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Summary  

Cancer stem cells (CSC) are a subpopulation of tumour cells which are 

resistant to conventional therapy, such as radiation and chemotherapy, and 

contribute to tumour progression and relapse. We hypothesised that CSC 

could be specifically targeted by T cells, in an antigen specific manner. This 

was investigated in prostate cancer, because it is associated with a relapse 

rate of 15-40% and progressive disease has poor survival outcomes.  

 

The CSC markers, CD44 α2β1Integrin and CD133 and aldehyde 

dehydrogenase (ALDH), were compared to optimise CSC isolation in DU145 

cells and primary prostate cancer cells. I did not identify a conclusive CD44+ 

CD49bhigh CD133+ population, in contrast to previous work on primary 

prostate cancer cells. ALDH high DU145 cells demonstrated higher 

clonogenicity and self-renewal in vitro and tumorigenicity in vivo, than ALDH 

low DU145 cells. In the DU145 and primary prostate cancer cells, the ALDH 

high population divided less than the ALDH low population. Gene expression 

analysis identified genes associated with cell cycling and NOTCH signalling 

differentially expressed in the ALDH high compared to the ALDH low DU145 

and primary prostate cancer cells. I carried out HLA ligandome analysis of the 

DU145 cells to identify novel antigens. The ligandome dataset was analysed 

using in silico algorithms, PCR and homology modelling to identify 

therapeutically relevant CSC antigens. Candidate antigens identified include 

ARHGAP42, XPO1, RLN2 and AKT2, which were also expressed in the primary 

prostate cancer cells. In preliminary experiments, antigen specific T cell lines 

were found to produce cytokines in response to cells presenting the target 

antigen.  

 

This study demonstrated that CSC markers are of varying utility in identifying 

distinct populations. CSC characteristics were confirmed in prostate cancer 

cells identified by high ALDH activity. We conclude that prostate CSC are 

suitable targets for T cell immunotherapy, on the basis of presenting 

therapeutically relevant antigens. 
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1 Introduction 

In many cancers, failure of primary treatment is associated with poorer 

prognosis. This is particularly evident in localised prostate cancer (PCa), 

where progression beyond a localised tumour shifts the treatment focus from 

effectively curative to non-curative disease management. Cancer stem cells 

(CSC) are a treatment resistant subpopulation of tumour cells possessing 

stem-like characteristics, including self-renewal and the capacity to produce 

both CSC and non-CSC progeny. As such, CSC are thought to contribute to 

relapse and thus represent an important therapeutic target in PCa, since 

preventing relapse could drastically improve survival outcomes. Since CSC 

are resistant to conventional DNA damaging anti-cancer treatments, 

immunotherapy could represent a viable alternative, in particular T cell 

immunotherapy, as this facilitates direct targeting of CSC in an antigen-

mediated way. Here, the role of CSC in cancer development and relapse is 

introduced, in addition to identification and characterisation of CSC, which 

has been carried out in various types of cancer. The role of the immune 

system in recognition of cancer, and how CSC may interact with the immune 

system are discussed. There is a focus on the clinical course of PCa, to 

consider the available treatments for localised disease, the impact of relapse 

and the limited therapeutic options for advanced disease. Current literature 

relating to prostate CSC is then discussed, in particular suitable markers of 

prostate CSC, since there are various different types of markers and marker 

combinations used in different studies. Potential and existing immunotherapy 

approaches to targeting prostate CSC are then discussed, to bring together 

the rational for my study. 

 

 Models for the development of cancer 

There are two models of cancer development, the stochastic/ clonal evolution 

model and the CSC model (Figure 1.1). The stochastic model of cancer 

suggests that all cells are equally and randomly predisposed to acquiring a 

driver mutation e.g. in an oncogene or tumour suppressor gene, which can 

contribute to carcinogenic transformation (Figure 1.1A) (Greaves and Maley, 

2012; Nowell, 1976; Shackleton et al., 2009). According to this model, 

heterogeneity arises by selection of the most optimal mutations in a clonally 

transformed lineage. Multiple individual malignant clones may possess 
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different growth advantages e.g. treatment resistance, promotion of 

angiogenesis, etc. (Figure 1.1B). Thus, different lineages co-exist in a 

tumour; however, these lack a hierarchical relationship. According to this 

theory, cancer treatment must eliminate all the cancer cells as they are 

essentially independent of each other in their carcinogenic potential. On the 

other hand, the CSC model suggests that tumours consist of a hierarchy in 

which only the CSC have carcinogenic potential and drive tumour growth, 

similar to the hierarchy and development of a healthy tissue (Figure 1.1C) 

(Kreso and Dick, 2014). CSC give rise to non-CSC which represent the 

majority of cells in the tumour (Figure 1.1D). These non-CSC contribute to 

the hallmarks of a tumour but ultimately differ in gene expression and 

phenotype to CSC. Non-CSC lack self-renewal capacity, thus, are not capable 

of initiating tumours. Therefore, CSC-specific treatments are required (Valent 

et al., 2012). This thesis investigates PCa in the context of the CSC 

hypothesis, specifically focusing on the feasibility of T cell immunotherapy of 

prostate CSC. 
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Figure 1.1. Models for the development of cancer. (A) Somatic cells are 

transformed with equal probability. (B) Further mutations occur e.g. due to genetic 

instability, further carcinogenic exposure and interactions with the TME. Tumour 

heterogeneity arises by clonal evolution of mutated lineages. (C) Stem cells 

acquire mutations and are transformed/ stemness is acquired by transformation. 

Non-stem cells are less susceptible to transformation owing to a requirement for 

a mutation to confer limitless replication and multipotency. (D) The tumour is 

established as a hierarchy, supplied by self-renewing CSC, which occupy a CSC 

niche within the TME. Heterogeneity arises due to further mutations to the CSC or 

acquisition of stemness by non-CSC. Lightning bolts indicate mutation events. 

Adapted from van Vlerken et al., (2012). 



Chapter 1. Introduction 

6 
 

The CSC hypothesis has existed since the 1940s (Jackson and Brues, 1941; 

L. V. Nguyen et al., 2012). Early definitions of CSC proposed the existence of 

CSC as an explanation for cancer relapse, in that cancer treatment must fail 

to eradicate treatment resistant cells which have cancer initiating capacity, 

for tumour re-growth to occur. The CSC hypothesis has also been interpreted 

to suggest that stem cells (SC) are the source of CSC. It is argued that SC 

are the most susceptible target for a cancer-causing DNA mutation, and both 

genetic and epigenetic mutation signatures impacting stemness pathways 

have been implied in cancer development (Kreso and Dick, 2014; Vogelstein 

et al., 2013). This is supported by a recent study in mice, in which mutation 

of SC was a tumour initiating event across a wide range of neonatal and adult 

organs (Zhu et al., 2016). Cancer is also characterised as a disease of 

‘unregulated self-renewal’ (Reya et al., 2001) which is underpinned by 

‘perturbed differentiation’ (Clarke et al., 2006).  

 

The hypothesis that SC are the source, or most likely source of CSC, is not 

universally accepted. There are technical limitations in clinically and 

experimentally demonstrating this proposal, particularly in solid, compared 

to haematological, cancers. These include selecting markers of SC/CSC and 

recapitulating an in-situ hierarchy in vitro, discussed further below. 

Consequently, the clonal evolution/ stochastic theory of cancer suggests that 

any cell type could be transformed if a cancer mutation ‘overcomes’ the 

restraints of a differentiated cell; i.e. limited replication and unipotency 

(Greaves and Maley, 2012; Shackleton et al., 2009). However, it is argued 

here and elsewhere (Calabrese et al., 2004; Packer and Maitland, 2016) that 

SC are more susceptible to carcinogenesis, even if SC and differentiated cells 

have equal probability of acquiring DNA mutations. Due to their longevity, SC 

accumulate mutations over time and pass these to their progeny, whereas 

differentiated cells may not persist in the tissue long enough to clonally 

sustain a cancer initiating mutation. Studies in AML suggest that accrual of 

passenger mutations occurs in stem cells prior to acquisition of a driver 

mutation; such that the mutations in the clonal lineage are fixed before 

cancer initiation driven by a driver mutation (Jan et al., 2012; Welch et al., 

2012). Lineage tracing studies also support the SC population as the target 

for mutation drive cancer initiation (Chen et al., 2012; Cortina et al., 2017; 
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Driessens et al., 2012; Schepers et al., 2012). However, the clonal evolution 

and CSC hypotheses may not be mutually exclusive; clonal evolution can 

occur in a CSC hierarchy, resulting in more than one CSC lineage (Hermann 

et al., 2007; Stewart et al., 2011). A growing body of evidence supports that 

SC are most susceptible to cancer initiation, and the resulting CSC drive 

progression, treatment resistance and relapse.  

 

 Cancer stem cells 

CSC are a challenge to define and identify, although the rigid concepts arising 

from early experimental results in the field are giving way to a more nuanced 

appreciation of transitional phenotypes and the potential for plasticity (Figure 

1.2A) (Batlle and Clevers, 2017). It is generally accepted that CSC reside at 

the apex of a hierarchy consisting of non-CSC progeny. This hierarchy can 

include an transitional phenotype which are non-self-renewing and non-

tumour initiating but may demonstrate some evidence of stem-like features 

e.g. limited multipotency and a proliferative contribution to tumour growth 

(Batlle and Clevers, 2017; Packer and Maitland, 2016). In the prostate CSC 

hierarchy, this may correspond to transit amplifying (TA) cells (Packer and 

Maitland, 2016) 

 

The main features of CSC are self-renewal, multipotency and resistance to 

DNA damaging agents; resulting in survival beyond first line treatment, and 

contribution to relapse (Batlle and Clevers, 2017; Cojoc et al., 2015a; Kreso 

and Dick, 2014; Visvader and Lindeman, 2008).  Like SC, CSC are capable of 

both asymmetric and symmetric division, to produce non-CSC or more CSC, 

respectively (Mukherjee et al., 2015). However, it has been suggested that 

the cell division and multipotency of CSC are likely deregulated and not 

exactly similar to that of SC (Kreso and Dick, 2014) and therefore may not 

entirely recapitulate the tissue hierarchy. For example, while prostate CSC 

have typically been described with a basal phenotype, the luminal cell type is 

over-represented in PCa tumours. The differentiated cells in the CSC 

hierarchy may not be truly differentiated in the physiological sense but are 

assumed to be shorter lived, contribute less to tumour growth and are not 

capable of tumour initiation. Each of these respective populations may 
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possess a degree of plasticity, including the ability to acquire stemness 

characteristics and ‘replenish’ the CSC population for example in response to 

selective pressure in a therapeutic setting; thus, the hierarchy is not 

unidirectional (Figure 1.2B). This plasticity reconciles the stochastic and CSC 

models to a certain degree, in suggesting that non-SC could, under certain 

conditions, acquire stem-like features, including tumour initiation capacity 

(Plaks et al., 2015; Quail et al., 2012; Vlashi and Pajonk, 2015).  

 

Certain CSC characteristics may be evident in situ but not possible to 

demonstrate experimentally. For example, it has been suggested that in vivo 

tumour initiation experiments may not identify the same CSC population as 

is present in the original tissue but rather, select for the clone capable of 

surviving experimental manipulation and propagating xenobiotic growth 

(Valent et al., 2012). The concept of the CSC niche (Figure 1.1, 1.2) 

particularly impacts CSC identification and functional assessment, as markers 

and cell function may be altered by imperfect modelling of the niche under 

experimental conditions. For these reasons, there is a lack of consistency in 

the nomenclature associated with CSC. As suggested by Prager and 

colleagues, this ‘lack of rigor [is] born from convenience’ (Prager et al., 

2019). Many publications refer to CSC as a population expressing stem cell 

markers, which has been demonstrated in vitro and/or in vivo to have 

characteristics including, but not limited to, self-renewal, multipotency, 

resistance to conventional cancer therapeutics and tumorigenicity. Other 

publications distinguish between tumour initiating cells (TIC) and CSC. TIC 

refers to a functional definition in which cells are tumorigenic and may 

possess some stemness characteristics, but as mentioned above, may not 

coincide with the tissue CSC population. Since TIC are typically isolated based 

on stem cell markers, it is suggested that TIC represent the same population 

as CSC, under specific experimental conditions. For simplicity in this thesis, 

the term CSC refers to a distinct population of cells, found in a cell line and 

primary tumours, that possesses stemness characteristics.  
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Figure 1.2. Modification of the ‘classical’ concept of CSC and CSC mediated 

tumour initiation to reflect transitional cell phenotypes and the 

contribution of the niche.  (A) Left: The classical unidirectional view of the CSC 

hierarchy. Stemness characteristics are restricted to the CSC population. Right: An 

update of the CSC hypothesis recognising that CSC are acted upon by the niche 

they reside in, and in turn interact and remodel their niche. A transient phenotype 

exists which could acquire plasticity, additionally it could be possible (but less 

likely) for differentiated cells to acquire CSC characteristics. The hierarchy is 

preserved; however, if perturbed, possesses bidirectional capacity to reinstate the 

CSC population. Image reference part A: Batlle and Clevers., (2017). (B) While SC 

may be the most susceptible cell type to carcinogenic mutation, being long lived 

and already possessed of a genetic program of unlimited replication and 

multipotency, it is possible that mutations conferring such stemness features could 

transform transit amplifying and differentiated cells.  
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1.1.1 Identification and characterisation of cancer stem cells  

Isolation of CSC is performed using magnetic activated cell sorting (MACS; 

typically beads coated with a single antibody) or fluorescence activated cell 

sorting (FACS; allowing for multiple simultaneous marker or functional 

activity-based isolation). CSC may also be enriched by growth in low 

adherence conditions in vitro (sphere culture); however, this is unlikely to 

produce relatively pure populations of CSC. Thus, it is necessary to validate 

the putative CSC population by demonstrating functional differences between 

CSC marker positive and negative populations. This includes in vitro testing 

such as the colony and sphere forming assays (of sorted cells), assessment 

of drug resistance and gene expression and, in vivo, tumour initiation in a 

xenograft model (Ajani et al., 2015; Clevers, 2011). 

 

CSC have been identified in many types of cancer, including leukaemia, 

breast, colorectal (CRC), lung, pancreatic, head and neck, PCa, melanoma 

and glioblastoma (Table 1.1) (K. Chen et al., 2013; Islam et al., 2015; 

Klonisch et al., 2008; Visvader and Lindeman, 2008). CSC are often identified 

using the markers which are also used to identify non-malignant stem cells 

from the same tissue, e.g. haematological, prostate and neuronal stem cells 

(Günther et al., 2008; Richardson et al., 2004; Wang and Dick, 2005). It is 

generally hypothesised that CSC arise from the same lineage as non-

malignant stem cells within a tissue. Therefore, the use of tissue specific 

linage markers, which are not necessarily stem cell specific, can focus the 

search for CSC to a certain lineage in the tissue, for example CD49f, CD49b 

are markers of basal cells of the prostate. CSC markers include surface and 

functional markers, however, there are varying degrees of evidence for direct 

stem cell functions of these markers. Many cell surface proteins expressed by 

CSC have functional roles in cell-cell adhesion (CD44, CD90, CD49f, CD166, 

CD29, Lgr5) (Islam et al., 2015; Klonisch et al., 2008). Modulation of 

adhesion has a key role in cancer progression and angiogenesis (Bendas and 

Borsig, 2012), therefore high expression may have a functional role in CSC 

directed metastasis and tumour vascularisation. However, these functions are 

not specific to CSC and may not be essential to the CSC phenotype, in 

contrast to, for example, functional biomarkers of the immune system. 

Additionally, some markers used to identify CSC have functional roles in 
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certain cell types (e.g. CD20, CD24; immune cells) but are not likely to 

function in the same way in CSC. The CSC-specific role of other surface 

markers, including CD133 and CD271, remains the subject of debate 

(Bidlingmaier et al., 2008; Prager et al., 2019); which is an important 

consideration in selecting therapeutic targets of CSC. Functional markers of 

CSC include aldehyde dehydrogenase (ALDH) and the ATP binding cassette 

(ABC) transporter family of proteins. In contrast to CSC surface markers, 

these proteins have direct contributions to the CSC phenotype; ALDH 

catalyses the oxidation of aldehyde, which in CSC has a protective detoxifying 

effect in metabolising pharmaceutical agents, endogenous waste products 

and damaging metabolites (Tomita et al., 2015). Similarly, the ABC family of 

membrane bound transporters efflux molecules from the cell, including 

chemotherapy drug molecules (Davidson et al., 2008). However, the assay 

typically used to determine high expression of ABC transporters, known as 

the side population (SP) assay can cause toxicity in cells (Smalley and Clarke, 

2005). The SP assay involves measuring Hoechst 33342 dye efflux as an 

indicator of ABC transporter activity, however, since Hoechst 33342 dye is 

toxic to cells, this could introduce bias in downstream functional assays of the 

sorted cells (SP or main population, MP cells), since the MP cells are likely to 

have reduced viability due greater intracellular build-up of the dye.  

 

The caveats associated with the markers discussed above caution careful 

selection of markers used in identifying CSC. Nevertheless, it can be prudent 

to use a relatively small number of biomarkers rather than designing bespoke 

panels of biomarkers for each cancer type. In this way, functional 

characteristics of CSC from different cancers could be compared. One way to 

improve accuracy could be to use a panel of markers instead of a single 

marker. It is also important to consider that the suitability of a stem cell 

marker in different cancer types may be divergent; e.g. CD24- in breast 

cancer but CD24+ in CRC and pancreatic cancer. The majority of studies on 

CSC focus on characterisation of the cells identified based on existing 

markers, rather than the discovery of novel CSC markers which have a 

specific functional role. Some studies investigating immune targeting of CSC 

have identified antigens, DNAJB8 and OR7C1, which functionally contributed 

to CSC characteristics, including population frequency, tumorigenicity and 
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expression of stemness genes (SOX2, LGR5 and POU1F5) (Morita et al., 

2016; Nishizawa et al., 2012). The mechanism of action by which expression 

of either of these genes contributes to the CSC phenotype is not known and 

requires further investigation. Additionally, since these antigens are 

intracellular, they are not suitable for use in isolation of CSC. These studies 

nevertheless suggest there is scope for discovery of novel CSC markers. In 

this thesis, I focused on characterisation of CSC using existing markers, 

because it remains unclear which existing markers for prostate CSC are best 

suited for use in different in vitro models, including different cell lines and 

primary prostate cancer cells. The markers investigated are discussed further 

below.   
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Table 1.1. Tumour types in which CSC have been identified, and markers used to identify the respective CSC. The 

markers in this table have been previously reviewed (Islam et al., 2015; Klonisch et al., 2008; Visvader and Lindeman, 2008; 

Wang and Dick, 2005). 

CSC marker Function Tumour type Reference 

Surface markers 

CD44/ CD44v6+  Hyaluronic acid receptor; pleiotropic 

function including migration, 

adhesion, cell survival, interaction 

with immune cells 

Colon, prostate, pancreas, 

ovarian, breast (specifically 

CD44v6), head and neck 

(Islam et al., 2015; Jaggupilli et al., 

2012; Meng et al., 2012; Sahlberg 

et al., 2014; Senbanjo and 

Chellaiah, 2017; Thapa and Wilson, 

2016) 

CD133+ Function not entirely known; 

suggested to be associated with 

membrane interactions involved in 

migration and adhesion. May also 

be involved in signalling pathways 

e.g. AKT-Wnt 

Lung, pancreas, prostate, 

glioblastoma, colon 

(Beier et al., 2007; Brescia et al., 

2013; Chen et al., 2015; Collins et 

al., 2005; Grosse-Gehling et al., 

2013; Kallifatidis et al., 2011; 

Miyata et al., 2017; Shmelkov et 

al., 2008) 
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EpCam Adhesion and migration, associated 

with activation of Wnt signalling, 

tumour associated antigen (TAA) 

Prostate, colon, pancreas (Deng et al., 2015; Gires et al., 

2009; Munz et al., 2009; Ni et al., 

2018) 

CD24 Cell differentiation, B cell 

proliferation and maturation; 

modulation of T cell activation when 

expressed by B cells 

Positive expression: colon, 

pancreas 

Lack of expression: breast, 

ovarian 

(Islam et al., 2015; Jaggupilli et al., 

2012; Kristiansen et al., 2004; 

Meng et al., 2012) 

Human Leukocyte 

antigen (HLA) 

Presentation of peptides at the cell 

surface for interaction with immune 

cells 

Lack of expression: prostate 

(HLA Class I), leukaemia 

(HLA-DR/ Class II) 

(Eppert et al., 2011; Meng et al., 

2012; Patrawala et al., 2006; Vidal 

et al., 2014) 

CD20 Regulation of B cell differentiation Melanoma (Fang et al., 2005; Pinc et al., 

2012) 

CD166 Cell adhesion  Lung (Opdenaker et al., 2015; Zakaria et 

al., 2015) 

CD271 Regulation of neuronal cell 

differentiation 

Melanoma (Boiko et al., 2010) 

Functional markers 
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ALDH 

(activity){Citation} 

Metabolism of aldehydes Prostate, pancreas, head 

and neck, breast  

(Croker et al., 2009; Hellsten et al., 

2011; Kallifatidis et al., 2011; 

Kamata et al., 2013; Kim et al., 

2013; Magnen et al., 2013; Visus et 

al., 2007) 

Side population/ 

ABCG protein family 

gene expression 

Membrane bound ABCG proteins 

efflux small molecules from the cell 

(side population refers to the 

population with highest ABCG 

protein activity) 

Glioblastoma, melanoma, 

lung, breast 

(Beier et al., 2007; Gu et al., 2016; 

Mathew et al., 2009; Patrawala et 

al., 2005; Sabnis et al., 2017; 

Smalley and Clarke, 2005; Zhou et 

al., 2011) 

Lineage markers 

CD34+ CD38- CD34 is involved in cell adhesion. 

CD38 is also involved in cell 

adhesion, and calcium signal 

transduction. Together this 

expression pattern typifies 

haematopoietic stem cells. Gain of 

CD38 expression occurs as 

Leukaemic stem cell (Bonnet and Dick, 1997; Lapidot et 

al., 1994) 
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haematopoietic stem cells 

differentiate into progenitor cells. 

Trop2+ Transduction of intracellular calcium 

signalling. Cell functions associated 

with this calcium signalling include 

cell cycling, proliferation, self-

renewal and invasion. Trop2 

signalling can also modulate EpCam 

signalling. 

Prostate; basal (Magnen et al., 2013; Shvartsur 

and Bonavida, 2015) 

CD49b (2 Integrin) 

CD29 ( Integrin) 

CD49f (6 Integrin) 

Membrane bound integrins; 

functional in adhesion to the 

prostate basal membrane. 

Prostate; basal (Collins et al., 2005; Frame et al., 

2013; Moad et al., 2017) 

NKx3-1 Transcription factor involved in cell 

fate decisions; in the prostate this 

includes regulation of prostate cell 

differentiation. 

Prostate; luminal (Wang et al., 2009) 
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CD44 

CD44 is a cell surface receptor used to identify CSC in breast, prostate, CRC 

head and neck and pancreatic cancer (Islam et al., 2015; Klonisch et al., 

2008). CD44 is the receptor for hyaluronic acid but also binds extracellular 

matrix components and growth factors (Thapa and Wilson, 2016). It has a 

multitude of physiological and pathological functions, including adhesion, 

leukocyte homing, cell migration, growth, survival and epithelial to 

mesenchymal transition (EMT) (Senbanjo and Chellaiah, 2017; Tsuneki and 

Madri, 2016). It is widely expressed in healthy tissues, including in the 

epithelium, on leukocytes and in connective tissue (Chen et al., 2018; 

Visvader, 2009). CD44 is also expressed by a number of cell types typically 

present in the TME (stromal, immune and cancer cells). This is an important 

consideration for CSC identification, as it requires that other lineage markers 

are included in a staining panel, to remove contaminating cellular fractions 

(Al-Hajj et al., 2003).  

 

A number of CD44 isoforms exist, including the standard isoform ‘CD44s,’ 

and up to 9 possible variant isoforms ‘CD44v’ in humans (10 in mice), which 

is due to alternative splicing (Thapa and Wilson, 2016). Notably, CD44v 

isoform expression is restricted to epithelial cells, and it is these isoforms that 

are associated with cancer (although variant isoforms can be expressed 

concurrently to the standard isoform) (Prochazka et al., 2014). CD44v 

isoforms have been linked to specific functional roles in cancer progression, 

including EMT and metastasis (Barbour et al., 2003; Mashita et al., 2014). 

However, CSC were not singled out as the CD44v expressing population in 

these studies. In breast cancer, CSC enriching mammosphere growth 

conditions promoted expression of CD44v isoforms, although ALDH+ cells 

expressed the standard isoform. Different CD44v isoform expression was also 

identified in different breast cancer subtypes (Olsson et al., 2011). In another 

study, CD44v5 and CD44v6 mRNA levels were higher in CD133+ CSC in CRC, 

conferring metastatic ability (Todaro et al., 2014). This adds further 

complexity to the application of CD44 as a CSC marker beyond expression of 

standard versus variant isoforms; particularly since most commercial 

antibodies react with all CD44 isoforms (standard and variant). CD44 is 

therefore a highly versatile marker of aggressiveness and poor prognosis in 
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cancer but should be used in combination with other lineage specific and/ or 

CSC markers to identify CSC and due consideration be given to specifically 

identifying variant isoforms. 

 

CD133 

CD133 (Prominin-1) is a 5 transmembrane glycoprotein, which has been used 

to identify SC and CSC in many tissues. CD133 has two extracellular and 

three intracellular loops and is localised to cholesterol microdomains and 

protrusions such as cilia and microvilli in the cell membrane (Glumac and 

LeBeau, 2018). CD133 is expressed in healthy tissues (not specifically SC) 

including the colon, pancreas and kidneys (Fargeas et al., 2006; Wu and Wu, 

2009). CD133 has also been used to identify CSC alone, or in combination 

with other markers in glioblastoma, CRC, prostate, pancreatic and lung 

cancer (Beier et al., 2007; K. Chen et al., 2013; Collins et al., 2005; Glumac 

and LeBeau, 2018; Islam et al., 2015; Ricci-Vitiani et al., 2007). The organ-

wide applicability of CD133 as an SC and CSC marker was recently tested 

(Zhu et al., 2016). Organs in which CD133 expression was detected in both 

neonatal and adult stem cells included the prostate, intestine, stomach and 

uterus, although notably not the kidneys, pancreas and brain (Zhu et al., 

2016). The CD133+ SC were susceptible to cancerous transformation via 

various different well characterised mutations, including deletion of PTEN, B-

catenin or p53, or mutation of KRAS (Zhu et al., 2016). However, some 

organs (the salivary glands, pancreas, kidney and brain) showed negligible 

tumour development despite the presence of a CD133+ SC population, which 

suggests a disconnect between CD133 expression and stemness in these 

organs (Zhu et al., 2016). The variability in organs in which CD133 can be 

used to identify SC and CSC may be associated with the functional role of 

CD133 in these cell populations. However, comprehensive evaluation of the 

physiological function of CD133 has not yet been achieved. It has been 

suggested that CD133 plays a role in migration and invasiveness, owing to 

its cellular localisation (Glumac and LeBeau, 2018). In cancer, CD133 appears 

to have pleiotropic effects. In CD133+ glioma cells, phosphorylation of CD133 

mediated PI3K/AKT pathway activation, which conferred self-renewal in vitro 

and tumour initiation in vivo (Wei et al., 2013). CD133 signalling has also 

been implicated in resistance to radiation and invasion, the latter specifically 
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by control of matrix metalloproteinase (MMP) and CCL5 expression (Kohga et 

al., 2010; Li, 2013; Long et al., 2012).  

 

While these functional data mainly support CD133 as a SC and CSC marker, 

it remains a challenge to use in the experimental setting. A number of studies 

have demonstrated stemness characteristics in both the CD133+ and CD133- 

populations, in the colon, brain and prostate (Shmelkov et al., 2008; Sun et 

al., 2009; Wu and Wu, 2009; Zhou et al., 2011). Isolation of CD133+ cells for 

functional characterisation has been hampered by the impact of experimental 

conditions on the expression or detection of CD133. CD133 expression has 

been suggested to be affected by culture conditions, including oxygen levels 

(CD133 is upregulated in hypoxic conditions), cell cycle and serum content 

(Pellacani et al., 2011). Some studies suggest that CD133 specifically 

identifies quiescent CSC (Pellacani et al., 2013; Sun et al., 2009), which may 

explain the effect of cell cycle on identifying CSC. Additionally, Pellacani and 

colleagues found that CD133 expression is differentially regulated in primary 

PCa cells compared to established cell lines (Pellacani et al., 2013). 

Commercial antibodies which recognise the CD133 protein bind different 

epitopes; including glycosylated and non-glycosylated epitopes and 

intracellular or extracellular sequences (Glumac and LeBeau, 2018). This has 

resulted in different studies reporting different patterns of CD133 expression 

patterns, across multiple tissues, depending on the antibody used 

(Hermansen et al., 2011). Expression of different splice variants or loss of 

CD133 expression has been demonstrated upon differentiation of stem cells 

(Grosse-Gehling et al., 2013; Richardson et al., 2004; Sundberg et al., 2009), 

however another study found unchanged protein expression but a difference 

in glycosylation which resulted in lack of CD133 detection (Kemper et al., 

2010). CD133 is a widely used marker for identifying CSC, and this is largely 

borne out by functional and prognostic evidence. However, caution should be 

taken against over-reliance on this marker due to the large number of factors 

imparting variability into its detection. 

 

ALDH 
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ALDH has been used as a functional maker for CSC in breast, prostate, 

pancreatic, ovarian, and lung cancer and melanoma (Croker et al., 2009; 

Klonisch et al., 2008; Kryczek et al., 2012; Luo et al., 2012; Miyata et al., 

2017; van den Hoogen et al., 2010). The ALDH superfamily consists of 19 

enzyme isoforms which catalyse aldehyde metabolism (Pors and Moreb, 

2014). The ALDH isoforms have different tissue distribution and functions. 

The ALDH1 family and ALDH3A1 are associated with SC and CSC while 

ALDH4A1 and ALDH7A1 may have cancer related functions by interactions 

with p53 and cell cycle regulation respectively (Ma and Allan, 2011; Marchitti 

et al., 2008). ALDH has a physiological role in metabolising vitamins, lipids 

and amino acids and also exogenous substances such as alcohol, and 

pharmaceutical drugs (Tomita et al., 2015). This has a detoxifying effect and 

thus provides a protective role in cells; ALDH is highly active in SC as well as 

CSC. ALDH is also an essential regulatory enzyme in retinoic acid (RA) 

signalling. RA signalling is involved in development and differentiation; 

inducing differentiation using all trans retinoic acid (ATRA) to inhibit ALDH 

has been explored as a CSC therapy (Ma and Allan, 2011). ALDH also 

contributes to treatment resistance in cancer, including metabolism of 

reactive oxygen species (ROS) generated by radiation therapy (RT) and of 

chemotherapy drugs. ALDH based isolation of CSC differs to antibody-based 

surface marker isolation as ALDH is an intracellular enzyme; it is based on 

enzyme activity using the ALDEFLUOR assay. Additional discriminatory 

markers are also required if the ALDEFLUOR assay is used to identify CSC in 

a co-culture setup, as other cells present may be capable of metabolising the 

substrate. Different ALDH isoforms have been identified in different types of 

cancerFor example, as well as ALDH1A1, ALDH1A2, ALDH1A3 and ALDH7A1 

have been identified in PCa samples, ALDH1A2 in AML, ALDH4A1 in 

glioblastoma (Pors and Moreb, 2014). Therefore, it may be additionally 

important to report the expression of ALDH isoforms in studies of CSC.  

 

1.1.2 Identification of CSC in haematological and solid cancers 

CSC were first identified in haematological cancer, designated leukaemia 

initiating cells, based on CD34+ CD38- expression (Bonnet and Dick, 1997; 

Lapidot et al., 1994). These CSC were identified from AML blasts isolated from 

patients and demonstrated tumour initiation capacity in SCID and later 
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NOD/SCID mice and recapitulated the leukemic cell hierarchy in vivo (Bonnet 

and Dick, 1997; Lapidot et al., 1994). Identification of CSC in solid tumours 

has proved more challenging in some tissues, due to absence of a clear 

hierarchy or lack of lineage restricted surface markers. Investigation of solid 

tumours is also complicated by disruption of the proposed CSC niche in the 

tissue in the preparation of cell suspensions for analysis. The first solid cancer 

CSC/TIC were identified in breast cancer (Al-Hajj et al., 2003). This study 

tested tumour initiation in immunocompromised NOD/SCID mice and found 

that ESA+ (EpCAM) CD44+ CD24- Lin- cells initiated tumours from as low as 

100-200 cells. Additionally, the ESA+ CD44+ CD24- Lin- cells gave rise to a 

heterogeneous hierarchy. This was significant owing to the complexity of the 

proposed cellular hierarchy in breast development; reconciling the CSC origin 

of different breast cancer lineages. Subsequent studies have also identified 

ALDH+ as a marker of breast CSC (Ginestier et al., 2007). Metastasis initiating 

breast CSC have been identified using the markers ALDH high CD44+ CD24- 

and ALDH high CD44+ CD133+ (Croker et al., 2009).  

 

In the colon, CSC have been identified by a number of markers, including 

CD133+ Lgr5+ ALDH+, CD44,+ in combination, or alone (Holah et al., 2017; 

Islam et al., 2015; Ricci-Vitiani et al., 2007; Schepers et al., 2012). In 

contrast to the breast, a clearer tissue hierarchy and physical location of the 

SC/ CSC niche guides the selection of CSC markers, based on the phenotype 

of SC in the intestinal crypts (Huels and Sansom, 2015). However, it is 

possible that distinct CSC phenotypes exist in the colon as CD133 was found 

to be expressed in both epithelial and differentiated luminal cells in a mouse 

model (Shmelkov et al., 2008). This study also found that both CD133+ and 

CD133- cells derived from human liver metastases were tumorigenic; 

suggesting that the metastatic CSC phenotype may differ from that of the 

primary tumour.  

 

CD133 has been used consistently, albeit with varying reliability, to identify 

glioblastoma CSC. One study suggests that both CD133+ and CD133- cells 

represent molecularly distinct but functionally similar CSC populations in 

glioblastoma. In another study, a novel antibody recognising CD133 was 

developed, which detected CD133 in a glioblastoma cell line previously 
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considered CD133 negative (WANG et al., 2015). Glioblastoma CSC have 

been extensively characterised, due to the successes in generating cell lines 

from primary samples and optimised in vivo models. Bao and colleagues 

found that CD133+ glioblastoma CSC were enriched in response to radiation 

and were additionally more efficient at repairing RT induced DNA damage 

(Bao et al., 2006). Another subset of glioblastoma CSC, characterised by slow 

cell cycling, has been implicated in recurrence following chemotherapy in vivo 

(Chen et al., 2012).  

 

1.1.3 Characteristics of CSC 

Characteristics of CSC, including self-renewal and survival, driving tumour 

growth and therapeutic resistance occur by activation of signalling pathways 

such as NOTCH, Wnt, Hedgehog, NF-κB, TGF− HIF, JAK-STAT and PI3K/AKT 

(Cojoc et al., 2015a; Dreesen and Brivanlou, 2007; Reya et al., 2001). CSC 

characteristics occur by activation of multiple pathways and each signalling 

pathway can contribute to more than one characteristic. For example, Wnt, 

NOTCH, Hedgehog and TGF- are involved in self-renewal, JAK/STAT and 

PI3K/AKT signalling have pleiotropic contributions to tumorigenesis including 

proliferation, resistance to apoptosis and immune modulation; NF-κB, 

PI3K/AKT, HIF, TGF- and JAK/STAT signalling have all been implicated in 

various mechanisms of treatment resistance. These pathways have been 

reviewed elsewhere (Merchant and Matsui, 2010; Prager et al., 2019; Reya 

and Clevers, 2005; Wang et al., 2012); some are briefly discussed in the 

context of CSC signalling here (Figure 1.3). 
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Figure 1.3. Selected signalling pathways and gene targets involved in 

cellular homeostasis; which if disrupted can contribute to various 

characteristics of tumours and CSC, including proliferation and survival, 

stemness, treatment resistance and tumorigenesis. Image adapted from 

Dreesen and Brivanlou., (2007), to highlight certain pathways which are discussed 

here. These and further pathways are reviewed in more detail in the original 

publication. Image was produced using BioRender (https://biorender.com/). (A) 

Receptor and intracellular mediators of signalling in the JAK-STAT pathway. (B) 

Mechanism and mediators of NOTCH signalling. (C) The canonical Wnt signalling 

pathway. (D) Hypoxia signalling: HIF protein synthesis and oxygen mediated 

regulation of HIF degradation or DNA binding in the absence of oxygen. Pathway 

graphics also adapted from O’ Shea et al., (2015) (JAK-STAT), Matsui, H., (2016) 

(NOTCH), Reya and Clevers., (2005) (Wnt) and Semenza, G., (2003) (Hypoxia/ 

HIF).  
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Tumorigenesis 

JAK/STAT signalling 

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) 

pathway is pleiotropic; it has a functional role in apoptosis, growth factor 

signalling and inflammation and other immune cell signalling. There are 4 

JAKs, which interact with different membrane bound receptors, and different 

STATs, resulting in a large number of ligand-receptor/JAK/STAT combinations 

which mediate different functional signalling outcomes (O’Shea et al., 2015) 

(Figure 1.3A). JAK receptors are phosphorylated as a result of ligand binding 

(example ligands include IL-6, IL-12, GM-CSF, and interferons); this creates 

a binding site for STATs, which are activated as a result of binding the 

intracellular tail of the receptor (O’Shea et al., 2015). The STATs (as homo 

or heterodimers) mediate the signal by translocating to the nucleus and 

activating gene expression (Quintás-Cardama and Verstovsek, 2013).   

 

Cancer development and progression can occur due to mutations of the 

receptor, JAKs or the STATs. STAT3, and to a lesser extent, STAT5B 

mutations occur in up to 40% of T-cell large granular lymphocytic (T-LGL) 

leukemia patients, a rare and incurable cancer characterised by expansion of 

CD3+ CD8+ T cells (Shahmarvand et al., 2018). The malignantly expanded T 

cells have a mature, differentiated effector phenotype in which a dominant 

monoclonal population persists (Lissina et al., 2018; Teramo et al., 2017). 

Expansion of the malignant T cell clone is attributed to a combination of 

chronic antigen exposure, evidence by the differentiated phenotype, and 

mutated STAT3 signalling, which is downstream of T cell activation signalling 

(Lissina et al., 2018; Siegel et al., 2011). Mutated STAT3 can contribute to a 

failure in activation induced cell death, causing T cell persistence (Teramo et 

al., 2017). JAK/STAT signalling also plays a functional role in CSC. IL-6 

signalling, mediated by JAK1/STAT3, has been associated with stemness, 

including EMT and DNA repair in response to radiation, in CD133+ cells in 

non-small cell lung cancer (NSCLC) (Chen et al., 2015; S. O. Lee et al., 2016; 

O’Shea et al., 2015). IL-6 and JAK/STAT signalling is particularly relevant in 

PCa and may contribute to stemness characteristics in prostate CSC. High 

serum IL-6 is reported in aggressive disease and is associated with poor 

prognosis (Culig and Puhr, 2012; Hobisch et al., 2000; Smith et al., 2001). 
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JAK1 and STAT3 activation is associated with poorer recurrence-free survival 

following prostatectomy treatment (Xingyan Liu et al., 2012). Additionally, 

Shroeder and colleagues showed that AR silencing resulted in a gain in CSC 

functional characteristics such as sphere formation and expression of CD44, 

Sox2 and MSI-1 (Musashi-1) (Schroeder et al., 2014). This was shown to be 

associated with increased STAT3 activation, via IL-6 signalling, and blocking 

IL-6 signalling reduced tumour growth in vivo  (Schroeder et al., 2014). 

Components of the JAK/STAT pathway, including IL-6, CSF2 and STAT1 were 

overexpressed in CD133+ 21Integrinhigh cell lines derived from primary 

prostate cancer samples (Birnie et al., 2008). STAT3 activation via IL-6 

signalling was shown to be indispensable for CSC tumour initiation in vivo 

(Kroon et al., 2013). 

  

Stemness and self-renewal 

NOTCH pathway 

NOTCH signalling occurs by cleavage of the receptor intracellular domain 

upon binding of the membrane bound ligands, Delta-like (DLL) 1-4, Jagged 

1, 2  (Figure 1.3B) (Matsui, 2016). Receptor cleavage is mediated by a 

disintegrin and metalloproteases (ADAM) and γ-secretase; the intracellular 

domain (NICD) then translocates to the nucleus and binds DNA response 

elements (Ranganathan et al., 2011). NOTCH signalling plays an essential 

role in embryonic development and is directly implicated in T cell acute 

lymphoblastic leukaemia (Ranganathan et al., 2011). Deregulated NOTCH 

signalling, mediated by ADAMs, is also implicated in a wide number of cancers 

(Mochizuki and Okada, 2007). Aberrant ADAM activity is implicated in PCa 

aggressiveness and progression. ADAM15 interacts with Integrins and may 

contribute to invasion by degrading the ECM and is associated with metastatic 

PCa (Kuefer et al., 2006).  

 

Wnt signalling 

Canonical Wnt signalling is involved in maintaining the SC phenotype and has 

been implicated in tumorigenesis (Figure 1.3C). The inter-relatedness of 

these pathways particularly highlights how SC could represent likely targets 

of tumour initiation and progression. Wnt signalling controls cell fate and 
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regulates the cellular hierarchy in the colon and also in haematopoietic stem 

cells  (Reya et al., 2003; Reya and Clevers, 2005). Wnt signalling occurs by 

binding of Wnt ligands to Frizzled receptors (Clevers et al., 2014). Wnt 

signalling ‘rescues’ the signalling effector protein β-catenin from destruction 

by ubiquitination as it inactivates the Axin, APC and GSK3-β complex (Figure 

1.3C) (Clevers, 2006). β-catenin can translocate to the nucleus and interact 

with Tcf/Lef DNA binding proteins, resulting in activation of gene expression 

(Reya and Clevers, 2005). Mutation of Wnt signalling pathway components is 

strongly associated with tumorigenesis, particularly mutated APC which is 

associated with CRC (Phelps et al., 2009). Wnt signalling mediates radiation 

resistance in ALDH high prostate CSC (Cojoc et al., 2015a; Wetering et al., 

2002). Overactive Wnt signalling in prostate cells is suggested to be 

associated with AR overexpression (Murillo-Garzón and Kypta, 2017). Wnt 

and CD44 signalling are reciprocally associated; CD44 gene expression is 

modulated by Wnt while CD44 membrane expression associates with Wnt 

receptors (Schmitt et al., 2015).  

 

Hypoxia 

Hypoxia refers to a state of poor oxygenation resulting in activation of 

transcription factors called hypoxia inducible factors (HIFs) (McKeown, 2014; 

Peng and Liu, 2015). In the presence of oxygen, HIFs are hydroxylated and 

subsequently ubiquitinated by the tumour suppressor protein von Hippel–

Lindau (VHL) and degraded by the 26S proteasome (Figure 1.3D (1)) 

(Semenza, 2003). In the absence of oxygen mediated degradation, HIF1α or 

HIF2α subunits dimerise with HIF1β and bind hypoxia response regions 

(HREs) of DNA to regulate gene expression (Semenza, 2003). The actual 

oxygen levels which define hypoxia varies widely across different tissues 

(McKeown, 2014). Transient hypoxia is distinguished from pathological 

hypoxia by the tissue retaining the capacity to revert to normoxic cell 

signalling (McKeown, 2014). Mutations occurring in signalling pathways 

regulating HIF expression, including PI3K/AKT signalling via MTOR and 

RAS/ERK/MAPK signalling, can cause aberrant HIF signalling, resulting in 

chronic hypoxia (Figure 1.3D (2)) (Semenza, 2003). Hypoxia in tumours 

represents a major barrier to successful therapeutic outcomes as it reduces 

the efficacy of RT and chemotherapy. CSC are capable of surviving, and are 
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enriched, under hypoxic conditions. Upregulation of HIF in CSC further 

contributes to their resistance to treatment and invasiveness. PCa is one of 

the most hypoxic cancer types; oxygen levels in PCa have been reported as 

low as 0.3-0.6% and the healthy prostate also has lower than average organ 

oxygen levels (2.4-3.9%) (McKeown, 2014).  HIF1α expression was found in 

a high proportion of PCa tissue biopsies and was significantly correlated with 

higher Gleason Score (GS); stem cell genes NANOG and OCT4 were 

concurrently expressed in these biopsies (Miyazawa et al., 2014). Prostate 

CSC can be isolated under hypoxic conditions; HIF1α target genes Epo 

(erythropoietin) and Redd1 (DNA damage response 1) and VEGF, GLUT1 and 

REDD1 were upregulated in CSC derived from the transgenic adenocarcinoma 

of the mouse prostate (TRAMP) mouse model and DU145 cell line respectively 

(Marhold et al., 2015). Expression of these genes suggests hypoxia induced 

metabolic changes and induced pro-angiogenesis signalling by the CSC, while 

increased DNA damage repair could enable CSC to survive hypoxic conditions 

better than non-CSC.  

 

CSC therefore represent a distinct subpopulation of tumour cells, 

characterised by specific markers and found in most cancer types. Stemness 

associated signalling pathways are active in CSC; however, clonogenicity and 

self-renewal capacity is reduced or absent in non-CSC progeny. Additionally, 

CSC have enhanced activation of signalling pathways associated with cancer 

and resistance to treatment. Since CSC are key players in tumour 

development, it follows that CSC are present in the process of 

immunosurveillance, which is detailed below, and later specific interactions, 

such as are known, between CSC and the immune system, are discussed.  

 

 Cancer immunology 

1.2.1 Cancer Immunosurveillance  

Cancer immunosurveillance proposes that the immune system is capable of 

recognising and engaging with tumours. This is based on the hypothesis that 

a host defence mechanism must surely exist to control neoplastic growth 

throughout life (Ehrlich, 1909). Burnet and Thomas coined the term ‘immune 

surveillance,’ based on the observation that immunosuppressed transplant 

recipients had a higher tumour incidence (Burnet, 1970; Thomas, 1982). 
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However, they acknowledged the challenges of providing experimental 

evidence with the available mouse models, since early experiments 

investigating immunosurveillance appeared to disprove the hypothesis. For 

example, no difference in tumour incidence in the first ‘immunodeficient’ 

mouse model was observed (Stutman, 1979, 1974); however these athymic 

nu/nu mice retained NK cells which have since been shown to play a role in 

controlling developing tumours (Street et al., 2001). Eventually with the use 

of RAG2 knock out mice (lacking T cells, B cells and NK cells) Shankaran and 

colleagues demonstrated that these immune system components are 

required to prevent tumorigenesis (Shankaran et al., 2001). Other studies 

also provided evidence for critical immune molecules including interferons 

(Dighe et al., 1994; Dunn et al., 2006; Kaplan et al., 1998) perforin; 

specifically NK cell derived perforin (Street et al., 2001).  

 

The study by Shankaran and colleagues also critically demonstrated that 

interactions between the immune system and developing tumours alter the 

tumours. This manifests in the capacity of tumours to grow even in the 

presence of a competent immune system (Shankaran et al., 2001). These 

data and many other relevant studies coalesced into the hypothesis of ‘The 

Three Es of Immunoediting’ (Dunn et al., 2004a). The three Es stand for 

Elimination, Equilibrium and Escape, describing the continuum of interactions 

between the immune system and tumorigenesis throughout life (Figure 1.4).  

 

1.2.2 Cancer immunoediting  

Elimination: tumour recognition and immune effectors 

In the elimination stage, the innate and adaptive immune system, including 

interferons, NK, B and T cells (including NKT cells, αβ and γδ T cells), dendritic 

cells (DC) and M1 (inflammatory) macrophages engage the transformed cells 

and successfully eradicate the developing tumour (Figure 1.4A) (Dunn et al., 

2004a; Gao et al., 2003; Jaiswal et al., 2010; Ostrand-Rosenberg, 2008; 

Smyth et al., 2001). The immune response to a transformed cell is not 

dissimilar to an infection; activation of innate immune cells to bring about 

antigen-mediated cell killing is required (Chen and Mellman, 2013). Polly 

Matzinger’s ‘Danger Theory’ (Matzinger, 1994) reconciled the idea that 
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endogenous ‘danger’ signals from cells (Damage Associated Molecular 

Patterns; DAMPs) could activate the immune system. Tumour associated 

DAMPs include hyaluronic acid, extracellular matrix components and high 

mobility group box 1 (HMGB1), (Figure 1.4B) (Hernandez et al., 2016; 

Termeer et al., 2002). Additionally, transformation by specific oncogenes 

such as EGFR, Ras and BCR-ABL results in expression of  NKG2D ligands MHC 

class-I related chain A and B glycoproteins (MICA and MICB) and ULBP 

(cytomegalovirus UL16-binding protein) (Figure 1.4B) (Boissel et al., 2006; 

Corthay, 2014; Groh et al., 1999; X. V. Liu et al., 2012; Raulet and Guerra, 

2009; Vantourout et al., 2014). This leads to immune activation via the 

NKG2D receptor expressed on NK cells.  

 

Danger sensing by immune cells results in the release of pro-inflammatory 

cytokines (Figure 1.4C). Macrophages are polarised to the pro-inflammatory, 

anti-tumour M1 phenotype by IFN signalling and can release further 

cytokines and chemokines. DC form the most important bridge between the 

innate and adaptive immune system for the activation of T cells; DC express 

pathogen recognition receptors (PRRs), which can recognise the DAMPs 

produced by tumours (Palucka and Banchereau, 2013). Activated DC 

phagocytose antigens released by tumour cells killed by NK cells. DC co-

stimulation signals, along with antigen presentation, are essential for 

activation of tumour-antigen specific cytotoxic CD8+ T cells. This is a 

significant consideration for designing immunotherapies expected to boost 

the effector arm of the immune response; ex vivo generation of T cells must 

provide activation signals to avoid production of anergic or tolerogenic T cells 

(Chen and Flies, 2013).  

 

Equilibrium 

A successful elimination response can prevent tumour growth, however, 

throughout the lifespan of the individual, the immune system may re-engage 

with mutated cells. This stage, involving continued interactions between 

immune cells and a developing tumour, in which tumour dormancy is 

maintained, is known as equilibrium (Figure 3.1D) Equilibrium involves 

dynamic remodelling of the tumour and the immune cells. This period may 

exist after treatments reduce the tumour to a ‘minimal residual disease’ 
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(Bhatia and Kumar, 2011). The mechanisms of tumour immune equilibrium 

were first demonstrated by Koebel and colleagues, who showed that blocking 

CD8+ and CD4+ T cells and IFN in mice bearing non-progressive sarcomas 

caused failure of immune constraints on tumour growth (Koebel et al., 2007). 

Tumour equilibrium is maintained by adaptive immune cells (Bhatia and 

Kumar, 2011; Mittal et al., 2014; Wu et al., 2013). IFN and IL-12 are 

essential for tumour control (Koebel et al., 2007; Müller-Hermelink et al., 

2008), while tumour promoting cytokines, such as IL-10 and IL-4, produced 

by tumour cells, support pro-tumour immune cells such as T regulatory cells 

(Tregs), M2 macrophages and myeloid derived suppressor cells (MDSC), 

resulting a feedforward loop of anti-inflammatory cytokine production (Mittal 

et al., 2014; Ostrand-Rosenberg, 2008; Stassi et al., 2003; Vence et al., 

2007; Wang et al., 2004). 

 

During the elimination phase, genetic instability as well as interactions with 

the immune system result in elimination of highly immunogenic, and survival 

of less immunogenic, tumour clones. This is known as immunoediting, 

described above (Shankaran et al., 2001). Matsushita and colleagues showed 

that the genetic mutations in tumours grown in immunocompromised mice 

differed from those in immunocompetent mice and identified antigens 

involved in rejection of experimental tumours (Matsushita et al., 2012). 

Another group investigated sarcoma development in immunocompromised 

and immunocompetent mice, finding that the penetrance and time to tumour 

development was significantly different in the immunocompromised and 

immunocompetent mice (DuPage et al., 2009). 

 

Escape 

Interactions with the immune system in the equilibrium stage paradoxically 

remodel tumours towards a state of evading immune recognition and 

suppressing effector immune cells (Spranger et al., 2013). This occurs in 

three ways: loss of immunogenicity, downregulation of immune cell ligands 

such as NKG2D and expression of immune inhibitory receptors and cytokines 

(Figure 1.3E) (Beatty and Gladney, 2015; Mittal et al., 2014; Schreiber et al., 

2011). Tumours become less immunogenic by altering antigen presentation 

to immune cells; HLA Class I is downregulated or lost (Campoli and Ferrone, 
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2008; Garrido et al., 1997; Marincola et al., 2000; Speetjens et al., 2008) 

and components in the antigen processing pathway are dysregulated or 

mutated e.g. proteasome processing and the transporter for antigen 

processing (TAP) protein, transporter for antigen processing (TAP) protein, 

(Ebstein et al., 2016; Seliger et al., 2000). Loss of immunogenic antigens or 

epitopes has also been described (Cormier et al., 1999; Urban et al., 1984), 

as immune killing of immunogenic tumour cell clones exerts selective 

pressure such that only those tumour cells expressing less immunogenic 

antigens are selected for survival (Khong and Restifo, 2002; Schreiber et al., 

2011).  

 

The surrounding stroma is also modified to become cancer promoting; this 

has been reviewed extensively elsewhere (Dunn et al., 2004b; Mittal et al., 

2014; Motz and Coukos, 2013; Schreiber et al., 2011). Production of factors 

such as IL-4, survivin, VEGF and MMPs remodel the surrounding stroma 

resulting in establishment of a tumour microenvironment (TME) (Zitvogel et 

al., 2006). The balance of immune cells in the TME becomes tumour 

promoting, due to recruitment of regulatory and inhibitory immune cells, 

including Tregs, MDSC and M2 macrophages (Gajewski, 2007; Gajewski et 

al., 2011; Woo et al., 2001). Chronic engagement by anti-tumour T cells 

results in their exhaustion (Wu et al., 2013). Both tumour and immune cells 

express checkpoint proteins, e.g. PD-1, CTLA-4, Lag-3 (expressed by CD8+ T 

cells, Tregs and M2 macrophages recruited to the TME) and PD-L1 (expressed 

by tumours and M1 macrophages), which are normally involved in the control 

of immune cells following a successful immune response; preventing further 

healthy cell killing (Figure 1.3F). However, in the case of chronic tumour 

engagement, checkpoint molecule expression results in inhibition of a still 

necessary effector immune response (Motz and Coukos, 2013; Moy et al., 

2017; Zheng et al., 2013). Inflammation, which can be an anti-tumour 

response in acute interactions, can also be tumour promoting under chronic 

conditions (Atsumi et al., 2014; Baniyash et al., 2013).  
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Figure 1.4. Cancer Immunoediting: the ongoing process, throughout 

life, in which the immune system surveys, identifies and engages 

with nascent tumours. (A) Successful Elimination of a developing tumour 

is mediated by anti-tumour innate and adaptive immune cells, including M1 

macrophages, NK cells and DC, and CD4+ and CD8+ T cells. This involves (B) 

sensing of tumour intrinsic signals associated with transformation, including 

DAMPS and NK ligands. (C) Tumour killing is achieved by production of 

cytokines and other immune cell signals e.g. IL-12, TNF and IFN (D) 

Incomplete or unsuccessful tumour elimination can lead to the continuous 

Equilibrium stage, categorised by ongoing presence of immune cells in the 

absence of tumour growth. This stage can last throughout life, without further 

tumour growth. (E) Tumours may escape due to reduced anti-tumour efficacy 

of chronically stimulated immune cells, and immune evasive tumour cells are 

selected due to ongoing immune pressure. (F) Signalling in the tumour 

microenvironment becomes tumour-promoting; anti-inflammatory M2 

macrophages and Tregs are attracted to the tumour. Both these and the  

chronically activated immune cells express checkpoint inhibitor receptors. 

This stage is the most well studied of cancer immunoediting as tumour escape 

presents as a clinical stage. Figure adapted from Schreiber et al., (2011) 
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1.2.3 CD8+ T cells: key mediators of anti-tumour immunity 

CD8+ T cells play a crucial role in each of the stages of immunoediting 

discussed above, and are often employed in cancer immunotherapy 

strategies, discussed further below. The role of CD8+ T cells in killing cancer 

cells based on antigen recognition is a parallel to the original function for 

which CD8+ T cells were investigated; recognition of foreign antigens and 

killing infected cells presenting these antigens via HLA Class I. The origin of 

the CD8+ T cell lineage is a bone marrow derived lymphoid progenitor which 

is double negative at the early developmental stages (Germain, 2002). T cells 

develop from this lymphoid progenitor in the thymus (Starr et al., 2003). T 

cell development occurs most prolifically in early life and declines 

approximately past the age of 40, although TCR diversity is maintained by 

long lived memory T cells (Kumar et al., 2018). 

 

T cells begin to express the T cell receptor (TCR) at the double negative 

developmental stage, before expressing both the CD4 and CD8 co-factor 

proteins, resulting in a double positive precursor T cell (Germain, 2002; 

Robey and Fowlkes, 1994). The double positive T cells go through two stages 

of selection, which also includes determination of the lineage specificity (CD4+ 

or CD8+).  The first stage of selection is known as positive selection, in which 

T cells expressing functional TCR are activated by antigen-specific 

interactions with cortical thymic epithelial cells (cTEC), a specialised type of 

antigen presenting cell (Ziegler et al., 2009). The cTEC present self-antigens, 

via HLA Class I or HLA Class II to the T cells (which are still double positive). 

Therefore, T cells which are activated in response to the self-antigens are 

‘saved’ and unresponsive T cells in which TCR recombination as resulted in a 

non-functional TCR ‘die of neglect’ due to lack of TCR activation (Gascoigne 

et al., 2016; Singer et al., 2008; Ziegler et al., 2009). Only approximately 

5% of T cells are retained through positive selection as there is a large scope 

for recombination events in the TCR (discussed below) to yield non-functional 

sequences which do not interact with peptide-HLA (Kyewski and Klein, 2006). 

Responses which are positively selected are of low affinity (Palmer, 2003; 

Ziegler et al., 2009) This first step in T cell selection creates a repertoire 

which is functionally responsive, however, negative selection is required to 

eliminate highly self-responsive T cells. The process by which T cells become 
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single positive (CD4+ or CD8+) is not entirely clear, but is essentially 

controlled by the HLA molecule the TCR and co-receptor interacts with, i.e. a 

HLA Class I signalling through the TCR and interaction with the CD8+ co-

receptor will preserve a single positive cells of the CD8+ lineage and a HLA 

Class II signalling through the TCR and interaction with the CD4+ co-receptor 

results in differentiation into CD4 expressing single positive T cells (Germain, 

2002; Singer et al., 2008). Positive selection is necessary as the random 

combinatorial nature of TCR  chain rearrangement imparts a high possibility 

of generating unresponsive TCR that do not recognise any HLA-peptide 

combination.  

 

Both the positive and negative selection process involve presentation of self-

antigens; however, these developmental stages achieve different purposes. 

Negative selection of CD8+ T cells is biased towards producing a T cell 

repertoire containing T cells expressing a TCR with a higher affinity for 

foreign, rather than self-antigens. Negative selection is facilitated by 

presentation of peptides to the single positive T cells by medullary thymic 

epithelial cells (mTEC), mTEC are spatially distinct from cTEC there remains 

some debate as to the contribution of cTEC to negative selection (Gascoigne 

et al., 2016; Klein et al., 2014; Palmer, 2003; Ziegler et al., 2009). DCs also 

present peptides in the medullary cortex. Most studies have shown the mTEC 

and medullary resident DC to be essential to negative selection, in 

comparison to cTEC  (Palmer, 2003). mTEC or DC in the medullary thymus 

express tissue restricted antigens and present peptides which could be 

presented by peripheral tissues (Derbinski et al., 2001). Expression of these 

proteins in mTEC is mediated by the autoimmune regulator (AIRE) gene 

(Peterson et al., 2008). It appears a paradox that presentation of similar 

peptide sequences from the same self-antigen could control positive selection 

and negative selection and the precise mechanism for this remains unclear, 

however, it is generally accepted that high affinity TCR – peptide-HLA 

interactions result in negative selection. This may be mediated by a different 

set of signals activated by a longer interaction between the TCR and peptide-

HLA complex, which characterises a high affinity response (Palmer, 2003). It 

has also been suggested that cTEC and mTEC express structurally distinct 

HLA proteins, which bind to and present different peptide repertoires (Ziegler 

et al., 2009). Following negative selection, the resulting naïve CD8+ T cell 
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repertoire is poised to respond to foreign antigens by distinction of the 

removal of high affinity self-reacting T cells.  

 

In the context of cancer immunology, this can partly explain the ‘hierarchy’ 

in affinity responsiveness to tumour antigens, discussed in more detail later; 

virus associated cancers presenting viral peptides and neoantigens, i.e. 

peptides occurring as a result of a mutation or splicing event would not have 

been presented to T cells during developmental selection typically have the 

highest affinity responses, followed by germline antigens and other self-

antigens which due to their developmentally restricted expression may not 

have been presented during T cell selection, or which are presented at a 

sufficiently high cell surface density to activate T cells, respectively. However, 

it remains a challenge to identify (e.g. novel neoantigens) or design tumour 

antigen targets (based on prediction of self-protein sequences) since other 

factors such as the co-receptor complex and environmental stimuli contribute 

to T cell activation. Many of the peptides identified from commonly targeted 

(public; discussed below) tumour antigens e.g. MART-1 and NY-ESO are 

associated with weak TCR affinity (Stone and Kranz, 2013), since these are 

derived from self-proteins, thus high affinity TCR recognising peptide 

sequences from these proteins are likely to have been deleted during negative 

selection.  

 

The TCR 

The TCR is the crucial structure at the centre of the T cell selection process. 

The TCR is comprised of an  (light) and a  (heavy) chain. The chains are 

linked at the constant regions by cysteine disulphide bonds (Miles et al., 

2011). The  chain consists of variable (V) and joining (J) regions and the  

chain consists of variable, joining and diversity (D) regions (Bassing et al., 

2002; Davis and Bjorkman, 1988; Miles et al., 2011). It is in these regions 

that the broad variety in the T cell repertoire is generated. This is achieved 

through germline variety and recombination. The germline variety refers to 

the possible combinations of V (47 genes) and J (57 genes) regions of the 

 chain and the V (54 genes), J (13 genes) and D (2 genes) regions of the  

chain (Miles et al., 2011; Rosati et al., 2017). Additional diversity is 

introduced randomly by recombination. It is this stage that makes analysis of 
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TCR highly complex and almost impossible to predict based on known 

sequences, since the genomic sequence is not directly related to the 

translated protein. Recombination involves introduction of double stranded 

DNA breaks into the sequences encoded by the V, J and D genes, which is 

mediated by the RAG1 and RAG2 (recombination activating gene 1/2) genes 

and directed by recombination signal sequences expressed at the V, J and D 

loci (Bassing et al., 2002; Krangel et al., 1998; Schatz, 2004). The gene 

segments are then rearranged into functional sequences, which includes 

random insertion or deletion of nucleotides, mediated by the enzyme terminal 

deoxynucleotidyl transferase (TdT) (Bassing et al., 2002; Krangel et al., 

1998; Schatz, 2004). The V, J and D regions contribute to the site of the TCR 

that interacts with the peptide-HLA complex and mediates recognition. This 

site consists of six complementarity determining region (CDR) loops (3 from 

each chain). CDR1 and CDR2 are encoded by germline V genes from each 

chain while the CDR3 region, which mediates peptide recognition, is an 

assembly of the V, J and D regions/ V and J regions of the  and  chain 

respectively and is thus highly variable as it is a result of the above described 

recombination and rearrangement process (Miles et al., 2011; Schrama et 

al., 2017). Accordingly, there is no existing technical approach which can 

determine the cognate peptide sequence, based on the CDR3 peptide 

recognition region of a TCR.  

 

The TCR  and a  chains are rearranged separately (sequentially). The TCR 

 chain D and J gene segments are firstly recombined, then the variable gene 

segment is joined to the DJ segment and the resulting sequence is expressed 

in the double negative stage of T cell development in the thymus (Livák et 

al., 1999; Schrama et al., 2017). Each single cell has an unique V chain, 

however, controlled by successful binding outcomes to this ‘template’  chain 

recombination can give rise to the same  chain in different T cell clones 

(Rosati et al., 2017). Expression of a precursor  chain occurs concurrent to 

expression of co-receptors and it is the precursor  chain -  chain structure 

that interacts with HLA peptide complexes presented by cTEC during positive 

selection (Fehling et al., 1995; Starr et al., 2003). It has been suggested that 

more than one  combination is ‘tested’ with a peptide-HLA complex 

expressed by cTEC, since expression of recombination genes at the  chain 
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locus persists upon interaction with the complex, therefore giving T cells more 

than one ‘opportunity’ for positive selection (Brändle et al., 1992; Germain, 

2002; Starr et al., 2003). Recombination of the TCR  chain involves 

rearrangement and joining of the V and J segments (Schrama et al., 2017). 

Downregulation of recombination genes at the  chain locus occurs following 

successful signalling through interaction with a peptide-HLA complex. The  

TCR expressing T cells then become single positive, as described above, and 

undergo negative selection.  

 

Recombination and random nucleotide insertion explain how the immune 

system can produce receptors capable of recognising and protecting against 

the extensive diversity of potentially harmful insults encountered throughout 

life, since this would not be possible through simple genomic expression. 

However, the theoretical TCR diversity estimated based on analysis of these 

processes is vastly greater than experimentally observed TCR repertoire 

diversity (Arstila et al., 1999; Miles et al., 2011). Therefore there is a high 

degree of redundancy and cross-reactivity in the T cell repertoire (Mason, 

1998; Wooldridge et al., 2012). These features present both advantages and 

disadvantages to development of T cell-based cancer immunotherapy. 

Repertoire analysis would be next to impossible if receptor diversity was as 

extensive as predicted, which would greatly decrease the possibility of 

identifying the T cell clones contributing to an immune response or developing 

TCR products for use in patients. Due to factors including sample availability 

and differences between peripheral blood, intratumoral and normal tissue T 

cell repertoires, T cell repertoire analysis techniques only characterise a small 

portion of TCRs in a given individual (Schrama et al., 2017). Some applicable 

techniques are discussed in the next section.  

 

TCRs which are found in multiple individual’s immune repertoires are known 

as ‘public’ TCRs (Venturi et al., 2008). Antigen targeting in cancer 

immunotherapy has largely focused on identification of the corresponding 

public antigens which can be targeted in multiple patients (Bethune and 

Joglekar, 2017; Venturi et al., 2008). However, public TCR are likely to be of 

lower affinity as they are the result of negative selection in the thymus i.e. 

elimination of high affinity self-responding T cells (Bethune and Joglekar, 
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2017). Strategies to increase the affinity of a public TCR introduce the risk of 

cross-reactivity and has led to off target toxicity in previous studies (Holler 

et al., 2003; Linette et al., 2013). On the other hand, ‘private’ TCR, which 

are found in only one individual and typically recognise novel neoantigens 

which are not presented by TEC during the process of T cell development 

(Klein et al., 2014), could have higher affinity responses and less likelihood 

of cross-reactivity, but involve a more labour intensive approach to identify 

(requiring TCR repertoire analysis and exome sequencing) and in the 

translational sense, are highly patient specific. As discussed below, some T 

cell therapy approaches e.g. TIL therapy, may inherently involve targeting 

neoantigens by private TCR, however the composition of the T cell product is 

not necessarily analysed to identify the TCR present. 

 

In addition to identifying target peptides and TCR which recognise them with 

an optimal affinity response, development of T cell based cancer 

immunotherapies must consider the optimal way to activate T cells against 

cancer antigens, and which T cell subset represents the best choice for 

therapeutic design. For this, the mechanism of T cell activation and the 

progression of a T cell response in situ must be considered.  

 

Activation and responses of mature, naïve CD8+ T cells in the 

periphery: implications for therapeutic design 

Mature native T cells circulate through peripheral blood vessels and lymphoid 

organs following exit from the thymus. While T cells may encounter antigens 

in circulation, it is interactions with antigen presenting DCs (in secondary 

lymphoid organs) that is necessary for T cell activation as DCs express the 

necessary co-stimulatory receptors (e.g. CD80, CD86,)  and produce 

cytokines (e.g. IL-12, IFN) which constitute the necessary signal for 

activation (antigen, co-receptor and cytokines are known as the three signals 

of T cell activation) (Alegre et al., 2001; Gardner and Ruffell, 2016; Mescher 

et al., 2006). T cells which respond to antigens in the absence of these signals 

become anergic (Constantino et al., 2017). Thus, the importance of DC 

derived signalling in activating cytotoxic T cells drives the DC vaccine 

therapeutic strategy. CD4+ T cells are also involved in CD8+ T cell activation 
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both by priming DC toward a primary (cytotoxic) response and by providing 

stimuli to activate T cells for a secondary (memory) response (Bennett et al., 

1997; Janssen et al., 2003). Naïve DC which have not been activated by CD4+ 

T cells can induce tolerance in T cells; thus, strategies to mature DC as part 

of an ex vivo therapeutic design are important. Additionally, it has been 

shown that concurrent activation of CD4+ T cell responses can improve 

responses in immunotherapy strategies designed to activate CD8+ T cells 

(Moeller et al., 2005). Notably, the natural activation of T cells by DCs in 

lymphoid organs in response to infection, after which T cells are attracted by 

other signals produced by e.g. innate immune cells and damage signalling 

from target cells may also present a target or challenge for cancer 

immunotherapy. Impaired T cell homing to tumours contributes to failures in 

treatment (Sackstein et al., 2017). Infiltration of solid tumours by CD8+ T 

cells is a prognostic factor in many cancers (Brambilla et al., 2016; Yang et 

al., 2010). 

 

Naïve CD8+ T cells which are activated by antigen and other signals from 

mature DC differentiate into effector (cytotoxic) T cells and proliferate rapidly.  

The function of cytotoxic CD8+ T cells in the classical immune response is to 

clear infection, followed by apoptosis of most of the cytotoxic T cell population 

(Kumar et al., 2018). The functional response of cytotoxic T cells is production 

of perforin and granzymes, resulting in cell lysis, and ligation of Fas ligand on 

target cells, resulting in activation of apoptosis (Russell and Ley, 2002). This 

response has been studied in greater detail in the context of infection, rather 

than tumour cells and it has been suggested that the production of cytokines 

by cytotoxic T cells plays a greater role alongside lytic enzymes in tumour cell 

killing (Martínez-Lostao et al., 2015). Cytotoxic T cells produce inflammatory  

cytokines such as IFN and TNF they also produce IL-2, which promotes 

further expansion of both CD4+ and CD8+ T cells (Seder et al., 2008). Other 

effector molecules produced by some cytotoxic T cells which have recently 

gained interest are MIP1 and CD107a. MIP1 is a chemokine receptor and 

involved in attraction of macrophages in the context of an inflammatory 

response and CD107a is a marker of de-granulation. T cells capable of 

producing a greater range of effector molecules than perforin and granzymes, 

known as ‘polyfunctional’ T cells, have been shown to be effective in anti-viral 
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and anti-tumour responses (Perales et al., 2008; Precopio et al., 2007; 

Saunders et al., 2011). 

 

Activation of T cells is also associated with upregulation of proteins designed 

to control cessation of the effector immune response, i.e. checkpoint proteins. 

As previously mentioned, DC provide activation signalling via CD80 and 

CD86, which bind to the CD28 activating receptor on T cells. However, T cells 

also express the checkpoint inhibitor CTLA-4, for which CD80 and CD86 have 

a higher affinity than CD28 (Linsley et al., 1994). It has been suggested that 

blocking of CTLA-4 has different effects on CD4+ and CD8+ T cells as CTLA-4 

is more highly expressed on CD4+ T cells, thus improved tumour killing 

outcomes may be achieved indirectly by re-activation of CD4+ T cells 

providing activation signals to CD8+ T cells. The other most commonly 

targeted checkpoint inhibitor expressed by T cells is PD-1. PD-1 is expressed 

as a delayed response to T cell activation, however its ligand is expressed on 

epithelial and haematopoietic tissue to preserve bystander tissue from 

excessive damage during an immune response; and thus co-opted to protect 

tumour cells from T cell killing (Topalian et al., 2015; Wei et al., 2017).  

 

Effector T cells represent terminally differentiated CD8+ T cells, however 

some antigen- activated CD8+ T cells persist as memory T cells. Memory T 

cells are a crucial part of lifelong immune protection as they can persist for 

long periods in the absence of antigen stimulation but are more responsive 

to restimulation with lower levels of antigen, providing a faster secondary 

immune response than the initial antigen encounter. While the generation of 

a memory T cell response is an implicit aim of cancer immunotherapy, 

responses to ‘tumour re-challenge,’ i.e. a tumour antigen specific secondary 

immune response have not yet been widely measured beyond in vivo models 

(Moeller et al., 2005). Durable immune responses which have been observed 

in clinical settings (Rosenberg et al., 2011) may be indicative of immune 

memory controlling re-emergent tumour growth however it is difficult to 

assess this in situ or track as a long term clinical outcome. There are a number 

of different subsets of memory CD8+ T cells, central memory (TCM), effector 

memory (TEM) and stem memory (TSCM) (Gattinoni et al., 2011; Lin et al., 

2009; Mescher et al., 2006; Wherry et al., 2003). It is not entirely clear 
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whether memory subsets are derived directly from naïve T cells or effector T 

cells (prior to replicative senescence) (Kumar et al., 2018). Memory T cell 

have differing primary functions; TEM persist in peripheral tissues and produce 

more effector cytokines in response to restimulation, compared to lymphoid-

homing TCM which proliferate more in response to restimulation (Kumar et al., 

2018; Sallusto et al., 1999; Willinger et al., 2005). The more recently 

described TSCM do not produce cytokines but have self-renewal capacity and 

are capable of differentiating into TEM and TCM cells (Gattinoni et al., 2011). 

Both naïve and memory T cells have been suggested as the optimal ‘product’ 

in the T cell lifecycle to manipulate for therapeutic purposes. Memory T cells 

may be more easily activated and expanded ex-vivo, however, it has been 

shown that this is not necessarily an advantage; as less-differentiated T cells 

which have undergone fewer rounds of expansion persist for longer and 

mediate therapeutic responses (Chapuis et al., 2017; Klebanoff et al., 2012). 

Nevertheless, there is still much work to be done to best mimic the activation 

mechanism of naïve T cells discussed above to deliver an optimal T cell 

product. Details of the spectrum of existing cancer immunotherapy 

approaches, different forms of T cell immunotherapy and strategies to identify 

antigens for these different modalities is discussed further below. 

 

 Cancer immunotherapy 

1.3.1 Types of immunotherapy  

Immunotherapy is the term usually used to describe cancer therapy that is 

based on the use of the immune system. Successful immunotherapy must 

activate appropriate immune effector cells, inhibit or eliminate suppressive 

immune cells and overcome the suppressive effects of tumour cells. The main 

types of immunotherapy are: monoclonal antibodies, including immune 

checkpoint inhibitors (ICI), modified antibody products e.g. bi-specific 

antibodies or ImmTacs; cytokines, vaccines (cellular and non-cellular); 

oncolytic viruses, and adoptive cell transfer (ACT), including tumour 

infiltrating lymphocytes (TILs), chimeric antigen receptor (CAR) T cells and 

adoptive T cell therapy using endogenous or engineered TCR, some of which 

are discussed below. These approaches may also be used in combination; 

e.g. ICI and ACT (Houot et al., 2015). Non-immunotherapy approaches could 

also augment immunotherapy. RT can be used to induce immunogenic 
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tumour cell death, releasing antigens, DAMPs and promoting inflammation 

(Burnette and Weichselbaum, 2013; Salimu et al., 2015; Spary et al., 

2014a). Chemotherapy can be used to deplete Tregs; this is often an essential 

priming strategy in the introduction of cellular immunotherapies (Ghiringhelli 

et al., 2007).  

 

There is a vast number of clinical and pre-clinical studies of immunotherapy 

for different types of cancer, although few have been licenced for treatment, 

as the clinical outcomes are highly variable. Reasons for this include the 

introduction of immunotherapy at late stage disease, after the failure of other 

treatments, at which point due to disease factors (tumour aggressiveness) 

and immune factors (suppression and exhaustion of tumour associated 

effector immune cells) it is particularly difficult to have an effect. There is also 

great variation in the receptiveness of different cancer types to 

immunotherapy treatments, in that tumours considered immunologically ‘hot’ 

are expected to respond better to immunotherapy due to the presence of 

effector immune cells (T cells, NK cells etc.) and a relative lack of regulatory 

or suppressive immune cells (Tregs, MDSC etc.) in the TME (Fridman et al., 

2012). Additional factors include the mutational burden, which can be a 

source of neoantigens and inflammation, which has a multifaceted 

contribution to the development of cancer, and the responses of immune cells 

in the TME (Alexandrov et al., 2013; Baniyash et al., 2013; Schumacher and 

Schreiber, 2015). Increased understanding of factors influencing successful 

immunotherapy outcomes means that the use of immunotherapy in different 

types of cancers, and the possibility of focusing on specific targets in a 

tumour, e.g. CSC, is a viable strategy.  

 

ICIs reactivate tumour specific T cells (Hargadon et al., 2018). As discussed 

above, the two checkpoint protein targets of currently licenced ICIs are 

expressed in response to T cell activation, resulting in downregulation of the 

immune response which is intended as a control mechanism following 

clearance of infection. However, in context of chronic tumour associated T 

cell activation, T cell inhibition occurs. ICIs are largely reliant on the presence 

of antigen-experienced/ memory T cells in the TME, although it has been 

suggested that anti-CTLA4 therapy can effect T cells in secondary lymphoid 
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organs (Topalian et al., 2015). Additionally the quality of the ‘re-activated’ T 

cell response requires that immunogenic antigens have been presented by 

the tumour cells (Houot et al., 2015; Pitt et al., 2016). Therefore this type of 

immunotherapy has shown the most effective results in cancers in which 

there is a higher burden of more immunogenic antigens (typically 

neoantigens), e.g. melanoma (Alexandrov et al., 2013). ICIs targeting the 

checkpoint proteins CTLA-4, PD-1 and PD-L1 have been approved for the 

treatment of melanoma, NSCLC and head and neck squamous cell carcinoma 

(HNSCC) (Hargadon et al., 2018). These tumours, particularly melanoma, are 

well suited to immunotherapy approaches in that there is typically an effector 

immune cell infiltrate that can be ‘rescued’ (i.e. reactivated) by ICIs.  

 

The alternative to the various forms of antibody or viral immunotherapies is 

cellular therapy. This consists of indirect or direct activation of T cells. DC 

vaccination is an indirect approach aiming to activate T cells in an antigen-

specific way. DC with optimal co-stimulatory signals activate naïve T cells in 

the lymph nodes followed by migration to the tumour site (Constantino et al., 

2017; Melero et al., 2014). Antigens can be provided to DC in the form of 

viral vectors, peptides, or cell lysates. Another challenge of DC therapy is the 

myriad number of ways it can be administered; determining the optimal DC 

ex vivo production or in vivo targeting and peptide loading approach results 

in a complex journey to translational clinical research. There is a lack of 

consensus on the optimal protocol for DC generation (Constantino et al., 

2017); resulting in essentially the use of different DC subsets in 

immunotherapy (monocyte or CD34+ haematological precursor-derived), with 

antigen presentation characteristics potentially differing between these (Bol 

et al., 2016; Gardner and Ruffell, 2016). A DC vaccine, Sipuleucel-T, has 

been licenced to treat advanced PCa, which is discussed in more detail in later 

sections. 

 

ACT involves an infusion of T cells to treat cancer, a direct approach to 

delivering activated T cells. The different types of ACT have different 

characteristics, for example the specificity and source of the infusion product, 

making them applicable to different types of cancer (Figure 1.5). The most 

basic type of ACT is TIL therapy; involving harvesting and expansion of 
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intratumoral T cells (Figure 1.5A). The infusion product is polyclonal, and the 

antigen specificity of the T cells is not known, as there is no clonal selection 

carried out and the activation protocol is non-antigen specific (e.g. anti-CD3 

and IL-2). This works on the assumption that that the starting T cells are 

tumour specific, based on their location, thus it requires a sizeable population 

of memory T cells to be effective. TIL therapy has shown the most success in 

treating melanoma, which has a favourable ‘immune contexture’ for 

immunotherapy, in that there is typically high T cell infiltration into tumours, 

a high neoantigen burden and limited immune inhibition (Alexandrov et al., 

2013; Andersen et al., 2016; Besser et al., 2013; Fridman et al., 2012; 

Rosenberg et al., 2011). 

 

Other direct types of T cell therapy include endogenous/ engineered TCR T 

cell therapy and CAR-T cells (Figure 1.5 B-D). Unlike TIL therapy, the 

production process involves selecting T cells of a particular antigen specificity, 

from peripheral blood mononuclear cells (PBMC), instead of intratumorally. 

Thus the infusion product can be clonal; alternatively it could be polyclonal, 

containing multiple clonal populations recognising different (known) antigen 

targets, to reduce the possibility of antigen loss mediating tumour immune 

escape (Leung and Heslop, 2019). Clonal or polyclonal T cell infusions can 

also lead to epitope spreading, resulting in responses to antigens not targeted 

by the infusion (Rooney et al., 2014). Both endogenous and engineered TCR 

therapy (Figure 1.5 B, C) involve recognition of endogenously processed short 

peptide sequences presented by HLA Class I, which can be sampled from 

proteins localised anywhere within the cells or cell surface (Hinrichs and 

Restifo, 2013; Rooney et al., 2014). Excepting in the case of cancers which 

have an infectious aetiology, peptides presented to T cells are generally 

derived from self-protein TAAs. The interaction between endogenous TCR and 

self-epitopes is generally weaker than the same interaction with viral epitopes 

(Bollard et al., 2014; Rooney et al., 1995; Stone and Kranz, 2013). However, 

due to the greater frequency of self-TAAs, there is a large focus, and 

undeniable success thus far in the use of endogenous T cells to target tumour 

cells. Some self-TAAs include NY-ESO, MART, WT1 and MUC, many more have 

been described, and the categories of TAA are discussed further below 

(Cheever et al., 2009; Hinrichs and Restifo, 2013; Olsen et al., 2017; Stone 

and Kranz, 2013). The role of the endogenous T cell repertoire in responding 
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to tumour antigens is also evident, indirectly, in the mechanism of action of 

tumour vaccines (Melero et al., 2014). The vaccine approach mimics the 

immune response in situ by introducing tumour peptides ‘upstream’ of T cells; 

this typically involves priming and activating dendritic cells ex vivo against a 

tumour peptide. As mentioned briefly above, the most prominent example of 

this approach is the use of Sipuleucel-T in treating metastatic prostate 

cancer; however simple peptide-based vaccines have also demonstrated 

significantly improved survival outcomes in melanoma (Hodi et al., 2010).  

 

CAR T cells possesses the antigen recognition capacity of an antibody/ B cell 

receptor, as the recognition domain is constructed from the single-chain 

variable fragment of an antibody (Figure 1.5D). CAR T cells thus recognise 

conformational, as opposed to endogenously processed epitopes and are only 

capable of recognising cell surface antigens. Effective CAR T cell stimulation 

also requires a high density of antigen expression on the cell surface 

compared to the affinity of TCR for HLA-peptide complexes (Harris and Kranz, 

2016; Sadelain et al., 2013). The other crucial difference between 

endogenous/engineered TCR T cell therapy and CAR T cells is that the former 

is HLA Class I restricted, while the latter recognises antigen in an interaction 

independent of HLA Class I. This has implications in the widespread 

application of TCR therapies as it may be more difficult to find matched donors 

for infrequent HLA alleles. While T cells could be obtained from the peripheral 

blood of patients, it may be advantageous to isolate the T cells from healthy 

donors, as the T cells from patients may be dysfunctional and obtaining 

sufficient blood to isolate T cells may be detrimental to patients. The 

development of expansion protocols enables the generation of large numbers 

of cells from TAA specific T cells which are likely to be infrequent in healthy 

donors. CAR T cell therapy has been approved for the treatment of ALL by 

targeting surface expressed CD19 (Brentjens et al., 2013; Lee et al., 2015). 

Other CAR T cell targets under investigation in clinical trials include CD20 (to 

treat lymphoma), CD33, CD123 (each for treating AML) and solid tumour 

targets EFGRvIII, HER2 and CEA (Gomes-Silva and Ramos, 2018).  

 

In this thesis, peptides were identified as potential epitopes for targeting by 

endogenous T cells/ TCR. Endogenous T cells, instead of engineered TCR, 
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were investigated for targeting CSC for several reasons. The use of 

engineered TCR is a relatively new area of T cell immunotherapy, and as such 

presented practical considerations relating to the development of novel 

antigen specific transgenic TCR in the timeframe of the project. Engineered 

TCR are disadvantaged in terms of co-stimulation signals, by concurrent 

expression of endogenous TCR which compete for CD3 binding (Comoli et al., 

2019). Additionally, endogenous TCR could recognise off-target epitopes, and 

expression of multiple (i.e. endogenous and engineered) TCR  and  chains 

in a single T cell can lead to unpredictable antigen-recognition combinations 

(Comoli et al., 2019). Engineered TCR are aimed at overcoming the 

challenges presented by low affinity interactions between endogenous TCR 

and non-viral tumour TAA as a result of thymic deletion of strongly self-

reactive T cells (Klein et al., 2014). However, since engineered TCR are not 

be subject to negative selection in the thymus this presents a greater 

possibility of off-target damage. High affinity TCR responses have been shown 

to have off-target responsiveness (Holler et al., 2003; Linette et al., 2013; 

Stone et al., 2015). However, it is acknowledged that the capacity of 

endogenous T cells to interact with a low density of HLA-peptide complexes, 

and the relatively ‘broad’ reactivity of TCR, means that the potential for off-

target reactivity also exists with the use of endogenous T cells. Endogenous 

T cells have been tested in humans to target NY-ESO in melanoma and 

synovial cell sarcoma, hTERT and survivin in myeloma and NY-ESO, survivin, 

PRAME, SSX2 and MAGE-A4 in Hodgkin’s and non-Hodgkin’s lymphoma 

(Gerdemann et al., 2011; Hunder et al., 2008; Rapoport et al., 2011). 

Autoimmune responses by endogenous T cells to melanocytes expressing 

MelanA/MART-1 (Mandelcorn-Monson et al., 2003) nevertheless highlights 

the importance of careful selection of target antigens/ epitopes. In this thesis, 

expression of antigens of interest were compared to healthy tissue 

expression, to reduce the possibility of off-target damage (detailed in Chapter 

4). 

 

Endogenous peptide targets were investigated instead of evaluating potential 

CAR targets, due to the challenges of identifying a surface antigen suitable 

for CAR T cell therapy. Since most surface markers of CSC are also expressed 

by SC or other tissues in the body, these are not suitable CAR T cell targets. 

It was also not considered feasible within the time and funding constraints of 
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the project to both identify a novel antigen, expressed at a sufficiently high 

density and tumour exclusivity for CAR targeting, and develop the CAR. 

Additionally, the limited responses thus far demonstrated in CAR therapy of 

solid tumours (Hinrichs and Restifo, 2013; Sadelain et al., 2013) suggests 

that this approach does not have a clear advantage to T cell therapy using 

endogenous/ engineered TCR for treatment of solid tumours.  
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Figure 1.5 Types of immunotherapy involving direct manipulation of T 

cells. (A) TIL therapy involves extracting lymphocytes from the tumour site 

followed by ex-vivo expansion using cytokines that activate CD8+ T cells. The 

resulting product is polyclonal as there is no selection involved. This approach has 

been particularly successful in melanoma, owing to the presence of antigen-

specific T cells in the TME. Continued overleaf: (B, C) T cell therapy includes 

endogenous TCR/ engineered TCR. This involves harvesting PBMC and isolating T 

cells that recognise specific antigens. (B) Antigen specific T cells expressing 

endogenous TCR are activated and expanded using peptide stimulation and 

cytokines. (C) Engineered TCR involve analysis of TCR affinity to select a high 

affinity TCR, or modifications to an endogenous TCR to improve affinity for the 

epitope. Endogenous high affinity TCR are likely to be rare to due to negative 

selection in the thymus. The TCR is then transduced into peripheral T cells (which 

may express endogenous TCR not necessarily of the same antigen affinity) which 

are expanded for infusion. (D) CAR T cells consist of a synthetic receptor 

transduced into primary peripheral T cells. Determining the antigen specificity of 

the endogenous TCR expressed by the transduced T cells is not required. Antigen 

recognition is mediated by the scFV domain from an antibody and is not HLA Class 

I restricted. Second and third generation CAR designs have included co-

stimulatory molecules such as CD28 and 4-1BB, and suicide genes to control the 

CAR response. TCR/ CAR depictions are adapted from Coulie et al., (2014) 
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1.3.2 Tumour associated antigens 

With the exception of cytokines and virus mediated cell lysis, immunotherapy 

requires antigen specific immune responses for effective tumour elimination 

(even if the antigen targeted is not known e.g. TIL therapy). Antigens are the 

way by which the adaptive immune system recognises cancer cells (and 

pathogens) (Coulie et al., 2014). CD8+ (cytotoxic) T cells that recognise 

tumour antigens have the most potent cell killing capacity, as well as the 

potential for immune memory (Houot et al., 2015). Production of cytokines 

and chemokines, such as IFN, TNF and MIP1, by polyfunctional T cells also 

contributes to tumour cell elimination and recruitment of other anti-tumour 

immune cells (Dunn et al., 2006; Seder et al., 2008). The different types of 

tumour antigens are detailed in Table 1.2.  

 

Table 1.2 The different types of tumour antigen. Source, healthy and 

malignant tissue distribution, examples. Adapted from (Coulie et al., 

2014; Dunn et al., 2004b; sFinn, 2017; Ilyas and Yang, 2015) 

Antigen type Source Distribution Example  

Neoantigen Mutated self-

protein 

Specific to 

individual 

tumour/ clone 

KRAS 

Spliced self-

protein  

Some cancers 

may be driven 

by oncogenes 

activated by 

spliced proteins, 

meaning 

multiple patients 

have the same 

‘mutation’ 

BCR/ABL 

(spliced gene) 

PMEL17 (spliced 

amino acid 

sequence) 

 

Overexpressed Non- mutated 

self- protein 

Healthy tissues 

and tumours 

(differing 

MUC1 

HER2 

hTERT 

 



Chapter 1. Introduction 

51 

expression 

levels) 

 

Differentiation Non- mutated 

self-protein 

Healthy 

(differentiated) 

tissues and 

tumours 

MART1 

CEA 

Tyrosinase 

PSA 

PAP 

Cancer testis/ 

oncofoetal 

(lineage 

restricted) 

Non-mutated 

self- protein 

Tumours and 

specific lineages 

MAGE family 

NY-ESO 

5T4 

Viral antigen Virus Tumours caused 

by viruses  

HPV (cervical 

cancer) 

EBV 

 

Viral antigens are the most immunogenic type of antigen as they represent 

both foreign antigens and pathogen associated molecular patterns (PAMPs). 

Viral antigens may be expressed by tumour cells in the cases of cancers which 

have an infectious pathology (~15% of all cancers), including human 

papilloma virus (HPV; cervical and other genitourinary cancers), Epstein-Barr 

virus (EBV; some types of lymphoma and stomach cancer) and Hepatitis B 

and C (HBV, HCV; liver cancer) (Stewart and Kleihues, 2003). Viral antigens 

can be targeted by prophylactic vaccination, eliciting an antibody response to 

prevent infection, rather than therapeutic vaccination targeting T cells to 

infected tumour cells presenting processed viral antigens, for example the 

HPV vaccine (Tumban et al., 2015). 

 

Self-antigens are typically less immunogenic than viral antigens, owing to 

thymic deletion of highly self-reactive T cells during development of the T cell 

repertoire (Klein et al., 2014; Stone and Kranz, 2013). Nevertheless, self-

antigens are currently the main antigen targets in cancer immunotherapy. Of 

the self-antigens, neoantigens would be expected to be the most 
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immunogenic as these are non-native peptide sequences arising as a result 

of mutations including gene translocations or splicing at the protein 

translation stage; proteasomal splicing can result in amino acid sequences 

not derived from a native protein sequence (Schumacher and Schreiber, 

2015; Vigneron et al., 2004). While there are some known gene mutation 

hotspots leading to predicted neoepitopes e.g. KRAS (Finn, 2017); 

neoantigens are largely patient specific, requiring a personalised rather than 

widely applicable therapeutic approach. There is also a wide range in mutation 

burden across the different types of cancer (Alexandrov et al., 2013), making 

neoantigen load and discovery more or less likely depending on the cancer 

type (Schumacher and Schreiber, 2015). Cancer testis and oncofoetal 

antigens are expressed only in the testis or embryonic tissues respectively. 

These tissues are immune privileged and/ or the proteins may be only 

temporally expressed, thus the immune system does not become tolerant to 

them. Differentiation and overexpression antigens are common to both 

tumour and healthy tissues. Differentiation antigens, which are expressed in 

certain lineages of a tissue, have been identified in melanoma and the 

prostate, although spontaneous T cell responses against these antigens have 

only been demonstrated in melanoma (Coulie et al., 2014). Overexpression 

antigens are more highly expressed in cancer tissue, resulting in a differential 

threshold for T cell activation between healthy and tumour tissue due to the 

difference in antigen density (Buonaguro et al., 2011).  

 

CD8+ T cells recognise endogenously processed peptides in complex with HLA 

Class I (Figure 1.6). HLA Class I is expressed by all nucleated cells, including 

tumour cells, although tumour cell mutations may result in downregulated 

HLA Class I expression (Dunn et al., 2004b). HLA Class I presents peptides 

typically 8-14 (most commonly 9) amino acids in length (Mester et al., 2011). 

The peptides are derived by a multi-step processing mechanism. Proteins are 

degraded by the proteasome cleavage complex (Figure 1.6A). The different 

protease subunit activities of the proteasome can cleave acidic, basic and 

hydrophobic residues in proteins to derive peptides (Adams, 2003; Dick et 

al., 1998). There are two different proteasomes, the standard proteasome 

and the immunoproteasome (Guillaume et al., 2010). The 

immunoproteasome is expressed in immune cells and cells responsive to IFN 

and has subunits with different proteasomal activity, thus different 
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degradation processes result in the production of different peptide sequences 

(Figure 1.6B). Another specialised proteasome (the ‘thymoproteasome’) is 

expressed by thymic epithelial cells that mediate T cell selection during 

development, controlling the repertoire of peptides ‘shown’ to T cells (Klein 

et al., 2009; Murata et al., 2007). The availability of substrates, i.e. whole 

proteins, for the proteasomal degradation is influenced by protein-half life; 

additionally, more peptides are produced from proteins with a longer amino 

acid sequence (Bassani-Sternberg et al., 2015). The proteasome can also 

splice protein sequences to produce non-continuous peptides (Liepe et al., 

2016). These proteasomes each produce peptides both smaller than possible 

to bind to HLA (<8 peptides in length) and larger than those eventually 

presented by HLA Class I; thus further processing occurs in the endoplasmic 

reticulum (ER) (Cascio et al., 2001; Kanaseki et al., 2006; Kisselev et al., 

1999; Serwold et al., 2002). Translocation of peptides into the ER is 

controlled by the transporter for antigen processing (TAP) protein, which is 

located in the ER membrane (Figure 1.6C). TAP allows entry into the ER of 

degraded peptides ranging from 8-16 amino acids in length, in an ATP 

dependent mechanism (Androlewicz et al., 1993; Chang et al., 2005; Endert 

et al., 1994). Mutations in TAP commonly occur in cancer, resulting in immune 

evasion due to reduced peptide presentation (Evans et al., 2001). Further 

processing in the ER involves modification of the N-terminus of the peptide, 

the C-terminus sequence is typically determined by proteasomal processing. 

Processing in the ER is mediated by the Endoplasmic reticulum 

aminopeptidase associated with antigen processing (ERAAP) protein (Figure 

1.6D) (Serwold et al., 2002). ERAAP displays both length and substrate 

preferences; peptides between 8-16 amino acids in length bind the cleavage 

site optimally however the presence of certain residues including a charged 

C terminal chain and upstream proline (Chang et al., 2005; Hongo et al., 

2019; Kanaseki et al., 2006). 

 

The HLA Class I protein-peptide complex is assembled in stages (Figure 1.6E). 

The partly folded  chain enters the ER and is bound to calnexin, which 

prevents aggregation of individual  chains (Bouvier, 2003). The association 

of  microglobulin with the  chain results in disassociation of calnexin 

(Williams et al., 2002). The HLA  Class I protein is then associated with a 

complex of chaperone proteins, calreticulin and ERp57, and is anchored to 
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TAP via tapasin (Figure 1.6F) (Bouvier, 2003; Cresswell et al., 1999; Grandea 

and Van Kaer, 2001). These proteins are known as the peptide loading 

complex (PLC). Calreticulin and ERp57 provide an enclosure type complex 

which promotes the correct conformational refolding of the HLA Class I 

 chain and  microglobulin (Bouvier, 2003). In addition to bridging the folded 

HLA protein to TAP, tapasin is involved in the recruitment of the components 

of the PLC (Williams et al., 2002). Peptides produced by ERAAP can then bind 

the HLA protein, within the ER (Figure 1.G). Peptide binding results in 

completion of folding of the HLA complex which is then exported from the ER 

and shuttled to the cell surface via the golgi complex, and can then interact 

with the cognate TCR (Figure 1.6H) (Williams et al., 2002). High affinity 

binding between peptide and HLA Class I in the binding pocket is correlated 

with stability of the complex at the cell surface, which may increase likelihood 

of interaction with T cells, however this is not necessarily a predictor of 

immunogenicity (Calis et al., 2013; Harndahl et al., 2012). As discussed 

above, different types of antigens may be more likely to elicit an immune 

response based on development of the T cell repertoire which selects or 

deflect TCR which will recognise the antigens; however, antigen processing 

exerts a strong influence on whether peptides from more immunogenic 

antigens may ever be shown to the T cells. Thus both T cell recognition and 

antigen processing must be considered in approaches to discovering novel 

antigens (Akram and Inman, 2012; Müller et al., 2017).  

 

As well as immunogenicity and tissue specificity, the importance of an antigen 

for clinical investigation is ranked by the National Cancer Institute (NCI) 

based on: the evidence for its therapeutic function, the oncogenic role of the 

antigen, the number of cells expressing the antigen in a tumour, the 

frequency of antigen expression in patients, the cellular localisation of the 

antigen and evidence for antigen expression in cancer stem cells (Cheever et 

al., 2009). Of the 75 antigens reviewed by the study, just over 60% (46/76) 

were found to be immunogenic in a clinical setting. This could be due to 

several factors, including patients expressing the antigen at a low level or not 

at all, or lack of responsive T cells. Therefore, there is still a large scope for 

antigen discovery.  
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Figure 1.6 Antigen processing and peptide presentation, to CD8+ T cells in 

the HLA Class I pathway. (A) Proteins are degraded by the proteasome, which 

has subunits with differing protease activities, enabling catabolism of different 

polypeptide residues. (B) The immunoproteasome is a comparable structure which 

is expressed in cells responsive to IFN. (C) Polypeptides, which are longer than 

the peptides eventually loaded onto HLA Class I are translocated to the ER by the 

TAP transporter. (D) ERAAP performs further processing to trim peptides to the 

optimal length to stably bind HLA; different HLA Class I alleles have different 

preferences in both length and binding motifs, of the peptide sequences which 

eventually bind. ERAAP processes the N-terminal end of the polypeptide and is 

influenced by both the sequence length of the polypeptide, in terms of fitting into 

the enzyme’s two active sites, and in terms of the amino acids present in the N-

terminus of the polypeptide, preceding the peptide which is eventually loaded into 

HLA. (E) HLA Class I alleles are partly assembled in two stages prior to peptide 

loading. (F) The HLA Class I  chain is initially bound to chaperone protein calnexin, 

followed by association with the chaperone proteins calreticulin and ERp57 which 

promote correct refolding with  microglobulin. The additional accessory protein in 

the PLC is tapasin, which anchors the HLA to TAP. (G) Peptides generated by 

ERAAP can then be bound to the re-folded HLA Class I protein. ‘Empty’ HLA 

proteins are instable and are not presented at the cell surface. (H) HLA Class I -

peptide complexes are shuttled to the cell surface from the ER, via the golgi 

apparatus and can interact with the cognate TCR at the cell surface. The affinity 

of peptide binding in the HLA binding pocket influences the stability of the complex, 

which may impact cell surface expression. 
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1.3.3 Identification of antigens/ epitopes for cancer immunotherapy 

TAA can be identified experimentally or by predictive methods. Some of the 

stages of antigen processing investigated to derive potential tumour epitopes 

are shown in Figure 1.7. The first characterised antigen, MAGEA3, was 

identified in melanoma by screening T cell responses to a panel of sub-cloned 

melanoma cell lines, and establishing the line harbouring the ‘rejection 

antigen’ based on T cell killing or lack thereof (Figure 1.7A) (van der Bruggen 

et al., 1991). Serological analysis of expression cDNA libraries (SEREX) is 

another technique based on gene expression analysis to identify a potential 

antigen (Figure 1.7B). SEREX was used to identify the NY-ESO antigen based 

on B cell recognition (antibody responses) (Chen et al., 1997). CD8+ T cell 

epitopes from the NY-ESO protein were later identified, and form the basis of 

TCR therapy targeting NY-ESO (Gnjatic et al., 2006; Jäger et al., 2000, 

1998).   

 

HLA ligandome analysis, also known as immunopeptidomics, involves direct 

analysis of peptides presented in the context of HLA molecules, most 

commonly HLA Class I (Figure 1.7C). This is the method used in this thesis 

to identify antigens of PCa cells, which was combined with other techniques 

to identify potential CSC antigens. It involves immunoprecipitation of HLA-

peptide complexes, and analysis of the eluted peptides by mass 

spectrometry. This approach does not require screening using patient derived 

T cells or serum. Therefore, it may be more relevant for identifying antigens 

in cancer types for which there are less frequently described immune 

responses. This method is high throughput, although labour intensive and 

technical and requires a high volume of sample input (tumour tissue or cells).  

 

HLA ligandome analysis typically identifies self-peptides, as the annotation of 

spectral sequences uses existing self-protein databases. Identification of 

neoantigens by HLA ligandome analysis requires generation of a de novo 

protein database that includes mutated proteins. This approach was taken in 

a recent study of melanoma by Kalaora and colleagues, in which whole exome 

sequencing and RNAseq performed on melanoma samples was used to 

generate a reference library to annotate the peptide mass spectrometry data 

(Kalaora et al., 2018). Perhaps surprisingly, considering the typical 
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mutational load in melanoma (Schumacher and Schreiber, 2015) the number 

of neoantigens was a tiny fraction of the peptides presented; only 5 

neoantigens were identified. However, the neoantigen TAA reactive T cells 

comprised a much greater fraction of the overall TIL than the self-TAA 

reactive TIL (64.6% vs 16.4%). An important contrast between HLA 

ligandome analysis and the T cell rejection antigen or SEREX methods is that 

the latter integrates testing of the immunogenicity of the antigen, as the 

peptides are identified based on immune cell responses. Additional analysis 

is required to identify peptides of an HLA ligandome dataset that elicit T cell 

responses. 

 

Many other studies have carried out HLA ligandome analysis to investigate 

the endogenous self-antigen repertoire of tumour cells, including leukaemia, 

glioblastoma, CRC, and ovarian cancer (Berlin et al., 2016; Bilich et al., 2019; 

Löffler et al., 2018; Neidert et al., 2018; Schuster et al., 2017). The changes 

in the peptide repertoire in response to IFN, attributable to expression of the 

immunoproteasome, which has altered catalytic subunits, has also been 

investigated, showing that some antigens are processed exclusively by one 

of the proteasomes (Chong et al., 2018; Guillaume et al., 2010). Non-

mutated, tumour specific TAA are likely to be important for the development 

of T cell immunotherapy to treat cancers with a low mutational burden, e.g. 

AML and CML (Alexandrov et al., 2013). Several immunopeptidomics studies 

show clinical relevance of these antigen datasets by demonstrating the 

immunogenicity of the self-TAA identified. Specific responses to peptides from 

AML CD8+ T cells compared to those from healthy CD8+ T cells were observed 

by Berlin and colleagues, while a novel cancer testis antigen, SUV39H2, was 

also discovered by Kochin and colleagues which elicited a CD8+ T cell 

response from healthy donors PBMC (Berlin et al., 2016; Kochin et al., 2017).   
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Figure 1.7. Methods for the identification of prospective epitopes based 

on stages of antigen processing. (A, B) The T cell screening of rejection 

antigens and SEREX methods involve cloning cDNA into vectors and expressing 

the DNA in tumour cells or E.coli, to produce peptide or protein targets 

respectively. Target recognition is tested by T cell killing of transfected tumour 

cells or antibody production by patient serum, respectively. (C) HLA ligandome 

analysis involves analysing peptides presented by HLA at the cell surface. Current 

methods for isolation involve immunoprecipitation, previously HLA-peptide 

complexes were isolated by acid elution. Recovery of HLA-peptide complexes by 

either method has a low return, therefore the peptides identified represent a 

‘snapshot’ of the cell ligandome. (D) Prediction algorithms suggest potential 

peptides based on HLA binding data; some prediction tools also incorporate 

protein processing prior to HLA loading (TAP transporter and ERAAP chaperone 

modifications and proteasomal cleavage). Different algorithms make predictions 

based on experimental affinity data, structural data and ligand datasets. Figure 

adapted from Coulie et al., 2014. 
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Antigen/ peptide prediction algorithms have been developed to complement 

experimental approaches. Databases hosting such algorithms include the 

Immune Epitope Database (IEDB), RANKPEP, HLAPred, NetMHCpan, NetMHC, 

SYFPEITHI and BIMAS (Bhasin and Raghava, 2007; Guan et al., 2003; Nielsen 

et al., 2007; Rammensee et al., 1999; Soria-Guerra et al., 2015; Vita et al., 

2019). Peptide prediction (IEDB) was used in this thesis to interrogate the 

HLA ligandome of the DU145 cells. Prediction of potential epitopes involves 

identifying which peptide sequences from a protein could be presented to T 

cells, based on binding to HLA molecules, such that high binding affinity 

peptides are suggested as candidate epitopes (Figure 1.7D). There are few 

available algorithms for modelling of HLA Class II interactions, as the 

prediction of peptide binding to HLA Class II is more complex than predicting 

HLA Class I-peptide interactions, owing to the greater peptide length of the 

former. These algorithms integrate experimental binding affinity data and/ or 

data from eluted ligands for epitope prediction. The IEDB also has an 

integrated tool for predicting proteasomal cleavage sites, TAP transport and 

binding affinity to HLA Class I. However, it remains that predictive methods 

naturally lack the accuracy of direct identification of antigens presented by 

tumour cells, as an epitope predicted from a whole protein sequence may not 

be processed in vivo.  

 

Nevertheless, predictive algorithms have an advantage of being far less 

labour intensive than experimental methods to identify potential epitopes 

from antigens. In this thesis, prediction algorithms were applied to peptides 

known to be processed and presented by HLA Class I, since the HLA-peptide 

complexes were captured by immunoprecipitation. Therefore, the uncertainty 

as to whether the peptides were naturally presented was greatly reduced. 

Predictive methods also reduce the experimental labour required to test 

peptide immunogenicity as it narrows down the number of peptides tested 

(to those predicted to undergo antigen processing and HLA presentation).  

Several clinically relevant epitopes have been identified by the application of 

prediction methods to previously identified antigens. This includes a HLA-

A*02 epitope from MAGEA3 (van der Bruggen et al., 1994); the first epitope 

identified from this TAA was HLA-A*01 restricted and was identified by the T 

cell recognition of a rejection antigen method (van der Bruggen et al., 1991). 

Additionally, an epitope from the leukaemia oncogene BCR-ABL was identified 
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(Bosch et al., 1996). Antigen prediction databases have a reciprocal 

relationship with de novo HLA ligandome generated data, as the data 

deposition helps improve prediction algorithms while predictive tools can be 

used to simplify the analysis pipeline or enable selection of HLA-allele specific 

targets. Algorithms could also be used to investigate immunogenicity; an 

algorithm has recently been developed based on immunisation data in mice, 

which suggests that the amino acids at positions p4-6, and whether these 

amino acids have large side chains particularly contribute to the 

immunogenicity score (Calis et al., 2013). Considering the shape of the HLA-

peptide binding pocket, the amino acids in these positions are most likely to 

protrude out of the cleft and contact the TCR; this may be augmented by the 

side chain of the amino acids in this position (ibid). This could be useful for 

selecting targets from large antigen datasets, however, evaluation of T cell 

responses in vitro and pre-clinical models remains essential for selecting 

epitopes for clinical evaluation. 

 

There are a small number of approaches which instead analyse the TCR with 

the aim of identifying the cognate peptide (Figure 1.7E). The complexities of 

this approach are evident in the genetics of TCR expression and the 

promiscuity of TCR-peptide binding (Morris and Allen, 2012; Newell and 

Becht, 2018; Wooldridge et al., 2012). As previously discussed, T cell 

development involves random recombination of segments of the TCR  and 

   chain, a physiological phenomenon as yet not deconvoluted by 

computational prediction algorithms, although this technology is rapidly 

improving (Lanzarotti et al., 2019; Ogishi and Yotsuyanagi, 2019). TCRs can 

be analysed using flow cytometry using antibodies against the  and  chains, 

however this only provides basic information as to the expressed 

 and  chains in a given sample, limited to antibody availability (Miles et al., 

2011). This approach can provide information as to the clonality of a T cell 

response (many TCRs vs. few predominant TCR), which may be useful in the 

clinical setting, however, it does not provide information as to the TCR, in 

particularly the CDR3 (peptide recognition domain) sequence. Analysis of the 

TCR is performed by high through-put sequencing, which can be carried out 

on a bulk T cell population or single clones. The former can give a measure 

of the diversity of receptor chains present in a sample while the latter allows 

for analysis of TCR  and  chain pairs (Rosati et al., 2017). Some approaches 
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involve sequencing only the  chain as the V gene locus has a greater 

capacity for diversity than the V chain locus, as discussed previously in the 

context of T cell development (Miles et al., 2011; Rosati et al., 2017). Single 

cell TCR analysis requires high-fidelity flow cytometry sorting of clonal T cell 

populations and a PCR-based pre-amplification step using primers for regions 

of the TCR  and  chains, prior to sequencing (Miles et al., 2011). In this 

way, the full TCR sequence and CDR3 region sequence can be determined, 

although this does not yet allow for accurate prediction of a cognate antigen 

sequence (Bridgeman et al., 2012). However, detection and measurement of 

the clonality of a T cell infusion product, or analysis of the receptor diversity 

in a patient that responds to immunotherapy represent important clinical 

applications of TCR analysis (Schrama et al., 2017). T cell receptor Vβ 

sequencing of two different ACT therapeutic protocols by Chapuis and 

colleagues showed that a polyclonal infusion product persisted in patients and 

was associated with better therapeutic responses, compared to a monoclonal 

infusion product, despite the polyclonal product giving rise to a low number 

of dominating clones (Chapuis et al., 2017). TCR β-chain repertoire analysis 

can also be used to diagnose T-LGL, since malignant clonal expansion of T 

cells is a characteristic indicator (Qiu et al., 2015). In prostate and pancreatic 

cancer, both considered ‘cold’ or poorly immunogenic, TCR sequencing 

revealed T cell infiltration and clonal expansion, suggesting that both these 

tumours could perhaps only be considered ‘cold’ due to failure of current 

therapeutic strategies to activate the T cells in situ, rather than primary 

failure of the immune system to engage the tumours (Poschke et al., 2016; 

Sfanos et al., 2009).  

  

Crystallisation and structural analysis can also provide in insight into 3D 

interactions between TCR and HLA-peptide complexes, which may not be 

evident based on analysis of 2D sequences, however, production of TCR 

crystal structures also relies on sequencing of the TCR. The constant 

development and improvement in techniques for analysing and interpretation 

data pertaining to TCR has enabled the collection of datasets of TCR with 

known peptide specificities, for example ‘VDJdb’ (https://vdjdb.cdr3.net/) 

(Shugay et al., 2018). This has likely influenced the development of 

predictors of peptide sequences from TCR sequence data, such as the recently 

developed ‘TCRex’ (https://tcrex.biodatamining.be/) (Gielis et al., 2019).  

https://vdjdb.cdr3.net/
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Peptide library and yeast display techniques can provide a systematic 

approach to identifying the cognate peptide of a TCR which measure TCR 

responses rather than determining the cognate peptide based on analysing 

the TCR sequence or structure (Bijen et al., 2018; Gee et al., 2018). By 

testing the responses of TCR to each possible amino acid in a 9mer sequence, 

these approaches also provide the capacity to engineer higher affinity TCRs 

(S. N. Smith et al., 2015). 

 

 

 CSC immunosurveillance and immunotherapy 

1.4.1 Interactions between CSC and the immune system  

The CSC hypothesis of cancer development and the Immunoediting theory of 

cancer development have been discussed extensively above. These 

hypotheses arose largely independently of each other, because CSC 

experiments, particularly in vivo tumorigenesis, are performed in 

immunocompromised animals, out of necessity, using minimal cell numbers 

to demonstrate the efficiency of cancer initiation. On the other hand, 

immunosurveillance and immunotherapy experiments involve testing the 

immune system’s response to tumour growth, which is induced by larger cell 

numbers without identifying CSC in immunocompetent animals. It is not 

known when, in the course of tumour development, that CSC-immune system 

interactions become important.  

 

Many of the immunomodulatory characteristics of CSC, including production 

of inhibitory cytokines, recruitment of suppressive immune cells, 

downregulated antigen presentation and modulation of the TME have been 

described in unfractionated tumour cell populations (Campoli and Ferrone, 

2008; Stassi et al., 2003; Wang et al., 2004). Additionally, experiments 

comparing immunomodulatory characteristics are conducted using matched 

numbers of CSC and non-CSC, which does not reflect the typical frequencies 

of these populations in an in-situ tumour. Therefore, it is important to 

consider CSC immunomodulation as relative to the immunosuppressive 

effects of non-CSC and the tumour as a whole. Nevertheless, at an individual 
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level, enhanced inhibition and evasion capacity of CSC compared to non-CSC, 

and the existence of an even more immunosuppressive niche, the CSC niche, 

within the TME, impacts on therapeutic targeting of CSC. 

 

It has been suggested that CSC reside in a niche in tumours (Figure 1.8), 

although this has not been elucidated in most tumours. The characteristics of 

the CSC niche are considered similar to the SC niche, which is well established 

for most organs (Kise et al., 2016). Autocrine and paracrine signalling in the 

SC niche maintain the SC phenotype (Figure 1.8A), including expression of 

stemness genes and control of differentiation; it is assumed that 

differentiation is in part a gene expression program but is also influenced by 

the SC progeny leaving the niche and its signalling factors (Cabarcas et al., 

2011; Voog and Jones, 2010). As well as maintaining the stemness 

phenotype, the SC niche is immunosuppressive, as a tissue protective 

mechanism. This immunosuppression occurs by inhibition of immune effector 

cells by signals from the SC and stromal cells of the SC niche (Kim et al., 

2009; Krampera et al., 2006). Various SC have also been shown to express 

low levels of HLA Class I (Le Blanc et al., 2003). A study that investigated 

immunosurveillance of stem cells demonstrated that quiescent stem cells 

evaded the CD8+ T cells by downregulating antigen processing and 

presentation (Agudo et al., 2018), while also evading killing by NK cells. This 

mechanism was reversed upon entry into the cell cycle, and cycling SC were 

subject to immunosurveillance by T cells (Figure 1.8B). This suggests that 

slow cycling stem cells could accumulate mutations over time, without being 

subject to immunosurveillance and elimination. Thus, immunoediting of CSC 

may occur over a prolonged equilibrium stage (Figure 1.8C). This is supported 

by evidence of mutations acquired in leukemic SC prior to transformation by 

a driver mutation (Welch et al., 2012). It has been suggested that the 

transformative mutation required to generate CSC from SC should confer 

niche independence, or result in transformation of the SC niche (Figure 1.8D) 

(Packer and Maitland, 2016). Therefore, CSC may have superior 

immunosuppressive characteristics than even SC, as they have adapted to 

evading the immune system following transformation.  
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Figure 1.8. How CSC could fit into the immunoediting hypothesis. (A) In 

the SC niche, SC are protected from immunosurveillance, by various mechanisms 

including immune inhibition (NK and T cell), downregulated HLA Class I and 

potentially slow cycling. (B) Upon acquisition of an oncogenic mutation, stress 

related upregulation of immune signalling receptors e.g. NKG2D receptors, 

production of DAMPS, alerts the immune system, and elimination occurs. (C) SC, 

being susceptible to transformation, accrue mutations over their lifespan, and 

interact with the immune system in an equilibrium state. This resulting in selective 

pressure which could, in the lifespan of the individual, result in CSC and/ or their 

progeny acquiring mutations enabling the CSC lineage to evade the immune 

system, resulting in tumour development. Once a TME is established, reciprocal 

signalling between CSC and the TME maintains the CSC niche. The CSC niche may 

be less immunogenic and possess additional capacity for immune inhibition owing 

to distinct characteristics of the CSC within. Figure modified from Bruttel and 

Wischhusen., 2014.  
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There are varying degrees of evidence suggesting CSC possess unique or 

enhanced immune inhibition or evasion capacity compared to non-CSC. These 

data suggest that conditions in the TME and CSC niche could simultaneously 

benefit CSC and inhibit immune cells, respectively. As previously mentioned, 

CSC respond to hypoxia by upregulated HIF1α, resulting in downstream 

signalling conferring apoptosis resistance, proliferation and migration; (Corzo 

et al., 2010). Contrastingly, hypoxia can inhibit an anti-tumour immune 

response in a number of ways. Dysfunctional vasculature induced by hypoxia 

impairs immune cell infiltration (Vaupel and Harrison, 2004). Hypoxia has 

also been shown to upregulate PD-L1 expression in DCs and breast and PCa 

cells (Barsoum et al., 2014; Peng and Liu, 2015). On the other hand, HIF1 

signalling is required in CD8+ T cells to maintain the glycolytic metabolism 

associated with effector functions such as perforin and granzyme production 

(Finlay et al., 2012). HIF1α signalling in CD8+ T cells is also advantageous 

under conditions of chronic antigen-specific activation (viral infection) 

(Doedens et al., 2013). Despite this anti-tumour effect of hypoxia, CD8+ T 

cells are not highly effective in the TME, which may be due to competition for 

glucose between T cells and cancer cells which restricts T cell differentiation 

and cytotoxicity.  

 

CSC signalling (Section 1.1.3 Characteristics of CSC) may have an inhibitory 

effect on immune cells, however, targeting these pathways may also inhibit 

immune cells (Figure 1.9) (Codd et al., 2018). For example, TGF− produced 

by stromal cells contribute to the stemness phenotype, however TGF− has 

an immunosuppressive effect by recruiting Tregs and also T helper 17 (TH17) 

cells (Plaks et al., 2015). IL-6 signalling occurs in CSC by paracrine and 

autocrine mechanisms and is an important contributor to tumorigenicity of 

CSC. In breast cancer, CSC can produce IL-6 which recruits mesenchymal 

stem cells (MSC) which produce IL-6, creating a signalling loop which 

increases tumorigenicity of the CSC (Liu et al., 2011). MSC have a wide range 

of immunosuppressive effects, including inhibiting maturation of DCs and 

inhibition of proliferation by T cells and NK cells (Zhao et al., 2010). The 

effects of IL-6 signalling on immune cells in the CSC niche are diverse; IL-6 

is an inflammatory cytokine, but it has been shown to skew T cells towards a 

CD4+/ Th2 T cell phenotype (Rincón et al., 1997), which is considered mainly 

tumour promoting (Ellyard et al., 2007). Another way in which an 
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inflammatory immune response may inadvertently promote CSC survival is 

by activation of the NF-κB signalling pathway. NF-κB signalling is activated 

by cytokines including IL-1, TNF and IL-6, produced by cytotoxic T cells, M1 

macrophages, activated stroma and CSC; and also, by hypoxia and ROS. 

However, NF-κB mediated gene expression in CSC results in proliferation, 

apoptosis resistance, EMT and remodelling of the ECM. Genes under the 

control of NF-κB relating to these outcomes include cyclins, Bcl-2 and Bcl-xL, 

MMPs, Twist, Snail and Slug (Rinkenbaugh and Baldwin, 2016). NF-κB has 

been shown to be upregulated in CSC compared to non-CSC; in leukaemia, 

PCa, glioblastoma, breast and pancreatic cancer (Garner et al., 2013; 

Guzman et al., 2001; Murohashi et al., 2010; Rajasekhar et al., 2011; 

Vazquez-Santillan et al., 2015). The role of NF-κB signalling in CSC may 

highlight an important early interaction between CSC and the immune 

system. NF-κB mediated CSC survival and proliferation induced in response 

to inflammatory anti-tumour immune responses could represent a 

mechanism by which CSC escape immunosurveillance.  

 

CSC may also recruit inhibitory and regulatory immune cells, furthering the 

production of immunosuppressive cytokines and mediating direct inhibition of 

effector immune cells. Melanoma CSC were found to express CD86 more 

highly than non-CSC; this induced a CD4+ CD25+ FoxP3+ Treg phenotype from 

naïve PBMC, which produced IL-10 (Schatton et al., 2010). CSC may evade 

effector immune cells by disrupting optimal antigen presentation, by 

downregulation of HLA Class I and low expression of antigen processing 

machinery, as in glioblastoma CSC (Di Tomaso et al., 2010). CSC have also 

been suggested to express higher levels of the inhibitory receptors CD200 

(Kawasaki et al., 2007). CSC have been shown to produce IL-4 and express 

the IL-4 receptor, which was protective against apoptosis induced by 

chemotherapy in CRC CSC (Todaro et al., 2007). Inhibition of apoptosis by 

IL-4 signalling is mediated by upregulation of cFLIP and BCL-xL and 

downregulation of FasL (Conticello et al., 2004) which could also be protective 

against T cell killing. 
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Figure 1.9. The potential impact on immune cells, of targeting CSC 

associated signalling pathways or markers. In addition to modulating the 

immune system as a collective population, exogenous modulation of CSC by 

therapeutic approaches could have off-target effects on an immune response, 

some of which could be detrimental to anti-tumour immunity. Red/ green arrows 

indicate therapeutic approaches against CSC that may have a correspondingly 

positive/ negative effect respectively on immune responses, if blocked in immune 

cells. For example, some markers of CSC; CD44 and ALDH have functional roles 

in Th1 responses, although blocking ALDH could also block Treg function. SC 

signalling pathways, including some previously discussed in the context of CSC, 

function in the development and effector responses of T cells (NOTCH, Wnt). 

Adapted from Codd et al., 2018. 
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1.4.2 Targeting CSC with immunotherapy 

The interactions between CSC and the immune system suggest there may be 

additional challenges in designing immunotherapy to specifically eliminate 

CSC. Immunotherapy of CSC could be effectively combined with targeting of 

the CSC niche e.g. using RT (Ogawa et al., 2013). Thus far, anti-CSC 

preclinical immunotherapy strategies have mainly involved cellular therapies, 

as this allows for antigen specific targeting (there is currently no available 

clinical data on treating CSC). Antigen specific targeting of CSC requires 

deciding whether to target a CSC specific or shared (also present on non-

CSC) antigen. Hirohashi and colleagues suggest that the optimal effector: 

target ratio of T cells to CSC occurs by directing the T cells against a CSC 

specific antigen rather than a shared antigen (Hirohashi et al., 2012). 

Targeting a CSC specific or shared antigen has shown that targeting the CSC 

specific antigen afforded significantly greater tumour control (Morita et al., 

2016; Nishizawa et al., 2012).  

 

Targeting markers also expressed by SC may risk off-target damage. Some 

CD44 isoforms are specifically associated with CSC, which may allow safe 

targeting. However, a phase I clinical trial testing CD44v6 targeting with an 

immunoconjugate consisting of anti-CD44v6 antibody and antimicrotubule 

agent had to be halted due to severe skin toxicities (Riechelmann et al., 

2008). To counteract off target toxicities, a preclinical study in leukaemia 

engineered a suicide gene into a CAR for T cell therapy targeting CD44v6. 

This was shown to have anti-tumour effects in vivo and adverse monocyte 

depletion effects could be rescued by activation of the suicide gene (Casucci 

et al., 2013, 2012). Therefore, the greater control of targeting afforded by 

this therapeutic design could represent a safer way to target CD44v6 CSC. 

Several studies have investigated ALDH-based CSC targeting. One preclinical 

study demonstrated CSC specific targeting in vivo, resulting in effective 

tumour immune control in melanoma and squamous cell carcinoma (SCC) 

(mouse models) (Hu et al., 2016). The CSC therapy consisted of DC activated 

by ALDH high CSC lysates and was given after surgical resection (SCC) or in 

the minimal residual disease state (melanoma). The CSC targeting strategy 

in SCC prevented relapse and increased survival, while lung metastasis was 

inhibited in the melanoma model. These effects were accompanied by 



Chapter 1. Introduction 

70 

reduced CSC in the tumour, and ALDH high specific cytotoxic T lymphocyte 

CTL activation (tested in vitro at the end of the treatment). The disease 

settings are particularly interesting as they demonstrate the success of CSC 

targeting to prevent disease relapse, compared to most other models which 

investigate the targeting of CSC to prevent primary tumour growth or treat a 

tumour in situ. This approach warrants investigation for PCa, as it could 

reduce relapse occurring following successful first line treatment for localised 

disease. Relapse followed by progression is the main cause of mortality in 

PCa, discussed below. An ALDH antigen has also been targeted by CD8+ T 

cells, in HNSCC, and breast cancer, including secondary lung metastasis in 

vivo (Visus et al., 2011). The ALDH target was identified as a naturally 

presented antigen by mass spectrometry analysis of an immunogenic HNSCC 

cell line (Visus et al., 2007), which is a novel way of identifying endogenously 

presented CSC antigens. Crucially this study also evaluated safety aspects of 

targeting ALDH, finding that endogenous ALDH antigen presentation was not 

sufficient to activate specific CTLs. Targeting this antigen led to not only 

primary tumour control but prevented lung metastasis in a primary resection 

breast cancer model in vivo (Visus et al., 2011). ALDH-directed CSC therapy 

is also currently being investigated in clinical trials. Patient derived ALDH high 

or ALDH low CSC are being used to load DC to test for in vitro T cell 

cytotoxicity in lung cancer (NCT02084823) and CRC (NCT02176746).  

 

Other studies have used antigen identification techniques as described above, 

to identify novel CSC antigens. The aim of this is to identify TAAs and avoid 

targeting antigens shared with SC. The same immunogenicity and safety 

considerations exist for selecting a CSC antigen as any other prospective TAA. 

The additional challenge of verifying a therapeutically useful CSC antigen is 

evaluating both T cell killing and tumour control, to determine if specific 

targeting of CSC influences tumour growth or relapse. Targeting lineage 

restricted or neoantigens, for which tolerance may not exist, may result in a 

more immunogenic T cell response and may have a greater safety profile. It 

has also been suggested that CSC preferentially express cancer testis 

antigens, compared to the other types of antigens (Yamada et al., 2013). 

This was found in an antigen identification study in glioblastoma, in which 

HLA ligandome analysis was carried out on glioblastoma stem cells and non-

stem cells (Neidert et al., 2018). Other novel CSC antigens include DNAJB8 
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and OR7C1, identified in renal and colon CSC (Morita et al., 2016; Nishizawa 

et al., 2012). 

 

 Prostate cancer 

In this thesis, the possibility of targeting CSC with T cell immunotherapy was 

investigated using PCa as a model. This was prompted by a relative lack of 

successful immunotherapy treatments available for PCa. In this study, in vitro 

models of both localised and metastatic PCa (primary tissue derived cells and 

an established cell line, respectively) were used. Most immunotherapies being 

investigated to treat PCa focus on metastatic PCa, as this has a very poor 

prognosis. However, this stage represents a greater challenge for 

immunotherapy due to immunosuppression. However, due to the efficacy of 

treatments available for localised PCa, it is difficult to investigate 

immunotherapy as a viable alternative, despite the potential for preventing 

progression to metastatic disease which could be achieved with a durable 

immune response. In the context of targeting prostate CSC with 

immunotherapy, it may be particularly advantageous to intervene at the 

localised disease stage, with the aim of preventing CSC-driven relapse. This 

is likely to be most effective in combination with other therapies, for example 

the existing PCa treatments (detailed below), to de-bulk the tumour. 

Targeting prostate CSC in advanced disease also warrants investigation, as 

few therapeutics under clinical investigation have greatly extended survival 

or shown durable responses.  

 

PCa is globally the most common cancer diagnosed in men, although there is 

significant variation in incidence and mortality across the world (Pernar et al., 

2018). In the UK, PCa is the most common type of cancer and the second 

most common cause of cancer related death in males (“Prostate cancer 

incidence statistics,” 2015). The majority of PCa-associated deaths occur 

from advanced metastatic disease. PCa has a high survival rate up to TNM 

Stage 3 (McPhail et al., 2015). In the UK, essentially all men diagnosed at 

Stage 1 (GS ≤6) survive a further 5 years. Five year survival rates then 

decrease slightly based on a diagnosis of grade 2 or 3 (99% and 93%) before 

sharply decreasing with a diagnosis of stage 4 which has a 30% 5 year 

relative survival (“Prostate cancer mortality statistics,” 2015).  
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The diagnosis, staging and resulting treatment course for PCa is complex, 

owing to the heterogeneity of disease pathology and lack of factors predicting 

the clinical course. PCa is diagnosed based on tissue histology i.e. the GS, 

the TNM Classification of Malignant Tumours and prostate specific antigen 

(PSA) levels (EAU risk stratification) (Heidenreich et al., 2014; Mottet et al., 

2017). The PSA test measures serum PSA levels, a protein uniquely produced 

by the prostate. Increased release of PSA into circulation occurs as a result 

of disrupted prostate tissue architecture, and increased PSA levels correlate 

with risk of PCa. However, PSA secretion also increases with ageing, infection 

or inflammation (prostatitis) and an enlarged prostate, which is not always 

associated with PCa. Therefore systematic PSA screening is not globally 

implemented, because there is some controversy and a lack of consensus as 

to its benefit in the management of PCa in all men (Heidenreich et al., 2014). 

PSA testing is also used in post-treatment management of PCa, as detectable 

or rising PSA levels are indicative of disease recurrence known as biochemical 

relapse (BCR). 

 

1.5.1 Treatment of PCa 

A high proportion of men are diagnosed with localised, compared to 

metastatic PCa (Figure 1.10A). Localised PCa can be treated by active 

surveillance (AS), a non-interventional monitoring strategy, radical 

prostatectomy (RP), and/or radiation therapy (RT). Both interventional 

treatments are highly effective; 10 year cancer specific survival rates for RP 

have been reported as greater than 90% (Boorjian et al., 2011; Han et al., 

2001; Roehl Kimberly A. et al., 2004). At three years, BCR free survival was 

92% in the most favourable cohort in one study (Zelefsky et al., 2002), while 

in another recent trial comparing two different types of ERBT, the BCR free 

survival at 5 years was 95.4% and 94.3% respectively (no significant 

difference between the types of RT) (Viani et al., 2016). Additionally a first 

of its kind trial comparing each of these treatments (the ProtecT trial), 

demonstrated no significant difference in cancer specific mortality (Hamdy et 

al., 2016). 
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Thus, a large proportion of men treated successfully for localised PCa can 

expect to live for at least a further 10 years. However, BCR following 

treatment of localised PCa is not uncommon (Figure 1.10B) (Artibani et al., 

2018). BCR is a rise in PSA levels following anti-cancer treatment and is 

associated with an increased risk of PCa-specific mortality (Van den Broeck 

et al., 2018).  However, it is particularly difficult to identify the optimal 

conditions for therapeutic intervention if BCR occurs, as it often precedes 

clinical progression (the emergence of locally advanced or metastatic PCa) by 

many years or may not lead to clinical progression at all. PCa specific death 

following BCR has been reported as 17% (Freedland et al., 2005) and 18.3% 

(Trock et al., 2008).  

 

However, if PCa progresses beyond localised recurrence, treatment is not 

curative (Figure 1.10C). The standard approach for treating advanced PCa 

involves blocking androgen production and androgen receptor (AR) signalling, 

using androgen deprivation therapy (ADT) and anti-androgen therapy 

respectively (Paller and Antonarakis, 2013). However, PCa almost inevitably 

becomes resistant to these treatments, characterised by androgen 

independent growth. This stage is known as castration resistant prostate 

cancer (CRPC) and it occurs in the majority of patients within 1-2 years of 

ADT, followed by evidence of metastases (mCRPC) (Gravis et al., 2016; 

Karantanos et al., 2015; Merseburger et al., 2016; Nuhn et al., 2019). CRPC 

is treated with ADT, chemotherapy, radiation and immunotherapy to extend 

survival and mitigate symptoms of metastases. Additionally, zoledronic acid 

and denosumab is given to manage osteolytic effects of bone metastasis. 

Docetaxel (chemotherapy) was the first treatment shown to improve survival 

in mCRPC (Tannock et al., 2004). Other first line therapeutics for mCRPC 

include Abiraterone, a CYP17 inhibitor (CYP17 is involved in testosterone 

biosynthesis) which also reduces AR expression (Merseburger et al., 2015) 

and enzalutamide, which binds the AR with higher affinity than bicalutamide 

and acts on a molecular level to reduce AR mediated DNA expression (Nuhn 

et al., 2019; Tran et al., 2009). 
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Figure 1.10. The clinical course of PCa. It is difficult to report a linear 

statistical relationship between cases of PCa and eventual mortality owing to the 

discrepancy in stages at which PCa is diagnosed and the relative mortality at each 

stage. Disease progression also depends on multiple factors. (A) Despite the lack 

of screening program implementation, over half of men diagnosed with PCa 

present with tumours that do not extend beyond the prostate, and have a high 

rate of successful treatment (reduction of PSA to castrate levels). (B) BCR is 

reported across a wide range from various studies. Recurrence is reported at 

similar rates for interventional treatments (RT and RP). However, ≤20% of men 

who experience BCR demonstrate clinical progression, which is reported as 

extracapsular growth and/ or rising PSA (depending on the primary treatment). 

(C) Clinical progression following BCR has a high rate of metastatic progression 

and is treatment refractory. Treatments for localised PCa are not suitable for 

treating metastatic PCa, however the primary mode of treatment, anti-hormonal 

therapy, is not curative. Therefore, the proportion of patients that experience 

clinical metastasis and treatment resistance is close to linear and has a poor 

prognosis. Figure adapted from: Paller and Antonarakis, 2013. Statistics from: 

Cancer Research UK (diagnosis and survival case numbers, 10 year survival rate), 

Hamdy et al., 2016 (localised survival), Artibani et al., 2018 (BCR incidence) Kirby 

et al., 2011 (Clinical progression) Karantanos et al., 2015 (CRPC survival).  
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Apart from immunotherapy (discussed below), there are a number of other 

novel agents in development for the treatment of mCRPC, including 

polyadenosine diphosphate–ribose polymerase (PARP) inhibitors, specifically 

for patients with mutations in DNA homologous recombination genes (Nuhn 

et al., 2019). In a phase II trial, 16/50 patients had mutations in DNA repair 

genes, and in these patients there was a high response rate (50% PSA level 

reduction or reduction in circulating tumour cells) (Mateo et al., 2015). 

However, it remains that the available agents for treatment of mCRPC only 

extend survival by relatively short periods, which may be accompanied by a 

poor quality of life.  

 

1.5.2 Immunotherapy for Prostate Cancer 

PCa is paradoxically considered optimal for treating with immunotherapy, yet 

a cancer type in which immunotherapy is less likely to succeed (Bilusic et al., 

2017). Reasons why immunotherapy could succeed in PCa include the 

expression of tissue-specific antigens and the potential for activating an 

immune response at an early stage of disease, in which the tumour burden 

may be more effectively eliminated by immunotherapy. BCR also represents 

a window of opportunity for immunotherapy, prior to the development of 

immunosuppression associated with metastatic disease (Drake, 2010). On 

the other hand, PCa is considered an immunologically ‘cold’ cancer; despite 

PCa development being associated with inflammation and inflammatory pre-

malignant conditions such as prostatic intraepithelial neoplasia (PIN), 

immune tolerance to tumours may be established even in localised disease. 

It has been shown that DC mediate suppression of CD4+ cells in the TRAMP 

mouse model (Valent et al., 2012). The prostate TME is characterised by 

infrequent effector T cell infiltration; in the cases that TIL are present in the 

TME, they are often dysfunctional (Bronte et al., 2005; Vitkin et al., 2019). 

Additional factors contributing to the immunosuppressive TME include TGF-

 producing M2 macrophages and Treg cells (Lundholm et al., 2015; Strasner 

and Karin, 2015). The stroma also contributes to immunosuppression, for 

example, cancer activated myofibroblasts have been shown to impair DC-

mediated antigen presentation to T cells and also upregulated PD-L1, inducing 

PD-1 by T cells (Spary et al., 2014b). 
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There is currently only one FDA-approved immunotherapy for PCa; 

Sipuleucel-T (Provenge) a DC vaccine therapy which is indicated for mCRPC. 

This treatment demonstrated modest but significantly improved survival 

outcomes in a phase III clinical trial (Small et al., 2006) and was first 

approved in 2010. However, Sipuleucel-T has not been widely implemented 

for mCRPC and the manufacture of Sipuleucel-T has encountered financial 

difficulties (Nuhn et al., 2019). Sipuleucel-T consists of PBMC obtained from 

the patient and activated towards a DC phenotype by treatment with a GM-

CSF fusion protein that incorporates prostatic acid phosphatase (PAP), a 

prostate-specific antigen. While the DC generation method only results in an 

18% frequency of CD14+ DCs, these are sufficient to activate T cells, 

evidenced by detection of antigen-specific T-cell proliferation and IFN 

production (Sheikh et al., 2013). The high cost of the treatment is due to the 

use of individual patient derived cells to produce DC, and the time-consuming 

process involved in DC maturation and peptide loading.  

 

Many other forms of immunotherapy are under investigation for the 

treatment of cancer. The majority unsurprisingly focus on mCRPC, due to the 

lack of effective treatments available, although few single agent 

immunotherapies have thus far shown promising results applicable to the 

majority of patients. A number of trials investigating anti-CLTA4 treatment 

for mCRPC have failed to improve OS but demonstrated improved PFS (Beer 

et al., 2016; Kwon et al., 2014). Notably, the study by Kwon and colleagues 

demonstrated increased overall survival in patients with more favourable 

prognostic features (e.g. lacking lung metastases) (Kwon et al., 2014). 

Preliminary results from an ongoing Phase II clinical trial show that 

checkpoint inhibition (Anti-PD-1; pembrolizumab) is effective in 

chemotherapy resistant CRPC for a specific subset of patients; those with 

microsatellite instability (MSI) PCa (Hempelmann et al., 2018). MSI 

represents a relatively small subset of PCa patients; approximately 1% of 

primary tumours and up to 12% of metastatic tumours have mismatch repair 

mutations which lead to increased mutational load due to low fidelity DNA 

repair. This treatment shows promise for a small subset of patients and 

highlights the importance of molecular profiling for patient selection.  
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A number of vaccines are currently under clinical evaluation to treat mCRPC. 

PROSTVAC consists of vaccinia and fowlpox vectors which express PSA and 

three co-stimulatory molecules; it is delivered as a prime boost protocol in 

which the vaccinia vector activates the immune system and fowlpox boosts 

the response. In a phase II trial for mCRPC, after three years follow up, a 

significant proportion of men had greater OS compared to the control (empty 

vector) (Kantoff et al., 2010), which was associated with greater PSA specific 

T cell responses (Gulley et al., 2010). However, this improved OS was not 

observed in a phase III trial recently completed (Gulley et al., 2018). GVAX 

is a different form of vaccine, comprising whole tumour cells; LNCaP and PC3 

metastatic PCa cell lines, which are transduced to secrete GM-CSF (aimed at 

maturing DCs and potentially also stimulating M1 inflammatory 

macrophages). This vaccine showed benefits in a phase II clinical trial 

(Simons and Sacks, 2006), but further investigation in a phase III trial was 

terminated early due to lack of efficacy and high mortality rates (Comiskey 

et al., 2018).  

 

Antigen-specific targeting in PCa has mainly focused on PAP, PSA, PSMA and 

PSCA, in preclinical and clinical trials. Preclinical responses include tumour 

cell lysis in vitro based on simultaneous targeting of PSCA and PSMA using T 

cells (Arndt et al., 2014). Another study investigated immunogenic epitopes 

of PSCA by testing T cell responses from PCa patients; 8 peptides binding 

HLA-A*02:01 were identified from the PSCA protein sequence however only 

two of these caused T cell activation in patient derived cells (Kiessling et al., 

2002). Antigen-specific T cell responses, indicated by TCR analysis of clonal 

populations in samples from patients with localised disease, have also been 

observed, however this is concurrent with high immunosuppressive PD-1 

expression (Sfanos et al., 2009). Other antigens investigated for the 

treatment of PCa include MUC-1, which has been tested in vitro in CAR-T cell 

format; the CAR-T cells were shown to lyse PCa cell lines expressing the 

antigen, although non-MUC-1 escape variants were observed, suggesting a 

multi-antigen strategy may be more effective (Sanchez et al., 2013). 

However, there is little clinical data on targeting antigens using CAR T cells 

in PCa; there are currently only 7 active studies in the NIH clinical trials 

database searched using the keywords ‘prostate cancer’, ‘T cell’ and ‘CAR.’ 

The antigen targets in these studies are PSMA, PSCA and EpCAM. Phase I 
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clinical trials investigating CAR-T cells targeting PSMA are ongoing (Junghans 

et al., 2016; Narayan et al., 2019); successful engraftment and PSA 

reductions in some patients have been demonstrated (Junghans et al., 2016). 

The cancer testis antigen NY-ESO has also been evaluated in a phase I clinical 

trial, in which patients were vaccinated with recombinant NY-ESO protein 

(and CpG adjuvant), which activated antibody responses in some patients 

(Karbach et al., 2011). Additionally, in a Phase I/II clinical trials, a MUC-1 DC 

vaccine was safely tolerated and significantly reduce PSA doubling time in 

patients with non-metastatic CRPC (Scheid et al., 2016).  

 

Conventional treatments for PCa are also suggested to have a beneficial 

synergistic effect when with immunotherapy. For example, ADT can improve 

T cell infiltration (CD4+ T cells) (Mercader et al., 2001). ADT was also shown 

to increase maturation of DCs in mice, although co-stimulation of T cells 

depended on the T cells having already encountered the antigen (PSCA 

delivered by DNA vaccine) (Koh et al., 2009). Importantly, ADT does not have 

a negative effect; there was no impairment of MUC-1 CAR T cell function 

when combined with ADT (Sanchez et al., 2013). PCa patients may also 

benefit from a combination of RT and immunotherapy, although the 

immunomodulatory effects of radiation depend on the dosage (fractionation 

and total dosage). Pro-immunogenic effects of radiation include upregulated 

antigen expression and release of DAMPs from dying cells (Park et al., 2014), 

although radiation can also deplete effector immune cell subsets while sparing 

Tregs at higher doses (Kachikwu et al., 2011). The data on optimal immune-

modulating radiation dosage is conflicting; it has been suggested that low 

dose per fraction radiation is immunosuppressive (Lee et al., 2009) while 

others have observed activation of an effector immune response after low 

dose per fraction RT in vitro (Spary et al., 2014a). A hypofractionated dose 

(7.5 Gy per fraction) given in vivo was found to impart maximal benefits in 

increasing the tumour reactive T cells while maintaining low Treg numbers 

(Schaue et al., 2012). Clinical studies with vaccines also demonstrate 

different effects; RT (3Gy/ day up to a total of 30 Gy) combined with 

Sipuleucel T did not improve immune responses (Twardowski et al., 2018). 

However, RT (external beam radiation therapy (EBRT); 1.2 Gy-2Gy to a total 

of 70 Gy) combined with GVAX improved tumour cell killing (Gulley et al., 

2005). Thus, differences in the radiation protocol may impact efficacy. 
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Nevertheless, since RT is a standard treatment for localised PCa, it is 

particularly worthwhile to investigate the effects of combining RT and 

immunotherapy.  

 

There is no doubt that treating metastatic PCa with immunotherapy could 

improve survival outcomes, based on the outcomes observed in other late 

state cancers and preliminary results from clinical trials in PCa. It is suggested 

here that there is also cause to implement immunotherapy at an earlier stage 

of treating PCa, owing to the high mortality and treatment failure rate of 

recurrent PCa. Immunotherapy for localised PCa is being investigated in a 

small number of clinical studies.  A phase III clinical trial is evaluating the 

combination of oncolytic virus ‘ProstAtak’ with standard external beam 

radiation therapy (EBRT); which is typically delivered in low dose fractions 

(2-3Gy to a total of 74-80 Gy), to treat high risk localised PCa 

(NCT01436968). In addition to metastatic disease, PROSTVAC is also 

currently being tested (Phase II) to treat localised PCa which is naïve to other 

forms of interventional therapy (i.e. patients undergoing AS) (Parsons et al., 

2018). Patients are assigned to AS based on weighing up the risks of 

treatment versus disease progression; approximately one third of patients 

progress to requiring interventional treatment (Klotz et al., 2010). GVAX is 

also being evaluated in combination with RP and cyclophosphamide 

(NCT01696877), in which the limited results available suggest that 

immunotherapy increased both CD8+ T cells and Treg densities in the tumour 

(evaluated upon resection) (Antonarakis et al., 2017). These studies suggest 

that the use of immunotherapy to treat localised PCa, despite the availability 

of conventional treatments, is recognised as an intervention which could 

reduce mortality for advanced disease. Therefore, the potential to prevent 

relapse by treating prostate CSC with immunotherapy warrants investigation.  

 

1.5.3 Prostate stem cells 

The tissue structure of the healthy prostate consists of glandular subunits of 

pseudostratified epithelia comprised of basal and luminal cells with rare 

neuroendocrine cells (Shen and Abate-Shen, 2010; Strand and Goldstein, 

2015). The glands are supported by a stromal network. Signalling from the 

stroma directly influences functional epithelial development (Lang et al., 
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2001). The basal cells are in contact with the basement membrane and are 

characterised by expression of cytokeratin (CK) 5 and 14, and p63 (Figure 

1.11A) while luminal cells express CK8 and 18 (Figure 1.11B) (Niranjan et 

al., 2012). The basal compartment also consists of transit amplifying cells 

(TA) and committed basal (CB) cells (Packer and Maitland, 2016). The 

intermediate phenotype expresses CK 5, 8, 14, 18 and 19 may correspond 

TA or CB cells, which in a stepwise fashion give rise to terminally 

differentiated luminal cells (Niranjan et al., 2012) (Figure 1.11B). Luminal 

cells express the AR and their growth is androgen sensitive in the healthy 

prostate. Basal cells express low to negligible levels of the AR (Strand and 

Goldstein, 2015). Androgen dependent growth and the lineage relationships 

of the prostate were originally demonstrated by castration of rats, where it 

was shown that castration caused significantly greater regression of luminal 

cells than basal cells (English et al., 1987). Reinstating androgen signalling 

caused regeneration of basal, but mainly luminal cells. As a result, it was 

hypothesised that the basal compartment contained stem cells capable of 

regenerating the luminal lineage (multipotency) (Isaacs, 1987). Prostate 

stem cells have been identified with a basal phenotype, CD44+ 21Integrinhigh 

CD133+, at a frequency of 1%, from human tissue derived samples (Collins 

et al., 2001; Packer and Maitland, 2016; Richardson et al., 2004). These cells 

were capable of reproducing differentiated epithelial prostate acini in vivo 

(Richardson et al., 2004). TA and CB cells can be distinguished by their 

expression profiles CD44+ 21Integrinhigh CD133- and CD44+ 

21Integrinlow- respectively (Figure 1.10) (Collins et al., 2005).  

 

Other markers used to distinguish basal and luminal cells include CD49f+ ( 

Integrin) CD26- and CD49f- CD26+ respectively (Figure 1.11 A, C) (Karthaus 

et al., 2014; Moad et al., 2017). DLK1 has also been suggested as a prostate 

stem cell marker in a basal phenotype panel of markers (CD49f+ CD26- 

DLK1+) (Ceder et al., 2008; Moad et al., 2017). Single basal stem cells have 

been shown to give rise to clonal hierarchies which are maintained across the 

span of the prostate in a unidirectional way from proximal paraurethral ducts 

to distal acini (Moad et al., 2017). Lineage tracing has also demonstrated that 

basal and luminal cells have a single clonal cell of origin (Blackwood et al., 

2011). These data suggest a linear decline in stemness capacity in the basal 

to luminal cell hierarchy. However, luminal stem cells have also been 
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described in cultures established from human tissue-derived samples 

(Karthaus et al., 2014). Therefore, the terminally differentiated luminal 

phenotype must be subject to a certain degree of plasticity, enabling luminal 

cells to acquire stemness characteristics under certain conditions.  
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Figure 1.11. Phenotype markers for the cell lineages of the healthy 

prostate.  SC reside at the top of a linear hierarchy in the healthy prostate and 

are part of the basal compartment. Stemness capacity is reduced in the 

intermediate transit amplifying / committed basal cells and luminal cells represent 

the most frequent, terminally differentiated cell type. As part of the basal 

compartment, SC can be identified using markers common to basal cells, along 

with specific SC markers. Transit amplifying cells express cytokeratins common 

to both basal and luminal cells. Luminal cells are AR positive and express 

cytokeratins distinct to basal cells. Adapted from Niranjan et al., 2012. 
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1.5.4 Prostate cancer stem cells 

PCa is characterised by overgrowth of the luminal cell compartment, and 

reduction or loss of the basal population. For this reason, it appears that 

prostate CSC would originate from luminal cells. However, most evidence 

suggests that prostate CSC are derived from basal SC (Figure 1.12A). Primary 

prostate CSC were first identified using the same basal markers as prostate 

SC; CD44+ 21Integrinhigh CD133+ (Collins et al., 2005). While prostate SC 

are present at a frequency of 1% in the healthy prostate, luminal cell 

proliferation in PCa disrupts the luminal basal ratio; prostate CSC were found 

at a frequency of 0.1% (Figure 1.12B) (Packer and Maitland, 2016). In 

primary PCa cells, the CSC had greater colony forming efficiency in vitro, than 

CD44+ 21Integrinhigh CD133- (TA) and CD44+  21Integrinlow (CB) cells, 

respectively (Collins et al., 2005). Several studies have used different 

combinations of these markers to identify prostate CSC (Kerr and Hussain, 

2014). The existence of different CSC subpopulations has been suggested by 

Liu and colleagues, based on different gene expression profiles. The CD44+ 

and 21Integrinhigh populations differed in their expression of ABCG2 and 

SOX1, compared to the respective negative populations (CD44- and 

21Integrin low) (Liu et al., 2015).   

 

Other surface markers for the identification of prostate CSC have largely been 

investigated using PCa cell lines or xenograft derived models, which may not 

recapitulate the lineages present in primary prostate tissue. HLA- cells found 

in DU145 and 22RV1 cell lines were AR-, suggesting a basal phenotype, 

however these cells additionally did not express either of basal or luminal 

cytokeratins (CK 5, 14 or CK18, 19 respectively) (Domingo-Domenech et al., 

2012). Functional markers, such as ALDH and ABCG2/ side population 

(mediated by the ABC transporter family) have also been used to identify 

prostate CSC (Chen et al., 2016; Huss et al., 2005; Liu et al., 2015; Patrawala 

et al., 2005; van den Hoogen et al., 2010). ALDH high cells (in modified PC3 

cell lines) have been shown to express significantly higher CD44, EpCAM and 

integrins 5 and 6, suggesting a basal phenotype (van den Hoogen et al., 

2010). Gene expression profiling has been performed on a number of 

different prostate CSC models. Basal and luminal transcriptomes were 

compared in one study, in which distinct characteristics, such as stem cell 
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and EMT-related genes were upregulated in the basal cells, concurrent with 

greater clonogenicity and sphere formation by basal cells in vitro (Zhang et 

al., 2016). A notable exception to the basal prostate CSC phenotype was 

demonstrated by Wang and colleagues. This study identified Nkx3.1 as a 

marker of cells which survived castration in a Pten PCa model in vivo (Wang 

et al., 2009). The Nkx3.1+ had a luminal CK18+, AR+ phenotype and did not 

express basal markers p63 and CK14 and were targets of transforming 

mutations (Pten deletion). However, developmental, anatomical and 

phenotypic differences between the mouse and human prostate must be 

taken into consideration when interpreting these results, such that luminal 

cells could represent a target for transformation in mice but not in humans. 

Therefore, the selection of markers must consider whether it is optimal to use 

lineage-restricted (surface) or lineage-independent (functional) markers for 

identifying prostate CSC, taking into consideration the in vitro or in vivo 

model under investigation. It may be possible that a cell from each lineage in 

the prostate could be transformed to become a CSC, albeit with different 

likelihood based on the existing transcriptional program in the cell (Figure 

1.12C). 

 

Activation of signalling pathways associated with stemness has been 

identified in prostate CSC. This includes NF-κB, which was constitutively 

activated in a subset of PCa cells (xenograft derived and cell lines), identified 

by a novel panel of CSC markers; TRA-1-60, CD151 and CD166 (Rajasekhar 

et al., 2011). These prospective CSC also demonstrated high IL-6 signalling, 

and there was evidence of resistance to apoptosis by high expression of Bcl-

2. NF-κB inhibition abrogated sphere formation and in vivo tumour initiation. 

Another study similarly found an upregulated NF-κB and IL-6 gene signature 

in prostate CSC, identified by the markers CD133+/α2β1
high (Birnie et al., 

2008). NF-κB was co-expressed with CD133 in primary PCa samples and NF-

κB inhibition resulted in preferential apoptosis in the CD133+ population. In 

the HLA- population (DU145 and 22RV1 PCa cell lines) docetaxel resistance 

was associated with Notch and Hedgehog stem cell pathway signalling 

(Domingo-Domenech et al., 2012). In the study by Cojoc and colleagues, the 

ALDH high cells (DU145 cells) were enriched by radiation treatment and 

upregulated expression of CD133, ABCG2 and NANOG (Cojoc et al., 2015b). 
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Radiation resistance was associated with enhanced PI3K/AKT and Wnt/β-

catenin signalling and the ALDH high cells had lower baseline ROS. 
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Figure 1.12. Prostate CSC in the development of PCa. (A) SC acquire 

mutations to become CSC, however extensive proliferation occurs mainly in the 

luminal cells, further accumulation of mutations in the CSC lineage results in 

cancer progression and metastases. (B, C) The lineage hierarchy of the tissue is 

disrupted. While SC may be the most susceptible to transformation, mutations in 

differentiated cell conferring stem-like characteristics could occur. The balance of 

evidence suggests prostate CSC have a basal phenotype, however luminal cells 

with tumour initiating capacity have been described. 
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As previously mentioned, a key characteristic of CSC is tumour initiation in 

vivo. This has been investigated in a variety of PCa cells, using different 

markers. These include CD44+ 21Integrin+ (various human cell lines), 

CD133+ (CD133/2 epitope) CD44+ (DU145 cells), (Rybak et al., 2014) and 

HLA- (DU145 and 22RV1 cells) (Domingo-Domenech et al., 2012). CD44+ 

cells isolated from xenograft tumours (initiated by cell lines) have also been 

shown to have tumorigenic properties (Patrawala et al., 2006). Tumorigenic 

PCa cells, from cell lines, have also been identified using functional CSC 

markers ALDH and ABCG2. ALDH high cells were significantly more 

tumorigenic in vivo and also initiated significantly more bone metastases 

(metastatic bone-trophic cell lines were used) (van den Hoogen et al., 2010). 

The radiation resistant ALDH high cells were also capable of initiating tumours 

(Cojoc et al., 2015b). ABCG2 has been shown to identify tumorigenic prostate 

CSC in a number of cell line models (Liu et al., 2015; Sabnis et al., 2017).  

 

It is necessary to use PCa cell lines to investigate in vivo tumorigenicity owing 

to the technical challenges of engrafting primary PCa cells in vivo (X. Chen et 

al., 2013). Indirect analysis of human primary prostate CSC in vivo 

tumorigenicity was performed by grafting unsorted primary tissue into NOD-

SCID IL2rnull (NSG) mice and isolating CD44, CD133 and CD24 from the 

resulting tumours (with mouse lineage depletion), although the precise 

methodology was poorly described (Maitland et al., 2011). This revealed that 

both CD133+ and CD24+ (luminal) cells were tumorigenic in vivo, although 

the CD24+ cells generated fewer tumours, with a greater latency period. 

Another study provides evidence that CD44+ primary PCa cells are tumour-

initiating, when co-injected with stromal cells in NSG mice (Liu et al., 2015).  

 

While the identification of prostate CSC based on a single panel of surface 

markers is difficult due to the variable expression of these markers in different 

experimental models, these challenges apply to the identification of CSC in 

many types of cancer. Due to the limited number of broadly applicable CSC 

markers, it is thus possible to validate such markers in the best available in 

vitro and in vivo models and determine a panel which could be uniformly 

applied and allow for better comparable analyses of CSC. This could further 

lead to clearer distinctions between potential CSC subpopulations which are 
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otherwise unclear due to inconsistent use of CSC markers in different 

experimental models. Isolation based on functional markers could also 

confirm the phenotype of the cells used in experimental models and may 

represent a way of identifying the prostate CSC lineage in a less biased way. 

For each identification method ultimately the marker(s) used are best 

supported by further detailed characterisation of cells with the putative CSC 

phenotype. 

 

1.5.5 Immunotherapy of prostate CSC 

Immunotherapy of prostate CSC has been investigated in a limited number 

of studies. CSC, established by a neurosphere assay from a TRAMP mouse 

model, were found to express PAP, PSCA and Six-transmembrane epithelial 

antigen of the prostate-1 (STEAP) (Jachetti et al., 2013; Mazzoleni et al., 

2013). Cytokine responses to CSC were observed in vitro and in vivo (lysis 

by splenocytes from CSC-DC vaccinated WT mice). WT mice vaccinated with 

TRAMP-CSC loaded DC and challenged with TRAMP cells showed delayed 

tumour growth compared to unpulsed DC (Jachetti et al., 2013). However, 

the CSC antigen(s) mediating tumour rejection were not identified in these 

experiments, and it was further shown that DC vaccination with CSC, 

compared to STEAP, was more effective in delaying tumour growth in TRAMP 

mice, suggesting that this antigen was not responsible for CSC targeting 

tumour regression outcomes. This may be due to the observation that STEAP 

was not exclusively expressed by the CSC but was also expressed in a 

differentiated TRAMP cell line, although vaccination with DC pulsed with the 

differentiated cells did not improve tumour protection. Antigen-specific 

vaccination has been tested in another study (Garcia-Hernandez et al., 2008). 

In this study, DCs were loaded with PSCA cDNA in a prime and viral vector 

boost model in TRAMP mice, which conferred significantly improved survival 

compared to unvaccinated mice.  

 

However, since these studies investigated responses to antigens expressed 

in a mouse model, the epitopes targeted may not be applicable to human 

tumours. Additionally, owing to differences in the development of the prostate 

in mice compared to humans, the CSC population could be different, thus it 

may not be an accurate model of the effects of targeting CSC in the human 
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prostate. Therefore, identification of human antigens expressed by prostate 

CSC, and testing the effects of targeting these in vivo is warranted. An 

example of this is the study by Deng and colleagues, using EpCAM CAR T cells 

against tumours grown in vivo from PC3M cells, a subline of the metastatic 

human PCa cell line PC3 (Deng et al., 2015). As previously discussed, CAR T 

cells are targeted against surface proteins; optimal targets are typically highly 

expressed on the cell surface. EpCAM was originally identified in colon cancer 

tissue, and is also expressed on prostate CSC (Gires et al., 2009; Herlyn et 

al., 1979; Munz et al., 2009). EpCAM has been found to be expressed in a 

wide range of cancers (Went et al., 2004), thus the EpCAM CAR T cell based 

CSC targeting approach could be tested in further cancers which express the 

same CSC markers. While EpCAM is widely expressed by epithelial tissues, 

the expression pattern of EpCAM is localised differently in healthy compared 

to cancer tissue; EpCAM is specifically localised cell surfaces at tight junctions 

in healthy cells whereas it is homogenously expressed in cancer tissue; 

additionally EpCAM is more highly expressed in cancer tissue (Munz et al., 

2009, 2004; Schnell et al., 2013). Munz and colleagues further suggest that 

this expression pattern in which EpCAM is sequestered at the tight junctions 

in healthy tissue may have a protective effect in the context of anti-cancer 

therapies targeting EpCAM (Munz et al., 2009). EpCAM is functionally involved 

in cell-cell adhesion however, EpCAM associated adhesion has a negative 

regulatory effect on cadherin mediated adhesion (Went et al., 2004). EpCAM 

is thus suggested to be associated with modulating, rather than maintaining 

cell-cell junctions, which presents a potential functional link to loss of cell 

polarity and deregulated morphology and cell motility associated with 

tumorigenesis. EpCAM expression is also recognised as a marker of SC and 

CSC (Imrich et al., 2012; Ni et al., 2018). There are a number of 

immunotherapy approaches under clinical investigation for targeting EpCAM 

in solid tumours. EpCAM targeting therapies include CAR-T cells, an antibody-

drug conjugate (Tucotuzumab celmoleukin) and a bi-specific antibody 

combining anti-EpCAM targeting with CD3 activation (MT110) (Clara et al., 

2019)  

 

Previous studies investigating the use of antibody based anti-EpCAM cancer 

therapies demonstrated that targeting this cancer antigen was largely well 

tolerated although off-target toxicity occurred in healthy tissue was 
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associated with the use of high-affinity antibodies (Schwartzberg, 2001). 

Further clinical evaluation failed to show a significant therapeutic effect (Punt 

et al., 2002) however it has been suggested that other immunotherapy 

modalities could be effective (Went et al., 2004).  In the study by Deng and 

colleagues, EpCAM CAR T cells were effective at controlling tumour growth in 

vivo but more interestingly, also prevented metastasis in a model of 

tumorigenesis driven by the parent PC3 cell line, which has lower and 

heterogenous EpCAM expression (Deng et al., 2015). Since human EpCAM is 

highly conserved between humans and mice (Schnell et al., 2013), this 

suggests that EpCAM targeting was highly specific to tumour cells in this in 

vivo model. The results from this study highlighted two key concepts. First, 

immune targeting of CSC antigens can control metastatic tumour growth. 

Second, CSC antigens can be shared between different prostate cancer cell 

types. This suggests that immune targeting of CSC in human prostate cancer 

is a valid approach and that identification of novel CSC antigens could form 

the basis of effective immunotherapies; this forms the motivation for this 

thesis.  

 

 Hypothesis and Aims 

I hypothesise that prostate CSC (a) are a distinct population of cells found in 

PCa cell lines and primary samples which can be identified by specific 

markers, (b) express antigens, uniquely or in common with prostate non-

CSC, and (c) presentation of these antigens by CSC can activate a T cell 

response. 

 

To investigate this, the aims of this thesis are: 

1. Identify CSC using primary PCa samples and PCa cell lines using 

optimal markers. 

2. Characterise the CSC in vitro and in vivo. 

3. Identify novel antigens of prostate CSC. 

4. Test T cell responses to prostate CSC antigens. 
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2 Materials and Methods  

 Cell culture 

2.1.1 Cell lines and primary samples 

All cells used in this project were maintained at 37°C in an atmosphere of 5% 

CO2 in a humidified incubator. Mycoplasma testing was carried out regularly 

using a MycoAlert Mycoplasma Detection Kit (Lonza). All tissue culture work 

was carried out in a class II biosafety cabinet. Authentication of cell lines was 

carried out by the supplier and visual inspection of the cells’ morphology was 

regularly carried out for the duration of the in vitro culture period. 

 

The DU145 cell line is a PCa cell line originally isolated from CNS metastases,  

and was obtained from ATCC (ATCC HTB-81) (Stone et al., 1978). The DU145 

cells were used in the lab up to passage (p) 59. The LNCaP cell line is a PCa 

cell line originally isolated from lymph node metastases, and was obtained 

from the European Collection of Authenticated Cell Cultures ECACC) 

(Horoszewicz et al., 1983). The LNCaP cells were used from p8-p11. 

 

B lymphoblastoid cell lines (BLCL) were prepared according a previously 

described method, by infecting PBMC with EBV-containing B95.8 cell 

supernatant and PHA (Louie and King, 1991).  

 

Ethical approval for the project was obtained from the School of Medicine 

Research Ethics Committee (Ref no. 17/52). Informed consent to provide 

peripheral blood samples was obtained from healthy donors. Consent was 

obtained from healthy donors by research staff trained in ‘Valid Informed 

Consent in Research’ by Health and Care Research Wales. Whole blood was 

sampled by trained phlebotomists at the Velindre Cancer Centre or University 

Hospital Wales (UHW).  

 

Ethical approval specifically pertaining to the collection and use of PCa tissue 

was held by the Wales Cancer Bank (WCB) (WCB 16/002 and WCB 17/021). 

Consent for the sampling of PCa tissue was obtained from patients by WCB 
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staff. PCa tissue was obtained from patients undergoing prostatectomy 

surgery; the sampling was performed by pathologists in University Hospital 

Wales (UHW). Relevant clinical information was obtained from the WCB. 

 

2.1.2 Cell culture and passaging 

The cell culture media and conditions for each cell type are summarised in 

Table 2.1. Details of the media supplementation, culture and passaging 

protocols are provided below.  

 

Table 2.1. Summary of in vitro culture conditions for the cell types 

used in this project. 

Cell type Culture 

conditions 

Media Passaging 

DU145 Adherent 

plasticware 

10% RPMI Trypsin 

LNCaP Adherent 

plasticware 

10% RPMI Trypsin 

Primary PCa 

samples 

Adherent 

plasticware 

Collection: SCM 

Culture: SCM/ OM 

/mOM 

Accutase 

 

BLCL Suspension in 

adherent 

plasticware 

10% RPMI Dilute/ divide 

suspension 

cells 

PBMC Suspension in 

adherent 

plasticware 

10% RPMI or 

10% AB RPMI 

Additional 

supplements 

depending on 

experimental 

conditions 

Dilute/ divide 

suspension 

cells 
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PCa cell lines 

The DU145 and LNCaP PCa cell lines were cultured in Roswell Park Memorial 

Institute (RPMI)-1640 media (Lonza) in Cellstar TC-treated adherent cell 

culture flasks (Greiner Bio-One). RPMI-1640 was supplemented with 100 U/ 

ml penicillin and 100 µg/ ml streptomycin (Lonza), 2 mM L-glutamine (Gibco 

Thermo Fisher Scientific) 25 mM HEPES buffer (Sigma Aldrich) and 1 mM 

Sodium Pyruvate (Sigma Aldrich). This basal media was additionally 

supplemented with 10% foetal bovine serum (FBS) (Gibco Thermo Fisher 

Scientific). This media is referred to as 10% RPMI throughout the text. 

 

To passage the PCa cell lines, the culture media was removed, and the cell 

monolayer was washed with PBS not containing Ca2+ and Mg2+ (Lonza). 

Trypsin/EDTA solution (Lonza) was added as required to cover the base of 

the culture flask. Trypsin is a protease enzyme that cleaves cell-cell and cell-

matrix adhesions, causing detachment of the cells from the culture surface. 

EDTA acts as a chelating agent, sequestering any Ca2+ and Mg2+ ions present 

which otherwise act as trypsin inhibitors. The flasks were incubated at 37°C 

for 8-10 min followed by neutralisation using FBS at ≥2 times the volume of 

Trypsin/EDTA used. FBS inhibits trypsin as it contains protease inhibitors. The 

detached cells were collected and centrifuged for 3 min at 354 x g (1300 x 

RPM) in a Heraeus Megafuge 1.0. This centrifuge was used for all live cell 

centrifugations. The cell pellet was resuspended in media for counting and 

once counted, re-plated or used in experiments as required. The PCa cell lines 

were passaged when 90-100% confluent to maintain stocks or at 70-80% 

confluent for use in experiments.  

 

Doubling time of the DU145 cell line was determined by plating the cells at a 

range of concentrations: 104, 105 and 106 cells per well in a 6-well adherent 

Cellstar TC-treated adherent cell culture plate (Greiner Bio-One). Cell counts 

were performed using a Millipore Guava EasyCyte TM8 flow cytometer at 3 

days, 5 days and 7 days, by detaching the cells and staining with Guava 

ViaCount reagent for counting (counting protocol detailed below). The 

doubling time of the DU145 cells was calculated using the formula: time x 

log2/ log2(final concentration) - log2(initial concentration). 
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Primary PCa sample processing and culturing 

The primary PCa biopsies were collected in sterile universal tubes containing 

5 ml ‘Stem cell media’ (SCM) (Frame et al., 2013), consisting of Keratinocyte 

SFM media (KSFM) kit supplemented with the included EGF and BPE (Gibco 

Thermo Fisher Scientific). This basal media was additionally supplemented 

with 1X Antibiotic-Antimycotic (Gibco Thermo Fisher Scientific), 2ng / ml stem 

cell factor (First Link UK), 100ng / ml cholera toxin (Sigma Aldrich) and 1ng 

/ ml recombinant GM-CSF (Molgramostim; distributed by Sigma Aldrich for 

European Pharmacopoeia (EP) Reference Standards). The biopsies were 

washed briefly in PBS followed by dissection using a scalpel. The biopsies 

were dissected about 1 mm3 pieces and transferred to a solution of 200 U / 

ml Collagenase I (Worthington Biochemicals, distributed by Lorne 

Laboratories UK) or 5 mg / ml Collagenase II (Life Technologies Thermo 

Fisher Scientific) additionally containing 10 µm Y-27632 2HCL (ROCK 

inhibitor) (Selleck Chemicals, supplied by Stratech Scientific Ltd.). The pieces 

were enzymatically digested by overnight incubation with rotation on a 

MACSmix Rotator (Miltenyi Biotech) at 37°C. The efficacy, in terms of cell 

viability and cell numbers recovered from biopsy digestion, using Collagenase 

I or Collagenase II, was compared for consecutive PCa biopsies. Following the 

overnight step, the solution was passed through an 18 G needle 3 times to 

break up any remaining pieces and the solution was centrifuged at 838 x g 

for 5 min. The supernatant was discarded, and the pellet was resuspended in 

10 ml PBS and centrifuged again at 838 x g for 5 min. This step was repeated 

one further time. The sample was then resuspended in the culture media for 

counting. Once counted, the cells were plated at 1.5- 2x105 cells per well in 

a 6-well plate; lower cell numbers were plated in single wells in 12- or 24- 

well plates (Cellstar TC-treated adherent multi-well plates from Greiner Bio-

One). The cells were grown without disturbing them, until growth became 

evident, up to a maximum of 3 weeks, before passaging. The cultures were 

passaged or used in experiments at approximately 80% confluency.  

 

To passage primary PCa cell lines, the cell monolayer was washed with PBS 

not containing Ca2+ and Mg2+ (Lonza). Accutase Enzyme Cell Detachment 

Medium (Thermo Fisher Scientific), was added as required to cover the base 
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of the well in the cell culture plate and the plates were incubated at 37°C for 

15 min. Accutase was used as part of a primary prostate passaging protocol 

previously established in the lab. This is because accutase is considered a 

gentler alternative for cell detachment than trypsin, which may be more 

suitable for cells not adapted to in vitro cell culture (i.e. cell lines). Accutase 

is a solution containing both protease and collagenolytic enzymes. The cells 

were washed with PBS to aid detachment (unlike Trypsin, Accutase does not 

require neutralisation) and the detached cells were collected and centrifuged 

for 3 min at 471 x g.  

 

Several different media were tested for the optimal growth of primary PCa 

cells. The first medium tested was SCM, to which 10 nM Dihydrotestosterone 

(DHT) (Sigma Aldrich) was later added to some individual cultures (DHT 

stimulates the androgen receptor). The basal media (KSFM) is suitable for 

culturing epithelial cells and keratinocytes and does not support the growth 

of fibroblasts (product technical data; CC2v3 SFM brochure, available at 

https://www.thermofisher.com/order/catalog/product/17005075?SID=srch-

srp-17005075). Contaminating fibroblasts in a primary epithelial culture 

could out-grow the epithelial cells and confound the measurement of 

responses to treatment (Dollner et al., 2004; Luo et al., 2011). Additionally, 

it has been found using a different basal media, WAJC‐404, that EGF and BPE 

have an important contribution to prostate epithelial cell proliferation 

(Sutkowski et al., 1992). This media was supplemented with Stem Cell Factor, 

GM-CSF and Cholera Toxin. Frame and colleagues suggest that KSFM can be 

used without these supplements for culturing healthy primary prostate 

epithelial cells, if the selection of subpopulations is not required (Frame et al., 

2016). Therefore, these supplements are considered an important factor in 

promoting the distinct growth of prostate stem, transit amplifying and 

committed basal cells.   

 

Following the publication of a dedicated ‘organoid medium’ (OM), designed 

for the growth of primary prostate and PCa cells by Drost and colleagues, this 

medium was tested in my study (Drost et al., 2016). Supplementation of the 

OM is detailed in Table 2.2. OM was developed to support growth of basal and 

luminal prostate and PCa cells under non-adherent conditions (sphere/ 
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organoid culture); however for the purpose of expanding cell numbers for use 

my experiments, PCa cells were grown under adherent conditions (Cellstar 

TC-treated adherent multi-well plates from Greiner Bio-One). The factors 

influencing the choice of supplements in the medium developed by Drost and 

colleagues are discussed in accompanying publications by Karthaus and 

colleagues and Gao and colleagues (Gao et al., 2014; Karthaus et al., 2014). 

Growth factors EGF, Noggin and R-spondin constituted a “generic” medium 

for the growth of organoids, which was previously successfully used for the 

long term growth of organoids from colon cancer and various intestinal 

tissues (Sato et al., 2011). TGF- and DHT were also included, to prevent a 

proliferative block and to encourage luminal cell growth, respectively 

(Karthaus et al., 2014). Additional supplements, PGE2, FGF-10, FGF-2, 

Nicotinamide and p38 inhibitor were added specifically for the culture of 

human prostate organoids (the basal media could be used successfully to 

culture mouse prostate organoids) (ibid). 

 

 

Table 2.2. Basal media formulation and supplementation 

used to make Organoid media. 

Organoid media: 

Basal media consisting of ADMEM/F12 (Gibco Thermo Fisher Scientific), 

additionally supplemented with 100 U/ ml penicillin+ streptomycin 

(Lonza), 2 mM L-glutamine (Gibco Thermo Fisher Scientific), 10 mM 

HEPES buffer (Sigma Aldrich). 

Additional supplements: 

Supplement Manufacturer Media 

concentration 

FGF-10 Peprotech 10 ng / ml 

FGF-2 (FGF basic) Peprotech 5 ng / ml 

EGF Peprotech 5 ng / ml 

NOGGIN Peprotech 100 ng / ml 
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R-spondin Peprotech 500 ng / ml 

P38 inhibitor Sigma Aldrich 10 μM 

B27 Life technologies 1 X 

Y-27632 

dihydrochloride (ROCK 

inhibitor) 

Selleck Chemicals/ 

Stratech 

10 μM 

N-acetylcysteine Sigma Aldrich 1.25 mM 

TGF− inhibitor (A83-

01 

Tocris 500 nM 

PGE2 Tocris 1 μM 

Nicotinamide Sigma Aldrich 10 mM 

DHT Sigma Aldrich 1 nM 

 

The extensive supplementation required to culture the human organoids is 

suggestive of the inherent difficulty in successful growth of human prostate 

and PCa tissue in vitro. Drost and colleagues provide comparison to previous 

studies including novel media formulations in which short term culture, or a 

lower success rate in culturing heathy prostate tissue was achieved; however 

culturing PCa tissue remained unsuccessful (Höfner et al., 2015; Niranjan et 

al., 2013; Xin et al., 2007). The contribution of the basal growth factors to 

various aspects of the cell culture was investigated by Karthaus and 

colleagues and it was found that Noggin and Wnt signalling were not essential 

for, but greatly enhanced prostate organoid formation (Karthaus et al., 

2014). EGF was an essential supplement while TGF- was required for 

passaging the spheres. These data were used to further optimise a media for 

adherent culture of primary PCa cells in my study, as the use of organoid 

media did not result in particularly long in vitro culture lifespans. This step 

was also taken as the extensively supplemented organoid media was not 

cost-effective. The novel medium used in this study was denoted ‘modified 

organoid medium,’ (mOM) consisting of the same basal medium as used in 

the organoid medium formulation and supplemented by a combination of 

reagents used in both of SCM and OM. The supplements used in mOM are 

detailed in Table 2.3. 
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Table 2.3. Basal media formulation and supplementation used 

to make modified Organoid media. 

Modified Organoid Media 

Basal media consisting of ADMEM/F12 (Gibco Thermo Fisher Scientific), 

additionally supplemented with 100 U/ ml penicillin+ streptomycin 

(Lonza), 2 mM L-glutamine (Gibco Thermo Fisher Scientific), 10 mM 

HEPES buffer (Sigma Aldrich). 

Additional supplements: 

Supplement Manufacturer Media concentration 

FGF-2 (FGF basic) Peprotech 5 ng / ml 

EGF Peprotech 5 ng / ml 

B27 Life technologies 1X 

TGF− inhibitor 

(A83-01) 

Tocris 500 nM 

PGE2 Tocris 1 μM 

Nicotinamide Sigma Aldrich 10 mM 

DHT Sigma Aldrich 10 nM 

Stem cell factor First link UK 2 ng / ml 

Cholera toxin Sigma Aldrich 100 ng / ml 

GM-CSF Molgramostim; 

distributed by Sigma 

Aldrich for European 

Pharmacopoeia (EP) 

Reference Standards 

1 ng / ml 
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Immune cell isolation and culturing 

Venous blood was collected by trained phlebotomists into ‘Vacutainer’ blood 

collection tubes containing EDTA as an anti-coagulation agent (BD). The blood 

was layered onto Histopaque-1077 (Sigma Aldrich) at approximately a 2:1 

ratio and centrifuged at 838 x g for 30 min (with the break off for a gradual 

decrease in rotation speed at the end of the centrifugation step). In this way, 

the blood was separated into the different components by density gradient 

centrifugation. Due to their higher density, the red blood cells sedimented 

below the Histopaque layer. The PBMC were isolated from the buffy coat 

(separated between the Histopaque and plasma layers) and centrifuged two 

more times with PBS to wash the cells. The cells were washed for a final time 

in 10% RPMI and suspended in this media for counting. PBMC were cultured 

in adherent multi-well plates or flasks (upright/ tilted as required) (Cellstar 

TC-treated adherent plasticware from Greiner Bio-One), with cytokines or 

peptides, or further cell populations were isolated as required (details of 

specific experimental protocols are given below).  

 

BLCL were cultured in adherent flasks orientated in an upright position 

(Cellstar TC-treated adherent plasticware from Greiner Bio-One), in 10% 

RPMI. BLCL were passaged routinely, typically upon observation of a colour 

change in the media (red to yellow) indicating acidic conditions as a result of 

excessive waste products. BLCL were passaged weekly in a 1:10 ratio by 

removing 9 parts of the cell suspension and adding 9 parts fresh 10% RPMI 

to the remaining cells. The cells were passaged in a lower ratio if large 

numbers were required for experimental use. 

 

2.1.3 Cell counts and viability measurements 

The cells were counted manually, using a Neubauer haemocytometer in 

conjunction with the trypan blue exclusion assay, or using the ViaCount Assay 

reagent (Merck Millipore) on a Guava EasyCyteTM8 flow cytometer (EMD 

Millipore). Manual cell counting was typically carried out for passaging of cells, 

and for counting PBMC. The cell suspension was diluted 1:10 in 0.1% trypan 

blue and 10 µl of the stained suspension was counted in a quadrant of known 

volume. The number of cells was determined by the following formula: mean 
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number of cells per quadrant (count of 4 quadrants) x dilution factor x 104 = 

number of cells/ ml.  

 

The Guava ViaCount Assay is another type of cell viability and counting assay 

based on dye uptake or exclusion. The assay stains non-viable cells based on 

their permeability to the DNA-binding dyes in the ViaCount Reagent. The 

Guava EasyCyte TM8 flow cytometer was set up by running a cleaning 

protocol using the Instrument Cleaning Fluid (ICF) (EMD Millipore) and double 

distilled water (ddH2O). The instrument was calibrated using the Guava Check 

Kit (EMD Millipore). To count cells using the ViaCount assay, an aliquot of the 

total cell suspension was stained by addition of the Guava ViaCount Reagent, 

in a 1.5 ml microfuge tube (STARLAB). The dilution factor of cells to dye was 

determined by estimating the cell count and following the manufacturer’s 

recommended dilution factor, given below: 

 

 

Table 2.4. Cell suspension concentration and recommended dilution 

factor of Guava ViaCount reagent for cell count and viability 

analysis on a Guava EasyCyte flow cytometer. 

Cell Suspension concentration  Dilution Factor  

1x105 to 1x106 cells/ ml  10  

1x106 up to 1x107 cells/ ml  20  

>1x107 cells/ ml  

Further dilution of the cell suspension is 

recommended if > than this concentration 

40 

  

The cells were incubated for 5 min and analysed using the Guava EasyCyte 

TM8 flow cytometer (Millipore). The data were visualised in the form of flow 

cytometry dot plots and viable cells were enumerated automatically based on 

placement of inclusion/ exclusion gates on the FSC/SSC and viability dye dot 

plots respectively (Figure 2.1A, B; DU145 cells, C,D: freshly digested primary 

PCa cells and E, F: cultured primary PCa cells at p5).  
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Figure 2.1 Dot plots generated by Guava EasyCyte flow cytometer for cell 

counting and viability analysis. (A) DU145 Cells are gated based on size and 

debris are excluded (B) DU145 Live cells are gated based on low ViaCount dye 

uptake. (C) Freshly processed (Collagenase I digestion) primary PCa cells at 

passage ‘0’. (D) Viability analysis for the same primary PCa sample. (E, F) The 

same primary PCa sample as shown in C, D at p5 of in vitro culture; (E) counting 

and (F) viability measures. Automated calculation of the cell number (both viable 

and total cell numbers are provided) based on the dot plot gating. 
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2.1.4 Cryopreservation, storage and recovery 

Freezing media for storing cell lines and PBMC consisted of 10% RPMI, further 

supplemented with 20% FBS and 10% dimethyl sulphoxide (DMSO) (Sigma 

Aldrich). DMSO reduces the formation of large ice crystals in the course of a 

slow freezing process, which could otherwise puncture cells and cause cell 

death. The freezing media was prepared fresh and cooled on ice for use. Cells 

were counted, and then centrifuged at 354 x g for 3 min. The supernatant 

was removed, and cells re-suspended in freezing media and transferred to 

pre-chilled cryogenic vials (‘CryoPure,’ Sarstedt) (1 ml cell suspension per 

vial). The vials were placed into CoolCell alcohol-free cell freezing containers 

(Biocision) to ensure controlled cooling at -1 °C/min in a -80 °C freezer. The 

vials were transferred to vapour phase liquid nitrogen (-180 °C) for long-term 

storage within 2-3 days. Primary PCa cells, if sufficiently expanded in culture, 

were frozen for storage in Recovery Cell Culture Freezing Medium (Gibco 

Thermo Fisher Scientific). This is a pre-made cryopreservation solution that 

is suggested to improve recovery of cryopreserved mammalian cells 

(technical data). This solution is indicated by Drost and colleagues for 

cryopreservation of primary PCa cells grown in organoid media (Drost et al., 

2016). This solution is used in the same way as hand-made freezing media; 

1 ml of the cooled solution is added to a cell pellet and transferred to a 

cryovial. The cryovials were cooled in the -80 °C freezer and transferred to 

vapour phase liquid nitrogen as described above.   

 

To recover cryopreserved cells, the cryovials were removed from liquid 

nitrogen and placed into a 37 °C water bath, for 2-3 min, until partially 

thawed. 0.5 ml 10% RPMI was added to the cryovial, 1 ml of the cell 

suspension was retrieved from the vial and added dropwise to a 15 ml falcon 

tube containing 10 ml pre-warmed (37 °C) 10% RPMI. This large volume is 

intended to dilute the DMSO, which is toxic to live cells. This was repeated 

until all of the cell suspension had been added to the media. The cell 

suspension was centrifuged at 354 x g for 3 min. The media supernatant was 

discarded, and the cells were resuspended in fresh media for counting. 

Defrosting of primary PCa cells from the Recovery Cell Culture Freezing 

Medium proceeded in the same way.  
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 Flow cytometry 

Antibodies and fluorescent dyes used in flow cytometry experiments are 

summarised in Table 2.5. Cell staining was performed in 5 ml sterile non-

pyrogenic FACS tubes (BD Bioscience) except for Aldehyde dehydrogenase 

(ALDH) incubations and Cell Trace staining, which were carried out 15 ml 

CELLSTAR polypropylene tubes (Greiner Bio-One). A BD FACSVerse 8 colour 

flow cytometer operated by BD FACSuite v1.2.1 software was used to analyse 

the cells. BD FACS-DIVA software version 6.1.2 (BD Bioscience) was used to 

analyse the data. Cell sorting was carried out using a special-order system 

BD FACSAria II cell sorter flow cytometer (tetramer sorting of T cells) or a BC 

FACSAria III flow cytometer cell sorter (tumour cell sorting for CSC/non-CSC 

populations). 

 

 

Table 2.5. Details of antibodies used in flow cytometry analysis. The 

use of T cell phenotyping antibodies for tetramer sorting experiments were 

kindly provided by Professor David Price (Cardiff University). 

Antibody  Clone, Isotype Manufacturer Test 

concentration/ 

volume 

CD44 IM7 

Rat IgG2b 

eBioscience 

Thermo Fisher 

0.05 μg / test 

CD49b 

2Integrin 

AK7 

Mouse IgG1 

Bio-Rad 0.5 μg / test 

CD133 AC133 

Mouse IgG1 

Miltenyi Biotech 0.01925 μg / 

test 

EMK08 

Mouse IgG2b 

eBioscience 

Thermo Fisher 

Scientific 

0.0125 μg / test 

CD49f G0H3 

Rat IgG2a 

Biolegend 2.5 μg / test 
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CD26 M-A261 

Mouse IgG1 

BD Biosciences 2.5 μg / test 

CD3 UCHT1 

Mouse IgG1 

eBioscience 

Thermo Fisher 

Flow cytometry 

0.25 μg / test 

SK7 

Mouse IgG1 

Biolegend FACS tetramer 

sorting 

1 μl / test 

CD8 RPA-T8 

Mouse IgG1 

eBioscience 

Thermo Fisher 

Flow cytometry 

0.0625 μg / test 

RPA-T8 

Mouse IgG1 

Biolegend FACS tetramer 

sorting 

1 μl / test 

CD4 RPA-T4 

Mouse IgG1 

Biolegend Flow cytometry 

0.75 μg / test 

S3.5 

Mouse IgG2a 

Invitrogen 

Thermo Fisher 

Scientific 

FACS tetramer 

sorting 

0.5 μl / test 

CD14 63D3 

Mouse IgG1 

Biolegend Flow cytometry 

1.5ul/test 

M5E2 

Mouse IgG2a 

BD Biosciences FACS tetramer 

sorting 

1.5 μg / test 

CD19 HIB19 

Mouse IgG1 

BD Biosciences FACS tetramer 

sorting 

1.5 μg / test 

TNF MAB11 

Mouse IgG1 

eBioscience 

Thermo Fisher 

0.2 μg / test 
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CD107a eBioH4A3 

Mouse IgG1 

eBioscience 

Thermo Fisher 

7.5 μg / test 

MIP1β 24006 

Mouse IgG2b 

R&D Systems 1 μl / test 

IFN 4S.B3 

Mouse IgG1 

eBioscience 

Thermo Fisher 

0.75 μg / test 

IL-2 MQ1-17H12 

Mouse IgG2a 

eBioscience 

Thermo Fisher 

2.5 μl / test 

Isotype control antibody 

Isotype control antibodies were used where indicated in specific protocols; 

where an appropriate isotype control was not available, unstained cells 

were used instead. 

Mouse IgG2a MOPC-173 Biolegend Matched to test 

antibody 

concentration 

eBM2a eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Mouse IgG1 P3.6.2.8.1 eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Mouse IgG2b eBMGb2 eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Mouse IgG1 IS5-21F5 Miltenyi Biotech Matched to test 

antibody 

concentration 

Rat IgG2a eBR2a eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 
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Rat IgG2b eB149/10H5 eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Fluorescently 

conjugated goat 

anti mouse IgG 

(H+L) Alexa 

fluor 633 

Polyclonal Goat 

IgG 

 

eBioscience 

Thermo Fisher 

Scientific 

1:200 

Other fluorescent dyes 

Fixable viability 

dye 

N/A eBioscience 

Thermo Fisher 

1:1000 

Aqua viability 

dye 

N/A Thermo Fisher 

Scientific 

1:40 

ExtrAvidin PE N/A Sigma Aldrich 4:1 monomer: 

ExtrAvidin molar 

ratio 

 

2.2.1 General gating strategy 

The forward and side scatter voltages were adjusted depending on the size 

and granularity respectively of the cells under investigation; generally, the 

PCa cells (cell lines and primary cells) were larger than the immune cells. 

PBMC contained multiple populations of differing size and granularity. The 

general gating strategy applied before the investigation of populations 

expressing specific markers was as follows: doublet cells and debris were 

excluded by gating the population of cells observed with the x-axis set to 

FSC-A and the y-axis set to FSC-H (Figure 2.2A). Plotting cells on the FSC-A 

and FSC-H axes identifies single cells as the area correlates to the height; for 

doublet cells this is not a direct correlation therefore doublet cells can be 

excluded off the diagonal representing the single cells. This was followed by 

gating the population observed with the x-axis set to FSC-A and the y-axis 

set to SSC-A (Figure 2.2B). This gate encompasses the majority of the 

population except in the analysis of BLCL and PBMC; for consistency this 

gating was also used in the analysis of tumour cells. Cells were stained with 
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Fixable Viability Dye (eBioscience Thermo Fisher Scientific), so that dead cells 

(positive for the stain) could be gated out (Figure 2.2C). The remaining live 

cells were then gated as required (details given below for specific 

experiments). 
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Figure 2.2 General gating strategy for flow cytometry analysis. Example dot 

plots are shown for DU145 cells, Primary PCa cells and BLCL, to illustrate some 

differences in cell size and granularity. (A) The first gate was placed to exclude 

doublets; the cells were arranged on a dot plot where the x-axis was set to FSA-A 

and the y-axis was set to FSC-H. The debris (on the extreme left of the x-axis) 

were also excluded in this way. (B) Setting the dot plot axes to FSC-A on the x-

axis and SSC-A on the y-axis was intended to allow discrimination of size and 

granularity, which was mainly relevant for immune cell experiments. Increased 

granularity was also observed in samples containing higher frequencies of dead 

cells therefore this gate added to the dead cell exclusion strategy. (C) Viability 

gating: the viability stain (Fixable Viability dye; Thermo Fisher Scientific) binds to 

intracellular amines in cells which are permeable due to cell death; a high 

fluorescent signal on the y-axis thus indicates dead cells; live cells are gated for 

analysis at the lower end of the y-axis.  
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2.2.2 Cell surface marker staining  

Cells were washed with PBS and stained for 30 min on ice in the dark with 

Fixable Viability dye 1:1000 in 200 µl PBS. At the end of the incubation, 2 ml 

PBS was added to the cells and the cells were centrifuged at 354 x g for 3 

min followed by removal of the supernatant, to remove excess dye. This step 

was repeated one more time. The cells were stained with appropriate volumes 

of antibody or isotype control antibody (determined by titration) in the 

residual volume of PBS for 40 min on ice in the dark followed by 2x 2 ml PBS 

washes to remove unbound antibodies.  

 

The gating strategy for analysis of prostate CSC surface markers was as 

follows: live single cells were gated as described above (general gating 

strategy), followed by gating the CD44+ 2Integrin (CD49b)+ double positive 

population using a quadrant gating strategy. Positive staining was based on 

the respective isotype control gating. From this double positive population, 

the CD133+ cells were identified by a quadrant gating strategy that was based 

on the isotype control antibody. These gates are shown in the results figures 

(Figure 3.4 and Figure 3.5). 

 

For analysis of the prostate phenotyping markers CD49f (basal) and CD26 

(luminal), the general gating strategy was followed and the respective single 

positive (CD49f+ or CD26+) or double positive CD49f+ CD26+ populations 

were gated using quadrant gates. The placement of the quadrant gates was 

guided by isotype control antibody staining. These gates are shown in Figure 

3.3. 

 

HLA levels in ALDH high and ALDH low DU145 and primary PCa cells were 

investigated with the use of an unconjugated pan HLA Class I antibody 

(W6/32), kindly provided by Dr Stephen Man. The staining thus required two 

steps: incubation with the primary antibody and with the fluorescent 

conjugated secondary antibody. Following the ALDEFLUOR assay and viability 

staining, the cells were incubated with 50 μl of the pan HLA Class I antibody 

for 20 min, on ice. The cells were then washed twice by centrifugation with 2 

ml PBS and incubated with AlexaFluor633 anti-mouse secondary antibody 
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(Invitrogen Thermo Fisher Scientific) at 1:200 dilution, resuspending the cells 

in PBS for analysis. Gating to determine a positive pan-HLA Class I signal was 

determined by unstained cells and also compared to cells stained only with 

the fluorescently conjugated secondary antibody, this is shown in Figure 5.11.  

 

2.2.3 Intracellular cytokine staining (ICCS) 

T cells were co-incubated with antigen presenting target cells in 10% RPMI 

for 1 hr followed by addition of 1 μl / ml Golgi Plug (BD Biosciences) and 0.7 

μl / ml Golgi Stop (BD Biosciences). Golgi Plug contains brefeldin A and Golgi 

Stop contains monensin. The addition of Golgi Plug and Golgi Stop blocks 

intracellular protein transport, resulting in retention of cytokines and other 

granules, produced in response to stimulation, in the Golgi apparatus (Dinter 

and Berger, 1998; Mollenhauer et al., 1990). This accumulation enables 

improved measurements by increasing the antibody staining signal detected 

by flow cytometry analysis (O’Neil-Andersen and Lawrence, 2002). The 

CD107a antibody was also added to the cells at this point. The cells were then 

incubated for 12 hr at 37 °C. This incubation time was selected as a result of 

determining the optimal incubation time (6 hr or 12 hr) for detection of IL-2, 

TNF, IFN, MIP1 and CD107a. The incubation was stopped by washing the 

cells in cold PBS. This was followed by staining using the Fixable Viability dye, 

carried out as described above. The cells were washed to remove excess live 

dead stain and incubated with 100 µl fixation buffer (eBioscience Thermo 

Fisher Scientific) for 15 min at room temperature. The cells were then washed 

with 2 ml PBS and followed by addition of 100 μl permeabilisation buffer 

(eBioscience Thermo Fisher Scientific) for 40 min at room temperature in the 

dark. Antibodies for T cell phenotyping (CD3, CD4 and CD8) in addition to T 

cell functional markers (IL-2, TNF, IFN and MIP1) were added to the cells 

in the permeabilisation solution. The cells were then washed with 2 ml PBS 

and resuspended in PBS for analysis.   

 

To investigate cytokine production by cytotoxic T cells (CD8+), the general 

gating strategy described previously was first applied. The next 

discriminatory marker applied was CD3. From the CD3+ cells the CD4+ cells 

were distinguished from the CD8+ cells by quadrant gating; CD4+ CD8+ T cells 
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were also identified in this way. The phenotype staining gating was 

determined based on the signal from samples that did not contain T cells. 

Cytokine production by these different T cell populations was measured by 

gating an unstained control.  

 

2.2.4 ALDEFLUOR assay 

The ALDEFLUOR assay measures the activity of the ALDH enzyme, by 

providing an uncharged substrate for the ALDH enzyme, BODIPY-

aminoacetaldehyde (BAAA), which is oxidised to BODIPY-aminoacetate 

(BAA). BAA is fluorescent, and is retained in cells due to its negative charge 

(Ma and Allan, 2011). BAA is excited and detected in the green channel on a 

flow cytometer (488 nm excitation and 537/ 32 filter on the BD FACS Verse 

8 laser configuration used in this study). This corresponds to the same 

channel in which the fluorescent conjugate Fluorescein isothiocyanate (FITC) 

(494 nm to 518 nm) is measured. Accumulation of BAA is proportional to 

ALDH activity, therefore ALDH high and ALDH low populations can be 

identified based on the fluorescence intensity. Generally, the ALDH high 

population can be gated from the 10-20% most highly fluorescent cells and 

the ALDH low population from the 10-20% lowest fluorescence cells (Ma and 

Allan, 2011; Nishida et al., 2012; van den Hoogen et al., 2010), however, 

since the frequency of ALDH high cells can vary by cell type, gating is 

specifically guided by the use of 4-(diethylamino) benzaldehyde (DEAB), an 

inhibitor of ALDH1 isoforms. As an additional measure for the stringent 

isolation of putative CSC and non-CSC populations, a gate identifying an 

intermediate population of cells representing ‘ALDH medium’ was created 

(Figure 3.6) and these cells were not investigated. The A549 cell line was 

used as a positive control for optimisation of the ALDFLUOR assay. 

 

The ALDEFLUOR reagent was prepared according to the manufacturer’s 

protocol. The reagent was reconstituted at room temperature by adding 25 

µl DMSO, mixing (using a pipette) and incubating for 1 min. Next, 25 µl of 2N 

HCL (provided in the kit) was added, mixed and incubated (at room 

temperature) for 15 min. Finally, 360 µl of the ALDEFLUOR buffer was added 

and mixed. The ALDEFLUOR reagent and DEAB were kept on ice during usage.  
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The ALDH assay was carried out by washing detached/ suspension cells with 

PBS and preparing a cell suspension in 1ml of ALDH buffer, which contains 

efflux inhibitors to prevent active efflux of the BAA metabolite. The ALDH 

substrate was added to the cell suspension and mixed, followed by the 

removal of 300 µl of the cell suspension to a different tube containing 3 µl 

DEAB inhibitor. This is a modification of the manufacturer’s recommended 

protocol (removal of 500 µl cell suspension to a tube containing 5 µl DEAB) 

to retain a greater cell number in the ALDH incubation for analysis and cell 

sorting. The cells were incubated at 37°C (in a water bath) for 45 min. The 

substrate was added at 5 µl per 1 x 106 cells for flow cytometry analysis, and 

the cell number was scaled up to 7 x 106 cells in 1 ml, with corresponding 

addition of 35 µl ALDH substrate (and 21 µl DEAB) for cell sorting. The 

number of cells and ALDH reactions (at 7x106 per reaction) required to yield 

sufficient cells for downstream experiments was calculated based on the 

following factors: frequencies of ALDH high and ALDH low cells recorded in 

the optimisation experiments, loss of cells to the control DEAB condition and 

expected viability of the sorted cells, estimated at 40-50%. For ordinary flow 

cytometry staining the ALDH substrate was adjusted to the available cell 

number/ based on the size of the experiment (e.g. 2.5 µl per 5x105 cells, 0.5 

µl per 105 cells) and is indicated for individual experiments. At the end of the 

incubation, the cells were washed in PBS three times and resuspended in PBS 

for analysis or further antibody staining. The cells were kept on ice once the 

ALDH incubation was completed to reduce active efflux of the fluorescent 

metabolite. Thus, live dead and surface antibody staining were carried out on 

ice after completion of the ALDH incubation. Additionally, ALDH staining is 

not compatible with intracellular staining as permeabilisation of the cells 

results in loss of ALDH fluorescent signal. 

 

Although the technical data regarding the ALDH assay suggests that ALDH 

staining can simultaneously identify live cells (as ALDH enzyme activity is 

confined to live cells, in contrast to the potential for antibodies to bind to dead 

cells), the fixable viability live dead stain (eBioscience Thermo Fisher 

Scientific) was incorporated into the ALDH staining protocol. Thus, the gating 

strategy for ALDH high and ALDH low cell analysis first consisted of the 
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general gating strategy as described above. Optimisation of the ALDH gating 

strategy is described in the Chapter 3. 

 

2.2.5 CFSE and Cell Trace staining 

Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) is a molecule that 

can be used to track cell divisions. CFSE is membrane permeable and once 

intracellular is rendered fluorescent by the action of intracellular esterases 

and membrane impermeable by covalently binding to certain amino acids 

(Lyons, 2000; Lyons and Parish, 1994). Upon cell division, the fluorescent 

signal is divided equally between daughter cells. This enables tracking of 

multiple sequential divisions per single cell, specifically the division ‘history’ 

of a single cell can be analysed retrospectively by flow cytometry analysis of 

the cells following in vitro or in vivo cell culture. The CFSE dye signal is 

measured at a fluorescent wavelength of excitation 491 nm emission 518 nm 

(in the green channel of BD FACS Verse 8 laser configuration used in this 

study). 

 

BLCL and DU145 cells were stained with CFSE (eBioscience Thermo Fisher) 

as follows: the cells were prepared (detached as required, counted and 

washed) in a suspension of up to 107 cells per 1 ml in PBS, in a 15 ml 

CELLSTAR polypropylene tube (Greiner Bio-One). 10 µl CFSE, reconstituted 

in DMSO to a concentration of 50 µM was added to the cell suspension, the 

tube(s) were covered in aluminium foil (to protect against light exposure) and 

incubated for 8 min in at 37 °C in a water bath. The cells were then washed 

by adding 10 ml PBS, centrifuged at 354 x g for 3 min and the supernatant 

was removed. The cells were resuspended in 10% RPMI and incubated for 30 

min at 4 °C (in the fridge). The cells were then plated according to the normal 

cell culture conditions for the specific cell type. The DU145 cells were plated 

at 5 x 105 cells in a 75 cm2 flask for analysis after 3 days of growth and at 

105 cells in a 75 cm2 flask for analysis after 7 days of growth. The BLCL were 

plated at the same cell numbers and cultured upright in 25 cm2 flasks. The 

flasks were covered in aluminium foil to protect against light exposure. 

Separate flasks of cells were stained at the same Day 0 and grown for analysis 

after three or seven days respectively. The cell division was then analysed by 
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flow cytometry (including viability staining using Fixable Viability Dye). 

Events were acquired at a low flow rate. The general gating strategy, 

including selection of live cells, was used to analyse the CFSE labelled cells. 

To analyse cell division, the CFSE fluorescence, was analysed by ‘High,’ 

‘Medium’ and ‘Low’ gates, the placement of which was guided by analysing 

the fluorescence of separate cells stained the same day as flow cytometry 

analysis (‘High’) or unstained cells plated the same day as the stained cells 

were plated in culture (‘Low’); the ‘Medium’ fluorescence/ proliferation was 

placed between the high and low gates. Fluorescence inversely correlated 

with to cell proliferation (High fluorescence/ low proliferation, medium 

fluorescence/ medium proliferation and low fluorescence/ high proliferation).  

 

Cell Trace (Violet) (Thermo Fisher Scientific) is an alternative dye to CFSE for 

measuring cell divisions. Improved dyes for measuring cell division have been 

developed to address some of the disadvantageous aspects of CFSE, including 

toxicity, dye longevity and ‘leakage’ in measuring divisions (CFSE can 

measure up to 7 cell divisions) and fluorescence channel in which the dye is 

measured (Quah and Parish, 2012). Cell Trace is available in a number of 

fluorescent labels, including blue, violet, yellow and far red, corresponding to 

excitation by UV, 405 nm, 532 nm or 561 nm and 633 nm or 635 nm lasers 

respectively. These dyes can measure a range of cell divisions, up to 8-10 

divisions (Cell Trace Violet), and are considered to be less toxic than CFSE, 

although improvements to staining protocols have reduced the cytotoxic 

effects of CFSE staining (Quah and Parish, 2012). Similarly to CFSE, Cell 

Trace can diffuse into cells, bind to amino acids and is cleaved by intracellular 

esterases to yield a fluorescent compound that is divided equally between 

new daughter cells. In my study, Cell Trace Violet was used as an alternative 

dye to CFSE for tracking cell divisions in ALDH high and ALDH low cells as 

both CFSE and ALDH are analysed in the same fluorescent channel (green). 

CFSE and Cell Trace labelling were compared using DU145 cells and BLCLs 

(without carrying out the ALDEFLUOR assay on the cells), to compare the 

dyes for tracking cell divisions before the Cell Trace dye was used to stain 

DU145 and primary PCa cells in combination with the ADLEFLUOR assay to 

measure division of the ALDH high and ALDH low populations.  
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Cell trace staining was carried out according to the manufacturer’s 

instructions, following titration of the optimal dye concentration. The Cell 

Trace stock solution was prepared by adding 20 µl DMSO to the lyophilised 

powder (for the 20-assay kit). The cell suspension for labelling was prepared 

by detaching the cells (where applicable) counting and washing the cells. The 

cell suspension was prepared at 1 x 106 / ml in PBS, in a 15 ml falcon tube 

(CELLSTAR polypropylene tubes (Greiner Bio-One). 0.5 µl Cell Trace Violet 

was added (for a 2.5 µM working concentration of the dye) to the cell 

suspension, which was mixed by pipetting. The tube was covered using 

aluminium foil and incubated at 37°C, in a water bath for 20 min. Then 5 ml 

10% RPMI was added and the tube was incubated for 5 minutes at 37 °C. 

The cells were centrifuged (at 354 x g for the DU145 cells and BLCL and 471 

x g for the primary PCa cells), resuspended in 5 ml 10% RPMI an incubated 

at room temperature for 10 min, followed by plating the cells according to 

the normal cell culture conditions for the specific cell type: The DU145 cells 

were plated at 5 x 105 cells in a 75 cm2 flask for analysis after 3 days of 

growth and at 105 cells in a 75 cm2 flask for analysis after 7 days of growth. 

The primary prostate cancer cell lines were plated at 5 x 105 cells per well in 

a 6-well plate for analysis after 3 days of growth and at 2 x 105 cells per well 

in a 6-well plate for analysis after 7 days of growth. The flasks were covered 

in aluminium foil to protect against light exposure. Separate flasks of cells 

were stained at the same Day 0 and grown for analysis after three or seven 

days respectively. Cell division of the ALDH high and ALDH low populations 

was analysed on days 3 and 7 by detaching the cells and performing the 

ALDEFLUOR assay as described above, followed by viability staining using 

Fixable Viability Dye. Events were acquired at a low flow rate. The general 

gating strategy, including selection of live cells, was used to analyse the Cell 

Trace labelled cells. The same gating strategy that was used to analyse cell 

division based on CFSE staining was used to measure the cell divisions 

tracked by Cell Trace Violet: High, Medium and Low fluorescence gates were 

applied to the histogram plots, corresponding to Low, Medium and High 

division respectively; however these gates were applied to each of the ALDH 

high and ALDH low populations, which were gated as described above; based 

on the fluorescence observed in the DEAB inhibitor condition. The placement 

of the Cell Trace gates was guided by analysing the fluorescence of separate 

cells stained the same day as flow cytometry analysis (‘High’) or unstained 
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cells plated the same day as the stained cells were plated in culture (‘Low’); 

the ‘Medium’ fluorescence/ proliferation was placed between the high and low 

gates (Figures 3.11 and 3.20) 

 

The gating strategies used to analyse the CFSE and Cell Trace signal differ 

from the technical data provided with each product; in which individual peaks 

are gated, denoting successive generations of cells. It was not possible to 

apply this gating strategy to the tumour cells investigated in this study. The 

more distinct peaks observed in T cell assays in which CFSE or Cell Trace is 

used to measure activation of proliferation may be associated with co-

ordinated activation of the population by a mitogen.  

 

 Microscopy 

Live imaging of in vitro cell culture to record morphology was performed using 

a Zeiss axio observer z1 microscope (Zeiss, Germany), operated by Zen Blue 

Software or a Zeiss Axiovert 100 microscope, operated by Metamorph 

Software. The scale was calculated automatically and applied to the images 

using the Zen Blue software program for images recorded using the Zeiss 

axio observer z1 microscope. The scale was manually calculated for images 

taken using the Zeiss Axiovert 100 microscope, by imaging a reference length 

(a haemocytometer grid) and calculating the pixel: µm ratio. Scale bars were 

added using ImageJ for images recorded using the Zeiss Axiovert 100 

microscope.  

 

Imaging of fluorescent stained cells was performed using a Zeiss axio 

observer z1 microscope, enabled with ApoTome Optical Sectioning, operated 

by Zen Blue Software. The ApoTome is a form of structural illumination which 

introduces an evenly spaced grid through which light is focused. This enables 

the removal of out of focus light by acquiring three images of the specimen 

in which the grid is shifted by one third; the resulting image is a composite 

in which blurred regions are removed, resulting in improved resolution, 

comparable to that of confocal imaging. The scale was calculated 

automatically and applied to the images using the Zen Blue software 
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program. The antibodies used for fluorescent microscopy are detailed in Table 

2.6.  
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Table 2.6. Details of antibodies used in fluorescence microscopy 

analysis 

Antibody  Clone, Isotype Manufacturer Test 

concentration 

(μg / ml) 

Primary antibodies 

CK8 E-12 

Mouse IgG2a 

Santa Cruz 

Biotechnology 

2  

CK5 Polyclonal 

Rabbit IgG 

Invitrogen 

Thermo Fisher 

Scientific 

4.95 

CD44 DF1485 

Mouse IgG1 

Santa Cruz 

Biotechnology 

2 

-actin 1A4 

Mouse IgG2a 

Santa Cruz 

Biotechnology  

2 

ALDH1A1 B-5 

Mouse IgG2a 

Santa Cruz 

Biotechnology 

2 

ALDH3A1 B-8 

Mouse IgG1 

Santa Cruz 

Biotechnology 

2 

ALDH7A1 EP1935Y 

Rabbit IgG 

Abcam 2.36 

ARHGAP42 Polyclonal 

Rabbit IgG 

Sigma Aldrich 1  

TPX2 18D5-1 

Mouse IgG1 

Abcam 1  

XPO1 Polyclonal 

Rabbit IgG 

Abcam 1  

SEPT9 Polyclonal 

Rabbit IgG 

Novus 

Biologicals 

1  

TOP2A TOP2A/1361 

Mouse IgG2b 

Novus 

Biologicals 

1  

NFE2L2 Polyclonal 

Rabbit IgG 

Sigma Aldrich 4  
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RLN2 Fred 

Mouse IgG1 

Santa Cruz 

Biotechnology 

4  

AKT2 F-7 

Mouse IgG1 

Santa Cruz 

Biotechnology 

4  

Isotype control antibodies 

Mouse IgG1 P3.6.2.8.1 eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Mouse IgG2a eBM2a eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Mouse IgG2b eBMG2b eBioscience 

Thermo Fisher 

Scientific 

Matched to test 

antibody 

concentration 

Rabbit IgG EPR25A Abcam Matched to test 

antibody 

concentration 

Secondary antibodies 

Goat anti-mouse 

IgG (H+L) 

conjugated to 

Alexa fluor 488 

or Alexa fluor 

594 

Polyclonal Goat 

IgG 

eBioscience 

Thermo Fisher 

Scientific 

1:200 

Goat anti-Rabbit 

IgG (H+L) 

conjugated to 

AF488 or AF594 

Polyclonal Goat 

IgG 

eBioscience 

Thermo Fisher 

Scientific 

1:200 
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Protein expression was investigated by fluorescence microscopy. The cells 

were plated in 8-well imaging chamber slides (Thermo Fisher Scientific) or 

96-well black walled glass bottom plates (Greiner Bio-One) at 104 cells per 

well and grown until they were 90% confluent. The cells were fixed for 

staining using either a mixture of methanol and acetone, or 

paraformaldehyde (PFA). The fixation method was determined by the 

antibody manufacturer’s recommendation, or both methods were compared 

if no method was recommended. For methanol/acetone fixation, a 1:1 

mixture of methanol and acetone was produced and stored in the -20°C 

freezer. The mixture was used to fix and permeabilise cells by removing the 

media from the cells and washing with PBS, followed by addition of cold 

acetone: methanol mixture, taken directly from the freezer; 200 µl per well 

was added to the 8 well chamber slides while 100 µl per well was added for 

the 96-well plate. The plates were incubated at room temperature for 10 min 

followed by removal of the methanol: acetone mixture. The plates were air 

dried. For fixation using PFA, the media was removed and the cells were 

washed in PBS followed by addition of 4% PFA (room temperature) (200 µl 

per well was added to the 8 well chamber slides while 100 µl per well was 

added for the 96-well plate). The working concentration of 4% PFA was made 

by diluting 16% PFA (Thermo Fischer Scientific) using PBS. The cells were 

incubated at room temperature for 30 min followed by removal of the PFA. 

The cells were then permeabilised by addition of 10% Triton X-100 (Sigma 

Aldrich) for 10 min. The plates were air dried following removal of the Triton 

X-100.  

 

Prior to antibody staining, the plates were blocked for 2 hr at room 

temperature using 1% BSA, made by diluting 10X BSA (R&D Systems) in PBS 

1:10. Antibodies were prepared at the recommended dilution (or a range of 

recommended dilutions were tested) in 0.1% BSA-PBS. The isotype control 

antibodies were diluted to match the concentration of the respective 

antibodies in 0.1% BSA-PBS. Antibodies and isotype controls used for 

fluorescence microscopy are detailed in Table 2.3. The antibody or isotype 

controls were added to the chamber slides at 200 µl per well for the 8 well 

chamber slides or 100 µl per well for the 96-well plate. The plates were 

incubated at room temperature for 45 min. The primary antibody was 
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removed, and the plates were then washed with 200 µl PBS for 3 x 5 min. 

The fluorescent conjugated secondary antibody was diluted 1:200 in 0.1% 

BSA-PBS, added to the cells and incubated for 45 min at room temperature. 

The secondary antibody was removed, and the plates were then washed with 

200 µl PBS for 3 x 5 min. The plates were then stained with DAPI (a nuclear 

stain), diluted 1:100,000 for 2 minutes, followed by removal of the stain and 

washing by adding 200 µl PBS for 5 min. For microscopy visualisation, 200 µl 

PBS was added to the well.  

 

 In vitro assays 

 

2.4.1 Colony formation assay 

The colony formation assay was carried out based on an established protocol, 

with some modifications (Franken et al., 2006). DU145 cells were sorted by 

FACS into ALDH high and ALDH low populations and seeded at 50 cells/ cm2 

per well of a 6-well adherent cell culture plate (450 cells per well) (Cellstar 

TC-treated adherent cell culture plate) (Greiner Bio-One). The cells were 

grown in 10% RPMI and until the colonies were ≥50 cells (determined by 

visualisation with a light microscope, typically 7-10 days). The optimal 

seeding density was determined by testing a range of cell concentrations: 25 

cells/ cm2, 50 cells/ cm2 and 100 cells/ cm2. The colonies were fixed by 

removing the culture media and washing with PBS, followed by addition of 1 

ml per well 10% Neutral Buffered Formalin (VWR International). The cells 

were incubated for 30 min at room temperature. The colonies were stained 

using a 5% w/v solution of crystal violet, made up in ddH2O for 1 hr at room 

temperature. The concentration of crystal violet was increased from the 

recommendations of the established protocol to enable visualisation and 

quantification of the colonies. The stained colonies imaged using a DSLR 

camera. Where possible, the colonies were quantified using the ColonyArea 

plugin for ImageJ (Guzmán et al., 2014). To do this, the images were 

converted to 8-bit type images, then cropped and rotated to straighten the 

orientation of the plate in the image, so that only the plate was visible, to 

enable detection by the plugin of the plate and individual well edges. The 

ColonyArea plugin was then run according to the published instructions. A 
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threshold (in pixels) was applied to the image for detection of stained colonies 

(stained colonies measured a pixel value higher than that of unstained plate 

surface). Size exclusion criteria for areas above the pixel threshold were 

applied to exclude colonies <50 cells and measures from the edge of an 

individual well were excluded, based on the recommendations of the protocol 

(Guzmán et al., 2014). The analysis was then executed to quantify the 

number of colonies and the total colony area.  

 

2.4.2 Sphere formation assay 

Sphere formation was measured by culturing the cells in the basic 

ADMEM/F12 media described for prostate organoid culture by Drost and 

colleagues, however the only supplements added were with 5 ng / ml EGF 

and 5 ng / ml bFGF (Drost et al., 2016). This media was selected by 

investigating the minimal supplement conditions required to support sphere 

formation (by unsorted DU145 cells), and a search of the literature also 

suggested the chosen supplements as being commonly used in sphere 

formation assays (Beier et al., 2007; Moore et al., 2012; Nishida et al., 2012).  

 

Sphere formation by ALDH high and ALDH low cells (DU145 cells and primary 

PCa cells) was measured by seeding the FACS isolated populations into cell-

repellent 96-well U bottom plates (CELLSTAR cell repellent surface plate, 

Greiner Bio-One) at 1000 and 100 cells per well. Blank wells containing an 

equal volume of media (180 µl) were included for use in the Orangu assay. 

Addition of blank wells at the same time as seeding the cells is important so 

that the blank measurements are taken from media at the same approximate 

temperature and pH as the cell containing wells, as this can affect the Orangu 

measurements. The cells were grown in the sphere formation media for 7 

days, including a change of media for wells containing both cells and blank 

wells (100 µl from the total volume of 180 µl) after 3 days. The analysis 

parameters were sphere size (area um2) and proliferation/ viability, measured 

by microscopy and the Orangu assay (Cell Guidance Systems), respectively. 

The spheres were imaged using a Zeiss axiovert 100 microscope and sphere 

area was calculated using Metamorph Software. The Orangu assay is based 

on the measurement of WST-8 metabolism as an indicator of cell proliferation 
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and viability. WST-8 is a tetrazolium salt that is reduced to formazan by 

mitochondrial dehydrogenases (not ALDH), using NADH as an electron donor 

(Präbst et al., 2017). Formazan is a coloured metabolite (orange) that can be 

measured using a spectrophotometer. Increased absorbance measurements 

correlate to greater production of formazan and higher proliferation/ a greater 

number of viable cells. WST based assays can be used to quantify the cell 

number in adherent in vitro culture. However, the nutrient and oxygen 

gradients occurring in larger spheres, leading to differences in cell turnover 

at the peripheral zone core, precludes the same quantification capacity of 

WST assays in non-adherent in vitro culture. Nevertheless, the use of a 

different tetrazolium salt (WST-1) to measure viability in large spheres 

suggests WST based assays are suitable for measuring viability and 

proliferation in sphere culture (Zanoni et al., 2016). The Orangu assay was 

carried out according to the manufacturer’s protocol: 10 µl of the Orangu 

reagent was added to each well (including blank wells) and mixed by gentle 

pipetting (to avoid creating bubbles). The cells were then incubated for 2 hr 

at 37 °C. Absorbance at 450 nm was measured using a PHERAstar FS 

Microplate Reader (BMG Labtech, Aylesbury, UK). A protocol was created on 

the microplate reader specifically for analysis of U bottom plates. The 

absorbance was determined by subtracting the averaged measurements from 

the blank (media only) wells to which Orangu was added, from the readouts 

of the wells containing spheres to which Orangu was added.  

 

 Gene expression analysis 

RNA extraction and gene expression analysis were performed on surfaces 

kept free of contaminating genomic material using RNAzap (Thermo Fisher 

Scientific) and 70% ethanol. RNAse and DNAse free pipette tips and 

plasticware and decontaminated pipettes were used (separate pipettes and 

pipette tips were used for working with RNA and DNA). Pipettes, tips and 

plasticware were decontaminated after use by UV light in a Labcaire Vertical 

Laminar Airflow Cabinet with UV Sterilisation PCR workstation.  
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2.5.1 RNA extraction 

RNA was extracted from FACS isolated ALDH high and ALDH low DU145 or 

primary PCa cells using the Trizol method (Chomczynski, 1993). This involves 

liquid phase separation of the cellular material, which is homogenised in the 

Trizol/ Tri-reagent, which contains phenol and guanidine thiocyanate. 

Genomic material: DNA, RNA and protein are each separated into the 

interphase, aqueous phase and organic phase respectively. To extract RNA, 

the cells were pelleted by centrifugation and the supernatant was removed. 

The cell pellets were resuspended in 1ml Tri-reagent (Sigma Aldrich), and 

transferred to a RNAse and DNAse free 1.5 ml Eppendorf tube (STARLABS). 

The tubes were plated in a -80 °C freezer overnight. The solution was thawed 

at room temperature and 200 µl chloroform was added to the tubes. The tube 

was shaken vigorously for 15 sec and placed on ice for 5 min. The tube was 

centrifuged at 16,000 x g for 20 minutes at 4 °C, to allow the separation of 

the aqueous and phenol (organic) phases using a MSE Sanyo Hawk 15/05 

Refrigerated Centrifuge The aqueous layer was retrieved using a pipette, 

without removing any of the organic layer, and added to a new  1.5 ml RNAse 

and DNAse free Eppendorf tube containing 500 µl ice-cold molecular grade 

isopropanol (Fisher Scientific). The tubes were inverted 3 times and placed in 

a -20 °C freezer overnight, to allow RNA precipitation to occur. The samples 

were centrifuged at 16,000 x g for 20 minutes at 4 °C. The isopropanol was 

removed by inverting the tubes into a waste container and the RNA pellet was 

resuspended in 1 ml ice-cold 70% molecular grade ethanol (Fisher Scientific). 

The tubes were centrifuged at 16000 x g for 20 minutes at 4 °C. The ethanol 

was removed by inverting the tubes into a waste container and the ethanol 

wash step was repeated one more time. The RNA pellets were then air dried 

at room temperature and dissolved in 11 μl HyClone™ Water, Molecular 

Biology Grade (nuclease free) (Fisher Scientific). RNA concentration and 

quality were measured using NanoDrop™ 2000 Spectrometer (ThermoFisher 

Scientific). The NanoDrop was first blanked with 1 µl of the HyClone™ Water, 

then 1 µl of the RNA sample was measured. In addition to providing a readout 

of the RNA concentration, the NanoDrop obtains a ratio of absorbance 

measured at 260 nm and 280 nm. RNA and DNA absorb at 260 nm, they will 

contribute to the total absorbance of the sample. A ratio >1.7 is generally 

accepted as ‘pure’ RNA and used for analysis. If the ratio is considerably 
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lower, it may indicate the presence of protein, phenol or other contaminants 

that absorb strongly near 280nm. Samples for which the A260/280 ratio was 

lower than 1.7 were not used for gene expression analysis.  

 

2.5.2 RT-qPCR 

Expression of pre-selected CSC associated genes was investigated in the 

ALDH high and ALDH low DU145 cells using the RT2 Profiler™ PCR Array 

Human Cancer Stem Cells (Qiagen). The array format consisted of a 96-well 

plate containing pre-loaded primers, to which cDNA was added. The array 

consisted of 84 genes associated with CSC signalling, and 5 housekeeping 

genes (Appendix 2.1). The remaining wells included experimental controls; 

genomic DNA control, 3 X reverse transcription controls and 3 X positive PCR 

controls. This PCR array uses SYBR green detection, a method of detecting 

amplified DNA based on the binding of a fluorescent dye (SYBR green) to 

double stranded DNA. dsDNA produced as a result of primer amplification is 

bound by SYBR green dye, enabling quantification of gene expression 

proportionate to the dye fluorescence. This method of quantifying gene 

expression is less specific than TaqMan probes as the reporter dye is not 

probe specific. For this reason, this method can be more cost effective for 

larger scale arrays.  

 

The RT² Profiler™ PCR Array was used in combination with the RT2 First 

Strand kit to produce cDNA by reverse transcription of RNA. cDNA was 

produced according to the manufacturer’s instructions. The contents of the 

RT2 First Strand were thawed at room temperature and stored on ice during 

usage.  The genomic DNA elimination reaction was prepared by making up a 

reaction volume of 10 µl, containing 2 µl Buffer GE, 0.5 µg of RNA and 

nuclease free H2O as required. The reaction was prepared in 0.2 ml PCR tubes 

(MicroAmp™ Reaction Tube with Cap, Applied Biosystems from Thermo Fisher 

Scientific). The reaction was prepared on ice. The mixture was pipetted to 

mix and briefly centrifuged. The mixture was incubated for 5 min at 42 °C 

using a S1000 Thermal Cycler (BioRad) then immediately placed on ice for 1 

min. The reverse transcription mix was prepared as follows (in a 0.2 ml PCR 

tube):  
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Table 2.7. Reagents and volumes for a Reverse Transcription 

reaction using the RT2 Profiler First Strand kit (Qiagen) 

Reagent Volume per 1 reaction (µl) 

5X Buffer BC3 4 

Control P2 1 

RE3 Reverse transcriptase mix 2 

Nuclease free H2O 3 

Total volume 10 

 

The reverse transcription mix was added to the genomic DNA elimination 

reaction and mixed by pipetting. The 20 μl reverse transcription reaction was 

incubated at 42 °C for 15 min, then at 95 °C for 5 min, using the S1000 

Thermal Cycler. The reaction was placed on ice and 91 μl nuclease free H20 

was added. 

 

The PCR reaction mix was prepared at room temperature (as it contains 

HotStart DNA Taq polymerase which is activated only after heating). The 

reaction was prepared in a RNAse and DNAse free 50 ml falcon tube (Greiner 

Bio-One). The PCR reaction was prepared as follows:  

Table 2.8. PCR reaction master mix reagents and volumes for the 

RT2 Profiler CSC Array (Qiagen) 

Component Volume (μl) 

2X RT2 SYBR Green Master mix 1350 

cDNA 102 

Nuclease free H2O 1248 

Total  2700 

Volume per well/ reaction 25 
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The remaining 9 μl of cDNA was retained and stored at -20 °C, as 

recommended by the manufacturer for any arising quality control 

requirements. The PCR reaction was mixed by pipetting and dispensed into 

the RT2 Profiler Array plate (pre-loaded with the relevant primers). 25 μl of 

the PCR reaction was added to each well. The plate was sealed with the 

supplied Optical Adhesive Film and centrifuged at 1000 x g for 1 min. The 

plate was kept on ice from this point onwards. The PCR reaction was carried 

out using an Applied Biosystems StepOnePlus™ Real-Time PCR System 

Thermocycler (ThermoFisher Scientific). The cycling conditions and data 

collection was performed as follows:  

 

Table 2.9. Cycling conditions for the PCR reaction for the RT2 

Profiler CSC Array (Qiagen).  

Cycles Duration Temperature Process 

1 10 min 95 °C Activation of the 

Taq polymerase 

40 15 sec 95 °C  

1 min 60 °C Data collection 

 

The raw data was processed on the StepOnePlus Thermocycler; a cycle 

number baseline was applied to exclude noise and a threshold line was 

applied in the linear phase of the fluorescence amplification plot, to calculate 

the cycle threshold (CT) values of the individual genes (example; Figure 2.3. 

The CT value is the threshold cycle number where amplification is in the linear 

range of the amplification curve. Data analysis was carried out using a pre-

formatted Microsoft Excel file obtained from Qiagen and statistical testing was 

performed in an ordinary Microsoft Excel file. The pre-formatted Excel file 

contained the gene list and automatically calculated quality control tests using 

the CT values of from the control wells in the array. The comparative CT 

method was used for relative quantification of target gene expression 

(Schmittgen and Livak, 2008). The normalised CT values (ΔCT) were 

calculated in the pre-formatted file by subtracting the averaged CT values of 

the housekeeping genes from the CT value of each gene in the ALDH high 
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and ALDH low samples. Of the five housekeeping genes, 4 were selected to 

compute the average, based on the lowest variation across n=3 replicate PCR 

reactions. The fold change was calculated manually by transferring the 

normalised CT values to the blank excel file. The fold change was calculated 

by the formula 2-ΔΔCT = (ΔCT ALDH high gene of interest)- (ΔCT ALDH low 

gene of interest). Statistical analysis was carried out by performing a 

Student’s T test on the ΔCT values of each individual gene from the ALDH 

high and ALDH low samples. The fold change cut off was set at ≥1.5, p≤0.05. 
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Figure 2.3 Analysis of Qiagen RT2 Profiler qRT-PCR amplification plot raw 

data. Application of (A) a baseline to exclude noise and (B) a cycle threshold in 

the linear region of the amplification plot to identify the cycle threshold of 

individual genes. The same baseline and cycle threshold were applied to all of the 

genes analysed as the layout of the plate did not allow for programming individual 

baselines or cycle thresholds. 
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Expression of certain genes identified as a result of HLA ligandome analysis 

of the DU145 cells was measured in ALDH high and low DU145 and primary 

PCa cells. The aim was to identify if any of the genes were more highly 

expressed in ALDH high cells, suggesting greater processing and presentation 

of sequences derived from the translated protein by HLA. The genes 

investigated were selected by bioinformatics methods detailed below. The 

gene expression was investigated on an individual basis, using TaqMan 

primer-probes. The primers were purchased from Thermo Fisher Scientific by 

selecting the ‘Best Coverage’ primer for each gene, where available. If no 

primer was recommended, the selection was made based on minimising the 

possibility of amplification of genomic DNA; the different primers available 

from Thermo Fisher Scientific include primers that span an exon junction 

(excluding the possibility of amplifying genomic DNA) or primers that map 

within a single exon (possibility of amplifying genomic DNA). The primers 

used are detailed in Table 2.10. TaqMan primer-probe based gene expression 

quantification differs from SBYR green in that the fluorescent signal is coupled 

to the primer. Therefore, the signal is more specific as fluorescence occurs 

due to the quencher molecule being displaced from proximity to the 

fluorescent reporter dye by cleavage by TaqMan polymerase, in the process 

of extending the primer sequence. This can be more expensive and 

prohibitive towards larger scale analysis (the expression of 42 genes was 

compared between ALDH high and ALDH low DU145 cells and a selected 

subset was compared in primary PCa cells).  

 

Table 2.10. Gene and primer list for qRT-PCR analysis of genes for 

which the peptides were identified in the HLA ligandome analysis 

as having low or absent global healthy tissue expression and high 

allele specific HLA binding affinity. 

CRBN  Hs00372266_m1 

SEPT9 Hs00246396_m1 

XPO1  Hs00185645_m1 

ZNF14  Hs00221420_m1 

ARHGAP42  Hs00611831_m1 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00372266_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00246396_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00185645_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00221420_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00611831_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
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FGD6  Hs00217947_m1  

STIL  Hs00161700_m1 

EGFR  Hs01076090_m1 

SMARCB1  Hs00268260_m1 

AKT2  Hs01086099_m1 

HIF1A  Hs00153153_m1 

NFE2L2  Hs00232352_m1 

NPW  Hs00405318_g1 

SHCBP1  Hs00226915_m1 

BRCA1  Hs01556193_m1 

TRAIP  Hs00183394_m1 

TOP2A  Hs01032137_m1 

KRAS  Hs00932330_m1 

MAGED4 Hs01017371_m1 

RLN2  Hs00366471_m1 

CENPE  Hs01068241_m1 

ASAH2B  Hs04185427_m1 

MEX3A  Hs00863536_m1 

TPR  Hs00162918_m1 

TP53  Hs01034249_m1 

KIF14  Hs00978236_m1 

CBL  Hs01011446_m1 

MTR  Hs00165188_m1 

MYH8  Hs00267293_m1 

CCDC127  Hs00299171_m1 

TACSTD2  Hs01922976_s1 

RIPK4 Hs01062501_m1 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00217947_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00161700_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01076090_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00268260_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01086099_m1?CID=&ICID=&keyword=CRBN,%20SEPT9,%20XPO1,%20ZNF14,%20ARHGAP42,%20FGD6,%20STIL,%20EGFR,%20SMARCB1,%20AKT2,%20HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS,%20MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL,%20MTR,%20MYH8,%20CCDC127&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00153153_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00232352_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00405318_g1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00226915_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01556193_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00183394_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01032137_m1?CID=&ICID=&keyword=HIF1A,%20NFE2L2,%20NPW,%20SHCBP1,%20BRCA1,%20TRAIP,%20TOP2A,%20KRAS&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00932330_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01017371_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00366471_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20ASAH2B,%20MEX3A,%20TPR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01068241_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs04185427_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20ASAH2B,%20MEX3A,%20TPR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00863536_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20ASAH2B,%20MEX3A,%20TPR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00162918_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20ASAH2B,%20MEX3A,%20TPR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01034249_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00978236_m1?CID=&ICID=&keyword=MAGED4,%20RLN2,%20CENPE,%20ASAH2B,%20MEX3A,%20TPR,%20TP53,%20KIF14,%20CBL&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01011446_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00165188_m1?CID=&ICID=&keyword=CBL,%20MTR,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20EGFR,%20ABL1,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00267293_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00299171_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01922976_s1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01062501_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
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TPX2  Hs00201616_m1 

HIST1H4A  Hs00747492_s1 

ABL1  Hs01104728_m1 

MTOR  Hs00234508_m1 

RRM1  Hs00168784_m1 

MSH6  Hs00943000_m1 

WDR62 Hs00543464_m1 

THADA  Hs00152982_m1 

SOX11  Hs00846583_s1 

ATP9B  Hs01015711_m1 

 

RNA extracted from the ALDH high and ALDH low cells was reverse 

transcribed to cDNA using a High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems Thermo Fisher Scientific). A negative control for the RT 

reaction was produced by substituting nuclease free H2O instead of RNA in 

the reaction. The reaction was prepared on ice, in an RNAse and DNAse free 

1.5 ml Eppendorf tube. The volumes given are for one reaction however the 

reaction was typically prepared as a scaled-up master mix for multiple reverse 

transcription reactions for ALDH high and ALDH low RNA and negative control 

nuclease free H2O.  

 

Table 2.11. Reagents and volumes for a Reverse Transcription 

reaction using the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems Thermo Fisher Scientific. 

Kit component Volume (μl) per 1 reaction 

10 X RT buffer 2 

2X dNTP Mix (100 mM) 0.8 

10X RT Random Primers 2 

MultiScribe Reverse Transcriptase  1 

https://www.thermofisher.com/taqman-gene-expression/product/Hs00201616_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00747492_s1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01104728_m1?CID=&ICID=&keyword=CBL,%20MTR,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20EGFR,%20ABL1,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00234508_m1?CID=&ICID=&keyword=CBL,%20MYH8,%20CCDC127,%20TACSTD2,%20RIPK4,%20TPX2,%20HIST1H4A,%20MTOR&configurator=false&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00168784_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00943000_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00543464_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00152982_m1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs00846583_s1?CID=&ICID=&subtype=ge_all
https://www.thermofisher.com/taqman-gene-expression/product/Hs01015711_m1?CID=&ICID=&subtype=ge_all
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RNAse Inhibitor (not included in the 

kit; also supplied by Thermo Fisher 

Scientific) 

1 

Nuclease free H2O 3.2 

Total 10 

 

A single reverse transcription mix (10 μl) was added to 1 μg of RNA sample 

(or negative control), which was prepared in a 0.2 μl PCR tube (details as 

previously described) to a total volume of 10 μl (volume of RNA based on the 

individual concentration with addition of nuclease free H2O as required for a 

total of 10 μl). The reverse transcription and RNA was mixed by pipetting and 

placed on ice. Reverse transcription was carried out using an s1000 Thermal 

Cycler (BioRad); the samples were incubated at 25 °C for 10 min (annealing), 

then 37 °C for 120 min (primer extension), followed finally by incubation at 

incubating at 85 °C for 5 min (deactivation of the reverse transcriptase). The 

thermocycler was programmed to incubate the samples at 4°C to preserve 

the cDNA integrity when the reverse transcription reaction was completed. 

The resulting cDNA sample was diluted by addition of 80 μl nuclease free H2O.  

 

The PCR reaction was prepared on ice, by making a master mix in an RNAse 

and DNAse free 1.5 ml Eppendorf tube as follows:  

Table 2.12. PCR reaction master mix reagents and volumes for 

TaqMan qRT=PCR of genes identified by HLA ligandome analysis. 

For each plate, 8 individual master mixes were produced, containing 7 

different gene specific primer probes. GAPDH was used as a housekeeping 

control gene in each plate thus the 8th tube for each plate always contained 

the GAPDH gene specific primer-probe. 

Reagent  Volume (μl) per 1 reaction 

TaqMan Master Mix 10  

Gene specific primer-probe 1 

Nuclease free H2O 4 
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Total  15 

 

The PCR reaction (15 μl) was added to each well of a MicroAmp™ Optical 96-

Well Reaction Plate (Thermo Fisher Scientific). 5 μl of cDNA from the ALDH 

high, ALDH low or negative control reverse transcription reactions was then 

added to individual well. Nuclease free H2O was added to some wells in lieu 

of cDNA, as a negative control for the PCR reaction. The plate additions were 

made on ice. The plates were sealed using MicroAmp™ Optical Adhesive Film 

(Thermo Fisher Scientific) and centrifuged at 1000 x g. The plates were kept 

on ice prior to running the PCR reaction. The PCR amplification was performed 

in a StepOnePlus™ Real-Time PCR System Thermocycler (ThermoFisher 

Scientific). Samples were amplified by heating them to 50 °C for 2 minutes, 

then at 95 °C for 15 seconds and 60 °C for 1 minute, for a total of 40 cycles.  

 

The data was analysed similarly to that of the PCR array described previously; 

a baseline and threshold was applied to the raw data to obtain the gene 

specific CT values (Figure 2.4: A, B). Due to the differences in setup (i.e. 

individual primers instead of an array), different thresholds and baselines 

could be set for individual genes within each plate. The same threshold and 

baseline were applied for a specific gene analysed across three replicate cDNA 

samples. The fold changes were calculated by the comparative CT method, 

as described previously. The fold change cut off was set at ≥1.5, p≤0.05. 

Statistical analysis was carried out by performing a Student’s T test on the 

ΔCT values of each individual gene from the ALDH high and ALDH low 

samples. Additionally, the most abundant genes were of interest in relation 

to antigen processing and presentation. Gene transcript abundance was 

calculated as 2-ΔCT. Gene abundance in the ALDH high and ALDH low samples 

were not compared as the most highly abundant genes shared in both ALDH 

high and ALDH low samples were of interest.  
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Figure 2.4 Analysis of Taqman qRT-PCR amplification plot raw data. 

Application of (A) a baseline to exclude noise and (B) a cycle threshold in the linear 

region of the amplification plot to identify the cycle threshold of individual genes. 

Individual baselines and cycle thresholds were applied to each gene; the same 

baseline and cycle thresholds were used to analyse the same gene across ALDH 

high and ALDH low samples.  
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2.5.3 Nanostring 

Gene expression was also investigated using the Nanostring platform, a non-

amplification based method of analysing gene expression (Geiss et al., 2008). 

This method was selected as it was of interest to investigate gene expression 

in primary PCa cells, from which low amounts of genomic material were 

recovered. The Nanostring platform is optimised for quantification of gene 

transcripts from 50 ng RNA.  

 

As a requirement of carrying out the Nanostring gene expression, quality 

control analysis of the RNA intended for the gene expression analysis was 

performed using an Agilent 2100 Bioanalyzer (Agilent Technologies). The 

Bioanalyzer measures RNA degradation by electrophoresis and returns a 

measure of the level of RNA degradation, the RNA Integrity Number (RIN) 

(higher RIN indicates less degradation, more optimal for Nanostring gene 

expression analysis). Other QC measures including the percentage of ≥200 

base pair (bp) RNA fragments in the sample can also be determined. The 

Bioanalyser also returns the RNA concentration; it was this concentration 

rather than the NanoDrop derived concentration that was used to produce 

aliquots of RNA for Nanostring analysis. The RNA obtained from ALDH high 

and ALDH low DU145 and primary PCa cells was analysed according to the 

manufacturer’s protocol. The RNA ladder and electrophoresis gel were 

prepared in advance. The RNA ladder was prepared by aliquoting the ladder 

into a 0.2 ml PCR tubes (MicroAmp™ Reaction Tube with Cap, Applied 

Biosystems from Thermo Fisher Scientific), which was incubated at 70 °C for 

2 min in a Thermal Cycler, then immediately placed on ice. The denatured 

ladder was stored at -80 °C. The electrophoresis gel was prepared by 

pipetting 550 μl gel matrix into a spin filter (supplied) and centrifuging the 

gel at 1500 x g for 20 min at room temperature, then aliquoted for single use 

and stored at 4 °C. On the day of analysis, one aliquot (65 μl) of gel was 

prepared by equilibrating at room temperature then adding 1 μl of RNA dye 

concentrate to the gel. The gel was vortexed to mix then centrifuged at 13000 

x g for 10 min at room temperature. A new single use RNA Nano chip 

(containing lanes for simultaneous analysis of 12 RNA samples) was placed 

in the chip priming station. 9 μl of the gel-dye mix was added to the well 

marked ‘G’. The plunger of the attached syringe was then positioned at 1 ml, 
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the chip priming station closed securely, and the plunger was pressed down 

until held by the clip, for 30 sec, to disperse the gel evenly through the chip. 

The clip was then released and after a further 5 sec the plunger was returned 

to the 1 ml mark. 9 μl of the gel dye mix was then pipetted into the two wells 

marked G. 5 μl of the RNA marker was added to each of the sample wells and 

the well marked for the ladder. 1 μl of the pre-made RNA ladder was added 

to the well marked for the ladder. 1 μl of RNA sample was added to each 

sample well, and the chip was removed from the chip priming station and 

vortexed for 1 min at 2400 rpm, using the designated vortex. The chip was 

then analysed using the Agilent 2100 Bioanalyzer. The RIN and RNA 

concentration were returned automatically and the percentage of ≥200 bp 

RNA fragments was measured by placing gates on the x-axis (nucleotide) size 

of the fragmentation profiles from 200 bp to the maximum.  

 

Nanostring analysis was carried out at Bristol University, UK. The RNA 

samples were prepared for analysis by aliquoting 50 ng into a 0.2ml PCR tube 

and making up the final volume to 5 μl using HyClone™ molecular grade 

water. Sample hybridization and gene expression analysis was carried out 

according to the manufacturer’s instructions. The Reporter CodeSet and 

Capture ProbeSet components were thawed at room temperature, inverted 

to mix and centrifuged at 1000 x g for 30 sec. 70 μl of the hybridization buffer 

was added to the Reporter CodeSet tube, and mixed by inverting, then 

centrifuged briefly to bring the liquid to the base of the tube. 8 μl of the 

hybridization buffer/ Reporter CodeSet master mix was added to 0.2 μl PCR 

tubes. The 5 μl RNA samples were each added to the hybridization reaction 

tubes. The Capture ProbeSet was inverted to mix and centrifuged briefly, then 

2 μl was added to the hybridization reaction tubes. The tubes were mixed by 

flicking the tubes, centrifuged briefly and incubated at 65°C for 16 hr. The 

following day the samples were retrieved from the thermal cycler and 15 μl 

ddH20 was added to each tube. The samples were then added to the 

Nanostring cartridge and the cartridge was sealed and loaded onto the 

Nanostring SPRINT. The gene expression analysis program was run for 6 hr. 

 

The Nanostring data was analysed by transferring the raw data (counts) to a 

Microsoft Excel file. Analysis was carried out based on guidelines from both 
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the Nanostring technical bulletin ‘Gene Expression Data Analysis Guidelines’ 

and a study by Prokopec and colleagues, in which different medium-

throughput platforms for analysing gene expressing using RNA as the starting 

material are compared (Prokopec et al., 2013). The samples were analysed 

on a pairwise basis; ALDH high and ALDH low DU145 samples (n=2 

independent FACS) experiments were investigated, and each pair of primary 

PCa samples were analysed separately due to the large variation in transcript 

counts. To determine the fold change between ALDH high and ALDH low 

samples, the counts below the threshold ≤30 were first eliminated. The in-

built positive control counts were summed, averaged and the sum was 

divided by the to derive the positive normalisation factor. The counts were 

multiplied by the positive normalisation factor (each sample was normalised 

by its own specific normalisation factor). The housekeeping genes were 

selected according to the results in each pairwise analysis; based on the 

correlation between the housekeeping counts for the ALDH high and ALDH 

low samples (tested by dividing the ALDH high counts by the ALDH low 

counts). To apply a housekeeping gene normalisation, the geometric mean 

of each individual housekeeping gene, for the ALDH high and ALDH low 

samples, was calculated. The counts for each housekeeping gene per 

individual sample was summed, and the sum was divided by the geometric 

mean to derive the housekeeping normalisation factor. The counts were then 

multiplied by the housekeeping normalisation factor. The normalised counts 

were then log2 transformed, followed by calculation of the log2 ratio by 

subtracting the log2 transformed ALDH low counts from the log2 transformed 

ALDH high counts. The fold change was derived from the log2 ratio by the 

formula 2log2 ratio.  

 

Pathway analysis was performed using the Functional Annotation Tool at the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) 

online bioinformatics resource https://david.ncifcrf.gov/ (Huang et al., 

2009a, 2009b). The genes up- or downregulated were compared to a 

reference list; for this the gene list provided with the assay was used. This 

gene list was converted to entrez_gene_ID naming format using the UniProt 

ID mapping tool https://www.uniprot.org/uploadlists/, as the official gene 

symbol naming format is not accepted as the format for a reference list. The 

https://david.ncifcrf.gov/
https://www.uniprot.org/uploadlists/
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up- or downregulated genes were input in the naming format ‘official gene 

symbol’ and compared to the reference list using the default settings. The 

resulting Annotation Clusters were investigated for specific pathways in which 

the up or downregulated genes were significantly enriched.  

  

 In vivo analysis of tumorigenicity 

Demonstrating the in vivo tumour initiating capacity is an essential 

characteristic of a proposed CSC population (Visvader and Lindeman, 2008). 

ALDH high and ALDH low DU145 cells were injected subcutaneously into 

NOD/SCID gamma (NSG) mice to assess tumour growth. NSG mice were 

purchased from The Jackson Laboratory, USA, and maintained in the animal 

facility of Sapporo Medical University. All procedures and animal care were 

performed in accordance with the institutional animal care guidelines. DU145 

cells were isolated by FACS based on the ALDEFLUOR assay. The sorted cells 

were resuspended in PBS and kept on ice prior to the injections. Tumour 

initiation was investigated under limiting dilution conditions, using two 

starting cell numbers. For expected viable injected cell numbers of 102 cells 

and 103 cells, suspensions of 103 cells and 104 cells in 100 µl PBS respectively 

were prepared, for n=5 mice per group. The mice were prepared for 

subcutaneous injections by shaving a small area of fur on the flank, which 

was sterilised using ethanol-soaked cotton swabs. Immediately prior to 

injecting, each individual cell suspension was mixed 1:1 with Matrigel (BD 

Biosciences) which had also been stored on ice to prevent solidifying. This 

mixture was slowly injected subcutaneously, and the needle slowly 

withdrawn, and pressure applied. Tumour growth was detected by palpating 

the injection site. Once the masses were of a sufficient size the tumour area 

was measured using a digital calliper. The tumour volume (mm3) was 

calculated using the formula V = ((W (2) × L)/2 (W= width, L= length). 

Tumour growth was monitored weekly up to 43 days, followed by a final 

measurement at 64 days. The animals were sacrificed by vertebral cervical 

dislocation after the final measurements at 64 days. The in vivo experimental 

procedures were carried out by Ms Serina Tokita of Sapporo Medical 

University, Japan.  
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 Analysis of the DU145 HLA ligandome 

2.7.1 Identification of HLA presented peptides by mass spectrometry 

Analysis of the peptide sequences from DU145 cells by mass spectrometry 

was carried out according to the protocol by Kowalewski and Stevanovic, with 

some modifications (Kowalewski and Stevanovic, 2013). This analysis was 

carried out in Sapporo Medical University, with assistance from Ms Serina 

Tokita and Professor Takayuki Kanaseki. DU145 cells were shipped from 

Cardiff University and cultured as described previously, in Sapporo Medical 

University. The cell culture was scaled up with the aim of analysing peptides 

derived from approximately 109 cells. The DU145 cells were cultured in 175 

cm2 and 225 cm2 surface area cell culture flasks (Corning), continuously for 

approximately 4 weeks (a balance between continued expansion of the cells 

and obtaining aliquots for the ligandome analysis was maintained). The cells 

were snap frozen by detaching and pelleting the cells as described previously. 

The pellets were stored on ice and snap frozen by immersing the tube in liquid 

nitrogen. The pellets were then stored at -80 °C. Additional aliquots of snap 

frozen cells, obtained from 18 T175 flasks which were 80% confluent, were 

provided by Saly al Taei (shipped on dry ice from Cardiff University to Sapporo 

Medical University). The cell pellets (approximately 109 total cells) were 

homogenised by sonification, in lysis buffer containing 0.6% CHAPS (Dojindo 

Molecular Technologies) and 1 × complete protease inhibitor (Roche) in PBS. 

The rotor dishes of the ultrasonic homogeniser were pre-cooled by placing in 

liquid nitrogen for 3-5 min. The cell pellets were distributed evenly between 

the two rotor dishes of the ultrasonic homogeniser which was run for 1 min 

@ 30% pulse length per second. The rotors were unscrewed from the 

homogeniser and kept at room temperature for 5-10 min (so as not to freeze 

the solubilisation buffer). The solubilisation buffer was added to the rotors 

(containing the cell pellets) to approximately the same volume as the cell 

pellets (5 ml). The rotors were placed on the homogeniser which was then 

run for 1 minute @ 15% pulse length per sec. The lysate was collected in a 

new 50 ml falcon tube, which was rotated on a slow rotor setting for 60 min. 

The rotors were additionally rinsed with solubilisation buffer to retrieve 

remaining lysate. The lysate was centrifuged @ 2000 x g for 20 minutes at 4 

°C. From this, the supernatant was retained and transferred to a new falcon 

tube, with washing during tube transfer using the solubilisation buffer (the 
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pellet was discarded). Following this, the lysate was subjected to 

ultracentrifugation, at 150,000 × g and 4°C for 70 min. The supernatant from 

ultracentrifugation was syringe filtered, firstly through a 0.45 µm filter, into 

a falcon tube. This filtered supernatant was then passed through a 0.2 µm 

filter. The lysate was filtered into a conical flask containing a stirrer. The 

falcon tube was rinsed with solubilisation buffer during filtering step. The 

extensive rinsing steps are aimed at maximising the retention of HLA-peptide 

complexes within the cell lysate, for which the affinity chromatography 

retrieval efficiency is extremely low. The filtered lysate was transferred into 

a sterile beaker. 

 

HLA-peptide complexes were isolated from the cell lysate by affinity 

chromatography. The affinity chromatography reaction was prepared by 

adding pre-prepared antibody coupled sepharose to the chromatography spin 

column (Pierce™ Spin Columns - Screw Cap, Thermo Fisher Scientific). The 

affinity chromatography step was carried out in a 4° C cold room. The 

antibody was prepared at 1 mg + 200 ul cyanogen bromide–activated 

Sepharose 4B (GE Healthcare). Two aliquots of sepharose-coupled antibody 

were added to column for a total of 2 mg of antibody in the column; further 

details on antibody coupling to sepharose are detailed in the chapter by 

Kowalewski and Stevanovic (Kowalewski and Stevanovic, 2013). The 

antibody used was the pan HLA-I antibody (clone W6.32). The column and 

pump setup were flushed with PBS at a flow rate of 4 ml / min for 30 min. At 

this stage the pumping configuration was connected to a waste container for 

the PBS used for flushing the system (linearised setup). The pumping was 

stopped, and the PBS was replaced with lysate. The system was then 

aspirated linearly with lysate at a flow rate of 2 ml / min until it completely 

displaced the PBS in the void volume of the system (i.e. the lysate was 

present in all parts of the tubing of the affinity chromatography apparatus 

pump system, instead of the PBS used for flushing). The pumping 

configuration was altered through the beaker containing the lysate such that 

lysate was continuously circulated through the system. The beaker was 

placed on a magnetic stirrer which enabled continuous gently stirring. The 

lysate was recirculated through the system overnight at a flow rate of 2 

ml/min. The next day the system was again linearised and flushed with PBS 
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at a flow rate of 4 ml/min. The remaining lysate was collected in the beaker 

and stored at -20 °C (this would enable repeated affinity chromatography if 

required). The system was flushed with PBS for 30 min. The system was then 

flushed with ddH2O for 60 min at a flow rate of 4 ml / min. The system was 

then air dried by connecting the tubing to a 50 ml syringe and flushing 

through with air. The column was removed and stored on ice in aluminium 

foil.  

 

The bound HLA Class I-peptide complexes were isolated from the affinity 

chromatography columns by acid elution. The required pipette tips (molecular 

grade), microcentrifuge tubes and centrifugal filter (Amicon Ultra-4 

Centrifugal Filter Unit, 10 KDa membrane, 4 ml capacity; Merck Millipore) 

were washed prior to usage with 0.2% Trifluoroacetic acid (TFA). The 

centrifugal filter was washed through by adding 4 ml 0.2% TFA and 

centrifuging at 4640 x g for 20 min. 300 μl 0.2% TFA + 7.5 ul 10% TFA was 

prepared in the pre-washed microcentrifuge tube. The affinity 

chromatography spin column was prepared for elution by fitting a stopcock 

to the base and removing the filter that was packed on top of the sepharose. 

The 300 μl 0.2% TFA + 10% TFA was then added the chromatography column 

which was shaken vigorously for approximately 1 min. The chromatography 

column was plated on a rotor and run on slow rotation at 4 °C (in the fridge) 

for 20 minutes. The chromatography column was briefly spun down using a 

benchtop centrifuge to collect the eluate in the base. The stopcock and screw 

top lid were removed from the chromatography column and the eluate was 

eluted into the centrifugal filter by flushing with 50 ml of air using a syringe 

fitted to the column. The addition of TFA to the column followed by 20 min 

rotation at 4 °C and flushing into the centrifugal filter (which was stored on 

ice throughout the process) was repeated 7 more times, with the use of 300 

μl 0.2% TFA instead of the 10% / 0.2% TFA mixture. The eluate was then 

filtered by centrifuging the 15 ml tube containing the centrifugal filter for 30 

min at 4650 x g. The centrifugal filter was then removed from the tube and 

the eluate, containing proteins <10 KDa i.e. the eluted peptides, was 

distributed evenly between two 0.2% TFA pre-washed microcentrifuge tubes 

(1.2 ml per tube). The retained eluate that did not pass through the 10 KDa 

filter contains the HLA  and  chains. The filtrate volume was then reduced 
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to approximately 100 μl by placing the tubes in a vacuum centrifuge (Thermo 

Fisher Scientific) for 3 days at room temperature, (running for approximately 

8 hr per day, not overnight).  

 

The peptides were desalted and pre-concentrated using a ZipTipµ-C18 (Merck 

Millipore). 7 microcentrifuge tubes were prepared by washing with 1ml 0.2% 

TFA, using pre-washed pipette tips. The TFA was removed then the tubes 

were washed with molecular grade H2O. The 7 tubes were prepared as 

follows:  

1. Desalting solution= 1.5 ml LC-MS grade H20 + 15 μl Formic acid (1%) (FA) 

2. ZipTip Elution buffer= 750 μl LC-MS grade H20 + 750 μl acetonitrile (ACN) 

+ 15 μl FA (=50% (v/v) ACN + 1% (v/v) FA in LC-MS grade H20).   

3. Waste liquid 

4. Pipetting for buffer 

5. Pipetting for sample 

6. Keep used ZipTip 

7. Keep post-ZipTip sample. 

The final container, the autosampler vial (used to input the peptide sample 

into mass spectrometer) was also washed with (a) 100 μl 0.2% TFA, followed 

by (b) 100 μl H20, followed by (c) 100 μl elution buffer. 10 μl elution buffer 

was added to the autosampler. The ZipTip was washed by aspirating and 

dispensing to waste (Tube 3) 10 μl of elution buffer x 10 times. The ZipTip 

was equilibrated by aspirating 10 μl of desalting solution, which was pipetted 

up and down on the inside of tube 4, x10 times. The final wash was discarded 

in tube 4. 10 μl of eluate was then aspirated into the ZipTip. This was pipetted 

up and down (without the introduction of air) on the side of tube 5, x 30 

times. The eluate was then transferred to tube 7, which was kept on ice. This 

was repeated a further 4 times, to transfer all of the eluate to tube 7; at this 

stage the peptides were bound to the ZipTip. The ZipTip was washed by 

aspirating 10 μl desalting solution and pipetting up and down 5 times on the 

side of tube 4; the desalting solution was then discarded in tube 4. The elution 

solution prepared in the autosampler vial was then aspirated and pipetted up 

and down 5 times followed by dispensing the solution into the autosampler 

vial. In this way the peptides were eluted from the ZipTip. The ZipTip was 

stored in tube 6 and tube 7 was also retained, both were stored at -20°C. 
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The autosampler was placed in the vacuum centrifuge (with a balance vial) 

for 1.25 hr at the same settings as described previously. A solution of 5% 

ACN 0.1% TFA in molecular grade H20 was prepared in a 15 ml falcon tube: 

4745 μl H20+ 250 μl ACN + 5 μl TFA. 5ul 5% ACN+ 0.1% TFA was added to 

the autosampler vial to resuspend the lyophilised peptides. The peptide 

solution was sonicated for 1 min to fully mix the suspension.  

 

The mass spectrometer was calibrated prior to commencing the final peptide 

desalting step. Data from the calibration run was confirmed to only contain 

low confidence sequences. The peptide sample was loaded into a nanoflow 

liquid chromatograph (Easy-nLC 1000 system; Thermo Fisher Scientific) 

online-coupled to an Orbitrap mass spectrometer, equipped with a nanospray 

ion source (Q-Exactive Plus; Thermo Fisher Scientific). The samples were 

separated using a 75 μm × 20 cm capillary column with a particle size of 3 

μm (NTCC-360, Nikkyo Technos) by applying a linear gradient ranging from 

3% to 30% buffer B (100% acetonitrile and 0.1% formic acid) at a flow rate 

of 300 nL/minute for 80 minutes. For the mass spectrometry analysis, survey 

scan spectra were acquired at a resolution of 70,000 at 200 m/z with a target 

value of 3e6 ions, ranging from 350 to 2,000 m/z with charge states between 

1+ and 4+. A data-dependent top 10 method was applied, which generates 

high-energy collision dissociation (HCD) fragments for the 10 most intense 

precursor ions per survey scan. MS/MS resolution was 17,500 at 200 m/z 

with a target value (signal threshold) of 1e5 ions. These running and analysis 

conditions are identical to a previously developed published protocol 

(Miyamoto et al., 2018). The MS/MS spectra were annotated using the 

Proteome Discoverer 2.1 software (Thermo Fisher Scientific). This software 

used embedded algorithms Sequest HT (Thermo Fisher Scientific) and Mascot 

version 2.6 (Matrix Science). The mass spectrometry peak lists were searched 

against the UniProt/ Swiss-Prot human databases with a tolerance of 

precursor ions at 10 ppm and fragment ions at 0.02 Da, and the false 

discovery rate was set at 0.01. 

 

2.7.2 Analysis of the DU145 HLA ligandome 

The spectral annotation data was collated into a Microsoft Excel file. For each 

peptide sequence identified, the data entry also included sequence length, 
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protein, protein sequence, gene, reads per kilobase million (RPKM) (RNA-Seq 

readout), ‘cancer panel’ chromosome, biological process, cellular component 

and molecular function; these data were derived from the gene entry in the 

UniProt/ Swissprot database, which was automatically searched by the 

Proteome Discoverer 2.2 software. The UniProt / SwissProt entry for each 

gene is cross-referenced from multiple databases for specific readouts e.g. 

genome annotation (i.e. cellular component and molecular function) data is 

derived from the KEGG (https://www.genome.jp/kegg/), ENSEMBL 

(https://www.ensembl.org/index.html) and GENEID 

(https://www.ncbi.nlm.nih.gov/gene) databases, sequence information is 

derived from databases including the  nucleotide archive 

(https://www.ebi.ac.uk/ena) and GenBank nucleotide sequence databank 

(https://www.ncbi.nlm.nih.gov) databases and gene expression data is 

obtained from Bgee (https://bgee.org) and EMBL-EBL Expression Atlas 

(https://www.ebi.ac.uk/gxa) databases. Descriptive statistics for the data 

were produced using excel functions, including counting the number of 

peptides identified and partitioning the data based on sequence length. 

Contaminating peptides, including those flagged as contaminants by the 

Proteome Discoverer 2.2 software, and peptides derived from contaminating 

sources; enzymes used in sample processing such as catalase and cellular 

sources other than the samples analysed (e.g. keratins) were excluded from 

these statistics. Proportional representation of each amino acid at locations 

in each peptide sequence was analysed by researchers at Sapporo Medical 

University, by inputting selected 9-11mer sequences into the logo sequence 

generator at https://weblogo.berkeley.edu/ Logo.cgi, and has been published 

(Hongo et al., 2019). 

 

The steps for analysing the dataset to identify potential CSC epitopes were 

as follows: select peptides representing viable therapeutic targets; for which 

the genes that have low or limited expression in heathy tissues, next select 

high affinity HLA -binding peptides, as these are expected to be more stability 

presented at the cell surface, increasing the possibility of interacting with the 

T cell receptor TCR). These steps were carried out in silico. This approach 

allowed for selection of a relevant and feasible number of peptides of interest 

to investigate experimentally. 

https://www.ensembl.org/index.html
https://weblogo.berkeley.edu/logo.cgi
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To determine which peptides might not be presented by healthy tissues, I 

queried the expression of each gene that encoded the protein the peptides 

were derived from. The aim was to identify genes which had low or absent 

expression in healthy tissues. The healthy tissue gene expression and tissue 

distribution data was obtained from the Genotype-Tissue Expression (GTEx) 

database (https://GTExportal.org). This was used as an independent gene 

expression source to the databases used by the Proteome Discoverer. This 

database was chosen as it a purpose-built repository of human gene 

expression (“The Genotype-Tissue Expression (GTEx) project,” 2013), 

therefore it was expected the same quantity of expression data (in terms of 

tissues and numbers of donors tested) would be available for each gene 

queried. In contrast, the expression data associated with each gene in the 

UniProt/ SwissProt database is a composite of various databases; therefore 

the amount of data available for each gene differs depending on the studies 

referenced in the database. In the GTEx portal, gene expression information 

was obtained from living and post-mortem donors, from surgically derived 

tissue and peripheral blood donations and autopsy procedures respectively 

(“The Genotype-Tissue Expression (GTEx) project,” 2013). The methodology 

described in this publication indicates the gene expression data is derived 

from parallel RNA sequencing (“The Genotype-Tissue Expression (GTEx) 

project,” 2013). At the time of searching, the GTEx database contained gene 

expression data from 42 healthy human tissues and 2 cultured cell lines: 

cultured fibroblasts and EBV-transformed lymphocytes (i.e. BLCL), which was 

obtained from n=449 donors (https://gtexportal.org/home/releaseInfoPage) 

(“Genetic effects on gene expression across human tissues,” 2017). Thus the 

healthy tissue expression of the genes of interest was investigated by 

searching for the gene entry in the database and examining the gene 

expression entry, in the form of a RPKM or transcripts per million (TPM; an 

updated value provided in later versions of the database) plot. The criteria of 

the genes from the HLA ligandome dataset which were investigated using the 

GTEx portal was based on the RPKM values for each gene which were included 

in the entry for each peptide generated by the Proteome Discoverer analysis.  

 

https://gtexportal.org/
https://gtexportal.org/home/releaseInfoPage
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The healthy tissue gene expression analysis was carried out for genes for 

which the median RPKM = 1, or the RPKM was denoted ≤5, and for genes 

flagged in the ligandome dataset as ‘cancer panel.’ The gene expression plot 

result for each gene searched was visually inspected, and the decision of 

whether to further investigate the peptide as a therapeutically relevant target 

was based on the gene having low expression across most healthy tissues, 

or expression in immune privileged tissues (e.g. testis). Peptides excluded 

from further analysis included those for which the source gene was widely/ 

highly expressed across many healthy tissues, or highly expressed in a limited 

number of immune-accessible tissues.  

 

Since the immunoprecipitation step was carried out using a pan-HLA-I 

antibody, it was necessary to determine which HLA alleles expressed by the 

DU145 cell line that the peptides identified bound to. The HLA type of the 

DU145 cells was obtained from the Tron Cell Line Portal (TLCP) 

http://celllines.tron-mainz.de/ (Scholtalbers et al., 2015). The cognate HLA 

allele for each peptide and the peptide-HLA binding affinity were predicted 

using the IEDB Epitope Analysis Resource for HLA-I binding 

http://tools.iedb.org/mhci/. Based on the guidelines from the IEDB website, 

the threshold for meaningful binding was set at the first percentile rank. Some 

of the binding predictions were also confirmed using the binding prediction 

algorithm hosted at the NetMHCpan server 

www.cbs.dtu.dk/services/NetMHCpan.  

 

The next steps in the analysis of the DU145 HLA ligandome focused on 

specifically identifying peptides that could be presented by CSC. For this, gene 

and protein expression of the source genes or proteins associated with the 

peptides were investigated, by the previously described methods (TaqMan 

qRT-PCR and fluorescence microscopy, respectively).  

 

2.7.3 Homology modelling and quantification of peptide-HLA interfaces 

The peptides selected for further investigation based on gene and protein 

expression analysis were investigated for the capacity to activate T cells from 

bulk PBMC of HLA matched donors. This protocol is detailed in the below 

http://celllines.tron-mainz.de/
http://tools.iedb.org/mhci/
http://www.cbs.dtu.dk/services/NetMHCpan/
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section, ‘Immunological Assays’. Based on these results, homology modelling 

of the peptide-HLA interfaces was undertaken to rank the remaining peptides 

of interest for tetramer production. Tetramer production was required to 

isolate and enrich the rare peptide responsive T cell populations, so that a 

detectable level of functional response (cytokine/ chemokine production or 

degranulation) could be measured. However, due to time and financial 

constraints it was not possible to produce tetramers to investigate the T cell 

response to each of the remaining peptides. Homology modelling was carried 

out to model the peptide-HLA interface and determine the best predicted 

interactions, which could inform successful HLA monomer re-folding with the 

peptide of interest. This analysis was carried out in collaboration with Pierre 

Rizkallah (Cardiff University).    

 

Homology models of HLA-A*33:03 and HLA-B*50:01 were generated using 

solved crystal structures obtained from the Protein Data Bank 

https://www.rcsb.org. The structures used were HLA-A*02 (Protein databank 

structure ‘2p5e’) and HLA-B*15 (structure ‘5txs’) respectively. The HLA-A*02 

model was also used, without altering the HLA structure, to analyse the 

interface interactions between HLA-A*02 XPO1 sequences identified by a 

collaborative study (Hongo et al., 2019). The HLA-A*02 model consisted of 

HLA complexed with a peptide and TCR; therefore the TCR part of the 

structure was removed using Pymol (Schrödinger, LLC, 2015). For both 

models, sequence alignment was carried out to identify the residues that 

differed between the HLA allele of solved crystal structure and the HLA allele 

of interest intended for modelling. This involved inputting the sequences into 

the Clustal Omega Multiple Sequence Alignment tool 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et al., 2019). These 

residues were then substituted using Crystallographic Object-Oriented Toolkit 

(COOT) software (Emsley et al., 2010; Emsley and Cowtan, 2004). The 

structures were then regularised using the REFMAC program within in the 

Collaborative Computational Project Number 4 (CCP4) software suite, and 

submitted to the Yet Another Scientific Artificial Reality Application (YASARA) 

server (http://www.yasara.org/minimizationserver.htm) for energy 

minimisation (Krieger et al., 2009). To model the HLA-peptide interface for 

each of the peptides of interest, the specific peptide sequence was substituted 

https://www.rcsb.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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for the peptide sequence in the HLA homology model. Each HLA-peptide 

sequence was regularised and submitted for energy minimisation as 

described previously. The interfaces of the final structures received from the 

YASARA server were quantified using Protein Interfaces, Surfaces and 

Assemblies (PISA) software (Krissinel and Henrick, 2007).  

 

 

 Immunology assays: verification of T cell responses to 

peptides from the DU145 HLA ligandome 

2.8.1 Testing T cell activation in response to peptides 

Activation of T cells in response to peptides, prior to tetramer based isolation, 

was measured by incubating PBMC with each individual peptide followed by 

culturing the cells for 7 days and re-stimulating using surrogate antigen 

presenting cells (BLCL). The PBMC were incubated with peptides that matched 

the HLA type of the donor i.e. HLA-A*33 or HLA-B*50, or a positive control 

viral peptide pool: CEF Peptide Pool (MABtech) (Currier et al., 2002). Addition 

of 10 μl DMSO was used as a negative/ background control, as the peptide 

pool, and other peptides used were dissolved in DMSO to prepare stock 

solutions. The PBMC were plated at 8 x 105 cells per well in 10% AB RPMI a 

48-well plate. The viral peptides were added to the cells at 5 μg / ml while 

the HLA ligandome peptides were added at 10 μg / ml. Each well was 

supplemented with 1000 U / ml IFN, 20 ng / ml IL- and 500 U / ml IL-6. 

The cells were cultured for 6 days in the 48-well plate at a 45° angle at 37° 

C. On day 7, autologous BLCL were incubated with 10 ug/ ml peptide or 2.5 

μg / ml viral peptides or DMSO (1ul/ ml) for 4hr at 37 °C in 10% RPMI. Excess 

peptide at the end of this incubation was washed off by adding 5 ml PBS to 

the cells, centrifuging for 3 min at 354 x g and removing the supernatant. 

The BLCL were then incubated with the PBMC which had been previously 

exposed to the respective peptide, in 5 ml sterile non-pyrogenic FACS tubes 

at a ratio of 20:1 (PBMC: target cells), and the protocol for ICCS as described 

previously was followed.  

 



Chapter 2. Materials and Methods 

 

151 

The production of different activation markers by CD8+ T cells was compared 

using PBMC from a donor previously observed to have immune memory to 

various viral antigens. The HLA type of the donor was HLA-A*1, A*11, B*55, 

B*15(62). A custom peptide pool was designed to test immune responses to 

viral peptides. The HLA restricted peptides included in the custom pool are 

detailed in Table 2.13. The peptides were synthesised by Severn Biotech Ltd. 

(UK) at >85% purity and dissolved in DMSO to prepared stock solutions. The 

peptides were selected from the IEDB database of previously described 

ligands, or for less frequent alleles, predicted using the IEDB HLA-I binding 

prediction tool. The 7-day peptide incubation and re-stimulation process was 

carried out in the same way as described previously. Production of the T cell 

functional markers CD107a, MIP1, IFN, TNF and IL-2, in accordance with 

the previously described ICCS protocol. Optimal incubation times for the 

detection of CD107a and MIP1 were investigated by carrying out a 6 hr and 

a 12-hr co-incubation; it was found that the longer incubation period resulted 

in detection of increased MIP1. Selected functional markers were then used 

to measure the response to peptide by tetramer enriched T cell lines.  

 

Table 2.13. HLA restricted peptides custom synthesised to prepare 

a pool of viral peptides of a wide variety of HLA restrictions, to test 

donor T cell activation responses. 

HLA restriction 

(obtained/ 

predicted from 

IEDB) 

Peptide sequence Antigen reference 

A*01:01 CTELKLSDY Influenza A (PR8) NP 44-52 

A*01:01 VSDGGPNLY Influenza A PB1 591-599 

A*02:01 GILGFVFTL Influenza A MP 58-66 

A*02:01 NLVPMVATV HCMV pp65 495-504 

A*02:01 FLYALALLL EBV LMP-2 356-364 

A*03:01 ILRGSVAHK Influenza A (PR8) NP 265-274 

A*03:01 RLRAEAQVK ENV EBNA 3A 603–611 

A*11:01 ATIGTAMYK EBV BRLF1 134-142 

A*33; A*50 LQHYREVAAAK EBV BZLF1 197-208 

B*07:02 QPEWFRNVL Influenza A PB1 329-337 
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B*07:02 QPRAPIRPI EBV EBNA-3C 881-889 

B*07:02 TPRVTGGGAM HCMV pp65 418-427 

B*08:01 RAKFKQLL EBV BZLF1 190-197 

B*08:01 QAKWRLQTL EBV EBNA-3A 158-166 

B44 EFFWDANDIY HCMV pp65 512-521 

B*44:05 EENLLDFVRF EBV EBNA 3C 281-290 

DRB1*01:01 TSLYNLRRGTALA EBV EBNA1 15-527 

DRB1*07:01 EPDVYYTSAFVFPTK CMV pp65 177-191 

DRB1*15:01 MSIYVYALPLKMLNI CMV pp65 109-123 

DRB1*04:01 AEGLRALLARSHVER EBV EBNA1 482-496 

DRB1*01:01++ PKYVKQNTLKLAT Influenza A HA1 307-319 

DRB1*07:01 PDDYSNTHSTRYVTV CMV gB 215-229 

DRB1*11:01 VSIDKFRIFCKALNPK TT 1084-1099 

 

MULTIPLE AAFEDLRVLSFIKGTK Influenza A NP 336-351 

 

2.8.2 Production of tetramers 

Monomers were produced by Sian Llewellyn-Lacey (Cardiff University), 

according to an established protocol. Biotin tagged HLA Class I heavy chains 

and human 2microglobulin were expressed as insoluble inclusion bodies in 

IPTG-induced E. Coli Rosetta DE3 plysS strain (Novagen 71401-4). Resulting 

bacterial pellets were resuspended in lysis buffer (Bugbuster Protein 

Extraction Reagent Novagen 70584-4) with DNase (Sigma DN25). Proteins 

were then washed with Triton wash buffer (50mM Tris, 0.5% Triton X-100 

Sigma T9284) with 2 mM DTT and further cleaned with repeat freeze/thaw 

cycles and centrifugation. Finally, protein preparations were resuspended in 

6M-guanidine buffer. Purity of the protein preparations were confirmed with 

SDS page electrophoresis and determination of concentrations by nanodrop 

protein absorbance at A280 nm and the molecular mass and extinction 

coefficients of chains from protein sequences. 

 

The process of re-folding the HLA allele  chain, 2 microglobulin and the 

peptide of interest, to produce a monomeric HLA-peptide complex is 
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proprietary. Peptides were synthesised by Severn Biotech Ltd. (UK), at >95% 

purity. In brief, the re-fold protocol involves denaturing the α chain, and β2 

microglobulin chains separately, then combining the denatured chains with 

the peptide and re-folding by dialysis. The refolded protein was recovered by 

anion exchange. The fractions containing protein recovered from the 

chromatography column were pooled and biotinylated.  

  

Biotinylated HLA-peptide monomers were conjugated by addition of 

ExtrAvidin-R-phycoerythrin (PE) (Sigma Aldrich) HLA-peptide: streptavidin 

molar ratio of 4:1 to produce a tetrameric complex of fluorescently 

conjugated HLA-peptides, for use in flow cytometry. The tetramerization 

process was carried out to produce 50 tests of tetramer, using 50 μg 

tetramer. The tetramerization process was carried out on ice. The volume for 

50 μg of monomer was added to an Eppendorf tube (STARLABS). 1.5 μl 

proteinase inhibitor was added to the tube. The total volume for the 4:1 

monomer: streptavidin ratio relating to 50 μg monomer was calculated and 

added in 5 increments (with mixing by pipetting up and down), with 20 min 

incubations on ice after each addition.  

 

2.8.3 Tetramer staining and isolation of T cells 

A pre-stimulation protocol was used to isolate tetramer specific T cells. 

CD8+ cells were isolated using an EasySep™ Human CD8 Positive Selection 

Kit II, according to the manufacturer’s instructions (STEMCELL Technologies. 

PBMC were isolated from whole blood as described previously and a 

suspension was prepared in 1ml buffer consisting of 2% FBS 1 mM EDTA in 

PBS, in a 5ml polystyrene round-bottom tube (BD Biosciences). The 

manufacturer’s protocol was followed for isolation of CD8+ cells from ≤1 x 108 

PBMC. 100 μl of the selection cocktail reagent was added to the cells, mixed 

by pipetting and incubated for 3 min at room temperature. The RapidSpheres 

reagent was vortexed for 30 sec in the final stages of the 3 min incubation, 

then 50 μl RapidSpheres was added to the cell suspension, mixed and 

incubated for 3 min at room temperature. 1.5 ml media was added to the 

tube and which was then placed in an EasySep magnet (STEMCELL 

Technologies) and incubated for 3 min at room temperature. The supernatant 
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was then poured off into a 15 m falcon tube (Greiner Bio-One). The addition 

of 1.5 ml media followed by incubating for 3 min was repeated twice more, 

and the isolated CD8+ T cells where then retrieved by washing removing the 

tube from the magnet and washing the tube using RPMI containing 10% AB 

serum (Sigma Aldrich); the wash media containing the isolated cells was 

retained for plating the cells. The CD8+ T cells were plated in 10% AB RPMI 

at 2 x 106 per 1 ml in a 24-well adherent cell culture plate (Greiner Bio-One). 

The CD8- fraction, (retained in the 15 ml tube) was irradiated at 40 x g and 

used as feeder cells for the CD8+ cells. 10 μg / ml of peptide and 10 U / ml 

IL-2 (Peprotech) were added to the CD8+cells. The cells were incubated for 3 

days at which point a further 1 ml 10% AB RPMI containing 40 U / ml IL-2 

was added (for a final concentration of 20 U/ ml IL-2). At day 6 (the first day 

of plating being counted as day 0), 1ml of media was removed and replaced 

with fresh media, 10% AB RPMI, containing 40 IU IL-2. At day 7, the peptide 

stimulation process was repeated; any remaining CD8- feeder cells previously 

cryogenically stored were used as feeder cells; if no CD8- cells were available 

then fresh/ frozen non-autologous PBMC were used. 20 U / ml UL-2 was 

added. Further addition of IL-2 accompanied with changing the media, as for 

days 3 and 6, were carried out at days 10 and 13, and finally on day 14 the 

cells were sorted using the respective tetramers.  

 

For tetramer-based T cell sorting, the CD8+ cells were collected from the 24 

well plate and transferred to 5ml polystyrene round-bottom tubes (BD 

Biosciences). The staining protocol was optimised with use of 1 test of 

tetramer (1 μg) to stain 5 x 106 CD8+ cells; thus, the cell suspension was 

prepared at 5 x 106 cells/ tube, in 10% RPMI. Where greater numbers of 

PBMC or CD8+ T cells were present, multiple tubes containing a suspension 

of 5 x 106 cells were prepared. The cell suspension was washed with 2 ml 

10% RPMI and the supernatant was removed after centrifugation. The cells 

(in residual volume) were incubated with 50 nM dasatinib (Axon Medchem, 

Reston, VA, USA) for 30 min at 37 °C (in an incubator). Dasatinib is a protein 

kinase inhibitor that has been found to prevent TCR recycling from the cell 

surface upon tetramer binding (Wooldridge et al., 2009). Next, the 

streptavidin-PE conjugated tetramer was added to the cells and incubated for 

20 min at 37 °C (in an incubator). Following this incubation, the cells were 
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washed by adding 2 ml of PBS and centrifuging at 354 x g for 3 min. The PBS 

was removed, and the cells were stained in residual volume with 8 μl Aqua 

viability stain (Invitrogen Thermo Fisher Scientific) at 1:40 dilution for 5 min 

at room temperature followed by addition of the primary antibodies (without 

washing off the viability stain). The cells were incubated with the primary 

antibodies for 20 min at 4 °C (on ice) followed by washing twice with 2 ml 

PBS and resuspending the cells in PBS for sorting. The collection media for 

FACS was 10% RPMI, stored on ice. The gating strategy for tetramer sorting 

involved combining the viability, CD14 and CD19 staining fluorophores as a 

‘dump channel;’ in which cells staining positive for any of these were 

excluded. A sample of cells, which were not stained with the tetramer, was 

used to guide the placement of a tetramer positive gate in which to sort the 

cells. The antibodies used for tetramer FACS were optimised for use on a 

special-order system BD FACSAria II cell sorter flow cytometer and were 

kindly provided by collaborators (David Price, Cardiff University). Tetramer 

frequency of sorted cells was tested by flow cytometry using a BD FACSVerse; 

using the antibodies indicated in Table 2.5. CD14+ cells were excluded 

although this was not combined with a dump channel. The general gating 

strategy used for tetramer sorting consisted of excluding doublets and 

selection of the T cell population based on size and granularity (Figure 2.5A-

C) followed by identification of viable CD3+ cells, combined with exclusion of 

CD14+ or CD19+ cells (dump channel) (Figure 2.5D). Gates used to isolate 

tetramer positive CD8+ T cells are shown in the results figures.
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Figure 2.5 General gating strategy for tetramer-based T cell FACS. (A) Activated T cells were isolated based on size. The dot plot shown 

is from the second sort of expanded HLA-B*50 T cells, thus exclusion of remaining feeder cells was required. Activated lymphocytes have a 

medium forward scatter and low side scatter (B, C ) Doublets were excluded by gating cells as those which had a higher FSC-A than FSC-H, 

and also cells with a greater SSC-W profile. (D)Live CD3+ cells were selected while dead/ CD14/ CD19 cells were excluded when the CD3 

fluorescent signal was shown on the x-axis, while the ‘dump channel;’ CD14, CD19 and viability staining (dead cells) were shown on the y-

axis.  
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The sorted cells were expanded by plating the cells in a 25 cm2 tissue culture 

flask, along with 15 x 106 feeder cells: PBMC irradiated with 40 Gy, from 3 

different donors (5 x 106 PBMC from each donor), 1 μg / ml PHA (Sigma 

Aldrich), in T cell media consisting of 10% AB RPMI supplemented with 25 ng 

/ ml IL-15 (Peprotech) and 200 U/ ml IL-2 (Peprotech), for a total volume of 

20 ml. The flask was incubated at 37 °C at an angle (tilted on the flask short 

end) for 5 days. Half of the media was then changed without disturbing the 

cells, and fresh T cell media was added (not containing new feeder cells or 

PHA). The flask was thereafter incubated upright, and half the media replaced 

every 2-3 days. The phenotype and tetramer positive frequency was 

investigated at day 14. 

 

2.8.4 Testing T cell responses to peptide presentation by target cells 

Tetramer sorted T cells were incubated with HLA matched peptide loaded or 

unloaded target cells, to measure the functional response to the peptides. 

The target cells were incubated with 10 μg peptide for 4 hr at 37 °C in an 

incubator. The cells were then centrifuged at 354 x g and the supernatant 

removed. The cells were then resuspended in fresh media (10% AB RPMI). 

 

Tetramer enriched T cell line Target 

REHQNFYEA HLA-B*50 T cells HLA-B*50 BLCL + peptide 

HLA-B*50 BLCL no added peptide 

DU145 cells+ peptide 

DU145 cells no added peptide 

KLFEFMHET HLA-A*02 T cells from 

Donor 1 

HLA-A*02 BLCL + peptide 

HLA-A*02 BLCL no added peptide 

Primary PCa cells #5042 + peptide 

Primary PCa cells #5042 no added 

peptide 

HLA-A*02 BLCL + peptide 
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KLFEFMHET HLA-A*02 T cells from 

Donor 2 

HLA-A*02 BLCL no added peptide 

Primary PCa cells #5042 + peptide 

Primary PCa cells #5042 no added 

peptide 

  

The T cells were co-incubated with the target cells at a ratio of 10:1 (10 T 

cells to every 1 target cell), in 5 ml sterile non-pyrogenic FACS tubes (BD 

Biosciences). Thereafter the protocol for ICCS was followed, as described 

previously.  The functional responses tested were IFN (cytokine) and MIP1 

(chemokine), and the reactive T cells were also stained for phenotyping 

surface markers CD3, CD4 and CD8. 

 

 Data presentation and statistical analysis 

Calculations relating to raw data were performed using Microsoft Excel (RT-

qPCR CT analysis and statistical testing, in vivo tumour volume analysis and 

quantification of HLA ligandome data). The rest of the data analysis, including 

statistical testing, was performed using GraphPad Prism 5 software. The 

Student’s T test was used to compare two groups (paired or unpaired analysis 

is denoted in the results). One-way ANOVA was used to compare >2 groups 

for the difference between one condition of interest while the two-way ANOVA 

was used to compare the variation in two conditions for ≥2 groups. The first 

primary PCa sample study (n=21) did not have a normal distribution 

therefore the Mann Whitney U test was used to investigate the difference in 

viability associated with the use of Collagenase I or Collagenase II in biopsy 

processing.  
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Appendix 2.1 

RT² Profiler™ PCR Array Human Stem Cell Gene list 

  

Gene 

symbol 

Gene name 

ABCB5 ATP-binding cassette, sub-family B (MDR/TAP), member 5 

ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 

ALCAM Activated leukocyte cell adhesion molecule 

ALDH1A

1 

Aldehyde dehydrogenase 1 family, member A1 

ATM Ataxia telangiectasia mutated 

ATXN1 Ataxin 1 

AXL AXL receptor tyrosine kinase 

BMI1 BMI1 polycomb ring finger oncogene 

BMP7 Bone morphogenetic protein 7 

CD24 CD24 molecule 

CD34 CD34 molecule 

CD38 CD38 molecule 

CD44 CD44 molecule (Indian blood group) 

CHEK1 CHK1 checkpoint homolog (S. pombe) 

DACH1 Dachshund homolog 1 (Drosophila) 

DDR1 Discoidin domain receptor tyrosine kinase 1 

DKK1 Dickkopf homolog 1 (Xenopus laevis) 

DLL1 Delta-like 1 (Drosophila) 

DLL4 Delta-like 4 (Drosophila) 

DNMT1 DNA (cytosine-5-)-methyltransferase 1 

EGF Epidermal growth factor 
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ENG Endoglin 

EPCAM Epithelial cell adhesion molecule 

ERBB2 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, 

neuro/glioblastoma derived oncogene homolog (avian) 

ETFA Electron-transfer-flavoprotein, alpha polypeptide 

FGFR2 Fibroblast growth factor receptor 2 

FLOT2 Flotillin 2 

FOXA2 Forkhead box A2 

FOXP1 Forkhead box P1 

FZD7 Frizzled family receptor 7 

GATA3 GATA binding protein 3 

GSK3B Glycogen synthase kinase 3 beta 

HDAC1 Histone deacetylase 1 

ID1 Inhibitor of DNA binding 1, dominant negative helix-loop-helix 

protein 

IKBKB Inhibitor of kappa light polypeptide gene enhancer in B-cells, 

kinase beta 

CXCL8 Interleukin 8 

ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 

ITGA4 Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 

receptor) 

ITGA6 Integrin, alpha 6 

ITGB1 Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen 

CD29 includes MDF2, MSK12) 

JAG1 Jagged 1 

JAK2 Janus kinase 2 

KIT V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

KITLG KIT ligand 
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KLF17 Kruppel-like factor 17 

KLF4 Kruppel-like factor 4 (gut) 

LATS1 LATS, large tumor suppressor, homolog 1 (Drosophila) 

LIN28A Lin-28 homolog A (C. elegans) 

LIN28B Lin-28 homolog B (C. elegans) 

MAML1 Mastermind-like 1 (Drosophila) 

MERTK C-mer proto-oncogene tyrosine kinase 

MS4A1 Membrane-spanning 4-domains, subfamily A, member 1 

MUC1 Mucin 1, cell surface associated 

MYC V-myc myelocytomatosis viral oncogene homolog (avian) 

MYCN V-myc myelocytomatosis viral related oncogene, neuroblastoma 

derived (avian) 

NANOG Nanog homeobox 

NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 

1 

NOS2 Nitric oxide synthase 2, inducible 

NOTCH

1 

Notch 1 

NOTCH

2 

Notch 2 

PECAM1 Platelet/endothelial cell adhesion molecule 

PLAT Plasminogen activator, tissue 

PLAUR Plasminogen activator, urokinase receptor 

POU5F1 POU class 5 homeobox 1 

PROM1 Prominin 1 

PTCH1 Patched 1 

PTPRC Protein tyrosine phosphatase, receptor type, C 
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SAV1 Salvador homolog 1 (Drosophila) 

SIRT1 Sirtuin 1 

SMO Smoothened, frizzled family receptor 

SNAI1 Snail homolog 1 (Drosophila) 

SOX2 SRY (sex determining region Y)-box 2 

STAT3 Signal transducer and activator of transcription 3 (acute-phase 

response factor) 

TAZ Tafazzin 

TGFBR1 Transforming growth factor, beta receptor 1 

THY1 Thy-1 cell surface antigen 

TWIST1 Twist homolog 1 (Drosophila) 

TWIST2 Twist homolog 2 (Drosophila) 

WEE1 WEE1 homolog (S. pombe) 

WNT1 Wingless-type MMTV integration site family, member 1 

WWC1 WW and C2 domain containing 1 

YAP1 Yes-associated protein 1 

ZEB1 Zinc finger E-box binding homeobox 1 

ZEB2 Zinc finger E-box binding homeobox 2 

ACTB Actin, beta 

B2M Beta-2-microglobulin 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

HPRT1 Hypoxanthine phosphoribosyltransferase 1 

RPLP0 Ribosomal protein, large, P0 
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Appendix 2.2 

Nanostring nCounter Stem Cell Panel Gene list 

ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 

ACTC1 actin, alpha, cardiac muscle 1 

ADAM17 ADAM metallopeptidase domain 17 

ADAR adenosine deaminase, RNA-specific 

ALDH1A1 aldehyde dehydrogenase 1 family, member A1 

ALDH2 aldehyde dehydrogenase 2 family (mitochondrial) 

APC adenomatous polyposis coli 

APH1A anterior pharynx defective 1 homolog A (C. elegans) 

ASCL2 achaete-scute complex homolog 2 (Drosophila) 

AXIN1 axin 1 

BMP1 bone morphogenetic protein 1 

BMP2 bone morphogenetic protein 2 

BMP3 bone morphogenetic protein 3 

BTRC beta-transducin repeat containing 

CCNA2 cyclin A2 

CCND1 cyclin D1 

CCND2 cyclin D2 

CCND3 cyclin D3 

CCNE1 cyclin E1 

CD3D CD3d molecule, delta (CD3-TCR complex) 

CD4 CD4 molecule 

CD44 CD44 molecule (Indian blood group) 

CD8A CD8a molecule 

CD8B CD8b molecule 

CDC2 cell division cycle 2, G1 to S and G2 to M 
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CDC42 cell division cycle 42 (GTP binding protein, 25kDa) 

CDH1 cadherin 1, type 1, E-cadherin (epithelial) 

CDH2 cadherin 2, type 1, N-cadherin (neuronal) 

CIR1 corepressor interacting with RBPJ, 1 

COL1A1 collagen, type I, alpha 1 

COL2A1 collagen, type II, alpha 1 

CREBBP CREB binding protein 

CSNK1A1 casein kinase 1, alpha 1 

CSNK1A1

L 

casein kinase 1, alpha 1-like 

CSNK1D casein kinase 1, delta 

CSNK1E casein kinase 1, epsilon 

CSNK1G1 casein kinase 1, gamma 1 

CSNK1G2 casein kinase 1, gamma 2 

CSNK1G3 casein kinase 1, gamma 3 

CSNK2A1 casein kinase 2, alpha 1 polypeptide 

CTBP1 C-terminal binding protein 1 

CTBP2 C-terminal binding protein 2 

CTNNA1 catenin (cadherin-associated protein), alpha 1, 102kDa 

CTNNB1 catenin (cadherin-associated protein), beta 1, 88kDa 

CXCL12 chemokine (C-X-C motif) ligand 12 (stromal cell-derived 

factor 1) 

DHH desert hedgehog homolog (Drosophila) 

DLL1 delta-like 1 (Drosophila) 

DLL3 delta-like 3 (Drosophila) 

DLL4 delta-like 4 (Drosophila) 

DTX1 deltex homolog 1 (Drosophila) 
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DTX2 deltex homolog 2 (Drosophila) 

DTX3 deltex homolog 3 (Drosophila) 

DTX3L deltex 3-like (Drosophila) 

DTX4 deltex homolog 4 (Drosophila) 

DVL1 dishevelled, dsh homolog 1 (Drosophila) 

DVL2 dishevelled, dsh homolog 2 (Drosophila) 

DVL3 dishevelled, dsh homolog 3 (Drosophila) 

EP300 E1A binding protein p300 

FBXW11 F-box and WD repeat domain containing 11 

FBXW2 F-box and WD repeat domain containing 2 

FGF1 fibroblast growth factor 1 (acidic) 

FGF2 fibroblast growth factor 2 (basic) 

FGF4 fibroblast growth factor 4 

FGFR1 fibroblast growth factor receptor 1 

FOSL1 FOS-like antigen 1 

FOXA2 forkhead box A2 

FRAT1 frequently rearranged in advanced T-cell lymphomas 

FOXD3 forkhead box D3 

FURIN furin (paired basic amino acid cleaving enzyme) 

FZD1 frizzled homolog 1 (Drosophila) 

FZD10 frizzled homolog 10 (Drosophila) 

FZD2 frizzled homolog 2 (Drosophila) 

FZD3 frizzled homolog 3 (Drosophila) 

FZD5 frizzled homolog 5 (Drosophila) 

FZD6 frizzled homolog 6 (Drosophila) 

FZD7 frizzled homolog 7 (Drosophila) 

FZD8 frizzled homolog 8 (Drosophila) 
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FZD9 frizzled homolog 9 (Drosophila) 

GAS1 growth arrest-specific 1 

GDF3 growth differentiation factor 3 

GJB1 gap junction protein, beta 1, 32kDa 

GLI1 GLI family zinc finger 1 

GLI2 GLI family zinc finger 2 

GLI3 GLI family zinc finger 3 

GSK3B glycogen synthase kinase 3 beta 

HDAC1 histone deacetylase 1 

HDAC2 histone deacetylase 2 

HES1 hairy and enhancer of split 1, (Drosophila) 

HHIP hedgehog interacting protein 

IGF1 insulin-like growth factor 1 (somatomedin C) 

IHH Indian hedgehog homolog (Drosophila) 

ISL1 ISL LIM homeobox 1 

JAG1 jagged 1 (Alagille syndrome) 

JAG2 jagged 2 

JUN jun oncogene 

KAT2A K(lysine) acetyltransferase 2A 

KRT15 keratin 15 

LDLR low density lipoprotein receptor 

LFNG LFNG O-fucosylpeptide 3-beta-N-

acetylglucosaminyltransferase 

LOC40092

7 

TPTE and PTEN homologous inositol lipid phosphatase 

pseudogene  

LOC65278

8 

PREDICTED: Homo sapiens similar to dishevelled 1 isoform a 
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LRP2 low density lipoprotein-related protein 2 

MAML1 mastermind-like 1 (Drosophila) 

MAML2 mastermind-like 2 (Drosophila) 

MAML3 mastermind-like 3 (Drosophila) 

MAP3K7 mitogen-activated protein kinase 7 

MAP3K7IP

1 

mitogen-activated protein kinase 7 interacting protein 1 

MAPK10 mitogen-activated protein kinase 10 

MAPK9 mitogen-activated protein kinase 9 

MFNG MFNG O-fucosylpeptide 3-beta-N-

acetylglucosaminyltransferase 

MME membrane metallo-endopeptidase 

MYC v-myc myelocytomatosis viral oncogene homolog (avian) 

MYOD1 myogenic differentiation 1 

NANOG Nanog homeobox 

NCAM1 neural cell adhesion molecule 1 

NCOR2 nuclear receptor co-repressor 2 

NCSTN nicastrin 

NLK nemo-like kinase 

NOTCH1 Notch homolog 1, translocation-associated (Drosophila) 

NOTCH2 Notch homolog 2 (Drosophila) 

NOTCH3 Notch homolog 3 (Drosophila) 

NOTCH4 Notch homolog 4 (Drosophila) 

NUMB numb homolog (Drosophila) 

NUMBL numb homolog (Drosophila)-like 

PAFAH1B1 platelet-activating factor acetylhydrolase, isoform Ib, subunit 

1 (45kDa) 
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KAT2B K(lysine) acetyltransferase 2B 

PDX1 pancreatic and duodenal homeobox 1 

PLAU plasminogen activator, urokinase 

POU5F1  POU class 5 homeobox 1 

PPARD peroxisome proliferator-activated receptor delta 

PPARG peroxisome proliferator-activated receptor gamma 

PPP2CA protein phosphatase 2 (formerly 2A), catalytic subunit, alpha 

isoform 

PPP2R5C protein phosphatase 2, regulatory subunit B', gamma isoform 

PPP2R5E protein phosphatase 2, regulatory subunit B', epsilon isoform 

PRKACA protein kinase, cAMP-dependent, catalytic, alpha 

PRKACB protein kinase, cAMP-dependent, catalytic, beta 

PRKACG protein kinase, cAMP-dependent, catalytic, gamma 

PRKCA protein kinase C, alpha 

PRKCB protein kinase C, beta 

PRKCD protein kinase C, delta 

PRKCE protein kinase C, epsilon 

PRKCG protein kinase C, gamma 

PRKCH protein kinase C, eta 

PRKCI protein kinase C, iota 

PRKCQ protein kinase C, theta 

PRKCZ protein kinase C, zeta 

PRKD1 protein kinase D1 

PRKX protein kinase, X-linked 

PRKY protein kinase, Y-linked 

PSEN1 presenilin 1 

PSEN2 presenilin 2 (Alzheimer disease 4) 
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PSENEN presenilin enhancer 2 homolog (C. elegans) 

RAB23 RAB23, member RAS oncogene family 

RAC1 ras-related C3 botulinum toxin substrate 1 (rho family, small 

GTP binding protein Rac1) 

RB1 retinoblastoma 1 

RBPJ recombination signal binding protein for immunoglobulin 

kappa J region 

RFNG RFNG O-fucosylpeptide 3-beta-N-

acetylglucosaminyltransferase 

RHOA ras homolog gene family, member A 

S100B S100 calcium binding protein B 

SFRP4 secreted frizzled-related protein 4 

SHH sonic hedgehog homolog (Drosophila) 

SMAD4 SMAD family member 4 

SMO smoothened homolog (Drosophila) 

SNW1 SNW domain containing 1 

SOX1 SRY (sex determining region Y)-box 1 

SOX2 SRY (sex determining region Y)-box 2 

STK36 serine/threonine kinase 36, fused homolog (Drosophila) 

SUFU suppressor of fused homolog (Drosophila) 

T T, brachyury homolog (mouse) 

TCF7 transcription factor 7 (T-cell specific, HMG-box) 

TERT telomerase reverse transcriptase 

TLE1 transducin-like enhancer of split 1 (E(sp1) homolog, 

Drosophila) 

WIF1 WNT inhibitory factor 1 

WNT1 wingless-type MMTV integration site family, member 1 
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WNT10A wingless-type MMTV integration site family, member 10A 

WNT10B wingless-type MMTV integration site family, member 10B 

WNT11 wingless-type MMTV integration site family, member 11 

WNT16 wingless-type MMTV integration site family, member 16 

WNT2 wingless-type MMTV integration site family member 2 

WNT2B wingless-type MMTV integration site family, member 2B 

WNT3 wingless-type MMTV integration site family, member 3 

WNT3A wingless-type MMTV integration site family, member 3A 

WNT4 wingless-type MMTV integration site family, member 4 

WNT5A wingless-type MMTV integration site family, member 5A 

WNT5B wingless-type MMTV integration site family, member 5B 

WNT6 wingless-type MMTV integration site family, member 6 

WNT7A wingless-type MMTV integration site family, member 7A 

WNT7B wingless-type MMTV integration site family, member 7B 

WNT8A wingless-type MMTV integration site family, member 8A 

WNT8B wingless-type MMTV integration site family, member 8B 

WNT9A wingless-type MMTV integration site family, member 9A 

WNT9B wingless-type MMTV integration site family, member 9B 

ZIC2 Zic family member 2 (odd-paired homolog, Drosophila) 

CLTC clathrin, heavy chain (Hc) 

GAPDH glyceraldehyde-3-phosphate dehydrogenase 

GUSB glucuronidase, beta 

HPRT1 hypoxanthine phosphoribosyltransferase 1 

PGK1 phosphoglycerate kinase 1 

TUBB tubulin, beta 
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3 Identification and characterisation of prostate 

cancer stem cells  

 

 Introduction  

This chapter focuses on identification and characterisation of prostate CSC, 

in order to investigate prostate CSC antigens in subsequent chapters. 

Prostate CSC were first identified in PCa samples using the surface markers 

CD44+ 21Integrinhigh CD133+ (Collins et al., 2005). Functional markers of 

CSC, such as high aldehyde dehydrogenase (ALDH) activity and ATP-binding 

cassette super-family G (ABCG2) expression have also been used to identify 

prostate CSC (Huss et al., 2005; van den Hoogen et al., 2010). In these 

studies, the prostate CSC population was investigated using xenograft 

derived cells or cell lines. Further studies have confirmed the existence of 

prostate CSC by using both functional and surface markers (ALDH+ 

21Integrinhigh CD44+ PSAlow), in PCa cell lines (Chen et al., 2016; Qin et al., 

2012). Additionally, distinct and overlapping CSC populations have been 

identified in different cell lines, using markers such as CD44 and 21Integrin 

together or individually (Liu et al., 2015). This suggests that prostate CSC 

can be identified using various CSC markers, the suitability of which may be 

associated with the in vitro model used.  

 

Therefore, I set out to compare surface and functional markers in identifying 

prostate CSC, using both cell lines and primary PCa cells. Studies of PCa CSC 

rely heavily on cell lines, few of which are established from primary, rather 

than metastatic lesions (van Bokhoven et al., 2003). Establishing primary 

cultures of PCa samples in in vitro cell culture is particularly challenging 

(Niranjan et al., 2012), thus primary prostate CSC remain poorly 

investigated. In this chapter, primary PCa culture conditions are optimised to 

establish whether primary prostate CSC may be identified using the same 

markers used in the cell line. Many of the surface and functional markers used 

in the identification of prostate CSC are also widely used to isolate CSC from 

other tissues (Bao et al., 2006; Ricci-Vitiani et al., 2007; Yasuda et al., 2013). 

However, some studies have reported comparable stemness characteristics 
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such as clonogenicity and tumour initiation in cells negative for some of these 

CSC markers (Beier et al., 2007; Patrawala et al., 2005; Zhou et al., 2011). 

Therefore, it is important not only to investigate suitable CSC markers in the 

context of this study but also to demonstrate distinct stemness characteristics 

of the CSC marker positive, compared to the CSC marker negative cells.  The 

CSC and non-CSC populations isolated using the chosen markers are 

compared in in vitro and in vivo assays previously described in the literature 

(Franken et al., 2006; Moore et al., 2012; Pastrana et al., 2011; Prager et 

al., 2019). Novel assays for characterising CSC are also described in this 

chapter.  

 

Question 

Which CSC markers can be used to identify and isolate a CSC population in 

prostate cancer? 

 

Specific Aims 

1. Select and characterise a suitable cell line in which to investigate 

prostate CSC. 

2. Compare surface markers and functional markers in identifying 

prostate CSC in the selected cell line. 

3. Isolate and characterise the potential CSC population in the cell line 

using the optimised CSC markers. 

4. Develop a suitable in vitro culture protocol for the growth of primary 

PCa cells. 

5. Investigate potential primary prostate CSC using the markers 

established in the PCa cell line.  
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 Selection and characterisation of a prostate cancer cell 

line for the identification of prostate CSC 

The selection of the PCa cell line for this study was based on the aim of 

identifying CSC which expressed prostate CSC surface markers CD44+ 

CD49bhigh (2Integrin) and CD133+ (Collins et al., 2005). These markers were 

first used in a primary PCa model; however few studies have rigorously 

investigated and confirmed this combination of markers for the identification 

of CSC in PCa cell lines (Wei et al., 2007). Other studies have investigated 

single or double marker positive populations as potential CSC in PCa cell lines 

(Liu et al., 2015; Patrawala et al., 2006; Pfeiffer and Schalken, 2010). As a 

first step, both cell lines were assessed for the expression of CD44. LNCaP 

cells did not express CD44 (Figure 3.1A); while DU145 cells were positive for 

CD44 (Figure 3.1B). The absence of CD44 expression is in agreement with 

previous findings by (Liu et al., 2015). Since no CD44+ cells were present in 

LNCaP, I proceeded with further characterisation of the DU145 cells.   

 

Figure 3.1 Determining the expression of the CSC marker CD44 in PCa cell 

lines. Flow cytometry was used to measure the proportion of cells expressing CD44 

(A) Flow cytometry dot plot of CD44 antibody staining of LNCaP cells and isotype 

control. (B) Flow cytometry dot plot of CD44 antibody staining of DU145 cells and 

isotype control staining. A,B: Positive gating is determined by the isotype control. 

The LNCaP experiment is representative of n=2 experiments and the DU145 cells 

were stained in more than three experiments. 
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3.2.1 Characteristics of the DU145 prostate cancer cell line 

The growth and phenotype of the DU145 cell line was investigated, to provide 

baseline data on the expected characteristics of in vitro culture, and verify 

that these characteristics were similar to those previously described 

(Cunningham and You, 2015). The DU145 cell line was cultured in adherent 

in vitro culture in normoxic (atmospheric oxygen) conditions, in RPMI media 

containing 10% FBS and standard supplements described in Materials and 

Methods). These conditions have been previously described (Yan et al., 

2014). In the basic conditions, the cells grew with a characteristic 

‘cobblestone’ epithelial morphology (Figure 3.2A). The growth and doubling 

time of the DU145 cells were noted in order to optimise the cell culture 

conditions specifically for CSC isolation and characterisation. It was expected 

that cell culture would have to be scaled up to isolate sufficient cell numbers 

for downstream assays, based on previous studies in which CSC have 

comprised a relatively infrequent population; 0.01%- ≤10% (Collins et al., 

2005; Patrawala et al., 2007; Pfeiffer and Schalken, 2010; Qin et al., 2012). 

The doubling time of the DU145 cells was 37.15 hr (28.79 to 52.35 hr 95% 

CI), This was calculated based on the exponential growth curve equation of 

the cells seeded at 105 (Figure 3.2B). This is in agreement with previous 

findings (Cunningham and You, 2015).  

 

I investigated the phenotype of the DU145 cells to provide comparison to the 

primary PCa cells used in this study. The DU145 cell line was originally 

isolated from the CNS metastasis of a PCa adenocarcinoma. In contrast, the 

primary samples in this study were obtained from men undergoing 

prostatectomies, an effective treatment for localised disease, in which it may 

be expected that a greater proportion of luminal cells are present (Liu et al., 

1999; van Leenders et al., 2001). Expression of the basal cytokeratin CK5 

was not detected in the DU145 cells however, CD44 was readily detected 

(Figure 3.3A), confirming previous flow cytometry results (Figure 3.1B). CK8, 

a cytokeratin expressed by both intermediate and luminal prostate cells in 

the healthy prostate and PCa (Niranjan et al., 2012) was detected (Figure 

3.3A). Taken together the expression of CD44 and CK8 suggest that the 

DU145 cells consist of basal and intermediate phenotypes. This was further 

investigated by flow cytometry using markers which specifically discriminated 
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between the basal; CD49f (6 Integrin) and luminal; CD26 (dipeptidyl 

peptidase) populations, since CK8 was not a sufficiently discriminatory 

marker for the latter (Karthaus et al., 2014; Moad et al., 2017). The 

phenotype of the DU145 cells was predominantly basal cell (70.69% CD49+ 

CD26-) whereas luminal cells were rare (0.125% CD49f- CD26+) (Figure 

3.3B). The remainder of the cells (28.63%) had an intermediate phenotype; 

CD49+ CD26+ (Figure 3.3B). DU145 cells have been shown to be CD49f 

positive and CD26 negative in a previous study, however the relative 

frequency of the single or double positive populations was not investigated in 

that study (Liu, 2000). The DU145 cells were next investigated for the 

expression of CD44 CD49b (2Integrin) and CD133, which identify CSC within 

the basal cell population. 
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Figure 3.2 Growth characteristics of the DU145 cell line in adherent in vitro 

culture conditions. (A) DU145 cell ‘cobblestone’ morphology (brightfield). 

Imaged using a Zeiss axio observer z1 microscope. Scale bar represents 100 µm. 

(B) Kinetics of DU145 cell growth (black lines). DU145 cells were plated at 104, 105 

or 106 cells per one well of a 6 well plate, in triplicate. Viable cells were enumerated 

by staining with ViaCount Reagent and counting using a Millipore Guava Flow 

Cytometer. Data points and error bars represent triplicate counts. The growth 

curve was analysed by calculating the non-linear regression exponential growth 

equation (red lines) of the data points, using GraphPad Prism. Doubling time was 

calculated from the equation of the growth curve line of 105 cells as this was the 

best fit line (R2) which had the most degrees of freedom (df). 
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Figure 3.3 Phenotyping of DU145 cells. (A) DU145 cells were plated at 104 in 

8 well chamber slides and grown to 90% confluency, fixed and stained with the 

indicated antibodies or isotype controls as described in Materials and Methods. The 

cells were imaged using a Zeiss axio observer z1 microscope. Scale bar represents 

20µm. Positive staining was determined at the same exposure as the isotype 

control stained cells. Images are representative of triplicate samples in which at 

least 5 random fields of view were imaged. (B) Flow cytometry dot plot of basal 

and luminal antibody staining of DU145 cells. Isotype control staining was used to 

determine the placement of quadrant gates. Population frequencies correspond to 

the representative staining shown and the mean ± SEM frequency of triplicate 

samples is given in the bar graph.  
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 Identification and characterisation of DU145 CSC based 

on expression of surface markers 

I carried out flow cytometry analysis of the DU145 cells to identify potential 

CSC based on CD44+ CD49bhigh CD133+ expression. A population expressing 

these markers was identified, which comprised <0.1% of the total cells 

(Figure 3.4A). This population frequency was lower than the frequency of the 

CD44+ CD49bhigh CD133+ cells identified in primary samples (Collins et al., 

2005). Additionally, the CD133 staining of DU145 cells in this study did not 

conclusively identify a CD133+ population. The CD133 expression did not 

differ significantly from the isotype control, based on mean fluorescence 

intensity (MFI) (Figure 3.4B, C). This differs from CD133 staining which was 

used to define positive populations in other studies. CD133 populations have 

previously been identified based on higher fluorescent signal, shown by FACS 

dot plots and/or isotype control staining (Bao et al., 2006; Birnie et al., 2008; 

Pfeiffer and Schalken, 2010; Richardson et al., 2004). 

 

Studies that have described inconsistencies in the use of CD133 as a CSC 

marker have suggested that the expression of different epitopes may occur 

owing to cell culture conditions or cell phenotype (more or less differentiated) 

(Angelotti et al., 2010; Kemper et al., 2010). The antibody used for the 

aforementioned experiments recognises the AC133 (CD133/1) epitope of 

CD133 (Miltenyi Biotech). Therefore, I tested the identification of CD44+ 

CD49bhigh CD133+ DU145 cells using the antibody clone EMK08 (Thermo 

Fisher eBioscience), which recognises a different epitope (Figure 3.5A). 

However, the CD133 fluorescence intensity was not significantly higher than 

the isotype control (Figure 3.5B, C). I concluded that these data did not 

provide enough supporting evidence for a CD44+ CD49bhigh 

CD133+ population in the DU145 cells. Therefore, I did not isolate CSC based 

on these surface markers, and instead proceeded to investigate if DU145 CSC 

could be isolated by alternative markers; in the absence of previously 

described alternative prostate CSC surface markers I next investigated the 

CSC functional marker ALDH.  
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Figure 3.4 Investigation of a CD44+ CD49bhigh CD133+ population in the 

DU145 cell line.  (A) Identification of CD44+ CD49bhigh CD133+ DU145 cells by flow 

cytometry, using a CD133 antibody recognising the AC133 epitope. (B) Isotype 

control staining for each of the three markers. 1.5x106 cells were stained for each 

antibody or isotype stain. (C) MFI for each antibody and isotype. Single marker ‘box’ 

gating (CD44) and quadrant gating in each experiment was determined with the use 

of an isotype control antibody. Error bars represent triplicate measurements. The 

experiment was repeated at least three times.  
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Figure 3.5 Investigation of an alternative epitope for CD133 staining in 

the identification of a CD44+ CD49bhigh CD133+ population in the DU145 

cell line.  (A) Identification of CD44+ CD49bhigh CD133+ DU145 cells by flow 

cytometry, using a CD133 antibody recognising the EMK08 epitope.  (B) Isotype 

control staining for each of the three markers. 5x 105 cells were stained for each 

antibody or isotype stain. (C) MFI for each antibody and isotype. Single marker 

‘box’ gating (CD44) and quadrant gating in each experiment was determined with 

the use of an isotype control antibody. Error bars represent triplicate 

measurements and the experiment was repeated twice.  
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 Identification and characterisation of DU145 CSC based 

on the functional marker ALDH 

ALDH activity has been used to identify CSC in PCa cell lines including DU145, 

PC3 and LNCaP (Doherty et al., 2011; van den Hoogen et al., 2010). ALDH 

expression has also been detected in primary PCa samples and has been 

shown to correlate with poor prognosis (Magnen et al., 2013). Based on this 

previous work, the ALDH CSC marker was selected to investigate CSC in the 

DU145 cell line. 

 

3.4.1 Optimisation of the ALDEFLUOR assay for DU145 cells 

High ALDH activity is characteristic of CSC (Ma and Allan, 2011). Expression 

of ALDH isoforms ALDH1A1, ALDH3A1 and ALDH7A1 was detected in the 

DU145 cells by fluorescence microscopy (Figure 3.6A). ALDH activity in the 

DU145 cell line was investigated using the ALDEFLUOR assay, which primarily 

measures the activity of ALDH1 isoforms, although the contribution of other 

isoforms to ALDH activity has also been described (Morgan et al., 2015; Zhou 

et al., 2019). Preliminary experiments tested the A549 lung cancer cell line, 

which has high ALDH activity, as a positive control (Moreb et al., 2007). The 

A549 cell line had a frequency of 11.1% ALDH high cells, while the DU145 

cells had 5.63% ALDH high cells, (Figure 3.6B). The ALDEFLOUR incubation 

protocol was optimised and the substrate concentration scaled up with 

increasing cell numbers for FACS experiments. The dot plot gating strategy  

was modified to obtain a more stringent separation of ALDH high (blue) and 

ALDH low (green) cells. The cells in the gate placed in the presence of DEAB 

(red population) to guide the identification of the ALDH high population, which 

could be considered ALDH ‘medium,’ were not further analysed (Figure 3.6C). 

This is based on the gating described by Nishida and colleagues for the 

analysis of ALDH high and low populations in PCa cell lines (Nishida et al., 

2012). The ALDH high frequency in three independent FACS experiments was 

7.81% ± 1.12 SEM (Figure 3.6D).  
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Figure 3.6. Optimisation of the ALDEFLUOR assay in DU145 cells. (A) DU145 

cells were plated at 104 in a glass bottomed, black walled plate and grown to 90% 

confluency, fixed and stained with the indicated antibodies or isotype controls as 

described in Materials and Methods. The cells were imaged using a Zeiss axio 

observer z1 microscope. Each exposure setting was determined based on the 

staining at the highest antibody concentration (different for each antibody). Scale 

bar represents 20 µm. Figure continued overleaf: (B, C) Flow cytometry: The A549 

cell line was used as a positive control to compare ALDH activity DU145 cells. The 

ALDH high gate was positioned to the right of the DEAB inhibitor gate; the ALDH 

high and low frequencies for each cell line are given in the graph, based on the 

manufacturer’s recommended gating strategy. A549 and DU145 cell numbers of 2 

x 105  and 5x105, with the appropriate volume of ALDH substrate, were tested for 

ALDH activity, each incubated for 30 minutes without any resuspension. Data 

shown is 2x105 cells, for each cell line. (D) Optimised gating strategy (cells from 

the middle gate are not analysed). 106 cells were incubated with the appropriate 

volume of ALDH substrate and incubated for 45 minutes, with resuspension of the 

cells by gentle shaking at 15 minute intervals. (E) An optimised incubation and 

scaling up protocol resulted in comparable ALDH high and ALDH low frequencies 

across three independent FACS experiments. The DU145 cells were stained with 5 

µl ALDH substrate per 106 cells. Input on the optimisation of the ALDEFLOUR assay 

was provided by group members of the First Pathology Dept., Sapporo Medical 

University, in particular Dr. Emi Mizushima.  
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3.4.2 Characterisation of ALDH high and ALDH low DU145 cells 

Having optimised the ALDH assay and sorting strategy, I performed in vitro 

analysis of the sorted ALDH high and ALDH low populations. I found that the 

viability of the sorted cells was greatly reduced after sorting, and the viability 

of the sorted populations differed not only from each other but from 

experiment to experiment (Figure 3.7). The sorted cells were plated for all 

downstream assays based on the viable cell count.  

 

The aim of these assays was to investigate the CSC characteristics of 

clonogenicity and self-renewal. Colony formation is used as a measure of 

clonogenicity, or the fraction of cells of a population capable of multiple 

population divisions to sustain the growth of a colony of cells (Franken et al., 

2006). The ALDH high cells gave rise to a larger number of colonies than the 

ALDH low cells, (Figure 3.8A and B; two representative experiments shown). 

The Colony Area software, which detects and enumerates colonies and total 

colony area based on pixel values (Figure 3.8C), was a useful application to 

measure colonies which were sufficiently distinct, as was the case in Figure 

3.8B. This enabled quantification of the colonies, shown in Figure 3.8D and 

3.8E. The ALDH high DU145 cells produced a significantly larger number of 

colonies and the surviving fraction (colonies formed/ cells seeded) was 

significantly higher. The reason for the different ALDH colony characteristics 

across replicate experiments is not clear. 

 

Sphere formation is considered a measure of self-renewal in CSC. Self- 

renewal is indicative of the capacity of CSC to maintain their own population, 

in addition to producing more proliferative non-CSC progeny. Sphere 

formation is suggested to represent this by modelling a renewing ‘colony’ in 

3D, compared to modelling the linear formation of a clonally-derived colony 

in 2D. Sphere formation can be used to select for CSC from a bulk population, 

or to characterise populations which have been isolated from a bulk 

population using CSC markers (Kryczek et al., 2012; Nishida et al., 2012; 

Portillo-Lara and Alvarez, 2015; Rybak et al., 2011). Sphere formation is 

typically assessed in non-adherent conditions in media containing growth 

factors and lacking serum, as the latter can induce differentiation (Lee et al., 
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2006; Ricci-Vitiani et al., 2007). Sphere formation was tested under limiting 

dilution conditions; 1000 and 100 initially plated cells (Figure 3.9 A and B, 

two representative experiments shown). The ALDH high DU145 cells grew 

significantly larger spheres than the ALDH low DU145 cells from both of 1000 

and 100 initial starting cell numbers (Figure 3.9C and D). The size of the 

spheres from both ALDH high and low cells varied in experimental repeats, 

which may be due to the differences in viability of the sorted populations. 

Larger spheres may have a necrotic core due to reduced penetration of 

nutrients and oxygen with an increase in size. Therefore, proliferation and 

viability of the spheres was also measured using the Orangu assay. 

Proliferation in the ALDH high spheres was significantly higher than ALDH low 

spheres grown from 1000 cells (Figure 3.9E and F). Despite the apparent 

sphere size differences across replicate experiments, the absorbance in the 

ALDH high spheres grown from 100 cells was not consistently higher than the 

ALDH low spheres. This may be due to the differences in viability in the sorted 

cells or that the spheres were too small to reliably detect the Orangu reagent. 
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Figure 3.7 Viability of DU145 cells before and after FACS to isolate the 

ALDH high and ALDH low populations. Prior to carrying out the ALDEFLUOR 

assay for sorting, the DU145 cell suspension (prepared from trypsinising the 

adherent cells) was counted and the viability measured by staining with ViaCount 

Reagent with analysis using the Millipore Guava Flow Cytometer. The flow 

cytometry staining protocol involved incubating 7 x 106 cells/ ml with 35 µl of the 

ALDH substrate followed by removal of 300 µl of the cell suspension to a tube 

containing 21 µl DEAB. The number of ALDH reactions required to yield sufficient 

cells for downstream experiments was pre-determined as described in the Materials 

and Methods; briefly the cell number required for downstream assays was 

calculated and worked back from, to include considerations of viability, cell loss to 

controls in the ALDEFLUOR assay and expected frequency of the ALDH high and 

ALDH low populations. Typically, 28-35 million cells were prepared (4-5 ALDH 

reactions at 7 x 106). The cells were re-stained following sorting and the same 

measurements carried out. Note: the DU145 ALDEFLUOR sorts carried out in 

collaboration with Sapporo Medical University are not included as the pre- and post-

sort cell counts and viability investigations were carried out in a different way, using 

a Countess (Thermo Fisher) which involves automated visual assessment of stained 

cells rather than flow cytometry readouts. 



Chapter 3. Identification and characterisation of prostate cancer stem cells 

188 
 

 

Figure 3.8 Clonogenicity of ALDH high and ALDH low DU145 cells. (A,B) 

ALDH high and ALDH low DU145 were plated at 50 cells/ cm2 (450 cells/ well in a 

6 well plate) and colonies were stained with 5% crystal violet. Plates were 

photographed using a Canon 350D DSLR camera. (C): Colonies in (B) were 

analysed using the Colony Area plugin for ImageJ. The colonies were identified by 

setting the pixel value threshold above that of the background, which enabled the 

software to enumerate the colonies and also analyse the colony size. (D) Colony 

number in ALDH high and ALDH low DU145 cells (* p<0.05; Student’s T test). (E) 

The surviving fraction was calculated by first calculating the plating efficiency 

(colonies formed/ cells seeded). The surviving fraction was calculated as (colonies 

formed/ (cells seeded x plating efficiency)) Significance was determined by the 

paired T test * p<0.05. Colonies in (A) were not enumerated; the crystal violet 

colony formation assay was repeated three times. 
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Figure 3.9 Sphere formation of ALDH high and ALDH low DU145 cells. 

DU145 cells were sorted by FACS into ALDH high and ALDH low populations and 

seeded at 1000 or 100 initial cell numbers, in cell-repellent 96-well plates, for non-

adherent sphere formation conditions. (A,B) Sphere formation by ALDH high and 

ALDH low DU145 cells was investigated in serum free ADMEM/F12 media containing 

EGF and FGF. After 7 days, the spheres were imaged using a Zeiss axoivert 100 

microscope. Scale bars represent 200 µm. Cell numbers were not estimated at this 

time. Two representative experiments shown in A and B (Sphere setup from 1000 

cells was repeated a total of 3 times and from 100 cells twice, owing to the technical 

difficulties in consistent detection of Orangu levels from ALDH high and ALDH low 

spheres. Black arrows indicate dead cells collected at the base of the well which 

were not incorporated into the sphere.   
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  Figure 3.9 continued (C, E) The sphere area was measured using the MetaMorph microscopy image analysis program. (D, F) The spheres 

were incubated with orange reagent for 2 hr and the absorbance was measured to determine proliferation and cell viability in the spheres. 

Error bars represent n=5 spheres. Statistical analysis of sphere size and orange absorbance was investigated by a 2 way ANOVA;* p<0.05 *** 

p<0.001. Sphere size measures and Orangu assay absorbance in (C, D) correspond to experiment (A) and (E, F) correspond to (B). 
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3.4.3 Cellular division of ALDH high and ALDH low DU145 cells 

Cancer cells typically grow more quickly than healthy cells; it is on this basis 

that cancer treatments such as chemotherapy and radiation therapy are used 

to treat tumours by causing DNA damage while minimising off target damage 

to healthy tissues. However, it has been suggested that CSC divide less 

frequently than non-CSC, which reduces the susceptibility of CSC to DNA 

damaging agents (Dembinski and Krauss, 2009; Moore et al., 2012; 

Patrawala et al., 2006). Therefore, we compared division and proliferation in 

the ALDH high and ALDH low DU145 and primary PCa cells.  

 

Labelling of cells with DNA or protein binding dyes, such as 

Bromodeoxyuridine (BrdU) or carboxyfluorescein succinimidyl ester (CFSE), 

has identified slow cycling (less frequently dividing) cells which have CSC 

characteristics (Deleyrolle et al., 2012; Ma et al., 2014). The Cell Trace Violet 

reagent (Thermo Fisher Scientific) was used as an alternative to CFSE. CFSE 

fluorescence is measured in the same emission channel as FITC and is not 

compatible with ALDEFLUOR analysis. To optimise this approach, Cell Trace 

Violet and CFSE staining and dye dilution over time was compared for DU145 

cells (without performing the ALDEFLUOR assay). High, medium and low dye 

retention (representing low, medium and high proliferation, respectively) 

gating for each dye was determined by measuring autofluorescence of non-

stained DU145 (low) or cell trace fluorescence of DU145 cells stained 

immediately before analysis (high), (Figure 3.10 A and B). The fluorescence 

of the Cell Trace dye decreased less over a short time than that of the CFSE 

dye, demonstrated by the significantly higher MFI of Cell Trace high than 

CFSE high at Day 3 (Figure 3.10C). After 7 days the proportion of high dye 

retention was not significantly different between Cell trace and CFSE. 

However, the DU145 Cell Trace medium and low gates had a higher frequency 

of cells than the respective CFSE gates, suggesting better retention of the 

Cell Trace dye over a longer time period (enabling tracking of more cell 

divisions) (Figure 3.10D).  

 

The Cell Trace dye was then used to measure the division and proliferation of 

ALDH high and ALDH low DU145 cells. ALDH high DU145 cells contained a 
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significantly higher proportion of Cell Trace high cells than ALDH low DU145 

cells after 3 days of culture (Figure 3.11A). The frequency of ALDH high Cell 

Trace high cells decreased over time and was not significantly higher than 

ALDH low cell trace high cells after 7 days (Figure 3.11B). However, the cell 

trace MFI of the ALDH high cells was significantly higher than the ALDH low 

cells (Figure 3.11C), suggesting the fluorescence signal was less diluted due 

to less cell divisions in the total ALDH high population. This demonstrates that 

the ALDH high DU145 cells divide at a lower rate than the ALDH low DU145 

cells.  
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Figure 3.10 Optimisation of Cell Trace dye staining of DU145 cells. The 

cellular dyes CFSE and Cell Trace were compared for use in tracking proliferation 

in successive generation of DU145 cells. Both cell types were stained with 2.5µM 

or 50 µM CFSE respectively at day 0. The DU145 cells were plated at 5 x 105 

cells in a 75 cm2 flask for analysis after 3 days of growth and at 105 cells in 

a 75 cm2 flask for analysis after 7 days of growth. The BLCL were plated at 

the same cell numbers and cultured upright in 25 cm2 flasks. (A and B) The 

staining was divided into high, low and medium fluorescence for each of CFSE (A) 

and Cell Trace (B), to represent low, medium and high proliferation respectively. 

This was based the principle that the dye fluorescence signal is reduced upon 

subsequent cell division of a labelled population. (C) The high medium and low 

fluorescence populations for each dye were investigated after 3 days in 2D culture. 

The population frequencies are graphed and represent triplicates. *** p<0.001, 

analysis by 2-way ANOVA. (C) The high, medium and low fluorescence populations 

for each dye were investigated after 7 days in 2D culture. The population 

frequencies are graphed and represent triplicates. *** p<0.001, analysis by 2-way 

ANOVA. Analysis was performed using FlowJo flow cytometry software so that 

overlay histograms could be generated. 
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Figure 3.11 Measurement of division and proliferation of ALDH high and 

ALDH low populations in DU145 cells. A bulk (unsorted) population of DU145 

cells was stained with Cell Trace dye and plated in 2D culture. The DU145 cells 

were plated at 5 x 105 cells in a 75 cm2 flask for analysis after 3 days of 

growth and at 105 cells in a 75 cm2 flask for analysis after 7 days of growth.  

(A) Unstained cells autofluorescence, used to gate ‘cell trace low’ (B) Cells stained 

immediately prior to analysis, used to gate ‘cell trace high.’ Continued overleaf: 

(C) After 3 days the ALDEFLUOR assay was performed and the proliferation and 

division of the ALDH high and low DU145 cells was measured. (D) Proliferation and 

division of the ALDH high and low DU145 cells was measured in the same way 

after 7 Days. The different frequencies of Cell Trace staining in the ALDH 

populations was assessed by 2-way ANOVA; *** p<0.001. (E) Cell trace 

fluorescence MFI of the ALDH high and ALDH low populations after 7 days. MFI 

was analysed by paired T test; ** p<0.01. The high and low gates for each 

timepoint were set using DU145 cells stained immediately prior to analysis and 

unstained cells respectively. Error bars represent triplicates and this experiment 

was repeated twice. 
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3.4.4  Gene expression in ALDH high and ALDH low DU145 cells 

Investigation of the gene signature of CSC has previously been performed in 

a small number of studies, which focused either on a limited number of pre-

selected CSC associated genes or large scale non-targeted array data (Birnie 

et al., 2008; Nishida et al., 2012; B. A. Smith et al., 2015). In addition to in 

vitro functional characteristics, I investigated gene expression using RT-qPCR 

and Nanostring. These assays employ different methods while providing a 

similar throughput to measure gene expression; RT-qPCR measures cDNA 

while Nanostring measures mRNA transcripts. Gene expression RT-qPCR 

analysis was performed using the RT2 Profiler CSC Gene Array. This array 

contained primers for over 80 genes associated with CSC (details in Chapter 

2 Materials and Methods). For the Nanostring analysis, differential gene 

expression was analysed using the Stem Cell Panel, which contained 195 

genes. There were 19 genes in common between the RT2 Profiler CSC Gene 

Array and the Stem Cell Panel (gene lists provided as appendices to Chapter 

2 Materials and Methods).  

 

In the RT-qPCR  analysis, the genes which were >1.5 fold significantly greater 

in expression in the ALDH high compared to the ALDH low DU145 cells were 

DLL1 (+4.69 fold), MUC1 (+2.32 fold), WEE1 (+1.68 fold) and JAG1 (1.5 

fold) (Figure 3.12A). This cut-off was selected rather than the traditional 2-

fold difference since the fold changes >1.5 were significant over three 

repeated experiments. The selection of a fold change threshold in gene 

expression data is the subject of debate and it has been argued that the use 

of different cut-offs can change the interpretation of data (Dalman et al., 

2012). However, there is no specific biological rational for the 2-fold 

threshold, and there is precedent for the use of 1.5 fold or 1.3 fold 

upregulation, in addition to significance testing, to identify biologically 

relevant differences in gene expression (Huggins et al., 2008; Peart et al., 

2005; Raouf et al., 2008). Additionally, upregulation of JAG1 and WEE1, 

although below 2-fold, were of interest and could be linked to other 

experimental results. DLL1 and JAG1 are both ligands for NOTCH signalling 

(Matsui, 2016), while WEE1 is a cell cycle (G2) checkpoint kinase, with a role 

in regulating cell cycling in response to genomic stress (Do et al., 2013). 

Altered cell cycling between ALDH high and ALDH low cells, demonstrated by 
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differences in dilution of the Cell Trace dye, and, as discussed later, also 

observed in gene expression analysis using the Nanostring platform, may 

suggest an under-explored novel characteristic of prostate CSC. MUC1 is a 

membrane associated protein involved in a wide variety of intracellular 

signalling pathways, which is overexpressed in lung, stomach, breast and 

colorectal cancer and PCa (Genitsch et al., 2016; Nath and Mukherjee, 2014; 

O’Connor et al., 2005). MUC1 is also a highly expressed cell surface cancer 

antigen (Kiessling et al., 2012). The genes which were ≤0.5 fold significantly 

lower in the ALDH high DU145 cells compared to the ALDH low DU145 cells 

were ZEB1 and MS4A1 (CD20), with ZEB2 fold change also approaching 

significance (Figure 3.12B). ZEB1 and ZEB2 are positive regulators of 

epithelial-mesenchymal transition (EMT), (Hanrahan et al., 2017).  

 

Nanostring analysis was performed on DU145 ALDH high and low cell-derived 

mRNA from two independent FACS experiments. This was not sufficient to 

carry out statistical analysis, therefore the genes which showed a fold change 

≥1.5 are shown in Figure 3.12C, to provide an overview of genes of interest 

which could inform future directed analysis. The 1.5-fold change threshold 

was selected as the Nanostring SPRINT is sensitive to detection of fold 

changes >1.5 fold when there are greater than 5 copies of a gene transcript 

per cell (platform specifications 

https://www.nanostring.com/products/ncounter-systems-

overview/ncounter-sprint-profiler). The genes for which the fold change was 

above this threshold were: CDK1 (+2.15 fold), CDH1 (+1.99 fold), JUN 

(+1.85 fold), CCNA2 (+1.75 fold), TUBB (+1.733 fold), PPARD (+1.54 fold), 

NOTCH3 (+1.535 fold) FOSL1 (+1.53) and PLAU (+ 1.52 fold). These genes 

were not associated with any significant pathway enrichment, when analysed 

using the DAVID bioinformatics platform (Huang et al., 2009b). However, it 

remains of interest that genes associated with cell cycling were upregulated 

and the lack of significant enrichment with this pathway could be due to the 

low number of genes which were significantly upregulated in the Nanostring 

analysis. Cyclin A2 (CCNA2) and CDK1 are expressed in the S phase, peaking 

in the G2 phase of the cell cycle, with a contribution to mitosis regulation 

(Yam et al., 2002). Cyclin A2 has also been identified as a cancer testis 

antigen in PCa (based on antibody responses detected in patient sera) and 

https://www.nanostring.com/products/ncounter-systems-overview/ncounter-sprint-profiler
https://www.nanostring.com/products/ncounter-systems-overview/ncounter-sprint-profiler
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has been shown to elicit high avidity T cell responses in a number of peptide 

pulsed cell lines (melanoma, CRC) (Kondo et al., 2009; Shi et al., 2005). 

There were no genes for which the fold change was ≤0.5 compared to the 

gene expression in ALDH low DU145 cells. Additionally, none of the genes in 

common in the two assays were differentially expressed in the ALDH high 

DU145 cells. These data may suggest that relatively few genes, or genes 

other than those investigated in these assays, contribute to the CSC 

phenotype demonstrated in the previous functional assays. Genes of interest, 

which require further analysis for validation, include NOTCH signalling and 

cell cycle regulation.  
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Figure 3.12 Gene expression analysis of ALDH high and ALDH low DU145 

cells by RT-qPCR. In the RT-qPCR array (A and B), differential gene expression 

was calculated by the 2-ΔΔCT (comparative CT) method. Genes upregulated >1.5 

fold, for which the fold change was statistically significant across three replicate 

experiments, were considered of interest. The red dashed lines indicate the fold 

change threshold. The error bars indicate the 95% confidence interval. (A) Genes 

for which the fold change in gene expression was ≥1.5 greater in the ALDH high 

compared to the ALDH low DU145 cells in the CSC PCR array. (B) Genes for which 

the fold change in gene expression was ≤0.5 less in the ALDH high compared to 

the ALDH low DU145 cells in the CSC PCR array. Statistical significance shown is 

based on paired T test of housekeeping gene- normalised cycle thresholds (ΔCT) 

for ALDH high and ALDH low DU145 cells; fold change data (2-ΔΔCT) is shown on 

the graph. Error bars represent fold changes from n=3 repeated experiments (i.e. 

RNA isolated from 3 individual ALDH FACS sorts).  
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Figure 3.12 Gene expression analysis of ALDH high and ALDH low DU145 

cells using the Nanostring platform (continued). (C) Differential gene 

expression ≥1.5 fold in ALDH high compared to ALDH low DU145 cells measured 

by Nanostring. The fold change was measured from n=2 individual ALDEFLUOR 

sorting experiments. The fold change was manually calculated from the log ratio 

of normalised Nanostring count data which was derived from the raw count values 

according to the protocol by Prokopec and colleagues (2013). The red dashed lines 

indicate the fold change threshold (>1.5 fold). Genes upregulated >1.5 fold were 

considered of interest however the sample number was too small to carry out 

statistical testing.  
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3.4.5 Investigation of in vivo tumorigenicity of DU145 CSC 

An essential characteristic of CSC is the capacity to initiate tumours in vivo 

(Prager et al., 2019). The tumour initiating capacity of FACS- sorted ALDH 

high and ALDH low DU145 cells was investigated by injecting 102 or 103 cells, 

in Matrigel, subcutaneously into individual NSG mice. NSG mice (NOD/SCID 

gamma) are a highly immunocompromised mouse model which lack mature 

T cells, B cells and NK cells and also have defective DCs, macrophages and 

complement signalling (Shultz et al., 2005). Tumours arose more quickly in 

mice injected with 103 ALDH high cells compared to matched numbers of 

ALDH low cells and after 64 days the size of tumours initiated by either of 103 

or 102 ALDH high DU145 cells was significantly larger than matched numbers 

of ALDH low DU145 cells (Figure 3.13A). Additionally, individual tumours from 

4/5 mice injected with 103 ALDH high cells, and 3/5 mice injected with 102 

ALDH high cells, were larger than the 103 ALDH low recipient mice (Figure 

3.13B). This demonstrates that ALDH high DU145 cells have greater tumour 

initiating capacity.  

 

These in vivo data support the in vitro demonstration of increased 

clonogenicity and self-renewal of ALDH high DU145 cells in the CFA and 

sphere formation assays. Furthermore, ALDH high DU145 cells had a lower 

rate of cell division, and enrichment for stemness defining genes compared 

to ALDH low DU145 cells. Overall, these data suggest that ALDH high cells 

represent a CSC population in the DU145 cell line, and this warranted further 

investigation of the ALDH high cells in primary PCa samples.  
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Figure 3.13 In vivo tumour initiation by ALDH high and ALDH low DU145 

cells. 103 or 104 ALDH high and ALDH low DU145 cells were injected 

subcutaneously into individual NSG mice. Tumour growth was detected by 

palpation until the tumours could be measured using digital callipers. (A) Tumour 

size over time. Data points and error bars represent mean ±SEM, n=20, 5 per 

ALDH/count condition; *** p<0.001 calculated by 2way ANOVA. (B) Tumour size 

in individual mice. This work was carried out in collaboration with Sapporo Medical 

University, Japan: this experiment was performed with the assistance of Dr. Emi 

Mizushima (FACS) and Ms Serina Tokita (in vivo assay). 



Chapter 3. Identification and characterisation of prostate cancer stem cells 

204 
 

 Growth and characterisation of primary prostate cancer 

cells 

As previously discussed, the challenges of establishing primary PCa cell lines 

in vitro has limited investigations of primary prostate CSC. However, the use 

of primary samples is an important confirmatory step in studies relying on 

the use of cell lines, particularly a single cell line, to appreciate possible 

biological heterogeneity and to improve the potential clinical application of 

the study. Therefore, having characterised CSC using the DU145 cell line, I 

next investigated CSC in primary PCa samples. The aim was to optimise 

primary prostate culture conditions, investigate the phenotype of the primary 

cells in comparison to the DU145 cells, and characterise primary prostate CSC 

using methods developed using the cell line. 

 

3.5.1 Characteristics of primary prostate biopsies and optimisation of 

processing methods 

Establishing primary PCa cultures consisted of processing biopsies obtained 

from men undergoing prostatectomies, then optimising media conditions for 

sufficient cell growth to investigate the CSC population. The patient 

characteristics are described in Appendix 1. The first study sample (Study 1: 

N=21 samples, from 19 patients) was obtained with the aim of optimising the 

biopsy processing protocol, testing media conditions for optimal growth and 

investigating the CSC markers previously characterised in the DU145 cells. 

This was followed up by a second study (Study 2: N=8), in which optimised 

media and CSC markers were used to isolate and characterise primary 

prostate CSC. The characteristics of the samples obtained in the two studies 

are detailed in Table 1.  

 

The biopsies were mechanically dissected into ~1mm3 pieces (Figure 3.14A) 

followed by enzymatic digestion using Collagenase I or Collagenase II. 

Collagenase I was indicated by a previous protocol developed in our lab, and 

Collagenase II was indicated in the protocol by Drost et al., (2016), therefore 

these reagents were compared. The use of Collagenase I resulted in recovery 

of a higher yield of cells from the biopsies than Collagenase II (Figure 3.14B). 
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Additionally, the biopsies digested using Collagenase I were more viable than 

those digested using Collagenase II (Figure 3.14C). Following this 

comparison, the remainder of samples received in Study 1 and all samples 

received in Study 2 were enzymatically digested using Collagenase I (Figure 

3.14D). The average viability in Study 1 was 77.46% and 45.75% for samples 

digested using Collagenase I and Collagenase II respectively, and the average 

viability in Study 2 was 52.95%.  

 

 

 

 

  

Table 3.1 Characteristics of prostatectomy biopsies 

Study Identifier Study 1 Study 2 

Number of samples 21 8 

Number of patients 19 8 

Sample type N=18 needle core 

N=3 tissue slice 

N=8 needle core 

Time from operation 
to sample receipt 

16/21 same day 

5/21 next day 

8/8 same day 

Average age 61.9 years 53.5 years 

Gleason Score 7 (n=19) 7 (n=7/8) 
9 (n=1/8) 

Diagnosis Adenocarcinoma 

(n=19) 

Adenocarcinoma (n=8) 
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Figure 3.14 Optimisation of mechanical and enzymatic processing of 

primary prostate biopsies. (A) Primary prostate biopsies were dissected into 

1mm3 pieces using a scalpel. (B) The first n=10 samples received as part of Study 

1 were enzymatically digested using Collagenase I, followed by n=7 samples which 

were digested using Collagenase II. This was discontinued following reduced cell 

count (B) and viability (C). Error bars = SEM; differences assessed by Mann 

Whitney U test; * p<0.05, ** p<0.01. 
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3.5.2 Optimisation of a growth medium for primary prostate cancer 

cells 

In Study 1, the growth of primary PCa cells was investigated in adherent (2D) 

and non-adherent (3D; spheres) conditions. The cells grown in adherent 

culture were grown in the ‘SCM’ medium described by Frame and colleagues, 

but without the inclusion of irradiated stromal feeder cells (Frame et al., 

2013). The reason for this was to minimise undefined xenobiotic factors; 

however certain components of the supplements used, e.g. B27, are not 

disclosed by the manufacturer. DHT (10 nM) was added to surviving adherent 

cultures to stimulate proliferation by activating the AR, however this did not 

improve the survival of the cells.  Sphere cultures were established according 

to the protocol by Drost and colleagues (Drost et al., 2016) using OM. The 

details of the media conditions tested are given in Figure 3.15A. Adherent 

culture was prioritised, as it was found that spheres were not compatible with 

fluorescent microscopy and could not be dissociated completely to perform 

flow cytometry analysis. Of the 21 samples received, 19 (90%) grew from 

the initial plating. However only 57% of the samples reached passage 2 in 

culture, with only 5 (34%) of the samples reaching passage 6 or more (Figure 

3.15B). The morphology of an adherent culture in SCM, and a sphere culture, 

is shown in Figure 3.15 C and D. It was noted that in long term 3D culture, 

spheres adhered to the plates used (despite these being cell repellent) (Figure 

3.15E).  

 

Therefore, in Study 2, SCM and OM were compared, for adherent growth of 

the primary PCa samples. In a comparison of SCM and OM, the lifespan of 

the sample was 2 passages (Figure 3.16A). The OM was then further 

modified, based on the relative importance of individual supplements which 

were determined by Karthaus and colleagues, for the culture of sphere/ 

organoids (Karthaus et al., 2014). This is denoted as modified organoid media 

(mOM); further detailed in Chapter 2, Materials and Methods. This greatly 

improved the lifespan of the subsequent samples (Figure 3.16B); 100% of 

the subsequent 6 samples reached passage 2 and 5/6 (83%) of the samples 

reached passage 6, enabling further experiments to be carried out. The 
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morphology of the primary PCa cells grown in mOM, in adherent culture 

plates, is shown in Figure 3.16C. 

3.5.3 Investigation of the lineage phenotype of primary prostate 

cancer cells 

The phenotype of the primary PCa cells was compared to that of the DU145 

cells in two separate studies. Study 1 samples were investigated by 

fluorescence microscopy due to insufficient cell numbers for flow cytometry 

(Figure 3.17). The primary PCa cells were found to have a similar phenotype 

to that observed in the DU145 cells; the phenotype was basal/ intermediate; 

CD44+ CK8+ CK5-. The primary samples were also negative for fibroblast 

marker α-actin (Figure 3.17A). The primary PCa samples were also negative 

for AMACR and AR (data not shown).  For Study 2, samples were investigated 

by flow cytometry. Fluorescence microscopy could not be used in this study 

because the cells grown in mOM did not grow well in the plates used for 

microscopy staining (8 well plastic chamber slides or 96 well glass bottomed 

black walled plates. Staining failed in the few samples successfully grown in 

these plates which appeared to be due to lack of permeabilisation as 

fluorescence was observed in non-specific patterns around the outside of the 

cell membrane. It is suggested that differences in the media composition 

altered adherence protein expression. This may also have contributed to the 

differences in morphology observed between the cells grown in SCM and 

mOM. The samples investigated by flow cytometry showed some differences 

to the phenotype of the DU145 cells (approximately 75% basal, 25% 

intermediate and negligible luminal cells); the primary PCa cells were found 

to consist almost entirely of basal CD49f+ cells (97%) (Figure 3.17B).  
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Figure 3.15 Optimisation of growth conditions for primary prostate cancer 

cells. (A) Schematic of the media and adherent/non-adherent conditions tested in 

Study 1 and the number of samples in which each condition was tested. Adherent 

cultures (SCM) were established for all samples. DHT (10 nM) was added to 

prolong sample lifespan (but was unsuccessful). Spheres were grown when 

sufficient cell numbers were obtained from biopsy processing. (B) Lifespan of 

samples from Study 1, with media conditions. Tumour samples are indicated by 

red bars, one adjacent normal sample which was provided with the corresponding 

numbered tumour sample is indicated by a blue bar. The y-axis indicates the 

sample number; samples were received in numerical order but are arranged by 

highest passage number achieved in culture (the x-axis). The symbol(s) associated 

with each bar indicate the media conditions each sample was grown in o for SCM 

from p0, * indicating the passage at which DHT was added and # for organoid 

media from p0.  
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Figure 3.15 Continued optimisation of growth conditions for primary 

prostate cancer cells. Adherent cells were grown in a 6-well plate and re-seeded 

at approximately 2.5 x 105 cells per well at each passage. Cell numbers and plate 

size was adjusted for lower cell numbers. The spheres were grown from cells 

seeded at 40000 cells per well in a 24 well non-adherent plate. Morphology of (C) 

Adherent cells in SCM (Scale represents 20 µm). (D) Spheres in OM (Scale 

represents 100 µm). (E) Cells grown as spheres in OM which became adherent 

over time (Scale represents 100µm).  
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Figure 3.16 Investigation of novel media conditions for the growth of 

primary prostate cancer cells. (A) Schematic of the media and adherent/non-

adherent conditions tested in Study 2 and the number of samples in which each 

condition was tested. Based on the previous study, SCM +DHT and OM were 

compared for 2D culture of primary prostate cancer cells. For the subsequent 

sample, the OM supplementation was altered; making modified Organoid media 

(mOM). The comparison of SCM to mOM demonstrated improved growth and mOM 

was used to culture all subsequent samples. (B) The lifespan of all samples 

received in Study 2, with media conditions: Red: SCM+DHT from p0 ‘*’, Blue: OM 

from p0 ‘#’, Green: mOM from p0 ‘##’. (C) Morphology of primary prostate cancer 

cells grown in mOM on an adherent plate. Scale represents 100 µm. 
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Figure 3.17 Phenotype of primary prostate cancer cells in in vitro culture. 

(A) Cells grown from biopsy samples in Study 1 cells were plated at 104 in 8 well 

chamber slides and grown to 90% confluency, fixed and stained with the indicated 

antibodies or isotype controls as described in Materials and Methods. This staining 

was performed for each sample from which sufficient cell numbers could be 

obtained. The cells were imaged using a Zeiss axio observer z1 microscope. The 

phenotype was investigated by fluorescence microscopy using 

luminal/intermediate and basal markers CK8 and CD44 respectively. The cells were 

also stained with anti--smooth muscle actin antibody to distinguish contaminating 

fibroblasts. Scale bar represents 20 µm. (B) (Left) The cells grown from biopsies 

received in Study 2 were characterised by flow cytometry (data is representative 

of n=2) as fluorescence microscopy did not work, owing to differences in the 

morphology of the cells. The markers used were basal and luminal: CD49f (6 

Integrin) and CD26 respectively. Right; graph of the frequency of CD49f+ and 

CD26+ single positive and CD49f+ CD26+ double positive populations. 
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 Identification of CSC in primary prostate cancer cells 

3.6.1 Investigation of a CD44+ 21Integrinhigh CD133+ population 

As shown earlier, the DU145 cell line lacked a conclusive CD44+ 

21Integrinhigh (CD49bhigh) CD133+ population, due to negative CD133 

staining. However, it is possible that these markers are less suitable for use 

in PCa cell lines as these markers were first used to characterise CSC in 

primary prostate samples. Therefore, the CD44+ 21Integrinhigh CD133+ 

phenotype was investigated in the primary PCa in vitro cultures, to determine 

whether the CD44+ 21Integrinhigh CD133+ subpopulation is more distinct in 

primary PCa cells versus the DU145 cell line.  

 

Two primary samples were sorted by FACS (Figure 3.18A). The CD44+ 

CD49bhigh CD133+ population frequency was 0.1%. The MFI of the CD133 

staining was higher in the CD44+ CD49bhigh CD133+ than in the CD44- 

CD49blow CD133- population or the isotype control (Figure 3.18C). However, 

despite the selection of CD133+ cells in the sort, post-sorting analysis showed 

that the CD44+ CD49bhigh CD133+ sorted population consisted of two distinct 

clustered CD133+ populations (Figure 3.18B). This suggests that the CD133 

staining did not select for a homogenous positive population. This could have 

affected the comparison of the CD44+ CD49bhigh CD133+ and CD44- 

CD49blow CD133- populations in downstream assays; however due to the low 

cell numbers obtained in the sort it was not possible to further characterise 

these populations. Three further primary PCa samples were analysed by flow 

cytometry to identify the CD44+ 21Integrinhigh CD133+ population, with a 

view to further expanding the cells for sorting. The populations identified by 

the staining are shown in Figure 3.18D. Each primary PCa sample showed 

different frequencies of the CD44+ 21Integrinhigh CD133+ population (Figure 

3.18E). However, the CD133+ population staining was not higher than the 

isotype, in comparison to the CD44 and CD49b staining (Figure 3.18F). 

Similarly to the findings in the DU145 cells, the CD133 staining did not 

demonstrate a high positive population, which could be used to isolate CD44+ 

21Integrinhigh CD133+ cells. As discussed previously, CD133+ cells in other 

publications have higher fluorescence, enabling conclusive identification of 

the population. The data from the sorted samples suggests that the sorted 
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CD44+ CD49bhigh CD133+ population was not a pure population, or that the 

CD133 antibody additionally bound non-specific targets. This is further 

supported by the data from the samples investigated by FACS, in which the 

CD133+ staining was not significantly higher than the isotype control. These 

data agree with previous results in the DU145 cell line. In the absence of 

conclusive data for the expression of CSC surface markers which would 

enable potential CSC population sorting, I investigated ALDH as an alternative 

CSC marker in the primary PCa cells.  
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Figure 3.18 Investigation of a CD44+ 21Integrinhigh CD133+ population in 

primary prostate cancer cells. (A) The CD44+ CD49bhigh CD133+ and CD44- 

CD49blow CD133- populations from two (different) primary PCa samples were 

sorted using a FACS Aria 3.2x106 cells were sorted from the first sample and 

3.65x106 cells were sorted from the second sample. Antibody staining was scaled 

up x5 for CD133 and CD49b and x2.5 for CD44.  Representative dot plots shown 

(B) A sample of the CD44+ CD49bhigh CD133+ and CD44- 

CD49blow CD133- populations were immediately analysed using a FACS Verse, and 

unsorted cells were stained with the relevant isotype control antibodies. (C) The 

MFI of the antibody staining for the sorted populations and unsorted isotype is 

shown (representative of n=2 biological replicates).  
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Figure 3.18 Investigation of a CD44+ 21Integrinhigh CD133+ population in primary prostate cancer cells. (D) continued overleaf) 

Flow cytometry was used to identify the CD44+ CD49bhigh CD133+ population in three further primary PCa samples (3x105 cells were stained 

with each antibody or isotype control) (different biological replicates). The isotype controls were used to set the gating. The samples used were 

received as tissue slices, rather than needle core biopsies, which provided sufficient cell numbers for the analysis and further FACS experiments 

were anticipated based on confirming the CD44+ CD49bhigh CD133+ population at an early passage (p2) (E) The frequency of the CD44+ 

CD49bhigh CD133+ population in n=3 primary prostate cancer samples. (F) MFI of antibody and isotype staining for the CSC markers 

(representative of staining shown in (D). 
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3.6.2 Identification and characterisation of ALDH high cells in primary 

PCa in vitro culture 

The ALDH assay was carried out on the primary PCa cells according to the 

approach optimised for the DU145 cell line (Figure 3.19A). The average 

frequency of ALDH high cells from all samples sorted was 7.2% (Figure 

3.19B), a similar proportion to that of the DU145 cells (Figure 3.5E). The 

optimised cell culture conditions for the primary PCa cells enabled most of 

the samples in the study to be expanded sufficiently to perform FACS. The 

viability of the sorted cells was highly variable (Figure 3.19C), limiting the 

characterisation of the sorted populations. ALDH high cells produced more 

colonies than ALDH low cells in a colony formation assay (n=1) (Figure 

3.19D). Sphere formation was investigated in two sorted samples, in which 

the ALDH high cells grew larger spheres than the ALDH low cells (Figure 

3.19E), although the absorbance of the spheres was below the limit of 

detection in the Orangu assay (data not shown). In further experiments, 

colonies and spheres did not form in either of the ALDH high or ALDH low 

populations, despite confirming the sphere formation capacity of the cells 

prior to sorting (data not shown). Owing to poor survival of the primary PCa 

cell lines in vitro after sorting, further characterisations of ALDH high and 

ALDH low primary PCa cells were performed by using assays which did not 

require sorting or post-sort in vitro culture of the cells. 
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Figure 3.19 Identification and characterisation of ALDH high primary 

prostate cancer cells. (A) The ALDEFLUOR assay was used to sort the primary 

prostate cancer cell lines. The ALDH high and ALDH low populations were sorted 

from the gating strategy optimised using the DU145 cells. Sorting was typically 

performed from 106 cells which were incubated with 5 µl of ALDH substrate, as the 

samples did not grow sufficiently to perform the reaction with the same cell 

numbers as used for the DU145 cells. (B) The frequency of ALDH high cells from 

primary prostate cancer cell lines; error bars refer to samples which were sorted 

more than once. (C) Viability of primary prostate cancer cells prior to sorting and 

when sorted into ALDH high and low populations.  
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Figure 3.19 Continued identification and characterisation of ALDH high 

primary prostate cancer cells. (D) Colony forming assay (n=1): the sorted cells 

were plated at 50 cells/ cm2 i.e.  450 cells per well in a 6-well plate and fixed and 

stained when colonies contained >50 cells (visualised by light microscopy). The 

plate was imaged using a Canon 350D DSLR. (E) ALDH high and ALDH low cells 

were seeded at 1000 or 100 cells per well and sphere formation from these initial 

cell numbers was measured in mOM media in cell repellent plates. Representative 

of n=2 biological replicates. The cells were imaged using a Zeiss axoivert 100 

microscope and (F) sphere area size was measured using Metamorph software. 

Scale bar represents 200 µm. Mean ± SE was calculated from n=5 spheres and 

significance testing was done by a paired T test; *** p<0.001. 



Chapter 3. Identification and characterisation of prostate cancer stem cells 

220 
 

3.6.3 Cellular division of primary prostate cancer cells 

I investigated cell division and proliferation of the ALDH high and ALDH low 

unsorted primary PCa cells using the Cell Trace assay. In the same was as 

for the DU145 cells, High, medium and low dye retention (representing low, 

medium and high proliferation respectively) gating for each dye was 

determined by measuring fluorescence of unstained primary PCa cells 

(autofluorescence in the 450 nm channel) (low dye/ high proliferation) or cell 

trace fluorescence of primary PCa cells stained immediately before analysis 

(high), (Figure 3.20 A and B). After 3 days in adherent culture, the frequency 

of Cell Trace high cells was significantly greater in the ALDH high compared 

to the ALDH low cells (Figure 3.20C). This is similar to the results observed 

in the DU145 cells. The Cell Trace high population decreased over time but 

at 7 days remained significantly higher in the ALDH high (23.4%) compared 

to ALDH low cells (3.2%) (Figure 3.20D). This may suggest that primary 

prostate ALDH high cells divide more slowly than DU145 ALDH high cells, 

however it may also be attributable to the slower turnover of the total primary 

PCa cell population. The growth of the primary PCa cells was highly variable 

within the same sample at different passage numbers and between different 

samples; as a result, it was not possible to estimate the doubling time of 

these cultures. In another primary PCa cell line there was greater 

proliferation/ Cell trace dye dilution in both ALDH high and ALDH low 

populations. However, at Day 7 there was a significantly higher proportion of 

Cell Trace medium ALDH high cells (but not Cell Trace high) compared to Cell 

trace medium ALDH low cells (data not shown). This is similar to the dye 

dilution associated with proliferation observed in the DU145 cells. Therefore, 

this assay is effective in identifying differences in cell division in the ALDH 

high and ALDH low primary PCa cells and provides a useful measurement for 

CSC which does not require sorting the cells and reducing viability.  
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Figure 3.20 Cell Trace assay of cell division in ALDH high and ALDH low 

primary prostate cancer cells.  Primary prostate cancer cells (unsorted) were 

stained with Cell Trace dye at 2.5 µM and plated in 2D culture. The cells to be 

measured after 3 days were plated at 5 x 105 cells per well in a 6 well plate and 

the cells to be measured at 7 days were plated at 2 x 105 cells per well in a 6 well 

plate. (A) Unstained cells autofluorescence, used to gate ‘cell trace low’ (B) Cells 

stained immediately prior to analysis, used to gate ‘cell trace high.’ (C) After 3 

days the ALDEFLUOR assay was performed and the proliferation and division of 

the ALDH high and low primary prostate cancer cells were measured. (B) 

Proliferation and division was measured in the same way after 7 Days. The different 

frequencies of Cell Trace staining in the ALDH populations was assessed by 2-way 

ANOVA; * p<0.05 ** p<0.01, *** p<0.001 Error bars represent triplicates, this 

experiment was repeated in two primary PCa cell lines (biological replicates). 
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3.6.4 Gene expression of ALDH high and ALDH low primary prostate 

cancer cells 

Gene expression in ALDH high and ALDH low primary PCa cells was 

investigated using the Nanostring platform, using the same gene panel as 

was used to investigate the DU145 cells, the Stem Cell Panel. While the 

sensitivity of qPCR and Nanostring are considered comparable (Prokopec et 

al., 2013), the Nanostring array is suggested to be better suited to analysis 

of the primary PCa cells; this assay does not require pre-amplification of low 

amounts of genetic material prior to analysis, and it suggested to be tolerant 

of poorer quality material as the technology was developed for analysis of 

FFPE samples (Veldman-Jones et al., 2015). The mRNA counts obtained from 

the Nanostring analysis were spread across a large range; in the ALDH high 

samples the coefficient of variation (%CV) for mRNA counts of an individual 

gene in the three biological repeats was 7.53%- 160.58%, similarly in the 

ALDH high cells the %CV was 1.48%-139.46%. There is not a recommended 

%CV given by Nanostring within which samples can be combined for analysis. 

Due to this variation, the fold changes in each primary PCa sample pair (ALDH 

high and ALDH low) was analysed individually (without statistical comparisons 

between replicates). The highest ranked fold change differences in either 

direction are shown in Figure 3.21 for the three biological replicates analysed. 

Full details of fold changes are given in Appendix 2. There were 45 and 111 

genes for which the ALDH high cells showed a fold change ≥2 compared to 

the ALDH low cells respectively; the top 10 highest fold changes are shown 

in (Figure 3.21 (A; #4335) and (B; #5017)). Full details of all the fold 

changes >2 for #4335 and #5017 are detailed in Appendix 2. There were one 

and two genes for which the expression was 0.5-fold lower in the ALDH high 

compared to the ALDH low cells in Figure 3.21A and Figure 3.21B 

respectively. Contrastingly, there were 35 genes for which the expression was 

0.5-fold lower in the ALDH high compared to the ALDH low cells in the third 

primary PCa cell line (#5008). The 10 lowest expressed genes in ALDH high 

compared to ALDH low cells are shown in Figure 5.21C; full details are given 

in Appendix 2. Only one gene was >2 fold higher expressed in ALDH high 

compared to ALDH low cells in this sample; thus genes >1.5 were also 

considered, these are show on the same graph in Figure 3.21C. There were 

two genes commonly upregulated (>1.5 fold or >2 fold) across all three 
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samples (Figure 3.21) and also in common with the DU145 cells (Figure 

3.11C); CDK1 and CCNA2/Cyclin A2.  

 

The functional relationships between the up and down regulated genes in the 

Nanostring analysis were investigated by functional annotation clustering 

using the DAVID Bioinformatics Resource (Huang et al., 2009b). Genes which 

were ≥2 fold increased in the ALDH high populations of #4335 and #5017 

were significantly enriched for the NOTCH pathway (Figure 3.21A, C). Of the 

genes upregulated in the ALDH high cells of #4335 and #5017, 30.8% were 

associated with the NOTCH pathway; the fold enrichment was 1.39, p = 

0.0024. Genes upregulated >2 fold were also significantly enriched for cell 

cycle signalling; 14.1% of the genes were involved in this pathway (Figure 

3.21B, D). The fold enrichment was 1.46, p = 0.021. Conversely, it was the 

0.5-fold decreased genes in primary PCa cells #5008 which were significantly 

enriched for NOTCH pathway function. The fold enrichment of the 

downregulated genes was 1.64, p = 0.042, 37.14% of the genes were 

associated with NOTCH signalling. This indicates that the ALDH high cells from 

the primary cell lines #4335 and #5017 had a different phenotype, involving 

upregulation of NOTCH signalling, compared to the #5008 primary PCa cell 

line (Figure 3.22 A, B). These data indicate that ALDH high and ALDH low 

primary PCa cells have different gene signatures, which may contribute to 

functional differences, including those observed in experimental replicates in 

this study. While further investigation is required, these data suggest that 

ALDH can be used as a suitable marker for stem-like population in primary 

PCa cells.  
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Figure 3.21 Differential gene expression in ALDH high compared to ALDH 

low primary prostate cancer analysed by Nanostring. The samples in the 

Nanostring analysis met the criteria for quality control in terms of RNA integrity 

number (RIN) and fragment size (number of base pairs) (data not shown). This 

was determined using a Bioanalyzer (Agilent). (A, B, C) Fold change in gene 

expression of ALDH high compared to ALDH low cells in three different primary 

prostate cancer cell lines. The 10 genes with the greatest fold change differences 

(up-regulated or down-regulated; where applicable) are shown and the full details 

of fold changes are given in Appendix 2. To assess relevant gene expression 

differences, a fold change threshold of >2 or <0.5 was chosen for samples (A) and 

(B); this upper threshold was >1.5 fold greater expression in ALDH high compared 

to ALDH low cells in (C), owing to the low number of genes with a fold change >2. 

The lower fold change threshold was 0.5. The fold change thresholds applied are 

denoted by dashed red lines.  



Chapter 3. Identification and characterisation of prostate cancer stem cells 

225 
 



Chapter 3. Identification and characterisation of prostate cancer stem cells 

226 
 

 

  

Figure 3.22 Functional annotation clustering of >2 fold upregulated genes 

in ALDH high primary prostate cancer cells. Functional annotation clustering 

was performed using the DAVID Bioinformatics Resource Functional Annotation 

Tool. The tool was used to analyse a list of pre-selected genes, the genes >2 fold 

upregulated in the #4335 and #5017 primary PCa cell lines. Clustering was 

performed by mining the text (the fold change values were not included) for 

upregulated genes common to each sample. The fold enrichment and pathway 

annotation were determined by comparing the upregulated genes to the full gene 

list from the Nanostring assay (as a reference list). (A) The upregulated genes 

which were enriched for NOTCH pathway signalling. (B) The upregulated genes 

which were enriched for Cell Cycle Pathway signalling. (C) The NOTCH pathway 

(D) The Cell Cycle pathway. The red stars indicate genes identified in the 

enrichment analysis which are directly involved in the pathway or associated with 

genes in the pathway. DAVID uses a modified Fisher’s Exact test (EASE statistic) 

to determine significantly enriched genes. Image credit Kanehisa Laboratories 

accessed by link provided from the DAVID results. 
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Figure 3.22 Continued: functional annotation clustering of >2 fold 

upregulated genes in ALDH high primary prostate cancer cells. (C) The 

NOTCH pathway (D) The Cell Cycle pathway. The red stars indicate genes identified 

in the enrichment analysis which are directly involved in the pathway or associated 

with genes in the pathway. DAVID uses a modified Fisher’s Exact test (EASE 

statistic) to determine significantly enriched genes. Image credit Kanehisa 

Laboratories accessed by link provided from the DAVID results. 
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Figure 3.23 Functional annotation clustering of 0.5-fold decreased genes 

in ALDH high cells in primary prostate cancer cells. Functional annotation 

clustering was performed for the primary PCa cell line #5008 separately, owing to 

the different gene signature observed to that of the other primary PCa cell lines 

investigated by in the Nanostring assay. Functional annotation clustering was 

carried out in the same way, by in putting the pre-selected genes; 0.5 fold 

downregulated, and comparing this to the reference gene set, the Nanostring gene 

list. (A) The downregulated genes which were enriched for the NOTCH signalling 

pathway. (B) The NOTCH signalling pathway. The red stars indicate genes 

identified in the enrichment analysis which are directly involved in the pathway or 

associated with genes in the pathway. DAVID uses a modified Fisher’s Exact test 

(EASE statistic) to determine significantly enriched genes. Image credit Kanehisa 

Laboratories accessed by link provided from the DAVID results. 
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Figure 3.23 Continued functional annotation clustering of 0.5-fold 

decreased genes in ALDH high cells in primary prostate cancer cells. (B) 

The NOTCH signalling pathway. The red stars indicate genes identified in the 

enrichment analysis which are directly involved in the pathway or associated with 

genes in the pathway. DAVID uses a modified Fisher’s Exact test (EASE statistic) 

to determine significantly enriched genes. Image credit Kanehisa Laboratories 

accessed by link provided from the DAVID results. 
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 Discussion 

3.7.1 Identification of prostate CSC  

In this chapter, I investigated which CSC markers were suitable for isolation 

of a distinct population of CSC in both established and primary PCa cell lines. 

The LNCAP and DU145 PCa cell lines were compared for suitability in terms 

of CSC marker expression. Primary PCa cells cultures were established to 

investigate primary prostate CSC. The prostate CSC surface markers CD44, 

21Intergin and CD133 were investigated in the DU145 cell line and in the 

primary PCa cells, in addition to the functional marker ALDH. DU145 and 

primary PCa cells isolated based on ALDH activity were investigated for 

stemness characteristics.  

 

The earliest studies describing prostate CSC used different makers to identify 

the putative CSC populations. Patrawala and colleagues characterised 

prostate CSC using a functional approach; by using the side population assay, 

independent of ABCG2 expression, to isolate putative CSC, (Patrawala et al., 

2005). Huss and colleagues identified prostate CSC which were AR-, in 

combination with positive expression of ABCG2 (breast cancer resistance 

protein; aka ABCG2) (Huss et al., 2005). Collins and colleagues used the 

surface markers CD44+ 21Integrinhigh CD133+ (Collins et al., 2005).  

 

The study by Collins and colleagues is the most highly cited investigation of 

prostate CSC, which may be attributable to the investigations being carried 

out using primary PCa cells (the two other studies used cell lines and 

xenograft-derived cells). This has influenced the use of the surface markers 

CD44, 21Integrin and CD133 as the most common standard for identifying 

prostate CSC. CD44 alone or CD44 and 2Integrin together have been used 

to identify tumorigenic CSC in PCa cell lines (Patrawala et al., 2007, 2006).  

However, few studies have characterised CSC from established PCa cell lines 

based on CD44+ 21Integrinhigh CD133+ expression. One study showed that 

the CD44+ 21Integrinhigh CD133+ population in DU145 cells was more 

clonogenic in vitro but did not provide clear outcomes in the in vivo 

tumorigenicity assay (Wei et al., 2007). Prostate CSC isolated from cell lines 

based on functional markers ABCG2/ side population, or ALDH, have been to 
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be tumorigenic in vivo (Guzel et al., 2014; Li et al., 2010; Patrawala et al., 

2005; Sabnis et al., 2017; van den Hoogen et al., 2010; Yan et al., 2014). 

However, these markers have only been evaluated in primary PCa tissue 

using immunohistochemistry.  

 

It is therefore unclear which, if any, CSC markers can be used to identify a 

prostate CSC population in both established and primary prostate cancer cell 

lines. This is an important consideration for developing cancer treatments 

targeting CSC, to demonstrate that a consistent CSC population is the 

therapeutic target in different experimental models. To our knowledge this 

study is the first to compare the use of prostate CSC markers, and 

characterise the resulting populations of the selected marker, using an 

established cell line and primary PCa cells.   

 

I compared the DU145 and LNCaP cell lines to identify a suitable cell line 

model in which to investigate prostate CSC (Horoszewicz et al., 1983; Stone 

et al., 1978). These cell lines were each established from PCa metastases; 

however, are typically used as contrasting models of PCa as the LNCaP cells 

are AR+ while the DU145 cell are AR-. These cell lines have been widely used 

in studies of prostate CSC, using various markers or enrichment methods (Liu 

et al., 2015; Portillo-Lara and Alvarez, 2015; Wang et al., 2013). My aim was 

to investigate if the surface markers CD44+ 21Integrinhigh CD133+ could 

identify potential CSC in these cell lines. I firstly investigated the expression 

of CD44 in the DU145 and LNCaP cells, as previous studies have not reached 

a consensus on the frequency of CD44+ cells in these cell lines. In the DU145 

cells, I found that CD44 was expressed in almost all of the DU145 cells, 

determined by flow cytometry (>90% positive) and fluorescent microscopy. 

This is higher than the CD44+ population frequency described by previous 

studies, which ranged from 2.8%-28% (Liu et al., 2015; Patrawala et al., 

2006; Wang et al., 2013). There is conflicting evidence for CD44 expression 

in LNCaP cells (Hurt et al., 2008; Li et al., 2013; Liu, 2000; Liu et al., 2015). 

The LNCaP cells used in this study did not express CD44. While LNCaP CSC 

have previously been investigated using other prostate CSC surface markers, 

the focus of my study was on the use of the combination of surface markers 
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CD44+ 21Integrinhigh CD133+. Therefore, the DU145 cells were used for 

further CSC experiments in this study. 

 

3.7.2 The phenotype of in vitro models used to investigate PCa 

The majority of established PCa cell lines, including the DU145 cells, are 

derived from metastases, rather than localised tumours (Sobel and Sadar, 

2005). While the development of PCa is associated with the outgrowth of 

luminal cells, the phenotype of metastases-derived PCa cell lines has not been 

well studied (Sobel and Sadar, 2005). As the primary PCa cells used in this 

study were obtained from localised tumours, the phenotype of the DU145 

cells and the primary PCa cells were compared. In this study, DU145 cells 

were already confirmed to express the basal marker CD44; however, did not 

express the basal cytokeratin CK5, and were additionally positive for the 

intermediate marker CK8. There is a lack of consensus in the literature for 

CK5 expression in DU145 cells (Liu, 2000; Pfeiffer and Schalken, 2010; Sobel 

and Sadar, 2005; van Bokhoven et al., 2003). Therefore I further investigated 

the expression of CD49f and CD26 as markers for basal and luminal cells 

respectively (Blackwood et al., 2011). This analysis revealed a predominant 

population of basal cells (CD49+ CD26-) and a substantial population of cells 

with an intermediate phenotype (CD49+ CD26+). This intermediate population 

may correspond to transit amplifying cells, which feature in the prostate 

hierarchy as part of the basal cell population, but represent lineage 

committed, rather than stem cells (Packer and Maitland, 2016; Taylor et al., 

2012). It is also possible that the in vitro culture conditions select for the 

survival of the basal and intermediate cells over the luminal cells, although 

both basal and luminal cells have been described in previous studies (using 

the markers CK5 and CK18) in which similar culture conditions were used 

(Pfeiffer and Schalken, 2010; van Leenders et al., 2001). 

 

The primary prostate cell lines also had a predominantly basal phenotype, 

and a minor proportion of intermediate cells. Notably the primary PCa cells 

lacked a luminal population, despite supplementation of the media with DHT, 

the ligand for AR, which is expressed by luminal cells. The conditions for the 

successful growth of primary prostate cancer cells in my study differed to 
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those described previously by Frame and colleagues and Drost and colleagues 

(Drost et al., 2016; Frame et al., 2013). The use of stromal feeder cells is a 

likely a contributing factor to the successful establishment of primary PCa 

cultures by Frame and colleagues. These were not used in this study as it was 

deemed of greater importance to maintain conditions defined solely by the 

media composition and supplements added, rather than undefined factors 

contributed by xenobiotic feeder cells which may have an impact on 

phenotype or antigen expression. The study by Frame and colleagues 

described an epithelial hierarchy in the primary PCa cultures, of CD133+ 

21Integrinhigh (stem-like cells), CD133− 21Integrinhigh (transit-amplifying 

cells) and 21Integrinlow (committed basal cells), however the presence of 

luminal cells was not investigated. The media described by Drost and 

colleagues was shown to support the growth of organoids derived from both 

basal and luminal prostate cells; and the capacity of both lineages to give rise 

to a heterogenous lineage phenotype. In my study this media was adapted 

to establish adherent primary PCa cultures, which may account for the lack 

of luminal cells observed. The lack of systematic use of culture conditions for 

primary PCa cells could result in differences in phenotype, lineage hierarchy 

and gene expression across different studies. However, establishing optimal 

culture conditions could be confounded by sample heterogeneity across 

different studies. The samples used in this study had broadly similar clinical 

characteristics; all but one sample was GS=7, and there was no significant 

difference in the average patient age. Therefore, it was not apparent that 

patient characteristics had any correlation with success in establishing in vitro 

culture.  

 

This study showed that the phenotypes of the established cell line and 

primary PCa cells used as models to identify prostate CSC  did not recapitulate 

the expected proportions that occur in cancer; in which the luminal cells 

overgrow and the basal cells are infrequent (Packer and Maitland, 2016). This 

phenotype, and lack of complete lineage hierarchy, is an important 

consideration for the identification and characterisation of CSC. In identifying 

CSC, the use of surface markers CD44+ 21Integrinhigh CD133+ select for CSC 

which have a basal phenotype. This aligns with the hypothesis that prostate 

stem cells, and consequently cancer stem cells, have a basal phenotype. On 



Chapter 3. Identification and characterisation of prostate cancer stem cells 

234 
 

the other hand, the use of functional markers to identify prostate CSC does 

not specifically consider the lineage of the CSC. Therefore, it is an important 

consideration for this and other studies of prostate CSC, that the use of media 

conditions which do not support the growth of PCa luminal cells specifically 

select for a CSC population in the basal lineage independent of the markers 

used.  

 

3.7.3 Identifying prostate CSC using the markers CD44, 21Integrin  

and CD133 

The DU145 and primary PCa cells were investigated for the presence of a 

CD44+ 21Integrinhigh CD133+ potential CSC population. In both the DU145 

cells and primary samples tested, the frequency of CD44+ CD49bhigh 

(1Intergin) CD133+ cells was comparable (0.176% DU145 and 0.098%-

0.039% from n=3 samples) to the population identified in primary PCa cells 

by Collins and colleagues (Collins et al., 2005). Therefore, it appeared that 

my results were in agreement regarding the use of these markers to identify 

prostate CSC. However, this low population frequency presented challenges 

to the downstream analysis required to demonstrate CSC characteristics of a 

putative population, an important aspect of identifying a CSC population 

(Clevers, 2011). Additionally, I determined that the staining did not 

convincingly or consistently identify a CD133+ population, in either of the 

DU145 cells or primary PCa cells. This was specifically attributed to the 

antibody staining of the CD133 population, which was not significantly higher 

than the isotype control staining, whereas the staining for the CD44 and 

CD49b were significantly higher than the isotype control. However, there is a 

lack of clarity around the use of CD44 and/ or CD49b without the addition of 

CD133 to identify prostate CSC. Some studies distinguish ‘high’ from 

‘positive’ expression of CD49b in selecting the prostate CSC population 

(Collins et al., 2005; Frame et al., 2013), while other studies, including those 

from Chen and colleagues and Lin and colleagues, consider the entire CD49b 

positive population (Chen et al., 2016; Liu et al., 2015). Therefore, it is 

unclear if these differences result in isolation of different CSC populations. 

Having shown in this study, using markers independent of the CSC marker 

panel, that the DU145 cells and primary samples consisted of a high 
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proportion of basal cells, I expected to identify a high frequency of CD44+ 

CD49bhigh cells. Due to this high frequency, these markers alone were not 

sufficient to isolate a potential CSC population. Therefore, I was unable to 

conclude that the combination of CD44 CD49b CD133 staining was suitable 

to identify a potential CSC population in the DU145 cells for further 

characterisation.  

 

The lack of consistency in the positive CD133 staining in this study, in both 

the DU145 and primary PCa cells, may be attributed to technical and 

biological aspects of antibody-based assessment of CD133 expression. 

Inconsistent identification of CD133+ populations has previously been 

attributed to a number of factors, including loss of glycosylated epitopes, 

recognised by some of the most commonly used CD133 antibodies, or 

downregulation of CD133 expression entirely upon differentiation 

(Bidlingmaier et al., 2008; Kemper et al., 2010). One of the antibody clones 

used in this study recognises a glycosylated epitope (AC133; Miltenyi Biotech) 

(Grosse-Gehling et al., 2013); however the epitope recognised by the other 

antibody used is not stated by the manufacturer (Thermo Fisher Scientific/ 

eBioscience). The CD133 staining was negative with both antibodies based 

on isotype controls. Such controls are not strongly supported for use in flow 

cytometry experiments (Keeney et al., 1998), due to the possibility for higher 

non-specific binding than the antibody specific binding. This is particularly 

due to the identification of a rare population with low expression, which may 

lead to false negative staining. Nevertheless, isotype control antibodies can 

be of use when the population of interest is not well defined or can be 

distinguished by multiple markers, as is the case in prostate CSC. In the 

literature, the publication of such controls is not consistent. Additionally, 

distinguishing positive CD133 staining even with the use of an isotype control 

is not completely reliable (Gameiro et al., 2016; SONER et al., 2014; Tirino 

et al., 2008). High CD133 staining has been demonstrated by comparing 

conditions that functionally affect CD133 expression, for example radiation, 

or serum-free media (Bao et al., 2006; Fan et al., 2012; Portillo-Lara and 

Alvarez, 2015; Soeda et al., 2009; Wang et al., 2013). Therefore, confirming 

positive CD133 staining should not blindly rely on the use of an isotype control 

as a threshold, but should consider the appearance and degree of positive 
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staining, in comparison to the isotype control. It is possible that the culture 

conditions employed were not conducive to CD133 expression. Serum free 

conditions are associated with maintenance of a stemness phenotype 

(Kemper et al., 2010; Litvinov et al., 2006; Ricci-Vitiani et al., 2007; Wang 

et al., 2013). However, these conditions were only suitable for the culture of 

the primary PCa cells, as DU145 cells require serum for growth, and 

nevertheless the serum-free conditions were still insufficient to upregulate 

expression levels adequately for identification the primary PCa CD133+ 

population. 

 

3.7.4 Identifying prostate CSC using the marker ALDH 

I therefore investigated the CSC functional marker ALDH, in the DU145 and 

primary PCa cell lines. Some studies have investigated ALDH activity in PCa 

cell lines although ALDH activity in primary prostate CSC is not well 

characterised (Doherty et al., 2011; Han et al., 2014; van den Hoogen et al., 

2010). There are advantages and disadvantages to the ALDEFLUOR assay. 

Importantly, ALDH also has a direct functional contribution to CSC 

characteristics, including resistance to ROS induced DNA damage and 

radiation therapy (Cojoc et al., 2015b; Xu et al., 2015). This is not the case 

for some CSC surface markers, e.g. CD133, for which the function in the 

context of stemness is not well elucidated. A disadvantage of the ALDEFLUOR 

assay is that it is not amenable to combining with intracellular staining, as 

fixation causes loss of ALDH fluorescent signalling, and it is also not suitable 

for simultaneous analysis of cell cycling by annexin/ PI staining (which 

requires a different buffer).  

 

In comparison to the use of isotype controls for antibody staining, the 

ALDEFLUOR assay uses a functional inhibitor, N,N-diethylaminobenzaldehyde 

(DEAB), which is incorporated into each replicate in which the assay is 

performed. However, DEAB is primarily an inhibitor of the ALDH1 isoform 

family; and since other ALDH isoforms have been identified in PCa cells (Cojoc 

et al., 2015b; van den Hoogen et al., 2011; Yan et al., 2014),  the 

contribution of different isoforms to the ALDH activity measured by the assay 

is unknown. This could result in incorrect estimates of the ALDH high 
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population frequency if ALDH high cells are identified due to the activity of 

other ALDH isoforms, even when DEAB is used as a control.  

 

ALDH activity varies in different cell types, for example, the A549 cell line 

used in this study had a higher ALDH high population frequency (11.1%) than 

the DU145 cell lines (7.81%). In brain and lung cancer the ALDH high 

population can constitute up to 30% of the cells (Choi et al., 2014; Ucar et 

al., 2009). The frequency of ALDH high cells compared to that of the CD44+ 

CD49bhigh CD133+ population observed in this study (approximately 0.1%) 

and others, raises the question of which is the more accurate estimate of CSC 

in these models. It may suggest that the identification of ALDH high cells is 

not the most stringent assay for identifying CSC, although the converse of 

this is that these surface markers underestimate the CSC fraction. However, 

the frequency of a CSC population is not considered a defining characteristic. 

CSC frequency should be considered in the context of methodologically 

similar studies, due to the difficulties in systematically reporting the 

frequency of cells possessing stem-like characteristics in assays of widely 

varying techniques and culture conditions.  

 

There are also differences in selecting the potential CSC population identified 

by ALDH activity, compared to antibody staining to detect the presence or 

absence of protein expression. For the preliminary experiments conducted in 

my study, the cells were divided into two populations ALDH high and ALDH 

low (Figure 3.6C). However, the populations isolated using this gating 

strategy did not consistently demonstrate significantly different 

characteristics in vitro (e.g. colony formation assay; data not shown). This 

could be attributable to the activity of other ALDH isoforms, e.g. ALDH3A1 

and ALDH7A1, which were detected by fluorescence microscopy in unsorted 

cells (Figure 3.6A). Thus, it was thought that ALDH activity in some cells in 

the ‘ALDH low’ population, contributed to stem-like characteristics. Therefore, 

the gating strategy shown in Figure 3.6D was used to isolate ALDH high and 

ALDH low cells with a much greater difference in ALDH activity. As previously 

mentioned, this gating strategy was based on the study by Nishida and 

colleagues, although strategies to isolate ALDH high and low cells vary across 

different studies (Chen et al., 2016; Liu et al., 2015; Nishida et al., 2012; 
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van den Hoogen et al., 2010). These different approaches could be associated 

with differences in the apparent hierarchy between surface and functional 

markers, as have been described in a number of studies (Chen et al., 2016; 

Liu et al., 2015). Chen and colleagues showed that CD44 and α2β1Intergin 

can further enrich for potential CSC within the ALDH high population, 

however, Liu and colleagues found that the ALDH high population does not 

entirely overlap with potential CSC populations identified by other surface or 

functional markers. Therefore, it would be of interest in future work to 

compare the in vitro and in vivo characteristics of ALDH high, ALDH medium 

and ALDH low cells.  

 

3.7.5 Characterisation of ALDH high and low DU145 and primary PCa 

cells 

In my study, ALDH high DU145 cells had significantly higher clonogenicity 

than ALDH low DU145 cells. Additionally, ALDH high cells grew larger spheres 

compared to ALDH low cells. While the ALDH low cells were viable, as shown 

by the Orangu assay, the larger size of the ALDH high spheres suggests a 

self-renewing population driving sphere growth and production of new 

progeny in the event of cell turnover. These data are in agreement with 

previous studies investigating colony formation of ALDH high DU145 cells 

(Cojoc et al., 2015b; Hellsten et al., 2011; van den Hoogen et al., 2011), and 

also sphere formation in ALDH high cells (in DU145 and other PCa cell lines) 

(Cojoc et al., 2015b; Liu et al., 2015; Nishida et al., 2012). The colony and 

sphere formation characteristics of the ALDH high DU145 cells is also similar 

to studies of other phenotypically defined CSC (Beier et al., 2007; Collins et 

al., 2005; Kryczek et al., 2012; Patrawala et al., 2006; Rybak et al., 2011). 

Overall these findings on the characteristics of ALDH high DU145 cells support 

this as a CSC marker.  

 

Characteristics of the primary PCa cells identified by ALDH activity were also 

investigated. However, these experiments were limited by the capacity to sort 

viable cells. The viability of the sorted primary PCa cells was more variable 

than the DU145 cells, and lack of cell adherence in the colony formation assay 

was noted in some samples despite recording viability of >50%. Therefore, it 
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was not possible to conclude that ALDH high primary PCa cells have greater 

clonogenicity.  In two samples, the of ALDH high primary PCa cells gave rise 

to significantly larger sphere 

s than ALDH low cells. This suggests greater self-renewal or anchorage 

independent clonogenic growth in the ALDH high compared to the ALDH low 

primary PCa cells, however further investigation using a larger sample size is 

needed. Data in the literature on functional characteristics of ALDH high 

primary PCa cells is limited. Previous investigations on primary PCa cells 

demonstrated an association of ALDH isoform expression with disease stage 

and prognosis, and limited assessment of ALDH activity in primary samples 

has been described (Magnen et al., 2013; van den Hoogen et al., 2011, 2010; 

Yan et al., 2014). With a larger number of primary PCa samples, different 

assay or media conditions could be investigated to improve viability in 

downstream assays and technical aspects of the flow cytometry sorting 

protocol be compared, e.g. event rate and nozzle size (as the primary PCa 

cells and DU145 cells are relatively large. Nevertheless, these data represent 

promising preliminary findings that extend previous findings on prostate CSC.  

 

It is suggested that proliferation that contributes to larger colony and sphere 

growth mainly occurs in the intermediate or transit amplifying progeny of CSC 

(Packer and Maitland, 2016), while CSC, in common with SC, are thought to 

have a slower rate of division compared to non-CSC. I investigated this 

characteristic by combining the Cell Trace dye with the ALDEFLUOR assay. I 

found that ALDH high cells retained more dye than ALDH low cells. This assay 

merits improvement to the gating strategy to reflect dye dilution over time, 

since there was a significant difference in ALDH high cell trace high 

populations after 3 days but the cell trace high population was not 

significantly different between the ALDH high and ALDH low cells after 7 days 

for the DU145 cells and one of the primary PCa cell lines. Additional 

modifications to the protocol, such as increasing the number of timepoints in 

the experiment could better distinguish generations of cell divisions. This 

represents a novel use for the Cell Trace dye (Thermo Fisher), which could 

be combined with other markers of CSC such as surface markers or sphere 

formation. Hu and colleagues investigated primary prostate cells and found 

that sphere forming cells retained the label (BrdU/ CFSE); this coincided with 
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high CD49f expression and activation of SC associated pathways NFB and 

PI3K/AKT (Hu et al., 2017). Bragado and colleagues found that the ALDH high 

and CD49f high populations overlapped with label retaining HNSCC cells 

which possessed greater tumour initiating capacity (Bragado et al., 2012). 

The Cell Trace data also demonstrate presence of slow cycling prostate CSC, 

which complements the finds in primary prostate cells by Hu and colleagues.  

 

In this study, both qPCR and the Nanostring platform were used to interrogate 

medium scale targeted gene sets, of stemness and CSC associated genes.  

Methodologically, a crucial difference is the reverse transcription of mRNA 

and cDNA amplification involved in qPCR, compared to direct detection of 

mRNA transcripts in Nanostring. This step, in qPCR, is suggested to introduce 

bias, for example towards differentially weighted gene transcript counts 

(Geiss et al., 2008). Data collection in both assays involves detection of 

fluorescence, however the detection of SYBRgreen fluorescence is a measure 

of the total amplified DNA (qPCR), while microscopic visualisation of the 

multi-colour fluorescent probes returns the direct counts of specific mRNA 

transcripts (Nanostring). The data generated, and as a result, the method of 

analysis is different; being cycle thresholds of detection compared to discrete 

transcript counts. It is suggested here that the nature of the results is a point 

in which misinterpretation can occur for the Nanostring platform, as it is more 

difficult to compare replicate data ranging in the thousands of counts, 

compared to cycle threshold data, as was observed in this study. 

Nevertheless, it has been shown that analysis of the same genes provides a 

strong correlation between fold change results (Prokopec et al., 2013). 

Therefore, the use of both assays could be considered a way to expand the 

total number of genes analysed. Finally, an important consideration is that 

neither product provides the capacity for technical replicates per reaction. 

The pre-mixed primer and plate set-up for the RT2 Profiler Array incorporates 

one different primer per well; thus, individual qPCR reactions constitute 

replicate analysis. While the Nanostring cartridge does allow for technical 

replicates, correlation data on technical replicates suggests that this is not 

required (Geiss et al., 2008), and moreover the maximum number of samples 

per reaction from 6/12 to 2/4 (assumed paired or single analysis) would 

greatly increase the analysis cost per sample.  
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The DU145 cells were analysed for differential gene expression using assays 

incorporating both stem cell signalling and the CSC phenotype. Therefore, it 

could be expected that the putative CSC population identified by ALDH 

activity would have a high number of genes more highly expressed than the 

ALDH low population. Notably, higher expression of ALDH1 was not observed 

in the DU145 cells; however, having detected ALDH3A1 and ALDH7A1 

expression by fluorescence microscopy it is possible that these isoforms 

contributed to the ALDH activity observed in this study; these isoforms were 

not included in the gene sets analysed. In particular, the inhibitor used in the 

ALDEFLUOR assay has also been shown to be a substrate for ALDH3A1 

(Morgan et al., 2015). Further analysis of specific isoform expression is 

warranted to determine the relative contribution to the ALDH activity and to 

investigate if other isoforms are more highly expressed in ALDH high 

compared to ALDH low cells. 

 

Unexpectedly there were few genes more highly expressed in the DU145 

ALDH high compared to the ALDH low cells, as measured by qPCR and 

Nanostring. The predetermined gene set investigated in this study differs 

from large scale, non-targeted array analysis performed previously (Birnie et 

al., 2008; Zhang et al., 2016), in which larger differential gene signatures 

were identified between cells identified by CSC markers; different to those 

used in this study. These studies identified inflammatory and basal gene 

signatures in CSC. In another study, microarray analysis identified DLL1 and 

JAG1 are upregulated in DU145 cells in response to HGF, which stimulates a 

stem-like gene signature incorporating CD49f, CD44 and CD44b expression 

(van Leenders et al., 2011). Liu and colleagues investigated gene expression 

in DU145 cells identified by the markers CD44 or α2β1, using a similar qPCR 

array (Liu et al., 2015). Heatmap data in this study suggests higher 

expression of JAG1, but similar expression levels of DLL1, in the α2β1
+ 

population, however neither of these genes are upregulated in the CD44+ 

population. In my study the PCR data suggests an additional possible 

phenotype, based on the upregulation of both DLL1 and JAG1, which suggests 

that NOTCH signalling is important to the CSC phenotype in ALDH high DU145 

cells.  
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There was a lack of consistency in the gene expressing relating to EMT, in the 

qPCR analysis and Nanostring. In the qPCR analysis ZEB1 and ZEB2, positive 

regulators of EMT (Hanrahan et al., 2017), were downregulated. This may 

suggest that the ALDH low cells have a more mesenchymal phenotype than 

the ALDH high cells. This is also supported by the expression of MUC1, an 

epithelial marker (Serrano-Gomez et al., 2016), in the ALDH high cells. The 

increased expression of N-Cadherin (CDH2) detected by Nanostring is in 

contrast with the findings of decreased expression of ZEB1 and ZEB2 in the 

ALDH high DU145 cells in the PCR array. N-Cadherin is associated with a 

mesenchymal phenotype (Wheelock et al., 2008), which is not suggested by 

the fold downregulation of ZEB1 and ZEB2 expression. However, as none of 

these genes were common to both assays it was not possible to draw further 

correlations on the combined effect on the DU145 ALDH high EMT phenotype. 

Nevertheless, these data could be used to inform further investigation on 

novel pathways which contribute to the CSC phenotype; this would be 

complemented by the use of function assays to measure invasion and 

migration of ALDH high and low DU145 cells. 

 

In the primary PCa ALDH high and low cells, two distinctly different gene 

signatures emerged in the Nanostring analysis. There was a large differential 

expression gene signature; which was upregulated in two samples (156 

genes) and downregulated in one sample (35 genes). NOTCH and Cell cycling 

signalling were upregulated in the former while NOTCH signalling was 

downregulated in the latter. Notably, this sample was the only one in which 

ALDH1A1 was upregulated; contrastingly the CSC marker CD44 was 

downregulated. Therefore, ALDH high cells in the latter sample could be 

suggested to express genes potentially important for stemness which were 

not covered by this assay. 

 

NOTCH signalling is involved in cell fate determination, and is upregulated in 

cancer and CSC (Ceder et al., 2008; Grudzien et al., 2010; Wang et al., 

2012). NOTCH signalling was found to be enriched in the study by Zhang and 

colleagues (Zhang et al., 2016). Pathway analysis demonstrated that NOTCH 
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signalling was regulated at many levels from transmembrane to intracellular 

signalling, including upregulation of some inhibitors of the pathway (NUMB, 

NUMBL). Some components of the NOTCH signalling pathway have additional 

signalling roles which are associated with cancer and CSC. HDAC genes have 

been associated with radioresistance in primary prostate CSC (Frame et al., 

2013). The NOTCH pathway is also associated with MAPK signalling, which 

has additionally been shown to have a role in radioresistance, in DU145 cells 

(Kyjacova et al., 2015). ADAM17 is associated with cell cycle progression in 

prostate cancer via EGFR/ PI3K/ AKT2 signalling (Lin et al., 2012). While the 

downregulated gene signature in the ALDH high cells of the third primary PCa 

sample was enriched for NOTCH signalling components, some differences 

were observed in the genes downregulated, in particular HDAC genes and 

ADAM17. This may suggest that these genes retained treatment resistance 

characteristics.  

 

The cell cycle pathway was also significantly enriched in two of the ALDH high 

primary PCa samples. Cell cycling genes Cyclin A2 (CCNA2) and CDK1 were 

also upregulated in the ALDH high cells of the third primary PCa sample and 

the DU145 cells. This common upregulation of cell cycling components in all 

samples investigated further supports the concept that ALDH high PCa cells 

have altered cell cycling compared to ALDH low PCa cells. Cyclin expression 

and subsequent degradation regulates progression through the cell cycle 

(Vermeulen et al., 2003). D Cyclins promote progression through the G1 

phase and later, CDK1 and CCNA2 regulate the G2-M transition. Cyclins A 

and D upregulation is associated with PCa (Aaltomaa et al., 1999). 

Upregulation of cyclin expression suggests that ALDH high prostate CSC are 

not senescent. Regulation of cell cycle progression controls cell fate 

determination and can also mediate treatment resistance (Lim and Kaldis, 

2013; Vermeulen et al., 2003). Loss of cyclin expression has also been shown 

to inhibit proliferation and tumorigenesis (Gopinathan et al., 2014). Cell cycle 

duration in embryonic stem cells differ from those of differentiated cells, 

mediated by rapid cycling through the G1 and G2 phases (White and Dalton, 

2005). Cell cycling of CSC is not expected to match that of embryonic stem 

cells, and cell cycle proteins are often deregulated in cancer. Nevertheless, 

these data warrant further validation of cell cycling, and potential resistance 
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to treatment. Overall the novel gene signatures described here in ALDH high 

primary prostate CSC represent promising avenues for further investigation.  

 

The final CSC characteristic that was investigated in the ALDH high cells was 

tumour initiating capacity. This was investigated in the DU145 cells only;  as 

primary PCa cells have previously been shown to be poorly tumorigenic even 

in bulk (X. Chen et al., 2013). While our study and others on primary PCa 

cells have demonstrated numerous stem-like characteristics associated with 

the populations identified by the selected CSC markers, it was not possible to 

characterise the tumour initiating capacity of the primary prostate CSC. Here 

it was demonstrated that the ALDH high DU145 cells were significantly more 

tumorigenic than the ALDH low DU145 cells. It was noted that the ALDH low 

cells also initiated tumours, although these tumours were significantly smaller 

and developed more slowly than the ALDH high tumours. Notably, even at a 

10-fold lower cell number inoculation, the ALDH high cells grew larger 

individual tumours in 4/5 mice than the ALDH low cells (102 cells compared 

to 103 ALDH high and low respectively). As previously discussed, the ALDH 

high compartment of prostate CSC does not have a complete overlap with of 

CSC identified based on expression of other surface markers. The 

tumorigenicity of the ALDH high CSC population in DU145 cells has not 

previously been investigated under limiting dilution conditions in NSG mice. 

In the study carried out by Liu and colleagues, ALDH high DU145 cells were 

over 60 times more tumorigenic than ALDH low DU145 cells (based on tumour 

initiation frequency) (Liu et al., 2015). In this study, the ALDH high and low 

DU145 populations harboured the greatest degree of difference in tumour 

initiating capacity, compared to the other CSC markers investigated. This 

suggests that ALDH could be a highly suitable CSC and non-CSC 

discriminating marker for prostate CSC. In this study, NOD/SCID mice were 

used, which are deficient in B and T cells but retain NK cells, in comparison 

to the B, T and NK cell deficient NSG mice used in our study. The greater 

degree of immunocompromise could also be a factor in the success of ALDH 

low cell engraftment in our model. Other studies of tumorigenicity of ALDH 

high prostate cancer cells have used different cell lines, e.g. PC3, LNCaP, 

22RV1 and PC-3luc (osteotrophic) or less immunocompromised animal 

models than those used in our study (e.g. nu/nu, NOD/SCID) (Cojoc et al., 
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2015b; Hellsten et al., 2011; Nishida et al., 2012; van den Hoogen et al., 

2010). Therefore, our study expands the body of knowledge on the 

tumorigenicity of prostate CSC identified by ALDH enzyme activity. 

 

3.7.6 Summary 

In summary, ALDH activity can be used as a marker of prostate CSC in the 

DU145 cell line and identifies cells which have stem-like characteristics in 

primary PCa cells. Comparative investigation of prostate CSC characteristics 

using both an established prostate cancer cell line and primary PCa cells is a 

key point of this study. Poor growth of primary PCa cells in in vitro culture in 

previous studies has resulted in limited data comparing prostate CSC in a 

model more representative than long-established cell lines, which are 

predominantly derived from metastatic tumours. It is important to note that 

in 2D culture, both cell types grow as a predominantly basal population. Thus, 

neither accurately recapitulate the lineage hierarchy in the prostate. This may 

impact studies which have used lineage specific markers to identify prostate 

CSC as it does not allow for the possibility of transformed luminal prostate 

CSC. While markers of basal prostate cells have been widely used in previous 

studies (Collins et al., 2005; Liu et al., 2015; Patrawala et al., 2006), the 

marker panel tested in this study, CD44+ 21Integrinhigh CD133+, was not 

suitable for the isolation of DU145 or primary PCa CSC.  

 

Using ALDH as a functional (not lineage restricted) CSC marker, 

characteristics of CSC were shown in the DU145 cell line and novel 

preliminary characterisation of ALDH activity in the putative CSC population 

was carried out. ALDH was shown to be a suitable marker of DU145 CSC 

based on downstream assays, which demonstrated that ALDH high DU145 

cells have greater clonogenicity and self-renewal than ALDH low DU145 cells 

and are more tumorigenic in vivo. Novel characteristics of cell division and 

gene expression were also demonstrated. Primary prostate CSC had similar 

cell division properties to the DU145 cells; this was observed across individual 

donors which had different growth rates in in vitro culture. The gene 

expression data obtained from primary PCa cells supported these functional 

observations from the DU145 cells and may suggest that stemness-
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associated signalling (i.e. NOTCH pathway genes) and cell cycling, could 

represent a potential prostate CSC gene signature. Preliminary data also 

suggests primary prostate ALDH high cells could form spheres, indicative of 

self-renewal capacity, while ALDH low cells did not form spheres, although 

this warrants further investigation. Overall this study demonstrates the 

possibility of addressing the relative lack of data on primary cells in studies 

of prostate CSC, by the development of novel in vitro culture conditions and 

preliminary data demonstrating characteristics similar to those observed in 

prostate CSC from the DU145 cell line. This provides supporting data for the 

use of ALDH activity as a prostate CSC marker and forms the basis of a 

strategy to identify prostate CSC antigens suitable for targeting by T cells. 
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Appendix 3.1 

Patient characteristics Study 1 

 

 # Two biopsies were received in the case of patient RWMBV0004315, from contralateral regions of the tumour.                            

# Two biopsies were received in the case of patient RWMBV0004316, one tumour biopsy and one adjacent normal biopsy. 

 

Sample identifier Age At Operation Diagnosis Gleason Score Total Gleason Score X Gleason Score Y PSA Value (ng/ml)

RWMBV0004303 50  Adenocarcinoma 7 4 3 3.4

RWMBV0004307 51  Adenocarcinoma 7 4 3 23.1

RWMBV0004309 67  Adenocarcinoma 7 4 3 7.1

RWMBV0004311 69  Adenocarcinoma 7 4 3 12.1

RWMBV0004312 65  Adenocarcinoma 7 4 3 10.4

RWMBV0004313 61  Adenocarcinoma 7 4 3 13

RWMBV0004314 69  Adenocarcinoma 7 4 3 5.7

RWMBV0004315# 60  Adenocarcinoma 7 4 3 9

RWMBV0004316# 53  Adenocarcinoma 7 4 3 7.9

RWMBV0004317 57  Adenocarcinoma 7 4 3 4

RWMBV0004320 74  Adenocarcinoma 7 4 3 9.6

RWMBV0004322 54  Adenocarcinoma 7 4 3 6.5

RWMBV0004324 65  Adenocarcinoma 7 4 3 5.1

RWMBV0004319 68  Adenocarcinoma 7 4 3

RWMBV0004327 70  Adenocarcinoma 7 4 3 8.9

RWMBV0004321 57  Adenocarcinoma 7 4 3 5.7

RWMBV0004323 62  Adenocarcinoma 7 4 3 4.8

RWMBV0004334 60  Adenocarcinoma 7 4 3 7.4

RWMBV0004335 64  Adenocarcinoma 7 4 3 5.5
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Appendix 3.2 

Patient characteristics Study 2 

 

 

 

 

Sample identifier Age At Operation Diagnosis Gleason Score Total Gleason Score X Gleason Score Y PSA Value (ng/ml)

RWMBV0004692 59  Adenocarcinoma 7 3 4 Not available

RWMBV0005003 64  Adenocarcinoma 7 4 3 Not available

RWMBV0005008 68  Adenocarcinoma 7 3 4 Not available

RWMBV0005019 61  Adenocarcinoma 9 4 5 Not available

RWMBV0005021 66  Adenocarcinoma 7 3 4 Not available

RWMBV0005020 62  Adenocarcinoma 7 4 3 Not available

RWMBV0005017 48  Adenocarcinoma 7 3 4 Not available

RWMBV0005042 67  Adenocarcinoma 7 4 3 Not available
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Appendix 3.3 

Primary #4335 Primary #5008 Primary #5017 

Gene Fold 

change 

Gene Fold 

change 

Gene Fold 

change 

CDK1 8.0913346 CDK1 2.4267058 CCND1 66.929442 

CCNA2 7.8453192 WNT5A 1.8792326 PLAU 37.157571 

JAG2 6.4044649 ALDH1A1 1.6765703 CCND3 36.951441 

CDH2 6.2876674 CCNA2 1.6576793 CDH1 32.40446 

FGF1 5.4708582 GJB1 1.6258832 CCNE1 32.082976 

CCND2 5.3456056 FBXW2 0.4996837 PSENEN 24.769945 

LFNG 4.9142145 MAPK10 0.4992998 PPARD 24.107343 

DLL1 3.976313 PRKCD 0.4957341 PPARG 24.060233 

FZD7 3.85962 PRKCI 0.4927443 PSEN2 24.02751 

CCNE1 3.7720128 FZD5 0.4856272 NCSTN 23.011897 

WNT10A 3.7284526 FURIN 0.482138 PSEN1 22.182605 

GAPDH 3.7264801 PGK1 0.4760515 TLE1 21.853622 

KRT15 3.6354025 LOC652788 0.4758266 FZD3 21.448563 

HPRT1 3.1772679 KAT2B 0.4694397 DTX3L 20.845121 

CD44 3.163801 MAML2 0.4634116 PRKCH 20.042955 

TUBB 3.1609588 MYC 0.4564407 CTNNA1 19.182069 

PGK1 2.9322954 CD44 0.4500836 MAML1 19.173398 

MAML2 2.72291 FZD6 0.4484081 CDC42 19.059287 

PSEN2 2.7074946 FRAT1 0.4418624 TUBB 17.869263 

WNT7B 2.6094554 MAML1 0.4364014 HDAC2 17.717548 

PRKCI 2.5715388 CTBP2 0.4334547 PRKCZ 17.499805 

BMP2 2.5324835 CTBP1 0.4334112 PPP2CA 17.390348 

FZD5 2.5295655 DVL2 0.4279008 NLK 17.187309 

APC 2.4776225 NOTCH1 0.421292 CLTC 17.120162 

FOSL1 2.4182453 DTX4 0.4143648 AXIN1 17.07697 

BMP1 2.4093941 CSNK1E 0.4096901 GUSB 16.696243 

SMO 2.3994992 LDLR 0.3982248 CSNK1G2 16.416955 

CCND3 2.3395117 KAT2A 0.3880063 RHOA 16.36473 

LDLR 2.3239244 PLAU 0.3758704 MAML3 16.010933 

FGFR1 2.2933267 BMP1 0.3568753 APC 15.967564 

CTNNB1 2.2388137 WNT7B 0.349659 DTX4 15.948018 

PLAU 2.2377938 AXIN1 0.3436969 RAC1 15.792122 

PPP2R5C 2.2149224 POU5F1 0.3256647 LDLR 15.765604 

SNW1 2.2018934 KRT15 0.3031538 NOTCH2 15.76442 

RHOA 2.1989931 NCOR2 0.2915495 NUMB 15.680381 

FBXW2 2.1497776 JAG2 0.2773231 MAML2 15.665611 

TCF7 2.1295556 FOSL1 0.2493361 LOC652788 15.490024 

NCSTN 2.1223534 DLL1 0.2469543 DVL1 15.40763 

CCND1 2.1049575 WNT10A 0.2386665 ADAR 15.356562 

PRKACB 2.1041762 LFNG 0.176745 KAT2B 15.112444 

PRKACA 2.0953465 
  

APH1A 15.082574 
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NOTCH2 2.0669972 
  

DVL3 14.823409 

PRKCZ 2.0395743 
  

RFNG 14.722058 

CSNK1G1 2.0118878 
  

CSNK2A1 14.541338 

RB1 2.0008423 
  

PAFAH1B1 14.254943 

PPARG 0.401994 
  

PPP2R5C 14.240913 
    

EP300 14.126649 
    

CTNNB1 13.924237 
    

GSK3B 13.772204 
    

FBXW11 13.761334 
    

CSNK1D 13.689834 
    

RBPJ 13.688737 
    

CIR1 13.63806 
    

PRKCD 13.637059 
    

MAPK9 13.592441 
    

BTRC 13.54286 
    

CDK1 13.212841 
    

CTBP1 13.133678 
    

KAT2A 12.709669 
    

PPP2R5E 12.557032 
    

MAP3K7 12.513485 
    

FBXW2 12.35436 
    

PRKCI 12.144353 
    

SNW1 12.086886 
    

CCNA2 11.935894 
    

CTBP2 11.454516 
    

PGK1 11.174291 
    

CCND2 11.123794 
    

PRKACB 10.739704 
    

HDAC1 10.706791 
    

DTX2 10.671523 
    

PRKACA 10.647398 
    

RB1 10.523732 
    

FZD6 10.380166     
FGF2 10.185072     
DVL2 10.138776     
CSNK1G3 10.075582     
FZD5 10.034976     
MAPK10 9.8957232     
SMAD4 9.6550324     
CSNK1G1 9.5884568     
WNT7A 9.4479943     
GAPDH 9.3698707     
NCOR2 9.1580535     
FOSL1 9.136111     
ADAM17 9.113701     
FURIN 9.0784246     
FZD1 8.9002577 
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FRAT1 8.8610125     
PRKD1 8.6037054     
BMP2 8.5172663     
HPRT1 8.3985993     
ALDH2 8.1913982     
CSNK1E 7.9524951     
CSNK1A1 7.7661173     
JUN 7.4767686     
NOTCH3 7.4104637     
HES1 7.3104418     
NUMBL 6.9597991     
PRKX 6.7959014     
CD44 6.5682019     
WNT5A 6.5550078     
WNT7B 5.5615853     
BMP1 5.451239     
MYC 5.3180625     
GLI3 4.5215546     
JAG1 4.2096738     
FZD7 3.8933259     
TCF7 3.7769641     
SMO 3.5063362     
NOTCH1 2.269816     
LFNG 0.5610803     
DLL1 0.3180237     
WNT10A 0.1857278 
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4 4Identification of antigens of prostate cancer cells 

 

 Introduction 

This chapter focuses on the identification of antigens presented by prostate 

CSC, specifically the selection of therapeutically relevant, potentially 

immunogenic targets. As previously discussed, CSC have been shown to be 

resistant to DNA damaging cancer treatments, such as chemotherapy and 

radiation therapy (Bao et al., 2006; Chen et al., 2015; Cojoc et al., 2015b; 

Ying et al., 2015). It has been suggested that CSC could be specifically 

targeted by immunotherapy (Pan et al., 2015). While some resistance 

mechanisms of CSC, including overexpression of anti-apoptotic proteins and 

decreased HLA expression could represent a barrier to immunotherapy 

(Bruttel and Wischhusen, 2014), a number of studies have nevertheless 

investigated the use of vaccines to induce T cell responses, antibodies against 

CSC markers and adoptive T cell transfer or CAR T cells (Hu et al., 2016; Ning 

et al., 2012; Ying et al., 2015). Activation of the adaptive immune system 

has the potential for durable responses to tumours by the development of 

immune memory to tumour antigens (Finn, 2012); this could be particularly 

relevant in the targeting CSC to prevent tumour relapse. In this study, the 

focus was on T cells as a mode of CSC immunotherapy, as this could be used 

to target intracellular and extracellular antigens, as presented by HLA-I. This 

requires selecting antigens known to be expressed by CSC, so that the 

outcome on tumour growth of specifically targeting CSC can be evaluated.  

 

Some studies have investigated how CSC could be targeted by identifying 

epitopes from proteins expressed in common with SC, including ALDH, SOX2 

and CD133 (Ji et al., 2014; Schmitz et al., 2007; Visus et al., 2011). It has 

been suggested that quiescent SC can evade immune recognition (Agudo et 

al., 2018), however it is not known how the immune system can distinguish 

between more actively cycling healthy SC (e.g. intestinal SC) and CSC. 

Targeting these antigens could cause off-target damage in some tissues. 
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Therefore, I set out to identify novel TAAs of prostate CSC, and potential 

epitopes of these antigens. As previously discussed, (Chapter 1. 

Introduction), there are a number of ways to identify antigens and epitopes 

of specific HLA restrictions, including experimental and in silico (predictive) 

approaches. I performed HLA ligandome analysis of the DU145 cells, which 

was combined with in silico analysis of the experimental dataset to select 

antigens of interest. This was performed on the entire DU145 cell population, 

rather than on individually sorted populations of ALDH high and ALDH low 

DU145 cells (which could directly determine the peptides presented by the 

respective populations) due to the large number of cells required for the 

analysis (109 cells). HLA analysis involves direct identification of peptides 

presented at the cell surface (Figure 4.1A, B). The peptides identified 

represent a snapshot of the total ligandome, as immunoprecipitation is 

estimated to recover only 0.5-3% of the peptides present in the lysate (Figure 

4.1C, D). The poor ligand complex recovery necessitates the large number of 

cells analysed, in addition to the sample input requirements for detection by 

mass spectrometry. Mass spectrometry analysis of the eluted peptides results 

in spectral data which is annotated based one or more proteomics databases 

to generate the peptide sequence data (Figure 4.1 E). This allowed for a 

relatively unbiased investigation (reliant on proteomics databases) of 

prostate TAAs, in comparison to pre-selection of antigens from which to 

predict potential epitopes. In this chapter, a large dataset of novel antigens 

and potential epitopes, many of which were not previously associated with 

PCa, are identified.  
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Figure 4.1 HLA ligandome analysis. (A) Approximately 109 DU145 cells were 

grown and snap frozen in liquid nitrogen. (B) The cells were lysed in a buffer 

containing protease inhibitors. (C) The pan-HLA-I antibody was used to capture 

HLA-peptide complexes by immunoprecipitation. (D) The peptides were separated 

from the HLA proteins by acid elution. (E) The amino acids comprising the peptide 

sequences were identified by mass spectrometry and the peptide, protein and gene 

information corresponding to the amino acids was derived by spectral annotation 

of the mass spectrometry peaks and matching these data to proteomics databases. 

This figure is adapted from a design provided by Ms Serina Tokita, Sapporo Medical 

University. 
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Question 

Do prostate CSC express antigens which could be therapeutically targeted by 

T cells? 

 

 

Specific Aims 

 Identify peptides that are processed and presented by 

the HLA molecules expressed on the DU145 cell line (the 

‘HLA ligandome’).  

 Select peptides of the DU145 ligandome which are 

suitable for potential therapeutic targeting, based on low 

or absent antigen tissue expression. 

 Identify high HLA binding affinity peptides of the DU145 

ligandome. 
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 Identification of peptides presented by DU145 cells  

4.6.1 HLA Class I expression in the DU145 cell line 

HLA ligandome analysis involves the capture of HLA-peptide complexes from 

the surface of cells by immunoprecipitation. As previously discussed, analysis 

of HLA Class II peptide interactions is more complex owing to the greater 

length of peptides, although some studies have previously isolated HLA Class 

II ligands (Kowalewski et al., 2015; Nelde et al., 2018). However, the HLA 

ligandome analysis in my study was focused on identifying potential tumour 

targets for CD8+ T cells, therefore I analysed the peptides presented by HLA 

Class I. This required sufficiently high levels of HLA Class I expression, in 

addition to the use of specific high affinity antibodies, to allow capture of 

sufficient material for mass spectrometry. To test this, the HLA Class I 

expression of the DU145 cell line was compared to the SW480 cell line. HLA 

Class I ligandome analysis of the SW480 cell line was previously successful 

(Kochin et al., 2017), therefore this served as an indicator of sufficiently high 

HLA Class I expression that provide an indicator of successful HLA-peptide 

complex immunoprecipitation. The DU145 cells were found to express 

comparable HLA levels to the SW480 cells (Figure 4.2A); above that of the 

isotype control (Figure 4.2B). The HLA Class I type of the DU145 cells was 

determined from the TRON Cell Line Portal (TLCP), (http://celllines.tron-

mainz.de/) (Scholtalbers et al., 2015). The HLA Class I type of the DU145 

cells recorded in the TLCP, is HLA-AA*33:03 (homozygous), HLA-B*50:01, 

HLA-B*57:01, and HLA-C*06:02. In the interest of capturing a large dataset 

which allowed for further refinement, rather than limiting the peptide output 

to specific alleles (for which the relative surface expression was not known), 

immunoprecipitation was performed using a pan-HLA Class I antibody.  

  

http://celllines.tron-mainz.de/
http://celllines.tron-mainz.de/


Chapter 4. Identification and characterisation of prostate cancer stem cells 

 

258 
 

  

Figure 4.2 Flow cytometry analysis of HLA expression in DU145 cells. (A) 

HLA Class I expression in DU145 cells was compared to SW480 colorectal cancer 

cells using the pan HLA Class I antibody clone W6.32. (B) W6.32 staining in the 

DU145 cells compared to the isotype control. This was performed in duplicate.  
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4.6.2 Characteristics of the DU145 HLA ligandome 

HLA ligandome analysis of the DU145 cell line identified a total of 1933 

sequences at the 0.01 confidence level, a further 843 sequences at 0.05 

confidence and 17937 sequences at a confidence level of 1. The analysis of 

the mass spectrometry data was carried out using the Proteome Discoverer 

software (performed by Serina Tokita, Sapporo Medical University). The mass 

spectra were converted into peak lists using the Sequest HT and Mascot 

algorithms and the peak lists were searched against the SwissProt database 

to identify the peptide sequences and annotate the corresponding proteins 

(these functions were integrated into the software). The resulting data were 

categorised as follows: sequence data, sequence length, protein, protein 

sequence, gene, reads per kilobase million (RPKM) (RNA-Seq readout), 

‘cancer panel’ chromosome, biological process, cellular component and 

molecular function. Only the sequences at the 0.01 confidence level were 

considered for further analysis. After the removal of contaminated sequences 

(user or reagent derived peptides e.g. from keratin, catalase) there were 

1763 sequences at a confidence level of 0.01 for which the source gene could 

be identified. The sequences, gene and protein information are detailed in 

Appendix 4.1, which is provided as an electronic resource owing to its length. 

The peptides in the ligandome were derived from 1206 unique proteins. The 

length of the sequences ranged from 8-14 amino acid monomers (8-14mers); 

the most common peptide length was 9mer (45.15%) followed by 10mer 

(14.8%) and 11mer (14.63%) (Figure 4.3A). A total of 1374 sequences of 

lengths ranging 9-11mer from the DU145 ligandome were further examined 

by Hongo and colleagues (for a collaborative publication focusing on upstream 

determinants of epitope presentation). Logo sequence analysis identified 

conservation of glutamic acid (E) and arginine (R) at anchor positions p2 and 

conservation of arginine (R), lysine, alanine (A), valine (V) and tryptophan 

(W) (in descending order of frequency) at p9 Figure 4.3B, adapted from 

Hongo et al., 2019, Figure 1C. HLA binding motif data from the NetMHC 4.0 

Motif Viewer indicated that conservation of arginine at p9 is indicative of HLA-

A*33 superfamily binding (data was available for HLA-A*33:01 but not HLA-

A*33:03) and tryptophan conservation at p9 is associated with HLA-B*57:01 

(http://www.cbs.dtu.dk/services/NetMHC/logos.php). Arginine at p2 is an 

HLA binding motif for HLA-C*06:02. 
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Figure 4.3 Length distribution and HLA binding motifs of the peptides 

identified in the HLA ligandome analysis of 109 DU145 cells. (A) The 

proportions of peptides of differing lengths in the DU145 HLA ligandome, ranging 

from 8mer- 14mer. (B) Analysis of the HLA binding motifs of the 9-11mers in the 

ligandome dataset, adapted from Hongo et al., 2019. 
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 Selection of therapeutically relevant peptides 

4.7.1 Source gene expression in healthy tissue 

Selection of therapeutically relevant potential epitopes required exclusion of 

peptides derived from genes expressed at high levels in healthy tissues, to 

minimise the possibility of off-target damage by activated epitope specific T 

cells. In other studies in which therapeutic antigens were identified using 

ligandome data, multiple peptide datasets have been generated from cancer 

and healthy tissue or cell lines, to provide a comparison of genes expressed 

(Berlin et al., 2015; Schuster et al., 2017). In the absence of an available 

healthy prostate cell line, I used the Genotype Tissue expression (GTEx) 

database (GTExportal.org) to search for suitable peptides for which the 

source gene was not highly expressed in healthy tissue, or was expressed in 

a limited number of tissues (“The Genotype-Tissue Expression (GTEx) 

project,” 2013). The investigation was limited to genes in the ligandome 

dataset for which the median RPKM = 1, or the RPKM was denoted ≤5, to 

reduce the time required in this interrogation step. The highest median value 

for the RPKM ≤5 antigens was 3.139 (UQCC3).  RPKM <1 was been previously 

used to denote absence of tissue expression (Kryuchkova-Mostacci and 

Robinson-Rechavi, 2017), therefore values in excess of 1 were expected to 

show increasing tissue expression that would correspond to increased 

possibility of off-target tissue damage. An exception to this was made for 

genes denoted ‘cancer panel’; for which the RPKM values ranged from 

0.012935 (SOX11) to 301 (HSP90AA1).  

 

A total of 194 genes fitted these RPKM criteria. The genes of interest, the 

median RPKM/ RPKM ≤5 and cancer panel categories, and the selection 

decisions are detailed in Table 4.1. Examples of gene tissue expression levels 

and/ or distribution which guided selection of the peptides of interest are 

shown in Figure 4.4. Selections were made if the overall tissue expression 

was low; (Figure 4.4 A, B) or if the genes had previously been defined as 

oncogenes (Figure 4.4 C, D). Genes for which the tissue distribution denoted 

a potential cancer testis antigen were also identified (Figure 4.4 E, F). 

Examples of peptides which were not selected due to high gene expression in 

certain tissues (which included genes which had RPKM values <1) are shown 
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in Figure 4.3 G, H, I. A total of 142 antigens of interest were selected for 

further analysis based on the absence of gene expression in healthy tissues.    

 

Table 4.1 Selection of peptides which have the potential for therapeutic 

targeting, based on limited/ low tissue expression. Peptide sequences, 

sequence length and the gene the peptides are derived from are shown, for genes 

which fulfilled the criteria: median RPKM <1 or RPKM≤5 or ‘cancer panel.’  The 

inclusion in further analysis as a ‘potential therapeutic target (yes/no) was 

determined by inspection of the tissue expression graphs obtained from the GTEx 

database (examples in Figure 4.3). 

Sequence Sequence 
length 

Gene Median 
RPKM 

RPKM≤
5 

Cancer 
panel 

Potential 
therapeutic 

target 

RFQSSAVMAL 10 HIST1H3A  0 ✔   Yes 

RFQSSAVMALQE 12 HIST1H3A  0 ✔   Yes 

KTDLRFQSSAVMAL 14 HIST1H3A  0 ✔   Yes 

RFQSSAVMALQEA 13 HIST1H3A  0 ✔   Yes 

VMALQEASEAYL 12 HIST2H3A  0 ✔   Yes 

VMALQEASEAYLVG 14 HIST2H3A  0 ✔   Yes 

AVMALQEASEAYL 13 HIST2H3A  0 ✔   Yes 

IDALDILEE 9 MAGEB10  0 ✔   Yes 

DYKKIPIKR 9 MAGED4 0 ✔   Yes 

EAVLWEALR 9 MAGED4 0 ✔   Yes 

SRFGKFIRI 9 MYH8  0 ✔   Yes 

ETYLLEKSR 9 MYH8  0 ✔   Yes 

IFERIASEASRLAH 14 HIST1H2BL  0.01275 ✔   Yes 

ERIASEASRLAHY 13 HIST1H2BL  0.01275 ✔   Yes 

SEGTKAVTKYTSSK 14 HIST1H2BL  0.01275 ✔   Yes 

ERIASEASRLAHYN 14 HIST1H2BL  0.01275 ✔   Yes 

ERIASEASRL 10 HIST1H2BL  0.01275 ✔   Yes 

VNDIFERIASEAS 13 HIST1H2BL  0.01275 ✔   Yes 

IFERIASEAS 10 HIST1H2BL  0.01275 ✔   Yes 

EGTKAVTKYTSSK 13 HIST1H2BL  0.01275 ✔   Yes 

RIASEASRLAHYN 13 HIST1H2BL  0.01275 ✔   Yes 

DYPDYKYRPR 10 SOX11  0.01293
5 

✔ ○ Yes 

YVPEHVRKL 9 LRRC8E  0.01898
5 

✔   Yes 
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ENFDKFFTR 9 PRKCG  0.03549

5 

    No 

AEIAKLKAA 9 KIF14  0.04104     Yes 

YAERVGAGAPVYL 13 HIST2H2A

B  

0.04582

5 
✔   Yes 

TEYLNFEKS 9 ESRP1  0.04685     No 

EFKKLIRNR 9 RLN2  0.05840
5 

✔   Yes 

HRFQQTQYL 9 DLX6 0.06161
5 

    Yes 

RKTVTAMDVVYALK 14 HIST1H4A  0.06919

5 
✔   Yes 

RDNIQGITKPAIR 13 HIST1H4A  0.06919
5 

✔   Yes 

KTVTAMDVVYALK 13 HIST1H4A  0.06919
5 

✔   Yes 

VTAMDVVYALKR 12 HIST1H4A  0.06919
5 

✔   Yes 

TVTAMDVVYALK 12 HIST1H4A  0.06919
5 

✔   Yes 

NIQGITKPAIR 11 HIST1H4A  0.06919

5 
✔   Yes 

RKTVTAMDVVYAL 13 HIST1H4A  0.06919
5 

✔   Yes 

VTAMDVVYALK 11 HIST1H4A  0.06919

5 
✔   Yes 

ENVIRDAVTYTEHA 14 HIST1H4A  0.06919
5 

✔   Yes 

MDVVYALKRQGRT

L 

14 HIST1H4A  0.06919

5 
✔   Yes 

VVYALKRQGRTLYG 14 HIST1H4A  0.06919
5 

✔   Yes 

ALKRQGRTLYGFGG 14 HIST1H4A  0.06919
5 

✔   Yes 

LKRQGRTLYGFGG 13 HIST1H4A  0.06919
5 

✔   Yes 

HYVEAEKLRGR 11 SIX1  0.07026
5 

    Yes 

DVMVMCLLPK 10 UNC79  0.07147     No 

EDKGINVFR 9 MKI67  0.07477     Yes 

KSYLGSEADVW 11 MELK  0.07526     Yes 

EVLEAIRVTR 10 MISP  0.10465     No 

AEIKVKLIEA 10 NCAPG  0.1251     No 

EVKSITKER 9 CENPE  0.12845     Yes 

WYKHVASPR 9 NPW  0.1312 ✔   Yes 

DYLPPEMIEGR 11 AURKB  0.13585   ○ Yes 

DYLEETHLKFR 11 IQGAP3  0.1563 ✔   Yes 
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IRAPAVRTL 9 PKP3  0.18165     No 

KVIHEQVNHRW 11 TOP2A  0.1832     Yes 

EYFADMKRHR 10 TOP2A  0.1832     Yes 

YFADMKRHR 9 TOP2A  0.1832     Yes 

MKRKELIPLVVF 12 C15orf48  0.19455     Yes 

VSREAVALV 9 MYO15A  0.21935     Yes 

EILEKIRSA 9 DLGAP3  0.22135     No 

YRHEKRVKL 9 RAB3B  0.2257     Yes 

GEFTGWEKV 9 RIPK4  0.24655     Yes 

KVRLLRLR 8 CAPN12  0.28935     Yes 

TSTVPLVGR 9 WDR62 0.30445 ✔   Yes 

TSDRHIRIW 9 CDC20  0.30915     No 

AADETLRLW 9 CDC20  0.30915     No 

AEHFSMIRA 9 MEX3A  0.31575 ✔   Yes 

YSYKGLRSV 9 DDX43  0.3606 ✔   Yes 

ESFPGSFRGR 10 CDCA7  0.47945     No 

NSREKIYNR 9 CDCA7  0.47945     No 

HEFMTWTQV 9 RASGEF1A  0.4934     No 

NRISHAQKF 9 TNNT1  0.50895     No 

FTQEPLHLVSPSFL 14 HPSE  0.5519     No 

HRFDPKASSSF 11 NAPSA  0.56825     No 

ETLLRLLLR 9 ASAH2B  0.58625 ✔   Yes 

VLLPKKTESHKAK 13 HIST2H2A
C  

0.6763 ✔   Yes 

AVLLPKKTESHKA 13 HIST2H2A
C  

0.6763 ✔   Yes 

VLLPKKTESHKA 12 HIST2H2A
C  

0.6763 ✔   Yes 

MAAVLEYLTAE 11 HIST2H2A

C  

0.6763 ✔   Yes 

YAERVGAGAPVYM 13 HIST2H2A
C  

0.6763 ✔   Yes 

AIRNDEELNKL 11 HIST2H2A

C  

0.6763 ✔   Yes 

AIRNDEELNKLL 12 HIST2H2A
C  

0.6763 ✔   Yes 

AEILELAGNAARDN 14 HIST2H2A
C  

0.6763 ✔   Yes 

SSRAGLQFPVGR 12 HIST2H2A
C  

0.6763 ✔   Yes 

AGLQFPVGRVHRLL 14 HIST2H2A
C  

0.6763 ✔   Yes 

VLPNIQAVLLPK 12 HIST2H2A
C  

0.6763 ✔   Yes 
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GGVLPNIQAVLLPK 14 HIST2H2A

C  

0.6763 ✔   Yes 

GVLPNIQAVLLPK 13 HIST2H2A
C  

0.6763 ✔   Yes 

ELAGNAARDNKKT 13 HIST2H2A
C  

0.6763 ✔   Yes 

AAVLEYLTAE 10 HIST2H2A
C  

0.6763 ✔   Yes 

GLQFPVGR 8 HIST2H2A
C  

0.6763 ✔   Yes 

NRADLIRHF 9 ZNF805  0.68065 ✔   Yes 

TRALMVVSL 9 CLDN7  0.7299     No 

EEIQKKLEAA 10 STMN2  0.78895     No 

NYWDKFVKR 9 RYR2  0.848     No 

RRTAQVRYL 9 PNMA2  0.8516     No 

AEINRKIINQRLIL 14 C16orf87  0.87555 ✔   Yes 

KLMPGRIQLW 10 RBM47  0.8955     No 

EVFVGKIPR 9 RBM47  0.8955     No 

REHQNFYEA 9 ARHGAP42  0.9899 ✔   Yes 

FRAPDLKRM 9 TRIM6  1.035 ✔   Yes 

TRIPKVQKL 9 HSPA6  1.0725     No 

TVFDAKRLIGR 11 HSPA6  1.0725     No 

VYIDKVRSL 9 LMNB1  1.0815     No 

SLEDEPRLVL 10 ADGRG6  1.0985     No 

DIINGDAIHKR 11 SCAI  1.1455 ✔   Yes 

VERSFILSA 9 FGD6  1.429 ✔   Yes 

YKAQPVIQF 9 AGO3  1.5065 ✔   Yes 

SSYFRIHER 9 ZNF14  1.8895 ✔   Yes 

EFEAVLTER 9 CCDC127  2.083 ✔   Yes 

SAFPEVRSL 9 THADA  2.205 ✔   Yes 

AEFATDDEVSRF 12 TNRC6B  2.2605 ✔   Yes 

LSQLPQIPQFQLA 13 TNRC6B  2.2605 ✔   Yes 

LSQLPQIPQFQL 12 TNRC6B  2.2605 ✔   Yes 

VSEGPLRPVLEY 12 ZNF451  2.326 ✔   Yes 

VSEGPLRPVLE 11 ZNF451  2.326 ✔   Yes 

FFSSFMKKR 9 ABL2  2.3755   ○ Yes 

RFPEHVREI 9 ATR  2.5985   ○ Yes 

DYHTLPRAR 9 ATP9B  2.955 ✔   Yes 

MDSLRKMLIS 10 UQCC3  3.149 ✔   Yes 

MDSLRKML 8 UQCC3  3.149 ✔   Yes 

EYMTPSSR 8 CBL  3.285   ○ Yes 
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TRIDLIQKL 9 SOCS6  3.5345     No 

RRFPDLNRL 9 MSH2  3.614   ○ Yes 

ENWQPRAR 8 RPTOR  3.935     No 

DYFHNGNPR 9 RPTOR  3.935     No 

EYLEKQRNR 9 MSH6  3.948   ○ Yes 

EALNKDKIKR 10 MSH6  3.948   ○ Yes 

EYEYMNRRR 9 ERBB3  4.528   ○ Yes 

QIEAIQQAEDGL 12 SYNE1  4.6955   ○ No 

SRPTFNVQV 9 LPP  5.1675   ○ No 

KSFEDIHHY 9 KRAS  5.3555   ○ Yes 

ETLAKEKGMNR 11 MTOR  5.5285   ○ Yes 

EYVEFEVKR 9 MTOR  5.5285   ○ Yes 

EINAILQKR 9 MTR  6.1535   ○ Yes 

FRYNPYLK 8 NBN  6.34   ○ Yes 

FRIEYEPLV 9 NBN  6.34   ○ Yes 

STFDSPAHW 9 EGFR  6.799   ○ Yes 

NYLEDRRLVHR 11 EGFR  6.799   ○ Yes 

FYGIIRNV 8 PRKDC  7.394   ○ Yes 

FRPYAKHWL 9 PRKDC  7.394   ○ Yes 

EYIKNWRPR 9 AKT3  7.445   ○ No 

DYLHSGKIVYR 11 AKT3  7.445   ○ No 

KTLERSYLL 9 RRM1  7.9975   ○ Yes 

EYFTLQIRGRER 12 TP53  8.141   ○ Yes 

LGIPKDPRQW 10 ETS1  8.398   ○ Yes 

DIRTPPLQSER 11 FZR1  9.4045   ○ Yes 

VDITQEPVLDTML 13 NUP98  9.624   ○ Yes 

SRSVIIREL 9 UBR5  11.185   ○ Yes 

DFKPGDLIFAK 11 PSIP1  12.34   ○ Yes 

VAQQGTMWQGRN 12 ARID1A  12.53   ○ No 

RESPFSTSA 9 XPO1  12.625   ○ Yes 

EVAQVESLRYR 11 TPR  12.81   ○ Yes 

EAKAPILKR 9 TPR  12.81   ○ Yes 

KFNFKTSLW 9 PARP1  13.115   ○ Yes 

LQDVSASTKSLQEL 14 PARP1  13.115   ○ Yes 

IVYDIAQVNLKYL 13 PARP1  13.115   ○ Yes 

DIAQVNLKYL 10 PARP1  13.115   ○ Yes 

IVYDIAQVNLKY 12 PARP1  13.115   ○ Yes 

LKLKFNFKTS 10 PARP1  13.115   ○ Yes 

IAQVNLKYLLKL 12 PARP1  13.115   ○ Yes 

IAQVNLKY 8 PARP1  13.115   ○ Yes 
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LQDVSASTKSLQE 13 PARP1  13.115   ○ Yes 

REAQFGTTA 9 CRBN  13.24   ○ Yes 

TLPSVVRLL 9 BCL3  13.935   ○ Yes 

EYIKTWRPR 9 AKT2  14.4   ○ Yes 

MTNLPAVGR 9 ARID1A  15.105   ○ No 

DYLHSQGVVHR 11 RPS6KA2  16.53   ○ No 

WVKPIIIGR 9 HEL-S-26  16.96   ○ No 

REMIPFAVV 9 SEPT9 17.07   ○ Yes 

YSIRGQLSW 9 SMARCB1  17.765   ○ Yes 

EYLEKKNFIHR 11 ABL1  19.885   ○ Yes 

HTWNGIRHL 9 SDHC  21.27   ○ Yes 

EMREMLTHR 9 HIF1A  21.825   ○ Yes 

MEDIKILIA 9 HIF1A  21.825   ○ Yes 

PDLTMFPPFSE 11 ARNT  21.83   ○ No 

EILKGGVLIQR 11 ERBB2  21.83   ○ No 

EYKPHSIPLR 10 KDM5C  21.83   ○ No 

ARAELEMRL 9 NUMA1  24.34   ○ Yes 

IRNQIIREL 9 MAP2K2  33.635   ○ Yes 

TVGLIRNL 8 CTNNB1  41.92   ○ Yes 

WEQGFSQSF 9 CTNNB1  41.92   ○ Yes 

RRNDKIIVF 9 ERCC3  48.44   ○ No 

NYAAPPSTR 9 MYC  48.44   ○ No 

WVKPKDMLGPK 11 FH  48.44   ○ No 

EWVKPKDMLGPK 12 FH  85.405   ○ No 

NVNEVISNR 9 FH  85.405   ○ No 

KSKLDAEVSKW 11 CTNNA1  85.405   ○ No 

EYMGNAGRKER 11 CTNNA1  140.3   ○ No 

EYAQVFREH 9 CTNNA1  140.3   ○ No 

KEAIETIVA 9 GNAS  140.3   ○ No 

DIIQRMHLR 9 GNAS  301   ○ No 

FRVDYILSV 9 GNAS  301   ○ No 

DKSVKDLVILL 11 HSP90AA1  301   ○ No 

DILEKKVEK 9 HSP90AA1  301   ○ No 
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Figure 4.4 Gene expression (RNAseq data) in healthy tissues of peptides 

identified in the DU145 HLA ligandome. (A, B) Examples of peptides for which 

the tissue gene expression and distribution was low, MEX3A and NPW. RNAseq data 

was obtained from the GTEx portal (www.GTEXprotal.org).  

http://www.gtexprotal.org/
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Figure 4.4 (continued) Gene expression (RNAseq data) in healthy tissues 

of peptides identified in the DU145 HLA ligandome. (C, D) Examples of tissue 

expression and distribution of genes oncogenes (designated ‘cancer panel’ in the 

ligandome dataset) BRCA1 and SOX11.  
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Figure 4.4 (continued) Gene expression (RNAseq data) in healthy tissues 

of peptides identified in the DU145 HLA ligandome (E, F) Examples of cancer 

testis antigens, MAGEB10 and WDR62. 
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Figure 4.4 (continued) Gene expression (RNAseq data) in healthy tissues 

of antigens identified in the DU145 HLA ligandome (G, H, I) Examples of 

peptides excluded based on high gene expression; PKP3, NAPSA, PNMA2. 
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4.7.2 HLA allele binding assignment and selection of high binding 

affinity peptides 

As previously mentioned, the HLA ligandome analysis was carried out using 

a pan-HLA Class I antibody. The allele specific binding of the identified 

sequences was therefore not known. HLA-peptide binding affinity is a 

contributing factor to T cell stimulation (Reichstetter et al., 1999), and can 

be directly measured in vitro using soluble synthetic peptides and 

recombinant HLA molecules (Sette et al., 1994). Alternatively, in silico 

methods can be used to predict peptide binding affinities to HLA Class I. This 

involves the use of algorithms which are trained to make predictions based 

on available experimental data. This predictive approach was used to (a) to 

determine the cognate HLA allele of the peptides of interest, and (b) to 

identify high affinity binding sequences. The HLA-C alleles were not included 

in the affinity binding analysis as the HLA-C alleles of the healthy donors 

recruited to this study were not determined.  

 

The HLA binding affinity was determined using the Immune Epitope Database 

(IEDB) Analysis Resource (https://www.iedb.org/) (Vita et al., 2019). The 

‘netmhcpan’ binding predictor was used to predict the peptides expected to 

bind HLA-A*33:03 and HLA-B*50:01 and the consensus artificial neural 

network (ANN)/ Stabilized matrix method (SMM) predictor was used to assign 

binding for HLA-B*57:01, as recommended by the IEDB site. It must also be 

noted that inconsistencies regarding the HLA type of the DU145 cells were 

encountered in the course of assigning allele specific peptide binding. The 

database used in this study, the TLCP, (Scholtalbers et al., 2015), indicates 

the DU145 cells are HLA-A*33:03 homozygous. However, another web 

directory of cell line information, Cellosaurus 

(https://web.expasy.org/cellosaurus/) (Bairoch, 2018), indicates DU145 cells 

to be positive for HLA-A*03:01 and HLA-A*33:03. The source of the DU145 

HLA type data are studies by Boegel and colleagues, published in 2014 and 

Adams and colleagues, published in 2005, for the TLCP and Cellosaurus, 

respectively (Adams et al., 2005; Boegel et al., 2014). The study by Boegel 

and colleagues collected publicly available next generation sequencing (NGS) 

RNASeq data to determine the HLA types of the cell lines investigated, while 

Adams and colleagues used Sequence Based typing, an approach combining 

https://www.iedb.org/
https://web.expasy.org/cellosaurus/
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PCR based amplification and sequencing (Adams et al., 2004), therefore the 

discrepancy could be attributed to the results generated by different technical 

approaches. The HLA type of DU145 cells used in a previous study in our lab, 

analysed by PCR (by the Wales Blood Transfusion service) indicated the cells 

to be positive for HLA-A*03:01 and HLA-A*33:03. The DU145 cells used to 

generate the ligandome data were newly purchased from ATCC specifically 

for the ongoing project and were used at passages ranging from 

approximately p24 to p35 to generate the DU145 HLA ligandome data. HLA 

typing was not experimentally determined, due to the assumptions of the HLA 

type based on the previously used cells. Nevertheless, initial HLA allele 

specific binding predictions for the DU145 HLA ligandome dataset were based 

on assumptions from the TLCP. A comparison of the 9mer peptides in the 

DU145 dataset, (independent of the RPKM cut-offs), (n=422), showed that 

250/251 of the peptides in the 1st percentile binding rank were assigned 

specific binding to HLA-A*33:03. The identification of so few HLA-A*03:01 

ligands from the DU145 cells may suggest that HLA-A*03:01 expression is 

downregulated during in vitro culture. This is an important consideration for 

studies using this cell line to investigate potential epitopes for immunotherapy 

in PCa.  

 

The affinity binding results, based on the DU145 HLA type being HLA-A*33:03 

(homozygous), HLA-B*50:01, HLA-B*57:01 are shown in Table 4.2. Not 

unexpectedly, the 9mer sequences represented the greatest proportion 

within the 1st percentile binding rank. It has been shown that antigen 

processing machinery within cells preferentially trims peptides to 9mer 

lengths (Chang et al., 2005), although some longer peptides are produced, 

as suggested by allele specific preferential binding of greater length peptides 

(e.g.  HLA-A*01:01; >12 amino acid peptides) (Gfeller and Bassani-

Sternberg, 2018). Of the 142 peptides selected based on absence or low 

healthy tissue expression of the associated antigen, 45 peptide sequences 

occurred within the 1st percentile binding rank or had netmhcpan IC50 value 

<500nM. These were then experimentally evaluated as potential CSC 

antigens, which is described in the next chapter. The selection process 

arriving at the antigens which will be tested for CSC expression is summarised 

in Figure 4.5. 
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Table 4.2. HLA Class I-peptide binding affinity prediction using the IEDB database. 

Binding affinity of peptides to either of HLA-A*33:03 and HLA-B*50:01 was 

determined by the netmhcpan predictor and by the Consensus (ann/ smm) 

predictor for HLA-B*57:01. The prediction method used was determined 

automatically by selecting the ‘IEDB recommended’ option, which selects the 

predictor based on the existing data of the effective performance of a particular 

predictor for a particular allele.  The cut-off for optimal affinity, based on guidelines 

from the IEDB, was 1st percentile rank, or IC50<500 nM, where applicable (i.e. 

HLA-A*33:03 and HLA-B*50:01).  Peptides within the 1st percentile binding rank/ 

IC50< 500nM; arranged in increasing percentile rank. 

Percentile 
rank 

Allele Sequence  Sequence 
Length 

Gene netmhcpan_ic50 

0.1 HLA-
B*50:01 

REAQFGTTA 9 CRBN  65 

0.1 HLA-
B*50:01 

REMIPFAVV 9 SEPT9 61 

0.2 HLA-
B*50:01 

RESPFSTSA 9 XPO1  132.1 

0.2 HLA-
A*33:03 

SSYFRIHER 9 ZNF14  11.2 

0.2 HLA-

B*50:01 

REHQNFYEA 9 ARHGAP42  177.4 

0.2 HLA-
B*50:01 

VERSFILSA 9 FGD6  140.3 

0.2 HLA-

B*50:01 

AETEFFSKA 9 STIL  200.2 

0.25 HLA-
B*57:01 

STFDSPAHW 9 EGFR  - 

0.25 HLA-
B*57:01 

YSIRGQLSW 9 SMARCB1  - 

0.3 HLA-
A*33:03 

EYIKTWRPR 9 AKT2  15.1 

0.3 HLA-
A*33:03 

EMREMLTHR 9 HIF1A  15.3 

0.3 HLA-
A*33:03 

EVFDFSQRR 9 NFE2L2  21.3 

0.3 HLA-
A*33:03 

WYKHVASPR 9 NPW  27.5 

0.3 HLA-
A*33:03 

SYRKFLNLR 9 SHCBP1  22.9 

0.3 HLA-
A*33:03 

ESQDRKIFR 9 BRCA1  24.1 

0.3 HLA-
B*50:01 

KEYENLKEA 9 TRAIP  218.3 

0.3 HLA-

A*33:03 

EYFADMKRHR 10 TOP2A  50 

0.35 HLA-
B*57:01 

KSFEDIHHY 9 KRAS  - 

0.4 HLA-
A*33:03 

EAVLWEALR 9 MAGED4 36.7 

0.4 HLA-

A*33:03 

EFKKLIRNR 9 RLN2  32.6 
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0.4 HLA-

A*33:03 

EVKSITKER 9 CENPE  36 

0.4 HLA-
A*33:03 

ETLLRLLLR 9 ASAH2B  32.1 

0.4 HLA-
B*50:01 

AEHFSMIRA 9 MEX3A  332.5 

0.4 HLA-
A*33:03 

EYFTLQIRGRER 12 TP53  177.7 

0.5 HLA-
A*33:03 

YFADMKRHR 9 TOP2A  40.5 

0.5 HLA-
B*50:01 

AEIAKLKAA 9 KIF14  343.9 

0.6 HLA-

A*33:03 

EYMTPSSR 8 CBL  617.6 

0.6 HLA-
A*33:03 

EINAILQKR 9 MTR  49 

0.6 HLA-

A*33:03 

ETYLLEKSR 9 MYH8  55.7 

0.6 HLA-
A*33:03 

EFEAVLTER 9 CCDC127  49.1 

0.6 HLA-
A*33:03 

EIKELGELR 9 TACSTD2  49.2 

0.7 HLA-
B*50:01 

GEFTGWEKV 9 RIPK4 469 

0.7 HLA-
A*33:03 

DFHFRTDER 9 TPX2  61.6 

0.7 HLA-
A*33:03 

NYLEDRRLVHR 11 EGFR  468.8 

0.7 HLA-
A*33:03 

EYLEKKNFIHR 11 ABL1  505.3 

0.7 HLA-
A*33:03 

VTAMDVVYALKR 12 HIST1H4A  471.9 

0.8 HLA-
A*33:03 

EYVEFEVKR 9 MTOR  84.3 

0.8 HLA-
B*57:01 

KTLERSYLL 9 RRM1  - 

0.8 HLA-
A*33:03 

NIQGITKPAIR 11 HIST1H4A  539.1 

0.9 HLA-
A*33:03 

EAKAPILKR 11 TPR  98 

1.2 HLA-

A*33:03 

EYLEKQRNR 9 MSH6  145.1 

1.3 HLA-

A*33:03 

TSTVPLVGR 9 WDR62 169.2 

1.45 HLA-
B*57:01 

SAFPEVRSL 9 THADA  - 

1.5 HLA-

A*33:03 

DYKKIPIKR 9 MAGED4 200.4 

1.6 HLA-
A*33:03 

DYPDYKYRPR 10 SOX11  272.1 

1.7 HLA-
A*33:03 

DYHTLPRAR 9 ATP9B  273.1 
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Figure 4.5 Summary of bioinformatic analysis of the DU145 HLA 

ligandome.  
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 Discussion 

Large scale investigation of the HLA ligandome by peptide elution and mass 

spectrometry was developed in the early 1990s (Hunt et al., 1992). In this 

way, viral and endogenous peptides processed intracellularly and presented 

in the context of HLA were confirmed as the means by which T cells recognise 

antigens (Rötzschke et al., 1990; Van Bleek and Nathenson, 1990). Further 

studies using this technique identified the contribution of different HLA alleles 

in shaping the presented peptide repertoire and the corresponding peptide 

motifs associated with certain HLA alleles (Falk et al., 1991). Additionally, 

mass spectrometry was used to identify an epitope recognised by patient 

derived melanoma specific cytotoxic T cells (Cox et al., 1994). Currently, 

more than 100,000 HLA ligands have been described by mass spectrometry 

analysis of the peptides presented by HLA at the cell surface; this has recently 

surpassed the number of peptide sequences derived by predictive methods 

(Gfeller and Bassani-Sternberg, 2018). While these data do not all represent 

peptides for which the allele-specific interactions have been elucidated, nor 

has the immunogenicity of the peptides been widely established, these data 

are an important resource which could be exploited for epitope and antigen 

discovery for therapeutic applications.  

 

The data described in this chapter represent an important addition to the total 

set of known HLA ligands, specifically in the context of the cell source of 

ligands (PCa), and the HLA alleles investigated. HLA ligandome analysis has 

been carried out using cells (primary or cell lines) from a number of cancer 

types, including melanoma, leukaemia (CLL and AML), colorectal cancer, 

renal cancer and ovarian cancer, in many cases resulting in the identification 

of novel epitopes (Berlin et al., 2015; Kochin et al., 2017; Kowalewski et al., 

2015; Pritchard et al., 2015; Schuster et al., 2017; Stickel et al., 2009). Few 

studies have directly investigated peptides presented by PCa cells. Peptides 

derived from histone antigens have been identified in a mouse model of PCa 

(Savage et al., 2008). A limited number of short peptides (5-6mer) obtained 

by acid elution from the LNCaP cell line were analysed by mass spectrometry 

(Kamata et al., 2013). Acid elution of HLA bound peptides was used prior to 

the development of immunoaffinity purification of HLA-peptide complexes; 
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this method is considered highly susceptible to contamination by peptides 

that are not bound to HLA molecules (Mester et al., 2011). The length of the 

peptides in the study by Kamata and colleagues is attributed to acid 

degradation of the peptides (Kamata et al., 2013). Low yield of peptides may 

also be due to the low levels of HLA expression which have previously been 

described in LNCaP cells (Carlsson et al., 2007). In another study, PC3 cells 

were transfected to produce soluble HLA Class I from which eluted peptides 

were analysed (Barnea et al., 2002). This method is considered particularly 

susceptible to misrepresentation of the natural HLA ligandome, as 

transfection of the cells leads to artificially high HLA Class I expression 

(Mester et al., 2011). Therefore, to our knowledge, this study is the first 

description of a large-scale HLA ligandome, derived by immunoprecipitation, 

from PCa cells.  

 

While the identification of peptides presented by prostate CSC is a primary 

aim of my study, it was not possible to specifically analyse peptides presented 

by CSC by mass spectrometry, owing to the large number of cells required to 

perform the experiment (approximately 109 cells). It was not possible to 

achieve this cell number of the CSC and non-CSC populations by FACS. 

Different strategies employed by the few studies which have directly analysed 

CSC HLA ligandomes are discussed in Chapter 5. Therefore, in this chapter, 

analysis of the HLA ligandome dataset of the DU145 cells focuses on 

identifying peptides derived from therapeutically relevant antigens and 

assigning HLA allele binding specificity. Analysis of my ligandome data largely 

followed the approach taken in the aforementioned studies, with some 

modifications that related to differences in the cellular material used and the 

HLA alleles investigated.  

 

Firstly, to determine which peptides were derived from proteins that could 

potentially be effective therapeutic targets, I investigated gene expression in 

the GTEx database of RNAseq data. The majority of HLA ligandome data 

published has identified peptides from non-mutated, self-proteins, as the 

mass spectrometry data is annotated from databases of normally expressed 

proteins. Identification of neoepitope peptides requires de novo generation of 
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proteomic data from mutated cells to compare to the mass spectrometry 

data. This approach is best suited to cancers that have a high mutational 

burden; and has recently been carried out in melanoma (Bassani-Sternberg 

et al., 2016; Kalaora and Samuels, 2019). Nevertheless, self-antigens remain 

important potential immunotherapy targets. Other studies that investigated 

the HLA ligandome of primary tumour tissues carried out comparative 

analyses of corresponding healthy primary tissues or cell lines, to determine 

antigens which were exclusively expressed in the tumour tissue (Berlin et al., 

2015; Kowalewski et al., 2015; Schuster et al., 2017). Primary material from 

prostate tumours is very limited; even more so biopsy material from healthy 

prostate, owing to the invasiveness of obtaining the material. This 

necessitated the use of the DU145 cell line which was characterised in 

Chapter 3. A healthy prostate cell line was not readily available in my study; 

therefore, the database search represents a surrogate for investigating 

healthy tissue expression of candidate antigens. Since the prostate is a non-

essential organ, it is also suggested that comparative analysis of benign 

prostate tissue may not be prioritised to the same degree that is required of 

essential tissues to identify therapeutically applicable antigens. The GTEx 

portal has previously been used in studies which investigated tissue matched 

HLA ligandomes, to more widely explore the tissue distribution of the antigens 

of interest (Löffler et al., 2018; Schuster et al., 2017).  

 

The use of the GTEx portal in my study was a subjective approach to 

identifying potential therapeutic antigens, compared to quantitative 

comparison of healthy and disease stage HLA ligandomes. Therefore, it is 

acknowledged that this could exclude potential antigens, or incorrectly 

include antigens which have the potential to cause off-target damage despite 

limited healthy tissue expression. However, the recent case of cardiotoxicity 

resulting from cross-reactivity to an epitope from a confirmed tumour antigen 

(MAGEA3) (Linette et al., 2013; Raman et al., 2016), highlights a situation in 

which despite every care taken to limit targeting to tumours, off-target 

damage remains a risk in immunotherapy. Manual examination of gene 

expression and tissue distribution is not particularly suitable for large scale 

studies of multiple patient derived samples or of multiple different tissue 

types. However, inspection of the GTEx portal data also provided the 
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opportunity to identify tissue enhanced antigen expression, which was not 

immediately evident from ranking the median RPKM data incorporated into 

my analysis. Examples identified in this study were cancer testis antigens 

WDR62, DDX43 and TRIP13. Similarly, high antigen expression, which was 

limited to one to two tissues, which had an otherwise low median RPKM (e.g. 

RYR2, NAPSA) could be excluded by this manual approach. Therefore, this 

approach could be applied as a first step in small scale HLA ligandome 

analyses, for which comparative healthy samples are limited. 

 

The next stage was assigning HLA allele specificity to the peptides in the 

dataset. HLA Class I-peptide complexes have been isolated using either allele 

specific or pan-HLA Class I antibodies previously. The use of an allele specific 

anti-HLA antibody for immunoprecipitation is mainly suitable for cells 

transduced to express high levels of a single HLA allele. Isolating ligands from 

a single HLA allele removes the requirement for, and potential bias introduced 

by in silico prediction of allele specific binding (Kochin et al., 2017). 

Investigation of the HLA ligandome of a single HLA allele for therapeutic 

antigen discovery is best applied for alleles for which there is a high 

population distribution, such that the peptides identified could be tested in a 

large population e.g. HLA-A*02 and HLA*A24. HLA-A*02 has a population 

frequency of >25% population frequency in North and South America, 

Europe, Russia and China. HLA-A*24 is found in >25% of the population 

Japan and Malaysia, 10-25% population frequency in South America, Mexico, 

India and 10% in Europe (these data are from the HLA allele frequency 

database http://www.allelefrequencies.net/ (Gonzalez-Galarza et al., 2011)). 

 

The use of a pan-HLA Class I antibody results in capture of a larger number 

of HLA-peptide complexes than immunoprecipitation of a single allele specific 

antibody and is suitable for HLA ligandome analysis of both frequent and rarer 

HLA alleles. The population frequency of the HLA alleles expressed by the 

DU145 cells is HLA-A*33: 10-25% of the population in studies from North 

East Asia, South Asia, South East Asia, Indonesia and USA (Asian 

populations) (<10% in other regions). Globally HLA-B*50 positive population 

frequency is <10% in all regions with the exception of populations in Western 



Chapter 4. Identification and characterisation of prostate cancer stem cells 

 

281 
 

Asia (Saudi Arabia) and in Tunisia; similarly HLA-B*57 positive frequency is 

<10% globally, with the exception of small sized studies in the Venezuelan 

and Indian populations (10-25%) (all allele frequency data obtained from the 

HLA Allele frequencies database http://www.allelefrequencies.net/) 

(Gonzalez-Galarza et al., 2011). Therefore, the pan-HLA Class I antibody was 

the most suitable approach for immunoprecipitation.  

 

There are a number of algorithms which can be used to predict HLA allele 

specific binding. The SYFPEITHI database is widely used in HLA ligandome 

studies (Berlin et al., 2015; Kamata et al., 2013; Kowalewski et al., 2015; 

Stickel et al., 2009). This was the first established database of HLA/ MHC 

motifs; it hosts a prediction algorithm which is based on binding data of 

peptides eluted from mono-allelic cells (Rammensee et al., 1999). Predictions 

for HLA-A33:03 binding were not available from this database, so it was not 

suitable for use with the DU145 cell ligandome. Instead, the IEDB database  

(www.iedb.org) was used (Vita et al., 2019). This database provides a range 

of algorithm options, including the facility to make predictions based on the 

NetMHCpan algorithm (another commonly used prediction database (Hoof et 

al., 2009)). Guidance from the IEDB ranks the performance of the difference 

predictions as Consensus > ANN (artificial neural network) > SMM (stabilised 

matrix network) > NetMHCpan > CombLib (combinatorial libraries). The 

consensus method indicates the agreement of ANN, SMM and CombLib in 

making a prediction. The Consensus method was used to assign peptide 

binding to HLA-A*33:03 and HLA-B*50:01 and the NetMHCpan method was 

used to predict binding to HLA-B*57:01.  

 

ANN and SMM predict binding affinity based on the binding energy contributed 

by the amino acid at each position (Nielsen et al., 2003). In general, the 

difference between ANN and SMM is that ANN considers interactions between 

amino acids in the different positions of a peptide sequence in predicting the 

contribution to binding, while SMM considers the contribution of the amino 

acids in the different positions independently, without accounting for steric 

interactions (Nielsen et al., 2003; Peters et al., 2003). These algorithms are 

trained to consider the binding contribution of each amino acid in the context 

http://www.iedb.org/
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of affinity data derived from HLA ligand binding assays, and can integrate 

recognition of patterns and motifs within the ligand dataset to predict the 

expected binding of ligands for which there is no affinity binding data. The 

most recent update of the NetMHCpan algorithm is trained on affinity data 

from experimental HLA ligand binding assays and also on data from elution 

assays (i.e. ligands identified in mass spectrometry studies) (Jurtz et al., 

2017).  

 

However, the performance of the different predictors is also based on the 

data availability for training. Allele binding predictions can be biased towards 

making the most accurate predictions only for HLA alleles which are well 

represented in ligandome or binding affinity datasets, or have well 

characterised binding motifs (Antunes et al., 2018; Freudenmann et al., 

2018). Training algorithms based on HLA ligandome data can facilitate 

binding predictions of a wider range of alleles, compared to the laborious 

process that would be required to achieve the same coverage of allele 

predictions by production of synthetic peptides and performing binding 

affinity assays. Algorithms that are trained using HLA ligandome data are also 

more likely to encounter a wider range of peptide lengths, and have the 

benefit of recognising sequences which occur as the end result of antigen 

processing, compared to binding affinity data obtained from synthetic 

peptides which may not be biologically occurring.  

 

As previously mentioned, the different algorithms used to make the binding 

predictions for HLA-A*33:03, HLA-B*50:01 and HLA-B*57:01 respectively 

were based on automatic selections by the ‘IEDB recommended’ prediction 

method option. Since the NetMHCpan algorithm makes predictions based on 

both experimental binding assay and eluted ligand data, this suggests that 

there is a greater availability of these data for HLA-B*57:01 than for HLA-

A*33:03 and HLA-B*50:01. A comparison of the 1st percentile predictions for 

HLA-A33*:03 and HLA-B*50:01 binding made by the IEDB consensus 

approach with the NetMHCpan predictions, showed no difference in the alleles 

assigned to the peptides.  The NetMHCpan prediction algorithm provides data 

on the ‘distance’ from the training data used to make a binding affinity 
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prediction. The HLA-B*50:01 and HLA-B*57:01 predictions were made using 

training data from the same alleles, while the HLA-A*33:03 predictions were 

made based on training data from HLA-A*33:01. While it has been suggested 

that extrapolating binding predictions to alleles, for which there is no 

experimental data, may result in inaccuracies; the agreement of binding 

specificities predicted by two separate methods suggests that both structural 

data and experimental binding affinity could be used to assign binding for the 

alleles used in this study. Ultimately, there is less ‘risk’ associated with the 

use of predictive algorithms to assign HLA allele specific binding to eluted 

ligands, i.e. sequences which are known to be produced as the end products 

of antigen processing, compared to using such algorithms to generate de 

novo peptide sequences for experimental testing.  

 

While not the focus of this study, HLA-C*06:02 ligands which may be present 

in the DU145 dataset could also represent novel tumour targets. HLA-C 

typically has lower cell surface expression than other HLA-I alleles, and has 

been associated with the presentation of self-peptides which are recognised 

by autoimmune T cells (Mobbs et al., 2017). The level of population data on 

this allele is lower than the other alleles of the DU145 cell line, however is 

expressed in 10-25% of the population surveyed in certain regions of North 

and Sub-Saharan Africa, Western, South and Northern Asia and also in Asian 

populations in North America  (http://www.allelefrequencies.net). HLA-C 

alleles have dual functionality; in addition to peptide presentation, HLA-C 

molecules are ligands of Killer immunoglobulin-like receptors (KIRs), 

expressed mainly by NK cells but also by some subsets of T cells (Littera et 

al., 2017). HLA-C activation of receptors may serve a protective role by 

inhibiting NK cell recognition of tumour cells; however T cells recognising 

HLA-C epitopes of tumour antigens have been isolated from melanoma 

patients (Zhu et al., 2012), which suggests that the T cell response is also 

relevant to elimination of tumour cells by HLA-C mediated antigen 

presentation.  

 

The in-silico methods described here to interrogate the DU145 HLA ligandome 

dataset represent a basic bioinformatics toolkit for analysing peptide data. 

http://www.allelefrequencies.net/
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Given the benefit of more time, this dataset could yield further insight by 

manual examination; additionally there are a number of strategies more in-

depth analysis in future. This dataset was compiled from n=1 experiment due 

to the large number of cells (and associated cell culture resources) required 

to generate the raw data. However, preliminary validation using the IEDB 

(https://www.iedb.org/) (Vita et al., 2019), showed that 23/45 (51%) of the 

predicted high affinity peptides listed in Table 4.2, have been previously 

described in at least one publication. The DU145 HLA ligandome could be 

further validated by repeated analysis and selection of only those peptides 

recurring in at least three repeated experiments.  

 

Further descriptive analysis of the dataset that could be carried out in-silico 

includes saturation analysis, which gives a measure of the coverage of the 

total human proteome represented by the source proteins in the dataset 

(Meyer et al., 2011; Walz et al., 2015). This could be used to identify proteins 

from which peptides are more commonly presented, which could focus future 

antigen discovery efforts. Gene ontology analysis could also be carried out on 

the DU145 HLA ligandome database. An example of a bioinformatics tool 

suitable for this is the PANTHER pathway database algorithm 

(http://www.pantherdb.org/) (Mi and Thomas, 2009); this functions similarly 

to the DAVID pathway database (Huang et al., 2009b) used in Chapter 3 

(Figure 3.32) however the former is more suited to analysis of larger 

datasets. The use of the PANTHER database in previous studies of the HLA 

ligandome found diverse enrichment results in the respective datasets (Löffler 

et al., 2018; Müller et al., 2017). Löffler and colleagues identified enrichment 

of genes associated with Wnt, TGF- p53 and Pi3K signalling in the HLA 

ligandome of CRC samples compared to non-malignant colon samples (Löffler 

et al., 2018). In contrast, Müller and colleagues identified enrichment of 

general cellular processes, including ribosome, cytoskeleton, endosome, 

Golgi apparatus and nucleus (Müller et al., 2017). However, these terms were 

derived from a broader ligandome dataset which included both tumour and 

non-malignant lymphocyte samples. Since PCa is a heterogeneous disease, it 

may be necessary to analyse further samples e.g. cell lines derived from 

different pathological sites, to determine if there are any disease-associated 

pathways from which peptides are sampled in the respective HLA ligandomes.  

https://www.iedb.org/
http://www.pantherdb.org/
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It would also be informative, particularly due to the rare HLA alleles analysed 

in the DU145 HLA ligandome, to analyse the peptide motifs in more depth; 

this could be achieved with the use of the computational approach described 

by Bassani-Sternberg and colleagues (Bassani-Sternberg et al., 2017). In 

their study they developed an algorithm to assign peptide motifs to specific 

HLA alleles, based on available data in the IEDB. Motifs are mapped by 

comparing peptides obtained from samples which express the same HLA 

allele (Bassani-Sternberg et al., 2017).  

 

As previously discussed, due to lack of available healthy prostate cell models, 

it was not possible to perform a comparative HLA ligandome analysis of 

healthy tissue to allow for comparative analysis of peptides presented in 

cancer vs healthy cells, such as those carried out by previous studies (Bilich 

et al., 2019; Kowalewski et al., 2015). An alternative bioinformatics approach 

could involve querying the peptides from the DU145 HLA ligandome dataset 

against a database of peptides presented by healthy cells, such as the 

recently developed ‘HLA Ligand Atlas’ (https://hla-ligand-atlas.org), which 

was compiled from multiple studies in which HLA ligandome analysis of 

healthy tissues was carried out for comparative analysis purposes (Marcu et 

al., 2019).  

 

In summary, HLA ligandome analysis of DU145 cells identified a large dataset 

of novel HLA-presented peptides and associated antigens. These data could 

be used to improve allele binding prediction algorithms and for the 

development of PCa immunotherapy strategies. The ligands described 

represent a significant expansion of the data relating to alleles which are 

under-represented in the IEDB database (Mester et al., 2011). The dataset 

was interrogated to identify potential therapeutic targets, based on absence 

of or low expression in healthy tissues, and high affinity peptides were 

selected for further analysis. This subset of antigens will be further 

investigated, experimentally, to identify potential CSC antigens.  

 

https://hla-ligand-atlas.org/
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5 Validation of CSC antigens and investigation of T 

cell responses to CSC peptide epitopes 

 

 Introduction 

In this study, the aim was to identify antigens which were specifically 

expressed by CSC, so that T cell targeting of CSC could be investigated. As 

previously discussed, CSC-presented peptides were not directly analysed by 

mass spectrometry due to the prohibitively large number of cells (109) 

required. Therefore, this chapter focuses on identifying and validating 

candidate CSC antigens selected from the DU145 ligandome (Chapter 4). To 

achieve this, I used ALDH, the prostate CSC marker defined in Chapter 3, to 

sort DU145 cells into sub-populations (ALDH high/CSC and ALDH low/non-

CSC) to investigate expression of individual antigens. It has been suggested 

that T cell targeting of CSC antigens, compared to antigens shared between 

CSC and non-CSC, may be more efficient, due to the more favourable T cell: 

target ratio (Hirohashi et al., 2012). However, targeting ‘shared’ antigens 

could also be beneficial to achieve greater tumour clearance, and potentially 

reduce immune inhibitory signalling in the TME that reduces the efficacy of T 

cell treatments. Therefore, both CSC and shared (between CSC and non-CSC) 

antigens were investigated.  

 

In this chapter, T cell recognition of selected CSC antigens was investigated 

with T cells from healthy donors. These donors were not expected to have 

pre-existing exposure to the peptides tested, as the antigens selected were 

tumour associated and was expressed at low levels in healthy tissue. However 

the naïve T cell repertoire, containing infrequent T cells that collectively 

recognise a vast variety of peptides could be expected to include T cells 

capable of recognising the peptides of interest (Houghton and Guevara-

Patiño, 2004). CSC immune evasion was also considered; therefore, the 

expression of HLA by CSC was investigated. Following isolation of T cells using 

from the healthy donor PBMC using HLA-peptide tetramers, T cell 
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responsiveness to the peptides presented by model target cells and CSC was 

investigated.  

Question 

Can T cells recognise and respond to CSC antigens based on peptide 

presentation by relevant target cells? 

 

Aims 

• Identify antigens from the DU145 HLA ligandome peptide dataset 

which are expressed by prostate CSC 

• Isolate T cells specific for peptides from candidate CSC antigens 

• Test the capacity of peptide specific T cells to recognise and respond 

to peptides presented by target cells  
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 Validation of candidate antigen expression by prostate 

CSC 

Analysis of the DU145 ligandome defined 45 gene products as candidate 

antigens (Chapter 4). To identify potential CSC antigens, the expression of 

the 45 genes was investigated by qRT-PCR in both ALDH high (CSC) and 

ALDH low (non-CSC) DU145 cells. Candidate CSC antigens were selected as 

those for which the statistically significant gene upregulation was >1.5 fold 

in ALDH high compared to ALDH low DU145 cells obtained from at least 2 out 

of 3 repeated FACS experiments. The fold change data from cells obtained in 

n=1 of the FACS sorts is shown in Figure 5.1A (some genes on this graph 

were upregulated in only 1 out of 3 repeated FACS experiments thus were 

not considered ‘CSC antigens’). The fold change and significance values for 

all of the genes investigated are detailed in Table 5.1. The CSC antigens fitting 

the criterion for significance were ARHGAP42 and SHCBP1. As there were so 

few antigens upregulated in the ALDH high DU145 cells, ‘shared antigens’ 

were selected from the most abundant genes in both the ALDH high and ALDH 

low cells, based on calculating the number of transcripts (Figure 5.1B). The 

selected antigens ranked within the highest abundance in at least 2 out of 3 

FACS experiments. These were SEPT9, NFE2L2, XPO1, TOP2A, AKT2, and 

TPX2. Additionally, while not consistently upregulated in ALDH high cells, the 

RLN2 was further investigated due to its prostate tissue gene restriction 

(indicated by data from GTEx database (www.GTExportal.org)).   

 

Antigen expression was also investigated by qRT-PCR in ALDH high and ALDH 

low primary PCa cells, to determine the possibility of peptide presentation by 

primary PCa CSC. It was not possible to investigate all of the genes analysed 

in the DU145 cells due to the limited cell numbers obtained from FACS of the 

primary PCa cells. Therefore, it was only the genes found to be upregulated 

in CSC or selected as abundant shared antigens, in the DU145 cells, for which 

the gene expression was also investigated in primary PCa cells. In the primary 

PCa cells, TPX2, SCHBP1 and TOP2A were significantly upregulated >1.5 fold 

in the ALDH high compared to the ALDH low cells (Figure 5.2A; showing data 

from one of the 3 biological replicates investigated). The abundance of these 
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antigens was also investigated; SEPT9 and XPO1 were highly abundant 

(Figure 5.2B).  

 

 

Figure 5.1. Selection of antigens upregulated in ALDH high DU145 cells 

(CSC antigens) and antigens highly abundant in ALDH high and ALDH low 

cell (shared antigens). Gene expression data shown consist of the fold changes 

observed for each of the 42 genes in PCR reactions carried out using the cDNA 

produced from cells sorted in n=1 FACS experiment (3 FACS experiments were 

carried out). (A) Identification of CSC antigens by PCR. Gene expression for myosin 

8 (MYH8) was not detected across 3 separate FACS sorts and is not shown. The 

genes coloured green were significantly upregulated >1.5 fold in sorted ALDH high 

cells from 2/3 independent FACS experiments. Statistical significance is not shown 

for genes that did not meet this criterion. Statistical analysis of the gene 

expression was by paired T test. (B) Selection of ‘shared’ antigens; i.e. expressed 

by both CSC and non-CSC, identified as the most abundantly expressed genes in 

both the ALDH high and ALDH low DU145 cells. Data shown corresponds to the 

abundance data from the same experiment shown in (A). In both (A) and (B), 

error bars represent mean ±SEM of technical replicates from one PCR reaction (of 

cDNA from one FACS experiment). 
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Table 5.1. Fold change and statistical testing of gene expression 

in ALDH high and ALDH low DU145 cells. 

 
 
 Fold 

change 

n= 1 

p value 

n=1 

Fold 

change 

n=2 

p value 

n=2 

Fold 

change 

n=3 

p value 

n=3 

ABL1  1.114 0.226 1.207 0.108 0.962 0.592 

AKT2  0.732 0.159 0.919 0.523 1.232 0.603 

ARHGAP42  1.760 0.237 1.611 0.036 2.634 0.002 

ASAH2B  1.188 0.226 1.304 0.071 1.240 0.044 

ATP9B  0.577 0.255 0.660 0.062 1.210 0.288 

BRCA1  3.018 0.097 1.604 0.231 1.103 0.683 

CBL  1.841 0.042 0.799 0.486 0.693 0.135 

CCDC127  0.598 0.204 0.988 0.574 0.873 0.176 

CENPE  2.102 0.026 1.094 0.485 0.525 0.122 

CRBN  0.684 0.047 1.363 0.084 0.833 0.032 

EGFR  0.751 0.115 0.836 0.515 0.679 0.248 

FGD6  1.068 0.322 1.572 0.057 1.307 0.200 

HIF1A  0.884 0.630 1.286 0.620 0.752 0.090 

HIST1H4A  1.702 0.536 1.626 0.544 1.055 0.853 

KIF14  2.761 0.032 0.829 0.176 0.664 0.005 

KRAS  3.601 0.176 0.617 0.063 1.328 0.349 

MAGED4 1.833 0.188 1.001 0.698 1.057 0.966 

MEX3A  0.612 0.134 0.804 0.641 0.592 0.017 

MSH6  0.735 0.421 0.808 0.264 1.109 0.349 

MTOR  0.788 0.250 0.838 0.011 0.928 0.242 

NFE2L2  1.374 0.542 0.944 0.576 0.621 0.095 
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NPW  0.895 0.593 0.806 0.099 1.412 0.167 

RIPK4 1.431 0.085 3.005 0.090 2.045 0.038 

RLN2  1.566 0.082 0.589 0.001 2.245 0.100 

RRM1  1.297 0.427 1.261 0.023 1.169 0.201 

SEPT9 0.935 0.533 1.091 0.658 0.939 0.292 

SHCBP1  2.828 0.022 1.612 0.042 1.229 0.128 

SMARCB1  1.184 0.427 2.340 0.023 1.384 0.201 

SOX11  0.311 0.004 0.229 0.036 1.817 0.757 

STIL  1.585 0.097 1.962 0.100 1.194 0.030 

TACSTD2  0.598 0.146 1.101 0.044 0.651 0.090 

THADA  0.700 0.085 0.790 0.032 1.333 0.346 

TOP2A  1.327 0.430 1.925 0.019 1.328 0.093 

TP53  2.616 0.027 1.060 0.951 1.112 0.600 

TPR  1.461 0.236 0.701 0.378 0.797 0.348 

TPR  0.736 0.838 3.371 0.132 1.579 0.733 

TPX2  1.639 0.020 1.107 0.177 2.037 0.598 

TRAIP  0.412 0.064 1.389 0.621 1.392 0.058 

WDR62 1.053 0.042 1.779 0.225 1.535 0.039 

XPO1  0.624 0.071 1.515 0.110 1.069 0.617 

ZNF14  0.842 0.071 0.959 0.110 0.904 0.617 
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Figure 5.2. Expression of selected antigens in primary PCa cells. (A) Gene 

expression in ALDH high compared to ALDH low primary PCa cells. Statistical 

analysis of the gene expression was by paired T test; the genes coloured green 

were * p<0.05 in 2 out of 3 primary samples. Statistical significance is not shown 

for genes that did not meet this criterion.  (B) Gene transcript abundance in ALDH 

high and ALDH low primary PCa cells. Gene expression data shown is from PCR 

reactions for sorted ALDH high and low DU145 cells shown in (A). Error bars 

represent mean ±SEM of technical replicates from one PCR reaction.   
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Protein expression of the antigens of interest was confirmed by fluorescence 

microscopy using unsorted DU145 cells. This was due to the lack of an 

optimised protocol for the culture of ALDH high and ALDH low cells for 

microscopy following sorting. Protein expression in the DU145 cells was 

confirmed by fluorescence microscopy (Figure 5.3A-D). ARHGAP42 was 

detected in the cytosol but not in the nucleus, the latter of which is in contrast 

to the expected staining pattern described in the Human Protein Atlas 

(www.proteinatlas.org) (Uhlén et al., 2015, 2005). TPX2, which is a 

microtubule nucleation factor involved in regulation of mitotic spindle 

formation, was only detected in cells undergoing mitosis. WDR62, which is 

also associated with mitotic spindle formation, was widely expressed; these 

are both in agreement with expected staining patterns from the Human 

Protein Atlas (www.proteinatlas.org) (Uhlén et al., 2015, 2005). The 

expression of AKT2 and XPO1 was mainly localised in the cytosol, although 

has been described throughout the cell in the Human Protein Atlas. Some of 

these differences may be attributable to the different cell lines used for 

validation of the antibodies used in the Human Protein Atlas project; 

additionally, the antibodies used were not all the same as those endorsed by 

the Human Protein Atlas. The appearance of SEPT9 staining is similar to that 

depicted in Human Protein Atlas entry for this protein; localised to actin 

filaments, however, requires confirmation by co-staining for actin e.g. using 

phalloidin. Data on the protein expression localisation of RLN2 is not currently 

available from the Human Protein Atlas. Cytosolic expression of RLN2 has 

been described by immunohistochemistry in endometrial cancer, however in 

the DU145 cells it was detected in the cytosol and nucleus by 

immunofluorescence (Fue et al., 2018). Despite abundant gene transcript 

levels, NFE2L2 protein was not detected, therefore this target was not further 

investigated. Protein expression of the antigens was not confirmed in the 

primary PCa cells due to technical issues in microscopy staining (described in 

Chapter 3). 

 

 

http://www.proteinatlas.org/
http://www.proteinatlas.org/
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Expression of CSC antigens in the DU145 cells, which were not sorted into 

ALDH high and low populations, suggests that peptides from these antigens 

could also be presented by non-CSC (ALDH low), as these would be expected 

to be the most frequent population present in unsorted samples. Expression 

in non-CSC was expected, as there were no genes for which gene expression 

was not detected by PCR in either of the ALDH high or ALDH low DU145 cells. 

This was the case even for ARHGAP42, which was defined as a candidate CSC 

antigen based on differential gene expression in ALHD high cells vs. ALDH low 

cells (Table 5.1). ARHGAP42 was clearly detected in all DU145 cells by 

immunofluorescence (Figure 5.3A). The selection of shared antigens 

identified by qRT-PCR for further investigation of immune responses was also 

aided by testing the protein expression as NFE2L2 was eliminated owing to 

the lack of protein expression. The antigens selected as a result of gene and 

protein expression analysis, which were further investigated for the capacity 

to elicit an immune response, were: ARHGAP42, TOP2A, XPO1, SEPT9, RLN2, 

TPX2 and AKT2. The peptides associated with these antigens, the predicted 

HLA allele binding specificity and the selection criteria for the antigen of 

interest, ‘CSC specific,’ ‘Shared CSC and non-CSC’ or ‘Prostate specific’ is 

detailed in Table 5.2. 
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Figure 5.3 Protein expression of CSC and shared antigens in DU145 cells. 

(A) Fluorescence microscopy of CSC antigens ARHGAP42 with corresponding 

isotype controls in DU145 cells, imaged on a Zeiss axio observer z1 microscope. 

104 cells were plated per well of a 96 well glass bottomed plate and the cells were 

fixed and stained when 90% confluent. The fixation methods were selected per the 

manufacturer’s recommendation for each antibody or both 4% PFA and methanol: 

acetone 1:1 solutions were tested. A suitable monoclonal antibody for the detection 

of SCHBP1 was not available, therefore protein expression of this antigen was not 

confirmed, and this target was not further investigated. Scale bar represents 

20µm. Positive staining was determined at the same exposure as the isotype 

control stained cells. Images are representative of three replicates in which at least 

5 random fields of view were imaged.  
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Figure 5.3 (continued) Protein expression of shared antigens in DU145 cells. (B) Fluorescence microscopy of shared antigens NFE2L2 

TOP2A, and TPX2 under the same conditions as described in (A). 
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Figure 5.3 (continued) Protein expression of shared antigens in DU145 cells. (C) Fluorescence microscopy of shared antigens AKT2, 

XPO1 and SEPTIN9 under the same conditions as described in (A). 
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Figure 5.3 (continued) Protein expression of prostate tissue specific 

antigen RLN2 in DU145 cells. (D) Fluorescence microscopy of RLN2 with 

corresponding isotype controls in DU145 cells, imaged on a Zeiss axio observer z1 

microscope (using a different camera and resolution to the images in A-C). Scale 

bar represents 10µm. Positive staining was determined at the same exposure as 

the isotype control stained cells. Images are representative of three replicates in 

which at least 3 random fields of view were imaged.  
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Table 5.2: Details of the peptides selected for further immunological 

analysis from the DU145 HLA ligandome. The peptide sequence, antigen it is 

derived from, HLA allele binding specificity (predicted by the IEDB, Chapter 4) and 

the characteristic of interest; CSC specific expression, shared expression in both 

CSC and non-CSC (determined by PCR of ALDH high and ALDH low cells) or 

Prostate Specific (based on gene expression data from the GTEX portal, is given. 
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 Isolation of T cells that recognise peptides presented by 

prostate CSC 

5.3.1 Screening of donor T cell responses to peptides 

Three HLA matched healthy donors were screened for CD8+ T cell cytokine 

responses to the selected peptides. The aim of this was to determine which 

donor had the strongest T cell response (to any of the selected peptides) to 

inform the optimal donor for generation of T cell lines. Not unexpectedly, 

there were few available HLA-B*50 or HLA-A*33 donors to test for peptide 

recognition and responsiveness, as these occur at 1.56% and 0.72% 

respectively in the Welsh population (Darke et al., 1998). The haplotyping 

performed by the Welsh Blood Transfusion Service was low resolution, 

therefore the allele subtype was not known. The HLA types of the donors 

tested are shown in Table 5.3. 

 

Table 5.3. The HLA Class-I alleles expressed by donors used in this 

study in which at least one HLA- Class I allele matches that 

expressed by the DU145 cell line. HLA typing was carried out by PCR by 

the Wales Blood Transfusion service. 

Donor ID HLA type 

Donor A A2, A68, B50, B27 

Donor B A2, A33, B50, B14 

Donor C A32, A33, B44, B14(65) 

 

The T cell response to the relevant peptides by each donor is shown in Figure 

5.4; Donor 1 (Figure 5.4A), Donor 2 (Figure 5.4B) and Donor 3 (Figure 5.4C). 

The donors did not have a high frequency of TNF producing T cells. However 

the response to these tumour peptides was not conclusive, as the donors 

additionally did not respond to the positive control peptide pool (viral 

peptides) from CMV, EBV and Influenza (CEF) (Currier et al., 2002; Li et al., 

2012). This was unexpected as the donors were each positive for at least one 
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HLA allele that could present in the positive control pool (Donor A: HLA-A*02, 

HLA-A*68 and HLA-B*27, Donor B: HLA-A*02 and Donor C: HLA-B*44), and  

the HLA type of the donor has been shown to correlate to responsiveness to 

this peptide pool (Currier et al., 2002). Since the response to tumour antigens 

was not detectable in bulk PBMC, which could also have been due to a possible 

low frequency of responsive T cells within the total number of bulk PBMC 

tested (106 per each replicate), isolation and enrichment of T cells that 

recognised the peptides was necessary to detect the activated T cell 

responses. This required the production of tetramers, to use for peptide-

specific T cell isolation. A tetramer is a soluble fluorophore conjugated 

complex of 4 HLA-peptide monomers that has the capacity to bind peptide 

specific TCR on T cells. These fluorescent complexes allow the detection and 

isolation of peptide specific T cells using flow cytometry.  

 

 

 

  

Figure 5.4. Screening of responses to the peptides identified in the DU145 

HLA ligandome in HLA matched healthy donors. T cell responses to individual 

peptides from the CSC and shared antigens were tested by incubating the 

individual peptides (or viral peptide pool) with healthy donor PBMC (plated at 166 

per well in a 48 well plate) for 6 days, followed by measurement of the TNF 

cytokine response from CD8 T cells (i.e. T cells within the bulk PBMC, identified by 

flow cytometry staining) upon peptide restimulation, by flow cytometry. The 

graphs are labelled with the antigen from which the peptide is derived, for clarity. 

(A) Cytokine release by CD8+ T cells from an HLA-B*50 positive donor. (B) 

Cytokine release by CD8+ T cells from an HLA-B*50, HLA-A*33 positive donor. (C) 

Cytokine release by CD8+ T cells from an HLA-A*33 positive donor. PBMC were 

incubated with DMSO (10ul/ 2ml media) as a negative control.  
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5.3.2 Homology modelling of the HLA-peptide binding interaction for 

selection of optimal peptides for production of HLA-peptide 

tetramers  

Thus far there was not a strongly immunogenic CSC or shared peptide/ 

antigen candidate that directed the isolation of peptide-specific T cells. It 

would be of interest to isolate and test the responses of enriched or clonal T 

cell populations that recognised each peptide, however this was not possible, 

owing to time and financial constraints. The limited number of HLA Class I 

matched donors from which to isolate T cells also motivated the downsizing 

of the planned T cell isolation experiments. Therefore HLA Class I-peptide 

tetramer production for T cell isolation was limited to a small number of 

peptides. 

 

Monomeric soluble HLA-peptide complexes have low affinity for TCR, 

therefore tetramers are produced to increase the total affinity of the TCR-HLA 

complex binding interaction, which is required to isolate peptide specific T 

cells in vitro (Wooldridge et al., 2009). Owing to limited time remaining in 

the project, it was not possible to investigate T cells that recognised each of 

the peptides of interest and monomers of each HLA-peptide combination for 

the peptides of interest identified by gene and protein expression could not 

be produced. Therefore, the peptide-HLA binding interaction for each HLA-

peptide combination was further investigated, to select optimal combinations 

for monomer (and tetramer) production. The question was which peptide was 

predicted to interact most favourably with the cognate HLA allele, which 

would increase the changes of a successful HLA monomer-peptide refold to 

produce tetramers. The peptide-HLA binding interactions were analysed by a 

homology modelling approach. This approach to ranking peptides is distinct 

from previous studies, for example, those in which immune responses to 

peptide pools were tested in ELISPOT assays using AML patient PBMC (Berlin 

et al., 2015; Kowalewski et al., 2015). These and other studies may also have 

benefited from analysing more HLA alleles which have a higher population 

frequency, enabling screening and isolation of T cells from a greater number 

of donors.  
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Pymol and Coot software were used to produce homology models of HLA-

A*33:03 and HLA-B*50, from experimentally resolved structures of HLA-

A*02 and HLA-B*15 respectively (deposited in the Protein Databank) (Emsley 

et al., 2010; Schrödinger, LLC, 2015). The HLA-A*33:03- and the HLA-

B*50:01-peptide interactions are shown in Figure 5.5 (apart from the XPO1 

peptide; discussed below). The structural interactions were quantified using 

Protein Interfaces, Surfaces and Assemblies (PISA) software (Krissinel and 

Henrick, 2007). The interface parameters are shown for each complex; the p 

value (indicating probability of a specific interaction) was used to rank the 

interactions to determine the optimal peptides for tetramer production 

(Figure 5.6).  

 

Concurrent to my study, collaborators produced novel HLA ligandome 

datasets from colon cancer, gastric cancer and AML cell lines. In the SW480 

cell line (colon cancer) ligandome, HLA-A*02:01 binding peptides from XPO1 

were identified. I had confirmed that XPO1 was expressed in both ALDH high 

and low DU145 cells and primary PCa cells, and an HLA-B*50 binding peptide 

from XPO1 was present in the HLA-ligandome of DU145 cells. Since the HLA-

A*02 allele is more frequent in the European population than HLA-B*50, it 

could facilitate proof of concept testing and represent a potential 

immunological target applicable to a wider patient population. The HLA 

affinity binding percentile rank for each of the HLA-A*02:01 binding peptides 

was 0.5 (the percentile rank for the HLA*B50:01 XPO1 peptide was 0.2). The 

structural interactions were modelled and quantified in the same way as for 

the HLA-A*33 and HLA-B*50 HLA-peptide interactions (Figure 5.7A-C). The 

PISA p values comparing the two HLA-A*02:01 and the HLA-B*50:01 peptide 

interactions, respectively, are shown in Figure 5.7D. Both HLA-A*02:01 

binding peptides are predicted to have a more favourable interface interaction 

with the cognate HLA allele than the HLA-B*50:01 peptide with its cognate 

allele. Therefore, either of these peptides would be predicted to have a 

stronger binding to HLA Class I and would have a greater likelihood of 

successfully producing a monomer.  
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Since all of the HLA-peptide interactions modelled were derived from elution 

of the peptides from the surface of the cells, all could be considered 

biologically occurring structures. However, quantification of the interface 

interactions allowed selection of the optimal peptides for production of 

monomers based on best predicted peptide: HLA binding interactions. The 

top 3 ranked peptides from the DU145 HLA ligandome, AKT2 (shared 

antigen), RLN2 (prostate tissue specific antigen) and ARHGAP42 (CSC 

antigen) in addition to the HLA-A*02 XPO1 peptide KLFEFMHET (Hongo et al., 

2019) were selected for the production of tetramers for T cell isolation.  
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Figure 5.5. Homology modelling and 

quantification of HLA-peptide 

interactions. Images of the HLA-peptide 

interactions and interface interactions were 

generated in Pymol and PISA respectively. 

(A-D) HLA-A*33:03 is shown in blue and 

peptides are shown in orange. Specific amino 

acid residues which determine the 

interactions are shown in green and orange 

from the HLA protein (HLA-A*33:03 or 

HLAB*50:01) and the peptide respectively. 

Polar contacts between the HLA protein and 

the peptide are shown in red dashed lines. 

The larger the ‘interface radar’ area, which is 

based on the combination of the interface 

parameters, the greater the likelihood the 

interface is to occur as part of a biological 

assembly (rather than a crystal packing 

artefact). Homology modelling was 

performed in collaboration with Dr Pierre 

Rizkallah (Cardiff University). 
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Figure 5.5. Continued homology 

modelling and quantification of HLA-

peptide interactions. Images of the HLA-

peptide interactions and interface 

interactions were generated in Pymol and 

PISA respectively. (E-F) HLA-B*50:01 is 

shown in magenta and peptides are shown 

in orange. Specific amino acid residues which 

determine the interactions are shown in 

green and orange from the HLA protein 

(HLA-A*33:03 or HLAB*50:01) and the 

peptide respectively. Polar contacts between 

the HLA protein and the peptide are shown 

in red dashed lines. The larger the ‘interface 

radar’ area, which is based on the 

combination of the interface parameters, the 

greater the likelihood the interface is to 

occur as part of a biological assembly (rather 

than a crystal packing artefact). Homology 

modelling was performed in collaboration 

with Dr Pierre Rizkallah (Cardiff University). 
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Figure 5.6 PISA p values indicating the specificity of the interaction. The 

iG value is the solvation free energy gain i.e.  the energy difference between the 

bound and unbound states of the monomeric unit. A positive solvation energy gain 

value means that energy is required for binding to occur and the unit protein is 

hydrophobic. The iG P value is a measure of how ‘surprising’ an interaction is; how 

likely the structure is to occur randomly in solution. The lower the value the more 

surprising the interaction, which is an indicator that this structure is not likely to 

randomly occur in solution.  
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Figure 5.7 Homology modelling and quantification 

of HLA-peptide interactions for different peptide 

and cognate HLA alleles for sequences derived from 

the XPO1 protein. Images of the HLA-peptide 

interactions and interface interactions were generated in 

Pymol and PISA respectively. (A) HLA-B*50:01 is shown 

in magenta and the peptide is shown in orange. (B, C) 

HLA-A*02:01 is shown in cyan and the peptides are shown 

in orange. (A-C) Specific amino acid residues which 

determine the interactions are shown in green and orange 

from the HLA protein (HLA-B*50:01 or HLA-A*02:01) and 

the peptide respectively. Polar contacts between the HLA 

protein and the peptide are shown in red dashed lines. The 

larger the ‘interface radar’ area, which is based on the 

combination of the interface parameters, the greater the 

likelihood the interface is to occur as part of a biological 

assembly (rather than a crystal packing artefact). (D) 

PISA p values indicating the specificity of the interaction 

(the lower the value the more specific the interaction). The 

XPO1 HLA-B*50:01 peptide, RESPFSTSA is shown on a 

separate graph, in comparison to different HLA restricted 

peptides derived from the XPO1 protein. 
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5.3.3 Production of tetramers for isolation of peptide specific T cells 

Tetramers were produced firstly by making a monomer consisting of the HLA 

allele -chain, which was re-folded with β2microglobulin and the relevant 

peptide to produce the HLA-peptide complex. Monomer re-folding of the HLA-

B*50:01-REHQNFYEA and HLA-A*02:01-KLFEFMHET complexes were 

confirmed by column chromatography (Figure 5.8A and B). Production of an 

HLA-A*33:03 -chain was not successful due to technical difficulties in 

producing a correctly sequenced plasmid containing the HLA A*33:03 -chain 

gene sequence. Therefore, T cell isolation was performed using only the HLA-

B*50:01 tetramer (ARHGAP42 peptide: REHQNFYEA) and HLA-A*02:01 

tetramer (XPO1 peptide: KLFEFMHET). The monomer complexes, which were 

synthesised to include a biotin tag, were incubated with streptavidin, to 

produce tetramers. 

 

  

Figure 5.8. Production of HLA-peptide complex monomers. Elution of re-

folded proteins from anion exchange; peaks indicate eluted protein complexes. 

Lack of protein peak indicates failure of the component parts, HLA -chain, 

β2macroglobulin and peptide in re-folding. Elution fractions containing protein are 

pooled for biotinylation. (A) REHQNFYEA-HLA-B*50:01 protein elution. Fractions 

B4-B9 were pooled. (B) KLFEFMHET-HLA-A*02:01 protein elution. Fractions 15-24 

were pooled. Monomers were produced By Sian Llewellyn-Lacey (Cardiff University) 
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5.3.4 T cell isolation and expansion 

The REHQNFYEA-HLA-B*50:01 tetramer was used to isolate CD8+ T cells from 

two HLA-B*50 donors (Figure 5.9A and B; these donors were tested 

previously in Figure 5.4 A and B respectively). The frequency of CD8+ 

tetramer positive cells was 0.011% for Donor 1 and 0.008% for Donor 2. 

Development of T cell lines was not successful from these sorted populations. 

Possible reasons for this include the very low number of cells obtained from 

sorting (76 and 143 tetramer positive CD8+ T cells from the sorts shown in 

Figure 5.9 A and B respectively). Pre-stimulation of CD8+ T cells was carried 

out with the REHQNFYEA peptide prior to sorting the cells (Figure 5.9 C, D). 

This resulted in successful establishment and expansion of the HLA-B50:01 

REHQNFYEA tetramer positive T cell line, from Donor 2. The frequency of 

CD8+ cells which were tetramer positive at the time of sorting (Figure 5.9D) 

was 0.14% (the CD8+ tetramer positive population was selected from a lower 

total number of CD3+ cells, due to the CD8+ cell selection protocol). The 

number of cells sorted was 191; therefore, the pre-selection of CD8+ cells for 

sorting is suggested to be an effective way to prime peptide specific cells for 

sorting and successful post-sorting expansion from a frequency of peptide 

specific T cells in PBMC. The sorted T cells were expanded for 14 days in a 

co-culture with irradiated PBMC feeder cells, IL-15 and IL-2. This resulted in 

an increase in the frequency of CD8+ cells which were tetramer positive, to 

10.6% (Figure 5.9 E, F (no tetramer control)).  
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Figure 5.9. Isolation and enrichment of a T cell line recognising 

REHQNFYEA-HLA-B*50:01. Tetramer positive CD8+ frequencies are shown on 

the dot plots. (A, B) FACS isolation of tetramer positive CD8+ T cells. Gating was 

determined by comparison to a tetramer unstained control for each individual donor 

(data not shown). 44 million cells were analysed (with appropriate scaling up of 

antibodies for staining)  from Donor 1 and 76 CD8+ tetramer positive cells were 

isolated from this population and expanded as described in methods. 18 million 

cells were analysed from Donor 2 (with appropriate scaling up of antibodies for 

staining) and 142 CD8+ tetramer positive cells were isolated.  
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Figure 5.9. Isolation and enrichment of a T cell line recognising 

REHQNFYEA-HLA-B*50:01, continued. (C) Flow cytometry tetramer staining of 

CD8+ T cells from Donor 2 without the pre-enrichment protocol. 5x106 cells were 

stained per replicate. (D) FACS isolation of tetramer positive CD8+ T cells from 

Donor 2, having carried out a 14-day pre-enrichment expansion. 1.3 x 106 cells 

were analysed and 191 CD8+ tetramer positive cells found to be tetramer positive 

and viable and were expanded as detailed in Methods. (E, F) Phenotyping flow 

cytometry tetramer staining at day 14 of expansion 5x105 cells were stained per 

replicate. All FACS experiments were carried out in collaboration with Professor 

David Price (Cardiff University), by Kelly Miners, Dr Kristin Ladell and Anzelika 

Rubina. 
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The KLFEFMHET-HLA-A*02:01 tetramer was used to isolate CD8+ T cells from 

three HLA-A*02 donors. The HLA-A*02 population frequency is 51.25% of 

the Welsh population (Darke et al., 1998); therefore there was a greater 

availability of healthy donors, however owing to time constraints, cytokine 

responses to the peptide KLFEFMHET (HLA-A*02:01 peptide from the XPO1 

antigen) were not tested to pre-select optimal donors prior to FACS. CD8+ T 

cells from three HLA-A*02 healthy donors were stimulated according to the 

pre-enrichment protocol, followed by isolation of CD8+ T cells by FACS, using 

the HLA-A*02:01 KLFEFMHET tetramer. The frequency of tetramer positive 

CD8+ T cells was 0.25% (Figure 5.4 A), 0.103% (Figure 5.4 B) and 0.029% 

(Figure 5.4 C) respectively. The sorted T cells were expanded for 14 days in 

a co-culture with irradiated PBMC feeder cells, IL-15 and IL-2. This resulted 

in expansion of the tetramer positive T cell population from HLA-A*02 Donor 

1 and Donor 2, the tetramer positive frequency after the 14-day expansion 

protocol was 10.6% and 4.4% respectively. 
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Figure 5.10. Isolation and enrichment of T cell lines recognising KLFEFMHET-HLA-A*02:01. Tetramer positive CD8+ frequencies are 

shown on the dot plots. (A) FACS isolation of tetramer positive CD8+ T cells. Gating was determined by comparison to a tetramer unstained 

control for each individual donor (data not shown). 2.6x106 cells were analysed from Donor 1 and 2022 CD8+ tetramer positive cells were 

isolated. 2.4x106 cells were analysed from Donor 2 and 1007 CD8+ tetramer positive cells were isolated.  1.8x106  cells were analysed from 

Donor 3 and 176 CD8+ tetramer positive cells were isolated. These cells were cultured in an expansion protocol described in Chapter 2: 

Methods. (B): Phenotyping flow cytometry tetramer staining at day 14 of expansion protocol (106 cells were stained); expansion of the cells 

from Donor 3 was not successful. All FACS experiments were carried out in collaboration with Professor David Price (Cardiff University), by 

Kelly Miners, Dr Kristin Ladell and Anzelika Rubina. 
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 Testing T cell responses to peptide presenting cells 

5.4.1 Characterisation of target cells 

The DU145 cells, in addition to BLCL cells (autologous with the T cell line), 

were used to present endogenously expressed and/or exogenously added 

peptides to the tetramer-enriched HLA-B*50 T cell line to test peptide 

recognition and T cell activation. HLA-A*02 BLCL lines have previously been 

generated in our lab, however prostate cells were also sought to test the 

responses of the HLA-A*02 tetramer positive T cell lines. For this, HLA-A*02 

expression of primary cell lines successfully expanded by in vitro culture was 

tested. Of the primary PCa cell lines available at the time of analysis, the 

primary #5042 line was found to be HLA-A*02 positive (Figure 5.11A) while 

the #5008 line was negative for HLA-A*02 (Figure 5.11B). Therefore, the 

primary PCa cell line #5042 was suitable for use in T cell assays to test the 

response to the HLA-A*02 peptide KLFEFMHET. 

 

The expression of HLA Class I on the ALDH high and ALDH low DU145 cells 

and primary PCa cells was also tested, as it has been suggested that CSC 

express lower levels of HLA, as an immune protective mechanism (Di Tomaso 

et al., 2010; Vidal et al., 2014). The DU145 ALDH high cells expressed 

significantly higher HLA Class I levels than the ALDH low cells (Figure 5.12A). 

However, there was not a significant difference in the HLA Class I expression 

levels in the ALDH high compared to ALDH low primary PCa cells (Figure 

5.12B). The DU145 ALDH low HLA Class I expression levels were comparable 

to the HLA Class I expression by primary PCa ALDH high and ALDH low cells. 

This highlights differences in gene expression between cells established in 

long term in vitro culture and primary cell lines. This may be due to 

immunological pressure (editing) in vivo and it may result in lower T cell 

responses to peptides presented by primary PCa ALDH high vs ALDH high 

DU145 cells.  
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Figure 5.11 HLA-A*02 expression in primary PCa cell lines (A) HLA-A*02 

antibody staining of primary PCa cell line #5042. 5x104 cells were stained per 

replicate within the experiment. (B) HLA-A*02 antibody staining of primary PCa 

cell line #5008. 5x104 cells were stained per replicate within the experiment (C, 

D) Positive control cells for HLA-A*02 expression: BLCL and mesothelioma cells, 

respectively, previously established in the lab for which the HLA type was 

determined by RT-PCR, by the Welsh Blood Transfusion service. (E) Unstained cells 

were used to guide gating of antibody stained cells. (F) DU145 cells were stained 

as a further negative control. The controls were stained or run unstained at 105 

cells per tube. 
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Figure 5.12. HLA expression levels of ALDH high and ALDH low DU145 and primary PCa cells. (A) MFI and histograms of HLA antibody 

staining in the DU145 ALDH high and ALDH low populations. (B) MFI and histograms of HLA antibody staining in the primary PCa ALDH high 

and ALDH low populations. For each cell line: 2x105 cells were incubated with 1µl ALDH substrate and incubated according to the ALDH protocol, 

then stained with 50 ul HLA-ABC unconjugated primary antibody, the secondary was used at 1:200. Statistical significance was assessed by 

paired T test of the ALDH high and low populations; * p<0.05. Error bars represent three technical replicates and this experiment was repeated 

twice for each of the DU145 cells and primary PCa cells.  
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5.4.2 Phenotype of T cell lines 

The expanded tetramer positive cells from HLA-B*50 Donor 1 and HLA-A*02 

Donors 1 and 2 were further enriched by a tetramer sort. The REHQNFYEA-

HLA-B*50:01 tetramer positive cells constituted 4% of the expanded 

population, potentially indicating expansion of or contamination by non-

tetramer specific T cells which may have been previously sorted as false 

positives (Figure 5.13A). The KLFEFMEHT-HLA-A*02:01 tetramer positive cell 

frequency was 18.3% (Figure 5.13B) and 31.9% (Figure 5.13C) respectively, 

indicating expansion of the tetramer positive cells from the initial FACS sort 

(10.2% and 4.4% respectively).  

 

The tetramer positive CD8+ T cell lines were phenotyped for use in cytokine 

assays and two distinct populations were observed: CD4- CD8+ tetramer 

positive, and CD4+ CD8+ tetramer positive cell (for each respective tetramer) 

(Figure 5.14 A-C). Exclusion of CD4 expressing CD8 cells had not been a part 

of the flow cytometry gating strategy for tetramer isolation, therefore some 

of the expansion of tetramer cells observed is attributed to growth of the 

CD4+ CD8+ T cell population. The expression of CD4 by CD8+ T cells has been 

described in association with in vitro activation of naïve T cells (Flamand et 

al., 1998; Kitchen et al., 2005; Sullivan et al., 2001); this may account for 

the double positive phenotype observed following the expansion of the 

tetramer positive T cells in my study. Since CD4+ CD8+ double positive T cells 

have been described as having a functional cytokine production role 

(Overgaard et al., 2015), the peptide specific response of these T cells were 

also studied.  
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Figure 5.13 FACS isolation of tetramer positive cells from previously isolated and expanded tetramer positive T cell lines. 

Tetramer positive CD8+ frequencies are shown on the dot plots. Gating was determined by comparison to a tetramer unstained control for 

each individual donor (data not shown). (A) 129926 REHQNFYEA-HLA-B*50:01 tetramer positive cells were isolated from the expanded cells 

(8x106) isolated previously from HLA-B*50 Donor 2. (B) 2,228,655 KLFEFMHET-HLA-A*02:01 tetramer positive cells were isolated from the 

expanded cells (4.5x106) isolated previously from HLA-A*02 Donor 1. (C) (2,396,152) KLFEFMHET-HLA-A*02:01 tetramer positive cells were 

isolated from the expanded cells isolated previously from HLA-A*02 Donor 2 (4.2x106). 
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Optimisation of functional marker detection Figure 5.14 Phenotype of tetramer positive T cell lines. The tetramer positive 

cells from the second FACS isolation were expanded and the phenotype 

investigated at day 7: 105 cells were stained per replicate. (the reduced length of 

expansion was due to time constraints). (A) CD8+ single positive and CD8+ CD4+ 

double positive frequencies of the expanded REHQNFYEA-HLA-B*50:01 tetramer 

positive population. (B) CD8+ single positive and CD8+ CD4+ double positive 

frequencies of the expanded KLFEFMHET-HLA-A*02:01 tetramer positive 

population from HLA-A*02 Donor 1. (C) CD8+ single positive and CD8+ CD4+ 

double positive frequencies of the expanded KLFEFMHET-HLA-A*02:01 tetramer 

positive population from HLA-A*02 Donor 2. Means and error bars were calculated 

from duplicates. 
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Due to time constraints, activation of the tetramer enriched T cell lines was 

tested in the absence of further enrichment or cloning. Detection of tetramer 

enriched T cell responses was first optimised by measuring CD107a, MIP1, 

IL-2, IFN and TNF production by T cells from a healthy donor (Figure 5.15). 

Polyfunctional antigen-specific responses, i.e. the production of more than 

one cytokine and/ or other functional markers, e.g. CD107a, MIP1 has been 

recognised as an important feature of CD8+ T cells in response to both viral 

and tumour antigens (Lin et al., 2009; Perales et al., 2008; Precopio et al., 

2007). The selected healthy donor had demonstrated a substantial cytokine 

response in previous experiments carried out in the course of previous 

studies. The donor PBMC were incubated with a custom viral peptide pool 

(produced by pooling custom synthesised individual viral peptides from a wide 

range of HLA specificities). The peptides included in this pool are detailed in 

Chapter 2: Materials and Methods. The HLA type of the healthy donor was: 

HLA-A*01, A*11, B*55, B*15(62). Thus, the healthy donor expresses some 

HLA Class I alleles for which there are corresponding HLA restricted peptides 

in the custom peptide pool (HLA-A*01 and A*11; peptides from Influenza and 

EBV respectively).  

 

Of the five functional markers tested, surface upregulation of CD107a 

(53.1%), reflecting degranulation and T cell cytotoxicity, in response to viral 

peptides, was significantly higher than the other functional markers tested 

(Figure 5.15). The CD107a background expression (DMSO only, no peptide) 

was not significantly higher than that of the other functional markers, except 

for IL-2. The frequency of MIP1, IFN and TNF producing CD8+ cells was 

26.3%, 39.5% and 33.1% respectively. The production of IL-2 (1.16%) was 

significantly lower than all other markers. The ranking, in terms of frequency 

of cytokine producing CD8+ T cells, was CD107a> IFN>MIP1/=TNF>IL-2 

(MIP1 production was significantly lower than IFN, but not significantly 

different than TNF and TNF was not significantly lower than IFN). In a 

study by Lin and colleagues, detection of two functional markers was the most 

frequently observed T cell response, followed by three functional markers (Lin 

et al., 2009) whereas in my study these limited observations suggest 

production of four functional markers, from this particular donor. MIP1 and 
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IFN were chosen as representative functional markers to measure the 

tetramer positive T cell responses, as it was not possible to simultaneously 

assess the four functional markers in a single staining panel in combination 

with the T cell phenotyping markers. Simultaneous measurement of IFN, a 

cytokine, and the chemokine MIP1 has been shown to improve flow 

cytometry detection of antigen specific responses in HIV positive patients 

(Kutscher et al., 2008). 
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Figure 5.15. Comparison of the magnitude of different cytokine responses 

in a healthy donor. Following (peptide only 10µg per million cells) stimulation of 

106 cells/ well healthy donor PBMC (plated at 106 cells/ well in a 48 well plate) for 

7 days, the cytokine response was measured by co-incubation of PBMC with HLA 

matched, peptide loaded BLCL. Golgi plug and Golgi stop were added to the cells 

1hr after setting up the co-incubation reaction. The CD107a antibody was also 

added at this stage. The cells were incubated at 37°C for 12 hr followed by staining 

with T cell phenotyping antibodies and intracellular cytokine staining of MIP1, 

IFN, IL-2 and TNF. Two separate sets of T cell and peptide presenting BLCL co-

incubation reactions were carried out and stained with CD107a and MIP1 or IFN, 

IL-2 and TNF as it was not possible to combine all markers and fluorophores into 

a single antibody staining panel. The reactions were carried out in parallel and the 

results are combined on the graph for clarity. Error bars represent duplicates. 

Significance was determined by 2way ANOVA with Bonferroni post-hoc tests to 

determine the interaction between individual groups. *** p<0.001, ** p <0.01. 
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5.4.3 Functional responses from peptide specific T cell lines 

The tetramer enriched T cell lines were incubated with HLA matched BLCL, 

and DU145 or 5042 primary PCa cells, for the HLA-B*50 and HLA-A*02 T cells 

respectively (co-culture conditions are described in Methods). The target cells 

were loaded with 10 ug/ ml of peptide prior to the addition of T cells to provide 

a positive control of peptide presentation.  

 

T cell responses to the REHQNFYEA peptide 

The REHQNFYEA-HLA-B*50:01 CD8+ T cells produced IFN in response to 

both peptide loaded (60.9% CD8+ IFN+), and not loaded BLCL (32.5% CD8+ 

IFN+) (Figure 5.16A). There was no significant difference in the responses. 

The REHQNFYEA-HLA-B*50:01 CD8+ T cells produced high levels of IFN 

when co-cultured with DU145 cells in the presence (83.3%) or absence of 

peptide (75.1%) (Figure 5.16B). The production of MIP1 by the REHQNFYEA-

HLA-B*50:01 CD8+ T cells followed a similar pattern although the frequency 

of MIP1 producing CD8+ T cells was lower than that of IFN producing CD8+ 

T cells; production of MIP1 in response to peptide or absence of peptide on 

BLCL was 30.% and 10.6% respectively, and 35.8% and 34.2% for peptide 

loaded or not loaded DU145, respectively.  

 

The IFN production by REHQNFYEA-HLA-B*50:01 CD4+ CD8+ T cells followed 

the same pattern as observed for the CD8+ T cells. This was expected as the 

proportion of CD4+ CD8+ tetramer positive T cells was high (92%) after 

expanding the cells (Figure 5.14A). The CD4+ CD8+ T cells produced IFN in 

response to peptide loaded (83.6% CD8+ IFN+) and not loaded BLCL (45.7% 

CD8+ IFN+) (Figure 5.16C). The CD4+ CD8+ T cells similarly produced IFN+ 

to exogenous and endogenously peptide presenting DU145 cells (Figure 

5.16D). However the polyfunctional capacity of the CD4+ CD8+ T cells did not 

match that of the CD8+ T cells as the production of MIP1 was lower than that 

of the CD8+ T cells in the case of double positive T cells incubated with either 

of BLCL or DU145, irrespective of peptide loading.  
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Since this experiment was only performed once, and with tetramer-enriched 

rather than clonal T cells, it is not possible to draw clear conclusions. Based 

on the available data, the responses to BLCL could suggest lack of peptide 

specificity, as The ARHGAP42 antigen is not known to be expressed by BLCL 

(based on data from the GTEx portal: https://GTExportal.org) therefore it is 

unlikely to be presented endogenously. On the other hand, having been 

identified from the DU145 HLA ligandome, the ARHGAP42 peptide is 

presented endogenously by DU145, therefore responses to both peptide 

loaded and not loaded DU145 could be indicative of a peptide-specific 

response, and the responses to BLCL not loaded with peptide attributable to 

T cells specific for other peptides presented by BLCL, such as EBV peptides.  

 

  

https://gtexportal.org/
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Figure 5.16. Functional responses of CD8+ and CD4+ CD8+ T cells to target 

cells presenting the REHQNFYEA peptide. Cytokine responses were tested 7 

days after the second tetramer-based isolation of the respective T cell lines. The 

expanded cells were co-incubated with either BLCL or DU145 cells at a 10:1 ratio 

(1.5x105 T cells: 1.5x104 target cells. Golgi Stop and Golgi Plug were added for 12 

hr followed by staining with T cell phenotyping antibodies and intracellular cytokine 

staining of MIP1 and IFN. The CD8+ and CD4+ CD8+ T cell responses were 

measured by separate gating, from the same co-incubated population. The co-

incubations set up were as follows: (A, C) HLA matched peptide-loaded/ not loaded 

BLCL incubated with REHQNFYEA- T cells (1:10). (B, D) peptide-loaded/ not loaded 

DU145 incubated with REHQNFYEA- T cells (1:10). CD8+ T cell responses are 

measured in (A) and (B), CD4+ CD8+ responses are shown in (C) and (D). Means 

and error bars (SEM) represent triplicate measures from one experiment. 

Significance was determined by 2way ANOVA with Bonferroni post-hoc tests to 

determine the interaction between individual groups ***; p<0.001. 
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T cell responses to the KLFEFMHET peptide 

The KLFEFMHET-HLA-A*02 CD8+ T cells from Donor 1 produced IFN in 

response to co-culture with BLCL, and there was no significant difference in 

responses in the presence (55.95% IFN+ CD8+ T cells) or absence of peptide 

loading 45.45% IFN+ CD8+ T cells) (Figure 5.17A). The production of MIP1 

was very low and might be attributable to spontaneous production (6.61% 

and 3.36% in the presence and absence of peptide loading respectively). The 

KLFEFMHET-HLA-A*02 CD8+ T cells did not have an overall high response to 

the primary PCa cells although MIP1 production was significantly higher in 

the presence of peptide (14.9%) compared to cells not loaded with peptide 

(1.6%) (Figure 5.17B).  

 

Donor 1 had broadly similar proportions of single positive and double positive 

T cells; 59% and 38% respectively (Figure 5.14B). The KLFEFMHET-HLA-

A*02 CD4+ CD8+ T cells from Donor 1 also produced IFN in response to BLCL, 

in the presence (77.95%) and absence of peptide loading (89.9%) (Figure 

5.17C). The MIP1 response to BLCL was also greater than that of the CD8+ 

T cells (although not compared statistically); 12.8% and 14.37% CD4+ CD8+ 

MIP1+ T cells in the presence of peptide and absence of peptide loading 

respectively. The CD4+ CD8+ T cell response to primary PCa was similar to 

that of the CD8+ T cells; MIP1 production in response to peptide loading was 

significantly higher than cells not loaded with the peptide (Figure 5.17D).  

 

The CD8+ T cell responses to BLCL by Donor 2 were lower than those of Donor 

1, although a comparable pattern of response emerged; 28.7% IFN+ 

CD8+ with peptide and 23.8% IFN+ CD8+ without peptide (not significantly 

different) (figure 5.17E). The CD8+ T cell responses to the primary PCa cells 

were significantly different in the presence of peptide loading; 23.7% and 

20.9% MIP1 and IFN respectively, compared to 3.4% and 7.43% MIP1 

and IFN respectively in the absence of peptide (Figure 5.17F). The CD4+CD8+ 

T cell population constituted the majority in this cell line; 97% (Figure 5.14C). 

The CD4+ CD8+ T cell responses to BLCL were of a greater magnitude 

compared to the CD8+ T cells although the pattern was similar; 54.8% CD4+ 
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CD8+ IFN+ T cells, in the presence of and 54.9% CD4+ CD8+ IFN+ T cells in 

the absence of peptide (Figure 5.17G). In contrast to the CD8+ T cells from 

this donor, the CD4+ CD8+ did not have a significantly higher functional 

response to primary PCa cells in the presence of peptide, compared to no 

peptide loading (Figure 5.17H).  

 

Due to time constraints, this experiment was performed once, using 

expanded T cells subject to two rounds of tetramer-based enrichment. 

Therefore, it is not possible to make conclusions in the absence of further 

data. However, based on the available data, some suggestions as to the 

underlying mechanism of the responses are offered. The responses of the 

KLFEFMEHT HLA-A*02 T cells from each of the donors may be attributable to 

the responses of other T cell clones present in the expanded T cell population. 

However, it is also possible that KLFEFMHET-HLA-A*02 CD8+ T cells 

recognised endogenous peptide presented by the BLCL, as XPO1 expression 

in BLCL is reported in the GTEx portal (https://GTExportal.org) and 

presentation of peptides from the XPO1 protein has been previously described 

using BLCL as a model for peptide elution (Pearson et al., 2016).  

 

The functional response to primary PCa cells was lower than to the BLCL, 

although the MIP1 and MIP1 and IFN production by CD8+ T cells by Donors 

1 and 2 respectively suggests peptide specific recognition. However, lack of 

recognition in the absence of peptide may indicate low levels of endogenous 

peptide presentation. The lower magnitude of the responses could be 

attributable to lower HLA levels, a common mechanism of tumour-immune 

evasion (Khong and Restifo, 2002), although HLA expression was not directly 

compared between BLCL and primary PCa cells.  

 

These data, while preliminary, suggest that T cells can be isolated from 

healthy donors, that recognise peptides identified from the DU145 HLA 

ligandome, for which the source gene was expressed in ALDH high CSC. 

Further work is required to isolate peptide specific CD8+ T cell clones, which 

https://gtexportal.org/
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will be used to confirm the responses observed here. Therefore, both the 

ARHGAP42 and XPO1 peptides represent potential prostate CSC targets and 

the specific responses to presentation of these peptides by ALDH high and 

ALDH low cells will be investigated in future studies.  

 

  

Figure 5.17. Functional responses of CD8+ and CD4+ CD8+ T cells from two 

different donors, to target cells presenting the KLFEFMHET peptide. 

Cytokine responses were tested 7 days after the second tetramer-based isolation 

of the respective T cell lines. The expanded cells were co-incubated with either 

BLCL or primary PCa cells (#5042 HLA-A*02+ cell line). The expanded cells were 

co-incubated with either BLCL or DU145 cells at a 10:1 ratio (1.5x105 T cells: 

1.5x104 target cells). Golgi Stop and Golgi Plug were added for 12 hr followed by 

staining with T cell phenotyping antibodies and intracellular cytokine staining of 

MIP1 and IFN. The CD8+ and CD4+ CD8+ T cell responses were measured by 

separate gating, from the same co-incubated population. All co-incubations were 

at a 10:1 T cell: target ratio (A-D) Functional responses by KLFEFMHET HLA-A*02 

T cells from Donor 1. (E-H) Functional responses by KLFEFMHET HLA-A*02 T cells 

from Donor 2. (A, B) CD8+ T cell responses to (A) BLCL and (B) primary PCa cells 

loaded or not loaded with peptide. (C, D) CD4+ CD8+ T cell responses to (C) BLCL 

and (D) primary PCa cells loaded or not loaded with peptide. (E, F) CD8+ T cell 

responses to (E) BLCL and (F) primary PCa cells loaded or not loaded with peptide. 

(G, H) CD4+ CD8+ T cell responses to (G) BLCL and (H) primary PCa cells loaded 

or not loaded with peptide. Means and error bars (SEM) represent triplicate 

measures from one experiment. Significance was determined by 2way ANOVA with 

Bonferroni post-hoc tests to determine the interaction between individual groups 

***; p<0.001. 
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 Discussion 

5.5.1 Identification of antigens from the DU145 HLA ligandome 

expressed in CSC 

The identification of peptides uniquely presented by CSC using HLA ligandome 

analysis is a challenge, due to the large amount of cellular material required. 

There are two previous studies in which HLA ligandome analysis of CSC has 

been carried out (Miyamoto et al., 2018; Neidert et al., 2018). These studies 

used stable CSC cell lines to generate the HLA ligandome data. The cell lines 

were generated from single cells, by sorting the cells based on a stem cell 

marker, or under stem cell-selective conditions (sphere culture) (Günther et 

al., 2008; Takaya et al., 2016). Two separate HLA ligandomes, from the CSC 

and non-CSC cell lines were generated and the peptides present in each 

compared; thus, a peptide found only in the CSC cell line derived ligandome 

was identified as a CSC specific peptide/ antigen. This was not feasible in this 

as stable prostate CSC cell lines have not previously been described and were 

not generated in this project. Despite identifying ALDH as a marker for 

prostate CSC, the low frequency of the ALDH high and ALDH low DU145 cells 

(approximately 8% and 12% respectively; Figure 3.6), meant that it was not 

possible to obtain sufficient cell numbers for direct HLA ligandome analysis. 

Therefore, the expression of the genes encoding the antigens was analysed 

in sorted ALDH high and ALDH low populations to define the potential CSC, 

non-CSC and shared antigens.  

 

This gene expression analysis confirmed ARHGAP42 and SCHBP1 were 

significantly upregulated in the DU145 cells; SCHBP1 was significantly 

upregulated in the primary PCa cells however ARHGAP42 was not significantly 

upregulated. It is possible that selection based on of fold change differences 

yielded only two candidate antigens because there is not always a clear 

correlation between gene expression and antigen presentation (Freudenmann 

et al., 2018). Therefore, further ‘shared’ antigens (expressed in both ALDH 

high and ALDH low DU145 cells) were selected based on gene transcript 

abundance. A correlation between the abundance of gene transcripts and 
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translated protein levels, with antigen presentation has previously been 

described (Bassani-Sternberg et al., 2015; Fortier et al., 2008). It has been 

suggested that T cells that recognise ‘shared’ antigens may be less effective 

at targeting CSC in the tumour, as the target population consists a greater 

proportion of the cells present, in comparison to targeting specifically the low 

frequency of CSC (Hirohashi et al., 2012). However, targeting multiple 

peptides, including those presented by CSC and shared peptides, could be a 

more effective therapeutic approach to overcoming the potential for epitope 

escape thus the combined approach of CSC and shared antigen targeting 

could be beneficial.  

 

Neidert and colleagues identified 28 peptides derived from 14 antigens in the 

glioblastoma stem cell HLA ligandome, which were exclusively expressed in 

tumour tissue (Neidert et al., 2018). Miyamoto and colleagues identified 35 

peptides exclusively present in the colon CSC HLA ligandome, although only 

one was exclusive to tumour tissues (Miyamoto et al., 2018). There were two 

peptides for which the respective genes were upregulated in the ALDH high 

compared to ALDH low cells in the DU145 HLA ligandome. The different 

numbers of CSC peptides identified across these studies may be attributable 

to differences in the study design. The GSC cell lines used by Neidert and 

colleagues were established as clonal sphere cultures, although the resulting 

CSC frequency was not defined (Günther et al., 2008), while the colon CSC 

cell line analysed by Miyamoto and colleagues constituted approximately 30% 

side population cells (Miyamoto et al., 2018). The DU145 HLA ligandome was 

generated from unsorted DU145 cells, while the populations in which the gene 

expression was analysed are taken from two ‘extremes’ of ALDH activity- high 

and low. Therefore, there is a large population of ‘ALDH medium’ cells, not 

characterised in this study, which also express antigens. Thus, the 

proportions of antigens expressed exclusively by ALDH high and ALDH low 

cells may be reflective of these populations constituting a small proportion of 

the bulk DU145 HLA ligandome.  
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Additionally, there is inherent experimental variability in isolating cells using 

the ALDEFLUOR assay; a large number of cells is by necessity obtained from 

multiple culture flasks. Multiple ALDEFLUOR reactions are carried out 

according to the optimal cell number for the reaction, and these tubes are 

sorted as different replicate tubes by FACS, which are then pooled for RNA 

extraction. This variability is not possible to control for, particularly in a 

sensitive analysis such as PCR. Variation in CSC characteristics across 

repeated experiments was previously noted; including variation in viability of 

the cells and the different appearance of colonies derived from ALDH high 

and ALDH low cells (Figure 3.8). Stages at which variation in the ALDEFLUOR 

analysis could be controlled for are discussed in Chapter 3. The gene 

expression was measured using RNA extracted from ALDH high and ALDH low 

cells from three separate FACS experiments; and each PCR reaction was 

performed in technical replicates, which was enough for statistical analyses. 

The variation could be further controlled for by increasing the number of 

experimental repeats or specifically performing further analysis of the 

selected genes of interest.  

 

Protein expression was investigated to confirm the gene expression results, 

and to demonstrate the potential for translated proteins to be processed for 

peptide presentation. The translated protein was identified for each antigen 

selected based on the gene expression, except for NFE2L2. ARHGAP42 

expression was widely detected in the bulk DU145 cells analysed by 

microscopy; it is possible that the protein staining was not sensitive enough 

to detect the fold change difference (>1.5 fold) shown by qRT- PCR analysis, 

or that post-translational regulation of ARHGAP42 protein expression occurs. 

As previously mentioned, the cellular localisation ARHGAP42 and TPX2 

differed to that previously reported in the Human Protein Atlas 

(www.proteinatlas.org) (Uhlén et al., 2005). I used an antibody verified by 

the Human Protein Atlas project for the detection of ARHGAP42, although an 

antibody from a different manufacturer was used to detect TPX2. Antibody 

staining of TPX2 only in dividing cells additionally highlights the possibility 

that gene transcripts of proteins involved in specific, transient cellular 

processes, such as cell division, may not be detectable in genomic materials 

http://www.proteinatlas.org/
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sampled from a heterogenous cell population. The differences in cell division, 

observed in ALDH high and ALDH low DU145 cells and primary PCa cells 

(Figures 3.11 and 3.20), could also result in differences in peptide 

presentation from antigens derived from cell division-associated proteins. 

Further investigation of gene and protein expression in fast and slowly 

dividing ALDH high and ALDH low cells is warranted to determine if this could 

or identify a novel form of restricted antigen presentation in CSC compared 

to non-CSC.  

 

The peptides of interest are derived from antigens which have functional roles 

in cellular processes, some of which may be related to carcinogenesis. 

Targeting of functional antigens represents an efficient therapeutic approach 

as it could reduce immune evasion in which cells downregulate expression of 

proteins the peptides are derived from. The functional role of ARHGAP42 is 

largely associated with the regulation of vascular tone and blood pressure 

(Bai et al., 2013), however has recently been associated with increased cell 

invasiveness in vitro in nasopharyngeal carcinoma, which may be mediated 

by the PI2K/Akt signalling pathway (Hu et al., 2018). XPO1 is a nuclear 

transport protein, involved in shuttling proteins out of the nucleus, including 

TOP2A, survivin, p53 and BRCA1. These proteins have anti-cancer functions 

within the nucleus, thus overexpression of XPO1, such is observed in a 

number of cancers, results in translocation of these proteins and a reduced 

tumour suppression effect (Turner et al., 2012). XPO1 is also involved in 

duplication of the centrosome, in the process of mitotic spindle assembly (K. 

T. Nguyen et al., 2012). ATK2 is a putative oncogene which is upregulated 

with the loss of PTEN, a commonly occurring mutation in PCa carcinogenesis 

(Chin et al., 2014). AKT2 has been shown to be over-expressed in PCa cell 

lines and is associated with the expression of CD44 (Le Page et al., 2012; 

Sahlberg et al., 2014). TPX2 has a functional role in mitotic spindle assembly, 

and is overexpressed in a number of cancers, including colon, pancreatic and 

lung cancer (Neumayer et al., 2014). TPX2 overexpression functionally 

contributes to mitotic spindle miss-segregation, resulting in chromosomal 

instability, including in PCa (Carter et al., 2006; Pan et al., 2017). . Further 

work is therefore warranted to determine the functional importance of these 
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proteins, e.g. by knock-out studies followed by characterisation of the cells 

in stemness assays, such as sphere formation and analysis of other genes 

associated with stemness. Some antigens have previously been identified 

that contributed to CSC function, including OR7C1 and DNAJB8 (Morita et al., 

2016, 2014). Many of the antigens are also markers of a poor prognosis in 

different types of cancer; including ARHGAP42 (pancreatic cancer),  TPX2 

(pancreatic, liver, endometrial and lung cancer), SEPT9 (liver cancer), XPO1 

(renal and liver cancer), AKT2 (prostate and endometrial cancer) TOP2A 

(renal, lung, liver and pancreatic cancer); all data from the Human Protein 

Atlas  (https://www.proteinatlas.org/). Therefore T cell targeting of these 

antigens could be investigated in other cancer types which could lead to the 

development of novel immunotherapies.  

 

5.5.2 Investigation of immune responses to CSC and shared antigens 

Functional responses of bulk PBMC from HLA matched donors to the 

remaining peptide of interest were tested by intracellular cytokine assay, 

measuring TNF production. The lack of cytokine production suggested that 

the tumour peptides could be poorly immunogenic, however the lack of 

responses to the positive control viral peptides confounded these data. While 

it is possible that the donors were seronegative for the peptides in the pool, 

it may be more probable that the particular virus to which the donor was 

seropositive was not represented in the pool, as peptides from each virus 

(CMV, EBV or Influenza) were not represented for each HLA restriction. 

Alternatively the donors investigated may have been low responding donors; 

it has been shown that the magnitude of a T cell response to the same peptide 

can vary between different individuals (Moldovan et al., 2016). Treating the 

PBMC using mitogens for example phytohemagglutinin (PHA) or phorbol 

myristate acetate (PMA) (Dasgupta et al., 1987; Downward et al., 1990; 

Ohtsuka et al., 1996) represent an additional possible control condition to 

rule out the possibility of technical issues such as defective antigen 

responsiveness of the T cell used in the assay, or poor antibody detection of 

TNF. PHA and PMA activate T cells by non-antigen specific mechanisms; by 

binding to CD3 and activating intracellular protein kinase C, respectively 

https://www.proteinatlas.org/
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(Downward et al., 1990; Valentine et al., 1985). This could be used to 

determine if the donors lacked a high T cell activation response, by comparing 

TCR and non-TCR mediated signalling (i.e. peptide-specific or mitogen 

stimulation).  

 

Since no further peptides could be eliminated based on the T cell response in 

bulk PBMC, homology modelling was carried out to select a limited number 

of peptides with which to produce HLA-peptide tetramers for T cell isolation. 

Homology modelling was used in the study by Kochin and colleagues, to 

examine sequence mediated structural differences between two different 

peptides of interest, in the context of the impact on engagement with the TCR 

(Kochin et al., 2017). However, this approach has not previously been used 

to investigate the structural interactions influencing binding between peptides 

and HLA alleles from an HLA ligandome dataset, or to select for optimal 

peptides with which to produce tetramers. 

 

HLA modelling is a predictive analytical approach, similar to the HLA affinity 

binding analysis performed at an earlier stage of this study; however, the 

predictions are made based on different sources of experimental data. Novel 

structures are predicted on data from experimentally resolved crystal 

structures, rather than ligand binding data from affinity assays. Quantification 

of the resulting homology model produces a number of readouts including the 

‘p value’ used in this study, which indicates how ‘surprising’ an interface is, 

in terms of the solvation free energy gain (the difference between the 

solvation energy of each individual structure versus the interface formed by 

the structures together). The homology modelling approach particularly 

complements the investigation of peptide interactions with rarer HLA alleles, 

as predictions are made based the biochemical structural interaction rules 

governing amino acids (e.g. polar/ non-polar and steric interactions). This is 

free of the assumptions regarding amino acid positioning or motifs that are 

made based on experimental HLA allele binding or ligand datasets. 

Investigation of the structural interactions between peptides and the cognate 

HLA molecule is complementary to predicting or measuring the binding 
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affinity (Antunes et al., 2018), therefore it provides a further in silico means 

of reducing the number of candidate peptides where analysis is limited by 

time and funding. This technique is therefore beneficial for low-throughput 

analysis of HLA-peptide interactions (as all models are manually generated, 

compared to automated ranking of binding affinity values). In the event that 

a clonal T cell line specifically recognising one of the CSC or shared peptides 

is produced as part of a future study, the production of a crystal structure of 

the novel TCR could be analysed using the same visualisation and 

quantification techniques employed for homology modelling. However, for 

additional comparison it would be useful to evaluate the re-folding of a poorly 

scoring predicted complex to determine the bearing of structural prediction 

on re-fold success. The HLA-peptide homology model could thus be compared 

to the experimentally resolved structure to determine its accuracy and inform 

further predictions.  

 

5.5.3 Generation of T cell lines recognising CSC peptides 

Isolation of tumour antigen specific T cells presents a number of inherent 

challenges. Healthy donors are expected to only possess a low frequency of 

naïve T cells that could recognise tumour antigens derived from self-proteins, 

owing to thymic deletion and a presumed lack of previous tumour challenge 

(Alanio et al., 2010; Starr et al., 2003). On the other hand, patient derived 

tumour antigen specific T cells may be dysfunctional and express inhibitory 

receptors, due to chronic antigen stimulation and inhibitory signalling in the 

TME (Finn, 2012; Reiman et al., 2007). Additionally, the affinity of self-

tumour antigen TCRs is typically much lower than viral antigen specific TCR 

(Hebeisen et al., 2013; Stone and Kranz, 2013). The strategies used to 

overcome this involved peptide specific stimulation of the CD8+ T cells from 

bulk PBMC prior to sorting, and the use of tetramers, with additional 

techniques to enhance tetramer binding. The cells were incubated with the 

protein kinase inhibitor, dasatinib, which reduces TCR internalisation 

following tetramer binding, followed by staining with an anti-CD8 antibody, 

which is also associated with improved tetramer staining (Dolton et al., 2015; 

Wooldridge et al., 2009).  
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The T cell frequency and cells yielded from FACS was particularly low in the 

HLA-B*50 donors (76 cells from Donor 1 and 142 cells from Donor 2; 0.011% 

and 0.008% of the total PBMC respectively). This was not unexpected, based 

on the low cytokine responses observed in the initial screening assay. The 

low cell yield obtained from sorting presented a challenge to expanding the 

tetramer positive cells. Pre-selecting and stimulating the CD8+ cells with 

peptide did not quantitatively increase the tetramer specific cell yield from 

HLA-B*50 Donor 2 (191 cells; 0.14% of the CD8+ population), however it did 

result in successful expansion when compared to previous experiments which 

lacked selection of the CD8+ T cell population from bulk PBMC, and peptide 

stimulation. The underlying mechanism for this was not elucidated; however 

it is suggested that peptide stimulation of CD8+ T cells prompted some 

peptide specific expansion; and peptide-activated CD8+ T cells were more 

resistant to apoptosis as a result of activation by tetramer binding 

(Wooldridge et al., 2009).  

 

The identification of a CD4+ CD8+ tetramer positive T cell population was an 

unexpected outcome of the expansion of the tetramer sorted population. 

Concurrent CD4+ and CD8+ expression occurs in the course of T cell 

development, prior to negative selection of responsive TCRs and maturation 

into single positive CD4+ or CD8+ T cells (Koch and Radtke, 2011). However, 

mature CD4+ and CD8+ double positive T cells have also been described (Blue 

et al., 1985; Overgaard et al., 2015). Previous studies have suggested that 

both CD4+ and CD8+ single positive T cells can be the source of mature double 

positive cells through gain of expression of CD8 or CD4 respectively (Kitchen 

et al., 2005; Macchia et al., 2006; Molteni et al., 2002; Sullivan et al., 2001). 

(Blue et al., 1985; Macchia et al., 2006; Sullivan et al., 2001). It has been 

suggested that expression of CD4 by CD8+ T cells arises specifically in the 

context of in vitro T cell activation (Kitchen et al., 2004; Sullivan et al., 2001). 

Therefore, activation by the multiple rounds of tetramer-based T cell sorting 

carried out in my study could provide an activation signal resulting in CD4 

expression by CD8+ T cells. Double positive T cells appear to be functional as 



Chapter 5. Validation of CSC antigens and investigation of T cell responses 

to CSC peptide epitopes 
 

 

346 
 

they have been associated with enhanced anti-viral responses in a mouse 

model of HIV (Kitchen et al., 2005), and tumour specific responses in ovarian 

cancer (Matsuzaki et al., 2019). The TCR from a double positive T cell clone 

was shown to confer antigen specificity to both CD8+ and CD4+ single positive 

T cells, raising the possibility of activating a Th1 and Th2 functional response 

to the same antigen (Matsuzaki et al., 2019). Therefore, it is of interest to 

separately isolate the single and double positive T cells and determine the 

stability of the double positive populations with extended culture. Analysis of 

TCR from single positive and double T cells may also help determine whether 

they are descended from the same parental T cell.  

 

5.5.4 Testing T cell responses to peptides 

Although the T cell responses to ALDH high and ALDH low cells were not 

compared due to time constraints, preliminary investigation of the potential 

CSC-immune interactions were evaluated by measuring HLA expression by 

ALDH high and ALDH low DU145 and primary PCa cells. Higher HLA 

expression by the ALDH high DU145 cells was unexpected, as downregulation 

of HLA Class I by cancer cells occurs to evade the immune system (Dunn et 

al., 2002), and lower expression of HLA Class I by CSC, compared to non-

CSC, has been demonstrated in melanoma (Maccalli et al., 2014; Schatton et 

al., 2010). HLA expression had a linear correlation to ALDH activity (data not 

shown); the bulk of the DU145 cells (‘ALDH medium’) expressed HLA at 

intermediate levels compared to higher HLA levels expressed by ALDH high 

DU145 and the lower HLA levels expressed by the ALDH low cells. 

Contrastingly, the HLA expression levels were not significantly different in the 

primary PCa cells investigated. This could be due to the differences in the 

disease stage represented by the different models, or due to in vivo immune 

interactions in the primary PCa cells. Analysis of a greater number of primary 

PCa cell lines is required to investigate the potential differences between 

established and primary PCa cells lines as it is possible that extensive in vitro 

culture of DU145 cells has resulted in genetic changes the HLA expression. 

Detection of any HLA Class I expression in the DU145 and primary cells is in 

contrast to the study by Domingo-Domenech and colleagues, in which 
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treatment (docetaxel) resistant DU145 did not express HLA Class I, and a 

rare population of HLA-I- cells were found in primary PCa samples, with 

increasing frequency of the population correlating to later stage and post-

treatment disease. However, since lack of HLA Class I expression also is an 

unexpected immune evasion mechanism, as this could lead to killing by NK 

cell (not tested in the study). Interestingly, in a study by Liao and colleagues, 

there was no significant difference in HLA Class I expression between ALDH 

high and ALDH low cells from HNSCC cell lines, while ALDH high ovarian 

cancer cells expressed lower HLA Class I (Liao et al., 2013). However, there 

was higher lysis of the ALDH high cells by CD8+ T cells in both the ovarian 

cancer and HNSCC cell lines tested. Therefore, it is of interest to further 

evaluate the impact of the differential HLA expression by the ALDH high and 

ALDH low cells in my study in T cell co-culture assays. It may also be useful 

to compare differences in expression of proteasomal pathway proteins; e.g. 

TAP, ERAAP by ALDH high and ALDH low cells in established and primary PCa 

cells.  

 

For pragmatic reasons, T cell responses in the tetramer enriched cell lines 

were initially tested against the candidate CSC associated peptides. IFN was 

the predominant functional marker produced in the T cell co-incubation 

experiment, against each of the HLA matched BLCL and DU145 cells, except 

for the CD8+ T cells from Donor 1 that were co-incubated with the primary 

PCa cells. It is not known why MIP1 production was lower, it may suggest 

that that this chemokine plays a different role in the response to viral antigens 

compared to tumour antigens. Measurement of IFN and MIP1 represents a 

limited evaluation of polyfunctional responses, in that a cytotoxic cytokine 

and a chemokine are simultaneously evaluated. MIP1 is not directly involved 

in cell lysis, and primarily functions as a chemoattractant for CD4 T cells 

(O’Grady et al., 1999; Saunders et al., 2011). However, production of MIP1 

by T cells has been shown to have a protective role in the immune response 

to HIV, and conferred increased sensitivity in detecting IFN mediated HIV 

specific T cell responses by flow cytometry (Kutscher et al., 2008; Saunders 

et al., 2011).  Investigation of further cytokine production e.g. also comparing 

TNF production, and CD107a upregulation is warranted. It is also necessary 



Chapter 5. Validation of CSC antigens and investigation of T cell responses 

to CSC peptide epitopes 
 

 

348 
 

to test the production of functional makers by T cells in a more complex model 

that incorporates other T cell subsets, e.g. CD4 T cells, for which MIP1 

signalling may be relevant in co-ordinating the effector immune response.  

 

The functional responses by the REHQNRYEA-HLA*B50 and KLFEFMEHT-HLA-

A*02 CD8+ T cells suggest peptide specificity. The REHQNRYEA-HLA*B50 

appeared to respond to both exogenous and endogenous peptide presented 

by DU145 cells, although there may have been off target responses to non-

peptide loaded BLCL. The BLCL were derived from the same donor as the T 

cell line, therefore an HLA mismatched response is not likely. On the other 

hand, responses to DU145 cells could represent non-autologous responses. 

It may not be possible to control for this without a cell line positive for only 

the HLA-B*50 allele or are HLA matched for everything except HLA*B50; the 

paucity of established and primary PCa cell lines and infrequency of the 

HLA*B50 means that this may not be feasible. Overall, the approach to 

confirming these observations is to produce clonal T cell lines, by further 

tetramer sorting experiments. Additionally, it would be beneficial to combine 

selection of clones with analysis of functional responses. This could be done 

by plating clones in limiting dilution in vitro culture and measuring the 

response to peptides, e.g. using a chromium release or other non-radiation-

based lysis assay. With a clonal T cell line specific to the peptide of interest, 

the possibility of other clones recognising other peptides presented by the 

target cells, e.g. EBV epitopes by BLCL, should be minimised (Wooldridge et 

al., 2012). To test peptide-specific responses by KLFEFMEHT-HLA-A*02 T cell 

clones, a different target than EBV transformed B cells is required, owing to 

the possibility of endogenous presentation by these cells, for example cells 

deficient in endogenous peptide presentation e.g. the HLA-A*02 positive T2 

cell line (Salter and Cresswell, 1986). Additionally, XPO1 gene expression and 

abundance was not tested in the #5042 primary PCa cell line and the HLA 

expression of these cells was lower than that of the ALDH high DU145 cells. 

Therefore, both XPO1 expression and transcript abundance, which may be 

indicative of antigen processing and presentation (Bassani-Sternberg et al., 

2015; Fortier et al., 2008) should be tested in this cell line, and other cell 

lines with higher HLA-A*02 expression.   
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5.5.5 Conclusion 

In conclusion, potential peptide targets of CSC were identified from the 

DU145 HLA ligandome, using ALDH high and low activity as a marker of CSC 

and non-CSC respectively. This approach demonstrates that bulk HLA 

ligandome datasets could be interrogated using CSC markers, to identify 

potential CSC antigens. Homology modelling was used to select optimal 

peptides to produce tetramers, a technical approach which has not been 

previously used to analyse HLA ligandome data. Due to timing limitations, 

tetramer-enriched polyclonal T cell lines were produced, with cloning of these 

T cells to form the subject of future studies. The specific T cell response to 

the ALDH high CSC population was not investigated and will require 

modifications to currently existing assays of T cell functional responses to 

specifically investigate CSC killing by T cells. Further work is required to 

confirm peptide specificity of the tetramer enriched T cell lines; functional 

cytokine responses were identified from the CD8+ and CD4+ CD8+ T cells and 

the recognition of DU145 in the absence of exogenous peptide suggests the 

possibility of endogenous presentation of the ARHGAP42 peptide. Preliminary 

functional testing of only two of the peptide candidates was possible during 

this study. However, this study highlights the potential for the HLA ligandome 

approach as a powerful means of identifying potential immunotherapy targets 

for several human cancers. 
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6  General Discussion 

CSC have been implicated in progression and relapse in many cancers, owing 

to their characteristics of treatment resistance and self-renewal. In PCa, 

localised disease has a high frequency of successful treatment outcomes; this 

contrasts with the poor prognosis associated with clinical progression. CSC, 

which could contribute to recurrence, thus represent an important therapeutic 

target. The confluence of CSC and cancer immunotherapy is an under-

explored area, particularly in PCa. Therefore, in this study we aimed to isolate 

and characterise prostate CSC for the purpose of identifying possible target 

antigens for T cell immunotherapy.  

 

6.1.1 Development of a novel primary PCa cell model in vitro 

In this study, I established adherent in vitro culture conditions for primary 

PCa cells. There are relatively few models of primary/ localised prostate 

tumours, as PCa cells are difficult to successfully culture in vitro (Namekawa 

et al., 2019). Therefore, there is an ongoing need for further development of 

in vitro models of localised/ early stage PCa so that treatments aimed at 

reducing the frequency of disease progression, such as targeting CSC, could 

be investigated. It may also be more effective to test immunotherapy in a 

less immunosuppressive TME that occurs at an earlier stage in PCa 

progression (Drake, 2010). In some studies, primary PCa cells were 

propagated with the use of feeder cells (Frame et al., 2016; Xuefeng Liu et 

al., 2012). However, this method results in undefined factors within the 

system, which may make it difficult to replicate. The inclusion of xenobiotic 

feeder cells could also influence the outcome of immunology studies. I 

developed culture conditions for 2D in vitro growth of primary PCa by 

adapting the protocol developed by Drost and colleagues, in which primary 

prostate and PCa organoids were cultured in fully growth factor-defined 

conditions that did not include feeder cells (Drost et al., 2016). I adapted the 

media used for organoid culture to expand greater numbers of primary PCa 

cells in 2D culture, which was necessary to analyse the infrequent CSC 

population. The culture conditions I established did not recapitulate the 

prostate lineage, as the phenotype of the cells was predominantly basal. 
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Nevertheless, under these conditions, the adherent cells in my model 

displayed a different morphology to other primary PCa samples that I grew 

according to conditions described previously (without using feeder cells) 

(Frame et al., 2016), as they had ‘tissue-like’ morphology including regions 

of heterogeneity and lumen-like structures (Figure 3.15). It is of particular 

interest to further characterise the primary PCa cells grown under these 

conditions, including optimisation of a fixation and staining protocol for 

microscopy and genetic analysis to determine the mutational profile of 

individual primary PCa samples. Therefore, this culture protocol represents 

an important novel tissue culture development which may be useful to 

investigate not only CSC but localised PCa in general.   

 

6.1.2 Comparative analysis of prostate CSC using different markers 

and cellular models 

One of the strengths of the current study is that prostate CSC were 

investigated using both the DU145 cell line and primary PCa cells. It is difficult 

to generalise findings from one cell line model to the wider clinical course in 

PCa, owing to disease heterogeneity. It is also difficult to rely on results from 

primary PCa cells only, because of variation in cell yields and viability between 

patients. Therefore, a combination of cell models was used; the DU145 cells 

were used for reliable generation of large numbers of CSC for characterisation 

and assay optimisation, and primary CSC were used, in smaller numbers, to 

investigate markers in samples more relevant to disease. This approach is in 

contrast to previous studies of prostate CSC, in which either metastatic cell 

lines or primary PCa cells (typically derived from localised tumours) were 

investigated (Collins et al., 2005; Pfeiffer and Schalken, 2010). Some studies 

have carried out limited immunofluorescence analysis of CSC markers and 

clinical characteristics using primary PCa tissue (Cojoc et al., 2015b; Liu et 

al., 2015; Yan et al., 2014), however, the expression of CSC markers by PCa 

cell lines and primary PCa cells has not previously been directly compared.  

 

Identification of prostate CSC in the DU145 and primary PCa cells was 

investigated using surface markers (CD44+ CD49bhigh CD133+) and a 
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functional marker (ALDH). There is evidence supporting the use of surface 

and/ or functional CSC markers to isolate prostate CSC (Collins et al., 2005; 

Liu et al., 2015; Patrawala et al., 2006, 2005; van den Hoogen et al., 2010). 

This suggests that there is not a singularly applicable panel of markers for 

systematic analysis of prostate CSC. The markers CD44+ CD49bhigh CD133+ 

are applicable to basal cells of the prostate/ prostate tumours, while ALDH is 

not inherently associated with a particular tissue lineage. The use of CD44+ 

CD49bhigh CD133+ is attributable to the hypothesis suggesting CSC arise from 

the basal compartment of the prostate, similar to prostate SC. However, a 

number of studies have described stemness characteristics in luminal cells in 

the context of healthy or cancerous prostate growth and development (Choi 

et al., 2012; Karthaus et al., 2014; Ousset et al., 2012; Wang et al., 2009). 

Additionally, differences in tumour initiating capacity of CD44+/ CD49b+ single 

positive or CD44+ CD49bhigh double positive populations observed in the 

studies by Liu and colleagues and Patrawala and colleagues suggest that 

these markers may identify different basal CSC subpopulations, or a hierarchy 

of stemness characteristics associated with the expression of one or multiple 

CSC markers.  

 

The concept of multiple CSC lineages or subpopulations can be 

accommodated by the CSC hypothesis, which has undergone updates 

reflecting the growing data in this area (Prager et al., 2019). It has been 

suggested that a tissue lineage consists of cells that possess phenotypic 

plasticity, which could acquire stemness characteristics (Batlle and Clevers, 

2017). Therefore, while SC remain the most likely target of carcinogenesis, 

there exists a bidirectional, rather than unidirectional hierarchy of stemness. 

This adds further complexity to the analysis of CSC in cancer which is beyond 

the scope of this study; however, it is an important consideration for future 

investigations of CSC. From a therapeutic perspective, molecular treatments 

targeting stemness characteristics may require continued or repeated 

delivery if different lineages acquire CSC-like characteristics. This highlights 

the potential of immunotherapy as a CSC treatment, as CSC antigen specific 

T cells could recognise and kill the ‘new’ CSC-like population, if the same 

antigens are expressed by these cells. 
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In this study, I was unable to isolate prostate CSC using the surface markers 

CD44+ CD49bhigh CD133+ (Collins et al., 2005). The reason behind this could 

be attributable to investigating CD133 expression in the DU145 cell line, since 

its use as a prostate CSC marker was first described using primary PCa 

samples. However, I was additionally unable to convincingly identify CD133+ 

cells in primary PCa cultures. This is in agreement with the study by 

Timofeeva and colleagues, using the aforementioned primary PCa model 

(Xuefeng Liu et al., 2012; Timofeeva et al., 2016). In another primary PCa 

study, CD133 expression was detected, however CD133+ cells were not more 

tumorigenic than the CD133- cells. Expression of CD133 in PCa cell lines is 

not conclusive due to conflicting results from different studies describing 

CD133 expression or lack thereof (Dubrovska et al., 2009; Pfeiffer and 

Schalken, 2010; Portillo-Lara and Alvarez, 2015; van Leenders et al., 2011). 

As previously discussed, post-translational modification, cell culture 

conditions and different antibodies used for identification results in 

inconsistencies in the application of CD133 as a CSC marker. The different in 

vitro culture conditions in which primary PCa were successfully grown in my 

study could also impart differences in CD133 expression. Prostate CSC have 

been investigated in the absence of CD133; as CD44+ CD49b+/high cells were 

shown to have CSC characteristics including clonogenicity and tumour 

initiation (Liu et al., 2015; Patrawala et al., 2007). Therefore, the general 

relevance of CD133 in isolating prostate CSC is unclear. Since my study was 

focused on identifying potential antigens of CSC for T cell targeting, it was 

not feasible to also compare the stemness characteristics associated with 

populations expressing different prostate CSC markers (e.g. CD44+ vs 

CD49bhigh). Therefore, the single functional marker, ALDH was investigated.  

 

Clonogenic and self-renewal characteristics of ALDH high cells in vitro were 

demonstrated in the DU145 PCa cell line, in agreement with previous studies 

(Cojoc et al., 2015b; van den Hoogen et al., 2010). Additionally, in vivo 

tumorigenesis was demonstrated in a more immunocompromised model 

(NSG mice) than previously investigated. These functional characteristics 

support the use of ALDH as a prostate CSC marker. In addition to confirming 
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CSC characteristics in ALDH high cells, using the existing assays, novel 

measures were developed. The sphere formation assay was modified to 

incorporate a semi-quantifiable measure of sphere growth; the Orangu assay. 

Quantitative outputs such as this could be used to compare relative sphere 

formation by CSC subpopulations isolated by different combinations of CSC 

markers, to expand beyond the distinctions ‘CSC’ and ‘non-CSC’ and 

potentially investigate a spectrum of stemness reflecting a bidirectional CSC 

hierarchy in tumours.  

 

Differences in cell division were identified for the first time between ALDH 

high and ALDH low cells in both DU145 cells and primary PCa cells, using the 

Cell Trace dye. This assay was particularly useful to analyse primary PCa, in 

which in vitro characterisation of sorted populations was limited due to poor 

viability. Previous studies have identified slow cycling cells based on label 

retention in glioblastoma, HNSCC and pancreatic cancer (Bragado et al., 

2012; Deleyrolle et al., 2012; Dembinski and Krauss, 2009). This 

characteristic has also been described in prostate SC; therefore, the 

identification of label retaining prostate CSC in my study suggests that this 

stemness characteristic is common to both healthy and diseased tissue in the 

prostate. Cell trace dye retention could be explored as an additional marker 

to ALDH for the isolation of prostate CSC, or the characteristics of ALDH high/ 

low cells could be compared with high/ low dye retaining cells. Analysis of 

label-retaining cells could also be incorporated into a sphere formation assay, 

similar to the approach taken by others (Bragado et al., 2012; Hu et al., 

2017).  

 

Gene expression analysis has previously been carried out on PCa and healthy 

prostate cells. Birnie and colleagues identified markers of inflammation and 

adhesion in prostate CSC (21Integrinhigh CD133+) while Zhang and 

colleagues compared the expression profiles of basal and luminal cells, 

suggesting the basal phenotype had a stemness gene signature (Birnie et al., 

2008; Zhang et al., 2016). I added new data to these observations on gene 

profiles of prostate and PCa stemness using qRT-PCR and Nanostring. These 

experiments showed that there was a greater number of genes differentially 



Chapter 6. General Discussion 

 

 

356 
 

expressed in primary PCa compared to DU145 cells. This may be associated 

with long-term in vitro culture conditions affecting transcriptional activity and 

highlights the importance of the use of primary cells for investigating prostate 

CSC. Pathway analysis revealed that ALDH high cells in 2 out of 3 primary 

PCa samples showed upregulation of genes involved in the NOTCH pathway; 

activation of NOTCH ligands and receptors was also described by Zhang and 

colleagues in primary prostate basal cells (Zhang et al., 2016), which may 

suggest a common stemness gene profile despite different markers being 

used to distinguish the populations in my study. Analysis of a larger sample 

size is warranted to confirm these data; additionally, the disease 

characteristics and gene signature could be further examined to determine a 

possible correlation.  

 

The Cell Trace data and the gene expression results from the Nanostring 

analysis together suggest that ALDH high cells have different cell cycling 

characteristics to ALDH low cells. Although investigated in a limited number 

of samples, the Nanostring analysis showed that genes involved in cell 

cycling, such as CDK1, CDH1 and CCND2 were upregulated in ALDH high 

primary PCa cell lines and in DU145 cells. While not explored in this study, 

differences in cell cycling, including asynchronous DNA synthesis and 

quiescent subpopulations, between CSC and non-CSC is suggested to 

contribute to resistance to DNA damaging cancer therapies such as radiation 

therapy and chemotherapy (Ischenko et al., 2008). Further investigation of 

these characteristics in prostate CSC is warranted, particularly owing to the 

use of radiation therapy as a standard of care in localised PCa.  

 

6.1.3 Development of a novel primary PCa cell model in vitro 

In this study, HLA ligandome analysis was used to identify novel T cell target 

peptides which could be presented by CSC. Having established that ALDH 

activity could be used to identify stemness characteristics, this was applied 

to interrogate the DU145 HLA ligandome dataset. As previously discussed, 

bulk DU145 cells, rather than ALDH high and ALDH low cells, were analysed 

by mass spectrometry, owing to the requirement for large cell numbers in the 
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technique. HLA ligandome analysis provided an alternative approach to 

identifying CSC antigens compared to pre-selection of CSC markers as 

sources of potential epitopes; while some studies have investigated the 

targeting of such antigens e.g. ALDH and EpCAM, there remains the potential 

for off-target damage to tissue SC (Deng et al., 2015; Visus et al., 2011). 

This possibility was reduced in my study since potential target antigens were 

selected based on absence of or low expression in healthy tissues. In addition 

to functioning as potential antigens of CSC, the genes more highly expressed 

in the ALDH high cells could have novel functional roles in the prostate CSC 

phenotype. 

 

The DU145 HLA ligandome, here used to identify potential CSC antigens, also 

represents the first description of a Class I ligandome for PCa. HLA ligandome 

analysis provides a wider snapshot of the presented peptides of a target cell 

population than methods based on functional responses e.g. SEREX/ T cell 

response measures. HLA ligandome analysis has been performed in a limited 

number of studies, including in ovarian cancer, a number of types of 

leukaemia, melanoma and colon cancer owing to the highly technical 

demands of the protocol (Berlin et al., 2016; Bilich et al., 2019; Gfeller et al., 

2018; Pritchard et al., 2015; Schuster et al., 2017). The number of known 

HLA Class I ligands is increasing exponentially; while the identification of 

potential epitopes from these data requires an extensive undertaking, it could 

be a source of future therapeutic targets as the cancer immunotherapy field 

continues to grow. Increasing HLA Class I ligandome data derived from 

healthy cells will also make selection of tumour-specific targets easier. The 

ligands identified will also add to the understanding of antigen processing and 

peptide presentation, particularly in the context of the rare HLA alleles 

expressed by the DU145 cells. 

 

This study demonstrated that it was possible to isolate low frequency peptide 

specific T cells from blood and enrich and expand them in vitro. T cells, 

recognising the novel TAAs identified in this study, could be used in further 

studies testing immune responses in PCa and potentially in CRC, as the 

peptides targeted have also previously been identified in CRC cell lines. Other 
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antigens, for which T cell lines were not developed, could also be investigated 

in different cancers (e.g. CLL) in future. The selected peptides REHQNFYEA 

and KLFEFMEHT were shown to be immunogenic in vitro and further 

investigation is warranted. However, due to time and funding constraints this 

study did not definitively demonstrate T cell recognition of these peptides as 

a result of natural antigen processing by CSC. Generation of T cell clones will 

be required to conclusively shown that peptide specific T cells recognise the 

CSC; within a polyclonal (tetramer-enriched) population it is possible that 

non-peptide specific T cells could recognise the CSC (or other tumour cells). 

Responses of T cell clones could be tested using the ELISPOT assay as an 

initial screening method as is challenging to perform T cell assays on CSC due 

to the low frequency in the bulk population and low cell numbers obtained 

from FACS sorting. This has the advantage of requiring fewer T cells and 

target cells, although it is limited to the detection of single cytokine responses 

and does not identify the specific cell population producing the cytokine. By 

contrast, ICCS, although requiring more cells, allows the detection of multiple 

cytokines (polyfunctionality) by individual cells and it may be possible to 

modify the method undertaken in my study, to combine tetramer staining 

and ICCS (Appay and Rowland-Jones, 2002). 

 

6.1.4 Future directions 

It will be necessary to develop or modify existing assays to measure T cell 

responses that are specific to CSC. It may be possible to use the ALDH assay 

to identify proportions or total numbers of ALDH high and ALDH low cells 

following co-incubation with CSC-peptide specific T cells. Additional co-

staining may be required to distinguish ALDH activity by T cells (e.g. 

phenotype specific surface markers). Alternatively, the ALDH high and ALDH 

low populations could be sorted prior to co-incubation with T cells to measure 

functional activation or target cell lysis. However, the differences in viability 

between the ALDH high and ALDH low cells following sorting may present 

challenges and investigation of protocols to improve viability will be needed. 

Sphere formation could also be used to investigate functional T cell responses 

to CSC antigens, by investigating the capacity of CSC to form sphere following 

co-incubation with T cells. Ultimately, in vivo analysis of CSC-specific killing 
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would be necessary to determine if CSC antigen specific T cells could prevent 

CSC mediated tumorigenesis; alternatively the effects on tumour reduction 

by T cell targeting of CSC could be measured and compared to non-CSC 

targeting, as described previously (Miyamoto et al., 2018; Morita et al., 2016; 

Nishizawa et al., 2012). 

 

There is scope for investigation of the immune response to the antigens of 

interest in other cancer types. In addition to the identification of a HLA-

A*02:01 peptide from XPO1 in SW480 cells (Hongo et al., 2019), the HLA-

B*50:01 peptide identified in my study has been previously described in the 

HLA ligandome of a CLL patient (Nelde et al., 2018). The REHQNFYEA peptide 

(ARHGAP42); was identified in the HLA ligandome of HT-116 colon cancer 

cells (Bassani-Sternberg et al., 2015). In this study HLA binding predictions 

based on the HLA type of HCT-116 cells (HLA-A* 01:01, 02:01, HLA-B*45:01, 

18:01, HLA-C* 07:01, 05:01) suggest this peptide also binds HLA-B*45:01. 

The HLA-B*50:01 peptide identified from SEPTIN9, REMIPFAVV, has also 

been shown to bind HLA-B*40:02 (using HLA HLA-B*40 transfected lymphoid 

cells) and HLA-B*49:01 (B-LCL) (Alpízar et al., 2017; Hillen et al., 2008). 

This suggests that the peptides identified in the DU145 HLA ligandome could 

be potential therapeutic targets in other types of cancers and in patients 

expressing other HLA types. The HLA-A*33:03 peptides (derived from RLN2, 

TPX2, AKT2 and TOP2A) were not found in the IEDB database, indicating that 

these peptides are novel HLA ligands. Additionally, the other peptides 

investigated by homology modelling merit further investigation, as the 

structural predictions used to select optimal antigens for tetramer production 

do not rule out the possibility that lower scoring peptides could also produce 

tetramers. A more comprehensive analysis of the high affinity HLA binding 

antigens (N=45) could identify further targets applicable to other cancer 

types. 

 

Therapeutic targeting of CSC is increasing in importance as cancer treatments 

improve, since longer lifespans post-treatment increase the duration during 

which relapse could occur, which could be driven by CSC which were not 

eradicated during primary treatment. As previously discussed, some form of 
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recurrence occurs in up to 40% of PCa patients and localised PCa represents 

a window in which PCa could be effectively eradicated, in contrast to incurable 

metastatic PCa. Clinical testing of immunotherapy for localised PCa (Parsons 

et al., 2018) represents a shift towards targeted therapies at an earlier 

disease stage, which could have more durable responses. Therefore, the work 

in this thesis is a timely contribution to the development of cell-specific 

therapies, and the expansion of immunotherapies to treat PCa.    

 

The typical first line treatments for localised PCa (surgery, radiation therapy) 

are unlikely to be effective against CSC. However, there is scope to adopt a 

synergistic approach as exclusively targeting CSC could induce selective 

pressure resulting non-CSC gaining stemness features, due to cellular 

plasticity. Thus, despite the CSC hypothesis suggesting that targeting CSC 

would also lead to the death of non-CSC, a different complementary therapy 

to debulk the non-CSC of the tumour is also likely to be necessary. This could 

have the dual mechanism of action of improving immune cell infiltration of 

the tumour, generating damage associated immune activation signals and 

reducing the available pool of non-CSC that could acquire CSC characteristics 

due to signals in the TME (Derer et al., 2015; Kyjacova et al., 2015; Vlashi 

and Pajonk, 2015). HDAC inhibition is another approach that could have a 

synergistic effect on CSC if combined with radiation therapy, as one study 

found that HDAC6 inhibition increased MHC expression (in a mouse model) in 

NSCLC (Adeegbe et al., 2017) while HDAC inhibition has also been shown to 

increase radiosensitivity in CSC in PCa cells (Frame et al., 2013).   

 

The main format of anti-CSC therapeutics currently under investigation 

involves targeting CSC intrinsic factors, i.e. stemness pathways. In this 

thesis, characterisation of ALDH high prostate cells identified NOTCH 

signalling and cell cycling as potential contributing factors to the CSC 

phenotype, and as such, represent therapeutic targets. Other stemness 

pathways in clinical development include targeting Wnt and Hedgehog 

signalling components (Clara et al., 2019; Saygin et al., 2019). Therapeutic 

targeting of NOTCH signalling has been investigated at different levels of the 

NOTCH signalling pathway, including -secretase inhibitors (blocking 
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signalling at the intracellular level) and antibodies against various NOTCH 

receptors and membrane bound ligands (Clara et al., 2019; Saygin et al., 

2019). However, many of these agents have shown limited clinical progress, 

largely due to an unfavourable toxicity to efficacy ratio (Clara et al., 2019). 

Inhibitors of Wnt signalling include ligand (e.g. Fzd, DLL) blocking antibodies 

and -catenin inhibitors, however none have yet reached phase III of clinical 

testing (Clara et al., 2019; Du et al., 2019; Saygin et al., 2019). In contrast, 

the approved anti-fungal agent Itraconazole showed preclinical efficacy in 

blocking Hedgehog signalling and is currently in Phase II testing against 

metastatic PCa (Antonarakis et al., 2013; Kim et al., 2010). Targeting 

pathways associated with stemness and development poses the risk of 

damaging healthy tissue stem cells. Therefore, further investigation of CSC 

markers could improve therapeutic targeting with the development of CSC 

marker-conjugated stemness inhibiting drugs and reduce off-target toxicities.  

 

Some recent preclinical studies have also shown how components of the cell 

cycle could be targeted. T cell epitopes from cyclin E were identified in a 

recent study in leukaemia using a predictive algorithm (He et al., 2020). 

Cyclin E is upregulated in leukaemia and T cells which specifically recognised 

the novel epitopes preferentially lysed HLA matched leukemic cells compared 

to non-HLA matched cells and healthy haematological progenitor cells (He et 

al., 2020). Taking a different approach to targeting cell cycling, another study 

showed that disrupting cell cycling by CDk7 inhibition resulted in genomic 

stress and instability and induced TNF and IFN signalling in SCLC cells 

(Zhang et al., 2019). The impact of cell cycle inhibition on CSC was not 

specifically investigated in the study by Zhang and colleagues, therefore the 

slower cycling observed in ALDH high cells may reduce the impact of cell cycle 

inhibition. Nevertheless, this supports further investigation of the 

mechanisms and genes involved in the disparate cell cycling found in ALDH 

high compared to ALDH low cells in this thesis.   

 

While it has been suggested that CSC could also evade the immune system, 

for example by low HLA expression, production of immune inhibitory 

cytokines and upregulation of PD-L1 (Chen et al., 2015; Krishnamurthy et 
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al., 2014; Y. Lee et al., 2016; Vidal et al., 2014), this can be viewed in the 

context of an already immunosuppressive tumour microenvironment. 

Therefore, immunotherapies developed to eliminate tumour cells without 

discriminating CSC from non-CSC could also be used to target CSC. In a 

preclinical model of melanoma, the combined approach of PD-L1 and CLTA4 

blockade and DC vaccination resulted in eradication of ALDH high CSC (Zheng 

et al., 2018). Approaches to specific targeting of CSC by immunotherapy 

include CAR-T cells or antibodies directed against CD133, CD123 or EpCAM 

and DC vaccines (loaded with CSC lysate) (Clara et al., 2019; Saygin et al., 

2019; Turdo et al., 2019). However, these targets may present a similar risk 

to targeting of stemness pathways, in that the antigens could be expressed 

by healthy stem cells. Therefore, the antigens identified in this thesis on the 

basis of limited healthy tissue expression represent a viable future direction 

for CSC immunotherapy. Moving forward with the development of CSC 

specific therapies, it is also necessary to incorporate specific measures of CSC 

targeting into treatment outcomes. Criteria for assessing responses to 

immunotherapy has only recently been updated to acknowledge clinical 

characteristics associated with this mode of treatment (Seymour et al., 

2017); therefore, it will be a challenge to gain clinical approval of CSC 

therapies if accurate measures of outcomes are not available. While here are 

many established assays to identify CSC, such as those carried out in this 

thesis, many of these are not suitable to be carried out clinically. Assessment 

of CSC specific responses are likely to fall into short- and long-term outcomes 

involving CSC detection post-treatment and monitoring of durable tumour 

elimination (lack of recurrence), respectively.  

 

In summary, this thesis demonstrated that the functional CSC marker ALDH 

was superior to previously described surface markers for the identification of 

prostate CSC as it was applicable to both an established cell line and primary 

PCa cells. The suitability of ALDH for isolation of prostate CSC was supported 

by differences in cell division and gene expression between ALDH high and 

low cells in both in vitro models investigated; additionally, in vivo 

tumorigenesis was demonstrated using the DU145 cell line. HLA ligandome 

analysis of DU145 PCa cells was used to identify candidate tumour antigens, 
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which were further investigated in ALDH high and low cells. T cells recognising 

two candidate peptides were isolated using tetramers, and polyfunctional 

responses to the peptides were demonstrated. This study demonstrates the 

potential for combining HLA ligandome analysis with markers that functionally 

define CSC populations, to identify specific CSC targets for T cell 

immunotherapy.  
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