 

cell delivery studies. Fluorescence microscopy confirmed mRFP expression and 

purification and demonstrated that each peptide-mRFP led to more cell specific mRFP 

being observed in the non-tumourigenic (BJ, MCF10A and HMEC-TERT) and TNBC cell 

lines (BT-549, CAL-51 and MDA-MB-231) than with mRFP only, suggesting that the 

peptide-9R sequences were facilitating mRFP delivery into the cells (Figure 4.6). 

However, as previously mentioned, peptide-mediated differences in intracellular 

mRFP could not be clearly determined from the qualitative analysis.  

 

To quantify differences in mRFP uptake and to validate the specificity of the 9-mer 
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peptides for TNBC cells, the ability of each TNBC targeting peptide to deliver mRFP 

intracellularly in the non-tumourigenic (MCF10A and HMEC-TERT) and tumourigenic 

(BT-549, CAL-51 and MDA-MB-231) cell lines was then assessed by flow cytometry 

(Figure 4.8, Figure 4.9 and Figure 4.10). Other studies have successfully utilised this 

technique to assess the binding of tumour targeting peptides to different cell lines 

(Xiao et al., 2016, Mansour et al., 2022, Allred et al., 2023). For example, Xiao et al., 

investigated the binding of five phage displayed peptides to EGRVIII overexpressing 

and EGRVIII wild-type cell lines. This led to the prioritisation of a targeting peptide, 

VLGREEWSTSYW, which was found to be selective for the cancer-specific EGR variant 

(Xiao et al., 2016).    

 

In this project, the recombinantly expressed p21-8R sequence was utilised as a positive 

control peptide and 9R-mRFP was used as a negative control peptide. The high mean 

fluorescence values observed with p21-8R are consistent with findings by Dixon et al., 

who confirmed that fusing p21 to the CPP 8R greatly increased mRFP intracellular 

delivery, resulting in a high level of mRFP fluorescence being measured in a range of 

cell lines (NIH3T3, HUES7, IPS2, CGR-8 and HL1) by flow cytometry (Dixon et al., 2016). 

The high mean fluorescence values observed with p21-8R positive control and the low 

fluorescence values observed with the 9R-mRFP negative control therefore confirmed 

that the flow cytometry experiments were set up correctly (Figure 4.7). 

 

When compared to the 9R-mRFP, eight of the phage display identified peptides led to 

an increase in mRFP fluorescence being observed, indicating that the addition of the 

TNBC targeting peptides to the 9R sequence may increase the cellular uptake of a 

therapeutic agent (Table 4.2). However, some TNBC targeting peptides resulted in less 

fluorescence being observed than with the 9R-mRFP control peptide, such as 

LMQDMALRL. Although less than 9R-mRFP, this peptide did lead to significantly more 

mRFP fluorescence in the TNBC cell line samples compared to the controls, suggesting 

that the TNBC peptide may have increased TNBC cell specificity.  

 

The flow cytometry experiments led to three peptides being prioritised for further 

study: TLYRMVVTS, LMQDMALRL and CSTTYYTVK (Table 4.2). TLYRMVVTS, which was 

identified from biopanning with the 9-mer peptide library against BT-549 cells, 

resulted in significant increases (p ≤ 0.05) in mRFP fluorescence being observed in 
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TNBC cell lines when compared to MCF10A and HMEC-TERT cells. TLYRMVVTS 

targeting of BT-549 correlates with the NGPD analysis for this cell line, with 

TLYRMVVTS resulting in the least Z score variation across the five replicate samples 

(Figure 3.7). However, this peptide was not identified to target CAL-51 and MDA-MB-

231 from biopanning experiments (Figure 3.8), which may have been due to the loss 

of the peptide from the library in earlier biopanning rounds. LMQDMALRL and 

CSTTYYTVK were identified to be MDA-MB-231 targeting from the NGPD analysis, with 

both peptides displaying high normalised frequencies in MDA-MB-231 cell lysate 

compared to the control pool (Figure 3.8). The flow cytometric analysis confirmed that 

LMQDMALRL targets MDA-MB-231 cells, as the peptide led to significantly higher 

mRFP fluorescence being observed in MDA-MB-231 samples compared to HMEC-TERT 

and MCF10A cells (Figure 4.10). This peptide was also found to target CAL-51 cells 

more than the control cell lines by flow cytometry, which was not observed from the 

CAL-51 phage biopanning experiment. Again, this may have been due to the peptide 

being removed in early rounds of biopanning and therefore the peptide would not 

have been enriched in subsequent rounds of selection. In contrast, CSTTYYTVK was 

found to target BT-549 and CAL-51 cells. There was an increase in the delivery of mRFP 

into MDA-MB-231 cells compared to the control cell lines, however this difference was 

not significant. Additionally, CSTTYYTVK led to high levels of fluorescence in MCF10A 

and HMEC-TERT cells, indicating that this peptide would deliver high levels of a 

therapeutic cargo into healthy tissue as well as TNBC cells. Each of the peptides were 

found to target one or more TNBC cell line, suggesting that the peptides may be 

targeting a cell surface protein which may be overexpressed or aberrantly expressed 

in different TNBC tumours.  

 

Even though a phagemid derived pIII 9-mer peptide library was used in this study, each 

phage virion may have displayed multiple copies of a single peptide. Therefore, the 

affinity of each peptide for the TNBC specific target may have been decreased when 

each peptide was expressed monomerically with mRFP (Brown, 2010). To investigate 

whether increasing the presentation of each peptide enhanced TNBC cell delivery, the 

valency of the peptides was increased by complexing each peptide with MNPs. 

Increasing the valency of the peptide via a nanoparticle system may also increase the 

avidity of the peptide for the TNBC specific target, enhancing differences observed in 

the flow cytometry experiments (Xiao et al., 2016). However, Allfred at al., found that 
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the affinity of a phage display selected non-small cell lung cancer (NSCLC) targeting 

peptide for H1299 cells was not increased when the peptide was tetramerised 

(McGuire et al., 2014, Allred et al., 2023).  

 

As previously mentioned, MNPs have biomedical applications in cancer diagnosis and 

therapy, such as MRI enhancement and controlled drug release (Farzin et al., 2020). 

Therefore, increasing the selectivity of MNPs for cancer cells by specifically targeting 

tumour antigens is highly relevant in the development of targeted therapeutics. 

Studies have demonstrated that functionalising MNPs with targeting ligands, such as 

tumour targeting peptides or antibodies, can result in cancer-specific delivery of MNPs 

(Hathaway et al., 2011, Sader et al., 2015, Zhu et al., 2019). For instance, Sader et al., 

found that functionalising MNPs through the covalent attachment of the tumour 

targeting, multivalent pseudopeptide N6L resulted in N6L-MNP accumulation in MDA-

MB-231 cells both in vitro and in tumour bearing mice, thus highlighting the potential 

of TNBC targeting peptides in therapeutic delivery (Sader et al., 2015).  

 

In this study, 250nm Fe3O4 Nanomag®-D magnetic nanoparticles were electrostatically 

complexed to the most promising TNBC targeting peptides, TLYRMVVTS, LMQDMALRL 

and CSTTYYTVK. Nanomag®-D MNPs have been utilised in other studies with no effects 

on cell viability. For instance, other studies have shown that 250nm MNP incubation 

did not impact the viability of adipose-derived stem cells, mesenchymal stromal cells 

or primary dendritic cells (Yang et al., 2016, Markides et al., 2019, Marcos-Campos et 

al., 2011). In addition, the viability of h-TERT-BJ1 cells in collagen gel cultures was not 

impacted by 100nm, 200nm or 500nm MNPs (Lewis et al., 2015). However, MTT assays 

conducted in this study revealed that exposure to MNPs led to decreases in cell 

viability in HMEC-TERT and BT-549 cells, indicating that MNP cell viability effects may 

differ between cell lines (Figure 4.11).  

 

Prior to complexation, TLYRMVVTS or LMQDMALRL did not impact the viability of the 

non-tumourigenic or TNBC cells, however incubation with CSTTYYTVK resulted in 

decreased cell viability being observed in HMEC-TERT, BT-549, CAL-51 and MDA-MB-

231 cell lines (Figure 4.11). This indicated that CSTTYYTVK may be a cytotoxic peptide, 

however further toxicity experiments need to be conducted to confirm the results. 

The CSTTYYTVK-mediated decrease in cell viability in the TNBC cell lines indicates that 
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this peptide could be used as an anticancer agent by facilitating the delivery of high 

amounts of MNPs into TNBC cells. However, the decreased viability of HMEC-TERT 

cells suggests that CSTTYYTVK is not selective for malignant cells and could lead to 

toxicity in healthy mammary tissue. The viability of HMEC-TERT cells was also 

impacted by exposure to MNPs only, 9R and p21, therefore the toxicity observed in 

HMEC-TERTs with CSTTYYTVK may not be directly related to this peptide. Furthermore, 

the peptide did not impact the viability of MCF10A cells.  

 

Following the MNP complexation method developed by Blokpoel Ferreras et al., TNBC 

cell targeting by peptide:MNPs was firstly assessed by Prussian blue staining. Blokpoel 

Ferreras et al., demonstrated that complexing p21-8R to MNPs via electrostatic 

interactions led to significant increases in intracellular MNP delivery compared to non-

functionalised MNPs (Blokpoel Ferreras et al., 2020). As expected, incubation with 

p21:MNPs resulted in high levels of intracellular iron being observed in all cell lines 

compared to MNPs only, confirming that p21-8R was successfully complexed to MNPs 

by the method used in this study (Figure 4.12—Figure 4.16). The TNBC peptides also 

delivered MNPs into the cells, albeit much less than p21. This correlates with the flow 

cytometric analysis, where p21-mediated mRFP delivery led to much higher mean 

fluorescence values in all cell lines compared to the TNBC peptides. For example, p21 

resulted in a 10-fold higher mean fluorescence value being measured in BT-549 cells 

compared to TLYRMVVTS (Figure 4.7). 

 

The peptides TLYRMVVTS and LMQDMALRL generally did not lead to significant 

increases in Prussian blue staining compared to 9R:MNPs. Some differences in staining 

were observed, such as TLYRMVVTS:MNPs resulting in more Prussian blue staining 

than 9R:MNPs in CAL-51 cells (Figure 4.15). This is consistent with the cellular uptake 

of TLYRMVVTS-mRFP, as this peptide delivered more mRFP into CAL-51 cells than in 

the non-tumourigenic and other TNBC cell lines. The similar amounts of MNP delivery 

with TLYRMVVTS:MNPs and LMQDMALRL:MNPs compared to 9R:MNPs in each cell 

line relates to the flow cytometry data, where, apart from TLYRMVVTS-mRFP in CAL-

51 cells, TLYRMVVTS-mRFP and LMQDMALRL-mRFP delivery did not lead to significant 

increases in mRFP delivery compared to the delivery of 9R-mRFP in the same cell line. 

However, when comparing the uptake of TNBC peptide:MNPs in MCF10A and HMEC-

TERT cells to in BT-549, CAL-51 and MDA-MB-231 cells, TLYRMVVTS:MNPs and 
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LMQDMALRL:MNPs resulted in more cell specific MNP delivery in the TNBC cell lines 

than in the control cell lines, suggesting that the 9 mer peptides are TNBC specific. In 

a similar manner to CSTTYYTVK-mRFP, CSTTYYTVK:MNPs resulted in the highest 

delivery of the corresponding cargo into the TNBC cell lines in relation to the other 

TNBC peptide candidates. The cellular uptake of CSTTYYTVK:MNPs was also more in 

MCF10A and HMEC-TERT than TLYRMVVTS:MNPs and LMQDMALRL:MNPs, which is 

also consistent with the flow cytometry findings. Again, this suggests that CSTTYYTVK 

may target healthy tissue as well as TNBC cells, indicating that this peptide may not be 

a suitable targeting ligand for TNBC targeted therapeutics.  

 

Quantitative analysis of MNP delivery found that TLYRMVVTS and LMQDMALRL did 

not lead to any increases in MNP uptake in the TNBC cell lines compared to 9R only, 

with CSTTYYTVK only leading to increased MNP delivery in BT-549 cells (Figure 4.17). 

Although significant, p21:MNPs did not lead to a large increase in intracellular MNP as 

expected, as Blokpoel Ferreras et al., reported an up to 8-fold increase in cellular iron 

content with p21:MNPs compared to MNPs only (Blokpoel Ferreras et al., 2020). ICP-

MS analysis found that p21:MNPs resulted in less than a 0.5-fold increase in cellular 

iron content compared to MNPs in the TNBC cell lines, which does not correlate with 

the ICP-MS results obtained by Blokpoel Ferreras et al., or the Prussian blue staining 

results shown in Figure 4.12—Figure 4.16. These inconclusive results may have been 

due to non-specific, background MNPs being detected, as the MNP only experimental 

conditions led to much higher Fe values than expected when considering the Prussian 

blue staining images. Therefore, a greater number of cell washes may be required to 

remove any unbound MNPs and the ICP-MS method used in this study requires further 

optimisation before conclusive results can be obtained. Once optimised, the uptake of 

peptide:MNPs by MCF10A and HMEC-TERT also needs to be assessed to confirm the 

qualitative results obtained by Prussian blue staining.  

 

The in vitro validation studies conducted in this chapter highlighted the 9-mer peptides 

TLYRMVVTS and LMQDMALRL as potential TNBC targeting peptides. The work 

presented here also demonstrated that peptides identified from NGPD can be 

efficiently recovered by inverse PCR and validated. Although multiple Z>2 peptides 

were found to target TNBC cells more readily than non-malignant cells, TLYRMVVTS, 

LMQDMALRL and CSTTYYTVK were found to lead to significant increases in two or 
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more TNBC cell lines compared to MCF10A and HMEC-TERT cells. Particularly, 

TLYRMVVTS resulted in higher mRFP delivery in all three TNBC cell lines compared to 

one or more of the control cell lines (Table 4.2). TLYRMVVTS and LMQDMALRL were 

also non-toxic to non-tumourigenic cells and appeared to lead to cell specific MNP 

delivery into TNBC cell lines (Figure 4.12—Figure 4.16). The ability of TLYRMVVTS and 

LMQDMALRL to facilitate the delivery of various molecular cargos specifically into 

TNBC cells whilst limiting off-target toxicity in vitro indicates that the peptides may be 

good targeting ligands for peptide-based targeted therapeutics. Therefore, to ensure 

the serum stability of the peptides and the peptide-mediated, selective delivery into 

TNBC tumours, the peptides require further in vivo validation. 
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Chapter 5: Identification of TNBC associated antigens and their 

corresponding autoantibodies 

 

5.1 Introduction 

 

The high-throughput screening of peptides against cancer cells in vitro aimed to 

identify a small peptide to target TNBC without the cancer-specific protein target 

being known. However, the discovery of tumour associated antigens (TAA), such as 

over-expressed self-antigens, differentiation antigens or cancer-testis antigens (CTA), 

may also lead to the development of a TNBC therapy which targets a TAA (Feola et al., 

2020). Furthermore, TAA derived autoantibodies, which are produced in early-stage 

disease, are potential biomarkers of cancer and may be used in the early detection of 

TNBC (Kathrikolly et al., 2022).  

 

Autoantibodies recognise self-antigens and are produced as part of the humoral 

immune response in cancer patients (Scanlan et al., 1998, Scanlan et al., 1999). They 

arise from the overexpression or aberrant expression of a particular antigen in 

cancerous cells compared to normal tissue (Qiu et al., 2018). Autoantibodies are now 

being explored as potential biomarkers of cancer, including lung, colorectal, liver and 

breast cancer (Chapman et al., 2008, Negm et al., 2016, Koziol et al., 2018, Zhong et 

al., 2008). Autoantibodies do not generally undergo proteolysis, are highly specific and 

are easily purified from blood serum, making cancer associated autoantibodies 

attractive biomarkers of early-stage cancer (Anderson et al., 2011). Furthermore, the 

autoantibody signal is amplified by the immune response and can be detected when 

their corresponding antigen can no longer be detected (Anderson et al., 2015).   

  

In early carcinogenesis, the expression of TAAs in malignant cells is identified by the 

immune system via immune surveillance. Tumour cells expressing neoantigens are 

engulfed, lysed and TAAs are presented on the surface of antigen presenting cells 

(APCs) for recognition by CD4+ T cells. The presentation of TAAs and interaction 

between APCs and T cells activates the humoral immune response, leading to T cell 

activation and proliferation. B cells with a high affinity for the TAA will also present the 

antigen for T cell recognition, with T cell binding resulting in B cell proliferation. A 

proportion of the TAA recognising B cells will serve as memory cells, whereas others 
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will differentiate into plasma cells, leading to the subsequent production and 

amplification of autoantibodies against the corresponding cancer antigen 

(Wardemann and Nussenzweig, 2007, Zaenker et al., 2016).  The rapid increase in 

autoantibody titre can be detected in the blood serum of a patient. Autoantibodies 

can be detected prior to cancer diagnosis, as Liu et al., detected autoantibodies against 

HER2/neu and p53 in prediagnostic sera collected from BCa patients more than 150 

days prior to diagnosis and Chapman et al., detected cancer associated autoantibodies 

four years prior to mammographic diagnosis in women at high risk of BCa (Chapman 

et al., 2007, Liu et al., 2012). In addition, Stanton et al., identified a panel of 

autoantibodies (VPS35, ARPC2, SERBP1, KRT8 and PDIA6) from SEREX and natural 

protein array serological studies which were present prior to a palpable tumour in 

mouse models inoculated with mouse mammary tumour cells. Vaccination with the 

corresponding antigens elicited a immune response in the TgMMTV-neu and C3(1)Tag 

mouse models and thus inhibited tumour growth. Furthermore, IgG autoantibodies 

against VPS35, ARPC2, SERBP1, KRT8 and PDIA6 were found to be elevated in DCIS and 

invasive BCa patient serum compared to control serum (Stanton et al., 2021).   

 

The detection of autoantibodies has also been found to be highly specific and sensitive 

(Henderson et al., 2019, Kostianets et al., 2017). For instance, a study by Negm et al., 

identified a panel of autoantibodies raised against 12 TAAs in early-stage BCa patients. 

The autoantibodies were found in 57% of BCa patients with a high specificity of 85%. 

Moreover, a different panel of autoantibodies against TAAs were able to detect ER+ 

BCa with 93% specificity (Negm et al., 2018). Research conducted by Kostianets et al., 

also demonstrated that autoantibodies can be sensitive and specific markers of BCa. 

The study concluded that a panel of six antigens (RAD50, PARD3, SPP1, SAP30BP, NY-

BR-62 and NY-CO-58) was able to differentiate between BCa patient and healthy donor 

sera with 70% sensitivity and 90% specificity (Kostianets et al., 2017).  

 

Due to the heterogenous nature of cancer, a single biomarker is not sufficient, so often 

a panel of autoantibodies or TAAs are investigated. The clinically available EarlyCDT-

Lung autoantibody test is most sensitive when autoantibodies to p53, NY-ESO-1, 

CAGE, GBU4-5, Annexin 1 and SOX2 are studied as a panel. The EarlyCDT-Lung test can 

detect up to 40% of lung cancers, demonstrating that autoantibodies can act as   

immunobiomarkers of cancer (Lam et al., 2011). Similarly, autoantibodies detected 
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early-stage gastric cancer from a panel of six TAAs (Hoshino et al., 2017). In regard to 

BCa, Bassaro et al., detected significantly higher levels of a panel of autoantibodies 

against survivin, osteoprotegrin, interleukin-29, growth hormone and resistin in blood 

plasma extracted from BCa patients compared to blood plasma extracted from donors 

with no history of BCa (Bassaro et al., 2017). A recent study also found that increasing 

a panel of TAAs from four (p53, PRDX6, c-Myc, Hsp70) to five antigens (p53, PRDX6, c-

Myc, Hsp70, Nm23) led to an increase in sensitivity from 28% to 34% when screened 

against BCa patient sera and healthy sera (Pagaza-Straffon et al., 2020). As early 

detection of BCa in younger patients can be challenging due to high breast density, a 

secondary diagnostic method is required for younger women. Lacombe et al., found 

that a panel of eight well recognised breast autoantigens were able to detect tumour 

associated autoantibodies in patients under 50 years old with node-negative early-

stage BCa, however large-scale trails are needed to validate these results (Lacombe et 

al., 2014). 

 

The potential clinical application of the use of autoantibody detection in the early 

diagnosis of BCa has recently been shown through clinical trials, such as a current 

study which is investigating the use of autoantibodies in BCa detection 

(ClinicalTrials.gov/NCT03623945, 2018). In addition, the clinical trials Provista-001 and 

Provista-002 reported that a proteomic panel comprised of eight serum protein 

biomarkers and ten tumour associated autoantibodies was able to detect BCa in 

women under 50 years old with BI-RADS 3 or 4 with 87.5% sensitivity, 83.8% specificity 

and 99.1% negative predictive value (Lourenco et al., 2017). Furthermore, the assay 

was not impacted by breast density, implying that a serum immunobiomarker based 

assay would be able to diagnosis BCa in women with dense breast tissue, unlike 

imaging (Reese et al., 2017). The combinatorial proteomic marker assay, Videssa® 

Breast™, was further developed to aid in the diagnosis of women over 50 years old 

with indeterminate imaging results and will be clinically available in 2023 by Provista 

Diagnostics (Henderson et al., 2019). However, Chen et al., found that Videssa® 

Breast™ was not robust enough to deter from tissue biopsy (Chen et al., 2019). This 

recent research highlights how tumour autoantibodies may be a valuable tool in the 

early diagnosis of difficult to detect BCas such as TNBC, yet findings may need to be 

confirmed by other diagnostic methods. 
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It has also been speculated that TAAs may be utilised for the design of personalised 

peptide vaccines (PPVs) and there are ongoing clinical trials investigating the efficacy 

of TAA-derived PPVs for cancer treatment (Sasada et al., 2012, Bezu et al., 2018). For 

example, a study by Ott et al., reported that four out of six melanoma patients 

experienced no reoccurrence 25 months-post neoantigen vaccination. Additionally, 

the remaining two patients experienced complete tumour regression when the 

vaccine was administered in combination with anti-PD-1 therapy (Ott et al., 2017). 

PPVs have also displayed clinical efficacy in immunologically cold tumours, with a 

phase Ib clinical trial in glioblastoma patients leading to increased tumour infiltrating 

T cells and a phase III trial in castration-resistant prostate cancer resulting in survival 

benefits in a subset of patients, respectively (Keskin et al., 2019, Noguchi et al., 2021). 

 

The research presented here supports the possibility of utilising autoantibodies in the 

early detection of BCa. The identification of their corresponding neoantigens may also 

be used for early detection of TNBC or for the development of biomarker targeted 

treatment or PPVs. The work presented in this chapter was therefore focused on 

detecting an autoantibody present in TNBC patient sera through identification of the 

corresponding TNBC neoantigen. To investigate autoantibody binding, flow cytometry 

and western blotting analyses were employed followed by LC-MS/MS proteomics to 

determine the identity of potential TNBC TAAs. 
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5.2 Results 

 

5.2.1 TNBC patient IgG classification 

 

Immunoglobulins G were purified from TNBC patient sera (n=40) sourced from the 

Nottingham Health Centre Biobank and the binding of the antibody fraction was 

investigated against the TNBC cell line MDA-MB-231. To firstly investigate whether the 

detection of autoantibodies is patient subgroup specific, individual patient IgGs were 

pooled depending on the clinical data provided with each serum sample. The global 

pool contained sera derived IgG from all 40 patients, with an equal volume of serum 

being used from each sample to form the pool. The other IgG pools were formed based 

on different clinical criteria (Table 5.1). Pools 1 and 2 separated the patient samples 

by age, where pool 1 represented individuals that were assumed to be premenopausal 

(≤50 years old) and pool 2 represented the women that were assumed to be 

postmenopausal (>50 years old). The next criteria considered was recurrence, where 

pool 3 contained serum from patients who experienced recurrence or disease 

progression and patients in pool 4 did not. Patients were also pooled based on 

whether they had received treatment (chemotherapy, radiotherapy or both) prior to 

sample collection in pool 5, or whether they had not received any prior treatment in 

pool 6. It is important to note that individual patient samples did not fit into just one 

pool, with each sample fitting the criteria of at least four different pools. 

 

Table 5.1 TNBC patient IgG pools based on clinical characteristics 

Pool Number of patients Clinical characteristics 

Global 40 All patients 

1 15 ≤50 years old 

2 25 >50 years old 

3 13 Recurrence 

4 26 No recurrence 

5 25 Treatment 

6 6 No Treatment 

 

To identify TNBC IgG specific events, a commercially available human IgG isotype 

control was also employed as the negative control antibody in this study to 
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differentiate between non-specific background patient IgG binding and autoantibody 

binding events to TNBC antigens.  

 

5.2.2 TNBC IgG pool binding to MDA-MB-231 cells 

 

Firstly, to assess differences in TNBC patient antibody pool binding, TNBC MDA-MB-

231 cells were incubated with either the control IgG or one of the patient IgG pools 

and any binding events were assessed by flow cytometry (Figure 5.1). Preliminary 

experiments with various conditions and fixative agents found that antibody binding 

was only observed in fixed/permeabilised cells and the permeabilisation of MDA-MB-

231 cells with ice cold acetone resulted in an increase in the number of autoantibody 

binding events recorded. Therefore, all cells were fixed with ice cold acetone in the 

following experiments (Belinda Wang and Derek Hardie, University of Nottingham). 

Human IgG bound cells were detected using an APC conjugated anti-human IgG 

antibody. The forward and side scatter characteristics of the cell population was used 

to gate for the main cell population, therefore leading to cell aggregates and debris 

being discarded from sample analysis (Figure 5.1A). An unstained and secondary 

control were included in each experimental repeat to identify MDA-MB-231 cell 

autofluorescence and any non-specific binding events, respectively (Figure 5.1B and 

Figure 5.1C). Additionally, the binding of the control IgG was assessed in each 

experimental run to set a baseline gate that was used as a threshold to detect specific 

binding events (Figure 5.1D). Therefore, any binding events observed above the 

control gate suggested patient-derived IgG specific binding (Figure 5.1E).  

 

Flow cytometric analysis revealed that, when compared to the control IgG, there were 

no significant differences in binding between the patient IgG antibody pools (Figure 

5.2). However, as shown in the dot plots in Figure 5.2, binding events above the control 

IgG threshold were observed with each patient antibody pool. Furthermore, the 

percentage of the cell population with positive binding events in the global pool and 

pool 2 was significantly higher than the control (control vs global p = 0.039, control vs 

pool 2 p = 0.021). As there was no significant difference in the percentage of cells 

above the control gate across the patient pools, the global pool containing IgG 

antibodies from all patients (patient IgG) was used for all subsequent experiments. 
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Figure 5.1 Dot plots of control IgG and TNBC patient IgG pool binding to MDA-MB-231 cells 

A total of 20,000 single cell events were recorded by flow cytometry and identified from (A) 

forward and side scatter plots. Dot plots present (B) no anti-human IgG-APC, (C) anti-human 

IgG-APC only, (D) control IgG and (E) patient IgG pool data from one experimental repeat for 

reference. The experimental gate was set based on (D) control IgG binding data. 
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Figure 5.2 Control and TNBC patient IgG pool binding to MDA-MB-231 cells 

The number of cells above the control gate were compared for each antibody pool. Binding 

data is shown for the control IgG or patient IgG antibody pools as the mean ± SD (n=3) with 

statistical significance calculated by a Kruskall-Wallis test. * p = ≤ 0.05. 

 

5.2.3 Control and patient IgG binding to MCF10A and MDA-MB-231 cells 

 

Next, the binding of the control IgG and the patient IgG to both non-tumourigenic 

mammary MCF10A cells (Figure 5.3A) and TNBC MDA-MB-231 cells (Figure 5.3B) was 

investigated. Similar to the TNBC IgG pool binding analysis, forward and side scatter 

characteristics of the cell population were used to gate for the main cell population 

and an unstained and secondary control were included in each experimental repeat to 

identify MCF10A and MDA-MB-231 cell autofluorescence and any non-specific binding 

events. As differences in control IgG and patient IgG binding were being assessed, the 

threshold gate was determined on the binding of APC conjugated anti-human IgG 

without the primary antibodies, with any binding events above this gate being 

considered (Figure 5.3, APC only).  

 

Differences in control and patient IgG binding to MCF10A and MDA-MB-231 cells are 

shown in Figure 5.4. Statistical analysis found that even though there was an increase  
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Figure 5.3 Dot plots of control IgG and TNBC IgG binding to MCF10A and MDA-MB-231 cells 

A total of 20,000 single cell events were recorded for (A) MCF10A and (B) MDA-MB-231 

samples by flow cytometry and identified from forward and side scatter plots. Dot plots present 

data from one experimental repeat for reference. Cell gates were set based on anti-human IgG-

APC only samples. 
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Figure 5.4 Control and TNBC patient IgG binding to MCF10A and MDA-MB-231 cells  

The binding of the control and patient IgG to (A) MCF10A and (B) MDA-MB-231 cells was 

analysed by flow cytometry where 20,000 single cell events were recorded per sample. The 

number of control IgG and patient IgG binding events were assessed (mean ± SD). Statistical 

significance was calculated by unpaired t-test (n=6) where ** = 0.0014.  

 

control IgG cell binding events observed to MDA-MB-231 cells when compared to 

MCF10A cells, the increase was not significant (Figure 5.4, 1.447 ± 0.9381). In contrast, 

more patient IgG binding events were observed with MDA-MB-231 cells than with 

MCF10A cells (Figure 5.4B, 6.510 ± 2.099; p = 0.0014). 

 

Immunofluorescence studies confirmed that TNBC patient IgG binds MDA-MB-231 

cells, as inferred by flow cytometric analyses (Figure 5.5B). The fluorescent images 

obtained confirmed that the anti-human IgG antibody did not lead to non-specific 

fluorescence being observed when cells were not bound by the control or patient IgG. 

The images did demonstrate, however, that both the control IgG and TNBC patient IgG 

bound to fixed MDA-MB-231 cells, with no visible difference in antibody binding 

observed with the patient IgG compared to the control IgG. Both IgGs appeared to 

bind to the cytoplasm, however the control IgG was also observed in cell nuclei. 

Similarly, control IgG binding localised to the nucleus in MCF10A cells, with spots of 

APC fluorescence observed (Figure 5.4A). Patient IgG also led to antibody fluorescence 

in this cell line, although the fluorescence did appear to be less than that observed in 

MDA-MB-231 cells. 
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Figure 5.5 IF images of control and patient IgG binding to MCF10A and MDA-MB-231 cells  

The binding of control or patient IgG to fixed and (A) MCF10A cells and (B) MDA-MB-231 was 

also observed via immunocytochemistry (n=3). Anti-human IgG only scale bar = 100µM and 

control IgG and patient IgG scale bar = 50µM. 

 

5.2.4 TNBC patient IgG binding to CD44+/CD24- MDA-MB-231 cells 

 

Once patient IgG binding to the whole MDA-MB-231 cell population had been 

confirmed, antibody binding to the CSC population was assessed (Figure 5.6). Breast 

CSCs can be detected by using a combination of specific markers, as this population is 

defined as CD44+/CD24- and EpCAM+. In this study, the antibodies CD44-APCCy7, 

CD24-FITC and EpCAM-PE allowed for the detection of the CD44+/CD24-/EpCAM+ cell 

population. However, due to a small percentage of MDA-MB-231 cells being EpCAM+, 

there were only a small amount of CD44+/CD24-/EpCAM+ cells identified per sample. 

Therefore, the percentage of cells bound to either the control or patient IgG was highly 

variable across replicates as few events were analysed. This led to EpCAM+ not being 

used as an additional stem cell marker in the following experiments, with CSCs being 

defined as CD44+/CD24- (Figure 5.6B). The CD44+ and CD24- cells were determined by 

threshold gates which were set depending on the autofluorescence of the markers in 

an unstained MDA-MB-231 sample.  
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Figure 5.6 Patient IgG binding to CD44+/CD24- MDA-MB-231 cells 

(A) The binding of the TNBC patient IgG to the MDA-MB-231 CD44+/CD24- population was 

analysed by flow cytometry where 10,000 single cell events were recorded per sample. (B) 

CD44+/CD24- and (C) CD44++/CD24- cell populations were identified and patient IgG binding 

events observed above the (D) control IgG gate in the (E) CD44+/CD24- (F) and CD44++/CD24- 

populations were assessed (mean ± SD). (G) Statistical significance was calculated by paired t-

test (n=3) where * = 0.0377.  
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The very bright CD44+ were termed CD44++ (Figure 5.6C) and the binding of the patient 

IgG to both the CD44+ and CD44++ populations was assessed. The analysis revealed that 

a small percentage of both the CD44+/CD24- (2.53% ± 0.35%) and CD44++/CD24- (7.17% 

± 1.40%) cell populations uniquely bound to patient IgG when compared to control IgG 

samples. Furthermore, a higher percentage of cells bound patient IgG in the CD44++ 

population compared to the CD44+ population (Figure 5.6G, p = 0.0377). 

 

5.2.5 Control and patient IgG binding to MCF10A and MDA-MB-231 whole cell lysate 

 

In order to identify neoantigens which are recognised by TNBC patient IgG, protein 

lysate extracted from MCF10A and MDA-MB-231 cells was separated by 1D SDS-PAGE 

and probed against the control and TNBC patient-derived IgG (Figure 5.7).  When 

comparing the binding of patient IgG to MCF10A and MDA-MB-231 cells, the main 

difference observed was that the signal of a band at around 50kDa was more intense 

when bound to MDA-MB-231 samples compared to MCF10A samples. Furthermore, 

the same band in the control IgG blot was less intense than the patient IgG blot in 

MDA-MB-231 lanes. Interestingly, the 50kDa band was more intense in MCF10A lanes 

compared to MDA-MB-231 lanes when probed with control IgG. The patient IgG also 

bound to an MDA-MB-231 specific antigen between 80kDa and 100kDa which is 

indicated by the top arrow in Figure 5.7. The 80-100kDa band was not observed in 

MCF10A cell lysate probed with patient IgG, or in MCF10A or MDA-MB-231 protein 

lanes on the control IgG blot. In addition, a faint band at ~40kDA was present in patient 

IgG MDA-MB-231 lanes that was no observed in any other lanes on the control IgG or 

patient IgG blots (Figure 5.7, indicated by the bottom arrow). 

 

The binding of TNBC patient-derived IgG to TNBC specific antigens was then 

investigated further by expanding the number of cell lines to include the non-

tumourigenic cell lines BJ and HMEC-TERT (Figure 5.8A) and the TNBC cell lines BT-549 

and CAL-51 (Figure 5.8B). Western blot analysis revealed that the patient IgG binding 

to the 50kDa band resulted in a more intense band in the MDA-MB-231 cell lysate lane 

compared to the other control and TNBC cell lines (Figure 5.8B).  
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Figure 5.7 Control and patient IgG binding to MCF10A and MDA-MB-231 cell lysate 

Protein extracts from both cell lines were separated by SDS-PAGE on a 12% polyacrylamide gel 

and probed with either control IgG or the TNBC patient derived IgG pool. Β-actin was used as 

a protein loading control. Protein samples were loaded in duplicate. 

 

However, this band is also observed in all cell line lanes when probed with control IgG 

(Figure 5.8A). The immunoreactive protein band observed at around 40kDa is also 

more intense when patient IgG is bound to the MDA-MB-231 lysate compared to 

protein extracted from the other TNBC cell lines (Figure 5.8B). As seen in Figure 5.7, 

the 40kDa protein does not appear to interact with the control IgG. Similarly, the 

immunoreactive band observed between 80-110kDa on the patient IgG blot in Figure 

5.7 was also not observed when all cell lines were probed with control IgG (Figure 

5.8A). The 80-100kDa band which is observed in Figure 5.7B is also present in the BT-

549 lane, inferring that the antigen is also present in BT-549 cells. 
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Figure 5.8 Control and patient IgG binding to control and TNBC cell lysate 

Protein extracts from all cell lines was separated by SDS-PAGE on a 12% polyacrylamide gel and 

probed with either control IgG or the TNBC patient-derived IgG pool. Beta actin was used  

as a protein loading control. 
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5.2.6 Control and patient IgG binding to MCF10A and MDA-MB-231 nuclear, 

cytoplasmic and membrane proteins 

 

Probing HMEC-TERT, MCF10A, BT-549 and CAL-51 extracted protein with control and 

TNBC patient IgG did not lead to any additional bands of interest being observed, 

therefore only protein extracted from MCF10A and MDA-MB-231 cells was used in 

further studies to determine if a neoantigen-derived autoantibody was present in 

TNBC patient IgG. 

 

Following on from whole cell lysate western blot analyses, nuclear and cytoplasmic 

protein was extracted from MCF10A and MDA-MB-231 cell lysate to further 

characterise the TNBC patient IgG immunoreactive proteins and to determine the 

cellular localisation of potential TNBC neoantigens. Further separation of MCF10A and 

MDA-MB-231 cell lysates was also important to identify potential TNBC specific 

proteins by liquid chromatography with tandem mass spectrometry (LC-MS/MS).  

 

The nuclear and cytoplasmic protein blot is shown in Figure 5.9. Clean separation of 

the nuclear and cytoplasmic fractions was confirmed by probing the two protein 

fractions with anti-histone deacetylase 1 (HDAC1) and anti-glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) antibodies, as no HDAC1 or GAPDH bands were 

present in the cytoplasmic and nuclear fractions, respectively. The blot of NE-PER 

extracted protein revealed that the 80-100kDA band observed in MDA-MB-231 cells 

was nuclear, as the band was enriched in both MCF10A and MDA-MB-231 nuclear 

fractions compared to the cytoplasmic fractions (Figure 5.9, top arrow). In contrast to 

previous blots, the 80-110kDa band was not more intense in the MDA-MB-231 lane 

than the MCF10A lane when exposed to patient IgG. Nuclear and cytoplasmic 

fractionation of the cell lysate also identified the 40kDA band to be cytoplasmic, with 

a more intense band being observed in the MDA-MB-231 cytoplasmic fraction in the 

patient IgG blot compared to the control IgG blot (Figure 5.9, bottom arrow). In 

addition, only a faint band was observed at 40kDa in the MCF10A cytoplasmic protein 

lane of the patient IgG blot. The 50kDa band was present in both the nuclear and 

cytoplasmic fractions, inferring that the protein was localised in both cellular 

compartments (Figure 5.9, middle arrow). The 50kDa protein band was more intense 

in the MDA-MB-231 nuclear fraction than  
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Figure 5.9 Control and patient IgG binding to MCF10A and MDA-MB-231 nuclear and 

cytoplasmic protein extracts 

Nuclear and cytoplasmic extracts from both cell lines were separated by SDS-PAGE and probed 

with either control IgG or the TNBC patient derived IgG pool. HDAC1 was used as a nuclear 

protein control and GAPDH was used as a cytoplasmic protein control. 

 

the MCF10A nuclear fraction when bound to patient IgG. Similarly, the band observed 

in the MDA-MB-231 cytoplasmic lane was also more intense than in the MCF10A 

cytoplasmic lane. As for the control IgG blot, the 50kDa band was also present in all 

protein fractions, but the most intense band was observed in the MCF10A nuclear 

fraction. 

 

Cell lysate was also separated into cytoplasmic and membrane fractions and 

fractionation was confirmed with GAPDH and Na+/K+-ATPase antibodies, respectively 

(Figure 5.10). Fractionation of MCF10A and MDA-MB-231 cell lysate by membrane and 

cytoplasmic extraction found that the 40kDa band present in the cytoplasmic lanes in  
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Figure 5.10 Control and patient IgG binding to MCF10A and MDA-MB-231 cytoplasmic and 

membrane protein 

Cytoplasmic and membrane protein extracts from both cell lines were separated by SDS-PAGE 

and probed with either control IgG or the TNBC patient derived IgG pool. GAPDH was used as 

a cytoplasmic protein control and Na+/K+-ATPase was used as a membrane protein control.  

 

Figure 5.9 is not observed in the membrane fractions (Figure 5.10, bottom arrow). The 

patient IgG reactive protein band at approximately 50kDa is also enriched in the 

cytoplasmic lanes, inferring that the proteins were not membrane bound (Figure 5.10, 

middle arrow). It is important to note that a band at around 50kDa was present in 

MCF10A and MDA-MB-231 lanes in the control IgG blot, however this was found in the 

membrane protein fractions. The 80-110kDa band of interest was observed in the 

cytoplasmic fraction, as this fraction also contained nuclear proteins (Figure 5.10, top 

arrow). The patient IgG did interact with an approximately 70kDa membrane protein, 

however the intensity of the band observed is similar in both MCF10A and MDA-MB-

231 membrane protein lanes. 
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Figure 5.11 Control and patient IgG binding to MCF10A and MDA-MB-231 nuclear, 

cytoplasmic and membrane protein 

Nuclear, cytoplasmic and membrane protein extracts from both cell lines were separated by 

SDS-PAGE and probed with either control IgG or the TNBC patient derived IgG pool. HDAC1 was 

used as a nuclear protein control, GAPDH was used as a cytoplasmic protein control and Na+/K+-

ATPase was used as a membrane protein control.  

 

Western blot analyses suggested that TNBC antigens whose molecular weights were 

approximately 40kDa, 50kDa and 80-100kDa are recognised by a TNBC specific 

antibody. To determine the identity of the potential TNBC antigens, the gel areas of 

interest were extracted for proteomic analysis by LC-MS/MS.  Areas of interest were 

confirmed in nuclear, cytoplasmic and membrane fractions separated on a 1D SDS-

PAGE gel probed with patient IgG (Figure 5.11). This blot confirmed that the areas of 

interest for mass spectrometry are the nuclear protein bands observed at 80-100kDa 

(Figure 5.11, box 1), the 50kDA bands observed in the nuclear (Figure 5.11, box 2) and 

cytoplasmic fractions (Figure 5.11, box 3), and the band present at around 42kDa in 

the MDA-MB-231 cytoplasmic fraction (Figure 5.11, box 4). The patient IgG blot also 

verified that all fractions were well separated, with HDAC1, GAPDH and Na+/K+-ATPase 
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only being detected in nuclear, cytoplasmic and membrane fractions, respectively. In 

addition, there were no additional bands observed in MEM-PER extracted lanes, 

confirming that no TNBC specific membrane neoantigens elicited an antibody 

response. 

 

5.2.7 LC-MS/MS sample preparation 

 

Prior to extracting gel slices for mass spectrometry, a 12% polyacrylamide gel 

containing the nuclear, cytoplasmic and membrane fractions was separated by 

electrophoresis and silver stained (Figure 5.12). Silver staining detected all separated 

proteins and confirmed that the proteins in each fraction resolved well. Gel slices were 

then excised as shown in Figure 5.13 and submitted for LC-MS/MS analysis (Cambridge 

Centre for Proteomics). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 5.12 Silver stained MCF10A and MDA-MB-231 proteins 

NE-PER and MEM-PER extracted fractions were loaded onto a 12% polyacrylamide gel (10µg 

per lane) and proteins were separated by SDS-PAGE. Proteins were then detected by silver 

staining. MDA = MDA-MB-231. 
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Figure 5.13 Sample preparation for LC-MS/MS 

Polyacrylamide gel slices containing nuclear or cytoplasmic MCF10A and MDA-MB-231 

proteins were excised based on molecular weight and submitted for LC-MS/MS. Gel slices for 

MCF10A and MDA-MB-231 protein were excised to encapsulate the nuclear protein bands 

observed at approximately (1) 90 kDa and (2) 49kDa and the cytoplasmic bands observed at 

approximately (3) 49kDa and (4) 42kDa in Figure 5.11. Three gel slices were excised from each 

area in MCF10A and MDA-MB-321 protein lanes (n=3) with one experimental repeat shown. 

 

5.2.8 LC-MS/MS analysis 

 

Label-free LC-MS/MS and subsequent Mascot peptide database searches resulted in 

the identification of a total of 2346 proteins based on 95% peptide probability and 

99% protein probability settings in Scaffold (Searle, 2010). The exclusive spectral count 

data for each excised band, which was the number of spectra associated with a given 

protein, was then assessed to determine differences in protein abundance in MCF10A 

and MDA-MB-231 cells. 

 

Shotgun proteomic analysis was firstly conducted using the unique normalised 

spectral abundance factor (uNSAF) method described by Zhang et al., (Zhang et al., 

2010). This method calculated the abundance of a given protein across multiple 

independent samples by dividing the unique spectral count data acquired for a given 
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protein by the protein length (SAF). The individual SAF values were also normalised to 

account for any count discrepancies between experimental runs (see 2.6.9). As 

polyacrylamide gel slices were excised to encapsulate patient IgG identified nuclear 

bands at approximately 90kDa (Figure 5.13, gel slice 1) and 49kDa (Figure 5.13, gel 

slice 2) and cytoplasmic bands at approximately 49kDa (Figure 5.13, gel slice 3) and 

42kDa (Figure 5.13, gel slice 4), only LC-MS/MS identified proteins with similar 

molecular weights (± 20% kDa) were considered. Significant differences in NSAF values 

for each protein when comparing MCF10A and MDA-MB-231 samples were then 

determined by t-tests with 1% FDR (Figure 5.14). 

 

The semi-quantitative analysis identified two statistically significant proteins with 

higher spectral abundances in MDA-MB-231 80kDa nuclear band samples than the 

corresponding MCF10A samples (Figure 5.14A). The proteins, targeting protein for 

TPX2 Microtubule Nucleation Factor (TPX2) and SATB Homeobox 2 (SATB2), were 

72kDa and 83kDa, respectively. Excised polyacrylamide gel slices at 49kDa in nuclear 

fractions led to the identification of two potential antigens, KH RNA Binding Domain 

Containing, Signal Transduction-associated protein 3 (KHDRBS3) and Secernin-1 

(SCRN1) (Figure 5.14B). NSAF proteomic analysis of cytoplasmic bands also cut at 

approximately 49kDa identified Enolase 2 (ENO2), Solute Carrier Family 29 Member 1 

(SLC29A1) and Tumour Protein P53 (TP53) as proteins with significantly higher 

abundances in MDA-MB-231 samples compared to MCF10A samples (Figure 5.13C). In 

addition, statistical analysis of the proteins identified in the 42kDa MCF10A and MDA-

MB-231 cytoplasmic gel slices found that five proteins were found to have statistically 

higher NSAF values in MDA-MB-231 samples compared to MCF10A samples. These 

proteins were Alpha-2-HS-Glycoprotein (AHSG), Dual Specificity Phosphatase 4 

(DUSP4), Pelota mRNA Surveillance And Ribosome Rescue Factor (PELO), Calumenin 

(CALU) and DNAJ Heat Shock Protein Family Member B6 (DNAJB6).  

 

Other statistical methods have also been applied for comparative analysis of label-free 

proteomics data. Langley and Mayr performed seven different statistical methods for 

differential expression analyses of label-free proteomics spectral counts and found 

that DESeq2 led to true positive results being obtained with a limited number of false 

positives (Langley and Mayr, 2015). Therefore, DESeq2 was implemented to expand 

the list of potential TNBC antigens identified from the LC-MS/MS proteomic data. 
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Figure 5.14 Overexpressed proteins in MDA-MB-231 cells identified by NSAF  

NSAF values for LC-MS/MS identified proteins in MCF10A and MDA-MB-231 protein samples 

were compared by multiple unpaired t-tests with Benjamini, Krieger and Yekutieli correction 

(n=3). (A) Proteins identified from gel slice area 1 samples where MCF10A and MDA-MB-231 

polyacrylamide gel bands were excised to encapsulate 90kDa nuclear proteins. (B) Proteins 

identified from gel slice area 2 samples where MCF10A and MDA-MB-231 polyacrylamide gel 

bands were excised to encapsulate 49kDa nuclear proteins. (C) Proteins identified from gel slice 

area 3 samples where MCF10A and MDA-MB-231 polyacrylamide gel bands were excised to 

encapsulate 49kDa cytoplasmic proteins. (D) Proteins identified from gel slice area 4 samples 

where MCF10A and MDA-MB-231 polyacrylamide gel bands were excised to encapsulate 

42kDa cytoplasmic proteins. Statistically significant proteins (< 0.01 FDR) with decreased 

protein levels in MDA-MB-231 samples compared to MCF10A samples are shown in red. 

Statistically significant proteins (< 0.01 FDR) with increased protein levels in MDA-MB-231 

samples compared to MCF10A samples are shown in green and labelled with gene names. Non-

significant proteins (> 0.01 FDR) are shown in black.  
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As DESeq2 is designed to model high count RNA-seq data, Benjamini-Hochberg FDR 

correction was applied as described by Langley and Mayr (Langley and Mayr, 2015). 

The DESeq2 with BH correction analysis results are shown in Figure 5.15. Unlike NSAF 

and t-test calculations, the protein lists were not filtered based on molecular weight 

prior to analysis. The negative binomial distribution model resulted in the 

identification of three proteins with significantly higher abundances in MDA-MB-231 

than MCF10A gel slices which were excised at approximately 90kDa, with TPX2, SATB2 

and WRN Helicase Interacting Protein 1 (WRNIP1) resulting in fold changes (log2FC) of 

2.15, 4.39 and 5.68, respectively (Figure 5.15A). DESeq2 comparative analysis of 

MCF10A and MDA-MB-231 protein abundances in gel slices 2 (nuclear 49kDa band) 

and 3 (cytoplasmic 49kDa band) resulted in no proteins with statistically higher protein 

abundances in MDA-MB-231 protein samples than MCF10A protein samples being 

observed (Figure 5.15B and Figure 5.15C). In contrast, six proteins, Keratin 19 (KRT19), 

Serine Family B Member 9 (SERPINB9), Vimentin (VIM), Calponin-3 (CNN3), Major 

Histocompatibility Complex, Class I, A (HLA-A) and DNAJB6 were found to be 

significantly upregulated in MDA-MB-231 in protein samples which  were cut at 42kDa 

(gel slices 4) in cytoplasmic lanes (Figure 5.15D). 

 

 

5.2.9 Expression of candidate TNBC antigens in TNBC patient datasets 

 

NSAF and DESeq2 statistical analyses resulted in a total of 12 proteins being identified 

as upregulated in MDA-MB-231 compared to MCF10A protein gel slices. As protein gel 

slices were extracted where more intense immunoreactive bands were observed in 

MDA-MB-231 protein fractions compared to MCF10A when probed with patient IgG, 

the proteins identified by LC-MS/MS proteomics may be neoantigens recognised by a 

patient specific autoantibody present in TNBC patient IgG. However, the potential 

TNBC antigens were identified in an in vitro TNBC cell line and not in patient samples, 

therefore their clinical relevance was evaluated next. To this end, the mRNA 

expression levels of each potential TNBC antigen were investigated in patient datasets 

(Figure 5.16). 
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Figure 5.15 Overexpressed proteins in MDA-MB-231 cells identified by DESeq2 

Differences in exclusive spectrum count data for LC-MS/MS identified proteins in MCF10A and 

MDA-MB-231 protein samples were identified by DESeq2 with Benjamini-Hochberg FDR 

correction (n=3). (A) Proteins identified from gel slice area 1 samples where MCF10A and MDA-

MB-231 polyacrylamide gel bands were excised to encapsulate 90kDa nuclear proteins (± 20%). 

(B) Proteins identified from gel slice area 2 samples where MCF10A and MDA-MB-231 

polyacrylamide gel bands were excised to encapsulate 49kDa nuclear proteins (± 20%). (C) 

Proteins identified from gel slice area 3 samples where MCF10A and MDA-MB-231 

polyacrylamide gel bands were excised to encapsulate 49kDa cytoplasmic proteins (± 20%). (D) 

Proteins identified from gel slice area 4 samples where MCF10A and MDA-MB-231 

polyacrylamide gel bands were excised to encapsulate 42kDa cytoplasmic proteins (± 20%). 

Statistically significant proteins (padj ≤ 0.05) with decreased protein levels in MDA-MB-231 

samples compared to MCF10A samples are shown in red. Statistically significant proteins (padj 

≤ 0.05) with increased protein levels in MDA-MB-231 samples compared to MCF10A samples 

are shown in green and labelled with gene names. Non-significant proteins (padj > 0.05) are 

shown in black. FC = fold change and padj = adjusted p-value.  

 



150 

 

Differential gene expression analyses were conducted using the statistical mining tool 

BC-GenExMiner (Jézéquel et al., 2021) and by comparing normal (Genotype-Tissue 

Expression project, GTEx) and BCa (The Cancer Genome Atlas network, TCGA) 

transcriptomic datasets. The analysis compared the targeted gene expression levels 

for each LC-MS/MS identified protein depending on the nature of tissue, with mRNA 

expression levels from healthy (n=92, GTEx), tumour-adjacent (n=89, TCGA), non-

TNBC (n=578, TCGA) and TNBC (n=87, TCGA) samples shown in Figure 5.16.  

 

The mRNA expression levels of TPX2, SATB2 and WRNIP1 were firstly analysed, with 

expression levels of only TPX2 (p < 0.0001) and WRNIP1 (p < 0.0001) being significantly 

higher in TNBC than in both healthy and tumour adjacent tissue (Figure 5.16A). The 

nuclear protein KHDRBS3 (p < 0.05) also had higher expression levels in TNBC than in 

healthy samples (Figure 5.16B), but SCRN1 expression was not significantly higher in 

TNBC. None of the cytoplasmic proteins ENO2, SLC29A1 and TP53 were overexpressed 

in TNBC samples (Figure 5.16C). The proteins with significantly higher spectral 

abundances in MDA-MB-231 cytoplasmic gel slices at 42kDa compared to the relevant 

MCF10A samples are shown in Figure 5.16D. Out of the ten proteins identified, four 

proteins, CALU (p < 0.0001), DNAJB6 (p < 0.01), KRT19 (p < 0.01) and HLA-A (p < 0.0001) 

had significantly higher expression levels in TNBC samples compared to healthy 

samples.  

 

In summary, a total of seven proteins, TPX2, WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 

and HLA-A were found to have higher expression levels in MDA-MB-231 excised 

protein bands compared to the corresponding MCF10A bands (Figure 5.14 and Figure 

5.15), as well as being overexpressed in TNBC from transcriptomic datasets (Figure 

5.16). Thus, TPX2, WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 and HLA-A were taken 

forward as potential TNBC autoantibody antigens. 
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Figure 5.16 mRNA expression levels for NSAF and DESeq2 identified proteins in healthy, 

tumour adjacent, non-TNBC and TNBC tissue  

The expression level of proteins identified to have significantly higher exclusive spectral counts 

in MDA-MB-231 gel slices compared to MCF10A gel slices from NSAF (Figure 5.14) and DESeq2 

(Figure 5.15) analyses were assessed. Standardised mRNA expression levels were compared in 

healthy (n=92, GTEx), tumour-adjacent (n=89, TCGA), non-TNBC (n=578, TCGA) and TNBC 

(n=87, TCGA) transcriptomic data from the Genotype-Tissue Expression (GTEx) project 

(Lonsdale et al., 2013) and The Cancer Genome Atlas (TCGA) Network (Koboldt et al., 2012) 

using BC-GenExMiner (Jézéquel et al., 2021). Gene expression comparisons were conducted 

between clinical groups by Welch’s t-tests. Multiple pairwise comparisons between each 

clinical group were performed by Dunnett-Tukey-Kramer’s test if Welch p-values were 

significant (p < 0.0001 for all genes, bottom right).  

 

5.2.10 Prognostic values of TPX2, WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 and HLA-

A in TNBC 

 

In addition to mRNA expression levels, the prognostic value of each of the identified 

autoantibody antigens was investigated to determine whether the presence of TPX2, 

WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 or HLA-A autoantibodies may be used as 

prognostic markers of TNBC. To investigate whether the expression of the genes 

encoding for these proteins was correlated with TNBC patient prognosis, survival 

analyses were conducted using the Kaplan-Meier Plotter (https://kmplot.com/ 

analysis) with TNBC data from the TCGA patient cohort (ER negative, PGR negative and 

HER2 negative breast cancer patients). 

 

Survival analysis for each gene is shown in Figure 5.17. The Kaplan-Meier plots 



154 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 Kaplan-Meier survival plots for potential TNBC autoantibody antigens 

The prognostic value of TPX2, WRNIP1, KHDRBS3, HLA-A, DNAJB6, KRT19 and CALU in ER 

negative, PGR negative and HER2 negative breast cancers (n = 126). Probability = overall 

survival. Plots produced using Kaplan-Meier plotter (Lánczky and Győrffy, 2021). 
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revealed that CALU expression was associated with better overall survival in TNBC 

patients (HR = 0.19 (CI = 0.06 – 0.54); logrank P = 0.00054). In contrast, high expression 

of KHDRBS3 in TNBC patients was associated with lower overall survival (HR = 3.06 (CI 

= 1.39 – 6.75); logrank P = 0.0032). Therefore, the presence of anti-KHDRBS3 

autoantibodies in patient serum samples may be associated with a worse prognosis. 

 

5.2.11 Validation of control and patient IgG binding to TPX2 and KHDRBS3 

overexpression lysate 

 

Following the identification of seven potential tumour associated antigens (TPX2, 

WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 and HLA-A) from LC-MS/MS and subsequent 

bioinformatic analysis, two of the proteins were selected from the candidate list to 

assess whether antibody binding could be confirmed to the antigens. The two proteins 

selected were TPX2 and KHDRBS3. TPX2 was selected as the protein was identified 

from both differential expression analyses (Figure 5.14 and Figure 5.15) and 

overexpression of TPX2 has been correlated with genomic instability and high grade 

disease in TNBC (Jiang et al., 2019, Matson et al., 2021). KHDRBS3 was also selected 

for further analysis as the protein has been linked with TNBC stemness and KHDRBS3 

was correlated with worse overall survival in the survival analysis shown in Figure 5.17 

(Matsumoto et al., 2018).  

 

To determine whether anti-TPX2 or anti-KHDRBS3 autoantibodies were present in the 

TNBC patient sera used in this study, HEK293T TPX2 and KHDRBS3 transient 

overexpression lysates were probed with control and TNBC patient-derived IgG. Prior 

to this, the binding of control and patient-derived IgG to HEK293T protein extracted 

from HEK293T cells with no transient overexpression was assessed to identify 

immunoreactive bands that are not TPX2 and KHDRBS3 specific (Figure 5.18). The blot 

revealed that the control IgG bound to a HEK293T protein at around 50kDa in a similar 

manner to control IgG blots with MCF10A and MDA-MB-231 extracted protein 

samples (Figure 5.7). In contrast, probing HEK293T extracted proteins with patient IgG 

led to an intense band being observed below 80kDa, which was also observed with the 

patient IgG in Figure 5.7. Patient IgG binding also led to a faint band being observed at 

around 50kDa. 
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Figure 5.18 Control and Patient IgG binding to HEK293T cell lysate 

Proteins extracted from HEK293T cell lysate were separated by SDS-PAGE and probed with 

control and patient IgG. Protein samples were loaded in duplicate. 

 

Following the identification of non-specific bands, the interaction of control and 

patient-derived IgG with TPX2 overexpression lysate was investigated (Figure 5.19). 

Probing the TPX2 overexpression lysate with control IgG (Figure 5.19, Control IgG) 

resulted in a single band being observed at the same molecular weight as the band 

observed when TPX2 was not overexpressed in HEK293T cells (Figure 5.18, Control 

IgG).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19 Control and patient IgG binding to TPX2 overexpression HEK293T cell lysate 

TPX2 overexpression cell lysate was separated by SDS-PAGE and probed with control and 

patient IgG. TPX2 molecular weight = 85.7 kDa. 
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In addition, the bands observed with the patient IgG (Figure 5.19, Patient IgG) were 

also observed in the HEK293T samples with no TPX2 overexpression (Figure 5.18, 

Patient IgG).  

 

For KHDRBS3, no additional bands were observed when control IgG was incubated 

with KHDRBS3 overexpression lysate, with a single band being observed at 

approximately 50kDa (Figure 5.20, Control IgG). In contrast, multiple bands were 

observed in the patient IgG blot with KHDRBS3 overexpression lysate (Figure 5.20, 

Patient IgG) compared with HEK293T cell lysate with no KHDRBS3 expression (Figure 

5.18, Patient IgG). Firstly, the band present at approximately 50kDa was more intense 

than the band which was observed at the same molecular weight in both the TPX2 

(Figure 5.19) and the HEK293T (Figure 5.18) patient blots. A faint band was also 

observed at a slightly higher molecular weight which is not observed in the other 

control or patient IgG blots. Additionally, two clear but faint bands are observed at 

lower molecular weights, with one band observed at approximately 34kDa and the 

other at around 40kDa (Figure 5.20, Patient IgG). The 34kDa and 40kDa bands were 

not present in Figure 5.18 or Figure 5.19, indicating that KHDRBS3 overexpression 

resulted in KHDRBS3 specific patient IgG binding being observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 Control and patient IgG binding to proteins KHDRBS3 overexpression HEK293T 

cell lysate  

KHDRBS3 overexpression cell lysate was separated by SDS-PAGE and probed with control and 

patient IgG. KHDRBS3 molecular weight = 38.7 kDa. 
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5.3 Discussion 

 

The presence of serum autoantibodies, which are produced in response to circulating 

tumour antigens, have been shown in a number of studies to be indicative of cancers 

such as BCa (Nesterova et al., 2006, Bassaro et al., 2017, Kathrikolly et al., 2022). In 

particular, the increase of IgG autoantibodies present in serum from women with BCa 

is being investigated as a potential biomarker for the early detection of the disease 

(Fernández Madrid et al., 2015, Stanton et al., 2021). Therefore, in this study, IgG 

antibodies were purified from 40 TNBC patient serum samples to determine whether 

autoantibodies were present for use in the early detection of TNBC, a molecular 

subtype which is often not detected in early-stage disease in women with dense breast 

tissue or who have not reached the NHS mammographic screening programme age. 

As there was only a small quantity of serum available for each patient, the patient 

samples were pooled prior to IgG purification. 

 

Clinical data was provided with each TNBC patient sample and purified IgG were 

pooled according to the clinical information of blood serum samples, including the age 

of each woman at the time of sample collection and whether the individual 

experienced recurrence or had received prior treatment (Table 5.1). The first clinical 

criteria studied was age, as TNBC mainly affects women who are premenopausal, 

therefore the presence of autoantibodies in women younger than 50 may be used as 

an early diagnostic tool for individuals in this age group. Additionally, studies have also 

demonstrated that treatment and BCa stage can impact autoantibody levels, with 

decreased levels of autoantibodies being detected in patients who had received 

combinatorial treatment regimens including chemotherapy and an increased number 

of BCSC derived autoantibodies being found in later stage BCa, respectively (Evans et 

al., 2018, Stanton et al., 2018).  

 

To identify non-specific IgG binding and cancer autoantibody binding events, a human 

isotype control IgG was employed as a negative control in this study. The human 

isotype control IgG used in this work was a commercially available IgG so it is important 

to note that a different IgG purification method may have been used compared to the 

method applied here for TNBC patient IgG purification. In addition, the number of 

samples included in the human sera pool was not provided by the company and the 
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age and gender of participants was also unknown. However, the human IgG was 

purified from serum samples like the TNBC patient derived IgG and was therefore 

deemed a suitable negative control for distinguishing between non-specific 

background binding events and autoantibody specific signals. 

 

No significant differences in binding between the patient IgG pools were observed 

when binding events to TNBC derived MDA-MB-231 cells were analysed by flow 

cytometry (Figure 5.1). Categorising patients based on their age did lead to pool 2 

(0.6%, patients < 50 years old) resulting in more IgG binding events above the control 

gate than pool 1 (0.31%, patients ≤ 50 years old), but this difference was not 

significant. The increase may have also been due to a greater number of samples being 

included in pool 2 (n = 25) than pool 1 (n = 15). This finding is supported by a study by 

Chapman et al., who found no significant differences in the sensitivity of autoantibody 

detection when patients with primary BCa or DCIS were categorised based on age, 

tumour grade or lymph node status (Chapman et al., 2007). In addition, BCa 

autoantibodies have been found in women which are younger than and older than 50 

years old (Lourenco et al., 2017, Henderson et al., 2019).  There were also no 

differences in binding observed between pools based on recurrence or treatment 

status. This indicated that recurrence or treatment status did not influence 

autoantibody production, which correlates with research suggesting that cancer 

autoantibodies are produced in early tumourigenesis (Jiang et al., 2021, Stanton et al., 

2021). It is interesting to note that pools 3, 4, 5 and 6 resulted in less autoantibody 

binding than the global pool and pools 1 and 2, however differences in IgG binding 

were not significant. 

 

Although there were no differences in IgG binding observed between the patient IgG 

pools, the global pool and pool 2 resulted in a significant increase in binding events 

being observed above the control IgG gate, inferring that an antibody present in TNBC 

patient sera was binding to an MDA-MB-231 antigen. The subpopulation of cells which 

the global IgG pool bound to equated to 0.3-0.5% of the total cell population, inferring 

that the corresponding TNBC associated antigens may only be expressed by a small 

number of cells. Targeting of such a small population of TNBC cells may influence the 

efficacy of an antigen-directed treatment, however, this population of cells is not 

bound by control human IgG, which indicates that any treatment directed against the 
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unique subpopulation of TNBC cells would discriminate between normal and 

cancerous tissue.  

 

Interestingly, the percentage of patient IgG bound cells is also consistent with 

estimates of the size of the BCSC population in breast tumours, which range from 0.1-

5% (De Angelis et al., 2019). TNBC is characterised by CSC enrichment, therefore a 

number of cancer autoantibodies may be produced in response to cancer stem cell 

associated antigens, as suggested to by a clinical trial conducted by Stanton et al., who 

identified the presence of eight autoantibodies produced in response to BCSC antigens 

(Stanton et al., 2018). Therefore, the binding of patient IgG to MDA-MB-231 

expressing BCSC markers was investigated (Figure 5.6). FACS analysis revealed that a 

large percentage of MDA-MB-231 cells are CD44+/CD24-, which is considerably higher 

than expected. However, other studies have also reported a high percentage of 

CD44+/CD24- cells in MDA-MB-231 cell lines, with CD44+/CD24- being associated with 

cell proliferation and tumourigenesis in basal-like BCas and subsequent poor survival 

in TNBC (Yin and Glass, 2011, Li et al., 2017). Patient IgG was found to bind to 2-3% of 

the CD44+/CD24- subset of cells, with the percentage of TNBC IgG bound CD44+/CD24- 

cells increasing to 6-9% when gating for the brightest CD44+ cells (Figure 5.6G). This 

infers that there may be enrichment of patient IgG binding in the CD44+/CD24- 

subpopulation compared to the whole cell population, indicating that a cancer 

autoantibody present in TNBC patient derived IgG may specifically target an antigen 

expressed by CD44+/CD24- cells. It is also important to note that the patient IgG only 

bound to a small minority of cells, which may be a result of only a small number of 

CD44+/CD24- MDA-MB-231 cells expressing the corresponding antigen, or due to there 

being only a small number of TNBC associated autoantibodies in the patient IgG pool. 

 

Exposure of both patient-derived IgG and control IgG to the TNBC cell line MDA-MB-

231 and non-tumourigenic MCF10A cells revealed that only the patient-derived IgG 

appeared to bind to a subpopulation of MDA-MB-231 cells (Figure 5.4). The patient 

IgG and control IgG interacted in a similar manner with MCF10A cells with no 

significant difference in binding events being observed, implying that no cancer 

specific IgG antibodies are interacting with non-tumourigenic epitopes (Figure 5.4A). 

Regarding MDA-MB-231 binding, the patient IgG resulted in more antibody binding 

events recorded by flow cytometry than with control IgG (Figure 5.4B). This implies 
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that autoantibodies may be produced as part of the humoral immune response to 

TNBC specific antigens. Preliminary work conducted identified that more patient IgG 

antibody binding events were seen when ice cold acetone was used as a fixative agent 

rather than PFA. As organic solvents fix and permeabilise mammalian cells, 

intracellular antigens are able to be detected by flow cytometry (Carbonari et al., 

2008). Contrastingly, formaldehyde based solvents such as PFA do not permeabilise 

cells, therefore indicating that potential autoantibodies present in the patient IgG pool 

are binding to an intracellular antigen and not cell surface antigens (Hobro and Smith, 

2017).  

 

Immunofluorescence studies were then employed to confirm the binding of control 

and patient IgG to MCF10A and MDA-MB-231 cells and to determine the cellular 

localisation of patient IgG antibody epitopes in MDA-MB-231 cells. Fluorescence 

microscopy did confirm the binding of control and patient IgG to both cell lines, as 

fluorescently labelled anti-human IgG was observed in control and patient IgG wells 

(Figure 5.5). However, the immunocytochemistry approach was not able to confirm 

the differences in antibody binding observed by flow cytometry, as differences in 

control and patient IgG binding to MDA-MB-231 cells could not be visualised (Figure 

5.5B). In addition, no clear differences in the level of fluorescence were seen when 

MCF10A cells were incubated with either the control or patient IgG (Figure 5.5B).  As 

the patient IgG appeared to bind to a small MDA-MB-231 population from flow 

cytometric analysis, the small number of cells seeded on the coverslip for 

immunofluorescence may not have covered this population. Furthermore, most of the 

binding events were below the control IgG gate when patient IgG was incubated with 

MDA-MB-231 cells (Figure 5.4B), so the small number of patient IgG specific binding 

events may have been difficult to observe by immunocytochemistry. It also appears 

that the control IgG bound to nuclear antigens in both MCF10A and MDA-MB-231 

cells, with more fluorescent dots observed in MCF10A nuclei than MDA-MB-231 

nuclei. However, the staining observed may be an artifact of the fixation method used.  

 

Following the detection of potential TNBC autoantibodies, western blotting and mass 

spectrometry were employed to identify TNBC specific epitopes by serological 

proteome analysis (SERPA). Other technologies have also been applied for the 

discovery of tumour associated antibodies such as serological screening of cDNA 
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expression libraries (SEREX), phage display libraries and protein microarrays (Li et al., 

2004, Lin et al., 2007, Anderson et al., 2011). In contrast to the other serological 

screening methods, SERPA allows for the detection of post translationally modified 

antigens and protein isoforms, as well as SERPA not requiring the time-consuming 

construction of cDNA libraries. There are also some limitations to the SERPA, including 

difficulties in detecting proteins of low abundance, high molecular weight or 

membrane-associated proteins (Rauf et al., 2020). However, other studies have 

successfully identified autoantibodies present in human sera (Nagele et al., 2013, 

Bazhin et al., 2004, Klade et al., 2001). For instance, Hamrita et al., and Desmetz et al., 

identified different panels of BCa serum autoantibodies by 2D electrophoresis coupled 

with western blotting from both cell line and BCa tissue derived proteins, respectively 

(Hamrita et al., 2008, Desmetz et al., 2009). Therefore, this study hypothesised that 

the TNBC patient derived IgG may bind to MDA-MB-231 isolated proteins and lead to 

immunoreactive bands that may be detected by western blot. Moreover, patient IgG 

protein bands that are not observed in non-tumourigenic cell lysate, or when MDA-

MB-231 proteins are probed with control IgG, may indicate the presence of TNBC 

specific autoantigens.  

 

1D electrophoresis of MCF10A and MDA-MB-231 whole cell lysate coupled with 

western blotting with control and patient IgG found that TNBC antibodies led to 

different immunoreactive bands being observed (Figure 5.7). The patient IgG resulted 

in a more intense band observed at around 50kDa in MDA-MB-231 cell lysate lanes 

than MCF10A cell lysate lanes. The increased intensity of this band suggests that the 

antigen may be aberrantly expressed in the TNBC cell line compared to MCF10A cells, 

or that the antigen is post translationally modified in TNBC, leading to the production 

of antibodies against the modified protein (Volkov et al., 2021). A band at 50kDa was 

also observed in the control IgG blot with both MCF10A and MDA-MB-231 whole cell 

lysate, however the bands were not as intense as those observed when the patient 

IgG pool was used as the primary antibody with MDA-MB-231 lysate. A study by 

Bassaro et al., also detected autoantibodies in healthy donor plasma, therefore 

quantifying autoantibody levels will be important in determining disease status 

(Bassaro et al., 2017). Two other bands of interest were also established, with an 80-

100kDa band and approximately 40kDa band exclusively present in the MDA-MB-231 

protein lanes of the patient IgG blot (Figure 5.7, indicated by top and bottom arrows). 
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Antibody binding observed exclusively in TNBC protein lanes again may be in response 

to the aberrant expression of a cancer antigen. Unlike the 50kDa protein, the antigens 

are only recognised by a TNBC patient antibody, indicating that the interacting 

autoantibodies may be able to detect TNBC specifically. The two bands were also 

present when BT-549 cell lysate was probed with patient IgG, suggesting that the 

neoantigens are not just expressed in one TNBC cell line (Figure 5.8B). Conversely, the 

80-110kDa antigen does not appear to be present in CAL-51 cells, highlighting how 

intertumoural heterogeneity is observed in TNBC (Chiu et al., 2018). 

 

Further immunoblotting with fractionated MCF10A and MDA-MB-231 protein found 

that the patient IgG immunoreactive 80-110kDa band arose from a cancer 

autoantibody binding to a nuclear antigen (Figure 5.9, top arrow). This correlates with 

research which has shown that the release of nuclear antigens during malignant 

disease progression subsequently leads to the production of anti-nuclear antibodies 

in BCa patients, including c-MYC, BRCA1 and BRCA2 autoantibodies (Mohammed and 

Abdelhafiz, 2015, Nisihara et al., 2018, Chapman et al., 2007). The lower molecular 

weight 40kDa protein was also identified to be localised to the cytoplasm, as no band 

was observed in the nuclear fractions. In contrast, the approximately 50kDa protein 

was found to be enriched in both nuclear and cytoplasmic MDA-MB-231 fractions, 

indicating that the protein is present in both subcellular compartments (Figure 5.9, 

middle arrow). The separation of membrane and cytoplasmic protein also revealed 

that the potential autoantibody epitopes were not cell surface proteins in Figure 5.10, 

corresponding with the increase in patient IgG binding events when cells were 

permeabilised with acetone for flow cytometry experiments. 

 

The characterisation of potential TNBC autoantibody binding antigens by label-free LC-

MS/MS led to the identification of 2346 proteins across all gel slices excised based on 

the blot areas highlighted in Figure 5.11. The overexpression of antigens has been 

shown to lead to autoantibody production in a number of studies, including a study by 

Hwang et al., where high expression of splicing factor 3b subunit 1, SF3B1, was 

identified in hepatocellular carcinoma (HCC) tissue samples and anti-SF3B1 

autoantibodies were detected in HCC patients vs healthy subjects by ELISA with 74% 

sensitivity and 92% specificity (Hwang et al., 2018). As autoantibodies are produced in 

response to the overexpression of antigens in malignant disease progression, we 
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speculated that the potential TNBC antigens have higher expression levels in MDA-

MB-231 cells than MCF10A cells and that the differences in protein expression may be 

detected by mass spectrometry. LC-MS/MS spectral counts were therefore used to 

estimate relative protein abundances in each sample, as spectral counting can be used 

as a sensitive, semi-quantitative method to define differential protein expression 

when combined with statistical analysis (Old et al., 2005, Fu et al., 2008).  

 

In this study, two independent statistical analyses were applied, NSAF with multiple t-

tests (Figure 5.14) and DESeq2 (Figure 5.15). Other methods have also been 

implemented to detect differential expression from spectral count data, including 

spectral index (spI), normalised spectral index, QSpec and NSAF coupled with power 

law global error modelling (NSAF-PLGEM) (Griffin et al., 2010, Fu et al., 2008, Choi et 

al., 2008, Pavelka et al., 2008). However, NSAF based methods have been shown to 

produce more reproducible results than spectral index calculations (McIlwain et al., 

2012). When coupled with t-tests, NSAF can also correctly identify differential 

expression whilst controlling for the number of false positives. In addition, Langley and 

Mayr found that DESeq2 and Qspec performed well when compared to the other 

analyses mentioned, resulting in the detection of true positives whilst controlling for 

false negatives (Langley and Mayr, 2015). Thus, differential protein expression in 

MCF10A cells compared to MDA-MB-231 cells was investigated by both methods to 

increase the likelihood of false positive proteins being identified, with FDR corrections 

applied in both statistical analyses to control for type I errors.  

 

NSAF and DESeq2 analysis resulted in 18 proteins being identified as overexpressed in 

MDA-MB-231 cells compared to MCF10A cells, with more proteins being identified by 

NSAF and t-test than DESeq2 (Figure 5.14 and Figure 5.15). TPX2, SATB2 and DNAJB6 

were found to have increased protein levels in MDA-MB-231 cell lysate compared to 

MCF10A cell lysate from both statistical analysis methods, inferring that these proteins 

have a higher likelihood of being true positives. In contrast, SCRN1 and KHDRBS3 were 

identified to be differentially expressed in gel slice 2 (Figure 5.14B) and ENO2, SLC29A1 

and TP53 (Figure 5.14C) were identified as differentially expressed in gel slice 3 by 

NSAF and t-test, whereas no proteins were found to have significantly higher protein 

expression levels in MDA-MB-231 samples when the count data was analysed by 

DESeq2 (Figure 5.15B and Figure 5.15C). This highlights how the two methods differ 
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statistically and how NSAF based methods such as NSAF-PLGEM may lead to the 

identification of a larger number of true and false positives (Langley and Mayr, 2015). 

To try and limit the number of false positive results associated with NSAF calculations, 

a 1% FDR was implemented in the NSAF and t-test analysis instead of the 5% FDR 

applied in the DESeq2 analysis. 

 

As potential autoantibodies present in the blood serum samples were produced in 

response to triple negative breast tumours in patients, the expression of the tumour 

associated antigen candidates identified from LC-MS/MS proteomic analysis with 

MDA-MB-231 protein was assessed in patient datasets using bc-GenExMiner (Figure 

5.16). Although relatively high levels of correlation have been demonstrated between 

transcriptional and protein expression profiles in cell lines compared to tumour 

samples, some studies have demonstrated that cell lines may not be fully 

representative models of tumours (Domcke et al., 2013, Vincent et al., 2015, Jarnuczak 

et al., 2021). Therefore, protein expression profiles in TCGA TNBC datasets were used 

to confirm the upregulation of proteins observed in MDA-MB-231 cells. To identify 

differential expressed proteins, the mRNA expression levels of each potential tumour 

associated antigen was compared to the mRNA expression level of a given protein in 

healthy tissue.  

 

The potential TNBC antigens identified from LC-MS/MS and patient dataset 

overexpression analyses were TPX2, WRNIP1, KHDRBS3, CALU, DNAJB6, KRT19 and 

HLA-A. To our knowledge, autoantibodies produced in response to TPX2, WRNIP1, 

KHDRBS3, DNAJB6 and HLA-A overexpression have not yet been identified in studies 

focusing on the presence of autoantibodies in BCa patient sera (Rauf et al., 2020). 

However, Katayama et al., identified the presence of anti-CALU and anti-KRT19 

autoantibodies in prediagnostic TNBC plasma samples when the samples were 

individually hybridised with MDA-MB-231 or C3(1)-T mouse model derived protein 

arrays, respectively (Katayama et al., 2015).  

 

Studies have also demonstrated the role of the TNBC antigen candidates in 

tumourigenesis. TPX2 regulates the formation of the mitotic spindle through 

activation of Aurora-A and is correlated with genomic instability, high grade disease 

and poor clinical outcome in TNBC (Jiang et al., 2019, Matson et al., 2021). 
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Overexpression of the protein has been identified in TNBC and has also been 

associated with BRCA1/2 mutated cancers and sensitivity of TNBC tumours to PARP 

inhibitors such as Olaparib (Mosler et al., 2022). WRNIP1 also plays a role in with 

genomic integrity, however loss of WRNIP1 is associated with genomic instability 

through R-loop accumulation (Leuzzi et al., 2016, Marabitti et al., 2020). Interestingly, 

upregulation of the KH domain RNA binding protein, KHDRBS3, has been linked to BCa 

stemness in basal-like BCas through alteration of CD44 isoform expression 

(Matsumoto et al., 2018). In addition, CALU has been shown to be a drive of EMT and 

a subsequent marker of poor survival in glioma patients, as well as being a key protein 

in lung cancer cell invasiveness (Nagano et al., 2015, Yang et al., 2021). Conversely, 

Mitra et al., demonstrated that DNAJB6 activity suppresses tumour progression, 

leading to the reversal of a mesenchymal phenotype. Research by Mitra et al., also 

reported depleted DNAJB6 in advanced grade IDC, contradicting the increased mRNA 

expression levels observed in the TCGA dataset presented in Figure 5.17D (Mitra et al., 

2008, Mitra et al., 2010). Keratin 19 (KRT19) expression has also been linked to the 

suppression of invasive BCa through regulation of the NOTCH signalling pathway (Saha 

et al., 2017). Lastly, HLA-A expression is associated with a more favourable prognosis 

in basal-like BCas (Noblejas-López et al., 2019, Kaneko et al., 2011).  

 

In addition to the potential diagnostic role of autoantibodies in BCa, the presence of 

cancer autoantibodies has also been correlated with BCa patient prognosis. For 

example, Gu et al., found that high serum anti-HSPA4 IgG levels, produced in response 

to HSPA4 overexpression, was correlated with poor prognosis in IDC patients (Gu et 

al., 2019). To investigate whether the autoantibodies identified in this study are 

prognostic markers for TNBC, Kaplan-Meier curves of overall survival and the 

expression of each tumour associated antigen gene were produced. The survival 

analysis shown in Figure 5.17 revealed that only KHDRBS3 expression was correlated 

with worse overall survival in TNBC patients. This relates to studies showing that the 

overexpression of WRNIP1, DNAJB6, KRT19 or HLA-A is associated with better patient 

prognosis, as the increased expression of these genes did not lead to worse overall 

survival in ER-, PGR- and HER2- BCa patients. The prognostic analysis also found that 

CALU expression was correlated with a better overall survival in ER-, PGR- and HER2- 

BCa patients, which contradicts findings in glioma patients (Nagano et al., 2015, Yang 

et al., 2021).  
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Based on the LC-MS/MS proteomics analysis and following TNBC overexpression and 

survival analyses, the antigens selected for further study were TPX2 and KHDRBS3. As 

previously mentioned, these proteins were selected as TPX2 was identified from both 

proteomics analyses methods (Figure 5.14 and Figure 5.15) and overexpression of 

TPX2 has been linked poor clinical outcome in TNBC, whereas KHDRBS3 was identified 

in the NSAF and t-test analysis (Figure 5.14) and was correlated with poor survival in 

TNBC patients (Figure 5.17). All the patient IgG reactive proteins identified from the 

serological proteome analysis could be leading to TNBC specific autoantibody 

production, therefore future work would involve the validation of all seven proteins.  

 

To confirm whether anti-TPX2 and anti-KHDRBS3 autoantibodies are present in the 

TNBC patient-derived IgG pool, HEK293T lysate from cells over expressing TPX2 or 

KHDRBS3 was probed with control and patient IgG (Figure 5.19 and Figure 5.20). The 

overexpression western blots revealed that KHDRBS3 overexpression led to 

differential reactive bands being observed with the patient IgG, suggesting that ant-

KHDRBS3 antibodies are produced in response to increased expression. The expected 

molecular weight of the RNA binding protein is 39kDa. In Figure 5.20, there is a faint 

band present at this molecular weight, suggesting that a patient-derived IgG antibody 

may be binding to KHDRBS3. However, KHDRBS3 was highlighted in the NSAF and t-

test statistical analysis of proteins isolated from the band excised at 39-59kDa, as this 

band was extracted to encapsulate a potential antigen observed at around 50kDa in 

MDA-MB-231 nuclear fractions not 39kDa (Figure 5.11). However, the band which is 

observed at approximately 50kDa in the overexpression blots did appear to be more 

intense in the KHDRBS3 patient blot (Figure 5.20) when compared to the HEK293T 

patient IgG (Figure 5.18) and TPX2 patient IgG blots (Figure 5.19), with a fainter band 

observed at a marginally higher molecular weight. This correlates with research by 

Ehrmann et al., which identified the major isoform of T-STAR (KHDRBS3) at 55kDa and 

a minor isoform of the protein at a slightly higher kDa by western blot (Ehrmann et al., 

2013). Additional bands were also observed in the KHDRBS3 patient IgG blot, including 

a 34kDa band (Figure 5.20). As KHDRBS3 is involved in the regulation of alternative 

mRNA splicing, the generation of splice variants via KHDRBS3 activity may result in 

TNBC cancer-specific immunogenic neoantigens being produced, thus leading to the 

production of autoantibodies against splice variants (Alsarkhi and Weber, 2018, Bessa 
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et al., 2020) . Therefore, the patient IgG reactive proteins in Figure 5.20 may be due to 

the generation of TNBC protein isoforms through increased KHDRBS3 activity. 

 

As previously mentioned, KHDRBS3 has been linked to cancer stemness in TNBC 

through the modulation of CD44 splicing (Matsumoto et al., 2018). This correlates with 

the data presented in Figure 5.6, where patient IgG binding events were observed in 

the CD44++ MDA-MB-231 cell population (Figure 5.6G), indicating that KHDRBS3 is 

expressed by BCSCs. In addition, overexpression of the protein has been correlated 

with alternative splicing, the acquisition of stem cell-like properties and poor patient 

prognosis in other malignancies, including colorectal and ovarian cancer (Ukai et al., 

2021, Gov, 2020, Gao et al., 2020). The survival analysis conducted in this study found 

that KHDRBS3 expression is also linked with decreased overall survival in HER2 

negative and hormone receptor negative BCa patients (Figure 5.17). Therefore, the 

results in this chapter indicate the presence of anti-KHDRBS3 antibodies in TNBC 

patient serum samples, thus highlighting the clinical potential of anti-KHDRBS3 as a 

diagnostic and prognostic marker of TNBC. 
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Chapter 6: Discussion 

 

This study aimed to identify tumour associated antigens, their corresponding 

autoantibodies and targeting small peptides for the development of early diagnostic 

methods and targeted therapeutics for TNBC. TNBC currently has the worse prognosis 

among the molecular subtypes of BCa, with early diagnosis resulting in improved 

patient outcome (Chen et al., 2020). However, TNBC can be difficult to detect in young 

women through imaging methods, which highlights the need for complimentary 

diagnostic techniques. A patient’s prognosis is also influenced by the lack of target 

therapies available for TNBC treatment compared to the other BCa subtypes. The 

development of targeted therapeutics for the treatment of TNBC would therefore 

address a currently unmet clinical need and improve the treatment landscape for this 

aggressive subtype of BCa (Bianchini et al., 2022). 

 

Regarding TNBC early detection, we hypothesised that the identification of TNBC-

specific autoantibodies in patient blood sera could be used for the early detection of 

TNBC, as autoantibodies are produced in early carcinogenesis. Blood-based liquid 

biopsies are gaining interest in BCa diagnostics as they are minimally invasive and can 

provide information on tumour heterogeneity and disease stage, with tumour 

associated autoantibodies panels showing encouraging clinical results (Henderson et 

al., 2019, Setayesh et al., 2022). The work conducted in this project investigated 

whether cancer autoantibodies were present in IgG antibody fractions purified from 

TNBC patient blood serum sample for the early detection of the disease. 

Autoantibodies were present in TNBC patient purified IgG fractions compared to 

control fractions (Figure 5.3), indicating that autoantibodies are produced in response 

to TNBC and be utilised as discriminatory protein biomarkers of the disease. 

Furthermore, the patient purified IgG fraction bound to permeabilised CD44+/CD24- 

MDA-MB-231 cells, suggesting that autoantibodies may be produced in response to 

TNBC BCSC intracellular antigens (Figure 5.6). As mentioned, BCSCs are a therapy 

resistant subpopulation of cells associated with tumour progression and metastasis, 

therefore the detection of BCSC autoantibodies in serum samples may be indicative of 

aggressive disease and be used to inform treatment decisions (Stanton et al., 2018).  

Autoantibody recognition of TNBC antigens led to the identification of a novel panel 

of potential tumour associated antigens using a SERPA approach. Validation of the 
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most promising candidates confirmed the presence of anti-KHDRBS3 in TNBC patient 

sera and not in sera extracted from healthy individuals, confirming that the approach 

taken in this study was able to successfully identify TNBC specific autoantibodies 

(Figure 5.20). KHDRBS3 overexpression resulted in decreased overall survival in TNBC 

patients, therefore indicating that KHDRBS3 may be a prognostic marker of TNBC. 

Additionally, increased expression of KHDRBS3 was only observed in TNBC tumours, 

which may indicate that KHDRBS3 autoantibodies can be used to discriminate 

between TNBC and non-TNBC breast tumours, as well as between TNBC versus non-

cancerous cases (Figure 5.16). Thus, KHDRBS3 warrants further investigation as a 

potential diagnostic and prognostic marker for TNBC.  

 

As well as cancer autoantibodies acting as diagnostic markers of TNBC, their 

corresponding antigens may also be utilised as targets for potential TNBC 

therapeutics. Currently, there are a limited number of targeted therapies available for 

the treatment of the disease, therefore the identification of molecular targets of TNBC 

are needed to improve treatment options available for patients. In this study, 

KHDRBS3 has been identified as a TNBC neoantigen. The involvement of KHDRBS3 in 

cancer stemness pathways indicates that targeting the splicing factor may hinder 

cancer stemness in TNBC and target the chemotherapy and radiotherapy resistant cell 

population which is thought to drive tumour invasion and metastasis (Matsumoto et 

al., 2018). Therefore, this work highlights how KHDRBS3 may be a novel molecular 

target for TNBC treatments and how further investigations into the role of KHDRBS3 

in TNBC through functional studies are required. 

 

Targeting moieties, such as antibodies or peptides, are also being utilised in novel 

cancer therapeutic approaches to deliver cytotoxic ligands to tumour cells in a site-

specific manner, such as via ADCs and PDCs, respectively. When compared to 

antibodies, small peptides display low immunogenicity and are easily synthesised and 

modifiable. The versatility of small peptides also allows for a wide variety of 

therapeutic ligands to be conjugated or complexed to the targeting moiety, such as 

different chemotherapeutic agents and nanocarrier systems (Samec et al., 2022b). 

Therefore, a tumour targeting peptide could be applied to a range of therapeutic 

approaches to combat TNBC. 
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To identify a TNBC targeting peptide for peptide-based therapeutics, we conducted a 

non-bias high-throughput screen of small peptides against TNBC cells by NGPD. This 

approach allowed for cancer targeting ligands to be selected without a known target, 

as there is currently a lack of known TNBC molecular targets. The potential TNBC 

targeting candidates were then validated by in vitro studies, which confirmed that 

TNBC targeting peptides had been identified. Therefore, this study demonstrated how 

NGPD can be applied to successfully isolate and identify cancer cell targeting ligands. 

Two potential TNBC targeting ligands were prioritised from flow cytometric analysis, 

TLYRMVVTS and LMQDMALRL. To our knowledge, the peptides have not been 

identified in other studies and may therefore be novel targeting agents for TNBC 

therapeutics. The in vitro validation studies found that TLYRMVVTS and LMQDMALRL 

delivered more mRFP into TNBC cells compared to non-tumourigenic cell lines, 

indicating that the targeting peptides may lead to tumour-specific delivery of cytotoxic 

agents and subsequently increase the cytotoxic payload delivered to a TNBC tumour 

through efficient uptake into cancerous cells. In addition, the selective targeting of 

TNBC cells may limit off-target toxicity and side effects in patients, which are often 

experienced with other systemic therapies (Hoppenz et al., 2020). The peptides were 

also able to efficiently deliver nanoparticles into TNBC cell lines, a molecular cargo 

which has utilised in cancer diagnostics and drug delivery studies (Estelrich et al., 2015, 

Avasthi et al., 2020). This further highlights the potential for each peptide to be 

incorporated into peptide-based drug delivery systems for TNBC targeted treatment, 

however further work is required to quantify MNP uptake. 

 

A major limitation to this work is the use of TNBC cancer lines compared to primary 

tissue. The TNBC cell lines used in this study were BT-540, CAL-51 and MDA-MB-231. 

Regarding TNBC intrinsic subtypes, Lehmann et al., assigned BT-549 and CAL-51 to the 

TNBC M subtype and identified MDA-MB-231 cells to be MSL (Lehmann et al., 2011, 

Lehmann et al., 2021). A recent study by Espinosa Fernandez et al., confirmed that BT-

549 cells maintain their M subtype properties in vitro and in tumour xenografts, 

whereas the MDA-MB-231 cell line was classified as unstable, with data suggesting 

that this cell line is both MSL and BL2 (Espinosa Fernandez et al., 2020). This indicates 

that the cell lines used in this study do not account for all the different TNBC intrinsic 

subtypes and intertumoural heterogeneity observed between patients. However, MSL 

and BL2 have been linked to poor patient prognosis, with the subtypes being linked to 



172 

 

higher rates of metastatic disease and worse OS rates than the other intrinsic subtypes 

(Yin et al., 2020, Ortiz Valdez et al., 2023). Thus, despite the cell lines representing only 

two intrinsic subtypes, the three TNBC cell lines used were representative of 

aggressive TNBC intrinsic subtypes that are difficult to treat. The non-tumourigenic 

and TNBC cell lines were also maintained in 2D monolayer cultures, which are not 

representative of solid tumours and do not consider the TME and extracellular factors. 

Therefore, 3D in vitro models such as spheroid and organoid systems may have been 

a better representation of in vivo tumours and could enable tumour penetration 

studies to be conducted (van den Brand et al., 2017).   

 

Future work aims to validate the remaining autoantibody candidates, WRNIP1, CALU, 

DNAJB6, KRT19 and HLA-A. Research has shown that using a panel of autoantibodies 

leads to increased sensitivity and specificity, therefore the ultimate aim is to establish 

a novel panel of serum autoantibodies, including anti-KHDRBS3, for the detection of 

TNBC (Henderson et al., 2019, Pagaza-Straffon et al., 2020). Current blood-based 

autoantibody tests are performed by indirect ELISA (Lam et al., 2011, Lourenco et al., 

2017). Therefore, once a TNBC autoantibody panel has been established, future work 

aims to develop an indirect ELISA test and assess the performance of the TAA panel in 

detecting serum autoantibodies using a larger TNBC patient cohort. As 

aforementioned, this work has highlighted KHDRBS3 as a potential TNBC molecular 

target, therefore future studies will also be conducted to further investigate the role 

of KHDRBS3 in TNBC stemness. Regarding the TNBC peptides, in vivo biodistribution 

studies are going to be conducted to assess the TNBC targeting ability of peptides 

TLYRMVVTS and LMQDMALRL in an in vivo model. Depending on the results obtained 

from the biodistribution studies, future work also aims to develop a peptide-drug 

conjugate which could be used to deliver anti-cancer agents directly to TNBC tumours 

for TNBC targeted treatment. 

 

In conclusion, the work conducted in this project has led to the discovery of novel 

TNBC associated antigens and targeting small peptides for the development of 

autoantibody-based early diagnostic tools and peptide-based targeted treatments for 

TNBC, with the hope of improving the outcome for women with the disease. 
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Appendix 2. Materials and methods 

Appendix 2.1 NGS barcoded primers 

Supplementary Table 1 Ion Torrent sequencing primers 

Primer 
name 

Sequence 5’-3’ (barcode sequence is highlighted in bold, followed by 
linker1) 

Akey-BC1-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAAGGTAACGTAATCCTTGTG
GTATCG 

Akey-BC2-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGAGAACGTAATCCTTGTG
GTATCG 

Akey-BC3-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGAGGATTCGTAATCCTTGTG
GTATCG 

Akey-BC4-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTACCAAGATCGTAATCCTTGTG
GTATCG 

Akey-BC5-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGAAGGAACGTAATCCTTGTG
GTATCG 

Akey-BC6-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGCAAGTTCGTAATCCTTGTG
GTATCG 

Akey-BC7-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCGTGATTCGTAATCCTTGTGG
TATCG 

Akey-BC8-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCCGATAACGTAATCCTTGTG
GTATCG 

Akey-BC9-
lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGAGCGGAACGTAATCCTTGTG
GTATCG 

Akey-
BC10-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGACCGAACGTAATCCTTGTG
GTATCG 

Akey-
BC11-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTCGAATCGTAATCCTTGTGG
TATCG 

Akey-
BC12-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGGTGGTTCGTAATCCTTGTG
GTATCG 

Akey-
BC13-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTAACGGACGTAATCCTTGTG
GTATCG 

Akey-
BC14-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTGGAGTGTCGTAATCCTTGTG
GTATCG 

Akey-
BC15-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTAGAGGTCGTAATCCTTGTG
GTATCG 

Akey-
BC16-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTGGATGACGTAATCCTTGTG
GTATCG 

Akey-
BC17-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTATTCGTCGTAATCCTTGTGG
TATCG 

Akey-
BC18-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGAGGCAATTGCGTAATCCTTGTG
GTATCG 

Akey-
BC19-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTAGTCGGACGTAATCCTTGTG
GTATCG 

Akey-
BC20-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGATCCATCGTAATCCTTGTG
GTATCG 

Akey-
BC21-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGCAATTACGTAATCCTTGTG
GTATCG 

Akey-
BC22-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCGAGACGCGTAATCCTTGTG
GTATCG 

Akey-
BC23-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGCCACGAACGTAATCCTTGTG
GTATCG 

Akey-
BC24-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGAACCTCATTCGTAATCCTTGTGG
TATCG 
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Akey-
BC25-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTGAGATACGTAATCCTTGTG
GTATCG 

Akey-
BC26-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTACAACCTCGTAATCCTTGTGG
TATCG 

Akey-
BC27-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGAACCATCCGCGTAATCCTTGTG
GTATCG 

Akey-
BC28-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGATCCGGAATCGTAATCCTTGTG
GTATCG 

Akey-
BC29-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGACCACTCGTAATCCTTGTG
GTATCG 

Akey-
BC30-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGAGGTTATCGTAATCCTTGTG
GTATCG 

Akey-
BC31-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCAAGCTGCGTAATCCTTGTG
GTATCG 

Akey-
BC32-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTTACACACGTAATCCTTGTGG
TATCG 

Akey-
BC33-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCTCATTGAACGTAATCCTTGT
GGTATCG 

Akey-
BC34-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGCATCGTTCGTAATCCTTGTG
GTATCG 

Akey-
BC35-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGCCATTGTCGTAATCCTTGT
GGTATCG 

Akey-
BC36-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGAAGGAATCGTCGTAATCCTTGT
GGTATCG 

Akey-
BC37-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTGAGAATGTCGTAATCCTTG
TGGTATCG 

Akey-
BC38-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGGAGGACGGACGTAATCCTTG
TGGTATCG 

Akey-
BC39-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAACAATCGGCGTAATCCTTGT
GGTATCG 

Akey-
BC40-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGACATAATCGTAATCCTTGT
GGTATCG 

Akey-
BC41-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCCACTTCGCGTAATCCTTGTG
GTATCG 

Akey-
BC43-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTGACACCGCGTAATCCTTGT
GGTATCG 

Akey-
BC44-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTGGAGGCCAGCGTAATCCTTG
TGGTATCG 

Akey-
BC45-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGGAGCTTCCTCGTAATCCTTGT
GGTATCG 

Akey-
BC46-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCAGTCCGAACGTAATCCTTGT
GGTATCG 

Akey-
BC47-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTAAGGCAACCACGTAATCCTTG
TGGTATCG 

Akey-
BC48-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCTAAGAGACGTAATCCTTGT
GGTATCG 

Akey-
BC49-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTAACATAACGTAATCCTTGT
GGTATCG 

Akey-
BC50-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGGACAATGGCGTAATCCTTGT
GGTATCG 

Akey-
BC51-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTGAGCCTATTCGTAATCCTTGT
GGTATCG 

Akey-
BC52-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCGCATGGAACGTAATCCTTGT
GGTATCG 

Akey-
BC53-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGGCAATCCTCGTAATCCTTGT
GGTATCG 
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Akey-
BC54-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCGGAGAATCGCGTAATCCTTG
TGGTATCG 

Akey-
BC55-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCACCTCCTCGTAATCCTTGTG
GTATCG 

Akey-
BC56-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGCATTAATTCGTAATCCTTGT
GGTATCG 

Akey-
BC57-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTGGCAACGGCGTAATCCTTG
TGGTATCG 

Akey-
BC58-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTAGAACACGTAATCCTTGT
GGTATCG 

Akey-
BC59-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTTGATGTTCGTAATCCTTGT
GGTATCG 

Akey-
BC60-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTAGCTCTTCGTAATCCTTGTG
GTATCG 

Akey-
BC61-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCACTCGGATCGTAATCCTTGTG
GTATCG 

Akey-
BC62-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCCTGCTTCACGTAATCCTTGT
GGTATCG 

Akey-
BC63-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTTAGAGTTCGTAATCCTTGTG
GTATCG 

Akey-
BC64-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTGAGTTCCGACGTAATCCTTGT
GGTATCG 

Akey-
BC65-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTGGCACATCGTAATCCTTGT
GGTATCG 

Akey-
BC66-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCGCAATCATCGTAATCCTTGTG
GTATCG 

Akey-
BC67-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCCTACCAGTCGTAATCCTTGT
GGTATCG 

Akey-
BC68-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCAAGAAGTTCGTAATCCTTGT
GGTATCG 

Akey-
BC69-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCAATTGGCGTAATCCTTGTG
GTATCG 

Akey-
BC70-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTACTGGTCGTAATCCTTGTG
GTATCG 

Akey-
BC71-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTGAGGCTCCGACGTAATCCTTG
TGGTATCG 

Akey-
BC72-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGAAGGCCACACGTAATCCTTG
TGGTATCG 

Akey-
BC73-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTGCCTGTCGTAATCCTTGTGG
TATCG 

Akey-
BC74-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGATCGGTTCGTAATCCTTGTG
GTATCG 

Akey-
BC75-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCAGGAATACGTAATCCTTGTG
GTATCG 

Akey-
BC76-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGGAAGAACCTCGTAATCCTTG
TGGTATCG 

Akey-
BC77-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGAAGCGATTCGTAATCCTTGT
GGTATCG 

Akey-
BC78-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGCCAATTCTCGTAATCCTTGT
GGTATCG 

Akey-
BC79-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTGGTTGTCGTAATCCTTGTG
GTATCG 

Akey-
BC80-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGAAGGCAGGCGTAATCCTTG
TGGTATCG 

Akey-
BC81-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTGCCATTCGCGTAATCCTTGT
GGTATCG 
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Akey-
BC82-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTGGCATCTCGTAATCCTTGTGG
TATCG 

Akey-
BC83-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAGGACATTCGTAATCCTTGT
GGTATCG 

Akey-
BC84-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTCCATAACGTAATCCTTGTGG
TATCG 

Akey-
BC85-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCAGCCTCAACGTAATCCTTGT
GGTATCG 

Akey-
BC86-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTGGTTATTCGTAATCCTTGTG
GTATCG 

Akey-
BC87-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTGGCTGGACGTAATCCTTGTG
GTATCG 

Akey-
BC88-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCCGAACACTTCGTAATCCTTGTG
GTATCG 

Akey-
BC89-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCTGAATCTCGTAATCCTTGTG
GTATCG 

Akey-
BC90-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAACCACGGCGTAATCCTTGT
GGTATCG 

Akey-
BC91-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGGAAGGATGCGTAATCCTTGT
GGTATCG 

Akey-
BC92-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAGGAACCGCGTAATCCTTGT
GGTATCG 

Akey-
BC93-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCTTGTCCAATCGTAATCCTTGTG
GTATCG 

Akey-
BC94-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTCCGACAAGCGTAATCCTTGTG
GTATCG 

Akey-
BC95-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGCGGACAGATCGTAATCCTTGTG
GTATCG 

Akey-
BC96-lnk1 

CCATCTCATCCCTGCGTGTCTCCGACTCAGTTAAGCGGTCGTAATCCTTGTG
GTATCG 

N.B Akey-BC93-Ink1 was used to label the first PCR product for sample 42. 
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Appendix 2.2 NGS Scripts 

 

All scripts were kindly provided by Dr Jonathan Owen, (ADAS UK group, School of 

Veterinary Medicine and Science, University of Nottingham). Adaptations to the 

scripts to fit this analysis are highlighted. 

 

pipeline.1.02 script 

          

The script was used to process fastq files from the University of Pennsylvania for the 

NGS analysis. The script firstly converted decompressed fastq files to fasta files, which 

were then used to demultiplex the NGS data using the list of identifier barcodes shown 

in Appendix 2.1.  

 

The script runs as follows:  

 

1. convert a (.tgz compressed) fastq file to fasta 

2. demultiplex the data using a list of supplied barcodes 

3. reverse complement (optional) 

4. translate all 3 forward frames 

5. identify flanking motifs using a list supplied in 2 files 

e.g. --left PAMAMSRP.txt --right PRRRR.txt 

6. create fasta files containing the peptides between the motifs 

7. rank the frequencies of the peptides on a per barcode basis 

 

Compare_collapsed_Zscore_v2.0.pl 

 

 

The script automatically ranked output peptides based on their Z score. The Z score 

ranking system was based on the following equation:  

 

 

z =
p1 − p2 

√𝑝1(1 − 𝑝1)
𝑛1 +  

𝑝2(1 − 𝑝2)
𝑛2
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where: 

p1= the number of reads obtained for a specific peptide in the target sample 

p2= the number of reads obtained for a specific peptide in the control pool 

n1= total peptide read count (target sample) 

n2= total peptide read count (control pool) 

 

The following command is an example of how the Z score script was used to determine 

which BT549 peptides had a Z score greater than 2 in three replicates: 

 

# join all the negative control samples to form a control pool 

 

cat MW_panning_BC36.LR.fasta MW_panning_BC37.LR.fasta 

MW_panning_BC38.LR.fasta MW_panning_BC39.LR.fasta 

MW_panning_BC40.LR.fasta MW_panning_BC41.LR.fasta  

MW_panning_BC93.LR.fasta MW_panning_BC43.LR.fasta 

MW_panning_BC44.LR.fasta MW_panning_BC45.LR.fasta 

MW_panning_BC46.LR.fasta MW_panning_BC47.LR.fasta 

MW_panning_BC48.LR.fasta MW_panning_BC49.LR.fasta 

MW_panning_BC50.LR.fasta >BT549_controls_36-50.fasta 

  

# compare BT549 samples vs all controls 

 

perl compare_collapsed_Zscore_v2.0_percentages.pl MW_panning_BC31.LR.fasta 

BT549_controls_36-50.fasta >BT5491vs36-50.table 

perl compare_collapsed_Zscore_v2.0_percentages.pl MW_panning_BC32.LR.fasta 

BT549_controls_36-50.fasta >BT5492vs36-50.table 

perl compare_collapsed_Zscore_v2.0_percentages.pl MW_panning_BC33.LR.fasta 

BT549_controls_36-50.fasta >BT5493vs36-50.table 

perl compare_collapsed_Zscore_v2.0_percentages.pl MW_panning_BC34.LR.fasta 

BT549_controls_36-50.fasta >BT5494vs36-50.table 

perl compare_collapsed_Zscore_v2.0_percentages.pl MW_panning_BC35.LR.fasta 

BT549_controls_36-50.fasta >BT5495vs36-50.table 
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# get top Z score 2 or more, get sequences # NR>1 && NR<21 to rank by top X Z scores 

 

awk ' NR>1 && $4>=2 (print $1;)' BT5491vs36-50.table > BT5491-BT5495_Z2vs36-

50_sequences   

awk ' NR>1 && $4>=2 [print $1;]' BT5492vs36-50.table >BT5491-BT5495_Z2vs36-

50_sequences  

awk ' NR>1 && $4>=2 [print $1;]' BT5493vs36-50.table > BT5491-BT5495_Z2vs36-

50_sequences  

awk ' NR>1 && $4>=2 [print $1;]' BT5494vs36-50.table > BT5491-BT5495_Z2vs36-

50_sequences  

awk ' NR>1 && $4>=2 [print $1;]' BT5495vs36-50.table > BT5491-BT5495_Z2vs36-

50_sequences  

 

# Determine how many times a given peptide has a Z score > 2 across 5 replicates 

 

cat BT5491-BT5495_Z2vs36-50_sequences | sort | uniq -c | sort -nr | sed 's/^[ \t]*//' 

> BT5491-BT5495_Z2vs36-50_sequences_time_seen 

 

Countpep Perl script 

          

For further analysis of the peptides identified from the compare_collapsed_ 

Zscore_v2.0_percentages script, the CountPep Perl script was applied to count the 

frequency of a list of peptides within selected barcodes or a control pool listed in a 

text file. For example, the following command was used to determine the frequency 

of peptides with a Z score greater than 2 in all BT549 barcodes and the BT549 control 

pool: 

 

perl countpep.pl BT549_Zscore2_peptides.txt BT549_barcodes.txt 

 

This led to two output table files being obtained. The first contained the absolute 

frequency of each peptide in each barcode and the second contained the percentage 

of each peptide based on the total number of reads in a particular barcode. 
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Appendix 3. Identification of potential TNBC targeting small peptides by NGPD 

 

Appendix 3.1 Phagemid map  

 

 

 

Supplementary Figure 1 pHR2-8R phagemid map 

The location of the forward (9R_lib_fwd_linker1) and reverse primer (9R_lib_rev_linker2) 

annealing sites are highlighted. The annealing site for the M13R source bioscience primer used 

for Sanger sequencing of individual clones is also shown. 
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Appendix 3.2 Sanger sequencing of 9-mer library clones 
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Supplementary Figure 2 Sanger sequencing of bacteriophage library clones 

Sequences were annotated in SnapGene Viewer and show annealing sites for the forward and 

reverse 9R library primers. Clones 1, 8, 11 and 14 show the incorrect insertion of multiple pelB 

signal sequences. 
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Appendix 3.3 PCR amplification of library clone inserts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 PCR amplified nonapeptide inserts from library clones 

The nonapeptide gene inserts and flanking regions found within the library were amplified 

using library-specific primers. Amplification of the 176 base pair insert was confirmed across 

on a 1% agarose gel at 100V. MassRuler™ DNA ladder was used as the molecular marker. 

 

 

M 91 92 

200 

bp 



224 

 

Appendix 3.4 Cell viability with biopanning reagents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4 Cell viability of non-tumourigenic and TNBC cell lines after 

bacteriophage stripping buffer washes.  

Cell permeability as a result of stripping buffer treatment was visualised with propidium iodide 

staining. Scale bar = 400µM. 
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Appendix 3.5 NGS barcode reads 

 

Supplementary Table 2 The number of NGS reads for each barcode 

Barcode reads Percentage Barcode reads Percentage 

BC01 674395 1.15 BC47 781952 1.34 

BC02  726809 1.24 BC48 771671 1.32 

BC03 689805 1.18 BC49 753651 1.29 

BC04 726325 1.24 BC50 621435 1.06 

BC05 599615 1.02 BC51 684768 1.17 

BC06 641265 1.10 BC52 332 0.00 

BC07 618280 1.06 BC53 1074648 1.84 

BC08 635697 1.09 BC54 608451 1.04 

BC09 597526 1.02 BC55 617197 1.05 

BC10 597808 1.02 BC56 667406 1.14 

BC11 653939 1.12 BC57 581115 0.99 

BC12 551371 0.94 BC58 568381 0.97 

BC13 657549 1.12 BC59 758073 1.29 

BC14 633216 1.08 BC60 784105 1.34 

BC15 667561 1.14 BC61 614630 1.05 

BC16 610375 1.04 BC62 708676 1.21 

BC17 616313 1.05 BC63 450533 0.77 

BC18 74601 0.13 BC64 639668 1.09 

BC19 616746 1.05 BC65 590064 1.01 

BC20 652615 1.11 BC66 614071 1.05 

BC21 618188 1.06 BC67 636724 1.09 

BC22 541437 0.92 BC68 679284 1.16 

BC23 580543 0.99 BC69 627641 1.07 

BC24 259912 0.44 BC70 572542 0.98 

BC25 540104 0.92 BC71 609729 1.04 

BC26 624092 1.07 BC72 542201 0.93 

BC27 620944 1.06 BC73 594551 1.02 

BC28 635538 1.09 BC74 594108 1.01 

BC29 674417 1.15 BC75 648087 1.11 

BC30 580240 0.99 BC76 626240 1.07 
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BC31 569041 0.97 BC77 739438 1.26 

BC32 621011 1.06 BC78 651206 1.11 

BC33 632317 1.08 BC79 610645 1.04 

BC34 622809 1.06 BC80 663475 1.13 

BC35 515204 0.88 BC81 669057 1.14 

BC36 530515 0.91 BC82 625642 1.07 

BC37 136948 0.23 BC83 712354 1.22 

BC38 718062 1.23 BC84 706532 1.21 

BC39 669961 1.14 BC85 645204 1.10 

BC40 723277 1.24 BC86 707939 1.21 

BC41 981552 1.68 BC87 664259 1.13 

BC93 748798 1.28 BC88 740417 1.26 

BC43 677927 1.16 BC89 747423 1.28 

BC44 728917 1.25 BC90 744901 1.27 

BC45 798452 1.36 BC91 768700 1.31 

BC46 716792 1.22 BC92 776862 1.33 

Akey-BC93-Ink1 was used to label the first PCR product for sample 42. 

 

total sequences processed: 68379957 

 

total barcodes found: 58539503 (85.61% of total sequences) 

sequences containing motifs and at least 1 a.a. insert : 20636955 (35.25% of barcoded 

sequences) 

sequences containing incomplete/absent motif matches: 37902548 (64.75% of 

barcoded sequences) 
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Appendix 3.6 TNBC targeting peptides in naïve bacteriophage library 

 

Supplementary Table 3 The number of NGS reads for each TNBC peptide in the original 

bacteriophage library sequencing data. 

TNBC Peptide 
Number of times  
seen in BC91 and  
BC92 NGS reads 

TLYRMVVTS 0 

NNVSVIRER 0 

LSKKHMPVN 1 

LESLSSMSP 5 

SPVSSPPIT 20 

qYRHSVLqL 3 

LSPLqHAPQ 2 

LMqDMALRL 0 

LASMSYALL 1 

CSTTYYTVK 0 

MGSVRDTKF 1 

LqVSLNSVM 2 

HNPNqITMY 1 

YGGSDTTMR 0 

SLSLHVTqS 0 

SLLGLHSSL 0 

QSLWRLAqR 0 

PEVLqMKMS 0 

NSLMRqLGL 0 

LQPRLVFQG 0 

IMDNPLEqG 0 

FSYSYRGRA 0 

ELHRESHYV 1 

CRHCIIGSC 0 

VLHSPVCIG 0 

SGSLWPQRN 0 

SEGSLPERR 2 

RWKVTLLNT 12 

RKGLQYMEP 0 

RGVTEKDER 0 

QERLKPVLS 0 

PPIELVMqG 5 

NLLWSSASK 1 

HTMLDQHTI 1 

WVLSSLVRT 0 

WLLCDPDAT 0 
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SVDFANKGP 0 

STLLTWKEW 0 

SKKqRRALL 0 

PDSTYSGKN 0 

MQIWLMLVG 3 

MPEqGqLLL 0 

HSLIPCLAS 1 

GSVAHqWFT 0 
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Appendix 3.7 Seq2Logo results 
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Supplementary Figure 5 Kullback-Leibler Seq2Logos for TNBC targeting 9-mer peptides 

showing the relative frequency of each amino acid residue at each position.  

The logo alignments were generated for (A) MDA-MB-231, (B) BT-549 and (C) CAL-51 targeting 

peptides, as well as for (D) all identified TNBC targeting peptides. Positively charged, negatively 

charged, polar and non-polar amino acids are shown in blue, red, green and black, respectively 

(Thomsen and Nielsen, 2012). 
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Appendix 4. In vitro validation of potential TNBC targeting peptides 

Appendix 4.1 pGEX-6P1-mRFP expression vector 

 

 

Supplementary Figure 6 pGEX-6P1-mRFP expression vector map 

Peptide encoding sequences were inserted by inverse PCR downstream of the HRV 3C site 

shown. Recovery of the 9-mer peptide encoding sequences into the vector led to the 

expression of peptide-mRFPs and recombinant protein was purified using the GST tag and 

PreScission protease cleavage at the HRV 3C site. 
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Appendix 4.2 pGEX-6P1-mRFP primers for cloning 

 

Inverse PCR primers were designed based on inserting the correct peptide sequence 

into the pGEX-6P1-mRFP expression vector. The primer set 2 for the insertion of the 

p21 peptide, KRKKKGKGLGKKRDPCLRKYK, was designed based on using the 

recombinant plasmid containing peptide 1 as the template DNA. 

 

Supplementary Table 4 Inverse PCR primers designed for the control peptides 

Peptide Forward primer 5'-3' Reverse primer 5'-3' 

mRFP only ATGGCCTCCTCCGAGGAC GGGCCCCTGGAACAGAAC 

9R-mRFP GGGCCCCTGGAACAGAAC GGGCCCCTGGAACAGAAC 

P21 set 1 AAGAAGCGCGATCCGTGCCTGCGCAAG

TATAAGCCACGCCGAAGA 

GCCCAGGCCTTTGCCCTTCTTCTTGCGCT

TGGGGCGGCTCAT 

P21- set 2 GCCCAGGCCTTTGCCCTTCTTCTTGCGCT

TGGGGCGGCTCATGGGCCCCTGGAACA

GAAC 

AAGAAGCGCGATCCGTGCCTGCGCAAG

TATAAGCCCAGACGAAGACGCAGGAGA 

 

Supplementary Table 5 Inverse PCR primers designed for recovery of TNBC targeting peptides 

Peptide Forward primer 5'-3' Reverse primer 5'-3' 

TLYRMVVTS ATGGTTGTTACCTCGCCACGCCG

AAGACGCAGGAGACGT 

GCGGTACAGCGTGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

NNVSVIRER GTAATCCGCGAGCGCCCACGCC

GAAGACGCAGGAGACGT 

GCTAACGTTGTTGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

LSKKHMPVN CATATGCCCGTAAACCCACGCC

GAAGACGCAGGAGACGT 

CTTTTTCGACAGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

LESLSSMSP AGCTCCATGAGCCCCCCACGCC

GAAGACGCAGGAGACGT 

CAGCGATTCCAGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SPVSSPPIT AGCCCACCAATCACTCCACGCCG

AAGACGCAGGAGACGT 

GCTAACAGGCGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

qYRHSVLqL TCGGTTTTACAACTGCCACGCCG

AAGACGCAGGAGACGT 

GTGGCGGTACTGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

LSPLqHAPQ CAACATGCGCCACAGCCACGCC

GAAGACGCAGGAGACGT 

CAGAGGCGACAGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

LMqDMALRL ATGGCGTTACGTTTGCCACGCC

GAAGACGCAGGAGACGT 

ATCCTGCATCAGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

LASMSYALL TCGTATGCGTTATTGCCACGCCG

AAGACGCAGGAGACGT 

CATCGAAGCCAGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 
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CSTTYYTVK TACTACACGGTTAAGCCACGCC

GAAGACGCAGGAGACGT 

GGTAGTCGAACAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

MGSVRDTKF CGTGATACCAAGTTCCCACGCC

GAAGACGCAGGAGACGT 

AACCGACCCCATGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

LqVSLNSVM TTGAATTCGGTTATGCCACGCCG

AAGACGCAGGAGACGT 

CGAAACCTGCAGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

HNPNqITMY CAGATCACCATGTACCCACGCC

GAAGACGCAGGAGACGT 

ATTAGGATTATGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

YGGSDTTMR GACACCACAATGCGCCCACGCC

GAAGACGCAGGAGACGT 

CGAGCCACCGTAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SLSLHVTqS CATGTTACGCAGTCGCCACGCC

GAAGACGCAGGAGACGT 

CAGAGACAGCGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SLLGLHSSL CTGCATTCGAGCCTGCCACGCC

GAAGACGCAGGAGACGT 

GCCTAACAGCGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

QSLWRLAqR CGTTTGGCGCAGCGTCCACGCC

GAAGACGCAGGAGACGT 

CCACAGCGATTGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

PEVLqMKMS CAGATGAAAATGTCGCCACGCC

GAAGACGCAGGAGACGT 

CAAAACTTCTGGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

NSLMRqLGL CGCCAGCTGGGTCTGCCACGCC

GAAGACGCAGGAGACGT 

CATAAGGCTATTGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

LQPRLVFQG CTGGTATTTCAGGGTCCACGCC

GAAGACGCAGGAGACGT 

ACGTGGCTGCAGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

IMDNPLEqG CCTCTGGAGCAGGGTCCACGCC

GAAGACGCAGGAGACGT 

ATTGTCCATAATGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

FSYSYRGRA TACCGTGGTCGTGCGCCACGCC

GAAGACGCAGGAGACGT 

CGAGTAAGAGAAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

ELHRESHYV GAATCGCATTATGTACCACGCC

GAAGACGCAGGAGACGT 

ACGATGCAGTTCGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

CRHCIIGSC ATCATTGGCTCGTGTCCACGCCG

AAGACGCAGGAGACGT 

ACAATGACGACAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

VLHSPVCIG CCTGTATGTATCGGTCCACGCCG

AAGACGCAGGAGACGT 

CGAATGCAGAACGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SGSLWPQRN TGGCCACAGCGTAATCCACGCC

GAAGACGCAGGAGACGT 

CAGCGAGCCCGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SEGSLPERR CTGCCAGAACGTCGCCCACGCC

GAAGACGCAGGAGACGT 

GCTCCCTTCCGAGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

RWKVTLLNT ACGCTGTTAAATACGCCACGCC

GAAGACGCAGGAGACGT 

TACTTTCCAACGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 
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RKGLQYMEP CAGTATATGGAACCACCACGCC

GAAGACGCAGGAGACGT 

CAGCCCTTTACGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

RGVTEKDER GAGAAAGATGAGCGACCACGCC

GAAGACGCAGGAGACGT 

GGTAACGCCACGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

QERLKPVLS AAACCTGTACTGTCGCCACGCC

GAAGACGCAGGAGACGT 

TAAACGTTCTTGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

PPIELVMqG TTAGTAATGCAGGGCCCACGCC

GAAGACGCAGGAGACGT 

TTCGATAGGTGGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

NLLWSSASK TCGTCTGCGTCGAAACCACGCC

GAAGACGCAGGAGACGT 

CCACAGCAAATTGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

HTMLDQHTI GATCAACATACAATCCCACGCC

GAAGACGCAGGAGACGT 

CAGCATTGTATGGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

WVLSSLVRT TCGCTGGTACGTACGCCACGCC

GAAGACGCAGGAGACGT 

CGACAGTACCCAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

WLLCDPDAT GACCCTGACGCGACACCACGCC

GAAGACGCAGGAGACGT 

ACATAACAGCCAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SVDFANKGP GCGAATAAAGGCCCTCCACGCC

GAAGACGCAGGAGACGT 

GAAATCTACGGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

STLLTWKEW ACGTGGAAAGAATGGCCACGCC

GAAGACGCAGGAGACGT 

CAGTAACGTGGAGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

SKKqRRALL CGTCGCGCGTTGCTTCCACGCC

GAAGACGCAGGAGACGT 

TTGCTTTTTGCTGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

PDSTYSGKN TACAGCGGCAAAAACCCACGCC

GAAGACGCAGGAGACGT 

TGTCGAATCAGGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

MQIWLMLVG CTGATGCTGGTAGGTCCACGCC

GAAGACGCAGGAGACGT 

CCAAATTTGCATGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

MPEqGqLLL GGCCAATTGTTACTGCCACGCC

GAAGACGCAGGAGACGT 

CTGTTCAGGCATGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 

HSLIPCLAS CCATGTTTAGCGTCGCCACGCC

GAAGACGCAGGAGACGT 

AATCAGCGAATGGGGGCGGCTCATGGGC

CCCTGGAACAGAAC 

GSVAHqWFT CATCAGTGGTTCACTCCACGCCG

AAGACGCAGGAGACGT 

AGCTACCGACCCGGGGCGGCTCATGGGCC

CCTGGAACAGAAC 
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Appendix 4.3 Inverse PCR gels for peptides 17-44 

A  

 

B   

 

C  
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Supplementary Figure 7 Insertion of the 9-mer peptide encoding sequences from the Z>3 

analysis into the mRFP expression vector.  

The DNA encoding sequences for the 31 peptides identified from the Z>3 criteria were cloned 

into the pGEX-6P1-mRFP expression vector by inverse PCR. Subsequent PCR products were 

observed at around 5.8kb on a 1% agarose gel (A-K). A 1kb ladder was used as the molecular 

marker.   
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Appendix 4.4 Sanger sequencing of peptide-mRFP plasmids 

 

Peptide 1 

 

 

 

 

 

Peptide 2 

 

 

 

 

 

Peptide 3 

 

 

 

 

 

Peptide 4 

 

 

 

 

 

Peptide 5 

 

 

 

 

 

Peptide 6 
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Peptide 7 

 

 

 

 

 

Peptide 8 

 

 

 

 

 

Peptide 9 

 

 

 

 

 

Peptide 10 
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Peptide 11 

 

 

 

 

 

Peptide 12 

 

 

 

 

 

Peptide 13 

 

 

 

 

 

Peptide 14 

 

 

 

 

 

Peptide 15 
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Peptide 16 

 

 

 

 

 

Peptide 17 

 

 

 

 

 

Peptide 18 

 

 

 

 

 

Peptide 19 

 

 

 

 

 

Peptide 20  
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Peptide 21 

 

 

 

 

 

Peptide 22 

 

 

 

 

Peptide 23 

 

 

 

 

 

Peptide 24 

 

 

 

 

 

Peptide 25 
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Peptide 26 

 

 

 

 

 

Peptide 27 

 

 

 

 

 

Peptide 28 

 

 

 

 

 

Peptide 29 

 

 

 

 

 

Peptide 30 
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Peptide 31 

 

 

 

 

 

Peptide 32 

 

 

 

 

 

Peptide 33 

 

 

 

 

 

Peptide 34 

 

 

 

 

 

 

Peptide 35  
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Peptide 36 

 

 

 

 

 

Peptide 37 

 

 

 

 

 

Peptide 38 

 

 

 

 

 

Peptide 39 

 

 

 

 

 

Peptide 40
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Peptide 41 

 

 

 

 

 

Peptide 42 

 

 

 

 

 

Peptide 43 

 

 

 

 

 

Peptide 44 

 

 

 

 

 

mRFP only 
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9R-mRFP 

 

 

 

 

 

p21-9R-mRFP 
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Appendix 4.5 CPP prediction for TNBC 9-mer peptides 

 

Supplementary Table 6 BChemRF-CPPred results for 9-mer peptides 

 
FC-1 FC-2 

FILE Classification Probability Classification Probability 

9R CPP 95.26% CPP 98.29% 

P21-9R CPP 96.06% CPP 85.60% 

TLYRMVVTS Non-CPP 53.02% Non-CPP 60.49% 

NNVSVIRER Non-CPP 50.33% CPP 64.47% 

LSKKHMPVN Non-CPP 71.85% CPP 60.11% 

LESLSSMSP Non-CPP 84.92% Non-CPP 62.76% 

SPVSSPPIT Non-CPP 50.41% CPP 53.73% 

QYRHSVLQL CPP 52.25% Non-CPP 59.56% 

LSPLQHAPQ Non-CPP 83.29% Non-CPP 57.16% 

LMQDMALRL Non-CPP 71.45% CPP 51.00% 

LASMSYALL Non-CPP 70.14% Non-CPP 64.07% 

CSTTYYTVK Non-CPP 85.12% Non-CPP 70.12% 

MGSVRDTKF Non-CPP 82.20% Non-CPP 64.34% 

LQVSLNSVM Non-CPP 82.69% Non-CPP 56.49% 

HNPNQITMY Non-CPP 70.75% Non-CPP 75.54% 

YGGSDTTMR Non-CPP 82.40% Non-CPP 74.98% 

SLSLHVTQS Non-CPP 73.50% Non-CPP 67.71% 

SLLGLHSSL Non-CPP 87.52% Non-CPP 59.82% 

QSLWRLAQR CPP 86.08% CPP 63.01% 

PEVLQMKMS Non-CPP 88.84% Non-CPP 54.06% 

NSLMRQLGL Non-CPP 79.49% CPP 54.30% 

LQPRLVFQG CPP 69.34% Non-CPP 51.00% 

IMDNPLEQG Non-CPP 92.78% Non-CPP 66.94% 

FSYSYRGRA CPP 73.08% CPP 58.42% 

ELHRESHYV Non-CPP 87.73% Non-CPP 73.06% 

CRHCIIGSC Non-CPP 66.56% Non-CPP 56.77% 

VLHSPVCIG Non-CPP 89.56% Non-CPP 50.49% 

SGSLWPQRN Non-CPP 75.73% Non-CPP 60.36% 

SEGSLPERR CPP 51.05% CPP 57.23% 

RWKVTLLNT CPP 78.33% CPP 60.61% 

RKGLQYMEP Non-CPP 87.42% Non-CPP 56.33% 

RGVTEKDER Non-CPP 54.08% CPP 65.45% 

QERLKPVLS Non-CPP 67.39% CPP 66.01% 

PPIELVMQG Non-CPP 91.96% Non-CPP 50.22% 

NLLWSSASK CPP 58.98% Non-CPP 60.41% 

HTMLDQHTI Non-CPP 73.61% Non-CPP 77.30% 

WVLSSLVRT CPP 69.78% Non-CPP 51.25% 

WLLCDPDAT Non-CPP 63.03% Non-CPP 70.24% 

SVDFANKGP Non-CPP 93.71% Non-CPP 68.53% 

STLLTWKEW CPP 70.86% Non-CPP 58.07% 
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SKKQRRALL CPP 89.17% CPP 85.71% 

PDSTYSGKN Non-CPP 88.35% Non-CPP 74.84% 

MQIWLMLVG Non-CPP 80.68% Non-CPP 63.88% 

MPEQGQLLL Non-CPP 88.94% Non-CPP 58.88% 

HSLIPCLAS Non-CPP 69.26% Non-CPP 54.55% 

GSVAHQWFT Non-CPP 81.77% Non-CPP 55.17% 

 
FC-3 FC-4 

FILE Classification Probability Classification Probability 

9R CPP 96.22% CPP 93.50% 

P21-9R CPP 92.51% CPP 92.17% 

TLYRMVVTS Non-CPP 52.72% CPP 71.21% 

NNVSVIRER CPP 64.39% CPP 62.64% 

LSKKHMPVN Non-CPP 65.08% CPP 52.94% 

LESLSSMSP Non-CPP 72.21% Non-CPP 66.50% 

SPVSSPPIT CPP 65.36% CPP 60.88% 

QYRHSVLQL CPP 65.32% CPP 67.83% 

LSPLQHAPQ Non-CPP 65.39% CPP 61.59% 

LMQDMALRL Non-CPP 65.09% CPP 68.85% 

LASMSYALL CPP 52.37% CPP 61.97% 

CSTTYYTVK Non-CPP 72.62% CPP 75.86% 

MGSVRDTKF Non-CPP 65.74% Non-CPP 71.75% 

LQVSLNSVM Non-CPP 79.97% Non-CPP 79.27% 

HNPNQITMY Non-CPP 65.05% CPP 58.65% 

YGGSDTTMR Non-CPP 57.83% CPP 67.31% 

SLSLHVTQS Non-CPP 63.64% CPP 61.82% 

SLLGLHSSL Non-CPP 77.29% Non-CPP 84.33% 

QSLWRLAQR CPP 77.29% CPP 87.26% 

PEVLQMKMS Non-CPP 68.57% Non-CPP 64.62% 

NSLMRQLGL Non-CPP 76.05% Non-CPP 56.93% 

LQPRLVFQG Non-CPP 72.33% Non-CPP 73.22% 

IMDNPLEQG Non-CPP 82.89% Non-CPP 85.39% 

FSYSYRGRA Non-CPP 54.99% CPP 72.39% 

ELHRESHYV Non-CPP 69.44% CPP 56.82% 

CRHCIIGSC Non-CPP 66.41% Non-CPP 72.59% 

VLHSPVCIG Non-CPP 81.18% Non-CPP 88.10% 

SGSLWPQRN Non-CPP 69.32% CPP 65.89% 

SEGSLPERR Non-CPP 50.42% CPP 64.71% 

RWKVTLLNT CPP 83.92% CPP 84.05% 

RKGLQYMEP Non-CPP 81.94% Non-CPP 84.68% 

RGVTEKDER CPP 72.35% CPP 73.00% 

QERLKPVLS Non-CPP 67.53% CPP 58.96% 

PPIELVMQG Non-CPP 76.23% Non-CPP 65.78% 

NLLWSSASK CPP 73.22% CPP 70.45% 

HTMLDQHTI Non-CPP 60.95% CPP 71.67% 

WVLSSLVRT Non-CPP 59.45% CPP 73.16% 
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FC-1 = only sequence-based descriptors (AAC, PseAAC, and DPC) 

FC-2 = only structure-based descriptors (structural and physicochemical properties) 

FC-3 =  the best correlated sequence-based descriptors and structure-based descriptors 

FC-4 = optimized selection of structure- and sequence-based descriptors according to Kendall’s 

correlation analysis 

Predictions generated using BChemRF-CPPred online tool (de Oliveira et al., 2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WLLCDPDAT Non-CPP 60.73% Non-CPP 58.91% 

SVDFANKGP Non-CPP 88.48% Non-CPP 88.48% 

STLLTWKEW CPP 83.61% CPP 77.65% 

SKKQRRALL CPP 86.02% CPP 93.84% 

PDSTYSGKN Non-CPP 68.97% Non-CPP 51.80% 

MQIWLMLVG Non-CPP 71.35% Non-CPP 66.86% 

MPEQGQLLL Non-CPP 76.96% Non-CPP 54.23% 

HSLIPCLAS CPP 69.12% CPP 51.32% 

GSVAHQWFT CPP 56.54% CPP 54.52% 
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Appendix 5. Identification of TNBC associated antigens 

 

Appendix 5.1 DESeq2 Script 

 

library(DESeq2) 

library(apeglm) 

 

#load count matrix 

data <- read.csv("/Users/meganwilde/Documents/year 

4/mass_spec_analysis/DESeq/1_6.csv", header = T, row.names = 1) 

info <- read.table("/Users/meganwilde/Documents/year 

4/mass_spec_analysis/DESeq/colData.txt", header = T, sep = '\t') 

 

dds <- DESeqDataSetFromMatrix(data, info, ~condition) 

 

#remove 0 count data across all rows 

keep <- rowSums(counts(dds)) > 0 

dds <- dds[keep,] 

 

#run DESeq 

ddsDE <- DESeq(dds) 

 

#normalised read counts 

normCounts <- counts(ddsDE, normalized = TRUE) 

write.csv(normCounts, "normal_control_vs_TNBC.csv") 

 

#results of DESeq 

res <- results(ddsDE, alpha = 0.05) 

summary(res) 

resOrdered <- res[order(res$padj),] 

write.csv(resOrdered, "deseq_control_vs_TNBC_80_110.csv") 
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Appendix 6. BBSRC DTP Professional Internship for PhD Students (PIPS) 

reflective statement 

 

The professional internship for PhD students (PIPS) is a mandatory placement that 

must be undertaken as part of the BBSRC Doctoral Training Partnership (DTP) 

programme. This reflective statement aims to summarise my PIPS experience and to 

highlight the skills that I have gained which will be valuable for my future career. 

 

I planned to complete my placement before starting my final year and I was hoping to 

find a laboratory-based opportunity in industry. However, due to the COVID-19 

pandemic, I was unable to obtain an in-person placement, as many laboratories had 

not returned to full capacity at the time. Therefore, I began enquiring about remote 

placement opportunities that would enable me to develop skills in bioinformatics or 

coding, which led to me securing a placement in epidemiological modelling. From July 

to September 2021, I completed by PIPS placement remotely at Public Health England 

(PHE) with the Epidemiology and Mathematical Modelling team.  

 

My role at PHE was to carry out an in-depth COVID-19 research project to contribute 

to the epidemiological investigations being conducted by the emergency response 

department. During my placement, I developed coding skills in Python and expanded 

my knowledge of statistical models and their applications. I also gained experience in 

handling confidential datasets and in presenting project outputs following a project 

brief. As part of the COVID-19 response team, I was invited to attend weekly meetings 

where regional updates were discussed and I presented my project outputs at the end 

of the placement to my team through written report and presentation. 

 

Overall, I really enjoyed my time at PHE and the opportunity to work within an 

executive agency. The work conducted by the emergency response team highlighted 

the importance of epidemiological modelling and the crucial role that scientific 

evidence plays in government decision making. The placement facilitated the 

development of core skills that will be useful in my future career, such as in 

communication and teamwork, and has influenced my decision to consider a career 

outside of academia.   

 


