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Abstract  

Pancreatic ductal adenocarcinoma (PDAC) remains a cancer with few effective 

therapeutic options and, for patients with this disease, the prognosis remains 

extremely poor. In recent years immunotherapy has emerged as a promising 

treatment modality for a number of different tumour types but so far its impact in 

treatment of PDAC has been limited. Examining the molecular pathways that 

determine the immune response to cancer cells in PDAC will enable development of 

new therapeutic strategies to target this response. 

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that is elevated in 

human PDAC tissues and correlates with high levels of fibrosis and poor CD8+ T cell 

infiltration. The Serrels Laboratory has already demonstrated a role for FAK in 

promoting tumour evasion by inducing an immunosuppressive microenvironment, 

specifically by regulation of cytokines. This has led to trials of the FAK inhibitor 

(defactinib) in conjunction with immunotherapy. I proposed that FAK was likely to 

regulate further chemokine/cytokine and ligand receptor networks and that by 

understanding more about these networks it may be possible to target potential 

pathways to modify this response and provide therapeutic benefit. 

I used CRISPR, Forward Phase Protein Arrays (FPPA) and ELISA on mouse and 

human PDAC cell lines to examine relative expression of chemokines and cytokines 

and how this expression was regulated by FAK. I identified CXCL16 as one of the 

most abundantly expressed cytokines in both mouse and human cell lines and one of 

the most significantly increased cytokines upon FAK depletion. PDAC FAK null cell 

lines +/- CXCL16 were then orthotopically implanted into the pancreas of C57BL/6 

mice and I demonstrated that CXCL16 depletion resulted in a re-programming of the 

immune cell tumour infiltrate with reduced tumour growth. These findings identify a 

FAK dependent CXCL16-CXCR6 paracrine signalling axis that may represent a 

mechanism of resistance to FAK inhibition and thus an important potential therapeutic 

target. 
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Lay Summary  

The incidence of pancreatic cancer is increasing and unfortunately, unlike the majority 

of cancers, five- and ten-year survival rates for pancreatic cancer have not shown 

much improvement in the last 40 years. Life expectancy for patients with pancreatic 

cancer remains extremely poor with more than 90% of patients dying within 5 years of 

diagnosis. 

Recently there has been much interest in the development of immunotherapies which 

are a type of cancer treatment that work by stimulating the body’s own immune system 

to fight cancer cells.  Immunotherapy has shown promise in a number of tumour types 

but so far its success in pancreatic cancer has been limited. It is important that we 

learn more about why this is the case and how effects of immunotherapy may be 

boosted. 

Within the pancreatic cancer tumour microenvironment there is a lot of communication 

between the cancer cells and the immune cells. This cross talk between cells is 

complicated with some of the immune cells working to suppress tumour growth whilst 

others promote it. Enzymes called tyrosine kinases regulate these signalling 

pathways. One of these tyrosine kinases called Focal Adhesion Kinase (FAK) has 

been identified as promoting an environment more favourable to tumour cells and 

thereby supporting tumour growth. It has been proposed that one of the ways FAK 

does this is through modifying the secretion of small signalling molecules called 

cytokines which can directly affect both cancer and immune cells. Due to its tumour -

promoting role, drugs that inhibit FAK (FAK inhibitors) are currently being used in 

clinical trials for patients with pancreatic cancer. 

In this thesis I confirm that depletion of FAK results in a change in the cytokines 

secreted by pancreatic cancer cells. In particular, I demonstrate that depletion of FAK 

results in an increase in the secretion of a cytokine called CXCL16. I then go on to 

study the effect of depleting this cytokine in pancreatic cancer. I show that reduction 

of CXCL16 results in reduced tumour growth and a change in the balance of immune 

cells in the tumour microenvironment favouring a more tumour suppressive 

environment. I have therefore identified CXCL16 as a further potential target for 

inhibition in order to improve the efficacy of FAK inhibitors in clinical practice. The 

results of this study support a theory that, given the myriad of cell signalling pathways 
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between cancer cells and immune cells, combinations of drugs are likely to be needed 

to unlock the full potential of immune therapy in pancreatic cancer. 
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1 Introduction 

1.1 Pancreatic cancer 

1.1.1 Defining the problem  

Despite intensive research to better understand the biology of pancreatic cancer, 

frustratingly little progress has been made in improving clinical outcomes in this 

disease. Pancreatic cancer is currently the fourth leading cause of cancer death in 

both Europe1 and the US2 and it is expected to become the second leading cause of 

cancer–associated mortality in Western countries within the next decade.3 It has the 

lowest survival of all cancers in Europe and is the major neoplasm site not showing 

favourable trends for mortality rates.4  

 

1.1.1.1 Epidemiology 

1.1.1.1.1 Incidence 

There are around 10,500 new pancreatic cancer cases in the UK every year and 

pancreatic cancer is the 10th most common cancer in the UK, accounting for 3% of all 

new cancer cases. Unfortunately, the incidence of pancreatic cancer is increasing in 

the developed world.5,6 Indeed, since the early 1990s, pancreatic cancer incidence 

rates have risen by approximately 17% in the UK. 

(https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-

cancer-type/pancreatic-cancer#heading-Zero).  

 

1.1.1.1.2 Risk factors  

Pancreatic cancer is predominantly a disease of older people.  Ninety percent of newly 

diagnosed patients are over 55 years of age and the majority are in their seventh and 

eighth decades of life.7 Other non-modifiable risk factors include familial cancer 

syndromes, chronic pancreatitis (in particular hereditary pancreatitis), male sex, Afro- 

American race, diabetes, and non-O blood group.8 

The main modifiable risk factor for pancreatic cancer is smoking (overall relative risk 

1.74) followed by obesity. Helicobacter pylori, Hepatitis B, and HIV Infection have also 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/pancreatic-cancer#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/pancreatic-cancer#heading-Zero
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been linked with an increased risk of pancreatic cancer, as have dietary factors. Foods 

such as butter, saturated fat, red meat and processed foods increase the risk of 

pancreatic cancer independent of their role in causing obesity whilst fruit and 

vegetable consumption are thought to have a protective effect. Heavy alcohol 

consumption and exposure to chemicals such as chlorobenzyl, chlorinated 

hydrocarbon, nickel and asbestos have also been reported to increase the risk of 

pancreatic cancer.9 

 

1.1.1.2 Current treatment options 

1.1.1.2.1 Surgical treatment 

Surgical resection remains the only potentially curative treatment for pancreatic cancer 

but unfortunately less than 20% of tumours are resectable at the time of diagnosis.10 

Furthermore, unfortunately more than 80% of patients who undergo surgical resection 

subsequently relapse and up to 60% relapse within 6 months of surgery.11 

 

1.1.1.2.2 Adjuvant treatment 

The landmark CONKO-001 trial12 comparing 6 months adjuvant gemcitabine to 

observation demonstrated improvement in both median disease-free survival (13.4 

months vs 6.9 months) and median overall survival (22.8 months vs 20.2 months). 

The ESPAC4 group went on to show this could be improved with combination therapy 

(gemcitabine plus capecitabine).13 And then more recently the PRODIGE24 trial 

compared FOLFIRINOX (combination of fluorouracil, oxaliplatin, irinotecan and 

leucovorin) with single agent gemcitabine and showed a further improvement in 

median disease-free survival (21.6 months vs 12.8 months) and median overall 

survival (54.4 months vs 35 months) in the FOLFIRINOX group, albeit at the cost of 

increased toxicity.14 The gemcitabine plus capecitabine combination is now 

predominantly used for patients not fit enough for the FOLFIRINOX regimen.15 
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1.1.1.2.3 Neoadjuvant treatment 

Given the absence of high-level evidence supporting the use of either neoadjuvant 

chemotherapy or chemoradiation and the strong evidence base for adjuvant therapy 

increasing survival, most UK centres have tended to use adjuvant treatment, reserving 

neoadjuvant therapy for patients with borderline resectable disease.15 

Recently, in patients with borderline resectable disease the PREOPANC-1 trial 

reported significantly improved disease-free survival and overall survival in favour of 

neoadjuvant gemcitabine based chemoradiotherapy followed by surgery versus 

upfront surgery.16 

 

1.1.1.2.4 Palliative treatment 

Patients with distant metastatic disease and/or local irresectability may be offered 

palliative chemotherapy. In 1997 gemcitabine monotherapy was established as the 

standard of care, offering a small survival advantage over fluorouracil therapy.17 It 

remained the cornerstone of therapy for more than a decade until 2011 when Conroy 

et al demonstrated a survival advantage of the FOLFIRINOX regimen over 

gemcitabine in patients with metastatic pancreatic cancer (median overall survival 

11.1 months vs 6.8 months).18 In 2013 the MPACT trial revealed a survival benefit for 

nanoparticle albumin-bound (nab)-paclitaxel and gemcitabine over gemcitabine 

monotherapy (median overall survival 8.7 months vs 6.6 months).19 More recently the 

POLO trial showed that in patients with metastatic pancreatic cancer and a 

germline BRCA mutation who had not progressed during platinum-based 

chemotherapy, maintenance therapy with the poly adenosine diphosphate–ribose 

polymerase (PARP) inhibitor olaparib provided a significant progression-free survival 

benefit compared to placebo (progression-free survival 7.4 months vs 3.8 months). 

There was no difference in overall survival.20  

 

1.1.1.3 Survival  

Notwithstanding modest improvements in therapeutic options, overall prognosis in 

pancreatic cancer remains extremely poor. The worldwide 5-year survival rate for 

pancreatic cancer is approximately 6%, amongst the worst of all cancer sites in 
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prognostic terms.7 Indeed, unlike the majority of cancers, 5- and 10-year survival rates 

for pancreatic cancer have shown very little improvement since the early 1970s with 

less than 1% of patients surviving for more than ten years 

(https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-

cancer-type/pancreatic-cancer/survival#heading-Two). Treatment of pancreatic 

cancer remains challenging due to the clinically silent nature of the disease and lack 

of early detection methods. Diagnosis is frequently late by which time the tumour is 

unresectable. This is further complicated by the resistance of pancreatic cancer to 

current treatment modalities and the genetic and phenotypic heterogeneity of the 

disease.10,21,22 

 

1.1.2 Pancreatic cancer biology and molecular pathology 

1.1.2.1 Pathology 

Pancreatic cancers can arise from either the endocrine or exocrine cells of the 

pancreas and can be distinguished by histological appearance. Endocrine tumours 

are relatively rare and account for less than 5% of all pancreatic cancers. They are 

commonly derived from pancreatic islet cells and often produce high levels of 

pancreatic hormones. They can be further subdivided into insulinomas, glucagonomas 

and gastrinomas depending on their cell of origin and the hormones they secrete.22 

More than 95% of malignant neoplasms of the pancreas arise from the exocrine 

elements and pancreatic ductal adenocarcinoma (PDAC) accounts for 85% of these.23 

Most PDACs occur in the pancreatic head (60-70%) and the rest in the body (5-15%) 

or tail (10-15%).24 

PDAC originates in the ductal epithelium and evolves from premalignant lesions to 

fully invasive cancer. The most important and best characterised precursor of PDAC 

is pancreatic intraepithelial neoplasia (PanIN). Less commonly, PDAC can also evolve 

from larger macroscopic cystic precursors namely mucinous cystic neoplasms (MCNs) 

and intraductal papillary mucinous neoplasms (IPMNs).25 A PanIN is a microscopic 

(usually <5mm) flat or papillary lesion arising in the small intralobular pancreatic ducts. 

These lesions are characterised by columnar to cuboidal cells with varying amounts 

of mucin and varying degrees of cytological and architectural atypia. They are 

classified into three grades; PanIN–1A (flat) and PanIN-1B (papillary) lesions which 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/pancreatic-cancer/survival#heading-Two
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/pancreatic-cancer/survival#heading-Two


Introduction 

 

 5 

are low grade with minimal cytological and architectural atypia, PanIN- 2 lesions which 

show mild to moderate cytological and architectural atypia and PanIN–3 lesions, also 

referred to as carcinoma in situ, which are characterised by severe cytological and 

architectural atypia.26 The progression of PanIN to PDAC is paralleled by the 

accumulation of genetic changes (Figure 1-1).22 

1.1.2.2  Genetics 

Whole-exome sequencing studies have revealed that PDAC is a molecularly 

heterogenous disease characterised by four common genetic alterations; mutational 

activation of the kirsten rat sarcoma viral oncogene homolog (KRAS) gene and loss of 

function mutations in three tumour suppressor genes; cyclin-dependent kinase 

inhibitor 2A (CDKN2A), tumour protein 53 (TP53) and mothers against 

decapentaplegic homolog 4 (SMAD4).22,27 A myriad of less prevalent mutations in 

additional genes have also been recorded and although there was considerable 

heterogeneity in the somatic alterations in each individual carcinoma there was a 

relatively small number of pathways that were altered in the majority of pancreatic 

adenocarcinomas.28,29 

 

1.1.2.2.1 Common genetic mutations 

KRAS is a member of the RAS superfamily which encodes a small Guanosine 

Triphosphatase (GTPase) molecule that regulates diverse cellular processes such as 

cell proliferation, differentiation, survival and migration. KRAS mutated proteins are 

locked in an active state resulting in stimulation of effector pathways capable of driving 

tumour development.22  Activating KRAS mutations are the earliest genetic alteration 

in the development of almost all PDACs with mutations clustered in specific hotspot 

regions in more than 90% of these cancers.29,30   Telomere shortening is another early 

event in the progression model of pancreatic cancer and has been observed in more 

than 90% of low grade PanINs.31 Tumour suppressor genes (TSGs) restrict cell 

proliferation in the presence of oncogenic driver mutations by inducing cell cycle 

arrest, apoptosis or senescence. Functional inactivation of TSGs is therefore essential 

for tumourigenesis and the three most commonly inactivated TSGs in PDAC are 

CDKN2A, TP53 and SMAD4. Following development of the KRAS mutation, 

inactivation of each of these genes occurs in a stepwise manner concordant with the 
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multistep tumour progression model.22 CDKN2A encodes the p16/INK4A protein, a 

cyclin dependent kinase inhibitor responsible for blocking entry into S-phase of the cell 

cycle. It is the earliest and most frequently altered TSG in PDAC with loss of protein 

function in over 90% of pancreatic cancers.22,32  The p53 protein, encoded by TP53, 

is involved in the regulation of the cell cycle, maintenance of G2/M arrest and the 

induction of apoptosis.  Functional loss of this gene has been observed in up to 75% 

of PDAC.33,34  Loss of function SMAD4 mutations, which affect the Transforming 

Growth Factor (TGF)-β cell signalling pathway and therefore lead to decreased growth 

inhibition, occur in approximately 55% of PDAC.32,35,36 However, as mentioned above, 

whole genome sequencing has revealed a complex mutational landscape with 

mutations of the four common oncogenic genes (KRAS, TP53, SMAD4 and CDKN2A) 

occurring at rates of greater than fifty per cent amongst a milieu of genes mutated at 

low prevalence.27,37,38 Riboxynucleic acid (RNA) expression profiles have also been 

used to define four subtypes of PDAC associated with distinct histopathological 

characteristics, different mechanisms of evolution and differential survival.28 

 

 

Figure 1-1 Disease progression model of pancreatic cancer 

Pancreatic cancer arises from two histological types of precursor lesions; PanINs and IPMNs. Through 
progressive stages of pathogenesis, molecular changes occur, leading to increasing degrees of nuclear 
and cytoskeletal abnormalities. Genetic alterations commonly observed in these lesions are indicated 
with respect to the stages in which they most often occur. 
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1.1.2.3 PDAC subtypes 

In a pivotal study, Collisson et al39 identified three distinct PDAC molecular subtypes 

(classical, quasi-mesenchymal, and exocrine-like). Moffitt et al40 identified two tumour-

specific subtypes; a basal-like subtype, molecularly similar to basal-like tumours in 

bladder and breast cancers and a classical subtype which overlapped with the 

classical subtype described by Collisson et al. Moffitt et al40 also identified two stroma-

specific gene expression signatures and demonstrated that combinations of the 

stroma and tumour-specific subtypes represented distinct biology with different 

prognostic implications. Bailey et al28 more recently identified four subtypes; (i) 

squamous, associated with mutations in TP53 and KDM6A, high expression of TP63, 

and active epidermal growth factor receptor (EGFR) signalling, along with down-

regulation of genes that drive endodermal differentiation; (ii) progenitor, characterized 

by expression of genes related to an endodermal cell fate and co-expression of 

apomucins; (iii) aberrantly differentiated endocrine/exocrine (ADEX), defined by the 

expression of genes associated with the later stages of pancreatic development and 

(iv) immunogenic, which shares features with the progenitor subtype but is also 

characterized by a substantial infiltration of different immune-cell types and up-

regulation of immunosuppressive checkpoint pathways. Squamous, progenitor, and 

ADEX reproduced the quasi-mesenchymal, classical, and exocrine-like subtypes, 

respectively, from Collisson et al. The immunogenic subtype was newly defined. More 

recently, however, The Cancer Genome Atlas (TCGA) consortium reproduced the 

binary classical and basal-like classification and provided further data suggesting that 

the aberrantly differentiated endocrine/exocrine-like subtype and the immunogenic 

subtype could have represented gene expression from non-neoplastic cells possibly 

from low purity samples.29 It is therefore now generally accepted that there are two 

main subtypes of pancreatic cancer, basal-like and classical. The basal subtype is 

associated with poor differentiation, resistance to chemotherapy and worse outcomes 

whilst the classical subtype is associated with better differentiation and improved 

response to chemotherapy and better outcomes. But despite this binary classification 

it is recognised there may be molecular subclusters within each of these subtypes and 

most tumours harbour both basal-like and classical tumour cells in various proportions 

creating a continuum and meaning that individual tumours can present with a mixed 

subtype. Indeed, Topham et al41 recently demonstrated one in six patients with PDAC 
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to have tumours failing to reliably fall into the classical or basal-like subtype categories. 

These tumours showed intermediate prognostic and molecular traits. Furthermore, 

subtype may change with tumour progression.42 

 

1.1.3 The pancreatic tumour microenvironment (TME) 

There is now increased recognition of the importance of the tumour microenvironment 

in the acquired capability of cancer cells to grow, invade and metastasise.43,44 In PDAC 

this tumour microenvironment (Figure 1-2), otherwise known as the PDAC stroma, is 

very heterogenous and contains cellular and acellular elements such as fibroblasts, 

myofibroblasts, pancreatic stellate cells, immune cells, extracellular matrix (ECM), and 

soluble proteins such as cytokines and growth factors.45 Indeed, this dense stromal 

matrix is a prominent histological hallmark of pancreatic cancer and recent work has 

suggested that it not only serves as a physical barrier to drug delivery but also supports 

tumour growth and promotes metastases.45,46 

 

Figure 1-2 Diagram illustrating the components of the immunosuppressive pancreatic tumour 
microenvironment (TME) 

 

 

1.1.3.1 Immune cells in the pancreatic tumour microenvironment 

The population of immune cells in tumours is complex and they exert numerous 

synergistic as well as opposing effects that may influence pancreatic tumours in 

different ways.47,48 
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1.1.3.1.1 Tumour associated macrophages 

Macrophages are mononuclear phagocytes, derived from myeloid progenitor cells. 

These precursor cells are located in the bone marrow and upon maturation, 

monocytes are released into the bloodstream. Circulating blood monocytes migrate 

into tissues where they differentiate into resident tissue macrophages. Macrophages 

are then activated in response to environmental signals, including microbial products 

and cytokines and under normal inflammatory conditions are responsible for detecting, 

engulfing and destroying pathogens and apoptotic cells.49 

Macrophages in or near a tumour are particularly designated as tumour associated 

macrophages (TAMs). They make up the main population of inflammatory cells in solid 

tumours, contributing up to 50% of the total tumour mass.47,48 There are two different 

phenotypic types, classical/M1 activated macrophages (M1 macrophages) and 

alternative/M2 activated macrophages (M2 macrophages). M1 macrophages are 

typically excited by bacterial stimuli such as lipopolysaccharide or cytokines released 

by type 1 helper T cells (Th1) such as interferon gamma (IFN-γ). They act against 

intracellular pathogens as well as tumour cells and elicit tissue disruptive reactions by 

secreting tumouricidal agents such as tumour necrosis factor alpha (TNF-α), 

Interleukin 12 (IL-12) and Reactive Nitrogen and Oxygen Intermediates (RNI and 

ROI), thus driving an anti-tumour response.50,47 M2 macrophages, in contrast, are 

stimulated by type 2 helper T cell (Th2) cytokines such as Interleukin 4 (IL-4), 

Interleukin 10 (IL-10) or Interleukin 13 (IL-13), Fc Receptor (FcR)- signalling or 

hypoxia.48 They initiate pro-tumourogenic actions, including suppression of the 

adaptive immune response and promotion of matrix remodelling and angiogenesis. In 

tumours, cluster of differentiation (CD)68 is a pan- macrophage marker that is common 

for M1 and M2 macrophages, whereas M1 macrophages are also associated with cell 

surface expression of CD80 or 86 and M2 macrophages with CD163 or 206.51 

In pancreatic cancer the majority of TAMs are of the M2 phenotype and recent 

evidence suggests that the phenotype of TAMs varies with the stage of tumour 

progression with more macrophages switching to an M2-like phenotype as the tumour 

begins to invade, vascularize and develop.50 A higher M2:M1 ratio is associated with 

a shorter survival52 and the presence of M2 macrophages in the tumour periphery has 
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been associated with larger tumour size, accelerated lymphatic metastases, local 

recurrence and reduced survival.53,54 

 

1.1.3.1.2 Neutrophils 

Neutrophils, also known as polymorphonuclear leucocytes are the most abundant 

leucocytes in the circulation and are important effector cells in the innate arm of the 

immune system.55 They capture and destroy invading pathogens through 

phagocytosis and intracellular degradation and also participate as mediators of 

inflammation. In the last decade there has been an increasing recognition of the 

importance of neutrophils in cancer.56 Neutrophils accumulate in the peripheral blood 

of patients with cancer and a high circulating neutrophil to lymphocyte ratio is a robust 

marker of poor clinical outcome. Indeed, under certain conditions such as cancer and 

severe injury a new role for neutrophils, beyond that played in acute inflammation and 

infection, has been described in recent years and involves suppression of the adaptive 

immune response.57 Neutrophils and monocytes with potent immunosuppressive 

activity were first reported approximately 30 years ago and later named myeloid 

derived suppressor cells (MDSCs).58 

 

1.1.3.1.3 Myeloid derived suppressor cells 

Myeloid derived suppressor cells (MDSCs) were first described in tumour-bearing 

mice.59,60 Defining features of MDSC were a myeloid origin, an immature state and a 

‘remarkable ability’ to suppress T cell responses.61 More recently it has been 

suggested that mature neutrophils can also have this immunosuppressive activity 

when activated under specific conditions.57 There are two main groups of MDSCs; 

granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-

MDSCs), classified according to their origin from the granulocytic or monocytic 

myeloid cell lineages.58  In mice these can be identified as CD11b+Ly6G+Ly6Clo and 

CD11b+Ly6G−Ly6Chi respectively.62 

MDSCs are present in increased numbers in the circulation and tumour 

microenvironment of patients with malignancies.63,64  MDSCs support tumour growth 

through a wide range of non-immune and immunosuppressive mechanisms. The main 
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non-immune mechanism is promotion of angiogenesis. Immunosuppressive 

mechanisms utilised by MDSCs include; (i) production of reactive oxygen and nitrogen 

species which can inhibit T cell activation and function and can also mediate tumour 

resistance to CD8+ T cells by inhibiting binding of processed tumour peptides to major 

histocompatibility complex (MHC) molecules; (ii) expression of high levels of arginase 

depleting arginine and sequestration of cysteine with depletion of these amino acids 

leading to reduced T cell protein synthesis and proliferation;  (iii) downregulation of the 

homing receptor L-selectin on T cells thus reducing T cell homing; (iv) production of 

immunosuppressive cytokines such as IL-10 and TGF- β which promote the expansion 

of T regulatory cells and (v) inhibition of Natural Killer cell cytotoxicity.65,66 

In the mouse LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre (KPC) PDAC model, 

analysis of immune cells during the progression of pancreatic cancer revealed MDSCs 

to be present in early PanIN lesions and become increasingly prominent with 

progression to PDAC. In contrast CD8+ T cells were scarce in pre-invasive lesions, 

found only in a subset of advanced cancers and showed little evidence of activation. 

The lack of CD8+ T cells strongly correlated with the presence of intra-tumoural 

MDSCs with a near mutual exclusion.67 Furthermore, using the same PDAC mouse 

model, Bayne et al68 showed that tumour derived granulocyte-macrophage colony 

stimulating factor (GM-CSF) was a key cytokine in driving the development and 

recruitment of MDSCs which promoted pancreatic tumour growth through suppression 

of CD8+ T cells. Patients with pancreatic cancer have increased MDSCs in the 

circulation compared to healthy controls and increased levels of circulating MDSCs is 

an independent poor prognostic factor in patients with pancreatic cancer.64 

 

1.1.3.1.4 Dendritic cells (DCs) 

DCs are professional antigen presenting cells that are important mediators of immunity 

and tolerance. DCs facilitate antigen presentation to CD4+ and CD8+ cells through 

capture, internalisation, processing and presentation of tumour antigens via MHC 

class I and II molecules. The tumour microenvironment in PDAC inhibits the function 

of dendritic cells through compromising recruitment, maturation and survival.69,70  

DCs are rare in the tumour microenvironment; the cells are located at the edge of the 

tumour, excluded from the tumour mass.71 In the tumour microenvironment tumour-
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derived factors such as Interleukin 6 (IL-6), Vascular Endothelial Growth Factor 

(VEGF) and GM-CSF, lead to impaired DC differentiation and function. Furthermore, 

DCs from peripheral blood and lymphoid organs, especially those located near the 

tumour site, exhibit enhanced accumulation of lipids resulting in impaired soluble 

protein processing, ineffective tumour-associated antigen presentation and 

diminished tumour specific T cell activation.48,72  

A reduction in the level of DCs in circulating blood and impairment in the stimulatory 

function of circulating DCs has been reported in patients with pancreatic cancer.73,74 

Furthermore, the presence of circulating DCs is associated with better survival rate73,74 

and radical tumour resection, chemotherapy, chemoradiotherapy or 

immunochemotherapy can increase the number of circulating DCs and restore their 

stimulatory function.73,75,76 

 

1.1.3.1.5 Tumour infiltrating lymphocytes (TILs) 

CD3+ T lymphocytes are important components of the tumour microenvironment 

facilitating tumour specific cellular adaptive immunity. The main classes of CD3+ T 

lymphocytes are CD4+ helper T (Th) cells, CD4+ CD25+ Forkhead box P3 (Foxp3)+ 

(Treg) cells and CD8+ cytotoxic /effector T cells.77 

 

CD4+ helper T (Th) cells (CD4+ T cells) 

CD4+ T cells activate innate immune cells, such as macrophages, and modulate the 

function of B cells and CD8+ cytotoxic T cells through cytokine secretion and direct cell 

to cell signalling. CD4+ T cells differentiate into subsets including Th1, Th2, Th17 and 

regulatory T cells (Tregs) in response to particular combinations of cytokines. Th1 cells 

induce cell mediated immune responses by secreting Interleukin 2 (IL-2), Interleukin 

3 (IL-3), IFN-γ and TNF-α whilst Th2 cells promote humoral immune responses by 

secreting Interleukin 4 (IL-4), Interleukin 5 (IL-5), IL-6, IL-10 and IL-13. Th1 cells are 

involved in augmenting the anti-tumour immune response whilst Th2 cells induce an 

immunosuppressive response which promotes tumour tolerance.77  

In PDAC tumours the quantity and activity of Th cells are skewed towards the Th2 

subset.78,79 Th2 skewing in PDAC is influenced by various factors such as cytokines 
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and stromal cells. IL-10 and transforming growth factor beta (TGF-β) which are 

aberrantly produced by PDAC have been reported to promote a Th2 phenotype78 

whilst the fibroblasts in the PDAC stroma are also associated with a Th2 

predominance.80 

Th17 cell development occurs following the influence of TGF-β, IL-6, and Interleukin 

21 (IL-21). Interleukin 1β (IL-1β) and Interleukin 23 (IL-23) maintain Th17 cell 

stabilization during clonal expansion. Th17 cells secrete Interleukin 17A (IL-17A), 

Interleukin 17F (IL-17F), IL-21, Interleukin 22 (IL-22), C-C motif chemokine ligand 20 

(CCL20) and promote inflammation in response to infections. Th17 cells have been 

demonstrated to promote autoimmunity and immunity against extracellular 

pathogens81 but their role in cancer is controversial having been found to be both 

pro82,83  and anti- tumourogenic.84 Likewise, in mouse models of pancreatic cancer, 

Th17 cells have been shown to both promote85 and inhibit86 pancreatic cancer. 

Tregs are a group of highly immunosuppressive cells characterised by the expression 

of the transcription factor FoxP3+ and secretion of IL10 and TGF-β. In addition to 

production of these immunosuppressive cytokines, Tregs also promote expression of 

indoleamine 2,3-dioxygenase (IDO) and constitutively express the co-inhibitory 

molecule cytotoxic T lymphocyte- associated antigen 4 (CTLA4).87 Expression of 

CTLA4 by Tregs results in the downregulation of CD80 and CD86 expression on DCs 

through trans-endocytosis and subsequent degradation. This depletes the co-

stimulatory signal required for T-cell activation.88 IDO is an enzyme that catalyzes 

degradation of tryptophan to kynurenine. This leads to a reduction in the availability of 

this essential amino acid for effector T-cells including cytotoxic T-cells, helper T-cells, 

and natural killer (NK) cells, resulting in arrest of their cell cycle and apoptosis.89,90 

Under normal physiological conditions, Tregs prevent the autoimmune response 

whereas in malignancy Tregs suppress the anti-tumour immune response, promoting 

tumour growth. They exert this effect through suppression of tumour specific CD4+ 

and CD8+ cells,91,92 NK cells93,94 and DCs95 in the tumour microenvironment.  

Tregs are increased in pancreatic cancer stromal tissue as compared to the non-

neoplastic inflammatory pancreas and Tregs gradually increase during progression of 

PanIN through to invasive ductal adenocarcinoma. Furthermore, the prognosis of 

patients with PDAC is negatively associated with elevated tumour infiltrating and 
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circulating Tregs.96 It has been suggested that Treg homing to the tumour 

microenvironment is related to tumour cell derived C-C motif chemokine ligand 5 

(CCL5) and TGF-β.97,98 

 

CD8+ cytotoxic /effector T cells (CD8+ T cells) 

CD8+ T cells are important components of tumour-specific cellular adaptive immunity 

with the ability to recognise and attack tumour cells presenting tumour associated 

antigen peptides via MHC class I molecules on their surfaces. CD8+ T cells can directly 

eliminate tumour cells by a number of mechanisms. Direct CD8+ T cell mediated cell 

killing requires cell-cell contact. Perforin released by the CD8+ T cell forms pores in 

the target cell allowing inward diffusion of granzyme B which then triggers apoptosis 

of the targeted cell.  CD8+ T cells can also induce apoptosis through expression of Fas 

Ligand (FASL) which can bind to Fas receptors on target cells and activate death 

domains which in turn activate caspases and endonucleases leading to the 

fragmentation of target cell Deoxyribonucleic acid (DNA).99  In addition, CD8+ T cells 

can also promote tumour cell death indirectly through the release of cytokine factors 

like TNF-α and IFN-γ which modulate the host immune response.100 

In human pancreatic cancer, CD8+ T cells represent the predominant T lymphocyte 

subset101 and are associated with a more favourable prognosis.52,102 However, several 

studies have shown a reduction in the circulating level of CD8+ T cells in patients with 

pancreatic cancer as compared to healthy controls.103,75,104 Hiraoka et al showed CD8+ 

T cells heavily infiltrated early PanINs but their numbers diminished through 

progression to carcinoma.96 Activated pancreatic stellate cells (PSCs) have also been 

shown to produce the chemokine C-X-C motif ligand 2 (CXCL2), mediating CD8+ T 

cell sequestration, thus preventing CD8+ T-cell contact with malignant epithelial cells 

in the juxtatumoural compartment.52 There has thus been a suggestion that pancreatic 

cancer cells may escape the cytolytic effect of cytotoxic T cells, in part, by promoting 

their aggregation in fibrous tissue.105 However, the function of CD8+ T cells as well as 

their quantity is felt to be compromised in PDAC.106  Through secretion of TGF-β, 

PDAC inhibits CD8+ T cells from expressing genes encoding cytolytic proteins such as 

perforin and granzyme.107 PDAC cells also often lose the expression of MHC class I 

molecules which prevent CD8+ T cells from exerting a cytotoxic effect on these cells.108 
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Furthermore, PDAC cells express programmed cell death ligand 1 (PD-L1) that binds 

to programmed cell death protein 1 (PD-1) expressed on the surface of activated T 

cells. Binding leads to inactivation of T cell function leading to T cell anergy or death.109  

 

1.1.3.1.6 Natural Killer (NK) Cells  

NK cells are a discrete subset of lymphocytes distinct from B and T cells which were 

first noticed for their ability to kill tumour cells without priming or prior activation. They 

were named for this ‘natural’ killing. They represent the first line of defence against 

pathogens and tumour cells and are characterised by CD56 and CD16 expression and 

lack of T cell receptor (TCR) and CD3 expression on their surface.110 NK cells can 

mediate cytotoxicity through a number of mechanisms including degranulation and 

antibody dependent cellular toxicity.110 They also secrete cytokines, such as IFN-γ, 

that participate in the shaping of the adaptive immune response.111 The numbers of 

circulating NK cells are reduced in patients with advanced pancreatic cancer103 and 

pre-treatment levels of NK cells positively correlate with survival in patients with 

pancreatic cancer.112 In addition to the effects on number of NK cells there is also 

evidence that their function is impaired in pancreatic cancer with both basal NK activity 

and in vitro responses of NK cells to IFN-α reduced in patients with pancreatic 

cancer.113 

 

1.1.3.2 The fibrotic TME in PDAC 

In addition to the immune cells outlined above, the abundant tumour stroma also has 

a significant amount of connective tissue composed of extracellular matrix (ECM) and 

fibroblastic and vascular cells that makes up the tumour desmoplasia. This infiltrates 

and envelops the neoplasm and distorts the normal architecture of the pancreatic 

tissue. As with the immune cell component of the TME, there is complex interplay 

between the cancer cells and the cellular and acellular components of this 

desmoplastic reaction.46 The excessive desmoplasia associated with pancreatic 

ductal adenocarcinoma is responsible for creating a solid tumour with vascular 

deficiency and with the high metabolic need of PDAC these tumours tend to be 

hypoxic.114 
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1.1.3.2.1 Cancer associated fibroblasts (CAFs) 

Cancer associated fibroblasts or CAFs are the main effector cells in the desmoplastic 

reaction and play a significant role in tumour growth and progression. They display a 

myofibroblast like phenotype, characterised by a spindle shape and the expression of 

an α-smooth muscle actin (αSMA). Functionally, CAFs are characterised by their 

production of a wide variety of ECM molecules and cytokines.115  

Pancreatic stellate cells (PSCs) are the most abundant source of CAFs. They have 

much in common with hepatic stellate cells (HSCs) because they can both store 

Vitamin A and are characterised by their stellate pathology.114 PSCs exist in two 

states, a quiescent state in normal pancreas and an activated state in diseased 

pancreas. Quiescent PSCs are identified by abundant Vitamin A stores in the 

cytoplasm. Activated PSCs lose their Vitamin A lipid vacuoles, develop a spindle 

shaped morphology and begin to express αSMA. They differ from their quiescent 

counterparts in that they proliferate and develop migratory and phagocytic properties 

supporting inflammation, ECM remodelling, cell motility and invasion.114,115 

PDAC cells interact closely with PSCs in a reciprocally supportive relationship. PDAC 

cells recruit activated PSCs which increase the cancer cell population by stimulating 

proliferation and inhibiting apoptosis of pancreatic cancer cells through a variety of 

paracrine factors. PSCs also promote PDAC invasion and metastasis by inducing the 

epithelial mesenchymal transition (EMT) of PDAC cells. During EMT, epithelial tumour 

cells reduce their expression of molecules such as E-cadherin and instead express 

mesenchymal molecules such as Vimentin and Snail.114,115 

 

1.1.3.3 Cytokines in the PDAC TME 

In the PDAC microenvironment, the inflammatory cell infiltrate is unbalanced towards 

an immunosuppressive phenotype, with a prevalence of MDSCs, M2 polarised 

macrophages and Tregs compared to M1 macrophages, dendritic cells and effector 

CD8+ and CD4+ cells. The dynamic and evolving cross talk between inflammatory and 

cancer cells is in large part mediated by cytokines.  

Cytokines are low molecular weight proteins important for cell signalling to regulate a 

myriad of biological processes including immunity, inflammation, metabolism, cell 
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growth and differentiation. Chemokines are chemotactic cytokines that have an 

important role in orchestrating cellular migration. They can be classified into CXC, CC, 

CX3C or C depending on the position of the conserved cysteine residue. The role of 

cytokines is both to modulate the tumour microenvironment and directly affect cancer 

cells.116 

Multiple studies have looked at the expression profile of various cytokines in the serum 

of patients with pancreatic cancer and in a systematic review Yako et al117 identified 

IL-1β, IL-6, Interleukin 8 (IL-8), IL-10, TGF-β, and VEGF as those commonly shown to 

be elevated in patients with pancreatic cancer. In addition to elevated circulating levels 

of inflammatory cytokines, Bellone et al observed over-expression of several cytokines 

such as IL-6, IL-8, IL-1β, IL-10, IL-12 and TGF-β at messenger ribonucleic acid 

(mRNA) level in situ at the pancreatic tumour site.118 In terms of clinical outcome, 

increased levels of IL- 6, IL-8, IL-10 and TNF-α have been associated with poorer 

prognosis.119,118 Below some of these cytokines are outlined in more detail. 

 

1.1.3.3.1 IL- 6 

IL-6 is a multifunctional cytokine that plays a major role in regulating responses to 

injury and infection, inflammation, cell proliferation and differentiation.120 High levels 

of IL-6 together with TGF-β can induce the development of Th17 cells from naïve CD4+ 

T cells121 and can regulate the Th1/Th2 balance in favour of the Th2 polarisation.122,123 

Higher plasma levels of IL-6 are strongly associated with poorer overall survival in 

patients with metastatic PDAC.124  The engagement of IL-6 with either the membrane-

bound IL-6 or soluble form of the IL-6 receptor leads to activation of the common 

signalling transducing receptor glycoprotein 130 (GP130), initiating downstream 

activation of janus kinase/ signal transducers and activators of transcription 

(JAK/STAT), mitogen-activated protein kinase (MAPK) (otherwise known as the 

Extracellular signal-regulated kinase (ERK)) and phosphoinositide 3- kinase (PI3K) 

pathways.125,126 IL-6 can act intrinsically through these downstream mediators to 

support cancer cell proliferation, survival and metastatic dissemination. Furthermore, 

it can act extrinsically on other cells within the TME to sustain a pro-tumour milieu by 

supporting angiogenesis and tumour immune evasion.127 
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1.1.3.3.2 IL-8/ C-X-C motif chemokine ligand (CXCL8) 

IL-8/CXCL8 is upregulated in pancreatic cancer118 and serum levels negatively 

correlate with prognosis.128 Its main function is the promotion of angiogenesis as it 

induces production of VEGF, neurolipin (NRP-2) and Vascular Endothelial Growth 

Factor Receptor (VEGFR). It also activates the MAPK pathway which is important for 

tumour cell growth and survival129 and can enhance invasiveness of pancreatic cancer 

cells through increasing activity of matrix metalloproteinase (MMP)-2.130 Furthermore, 

CXCL8 secreted from pancreatic cancer cells co-operates with fibroblast derived C-X-

C motif chemokine ligand 12 (CXCL12) in the TME to increase proliferation of 

endothelial cells and hence promote migration and invasion of cancer cells.131 

 

1.1.3.3.3  TNF-α  

TNF-α is a pro-inflammatory cytokine that has pleiotropic functions in normal 

physiology as well as in inflammation, autoimmune disease and cancer. It has two 

different receptor types; TNF- receptor 1 (TNF- R1) expressed by all cell types, which 

contains a death domain that activates a pathway involved in apoptosis and TNF-

receptor 2 (TNF-R2) expressed on immune cells and certain malignant cells.120,132 

Whilst TNF-α was shown to have toxic effects on tumour cells at high doses, it has 

also been shown to have tumour-promoting effects.133 

Binding of TNF-α to TNF‐R2 upregulates the EGFR and its activating ligand 

transforming growth factor alpha (TGF-α), thereby contributing to cancer cell 

proliferation.134 On the other hand, induction of TNF-α locally in the tumour can cause 

tumour necrosis and shrinkage.135 This critical balance between growth promotion and 

cell cytotoxicity might explain why TNF-α therapy has limited effectiveness in 

pancreatic cancer treatment.  

 

1.1.3.3.4 IL-1β 

IL-1β is a pro-inflammatory cytokine that can increase the migratory potential of 

pancreatic cancer cells.136 Furthermore, IL-1β can activate nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB) and upregulate cyclo-oxygenase-2 (COX-

2) contributing to chemoresistance in pancreatic cancer cells137,138 and can also 
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promote recruitment of pro-angiogenic macrophages.139 Inhibition of IL-1β has also 

been shown to suppress tumour inflammation and tumour growth in mouse models of 

PDAC.139 

 

1.1.3.3.5  Macrophage migration- inhibitory factor (MIF)  

MIF was first identified as a T cell product that inhibits migration of macrophages. 

However other immune cell types as well as epithelial and endothelial cells can also 

produce MIF.120 MIF mediates it pro-inflammatory effects by enhancing the expression 

of toll-like receptor 4 (TLR4) and inducing production of inflammatory cytokines such 

as IL-6, Interleukin 1 (IL-1) and TNF‐α.140 Funamizu et al showed increased MIF 

expression to be associated with poor survival in resected PDAC. In PDAC mouse 

models they also showed MIF to be a factor inducing EMT, enhancing the invasive 

ability of PDAC cells and conferring resistance to gemcitabine chemotherapy.141 

 

1.1.3.3.6 TGF-β 

TGF-β is a cytokine that controls proliferation, cellular differentiation, and other 

functions in most cells.  TGF-β is well described as an inhibitor of cell proliferation and 

in normal pancreatic ductal cells TGF-β has been shown to act as a potent suppressor 

of proliferation by inhibiting G1 phase progression into S phase during the cell cycle.142 

However, within the tumour microenvironment, the pancreatic cancer cells lose the 

sensitivity to the suppressive effects of TGF-β through mutations that impair the TGF-

β signalling pathway.143 For example, SMAD4, one of the genes frequently mutated in 

pancreatic cancer, is a component of the TGF-β pathway. Furthermore, TGF-β can 

act as an immunosuppressive factor and aberrant production of TGF-β and IL-10 in 

pancreatic cancer patients can work additively to skew the T-cell cytokine production 

patterns in favour of a Th2 immunophenotype.78  

 

1.1.3.3.7  IL-10 

IL-10 is a potent immunosuppressive cytokine with a vital role in the regulation of the 

immune response.120 It limits excessive tissue damage caused by the inflammatory 

response to viral and bacterial infections and exerts its suppressive function through 
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activation of the JAK-STAT signalling pathway which downregulates the expression of 

a wide range of pro-inflammatory cytokines.144  Several studies have identified 

elevated levels of IL-10 in patients with PDAC compared to controls.118,145 IL-10 

secreted from PDAC cell lines has been reported to reduce activation of dendritic 

cells70 and, as described above, in conjunction with TGF-β to skew T cell cytokine 

production patterns in favour of a Th2 immuno-phenotype.78  

 

1.1.3.3.8  CCL5 / Regulated upon activation normal T Cell expressed and 

presumed secreted (RANTES)   

Tan et al98 demonstrated that CCL5 was upregulated in both human and mouse 

PDAC. Tregs in the mouse PDAC TME had increased expression of CCL5’s ligand 

receptor CCR5, compared with Tregs from other compartments and non-Tregs in the 

TME. Furthermore, Tan et al98 also demonstrated that when ligands for CCR5/CCL5 

interaction were diminished or blocked in the PDAC mouse model, Tregs migrated to 

a lower extent to the tumour, and that the tumours were diminished in size. 

 

1.1.3.3.9 CXCL12 

CXCL12 and its receptor C-X-C motif chemokine receptor-4 (CXCR4) have been 

found in PanIN and PDAC tissues. Expression of CXCR4 becomes increasingly 

common during PanIN progression.146   Roles for CXCL12 -CXCR4 in mediating cell 

proliferation, invasion and metastasis as well as drug resistance in PDAC have all 

been identified.147,148,149,150,151 Furthermore, Jiang et al152 identified that CXCL12 

induced proliferation of cancer associated fibroblasts cultured in vitro, implying 

CXCL12 may drive stromal fibroblast expansion in the TME leading to excessive 

collagen deposition.  

Clearly, cytokines play a crucial role in regulating the dynamic and complex tumour 

microenvironment.  Understanding the full extent of this role is complicated by the fact 

that cytokines are multifunctional, may have many cell sources and targets and in 

some cases exert paradoxical effects. Although knowledge of cytokine function has 

increased in recent years, a deeper understanding of the cytokine expression profile 
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in PDAC, as well as how each of these cytokines interact with each other, with cancer 

cells and with other cells of the tumour microenvironment is still needed. 

 

1.2 Immunotherapy 

Natural forces within us are the true healers of disease (Hippocrates) and harnessing 

the body’s own immune system for therapeutic benefit has long been a goal in 

oncology.153 It was William Coley who first attempted to harness the immune system 

for treating cancer in the late 19th century. After noting a number of cases in which 

patients with cancer went into spontaneous remission after developing erysipelas, he 

began injecting patients’ tumours with live and inactivated Streptococcus pyogenes 

and Serratia marcescens with some significant responses. Successes were sporadic, 

however, and the strategy was associated with significant clinical risk. As a result, it 

was never really embraced by medical oncologists who continued to rely on surgery 

and subsequently radiation therapy and chemotherapy. 

In recent years there has been a great resurgence in the interest in cancer 

immunotherapy with considerable excitement following the development of checkpoint 

inhibitors, first with anti-CTLA4 agents and subsequently with anti-PD-1 agents in 

melanoma and other malignancies.154 Unfortunately, in the highly heterogeneous 

immunosuppressive pancreatic tumour microenvironment, responses to 

immunotherapy have so far been disappointing. 

 

1.2.1 Immune checkpoints in the TME 

Immune checkpoints refer to several co-stimulatory and inhibitory signals in immune 

cells that, under normal physiological conditions, maintain self-tolerance and limit 

collateral tissue damage during anti-microbial immune responses. However, these 

checkpoints can be hijacked by cancer cells to help them evade immune destruction. 

Among the many different immune checkpoints that regulate T-cell activation, CTLA4 

and PD-1 are the most extensively characterised and studied in cancer 

immunotherapy.155 
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CTLA4 is expressed exclusively by T cells where it primarily counteracts the activity 

of the T-cell co-stimulatory receptor, CD28. CD28 does not affect T cell activation until 

the TCR is engaged with a recognised antigen and then CD28 signalling strongly 

amplifies TCR signalling to activate T cells. CD28 and CTLA4 share identical ligands, 

CD80 (also known as B7.1) and CD86 (also known as B7.2). CTLA4 has a much 

higher affinity for CD80 and CD86 compared to CD28.156  The expression of CTLA4 

on activated T cells dampens CD28 co-stimulation by outcompeting CD28 binding and 

possibly also via depletion of CD80 and CD86 via transendocytosis. This leads to 

down-regulation of T helper cells and enhancement of Treg mediated immune 

suppression. Because CD80 and CD86 are expressed on antigen presenting cells but 

not on non-haematological tumour cells, CTLA4’s suppression of anti-tumour 

immunity is felt to reside primarily in secondary lymphoid organs where T cell 

activation occurs rather than in the TME. 157 (Figure 1-3) 

Similar to CTLA4, PD-1 is absent on resting naïve and memory T cells and is 

expressed upon TCR engagement. The two ligands for PD-1 are PD-L1 (B7-H1, 

CD274) and PD-L2 (B7-DC, CD273). However, in contrast to CTLA4, PD-1 is more 

broadly expressed as it is induced on other activated non- T lymphocyte subsets, 

including B cells and NK cells.157  Furthermore, in contrast to CTLA4, the major role of 

PD-1 is to limit the activity of T cells in peripheral tissues and this translates into a 

major immune resistance mechanism within the tumour microenvironment.156 (Figure 

1-3) 

A key finding that encouraged the development of drugs blocking the PD-1 pathway 

was that PD-1 ligands are up-regulated in many human cancers whilst PD-1 is highly 

expressed on tumour infiltrating lymphocytes. Exploration of this phenomenon as a 

central process by which cancers resist elimination by endogenous tumour-specific T 

cells revealed two mechanisms, known as intrinsic and adaptive immune resistance. 

Intrinsic resistance refers to the constitutive expression of PD-L1 by tumour cells due 

to genetic alterations or activation of certain signalling pathways. Adaptive resistance 

refers to the induction of PD-L1 expression on tumour cells in response to specific 

cytokines.157 
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Figure 1-3 Blockade of PD-1 or CTLA4 signalling in tumour immunotherapy  

Figure adapted from Tumour Immunotherapy directed at PD-1, Ribas et al158 

Through the T cell receptor (TCR), T cells recognize antigens presented by the major histocompatibility 
complex (MHC) on the surface of antigen presenting cells (APCs) or cancer cells. However this signal 
alone is not enough to turn on a T cell response, co-stimulation of the T cell CD28 receptor by the B7 
(CD80/CD86) ligands found on APCs is required in addition.                                 

The cytotoxic T-lymphocyte associated protein 4 (CTLA4) receptor is also up-regulated shortly after T 
cell activation and provides an inhibitory signal on T cells upon engagement with the B7 ligands. CTLA4 
blockade with anti-CTLA4 antibodies removes this inhibitory signal and allows for activation and 
proliferation of more T cell clones.       

The programmed cell death protein 1(PD-1) receptor also provides an inhibitory signal on T cells upon 
engagement with the programmed cell death ligands 1 and 2 (PD-L1 and PD-L2). These ligands are 
present on leucocytes, non-haemopoetic cells and in non-lymphoid tissues including on many different 
tumour cells. Blockade with antibodies to PD-1 or PD-L1 results in reduced inhibition of T cell activation 
and proliferation. 

 

 

1.2.2 Immune checkpoint inhibitors in pancreatic cancer 

The PDAC TME has an increased Treg to T effector ratio,52 PD-L1 overexpression 

has been reported in PDAC tumours and increased PD-L1 expression is associated 

with poor survival.159 There seems, therefore, potential for the use of immune 

checkpoint inhibitors in pancreatic cancer. However, thus far, trials of anti-CTLA4 and 

anti-PD-1 agents have failed to yield positive results. Nonetheless, multiple clinical 

trials are ongoing to test the safety and efficacy of checkpoint inhibitors alone or in 
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combination with each other, vaccines, chemotherapies, tyrosine kinase inhibitors or 

other agents.160 

 

1.2.3 Vaccine therapy in pancreatic cancer  

The principle of vaccine immunotherapy is to deliver tumour specific antigens 

designed to prompt the body to mount an anti-tumour immune response. Categories 

of vaccine immunotherapy include whole cell vaccines, dendritic cell (DC) vaccines, 

deoxyribonucleic acid (DNA) vaccines and peptide vaccines.  

 

1.2.3.1 Whole cell recombinant vaccines 

Whole cell recombinant vaccines utilise the tumour cells which have a wide range of 

antigens. Allogeneic cell lines may be used instead of autologous cell lines in 

pancreatic cancer when it is difficult to harvest tumour cells due to a limited number of 

surgical candidates, long culture times and risk of contamination.160 

 

1.2.3.2 Algenpantucel- L 

Algenpantucel -L is a hyperacute vaccine that has allogeneic pancreatic cancer cells 

expressing the enzyme alpha-1,3 galactosyl transferase (GT) which is required for the 

synthesis of alpha-galactosyl (Gal) epitopes. Humans lack the presence of Gal 

epitopes but have anti-Gal antibodies and these are continuously produced in 

response to enterobacteria with no immune tolerance to it. This vaccine therefore 

exploits naturally acquired immunity against Gal labelled tumour cells leading to 

enhanced anti-tumour response.160 Unfortunately, the vaccine algenpantucel-L failed 

to improve overall survival versus standard of care in the phase III IMmunotherapy 

for Pancreatic RESectable cancer (IMPRESS) trial.161 

 

1.2.3.3 GM-CSF 

GM-CSF vaccine (GVAX) is an allogenic irradiated whole cell tumour vaccine 

transfected with the GM-CSF gene and delivering tumour associated antigens at the 



Introduction 

 

 25 

same time. GM -CSF is a cytokine released by macrophages, T cells, mast cells and 

NK cells that stimulates stem cells to produce granulocytes and monocytes. It 

therefore promotes cytolytic activity against tumour cells and also causes an influx of 

bone marrow derived DCs that process and present tumour associated antigens 

delivered by the vaccine.160 There are ongoing phase I/II trials investigating the use of 

GVAX in combination with stereotactic body radiation and FOLFIRINOX 

(NCT01595321),162 and Nivolumab (NCT02451982).163 

 

1.2.3.4 Peptide vaccines 

Peptide vaccines consist of tumour antigenic fragments (epitopes) which elicit a 

tumour specific response by stimulating T cells. Peptides including mutant Ras 

peptides, telomerase peptides, Mucin-1 and VEGFR have served as a focus for 

therapeutic peptide vaccines in pancreatic cancer and numerous trials are ongoing to 

determine the effectiveness of these vaccines as single agents or in combination.160 

 

1.2.3.5 Dendritic cell (DC) vaccines 

The basic concept of DC vaccines is to confront (pulse) the DCs with tumour-

associated antigens prompting them to activate functional antigen-specific T cells. 

Different methods exist to pulse DCs; (i) synthetic peptides or purified proteins, (ii) 

DNA, RNA or viruses (transfection), (iii) tumour lysates or autophagosomes or (iv) 

fusing tumour cells with DC.164  

Multiple studies have used this vaccination approach targeting a variety of antigens. 

MUC1 is one of the most targeted antigens given its overexpression in pancreatic 

cancer and its association with tumour invasion and metastasis. The clinical outcome 

of this vaccination method was not impressive but an interesting correlation with 

immune biomarkers was identified such as increased CD38 (a marker for activated 

lymphocytes) and decreased Tregs.165 
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1.2.4 Adoptive T cell transfer  

In this approach the patient’s T cells are expanded and activated ex vivo then re-

infused back to the patient. T cells that can be transferred include TILs, engineered T 

cells that express a specific cancer TCR, and T cells that express a chimeric antigen 

receptor (CAR). This methodology has had promising clinical outcomes in 

haematological malignancies. However, its efficacy in solid tumours including 

pancreatic cancer, remains to be seen.165,166 

 

1.2.5 Other immune modulating agents in pancreatic cancer 

CD40 is a cell surface receptor that belongs to the tumour necrosis factor receptor 

family and is expressed on various antigen presenting cells (APCs) including DCs, 

monocytes, macrophages and mast cells. Its ligand CD40L (CD154) is a 

transmembrane protein predominantly expressed on activated T cells and CD40-

CD40L interactions drive anti-tumour T cell responses.160 CD40 is upregulated in 

pancreatic cancer and recombinant CD40L was able to induce growth inhibition and 

apoptosis in pancreatic cancer cell lines.167 A phase 1 study has also indicated an 

agonist CD40 antibody in combination with gemcitabine to have anti-tumour activity in 

human PDAC.168 

C-C Chemokine receptor 2 (CCR2) is a chemokine receptor expressed on 

macrophages and monocytes which mediates chemotaxis of immune cells. Its ligand 

CCL2 is a potent chemokine for monocytes and a variety of other immune cells. As 

pancreatic ductal adenocarcinoma utilizes the CCL2/CCR2 chemokine axis to 

facilitate recruitment of TAMs to contribute to an immunosuppressive tumour 

microenvironment169 it was proposed that inhibition of CCR2 could decrease the 

movement of some of these tumour promoting cells into the tumour environment and 

restore anti-tumour immunity. Mitchem at al170 demonstrated that in mouse models a 

CCR2 inhibitor PF- 04136309 in combination with gemcitabine slowed PDAC tumour 

growth in comparison to gemcitabine alone. A Phase Ib study of PF04136309 given 

in combination with FOLFIRONOX, although limited by a small study population, also 

supported a potential therapeutic impact of CCR2 blockade.171 
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Clearly, great potential exists for the use of immunotherapy in pancreatic cancer but 

much remains to be learnt about the pancreatic tumour microenvironment and its 

ability to facilitate immune evasion. It is likely that immunotherapy may only elicit an 

effective treatment response when multiple facets of the protective layers shielding 

PDAC against immune destruction are targeted. 

 

1.3 Tyrosine kinases 

The tyrosine kinases are a family of enzymes which catalyse phosphorylation of select 

tyrosine residues in target proteins, using adenosine triphosphate (ATP). They are 

important mediators of cell to cell signalling leading to regulation of cell proliferation, 

differentiation, migration, metabolism, and programmed cell death.172 Ninety unique 

tyrosine kinase genes can be identified in the human genome. Of these 90, 58 are 

receptor tyrosine kinases (RTKs) distributed amongst 20 subfamilies, (e.g. EGFR, 

platelet-derived growth factor receptor (PDGFR) and fibroblast growth factor receptor 

(FGFR)), and 32 are non-receptor tyrosine kinases (NRTKs), distributed amongst 10 

subfamilies, (e.g. Src, ABL, FAK).173 The RTKs function as cell surface 

transmembrane receptors as well as enzymes with kinase activity and transduce 

signals from both outside and inside the cell. The NRTKs are found in the cytoplasm, 

lack a transmembrane segment and generally function downstream of the RTKs.174 

 

1.3.1 Tyrosine kinases in cancer 

Many tumours display aberrant activation of tyrosine kinases and for this reason they 

have become a potential target for cancer therapy, resulting in development of an 

increasing number of small molecule chemical inhibitors or antibodies targeting this 

protein family. Several of these drugs are now part of the standard treatment regimen 

for specific tumour types. These include imatinib (directed against BCR-ABL), 

trastuzumab (directed against human epidermal growth factor 2 (HER2)) and 

cetuximab, erlotinib and gefitinib (directed against EGFR).175  
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1.3.2 Tyrosine kinases in pancreatic cancer 

Erlotinib, a reversible oral EGFR inhibitor, contributed to a modest improvement in 

median overall survival in patients with advanced PDAC when given with gemcitabine 

as compared to gemcitabine alone (6.2 months vs 5.9 months).176 Based on this 

modest benefit, erlotinib was approved in the United States of America for use in 

combination with gemcitabine in patients with pancreatic cancer who had received no 

prior therapy. However, given the modest benefit this combination has not been 

approved by the National Institute for Health and Care Excellence (NICE) or Scottish 

Medicine Consortium (SMC). With regard to other tyrosine kinases, even though 

preclinical evidence and phase I/II trials investigating their effects in pancreatic cancer 

have been encouraging, phase III clinical trials involving larger number of patients 

have been disappointing and currently erlotinib is the sole tyrosine kinase inhibitor 

approved for use in pancreatic cancer.177 

 

1.4 Focal adhesion kinase (FAK) 

Focal adhesion kinase (FAK) is a NRTK, originally identified as a 125 kilodalton (kDa) 

protein that was tyrosine phosphorylated in Rous sarcoma virus transformed chicken 

embryo cells. Immunofluorescence showed this protein to be localised to focal 

adhesions and hence the designation focal adhesion kinase (FAK).178 FAK is encoded 

by the PTK2 gene and proline-rich tyrosine kinase 2 (PYK2; also known as PTK2B) is 

a closely related paralogue of FAK with 48% amino acid similarity. These tyrosine 

kinases may therefore be interchangeably referred to as FAK/FAK1/PTK2 and 

FAK2/PYK2/PTK2B. Whilst this PhD thesis focuses on the former tyrosine kinase, for 

convenience denoted as FAK, it is worth bearing in mind that FAK knockout or 

pharmacological inhibition can increase PYK2 expression or phosphorylation179,180 

and that whilst some of their roles are distinct from one another,181,182,183 some of them 

do overlap.184 

FAK is a tyrosine kinase that plays an essential role during embryonic development 

and in the pathogenesis of human disease. It is expressed in most tissues and its 

sequence is highly conserved between species with approximately 97% protein 

sequence homology between human and mouse.  FAK classically transduces signals 
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from cell adhesions to regulate multiple biological cellular functions, including cell 

proliferation, adhesion, cell cycle progression, apoptosis, survival and migration 185 

and is a multifunctional regulator of cell signalling within the tumour 

microenvironment.186  Increased FAK expression and activity occurs in primary and 

metastatic cancers of many tissue origins and is often associated with poor clinical 

outcome187 highlighting FAK as a potential therapeutic target in cancer. 

 

1.4.1 Structure and function of FAK 

FAK consists of three functional domains: an N- terminal FERM (Band Four- point -

one, Ezrin, Radixin and Moesin) domain, a central kinase domain and a C-terminal 

domain that contains the Focal Adhesion Targeting (FAT) sequence responsible for 

FAK localization to focal adhesions.  Proline rich linker regions connect the central 

kinase domain with the terminal domains (Figure 1-4).188 

The FERM domain is a three lobed protein-interaction domain. Direct contact between 

the FERM domain and the kinase domain of FAK blocks access to the kinase’s 

catalytic cleft and sequesters its activation loop as well as the key autophosphorylation 

site Y397, causing FAK to remain in an auto- inhibited state.187  

Engagement of transmembrane integrin receptors to the extracellular matrix recruits 

FAK to sites where integrins cluster, termed focal adhesions.189 Once recruited to focal 

adhesions, interaction between the C-terminal FAT domain of FAK and integrin-

associated proteins such as paxillin and talin, leads to dimerization of FAK. This leads 

to subsequent disassociation of the intramolecular interactions mediating the auto-

inhibitory configuration of FAK and autophosphorylation of the tyrosine residue 397 

(Y397).190  Phosphorylated Y397 acts as a high affinity binding site for Src  and, on 

binding to its SH2 domain, it activates Src following which the activated FAK/Src 

signalling complex triggers a cascade of additional tyrosine residue phosphorylation 

(Y407, Y576/7, Y861 and Y925).191 The fully activated FAK-Src signalling complex 

can thereby function as both a scaffold and a kinase which trigger multiple intracellular 

signalling pathways to regulate various cellular functions.190 

FAK also contains a Nuclear Export Signal (NES) located within the kinase domain 

and another in the FERM domain. There is also a Nuclear Localisation Signal (NLS) 
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in the FERM domain. This allows transfer of information from the cell periphery to the 

nucleus and thereby facilitates co-ordinated cortical and nuclear events.192 Whilst 

integrin-mediated cell adhesion is the major upstream activator of FAK, FAK is also 

an important mediator of signalling initiated at activated growth factor receptors such 

PDGFR, EGFR, Hepatocyte Growth Factor Receptor (HGFR) and VEGFR.193,194,195 

Furthermore, FAK may be activated or recruited into macromolecular complexes in 

cells, through binding of a number of further protein or lipid partners to its FERM 

domain. These FERM binding partners include Receptor for activated kinase C1 

(RACK1), Actin-related protein 3 (ARP3), c-Met, Ezrin, Epithelial and endothelial 

tyrosine kinase (ETK), Phosphatidylinositol-4,5-bisphosphate (PtdIns (4,5)P2), Insulin 

receptor substrate 1(IRS1) and JNK/SAPK -associated protein (JSAP1).192 FAK can 

also act as an adaptor protein, independently of its kinase activity, to recruit other 

proteins into larger heterochromic protein complexes and link through to the actin 

cytoskeleton.189  

FERM-kinase interaction in FAK can be affected by changes in pH (the interaction is 

enhanced at an acidotic pH with resultant enhanced autoinhibition of the FERM 

domain and reduced activity of the kinase domain)196 and mechanical forces (FAK can 

be stimulated by increased cell-ECM tension197 triggering mechano-sensitive cell 

proliferation198 and increased cytokine production leading to fibrosis).199  

 

Figure 1-4 Basic structure and example of key binding partners of FAK 

FAK is composed of a central kinase domain flanked by an N- terminal FERM domain and a C-terminal 
FAT domain. Proline-rich motifs (PRR1, PRR2 & PRR3) link the central kinase domain with the terminal 
domains.  
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1.4.2 Location of FAK 

Whilst FAK is normally resident in the cell cytoplasm and most commonly found at the 

cell margins in focal adhesions, FAK can also reside in the nucleus. Lim et al200 first 

described a kinase-independent nuclear function for FAK through direct binding of the 

FERM domain to p53 and MDM2 causing enhanced degradation of p53 and thus 

promotion of cell survival. Since then nuclear FAK has been noted to influence gene 

expression through interaction with a growing number of nuclear binding partners, the 

majority of which are mediated by FERM domain binding.201  

 

1.4.3 FAK in cancer 

FAK is overexpressed in a number of tumour types including head and neck,202,203 

breast,204, 205 colorectal,205  lung,206 ovarian,207 prostate,208 and pancreatic209 amongst 

others.  In addition to correlating increased FAK expression and activity with malignant 

disease many studies have also associated it with poor prognosis.205,210,211,212,213 

FAK is involved in regulation of multiple signalling pathways within the tumour 

microenvironment. During development and in various tumours FAK is central to 

processes that promote cancer growth and metastasis including kinase-dependent 

control of cell motility, invasion, cell survival and transcriptional events promoting EMT 

as well as kinase independent scaffolding functions such as promotion of cancer cell 

survival and cancer stem cell proliferation.186 

More recently transcriptional regulation of the chemokine and cytokine expression 

profile in the tumour microenvironment by nuclear FAK has been described. In a 

syngeneic model of Squamous Cell Carcinoma (SCC) FAK was shown to translocate 

to the nucleus and enhance transcription of CCL5 resulting in recruitment of Tregs and 

suppression of the CD8+ T cell response. This led to a more immunosuppressive pro 

-tumourogenic microenvironment and increased tumour growth. Depletion of FAK 

through use of a FAK inhibitor or genetic depletion resulted in reversal of this effect 

with tumour regression.214 FAK also plays a role in mediating resistance to 

chemotherapy with Osterman et al215 demonstrating increased FAK activity to sustain 
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intrinsic and acquired resistance to platinum chemotherapy in high grade ovarian 

serous carcinoma.  

 

1.4.4 FAK inhibition 

FAK inhibitors can inhibit FAK alone, e.g. PF-573,228 and IN10018 (also known as BI 

853520) or FAK and PYK2 (dual inhibitors) e.g. defactinib (also known as VS-6063 or 

PF-04554878) and PF 562,271. It is not known whether single or dual inhibition results 

in any difference in clinical efficacy.189 

Despite the significant evidence that FAK plays an important role in cancer 

progression, clinical trials of FAK inhibition as a monotherapy have resulted in limited 

efficacy.216, 217, 218, 219 However, given that FAK inhibition has recently been identified 

as a potential strategy to overcome adaptive resistance to chemotherapy, 

radiotherapy, targeted therapies (including serine/threonine protein kinase B-raf 

(BRAF) inhibitors in BRAF-mutant cancers) or therapies that target the immune 

microenvironment, FAK has therefore been proposed as a rational target for 

combination therapy.189 There are currently a number of active clinical trials with FAK 

inhibitor combinations (Table 1). 
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FAK- targeting 
compound 

Combination agent Cancer type Clinical Trial 

 

 

 

 

Defactinib (also 
known as VS-
6063 or PF-
04554878) 

Pembrolizumab & 
gemcitabine 

Solid tumours NCT02546531220 

Pembrolizumab Non- small cell lung cancer, mesothelioma, 
pancreatic 

NCT02758587221 

Paclitaxel & 
carboplatin 

Ovarian NCT03287271222 

Pembrolizumab Pancreatic NCT03727880223 

VS-6766 RAS-mutant solid tumours, non-small cell lung 
cancer, low grade serous ovarian, colorectal 

NCT03875820224 

Pembrolizumab Mesothelioma NCT04201145225 

VS-6766 Non-small cell lung cancer with KRAS mutation  NCT04620330226 

VS-6766 Low grade serous ovarian  NCT04625270227 

Radiotherapy Pancreatic NCT04331041228 

VS-6766 Uveal melanoma NCT04720417229 

IN10018 (also 
known as 
BI853520) 

Cobimetinib Melanoma NCT04109456230 

 

Table 1 Clinical trials with FAK inhibitor combinations  

Active clinical trials with FAK inhibitor combinations (adapted from Dawson et al).189 

 

 

1.4.5 FAK in PDAC 

FAK is overexpressed in PDAC152, 209 and increased FAK expression correlates 

positively with increased tumour size209. Stokes et al231 investigated the effects of PF 

– 562,271 (small molecule inhibitor of FAK/PYK2) in a mouse model of PDAC and 

found that mice treated with PF- 562,271 had reduced tumour growth, invasion and 

metastasis. Jiang et al152 found FAK activity to be elevated in human PDAC tissue and 

to correlate with high levels of fibrosis and poor CD8+ cytotoxic T cell infiltration. Single 

agent FAK inhibition with the selective FAK inhibitor VS-4718 substantially limited 
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tumour progression and was associated with extended survival time in the KPC mouse 

model of PDAC. This delay in tumour progression was associated with markedly 

reduced tumour fibrosis and decreased numbers of tumour infiltrating 

immunosuppressive cells. Furthermore, FAK inhibition was found to reduce production 

of pro-inflammatory and profibrotic cytokines such as Chemokine (C-C motif) ligand 6 

(CCL6), CCL20 and CXCL12. Jiang et al152 went on to demonstrate a role for FAK in 

driving stromal expansion through elevation of CXCL12 and subsequent promotion of 

fibroblast proliferation. They also demonstrate that FAK inhibition renders the 

previously unresponsive KPC PDAC mouse model responsive to immunotherapy with 

CTLA4 and PD-1 antagonists in combination with chemotherapy and observed this 

improvement in immunotherapeutic efficacy was associated with increased CD8+ T 

cell infiltration.  

Even more recently, this same group used human PDAC tissue and mouse models to 

investigate the effect of radiation on tumour immunity in the PDAC TME.232 Using in 

vitro systems they found tumour stromal components, including fibroblasts and 

collagen, to cooperate to blunt radiotherapy efficacy and impair radiotherapy -induced 

interferon signalling. FAK inhibition restored the efficacy of radiotherapy in vitro and in 

vivo, leading to tumour regression, T cell priming, and enhanced long-term survival in 

PDAC mouse models. Based on these data, they have initiated a clinical trial of 

defactinib in combination with stereotactic body radiation therapy (SBRT) in PDAC 

patients (NCT04331041).228 Analysis of PDAC tissues from these patients showed 

stromal reprogramming mirrored findings in their mouse models. Finally, the addition 

of checkpoint immunotherapy to radiotherapy and FAK inhibition in animal models led 

to complete tumour regression and increased long-term survival.232  

 

 

 

 

 

http://clinicaltrials.gov/show/NCT04331041
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1.5 Hypothesis and Objectives 

Hypothesis 

Tyrosine kinases are key modulators of immune signalling in pancreatic cancer. 

Objectives 

I) To identify novel cytokine signalling pathways regulated by FAK in PDAC-

PART I. 

II) To identify novel tyrosine kinases involved in regulation of cytokine 

signalling pathways in PDAC- PART II.
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2 Materials and methods 

2.1 Materials 

2.1.1 General laboratory reagents and vessels 

Phosphate-buffered saline (PBS), Foetal Bovine Serum (FBS) and Trypsin were all 

Gibco™, Thermo Fisher Scientific. Bovine Serum albumin (BSA) powder was Sigma 

– Aldrich. Sterile PBS with EDTA (PE) was from Queens Medical Research Institute 

(QMRI) Edinburgh, Central services. 25, 75 and 150cm2 plastic tissue culture flasks 

were Greiner Bio-One™ CELLSTAR, Thermofisher Scientific. 6-, 12-, 24- and 96- well 

flat-bottomed plates and 96- well round bottomed plates were Costar®, Life Sciences. 

60mm and 90mm cell culture dishes were Greiner Cellstar ®, Life sciences. Cell 

strainers were Falcon®, Life Sciences.  

 

2.2 Cell lines and cell culture 

All cell lines were cultured in plastic tissue culture flasks. When cells were near to 80% 

confluent they were washed with PBS and treated with 1.5ml trypsin diluted in sterile 

PE. Once cells had detached from the surface of the flasks the trypsin was quenched 

by the addition of fresh culture media containing FBS. Cells were then diluted to an 

appropriate ratio depending on the intended use. Stocks of all cell lines were frozen in 

normal growth media supplemented with 10% dimethyl sulfoxide (DMSO), (Sigma-

Aldrich) and 20% FBS and stored at -196oC in liquid nitrogen. Cell lines were routinely 

tested for Mycoplasma in house every 2-3 months and were never found to be 

Mycoplasma positive. Cell lines were cultured for no more than 3 months following 

freeze thawing. 
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2.2.1 Additive agents for cell line culture 

Product Abbreviation Stock 
concentration 

Brand 

human Epidermal Growth 
Factor 

human EGF 1mg/ml Gibco™ Thermo Fisher 
Scientific 

4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid 

HEPES 1M Gibco™ Thermo Fisher 
Scientific 

Minimum essential Medium 
Vitamins solution  

MEM Vitamins 
solution 

100x Gibco™ Thermo Fisher 
Scientific 

L -glutamine  200nM Gibco™ Thermo Fisher 
Scientific 

Apo-transferrin  25mg/ml Sigma- Aldrich 

Insulin  100 International 
Units (IU)/ml 

Gibco™ Thermo Fisher 
Scientific 

Tri-iodo-L-thyronine  1mg resuspended 
in 1ml of 1N NaOH 
and then 49ml of 
media added to 

make up to 
20ug/ml stock 

solution. To use 
stock requires 
further dilution 
1:200 to give 

0.1ug/ml 

Sigma- Aldrich 

Ophosphorylethanolamine  OPE 1g resuspended in 
10ml distilled H20 
to give 100mg/ml 

Sigma- Aldrich 

Glucose Solution  10% Sigma- Aldrich 

Penicillin-Streptomycin  Pen- Strep 5000Units (U)/ml Gibco™ Thermo Fisher 
Scientific 

Gentamicin  50mg/ml Gibco™ Thermo Fisher 
Scientific 

 

Table 2 Common additive agents for APGI cell lines 

Table listing common additive agents for culture of Australian Pancreatic Genome Initiative (APGI) cell 
lines, including corresponding abbreviations, laboratory stock concentrations and suppliers. 
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2.2.2 Human PDAC cell lines 

2.2.2.1 American Type Culture Collection (ATCC) cell lines 

MIA PaCa-2, PANC-1, PSN-1 and Capan-1 cell lines were obtained from Prof. Eric 

O’Neill (Department of Oncology, University of Oxford). Their original source was the 

ATCC. Cell lines and derivatives were cultured at 37oC/5%CO2 in Dulbecco’s 

Minimum Essential Medium (DMEM) + Glutamax (Gibco™ Thermo Fisher Scientific) 

supplemented with 10% FBS.  

 

2.2.2.2 Australian Pancreatic Genome Initiative (APGI) cell lines 

Further human pancreatic cell lines were obtained from the APGI in Sydney including; 

TKCC02 and derivatives cultured at 37oC/5%O2 in Roswell Park Memorial Institute 

(RPMI) 1640 Medium (Gibco™ Thermo Fisher Scientific). For every 500ml of RPMI, 

55ml of media was discarded and the remainder supplemented with 50ml FBS (20% 

final), 10l of EGF (20ng/ml final), 5ml of PenStrep and 250l of gentamicin. TKCC10, 

TKCC26, TKCC27 and derivatives cultured at 37oC/5%O2 in 1:1 mix of Medium 199 

(Gibco™ Thermo Fisher Scientific) and Ham's F12 Nutrient Mixture (Gibco™ Thermo 

Fisher Scientific). 500ml of media was prepared by combining 250ml from each media, 

then discarding 64.5ml and adding 7.5ml of HEPES (15mM final), 5ml of MEM 

Vitamins (10mM final), 5ml of L-glutamine (20mM final) 500l of Apo-transferrin 

(25g/ml final), 10l of EGF (20 ng/ml final), 1ml of Insulin (0.2 IU/ml final),  2.5l of 

tri-iodo-L-thyronine (0.5pg/ml final),  20l of hydrocortisone (40ng/ml final), 10l of O-

P-E (2g/ml final), 3ml of glucose (0.06% final), 35.5ml of FBS (7.5% final), 5ml of 

PenStrep and 250 l of gentamicin. TKCC22, TKCC25 and derivatives cultured at 

37oC/5%O2 in Iscove’s Modified Dulbecco’s Medium (IMDM) (Gibco™ Thermo Fisher 

Scientific). 500ml of media was prepared by removing and discarding 108.7ml of 

media and then adding 100ml of FBS (20% final), 2.5ml of MEM vitamins (5mM final), 

10l of EGF (20ng/ml final), 250l of apo-transferrin (12.5ug/ml final), 1ml of Insulin 

(0.2 IU/ml final), 5ml PenStrep and 250l gentamicin. 
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2.2.3 Murine PDAC cell lines 

2.2.3.1 Panc47 FAK WT and Panc47 FAK -/- cell lines 

Panc47 cell lines were previously obtained from Jen Morton (The Beatson Institute for 

Cancer Research, Glasgow), with the cell line originally derived from the LSL- 

KrasG12D/+; LSL-Trp53R172H/+; Pdx1 Cre (KPC) mouse. The Serrels Laboratory 

used CRISPR/Cas9 genome editing to deplete FAK expression, generated FAK 

depleted Panc47 cell clones and then subsequently selected a FAK depleted clone in 

which to reconstitute wild type FAK through retroviral transduction and thus created 

two syngeneic cell lines that were genetically identical apart from FAK expression; 

Panc47 FAK-WT and Panc47 FAK-/-.  These Panc47 cell lines and derivatives were 

cultured at 37oC/5%CO2 in Dulbecco's Minimum Essential Medium (DMEM) - high 

glucose (Gibco™ Thermo Fisher Scientific) supplemented with 10% FBS. 

 

2.2.3.2 Panc47 FAK-/- STAT3shRNA cell lines 

Panc47 FAK -/- signal transducer and activator of transcription 3 (STAT3) short hairpin 

(sh)RNA cell lines (Panc47 FAK-/- STAT3shRNA cell lines) were previously generated 

by the Serrels Laboratory and cultured at 37oC/5% CO2 in Dulbecco's Minimum 

Essential Medium (DMEM) - high glucose (Gibco™ Thermo Fisher Scientific) 

supplemented with 10% FBS. 

 

2.2.3.3 CD8+ T cells from OT-I mice 

CD8+ T cells from OT-I mice233 were obtained from fellow laboratory member Natasha 

Thawait and generated according to the following protocol; T cell media was made 

with 500ml of IMDM (Gibco™Thermo Fisher Scientific) with addition of 50ml FBS 

(10%), 5ml of L-glutamine, 5ml of PenStrep and 50M -Mercaptoethanol (Sigma-

Aldrich). On Day 0 inguinal, axillary and mesenteric lymph nodes were obtained from 

mice and as much surrounding fat as possible removed. Lymph nodes were mashed 

and put through a 70m cell strainer to obtain a single cell suspension. The 

suspension was spun down (centrifuged at 1200rpm for 5 minutes) and supernatant 

removed using a 2 ml stripette. The remaining pellet was resuspended in 5ml of T cell 
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media and cell count measured by haemocytometer. Cells were then resuspended in 

sufficient T cell media to bring T cells to a concentration of 0.3 million cells/ml. 

SIINFEKL peptide (GL Biochem LTD Shanghai, China), referred to as OVA N4 peptide 

was added to this suspension to a concentration of 10nM. Cells in suspension were 

transferred to a T75 and the T75 left upright in an incubator (37oC/5%CO2) for 48 

hours. On Day 2 the cell suspension was agitated, spun down and washed in 5ml 

sterile PBS to remove any residual OVA N4 peptide. Cells were then spun down again, 

supernatant removed, and cells re-suspended at concentration of 0.3 million/ml in 

fresh T cell media with addition of 20ng/ml recombinant mouse IL-2 (Biolegend ®). 

Cells were incubated for 48 hours. On Day 4 cells were agitated, counted, spun down 

and supernatant removed before being re-suspended at 0.3 million/ml in fresh T cell 

media with 20ng/ml of IL-2 (Biolegend®). Cells were ready to use for functional assays 

on Day 6. 

 

2.3 Generation of Cas9 expressing PDAC cell lines 

2.3.1 Transforming chemically competent Escherichia coli (E. coli) cells with 

Cas9 

50l vial of one shot TOP10 chemically competent E.coli (Thermo Fisher Scientific) 

was retrieved from -80 freezer and transfected with Lenti- Cas 9 – 2A- Blast Plasmid 

(Addgene, 73310, obtained from Simon Wilkinson at IGMM, Edinburgh) using Life 

Technologies protocol for transformation of chemically competent cells. The water 

bath was equilibriated to 42oC and a vial of Super Optimal broth with Catabolite 

repression (SOC) medium (Thermo Fisher Scientific) warmed to room temperature. 

Agar plates were made up using ImMedia Amp Agar (Invitrogen™Thermo Fisher 

Scientific) as per instructions. 50l vial of chemically competent E.coli was obtained 

thawed on ice and Lenti-Cas9- 2A blast plasmid was also retrieved from freezer (-20 

oC) and thawed on ice. 1-2l of Lenti-Cas9-2A- Blast construct was pipetted into a vial 

of competent cells and mixed by tapping gently. The vial was incubated on ice for 30 

minutes. The vial was then incubated for exactly 45 seconds in 42oC water bath. The 

vial was not mixed or shaken at this stage. The vial was then removed from 42oC bath 

and placed on ice before 250l of pre-warmed SOC medium was added to the vial. 

The vial was then put inside a 15ml tube with a cap, placed in a packing container and 
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the packing container was placed in a centrifuge and shaken for one hour at 200rpm 

in a shaking incubator. Two and 200l from the vial were spread on 2 labelled agar 

plates and the plates were then inverted and incubated at 37oC overnight. 

In the meantime, 500ml of Lysogeny broth (LB) was prepared, autoclaved and 

100g/ml ampicillin added. 2.5ml of LB was then added to three universal containers 

labelled Cas9, psPAX2 and pMD2.G. The following day the incubated agar plates 

were collected and a sterile pipette tip used to pick up one colony (visible single white 

spot). The pipette end was added to the universal container of LB with 100g/ml of 

ampicillin labelled Cas9. Glycerols of the human immunodeficiency virus (HIV) 

lentiviral packaging plasmid psPAX2 (Addgene) and the viral envelop plasmid 

pMD2.G (Addgene), which had already been prepared by the Serrels Laboratory were 

retrieved from the freezer and a flick of each these also taken with a sterile pipette tip. 

Each pipette tip was added to a universal container with LB and 100g/ml ampicillin. 

All three universal containers were then added to the agitator and left for 7-8 hours to 

take advantage of the selection using the ampicillin resistance genes within the 

plasmids. Upon retrieval of the universal containers 200l from pMD2.G and Cas9 and 

400l from psPAX2 containers were added to three flasks of 100ml of LB with 

100g/ml ampicillin and put in the agitator overnight. On retrieval of the flasks the next 

day 50ml from each flask were poured in to six falcon tubes. 100ml (2x50ml) of culture 

medium was pelleted for each construct and DNA extracted from bacterial colonies 

using the QIAGEN plasmid Midi purification kit (Qiagen) according to manufacturer’s 

instructions. 

HEK293FT cells were set up to 100% confluence in T75 flasks and on Day 1 50l and 

150l of HEK293FT for each cell line were added to wells of a 6-well plate (in row 1 

and row 2 respectively) and incubated in 37oC/5% CO2 incubator overnight. Target 

cells to be transfected were also set up on Day 1 by splitting cells in T75 flask to allow 

90% confluence on Day 2. On Day 2 target cells were trypsinised, resuspended in 

10ml and then 200l of cell suspension seeded on to two T25 flasks for each cell line 

(labelled Control and Cas9 plates). Target cells were then incubated in 37oC/5% CO2 

incubator for 48 hours. On Day 2 under sterile conditions, 2.5ml of OptiMEM (Gibco™ 

Thermo Fisher Scientific) per cell line and 10l of Lipofectamine 2000 (Invitrogen™ 

Thermo Fisher Scientific) per cell line were mixed together (Solution 1). In a separate 
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container for each cell line 2.5ml of OptiMEM and 2.5g of each of the viral packaging 

(psPAX2) and viral envelop (pMD2.G) mammalian expression packaging vectors 

(Addgene) were mixed with 2.5g of Cas-9 vector (Solution 2). Solutions (1) and (2) 

were incubated separately at 5oC for 5 minutes before being added together and 

incubated at room temperature for 20 minutes. 2.5ml of Solution ((1) + (2)) was then 

added to each well of the 6-well plate containing HEK293FT cells and the plate left to 

incubate for 5-6 hours. After this time the OptiMEM media was replaced with the target 

cells’ normal culture media and cells were incubated for 36 hours. On Day 4 cell culture 

media was removed from cells to be transfected. For each T25 with a cell line to be 

transfected 4.5ml of 20% FBS media was taken up by a syringe followed by the culture 

media from a well of HEK293FT in line 2 to mix with it. This mixture was then pushed 

through a 0.45m syringe filter (Millipore, Merck) back into the corresponding T25 from 

which media had been removed. For the control T25s the procedure was repeated but 

media replaced with fresh culture media and 20% FBS alone (not media from 

HEK293FT wells). Polybrene (Sigma-Aldrich) was added to all T25 flasks to a final 

concentration 1:2000. Media from HEK293FT wells was replenished and plates 

returned to incubator.  On Day 5 the procedure above was repeated with culture media 

removed from T25 containing cells to be transfected. However, on this occasion 

culture media was then taken from both lines of the 6 well plate (line 1 and line 2) for 

each cell line and mixed with 4.5ml 20% FBS, before being filtered, having polybrene 

added to final concentration 1:2000 and then added back into the corresponding T25.  

Again, controls were provided by repeating the procedure but replacing T25 media 

with fresh culture media and 20% FBS alone (not media from HEK293FT wells). On 

Day 8 Cas9 transfected cells were 100% confluent, so they were trypsinised and 

transferred in to T150 flasks in the presence of xug/ml blasticidin (as per blasticidin 

killing curve described below) to allow selection of Cas9 expressing cells.  

 

Blasticidin killing curve 

Stock solution of blasticidin 10mg/ml was made up with sterile water (5mg/2.5ml), 

filtered with a Millex 0.22m filter unit (Millipore, Merck) and then aliquoted into eight 

eppendorf tubes. It was then used to make up concentrations of 0, 5, 10, 20, 50 and 

100 g/ml of blasticidin. Meanwhile, for each PDAC cell line a 6-well plate was set up 
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with each well containing 2.4ml normal growth media and 350l of cell solution. Cells 

were incubated overnight and the next day the media replaced with 2.5ml of normal 

growth media and blasticidin added at increasing concentrations of 0, 5, 10, 20, 50 

and 100g/ml. Plates were reviewed 72 and 96 hours later and optimal killing 

concentrations of blasticidin for killing cells were recorded. 

 

2.4 Western blot  

Plated cells were washed twice with chilled PBS and lysed in 

radioimmunoprecipitationassay (RIPA) buffer (50mmol/L Tris (pH 7.6), 150mmol/L 

sodium chloride, 1% Triton X-100, 0.5% deoxycholate, 0.1% SDS) supplemented with 

phosphatase inhibitor cocktail (Roche) and protease inhibitor cocktail (Roche). 

Lysates were cleared by centrifugation at 13000 rpm for 15 minutes at 40C. Protein 

concentration was determined using Pierce™ Bicinchoninic Acid (BCA) assay kit 

(Thermo Fisher Scientific). Absorbance was measured with a Biotek Synergy HT 

Absorbance, Fluorescence and Luminescence Plate reader and read at 562nm 

wavelength. 20μg of each sample was added to 5μl SDS sample buffer (Tris pH 6.8, 

20% glycerol, 5% Sodium Dodecyl Sulfate (SDS), -mercaptoethanol, bromophenol 

blue) and made up to a total of 20μl with RIPA buffer. Lysate mixtures were then 

incubated at 950C for 10 minutes. 4μl of colour standard (Precision plus protein™, 

Biorad) was used as a molecular weight (MW) marker. Lysates were resolved by 4–

15% Protein Gels (Mini-PROTEAN® TGX™ Biorad) and proteins transferred to 

nitrocellulose membranes using the Trans-Blot® Turbo™ Transfer System (Biorad). 

Membranes were blocked (5% BSA/PBST) for 1 hour at room temperature and probed 

with relevant primary antibody (Table 3) (1:1000, in 5% BSA/PBST) overnight at 40C. 

Membranes were then washed three times with PBST buffer and bound antibody was 

detected by 1-hour room temperature incubation with 1:15000 anti-mouse or anti-

rabbit horse radish peroxidase (HRP)-conjugated secondary antibodies (Dylight™Cell 

Signalling Technology) in 5% BSA/PBST. Membranes were washed three times with 

PBST and then read with the Odyssey CLx scanner (LI-COR Biosciences). 
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Antibody Source Company Clone 

Anti-  tubulin  Mouse Cell Signalling Technology (CST) DM1A 

Anti-Cas9 Mouse Biolegend 6G12-H11 

Anti-FAK Mouse Sigma- Aldrich 4.47 

Anti-ErbB2 Rabbit CST D8F12 

Anti-EPHA2 Rabbit CST D4A2 

 

Table 3 Primary antibodies used in Western blot 

Table listing name, source, clone and providing company of primary antibodies used in Western blots. 

 

 

2.5 Staining protocols 

2.5.1 Staining for Cas9 and cell nuclei 

Cells were plated on 90mm dishes containing glass coverslips and grown for 48 hours. 

Coverslips were removed from the plate and added to each well of a labelled 12 well 

plate and washed twice with ice-cold PBS. Cells were fixed by incubating them with 

3.7% formaldehyde at room temperature for 10 minutes and then washed twice with 

PBS. Cells were then permeabilised with 0.5% TritonTM X-100 (Sigma-Aldrich) / 1% 

BSA in PBS for 15 minutes at room temperature and then washed again twice in PBS 

before being left in block (10% FBS/PBS) for 30 minutes at room temperature.  

Coverslips were then transferred to parafilm covered blocks and 100µl of anti-Cas9 

antibody (Biolegend, clone7A9) (1:100 in block) was added to each of the cover slips. 

100l of block alone was added to a second set of cover slips to act as controls and 

both sets of cover slips were left overnight. Cover slips were retrieved the next day 

and washed 3 times for 5 minutes in 0.025% Tween/PBS and then incubated with 

fluorochrome-conjugated secondary anti-mouse antibody (AlexaFluor® Invitrogen) 

1:200 in Block for 45 minutes. Cover slips were then washed again three times for 5 

minutes with 0.025% Tween/PBS. Cell nuclei were subsequently stained with Hoechst 
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to facilitate cell counting; Hoechst 33342 Staining Dye Solution (Abcam) (1/10,000 in 

Block) was added and left for 20 minutes and then slips were washed a further three 

times for 5 minutes each with 0.025% Tween/PBS. Cells were mounted and kept in 

the dark at 4oC until they were imaged. The ScanR microscope (Olympus Life 

Science) at magnification (40X) was used to acquire images. 

 

2.5.2 Staining for H2A histone family member X (H2AX) and cell 

nuclei  

Cells in 6-well plates were washed twice with PBS, 3.7% formaldehyde was added 

and cells were left for 15 minutes. Cells were washed again twice with PBS and then 

left in blocking buffer (PBS/ 5%normal serum/ 0.1% Triton X-100) for 1 hour. Blocking 

buffer was then removed and 0.5ml of 1/500 primary antibody anti- phospho-histone 

H2AX (CST, clone 20E3) applied per well. Specimens were incubated at 4oC overnight 

and rinsed three times in PBS for 5 minutes each. Specimens were then incubated 

with secondary anti-rabbit antibody (AlexaFluor® Invitrogen) 1/500 in antibody dilution 

buffer (1xPBS/ 1%BSA/ 0.1% TritonTM X-100) for 1-2 hr at room temperature in the 

dark before being rinsed again three times in PBS for 5 minutes each. Cells were 

subsequently stained with Hoechst 33342 Staining Dye Solution as above (see 2.5.1) 

and the ScanR microscope (Olympus Life Science) at magnification (40X) was again 

used to acquire images. 

 

2.6  CRISPR-Cas9 Protocol for gene editing 

2.6.1 Obtaining crRNA sequences 

Manual design 

Sequences from the gene of interest, FAK, were downloaded from Ensembl 

(https://www.ensembl.org/index.html) and saved in snapgene viewer. From desktop 

genetics (https://www.deskgen.com/landing/) the "Knockin Mode" tool was selected 

and the sequence of the first exon entered into the search engine. The desktop 

program then displayed all possible regions targetable by a crRNA, with a score for 

the quality of this crRNA. The highest scoring crRNAs were identified and a score over 

https://www.ensembl.org/index.html
https://www.deskgen.com/landing/
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60 was deemed as reasonable to use. If no high scoring crRNAs were identified in the 

first exon the second exon was then searched.  The crRNA with the highest score was 

then copied into the Sanger website (https://www.sanger.ac.uk/htgt/wge/) and 

searched for "Off-Targets by Sequence". To minimise the chance of off target effects, 

only crRNAs with at least two mismatches when compared with a list of all the 

sequences within the selected genome with a high homology to the chosen crRNA 

were selected. I additionally required that at least one of the mismatches was within 

the seed sequence (the 12-base pair (bp) upstream of the PAM sequence (i.e. the 

most 3’ 12 bp)).  Furthermore, when designing a pair of CRISPR guides, each 

targeting the same gene and to be used in conjunction, only pairs of guides that were 

not multiples of three base pairs apart were used. 

Selection of IDT pre-designed guide sequences 

A search for two pre-designed Integrated DNA Technology (IDT) guides for each 

target of interest was carried out using IDT’s search engine 

https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN with the 

Homo sapiens gene symbol entered for human guides and Mus musculus gene 

symbol entered for mouse guides. Resultant sequences returned by the search were 

reviewed for on target/off target scores, position along the gene sequence and position 

relative to one another.  From the selection of oligonucleotide sequences suggested 

by the IDT search engine, a pair was identified according to the best combination of 

highest possible on target and off target scores, whilst also ensuring the two guides 

did not overlap and were not too far along the gene sequence. 

 

2.6.2  Nucleofection protocol to knockout gene targets of interest 

This protocol was based on that published by Integrated DNA Technologies (IDT) 

which describes delivery of ribonucleoprotein complexes (RNPs) into HEK-293 cells 

using the Amaxa Nucleofector System and involves RNP formation, cell preparation 

and electroporation as described below. 

 

RNP formation 

For each target to be knocked out two crRNAs were designed and ordered from IDT. 

https://www.sanger.ac.uk/htgt/wge/
https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
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On Day 1, from 100 µM stock concentrations of these crRNAs stored at -20˚C, 1.1 µL 

of each crRNA was mixed with 1.1 µL of transactivating CRISPR RNA (tracrRNA) (Alt-

R® CRISPR-Cas9 tracrRNA, IDT) in a sterile 0.2 mL PCR, vortexed and spun down. 

The cr:tracrRNA mixtures were then heated to 95˚C for five minutes and then cooled 

at room temperature for 30 min before being plunged into ice. 1 µL of 61 µM stock 

concentration of Cas9 (Alt-R® S.p. Cas9 Nuclease V3, IDT) was added to each set of 

annealed cr:tracrRNAs and then incubated at room temperature for 10 minutes to 

allow Cas9 RNP formation before being plunged into ice until transfection. 

 

Cell preparation 

Cells (that were split one day prior to be 80-90% confluent in 60mm plates on day of 

nucleofection) were trypsinised, neutralised and approximately 5x105 cells were 

added to each eppendorf per each nucleofection reaction (with protocol repetition 

consistent cell suspension volumes evolved as a proxy for cell number). Cells were 

pelleted by centrifuging for 5 minutes at 1300 rpm at 4 ˚C, the supernatant discarded, 

and the cells were washed in PBS, before being centrifuged again at for 5 minutes at 

1300rpm and then resuspended in 20µL SE Cell Line NucleofectorTM Solution (Lonza). 

  

Electroporation 

The two sets of Cas9 RNPs for each target of interest were combined in one of the 

0.2ml PCR tubes (to allow delivery of two guides per reaction) and the 20µL SE cell 

line solution containing resuspended cells was then added to the 0.2mL PCR tube 

containing 2 Cas9 RNPs. 1µl of 100µM enhancer was then added (Alt-R® Cas9 

Electroporation Enhancer, IDT). The total volume (SE cell line NucleofectorTM Solution 

+ cells + Cas9 RNP + enhancer) was then added to a nucleocuvette well and inserted 

in the 4D Amaxa machine (Lonza). The nucleofection program on the 4D Amaxa 

machine was set to the optimized program (Ca-137) and run according to 

manufacturer’s instructions. Immediately after the nucleofection pulse(s), the 

nucleocuvette strip was removed and 80µL of pre-warmed supplemented media was 

added to each nucleocuvette well. The entire volume was then transferred into a 

60mm plate containing 3ml of pre-warmed media. Cells were then grown in normal 

culture conditions and at time of media removal BCA was used to measure protein 
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concentrations and allow normalisation between samples. 

2.7 Cytokine array  

Cytokine array was carried out by the human tumour profiling unit (HTPU) microarray 

services at the Institute of Genetics and Cancer (IGC), University of Edinburgh. The 

64 microarray layout was used to provide information about the generalised PDAC 

secretome at baseline and a subsequent customised 8 microarray layout used for a 

more focussed study of a select number of potential key cytokines and chemokines in 

the PDAC secretome. Cell counts (obtained at the time of sample collection) were 

provided to allow normalisation accounting for variations in cell density across the 

sample set. 

 

2.7.1 64 Microarray layout 

Array spotting was carried out with the Quanterix 2470 Arrayer platform using 185µM 

pins. A set of identical slides with 64 sub-arrays (one slide per sample) was prepared 

with each sub-array printed with a different capture antibody and 2000µl of sample 

added per slide. Each capture antibody was spotted as four replicate spots on each 

sub-array onto single pad ONCYTE® SuperNOVA nitrocellulose slides, depicted in 

Figure 2-1. The list of 64 cytokines that were included and their corresponding position 

is shown in Figure 2-2. 

 

Figure 2-1 64 Microarray slide sample layout 

Microarray slide containing 64 sub-arrays printed with a different capture antibody. Replicate slides 
were printed and each slide was tested with 1 sample. 
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Figure 2-2 List of 64 cytokines included in 64 cytokine array  

List of 64 cytokines included in 64 cytokine array with corresponding slide position denoted by number. 
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2.7.2 8 Microarray layout 

The array slide was divided into 8 sub-arrays with each sub-array set up to measure 

8 assay targets in one sample. Using Arrayit slide clamps to physically separate the 

sub-arrays on each slide, 250µl of each sample was added per sub-array. Array 

spotting was carried out with the Quanterix 2470 Arrayer platform using 185µM pins. 

Each capture antibody was spotted as four replicate spots diagonally across each sub-

array onto single pad ONCYTE® SuperNOVA nitrocellulose slides. A set of 18 

identical slides with 8 sub-arrays (one sub-array per sample) was prepared with each 

sub-array printed with 8 capture antibodies (Figure 2-3). 

 

Figure 2-3 8 Microarray slide sample layout.  

Microarray slide containing 8 sub-arrays printed with 8 different capture antibodies in each sub-array. 
Replicate slides were printed and each slide was tested with 6 samples (sub-arrays 1-6), a nucleofection 
control sample (sub-array 7) and a ‘no cell media’ (NCM) control sample (sub-array 8). 

 

 

2.7.3 Assay procedure 

The slides were incubated in SuperblockTM T20 Blocking Buffer (Thermo Fisher 

Scientific) for 1 hour (all incubations and wash steps were performed on a rocking 
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platform) and then slides incubated with samples at 4oC overnight. The slides were 

washed three times for 5 minutes in PBST and incubated in Super GTM blocking buffer 

(Grace Bio Labs) for 10 minutes. The slides were then washed three times for 5 

minutes in PBST and then clamped into the hybridisation cassette (no more than 5 at 

a time) and incubated for 1 hour with detection antibodies (50µl per array) diluted 1:500 

in 5% BSA/PBST, 10% Super GTM blocking buffer. Clamps were removed and slides 

were then washed three times for 5 minutes in PBST and incubated again in Super 

GTM blocking buffer for 10 minutes. Slides were washed a further three times for 5 

minutes in PBST and incubated for 30 minutes with IRDye® 800CW Streptavidin (LI-

COR Biosciences) diluted 1:500 in 5% BSA/PBST 10% Super GTM blocking buffer. 

Slides were then washed a further three times for 5 minutes in PBST before being 

washed with distilled water at room temperature. They were then centrifuged for 5 

minutes at 200g and air dried in the dark. 

Microarray images were analyzed using the Innoscan 710 high resolution Micro-array 

scanner (Innopsys Life Sciences). The feature (spot) diameter of the grid was set to 

270μm. The average signal intensity was determined for each individual feature and 

the median background from the adjacent area was subtracted from each feature 

signal leading to a net signal per feature. RFI (relative fluorescence intensity) values 

relating to relative abundance of target proteins across the sample set were provided 

as Excel spread-sheets. For each sample tested the mean of the four replicates was 

calculated and the data presented as a simple heat map of all targets across all 

samples. A Power-point file containing all the slide images was provided as well as 

the array data so that any observed changes could be visually checked.  

 

2.8 Chemokine array 

The Proteome Profiler Human Chemokine Array kit (R&D systems) contains capture 

and control antibodies for 31 human chemokines in duplicate on nitrocellulose 

membranes. Conditioned media samples were prepared and the chemokine array 

carried out according to manufacturer’s instructions with amendment to replace 

Streptavidin – HRP with Invitrogen Streptavidin Protein, DyLight™ 800 (1/5000 

concentration) and termination of the protocol early after step 14, as addition of Chemo 

Reagent mix was not required. Reading of membranes was carried out using Odyssey 
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CLx (LI-COR). Image Studio™ Lite Quantification Software was then used to 

determine the average fluorescence intensity signal of the pair of duplicate spots 

representing each chemokine. 

 

2.9 Enzyme-linked immunosorbent assay (ELISA)  

ELISA assays were carried out using 96 well maxisorp treated immune plates (Thermo 

Fisher Scientific) and human or mouse DuoSet ELISA kits (R&D systems) according 

to the manufacturer’s instructions. The samples were analysed with a plate reader 

measuring optical density (OD) at a wavelength of 450nm (Synergy 2 Multi-Mode 

Reader, BioTek®). Readings were conducted in duplicate. Cells were lysed and BCA 

assay used to determine protein concentrations in order to normalise ELISA results. 

 

2.10  Chemotaxis assay 

CD8+ T cells on Day 6 of protocol for obtaining CD8+ T cells from OT-I mice were 

agitated, counted, spun down and re-suspended in sufficient T cell media to give T 

cell concentration of 300,000/ml. Cells were then re-stimulated by addition of N4 

peptide at a concentration of 10nM and left for 4 hours. CD8+ T cells were then re-

agitated, re-counted, spun down again and made up to concentration of 500,000/ml, 

ready to use for the migration assay. CD8+ T cell migration was evaluated using a 

5.0m pore size transwell permeable membrane insert (Costar®, Corning 

incorporated) in a 24- well plate. An aliquot (100l) of the cell suspension containing 

5x104 CD8+ T cells was placed in the top chamber of a well with a membrane insert. 

Chemokine, prepared at the indicated concentration in T cell medium (500 l total 

volume), was added to the bottom chamber of plate well with a membrane insert. After 

90 minutes incubation at 370C in a 5% CO2 atmosphere, the top chamber was 

removed, and the number of CD8+ T cells that had migrated into the bottom chamber 

was counted.  
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2.11  Analysis of human PDAC transcriptomic datasets 

Gene expression data from 175 patients was downloaded from the Pancreatic 

Adenocarcinoma subset of the TCGA PanCancer dataset on cBioportal 

(https://www.cbioportal.org/). The website was used to search for co-expression of 

CXCR6 mRNA with a range of immune cell subpopulation mRNAs in human PDAC. 

The strength and direction of the relationship was measured using Pearson’s 

correlation coefficient. 

 

2.12  In vivo work 

2.12.1 Mice  

Female C57BL/6 mice (Charles River, Kent, UK) were used for all in-vivo experiments. 

All mice were supplied as age matched, 5 week old females and isolated for one week 

after delivery. All experiments had University of Edinburgh ethical approval and were 

carried out in accordance with the United Kingdom Animal Scientific Procedures Act 

(1986). All surgery was carried out by Dr Alan Serrels. 

 

2.12.2 Orthotopic implantation of cancer cells into the 

pancreas 

Mice were anaesthestised with inhalational isoflurane anaesthetic in oxygen, and 

received perioperative analgesia: buprenorphine (Vetergesic, 0.1mg/kg 

subcutaneously(sc)) and carprofen (Rimadyl,10mg/kg sc) and also post-surgery, once 

daily for 48 hours. Cell lines were propagated to sub-confluency to ensure they were 

in their exponential growth phase. Once detached from the flask and washed with 

PBS, 0.5x106 cells of the appropriate cell line were suspended in growth factor 

reduced matrigel basement membrane matrix (Scientific Laboratory Supplies Ltd), at 

a concentration of 0.5x106 cells in 25μl. Using aseptic technique, a 3mm skin incision 

was made in the left lateral flank and lateral abdominal muscles in order to visualise 

the pancreas. 0.5x106 cells in 25μl matrigel were injected into the pancreas in a sterile 

manner. The abdominal wall was closed with Polyglactin 910 (Vicryl, 2M, 

Henryschein), with a single cruciate suture. Skin was closed with skin clips. Mice were 

https://www.cbioportal.org/
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monitored in a heat box set to 370C post-surgery for 1 hour. Mice were closely 

monitored daily with twice weekly weight checks following implantation. If any one 

terminal symptom caused by pancreatic tumour growth including weight loss equal to 

or exceeding 10% of the starting weight, signs of abdominal pain or abdominal 

distension became apparent, the animal was humanely sacrificed. After three weeks, 

the animals were culled (cervical dislocation) and the pancreatic tumours were 

harvested for fluorescence activated cell sorting (FACS) analysis.  

 

2.13  Flow cytometry 

Fluorescence-activated single cell sorting (FACS) buffer was made up by combining 

500ml PBS, 0.5 ml Sodium Azide (Sigma- Aldrich) and 5ml sterile FBS. Human FC 

block (1:200) was made by diluting Human TruStain FcX Fc receptor blocking solution 

(Biolegend) in FACS buffer.  Mouse FC block (1:200) was made by diluting 

CD16/CD32 Monoclonal Antibody (Clone 93 eBioscienceTM) in FACS buffer. 

 

2.13.1 FACS analysis of immune cells in mouse PDAC tumours 

Tumours established following intra-pancreatic injections of cells into mice were 

removed at Day 21 into DMEM (Sigma- Aldrich). Tumour tissue was mashed into a 

pulp using a scalpel and re-suspended in DMEM (Sigma- Aldrich) supplemented with 

2mg/ml collagenase D (Roche) and 40units/ml DNase1 (Roche). Samples were 

incubated for one hour at 370C/5% CO2 on an orbital shaker set at 120rpm. Samples 

were then pelleted by centrifugation at 1300 rpm for 5 minutes at 40C, and re-

suspended in 5ml of red blood cell lysis buffer (Pharm Lysis Buffer, Becton Dickinson) 

followed by incubation at 370C for 10 minutes. Samples were pelleted by centrifugation 

at 1300 rpm for 5 minutes at 40C, and re-suspended in PBS then passed through a 

70μm cell strainer to create a single cell suspension. Cells were pelleted by 

centrifugation at 1300 rpm for 5 minutes at 40C, and re-suspended in PBS before 

pipetting 100μl of each sample into a well of a 96-well round bottomed plate. The plate 

was then centrifuged at 1300 rpm for 5 minutes at 40C and cell pellets were re-

suspended in 200μl PBS (unstained control), and the rest in 200μl of Zombie NIRTM 

fixable viability dye (Biolegend), diluted 1:1000 in PBS. Plates were sealed and 
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incubated at 40C for 30 minutes in the dark. Samples were pelleted by centrifugation 

at 1300 rpm for 5 minutes at 40C, and re-suspended in FACS buffer. This wash step 

was repeated. Samples were re- suspended in 100μl mouse Fc block. Samples were 

incubated for 15 minutes at 40C. 100μl of surface staining antibody mixture was then 

added to each well (apart from Fluorescence minus one controls (FMOs) and 

unstained control) and the samples incubated for 30 minutes in the dark at 40C. All 

antibodies (Table 4) were used at a concentration of 1:200 diluted in a 50:50 mix of 

Fc block and BD HorizonTM Brilliant Stain Buffer, giving a final concentration in the well 

of 1:400. Samples were then pelleted by centrifugation at 1300 rpm for 5 minutes at 

40C, and re-suspended in FACS buffer. This wash step was repeated and then 

samples were transferred into sterile 1.2ml Microtubes (StarLabs), pre-filled with a 

further 200μl FACS buffer. Samples were analysed using a BD FACS Aria II (Becton 

Dickinson). Data analysis was performed using FlowJo Software.  

 

Marker Fluorophore Supplier Clone 

Ly6G BUV395 BD Horizon 1A8 

F480 BV421 Biolegend BM8 

CD11b BV510 Biolegend M1/70 

CD11c PE-Dazzle Biolegend N418 

CD45 AF700 Biolegend 30-F11 

CXCR6 (CD186) PE  Biolegend SA051D1 

CD8 BUV 737 BD Biosciences 53-6.7 

Viability Zombie NIR Biolegend Cat# 423105 

 

Table 4 FACS analysis antibodies 

List of antibodies, clones or catalogue number and suppliers used for FACS analysis of immune cell 
populations in mouse PDAC tumours. 
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2.13.2  Cell sorting protocol 

MIA PaCa-2 Ephrin Type-A receptor 2 (EPHA2) -/- cells were sorted to remove any 

potential residual MIA PaCa-2 EPHA2 WT cells post nucleofection. Following 

nucleofection of MIAPaCa-2 cells to knockout EPHA2, the MIA PaCa-2 EPHA2 -/- 

cells were cultured in 90mm plates for 72 hours. After this media was removed, cells 

were washed twice with PBS, 3ml of Cell Dissociation buffer (Sigma-Aldrich) was 

added and the plates were incubated at 370C for 10 minutes. Cells were then scraped 

off with a cell scraper (VWR™, Avantor™), 7ml of PBS added and cells 

disaggregated by pipetting before being filtered through a 70μm cell strainer into a 

falcon tube to create a single cell suspension. Cells were then pelleted by spinning at 

1300rpm for 5min at 40C and resuspended in 200μl PBS with 2x 100μl transferred into 

2 wells of a 96 well round bottom plate. Cells were pelleted again and resuspended in 

100μl of human FC block. The plate was then incubated at room temperature in the 

dark for 15 minutes. 100μl PE anti-human EPHA2 antibody (Biolegend, clone SMH16) 

was made up to 1:200 in FACS buffer and then 100μl added to one well (final 

concentration of 1:400) and incubated for a further 30 minutes in the dark at room 

temperature.  Cells were then washed three times with FACS buffer, resuspended in 

a final volume of 1ml of FACS buffer and transferred to a FACS tube. These tubes 

were taken to the FACS Aria sorter alongside a collection tube containing normal 

growth media with PenStrep and gentamicin. Cells were sorted into MIA PaCa-2 WT 

and MIA PaCa-2 EPHA2 -/- and were then spun down again and the MIA PaCa-2 

EPHA2 -/- cell pellet re-suspended in fresh media (with PenStrep and Gentamicin). 

The cells were then plated in a T25 and were confluent after 6 days. 

 

2.13.3  Surface expression protocol 

Confirmation of lack of EPHA2 in MIA PaCa-2 EPHA2 -/- cell lines created by CRISPR 

gene editing was sought with a check for surface expression of EPHA2 in these cells 

as compared with MIA PaCa-2 EPHA2 WT cell lines. EPHA2 WT and MIA PaCa-2 

EPHA2 -/- were grown to confluence. Media was removed and the cells washed twice 

with 5 mL of PBS.  3 mL of cell dissociation buffer (Sigma-Aldrich) was added to the 

plate and the plate incubated for 10 minutes at 370C.   Cells were lifted using cell lifters 

(VWR™, Avantor™), ensuring all cells were removed from the plate. A further 3 ml of 
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PBS was added and the cell suspension was pipetted up and down vigorously to break 

up clumps of cells and then filtered through a 70μm cell strainer and placed in a 50 

mL falcon tube to create a single cell suspension.   Cells were pelleted by spinning at 

1300 rpm for 5 minutes at 40C and then resuspended in 250l PBS. 100 l of each 

cell suspension (MIA PaCa-2 EPHA2 WT and MIA PaCa-2 EPHA2 -/-) was transferred 

to the first 2 wells of a round-bottomed 96-well plate. The remaining 150 l from each 

cell solution was combined to give 300 l of mixed cell solution which was divided in 

to three subsequent wells for isotype control, viability only and unstained samples. 

This generated five samples for wells 1-5; well 1 viability + PE-EPHA2 (in MIA PaCa-

2 EPHA2 WT cells); well 2 viability + PE-EPHA2 (in MIA PaCa-2 EPHA2 -/- cells); 

well 3 isotype control (a mix of both cells); well 4 viability only (a mix of both cells) and 

well 5 unstained (a mix of both cells). The plate was then centrifuged at 1300 rpm for 

5 minutes at 40C and pellets were each resuspended in 200μl of viability stain Zombie 

NIRTM (Biolegend) 1:2000 in PBS apart from the unstained control which was 

resuspended in PBS only.  The plate was covered and incubated at 40C in the dark 

for 30 minutes and then centrifuged at 1300 rpm for 5 minutes at 40C and the pellets 

resuspended in 200μl FACS buffer. This step was repeated twice. Pellets were then 

resuspended in 100μl human FC block (and incubated in the dark at room temperature 

for 15 minutes).  100μl of antibody-PE anti-human EPHA2 IgG2b (Biolegend) made 

up 1/200 in FACS buffer was added to wells 1 and 2 containing MIA PaCa-2 EPHA2 

-/-   and MIA PaCa-2 EPHA2 WT cell suspensions respectively (to give final antibody 

concentrations of 1/400). 100μl of PE Rat IgG2b isotype control (BD Bioscience 

Pharmingen, Clone A95-1) made up 1/200 in FACS buffer was added to well 3 to give 

final concentration 1/400 and 100μL of FACS buffer was added to wells 4 and 5, 

containing Viability Only and Unstained samples. The plate was then incubated in the 

dark for a further 30 minutes at room temperature, centrifuged at 1300 rpm for 5 

minutes at 40C and all pellets resuspended in 200μL FACS buffer. This step was 

repeated twice and then pellets from each well were resuspended in 200 µL FACS 

buffer and taken to Attune TM Nxt Flow Cytometer for processing.  
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2.14  Statistics 

Statistical analysis was carried out and graphs were created using GraphPad Prism8 

for Mac (GraphPad Software). All error bars on graphs represent Standard Error of 

the Mean (SEM). Statistical tests are detailed in the figure legends and included 

Student’s unpaired t-test (p-value = not significant >0.05, *<0.05, ** <0.01, ***<0.001, 

**** < 0.0001) and Pearson’s correlation coefficient (r).  
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3 Generation of FAK -/- human PDAC cell lines 

3.1 Introduction 

Recent work in the Serrels Laboratory has uncovered a novel role for FAK in 

controlling the composition of the immunosuppressive TME through FAK-dependent 

regulation of chemokine and cytokine signalling pathways. Using a syngeneic 

transplantable model of squamous cell carcinoma (SCC) of the skin the laboratory 

identified that FAK translocates to the nucleus where it interacts with a number of 

transcription factors and transcriptional regulators to enhance the expression of a 

variety of chemokines and cytokines, most notably CCL5, which drive exhaustion of 

CD8+ T cells and recruitment of T regs.214 Jiang et al234 focused on FAK enhancement 

of tumour- derived CXCL12 leading to stromal expansion in the PDAC TME. I therefore 

set out to identify potential further cytokine and chemokine pathways modifiable by 

FAK and involved in modulating the immunosuppressive TME in PDAC. Whilst much 

of the previous work in the Serrels Laboratory had been in mouse cell lines it was 

decided that expansion to the use of human derived PDAC cell lines was also 

important to try and identify common key cytokine/chemokine networks.  

The speed, efficacy and ease of a CRISPR-Cas9 based gene editing method235 made 

it an attractive option for creating FAK depleted PDAC cell lines. Clustered regularly 

interspaced short palindromic repeat (CRISPR) sequences are a family of DNA 

sequences used by many bacteria to protect themselves from foreign nucleic acids, 

such as viruses or plasmids. Naturally occurring CRISPR systems incorporate foreign 

DNA sequences into CRISPR arrays, which then produce small CRISPR RNAs 

(crRNA)s bearing “protospacer” regions that are complementary to the foreign DNA 

site. crRNAs hybridize to complementary transactivating crRNAs (tracrRNAs) and this 

pair of RNAs can associate with the CRISPR-associated protein -9 (Cas9) nuclease. 

crRNA-tracrRNA:Cas9 complexes can thereby recognize and cleave foreign DNAs 

bearing the protospacer sequences. 

The simplest and most commonly used engineered CRISPR system, CRISPR-Cas9 

is based on an endonuclease (Cas9 from Streptococcus pyogenes) and a guide RNA 

(gRNA), consisting of fusion between a crRNA and a tracrRNA. This single gRNA 

complexes with Cas9, forming a ribonucleoprotein (RNP) and the RNP is directed to 
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a specific target DNA site with a sequence complementary to the 5′ 20 nucleotide 

region of the gRNA. The Cas9 then recognises a 3-nucleotide sequence ‘NGG’ on 

DNA called a protospacer adjacent motif (PAM) sequence which is immediately 3’ of 

the target DNA site and induces double strand breaks at this point. The DNA is then 

repaired repeatedly via the non-homologous end-joining pathway until errors occur 

resulting in small insertion or deletion mutations (indels). Indels occurring within coding 

exons result in frameshift mutations leading to premature stop codons or unstable 

truncated protein products236 (Figure 3-1). 

 

 Figure 3-1 Diagram illustrating principle of CRISPR-Cas9 gene editing 

Diagram illustrating principle of CRISPR-Cas9 gene editing with fusion of crRNA and tracrRNA to form 
a guide RNA (gRNA), fusion of this gRNA with Cas9 to form a ribonucleoprotein (RNP) complex and 
then direction of this RNP complex to cleave a specific target DNA site. 
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There are three different strategies to edit genes using CRISPR-Cas9; (i) use of a 

plasmid based Cas9 system with a plasmid encoding the Cas9 protein and enabling 

cells to constitutively express Cas9 which can then form a RNP complex with gRNA 

(ii) delivery of a mixture of Cas9mRNA and gRNA. The Cas9mRNA is translated in to 

Cas9 in the cells and forms the Cas9/gRNA complex or (iii) delivery of recombinant 

Cas9 protein and gRNA which have already formed a RNP complex in vitro.237 There 

are also multiple methods for the delivery of the CRISPR-Cas9 system into cells 

including electroporation, microinjection, viral delivery systems, induced transduction 

by osmocytosis and propanebetaine (iTOP), mechanical cell deformation, 

hydrodynamic injection and lipid, polymer or gold nanoparticles. In this chapter I 

outline how I optimised a CRISPR-Cas9 gene editing protocol for knockout of the 

tyrosine kinase FAK in a range of human PDAC cell lines. 

 

3.2 Aims 

To generate FAK null (-/-) human PDAC cell lines using a CRISPR-Cas9 gene editing 

system. 

 

3.3 Experimental approach  

3.3.1 Plasmid-based CRISPR Cas9 system 

Given that I hoped to use a CRISPR-Cas9 system to knockout FAK in PDAC cells and 

then go on to use the system to knockout further tyrosine kinases, the idea of 

generating cells lines which constitutively expressed Cas9 was appealing in financial 

terms as recombinant Cas9 is relatively expensive. With respect to the delivery 

method, electroporation has been deemed a very effective and easy to use tool.238,239  

Nucleofection is an electroporation-based transfection method which enables transfer 

of RNA and DNA into cells by applying a specific voltage and reagents. It was invented 

by the biotechnology company Amaxa and availability of the Amaxa 4D nucleofector 

machine in our laboratory made it a logical delivery method to use.  The initial 

CRISPR-Cas9 gene editing methodology selected was therefore use of a plasmid 

based Cas9 and an electroporation delivery system. 
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Given previous work in the Serrels Laboratory had been almost exclusively in mouse 

PDAC cell lines, I had to obtain human PDAC cell lines from external sources.  Four 

human PDAC cell lines were obtained in the first instance; PANC-1, PSN-1, MIA 

PaCa-2 and Capan-1 and so the optimisation process was initiated in these cell lines 

with expansion to include further human PDAC cell lines obtained from the APGI at a 

later date. 

 

3.3.1.1 Results 

3.3.1.1.1 Generation of Cas9 expressing PDAC cell lines 

MIA PaCa-2, PANC-1, PSN-1 and Capan-1 cell lines were selected and transfection 

of Cas9 carried out.  All cell lines, bar Capan-1, tolerated transfection well and Western 

blot confirmed expression of Cas9 in transfected cells as compared to parentals 

(Figure 3-2). 

 

 

Figure 3-2 Western blot for Cas9 and tubulin in transfected cells as compared to parentals  

Western Blot demonstrating successful expression of Cas9 in Cas9 transfected PSN-1, MIA PaCa-2 
and PANC-1 PDAC cell lines (PSN-1 Cas 9, MIA PaCa-2 Cas9 and PANC-1 Cas9) as compared to 
parental controls (PSN-1, MIA PaCa-2 and PANC-1). 

 

 



Generation of FAK -/- human PDAC cell lines 

 

 63 

3.3.2 Preparing CRISPR Protocol 

3.3.2.1 Design of FAK crRNA 

Sequences from the gene of interest, FAK (PTK2), were downloaded from Ensembl 

(https://www.ensembl.org/index.html) and saved in snapgene viewer. From desktop 

genetics (https://www.deskgen.com/landing/) the "Knockin Mode" tool was selected 

and the sequence of the first exon input entered into the search engine. The desktop 

program then displayed all possible regions targetable by a crRNA, with a score for 

the quality of this crRNA. The highest scoring crRNAs were identified and any guide 

with an ‘on- target’ score over 60 was deemed reasonable to consider for use. If no 

high scoring crRNAs were identified in the first exon the second exon was then 

searched.  The crRNA with the highest score was then copied into the Sanger website 

(https://www.sanger.ac.uk/htgt/wge/) and searched for "Off-Targets by Sequence". To 

minimise the chance of off-target effects, crRNAs with at least two mismatches, when 

compared with list of all of sequences within the selected genome with a high 

homology to the chosen crRNA, were selected. Additionally, we required that at least 

one of the mismatches was within the seed sequence (the 12-base pair (bp) upstream 

of the PAM sequence (i.e. the most 3’ 12 bp)). With these criteria, the FAK crRNA was 

selected; FAK crRNA guide 1; CCTGATAATACTGGCCCAGG. 

 

3.3.2.2 Nucleofection 

Nucleofection optimisation 

Nucleofection optimisation was carried out with the Amaxa cell line optimisation 4D- 

NucleofectorTM X kit (Lonza) as per manufacturer’s instructions. 8x106 cells from each 

cell line were pelleted and resuspended in 320µl of NucleofectorTM SE, SF or SG 

solution and mixed with 6µg of pmaxGFP plasmid provided. 20µl were added to each 

well of a 16 well nucleocuvette strip. Optimisation protocol for cell lines in SE, SF or 

SG solution was run in the 4D-NucleofectorTM X device. The strip was left at room 

temperature for 10 minutes, 80µl of media added per well and the whole volume 

transferred to a well of a 6-well plate with 2.5ml prewarmed growth media. Forty-eight 

hours later a Fluoroscope microscope (Olympus CKX41) was used to assess green 

fluorescence and cell viability and allow selection of the best combination of Solution 

https://www.ensembl.org/index.html
https://www.deskgen.com/landing/
https://www.sanger.ac.uk/htgt/wge/
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(SE, SF or SG) and nucleofection program. On review of images and consideration of 

degree of cell death and levels of green fluorescence, the following solutions and 

programmes were selected for each cell line; Capan- 1 SE solution and programme 

Ca137; PANC-1 SE solution and programme DS138; MIA PaCa-2 SE solution and 

programme DS137 and PSN-1 SE solution and programme DS137. 

 

Nucleofection of PDAC cells constitutively expressing Cas9 

The nucleofection protocol was based on the protocol published by Integrated DNA 

technologies (IDT) on delivery of ribonucleoprotein complexes into HEK-293 cells 

using the AmaxaTM nucleofector system. From 100 µM stock concentrations stored at 

-20oC, 1.1 µL of FAK crRNA was mixed with 1.1 µL of transactivating CRISPR RNA 

(tracrRNA) (Alt-R® CRISPR-Cas9 tracrRNA, IDT) in a sterile 0.2 mL PCR tube, 

vortexed and spun down. The cr:tracrRNA (gRNA) mixture was then heated to 95˚C 

for five minutes and then cooled at room temperature for 30 minutes before being 

plunged into ice until transfection. Meanwhile PANC-1, PSN-1 and MIA PaCa-2 cells 

were trypsinised, neutralised and 0.5x106 cells were added to a universal container 

per each nucleofection reaction. Cells were pelleted by centrifuging for 5 minutes at 

1300 rpm. The supernatant was discarded and the cells were then washed in 5ml of 

PBS, before being centrifuged again for 5 minutes at 1300rpm and then resuspended 

in 20 µL SE Cell Line NucleofectorTM solution (Lonza). The 20 µL SE cell line solution 

containing resuspended cells was then added to the 0.2mL PCR tube containing the 

gRNA and the total volume (SE cell line nucleofector solution + cells + gRNA) was 

then added to a nucleocuvette well and inserted in the 4D Amaxa machine 

(Lonza). The nucleofection program on the 4D Amaxa machine was set to the 

optimized program as per the nucleofector optimisation and run as per manufacturer’s 

instructions. 

Immediately after the nucleofection pulse(s), the microcuvette strip was removed and 

80 µL of pre-warmed supplemented media was added to each microcuvette well. The 

entire volume was then transferred into a 90mm plate containing 7.5ml of pre-warmed 

media and the plate put in the incubator. Cells were grown for three days post 

nucleofection and Western blot of cell lysates carried out to assess for knockout of 

FAK.  
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The entire process above was then repeated for another non–receptor tyrosine kinase 

Src in case the FAK guide sequences were poor. 

 

3.3.2.3 Results 

There was no evidence of FAK (or Src) knockout in any of the nucleofected PDAC 

cells (Figure 3-3). 

 

 

 

 

Figure 3-3 Western blot demonstrating unsuccessful attempt at knockout of FAK and Src in 
PDAC cells  

Western blot for FAK, Src and tubulin in Cas9 transfected PSN-1, MIA PaCa-2 and PANC-1 cell lines 
which were mock nucleofected (control) or nucleofected to attempt knockout of FAK (FAK KO) or Src 

(Src KO).  

 

 

3.3.2.4 Discussion 

Possible reasons for failure of FAK knockout were considered, including insufficient 

time allowed for knockout, insufficient Cas9 expression by PDAC cells (although 

Western blot indicated the presence of Cas9 in PDAC cells that had been transformed 

with the plasmid it did not quantify the amount of Cas9), and crRNA guide failure. 

Each of these points was addressed through; (i) repeat nucleofection to knockout FAK 

in MIA PaCa-2 cells with assessment for FAK knockout at a range of different time 

points post nucleofection (Days 3, 6 and 8); (ii) staining for Cas9 immunofluorescence 
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in MIA PaCa-2, PANC-1 and PSN-1 cells in conjunction with Hoechst to stain the 

nucleus and (iii) review of the crRNA sequences.  

Using the same nucleofection protocol outlined above, FAK knockout was assessed 

for at Days 3, 6 and 8 and Western blot failed to detect FAK knockout at any of these 

timepoints (Figure 3-4). 

 

 

Figure 3-4 Western blot demonstrating unsuccessful attempt at knockout of FAK in PDAC cells 
at variety of different timepoints  

Western blot for FAK and tubulin in Cas9 transfected MIA PaCa-2 cell lines which were mock 
nucleofected (control) or nucleofected to attempt knockout of FAK (FAK KO) or Src (Src KO) and then 
assessed at a range of a timepoints (Day 3, Day 6 and Day 8). 

 

 

Immunofluorescence staining protocols were used to stain for Cas9 along with 

Hoechst to stain the nucleus in MIA PaCa-2, PANC-1 and PSN-1 Cas9 transfected 

and parental cells. Cells were then imaged using the ScanR microscope (Olympus 

Life Science) and the post immunofluorescence imaging programme (Image J) was 

used to merge images for Hoechst (nuclear staining) and the Cas9 antibody, creating 

images which were supportive of sufficient Cas9 expression in all three cell lines 

(Figure 3-5).  



Generation of FAK -/- human PDAC cell lines 

 

 67 

 

Figure 3-5  Fluorescent slide images confirming presence of Cas9 in transfected PDAC cell lines  

Immunofluorescent images of fixed slides of parental and Cas9 transfected PDAC cell lines treated with 
Hoechst 33342 dye to stain cell nuclei (purple) +/- overlay of Cas9 Ab staining (green). 

 

 

The FAK crRNA sequence was reviewed and confirmed to be both within Exon 1 of 

the FAK gene sequence and have a satisfactory on-target score supporting its 

efficacy. And the failure to also successfully knockout out Src made it less likely to be 

a problem attributable to the FAK cRNA alone. 

Having failed to identify clear areas to improve the initial experimental approach with 

simple adaptations to the existing protocol I liaised firstly with the IDT technical team 

who advised using recombinant Cas9 to allow formation of an RNP complex in vitro, 

rather than a plasmid based Cas9 system. On review there was support for this 
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method in the literature with electroporation of RNPs yielding higher gene-editing 

efficiency than electroporation of plasmid based CRISPR-Cas9 systems.240,241,242 IDT 

also suggested use of an electroporation enhancer, a single-stranded oligonucleotide 

with no homology to human, mouse, or rat genomes that improves delivery of Cas9 

ribonucleoprotein (RNP) by electroporation. It works on the premise that addition of 

non-homologous single-stranded DNA during Cas9-mediated gene targeting 

increases the frequency of disrupting mutations by driving cells towards error-prone 

instead of error-free repair pathways and thereby increasing the frequency of 

sequence disruption during genome editing.243,244 

I secondly liaised with Pooran Dewari (colleague in the neighbouring Pollard 

Laboratory with significant experience in CRISPR gene editing) who suggested using 

two crRNAs per nucleofection reaction to improve efficacy. Joberty et al235 refer to this 

process as a tandem gRNA-based strategy and note that it negates the need for the 

rigorous search for highly efficient gRNAs. They report that the combination between 

a main (‘‘driver’’) gRNA with medium efficiency (greater than 30% indel rate) and a 

second (‘‘helper’’) gRNA with at least some measurable efficiency (greater than 10%) 

is often enough to reach close to a 100% indel rate. Because lower efficacy is 

tolerated, this strategy allows design of gRNAs with more stringent specificity criteria 

(e.g. more mismatches to the next homologous sequence), which minimize the risk of 

gRNA off-target effects. The tandem approach leads to higher homogeneity in the 

gene editing outcome since the deletion in between the two Cas9 sites is highly 

favoured, which also increases the chances to get a full knockout.  

 

3.3.3 RNP CRISPR Cas9 system 

The CRISPR protocol was therefore repeated and changes made to include use of 

two crRNAs per nucleofection reaction; (FAK crRNA guide 1; 

CCTGATAATACTGGCCCAGG and FAK crRNA guide 2; 

AACGTTCCATACCAGTACCC, use of electroporation enhancer (Alt-R ®Cas9 

electroporation enhancer, IDT) and use of recombinant Cas9 (Alt-R ® Cas9 Nuclease, 

IDT). 
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3.3.3.1 Results 

Using this amended protocol there was successful knockout of FAK ( 

Figure 3-6A) and this was subsequently reproduced in a range of PDAC cell lines ( 

Figure 3-6B). 

 

 

Figure 3-6 Western Blot confirming FAK knockout in human PDAC cell lines 

A) Western Blot showing successful knockout of FAK in MIA PaCa-2 cells. Western blot for FAK and 
tubulin in MIA PaCa-2 cell lines which were mock nucleofected (control) or nucleofected to knockout 
FAK (FAK KO) or Src (Src KO). B) Western Blot showing successful knockout of FAK in MIA PaCa-2, 
PANC-1, PSN-1 and Capan-1 cells. Western blot for FAK and tubulin in MIA PaCa-2, PANC-1, PSN-1 
and Capan-1 cells which were mock nucleofected (control) or nucleofected to knockout FAK (FAK KO). 

 

 

Discussion 

Following optimisation of the CRISPR protocol for knockout of FAK and further 

tyrosine kinases as part of the CRISPR screen (Chapter 6), the protocol was 

subsequently adopted and used widely within the Serrels Laboratory. This led to 

ongoing review and evaluation of its performance with further amendments made to 

improve it as follows; (i) quantification of cells was simplified by using consistent 

resuspended cell volumes rather than cell counting to estimate number of cells to be 

put through nucleofection; (ii) eppendorfs (rather than universal containers) were 

introduced for spinning down and washing of cells to reduce volume errors due to 

small quantities of solutions being added to the pelleted cells; (iii) BCA assays were 

introduced for protein quantification of plated cells to be used as a proxy for cell 

number for normalization rather than immune-staining and cell counting and (iv) 
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nucleofector programme Ca137 showed good efficacy across a wide range of cell 

lines and so was adopted as default nucleofector programme, rather than varying 

programme according to cell line. 

Furthermore, upon manual design of the second FAK crRNA it was noted that the 

sequence coincided with that of one of IDT’s predesigned guides 

(Hs.Cas9.PTK2.1.AA). Given the success of the FAK knockout with use of this pre-

designed guide,  along with acknowledgement that the tandem gRNA approach, 

described by Joberty et al,235 allowed for less stringency in selection of suitable 

gRNAs, the IDT pre-designed guides were subsequently adopted in the nucleofection 

protocol to minimise the chance of human error and obtain guides that had already 

been tested for efficacy. 

The development of this protocol provided me with a relatively straightforward, cost 

efficient and extremely time effective methodology with which to study the effect of 

knockout of different targets of interest, unaffected by potential confounding drug 

inhibitor effects. Although there does still exist the possibility of off target effects careful 

selection of guides with lower off target risks can minimise this. 
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4 The effect of FAK on the PDAC secretome 

4.1 Introduction 

Having established it was possible to knockout FAK in a range of human PDAC cell 

lines the next step was to identify a generalised picture of the cytokine and chemokine 

expression profile for PDAC cells at baseline and then proceed to assess any changes 

in this expression profile with the loss of FAK. 

 

4.2 Aims 

• Identify a generalised picture of the cytokine and chemokine expression profile 

of human PDAC cells. 

• Identify the effect of FAK knockout on the cytokine and chemokine expression 

profile of human PDAC cells. 

• To identify at least one (and possibly more than one) chemokine or cytokine 

modified by FAK for further study of its role in modifying the immune response 

within the tumour microenvironment. 

 

4.3 Defining the secretome of PDAC cells 

4.3.1  Experimental approach 

A Forward Phase Protein Array (FPPA) to determine relevant expression of cytokine 

and chemokine levels in cancer cell conditioned media was considered to be a time 

efficient and cost-effective method to identify potential important paracrine signalling 

pathways in the PDAC TME. 

The FPPA platform at the CRUK Edinburgh Cancer Centre is set up to determine 

relative expression of 64 cytokine, chemokine and/or growth factor targets from an in-

house list of 88 human antibody stocks. It was therefore necessary to prioritise a list 

of 64 cytokine targets, from this list of 88, for the initial cytokine array. Given the focus 

of the study was on identifying paracrine signalling pathways between PDAC cells and 

immune cell populations, it was proposed that expression of cytokine receptor genes 

in immune cell populations enriched in the PDAC TME, such as macrophages and 
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CAFs, might provide a useful guide for cytokines and chemokines to include in the 

initial screen. To inform this, single cell RNA sequencing data from CAFs and 

macrophages245 in human PDAC was analysed (Thomas Parry). Cytokine receptor 

genes with expression levels above the 50th centile of all genes expressed for each of 

these cell types were identified and then stratified further according to level of 

expression (Figure 4-1). 
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Figure 4-1 Relative expression of cytokine, chemokine and growth factor receptors for cancer 
associated fibroblasts and macrophages from human PDAC 

 
Gene expression of cytokine, chemokine and growth factor receptors from single cell RNA sequencing 
data for human PDAC cancer associated fibroblasts (A) and macrophages (B). Colour code based on 
the centile the magnitude of expression belongs in; Red >90th centile, Green >80th centile and <90th 
centile, Blue >75th centile and <80th centile and Purple <75th centile. 
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These receptor gene expression profiles were then cross-referenced with the list of 88 

cognate cytokines/chemokines for which FPPA antibodies were available. Those 

cytokines from the list that had high gene expression for corresponding cytokine 

receptors in CAFs and/or macrophages (e.g. CXCL12) were prioritized for inclusion in 

the study. Beyond this, and following literature review, consideration was given to 

cytokines previously identified to have a role in PDAC and thereafter to cytokines 

identified to have a role in the TME of other cancer types. This allowed selection of 64 

cytokines to be included in the initial array and these chosen cytokines are listed in  

Table 5 below.  

 

 

Table 5 Cytokines to be screened for in 64 cytokine FPPA platform 

Table listing cytokines to be screened for in 64 cytokine Forward Phase Protein Array (FPPA) platform. 

FPPA cytokines 

Amphiregulin CXCL16 IGFBP-6 NOV/CCN3/IIGFBP-9 

CCL1/I-309 CXCL4/PF4 IL-1 alpha/IL-1F1 Osteopontin 

CCL11/Eotaxin CXCL7/NAP-2 IL-1 beta/IL-1F2 TIMP-1 

CCL17/TARC CXCL9/MIG IL-10 TNF-αlpha 

CCL2/JE/MCP-1 DPPIV/CD26 IL-11 TREM-1 

CCL21/6Ckine EGF IL-12 p70 CD80/B7-1 

CCL22/MDC FLT3 (Duo) IL-17/IL-17A B7-H1 duoset 

CCL27/CTACK G-CSF IL-13 CXCL8/IL8 

CCL28 Gas1 IL-2 CCL19/MIP-3 beta protein 

CCL3/MIP-1 alpha HGF IL-23 (duoset) CCL4/MIP-1 beta protein 

CCL5/RANTES GM-CSF IL-3 CXCL1/GRO alpha protein 

CX3CL1/Fractalkine ICAM-1/CD54 IL-4 IL-12/IL-23 p40 Monomer 
protein 

CXCL10/IP-10/CRG-2 IGF-1 IL-5 IL-15 Protein 

CXCL11/I-TAC IGFBP-2 IL-6 IL-18/IL-1F4 Protein 

CXCL12/SDF-1 IGFBP-3 IL-7 IL-22 Protein 

CXCL13/BLC/BCA-1 IGFBP-5 M-CSF IL-27 Protein 
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4.3.2 Establishing secretome of human PDAC cell lines at baseline 

A range of PDAC cell lines from both classical and basal like subtypes was selected; 

MIA PaCa-2, PANC-1, PSN-1, Capan-1, TKCC02, TKCC10, TKCC22, TKCC26 and 

TKCC27. On Day 1, 0.5 x106 cells were set up from each cell line, cells were pelleted, 

washed with PBS and then resuspended in 6.5ml of media. 2.5ml from this suspension 

was then added to a 6-well plate and left in the incubator for 72 hours.  On Day 4 cells 

were washed with PBS and media changed. On Day 6 the 6-well plates were retrieved 

and 2.5ml media removed from each of the wells in the 6-well plate. The media was 

centrifuged (1300 rpm for 5 minutes) and the supernatant removed and put in bijou 

tubes. These tubes were snap frozen and put in -800C freezer. 2.5ml of each sample 

were subsequently provided to Human Tumour Profiling Unit (HTPU) Services and the 

cytokine array carried out with a 64 microarray layout. The cells in the 6-well plate 

were then stained with Hoechst to facilitate cell counting and normalisation of 

fluorescence intensity measurements for corresponding media samples. ‘No cell 

media’ samples were gathered by taking fresh samples of media used for appropriate 

cell line growth. Scan R software (Scan R Acquisition) was used to acquire images of 

the cells in corresponding wells from which conditioned media samples were retrieved 

and analysis software (Scan R Analysis) used to count the cells to allow normalisation 

of media samples. In post-study analysis the ‘No cell media’ value was subtracted 

from each of the mean values for sample fluorescence intensity. The remaining 

fluorescence intensity results from each cell line were normalised according to cell 

number. 

 

4.3.3 Results 

4.3.3.1 PDAC secretome at baseline  

The fluorescence intensity results for each cell line were Log2 transformed and 

subjected to hierarchical clustering on the basis of Euclidean distance computed with 

an average linkage matrix using Morpheus software 

(https://software.broadinstitute.org/morpheus/). This generated a heat map depicting 

relative expression of cytokines and chemokines with higher expression of CCL5, 

https://software.broadinstitute.org/morpheus/
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IGFBP-2, Amphiregulin, CXCL16, TIMP-1, CXCL8, CXCL1, ICAM-1, GMCSF, IGFBP-

3, IGFBP-9, MCSF and IL-1β noted across the majority of cell lines. 

 

Figure 4-2 Relative basal cytokine and chemokine expression in Human PDAC cell lines 

Log2 Fluorescence intensity data from 64 cytokine forward phase protein array representing relative 
cytokine and chemokine expression in conditioned media from nine human PDAC cell lines; seven 
basal-like (MIAPaCa2, TKCC02, TKCC10, TKCC26, TKCC27, PSN-1, PANC-1) and two classical 
(Capan-1 and TKCC22). Colour and intensity represent relative protein expression levels.  

 

 

4.4 Effect of FAK on the PDAC secretome 

4.4.1 Experimental approach 

The initial planned approach to assess the impact of loss of FAK on the PDAC 

secretome was to use the same FPPA to measure relative cytokine and chemokine 

expression profiles in media samples prepared from PDAC cell lines +/- FAK. 

However, questions were raised about the validity of the FPPA process at the HTPU 

during the course of the PhD (see Chapter 6). Further validation of the process was 

felt necessary prior to processing further samples. It was therefore decided that use 

of a smaller human chemokine array, that could be performed independently, would 
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best allow work to proceed. A chemokine array kit was selected with the ability to 

determine relative levels of 31 chemokines in conditioned media samples. However, 

each kit could only be used to assess up to four conditioned media samples. TKCC02 

was selected as the PDAC cell line to run in the chemokine array first. 

 

4.4.2 Chemokine array 

TKCC02 cells were nucleofected to knockout FAK and generate TKCC02 FAK-/- cells, 

and matched samples were nucleofected with no guides (mock nucleofection) to serve 

as controls (TKCC02 FAK Wild-type (WT) cells). Cells were grown in 60mm plates 

following nucleofection. After 48 hours, media was changed and the conditioned 

media was collected after a further 72 hours. BCA assay was used to determine 

protein concentrations from plated cells for normalization. A proteome profiler human 

chemokine array kit (R&D systems) was used to determine relative fluorescence 

intensity levels of 31 chemokines in TKCC02 WT and TKCC02 FAK -/- cell conditioned 

media samples.   

 

4.4.3 Results 

4.4.3.1 Effect of FAK on PDAC secretome 

The fluorescence intensity levels for TKCC02 WT and TKCC02 FAK -/- samples were 

Log2 transformed and subjected to hierarchical clustering on the basis of Euclidean 

distance computed with an average linkage matrix using Morpheus software 

(https://software.broadinstitute.org/morpheus/). This generated a heat map depicting 

relative expression of chemokines in TKCC02 WT and TKCC02 FAK -/- cell lines 

(Figure 4-3) and showed high levels of CXCL16 expression and an increase in this 

expression with FAK depletion. Log2 fold changes in fluorescence intensity between 

TKCC02 WT and TKCC02 FAK -/- cell lines are also summarised (Figure 4-4) with 

CXCL16 highlighted as one of the cytokines most markedly increased by FAK 

depletion. 

https://software.broadinstitute.org/morpheus/
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Figure 4-3 FAK regulates the secretion of a number of chemokines including CXCL16 in TKCC02 
pancreatic tumour cell lines 

Log2 Fluorescence intensity data from 31 chemokine array representing relative chemokine expression 
in conditioned media from TKCC02 FAK WT (FAK WT) and TKCC02 FAK -/- (FAK-/-) cells. Colour and 
intensity indicate relative protein expression levels in culture medium. 
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Figure 4-4 FAK regulates the secretion of a number of chemokines including CXCL16 in TKCC02 
pancreatic tumour cell lines 

Log2 fold changes in fluorescence intensity data from 31 chemokine array represent changes in 
chemokine expression in conditioned media from TKCC02 FAK -/- (FAK-/-)  vs TKCC02 FAK WT (FAK 
WT) cell lines and are arranged in increasing order of magnitude. 

 

 

In considering results from both the 64-cytokine FPPA and 31-chemokine array 

platforms, CXCL16 was identified as a cytokine abundantly expressed across 

numerous human PDAC cell lines. Furthermore, data from the 31-chemokine array 

indicated depletion of FAK resulted in an increase in CXCL16 expression in the 

TKCC02 PDAC cell line. CXCL16 was therefore identified as a target for further study.  

Confirmation of the increase in CXCL16 with FAK depletion, observed in the 

TKCC02s, was sought with ELISA. TKCC02 cells were again nucleofected to knockout 

FAK and matched samples were mock nucleofected to serve as controls. The cells 

were grown in 60mm plates post nucleofection. After 48 hours, media was changed 

and conditioned media was collected after a further 72 hours. The conditioned media 

was then centrifuged at 1300rpm for 5 minutes to remove any debris and BCA assay 

used to determine protein concentrations from the plated cells for normalization. A 

similar process was repeated for TKCC22, TKCC27 and Capan-1 cell lines.  Human 
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CXCL16 duoset ELISA (R&D systems) was performed on the conditioned media 

samples to measure CXCL16 concentrations. Given the high levels of CXCL16 

detected in these samples, dilution (x10) of samples was carried out prior to ELISA. 

This allowed calculation of CXCL16 values within the ELISA normalization curves and 

values obtained were then multiplied (x10) to calculate true sample concentrations.   

 

4.4.3.2 FAK depletion increases CXCL16 in range of human PDAC cell lines 

Increased concentrations of CXCL16 with FAK knockout, as measured by ELISA, 

were observed across the four human PDAC cell lines sampled (Figure 4-5A). The 

experiment was repeated in triplicate for Capan-1 cells (Figure 4-5B) to confirm the 

fold change as significant for this cell line. 

 

Figure 4-5 Fold change in CXCL16 levels in FAK WT vs FAK -/- PDAC cell lines  

A) Fold change in CXCL16 levels measured by ELISA in conditioned media from TKCC02, TKCC22, 
TKCC27 and Capan-1 FAK -/- and FAK WT cell lines. B) Fold change in CXCL16 levels measured by 
ELISA in conditioned media from Capan-1 FAK-/- (FAK-/-) and Capan-1 WT (FAK WT) cell lines. Data 
represented as mean +/- SEM, n=3 per group. Statistical analysis was performed using Student’s t test; 
p-value = not significant >0.05, *<0.05, ** <0.01, ***<0.001, **** < 0.0001. 
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4.5 Discussion 

In this chapter I have demonstrated common cytokines and chemokines expressed in 

the secretome of a range of basal-like and classical human PDAC cell lines. I have 

identified CXCL16 as a chemokine expressed particularly abundantly across this 

range of cell lines. Furthermore, I have determined that FAK regulates secretion of a 

number of chemokines within this PDAC secretome and identified CXCL16 to be one 

of those, with depletion of FAK leading to an increase in CXCL16 expression. CXCL16, 

therefore, seemed a sensible initial target to investigate with regard to a potential role 

in modifying the anti- tumour response downstream of FAK inhibition. 

The chemokine array also highlighted further chemokines and cytokines modified by 

FAK depletion that would be interesting to study, in particular their effect on the TME. 

Perhaps the other most notable was midkine, a heparin-binding growth factor 

abnormally expressed at high levels in various human malignancies. It promotes 

tumour cell proliferation, transformation, and epithelial-to-mesenchymal (EMT) 

transition and has angiogenic, mitogenic, antiapoptotic and antitumor immunity 

roles.246  Furthermore, midkine has been shown to be significantly over-expressed in 

cancer cells compared with corresponding normal cells247 and in the chemokine array 

was the chemokine most highly expressed by the TKCC02 cells. Had time permitted 

this would have been another cytokine worth examining in detail. 

I would also have liked to repeat the FAK knockout and subsequent measurement of 

CXCL16, as done with the Capan-1 cell line, in each of the human PDAC lines 

sampled to confirm significance of the increase in CXCL16 suggested by the initial 

screen of four human PDAC lines. However, given my overarching aim was to assess 

the effect of FAK depletion on the TME in vivo, I decided as a priority to move to the 

murine cell lines (Chapter 5) and examine whether the observed increase in CXCL16 

in the human PDAC cell lines was replicated in murine lines. 
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5 CXCL16 

5.1 Introduction 

Chemokines regulate the infiltration of different immune cell subsets into the TME as 

well as affecting angiogenesis, proliferation, migration and survival of cancer cells. 

Chemokines, therefore contribute to the biological and immune phenotype of tumours 

and thus influence cancer progression, therapy and patient outcomes.248 

Having identified CXCL16 as a chemokine upregulated in PDAC cells with the 

depletion of FAK (Chapter 4), I wanted to study the effects of this chemokine in more 

detail with an overarching aim of ascertaining whether there was potential to target its 

signalling axis and thereby increase the efficacy of FAK inhibition in upregulating the 

anti-tumour immune response. In this chapter I provide a brief summary of the 

literature on CXCL16 to date before focusing on the role of CXCL16 in the PDAC TME 

downstream of FAK depletion. 

 

5.1.1 CXCL16 and CXCR6 background information 

The chemokines are a large family of small (8-10 kDa) secreted proteins best known 

for their ability to induce chemotaxis in receptive cells. They have four cysteine 

residues in conserved locations and the precise configuration of the two cysteines 

closest to the amino(N)- terminus allows chemokines to be split into four subfamilies: 

C (only one N-terminal cysteine), CC (two adjacent cysteines), CXC (separated by 

one amino acid) and CX3C (separated by three amino acids).249 CXC or alpha (α) 

chemokines can be divided into two main subgroups, non-ELR and ELR CXC 

chemokines, based on the presence or absence of the tripeptide sequence ELR 

(glutamic acid- leucine-arginine) immediately prior to the first cysteine.250 CXCL16 is 

a member of the non-ELR alpha chemokine family. 

CXCL16 is a fairly novel chemokine having been described in human cells for the first 

time in 2000 by Matloubian et al.251 The CXCL16 gene is located on chromosome 

17p13 and there are two CXCL16 transcripts, 1.8 kilobases (kb) and 2.5 kb in length, 

formed by alternative splicing.252 After translation a hydrophobic signal peptide is 

cleaved at the N-terminus of the CXCL16 polypeptide creating the membrane-bound 
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form of CXCL16 (mCXCL16).251 mCXCL16 has also been described as a scavenger 

receptor for oxidised low-density lipoprotein and hence is also called SR-PSOX 

(Scavenger Receptor for Phosphatidylserine and Oxidised Lipoprotein).252 The human 

mCXCL16 is 254 amino acids long and consists of a CXC chemokine domain, a 

transmembrane domain and a cytoplasmic tail. The chemokine domain and 

transmembrane domain are separated from one another by a spacer region consisting 

of a serine, threonine and proline rich amino acid sequence which is heavily O-

glycosylated leading to a mucin- like stalk253 (Figure 5-1). 

 

 

Figure 5-1 Structure of membrane-bound CXCL16 (mCXCL16) 

Figure adapted from Korbecki et al 253 showing the structure of mCXCL16 with its chemokine domain, 
transmembrane domain, highly glycosylated mucin-like stalk and cytoplasmic tail. 

 

 

mCXCL16 is cleaved and shed from the cell surface by the activity of a disintegrin and 

metalloproteinase domain-containing protein 10 (ADAM10) and ADAM17. After 

cleavage, the chemokine domain is released and becomes a soluble form of CXCL16 

(sCXCL16).254 CXCL16 is only one of two chemokines that exist in both a 

transmembrane and soluble form.255 It is expressed in lymphoid organs such as the 

thymus, lymph node and spleen as well as the liver, lung, small intestine, kidney and 

epidermis.251,256,257 It is also expressed in macrophages, dendritic cells and B 

cells.252,256,258 The alternate forms of CXCL16 have been shown to have different 
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function; sCXCL16 is a chemokine responsible for the chemotaxis of cells bearing the 

CXCR6 receptor 251 and mCXCL16 is a transmembrane protein with adhesion 

properties that can bind to CXCR6.259 Furthermore, mCXCL16 has been shown to act 

as a receptor that can cause signal transduction into the cell and can be activated by 

sCXCL16260 (inverse signalling) as well as CXCR6261 (reverse signalling) ( 

Figure 5-2). 

Apart from mCXCL16 there is only one other known receptor for sCXCL16, which is 

CXCR6. CXCR6 (also named CD186, STRL33 and TYMSTR)251,252 was initially 

recognized as a co-receptor on CD4+ and CD8+ T cells for the human 

immunodeficiency virus (HIV).262 The highest expression of CXCR6 has been 

observed in the appendix, lymph node, placenta, spleen and thymus. CXCR6 is also 

expressed in immune cells, in particular in naive CD8+ T cells,251 NK cells,251,263 and 

activated CD4+ and CD8+ T cells.251,264 Kim et al265 found CXCR6 to be expressed by 

small subsets of circulating T cells (2–6% of CD4+ and 4–12% of CD8+ cells) and did 

not find evidence of CXCR6 on B cells, monocytes or dendritic cells.  

 

5.1.2 CXCL16- CXCR6 signalling pathways 

Activation of CXCR6 causes signal transduction by at least three known pathways 

involving changes in intracellular calcium levels,  PI3K /Protein Kinase B (AKT) 

signalling pathways or the ERK (MAPK) signalling pathways.253 Each of these 

pathways is sensitive to pertussis toxin as CXCR6 requires the Gi alpha subunit (Ga i) 

for signal transduction. As a G-protein coupled receptor (GPCR), upon activation the 

CXCR6 receptor catalyzes the exchange of guanosine diphosphate (GDP) to GTP, 

leading to activation of phospholipase C, an increase in inositol triphosphate and 

transient increases in intracellular calcium resulting in increased cell migration 

potential. Interestingly, in contrast to the other seven transmembrane chemokine 

receptors, CXCR6 carries an aspartate- arginine- phenylalanine (DRF) motif instead 

of the typical aspartate- arginine- tyrosine (DRY) motif. When investigators substituted 

this DRF motif for a DRY motif in CXCR6, they noted no change in ligand binding or 

receptor internalization but did detect slightly reduced cell adhesion and increased 

CXCL16-induced calcium signalling and migration. This led them to speculate that the 

DRF motif of CXCR6 could represent a receptor adaptation to simultaneously allow 
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adhesion and cell retention by mCXCL16 whilst reducing the chemotactic response to 

sCXCL16.266  

The P13K/AKT signalling pathway leads to activation of other proteins such as NF-kB 

which increases expression of cytokines such as TNF-α and promotes cell proliferation 

and migration.267,268,269 The PI3K/AKT axis also activates forkhead box 03A (FOX03a) 

which promotes cell proliferation and fibrosis.270 The ERK(MAPK) signalling pathway 

leads to small GTPase Ras homolog family member A (RhoA) activation, which in turn 

inhibits the activity of cofilin, enhances the stability of F-actin and promotes cell 

migration and invasion.271 

CXCL16 expression is increased by pro-inflammatory cytokines in a cell-specific 

manner. Pro-inflammatory cytokines identified include TNF-α, IFN-γ, IL-1β and IL-

6.272,273,274  The expression of CXCL16 is also increased by ionizing radiation275,276 

and by hypoxia and hypoxia-inducible-factor (HIF)-1.277,278 

 

 

Figure 5-2 CXCL16 signalling pathways 

Figure illustrating CXCL16 signalling pathways activated by sCXCL16 through interaction with CXCR6 
(forward signalling) and mCXCL16 (inverse signalling) and activated by mCXCL16 through interaction 
with CXR6 (reverse signalling). 
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The CXCL16-CXCR6 axis has been implicated in the pathogenesis of 

atherosclerosis,274 liver disease279,280 (in particular non-alcoholic fatty liver disease 

(NAFLD)), renal281 and pulmonary fibrosis270 as well as endometriosis272. It also exerts 

many conflicting roles in neoplastic disease as discussed in detail below. 

 

5.1.3 CXCL16 in cancer 

5.1.3.1 CXCL16 and CXCR6 expression in cancer 

Compared to normal tissue the expression of CXCL16 within tumours has been found 

to be elevated in multiple cancer types including colorectal cancer,282 glioblastoma 

multitforme,283 lung cancer,269 nasopharyngeal cancer,284 osteosarcoma,285 ovarian 

cancer,286 pancreatic ductal adenocarcinoma,287,288 prostate cancer,289,290 and thyroid 

cancer291. However, in rectal cancer there is a lower expression of CXCL16 than in 

normal tissues292 and in gastric cancer expression does not differ from normal 

tissue.293 

There have been numerous contradictory reports of higher tumour expression of 

CXCL16 correlating with better or poorer overall survival. When Korbecki et al253  

examined tumour type linkage of CXCL16 expression with overall survival in data from 

‘The Human Protein Atlas’, they noted higher CXCL16 expression in the tumour was 

associated with better overall survival for only 4 out of 17 types of cancer, worse 

overall survival in a further 4 out of the 17 and no correlation in the rest. Similarly, 

expression of CXCR6 has been shown to be greater in numerous cancer types such 

as bladder,294 breast,271 gastric,293 glioblastoma,295 lung,296 ovarian,286 pancreatic,288 

and prostate289 as compared to normal tissues. But again there are exceptions such 

as colorectal cancer in which CXCR6 expression has been noted to be lower.297 

Likewise, with regard to correlation of tumour CXCR6 with overall survival there was 

no clear overall trend across tumour types although a greater proportion of tumour 

types (12/17, with pancreatic cancer amongst them) showed a correlation with better 

overall survival and increased CXCR6 expression.253 
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5.1.3.2 CXCL16 and cancer cell proliferation 

CXCL16 influences the intensity of tumour cell proliferation depending on the type of 

tumour cell and the form of CXCL16. sCXCL16 has been reported to increase the 

proliferation of colorectal,298 gastric,299 glioblastoma,283 hepatocellular,300 

melanoma301 and non – small cell lung cancer cells.296 In contrast, other studies 

reported proliferation of pancreatic288 and breast cancer cells302 to be unaffected by, 

and proliferation of renal cells303 to be reduced by, CXCL16. Unlike the other studies 

the latter two did not specify use of sCXCL16 and it may be that the transmembrane 

component of CXCL16 may have played a role in the differing results.   

 

5.1.3.3 CXCL16 and cancer cell migration 

sCXCL16 has been shown to cause migration and invasion of cancer cells in breast,304 

colorectal,298 gastric,305 hepatocellular,300 lung,306 pancreatic288 and prostate cancer306 

cell models. In many types of cancer cells304,296,307,193 activation of CXCR6 by CXCL16 

leads to increased expression and secretion of MMPs such as MMP-1, MMP-2, MMP-

3, MMP-8, MMP-9, MMP-11, MMP-13 and MMP-14. Each of these enzymes, apart 

from MMP-11 can degrade collagens, gelatin and other ECM proteins and, through 

degradation of the ECM and release of various factors from the degraded ECM, MMPs 

can promote migration and invasion of cancer cells.308,309 Furthermore, several studies 

have shown CXCR6 expression to be greater in metastases than in primary 

tumours307,310,289 suggesting the CXCL16-CXCR6 axis to be important in the formation 

of metastases. However, CXCL16 may also inhibit the migration of tumour cells. 

Upregulation of CXCL16 in renal,311 breast302 and prostate cancer312 cells reduces 

migration of these cells. Each of these studies speculated that mCXCL16 may have 

played a role in reducing cell migration by mediating cell to cell adhesion. 

 

5.1.3.4 CXCL16 and cells in the TME 

In the TME, CXCL16 is produced not only by tumour cells but by tumour associated 

cells; CAFs,313,314 endothelial cells,314,295 mesenchymal stem cells,315 MDSCs316 and 

TAMs.282,314 CXCL16 also influences tumour associated cells and thus CXCL16 
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mediated intercellular communication is important in a number of pathways within the 

TME. 

 

5.1.3.4.1 Mesenchymal stem cells 

In prostate tumours, Jung et al317 demonstrated that CXCL16 binding to CXCR6 

expressed by mesenchymal stem cells stimulated their conversion into CAFs. These 

CAFs subsequently secreted increased levels of CXCL12, promoting EMT of the 

cancer cells and metastases to secondary sites.  

 

5.1.3.4.2 Anti-cancer tumour infiltrating T cells 

sCXCL16 has been identified as a chemotactic agent for anti-cancer tumour – 

infiltrating lymphocytes.251,275,282,318 Matloubian et al251 first described CXCL16 

inducing a ‘strong’ chemotactic response in activated CD8+ T cells with a lesser 

response in CD4+ T cells. Matsumura et al275 described radiation-induced CXCL16 

release by breast cancer cells increasing migration of CD8+CXCR6+ T cells into 

tumours in vitro and in vivo. They found CXCR6 deficient mice showed reduced 

infiltration of tumours by activated CD8+ T cells and impaired tumour regression. Hojo 

et al282 showed a high level of CXCL16 expression in colorectal cancer cells correlated 

with increased CD4+ and CD8+ tumour -infiltrating lymphocytes and better prognosis. 

The same group also showed a CXCL-16 induced increase of tumour infiltrating NK 

cells and subsequent inhibition of liver metastasis in a murine model of colorectal 

cancer.318 

However, Latta et al319 have described CXCL16 as a ‘weak mediator’ of chemotaxis 

of CXCR6+ CD4+ and CD8+ T cells in comparison to CXCL10. Koenen et al266 also 

found sCXCL16 mediated chemotaxis of CXCR6+ THP-1 cells (THP-1 designates an 

immortalized monocyte-like cell line from the peripheral blood of an acute monocytic 

leukaemia patient) to be ‘very weak’ in comparison with CCL2- induced migration.266 
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5.1.3.4.3 Regulatory T cells 

CXCL16 has also been reported to participate in the recruitment of Tregs. Ouaguia et 

al320 identified sCXCL16 as a chemotactic factor for Tregs whilst Xing et al321 

demonstrated sCXCL16 promoted the growth of Tregs at concentrations below 

0.3ng/ml and inhibited it at higher concentrations. 

 

5.1.4 CXCL16 in PDAC 

Jing et al322 recently performed a comprehensive analysis of the expression of CXC 

chemokines and their correlation with prognosis and immune cell infiltration in human 

PDAC. In analysing the mRNA expression of the CXC chemokines in PDAC they 

found the mRNA levels of each of the sixteen CXCL chemokines 1- 17 (no CXCL15 

has been identified in humans) to be significantly increased in PDAC compared to 

normal tissue. They further compared the relative expression of these 16 chemokines 

in PDAC and found CXCL16 expression to be the highest. The TCGA database was 

used to explore the correlation between PDAC T stage (size and extent of main 

tumour) and CXC chemokine expression levels; increased expression of CXCL3, 

CXCL5, CXCL8, CXCL16 and CXCL17 correlated with increasing T stage. 

Additionally, PDAC patients with higher expression of CXCL5, CXCL9, CXCL10 and 

CXCL17 had worse disease-free survival. Interestingly, unlike the majority of other 

chemokines, CXCL16 was one of four CXC chemokines that was NOT significantly 

correlated with abundance of CD8+ T cells. Wente et al323 demonstrated that CXCL16 

serum values were higher in 82.5% of PDAC patients than in healthy donors. 

Moreover, they showed that in vitro CXCL16 markedly increased invasiveness of 

PDAC cells. They also showed CXCL16 levels were increased by the effect of 

proinflammatory cytokines TNF-α and IFN-γ. 

Data from our own and other laboratories has demonstrated that CXCL16 is a 

chemokine highly expressed in human PDAC.  Despite this abundant expression, its 

role in PDAC is not well defined. In this chapter I set out to understand more about the 

role of CXCL16 in PDAC, focussing both on its potential relationship with FAK and its 

immuno-modulatory effect on the TME. The ultimate aim of this section of my project 

was to study the role of CXCL16 in vivo in a mouse model of PDAC, simulating a true 

TME with its complex interplay of factors not fully reproducible in the in vitro setting. 
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Thus, the first stage was confirmation that CXCL16 was produced in significant 

amounts in murine cell lines and that the changes noted in CXCL16 levels with FAK 

depletion in human PDAC cell lines (Chapter 4) were reproducible in murine cell lines. 

The next stage was to investigate the role of CXCL16 in modulation of the anti-tumour 

immune response downstream of FAK depletion. 

 

5.2 Aims 

• To confirm high levels of CXCL16 expression across human and murine PDAC 

cell lines. 

• To confirm increases in CXCL16 expression with FAK depletion in murine 

PDAC cell lines. 

• To investigate the role of CXCL16 downstream of FAK depletion in the anti- 

tumour immune response in pancreatic cancer. 

 

5.3 Results 

5.3.1 CXCL16 expression in PDAC 

In order to determine the levels of CXCL16 expression in human patient derived PDAC 

cell lines I first collected conditioned media from a selection of these lines (both 

squamous and progenitor) and then used the FPPA to assay the composition of this 

media. The 64 cytokine FPPA study confirmed several abundantly secreted 

chemokines across the majority of cell lines sampled including CCL5, CXCL8, CXCL1 

and CXCL16. From these cytokines, CXCL16 was noted to be expressed abundantly 

across the entire panel of human PDAC cell lines sampled (Figure 5-3A). 

In order to ascertain whether murine PDAC cells have a similar secretome to that 

observed in human, I then analysed FPPA data available from previous work in the 

Serrels laboratory in which a similar 64 cytokine FPPA had been carried out for media 

collected from murine cell lines. This indicated CXCL16 to be one of the most 

abundantly expressed cytokines across a range of murine cell lines (Figure 5-3B).  
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I therefore concluded that there are a number of cytokines that are secreted at 

particularly high levels by PDAC cells derived from both human and mouse, most 

notably CXCL1 and CXCL16. 

 

 

Figure 5-3 Relative cytokine expression in human and murine PDAC cell lines 

A) Forward phase array data showing Log2 fluorescence intensity representing relative cytokine 
expression in conditioned media from nine human PDAC cell lines; MIA PaCa-2, TKCC02, TKCC10, 
TKCC26, TKCC27, PSN-1, PANC-1, Capan and TKCC22 (Abridged version of full 64 cytokine FPPA 
results from Chapter 4) B) Forward phase array data showing Log2 fluorescence intensity representing 
relative cytokine expression in conditioned media from six murine PDAC cell lines; Panc 47 (FAK-wt) 
Panc 47-6-11 FAK- wt (47-6-11 FAK- wt), Panc47-4-3 FAK-wt (47-4-3 FAK-wt), Panc117-6-9 FAK -wt 
(117-6-9 FAK -wt), Panc117-6-4 FAK -wt (117-6-4 FAK-wt) and Panc 117-4-7 FAK-wt (117-4-7 FAK-
wt). Colour and intensity indicate relative expression. (FPPA data for figure 5-3 B courtesy of Drs Alan 
Serrels and Marta Canel).   
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5.3.2 FAK and CXCL16 expression in PDAC 

5.3.2.1 CXCL16 secretion from murine PDAC cell lines increased with FAK 

depletion 

In Chapter 4 I identified CXCL16 as a cytokine regulated by FAK in human derived 

PDAC cell lines. I therefore set out to determine if CXCL16 was similarly regulated by 

FAK in murine cell lines. I analysed data available from previous work in the laboratory 

which used FPPA to compare levels of cytokines in media collected from a range of 

murine PDAC cell lines with or without FAK depletion. This data indicated an increase 

in secretion of CXCL16 in FAK null (-/-) murine PDAC cell lines compared with the 

comparable FAK Wild-Type (WT) cell lines (Figure 5-4). 

To confirm the increases in CXCL16 with loss of FAK in murine PDAC cell lines that 

was observed in the FPPA data I set out to measure CXCL16 levels by ELISA in 

Panc47 FAK-WT and Panc47 FAK-/- cell lines. Panc47 FAK-WT and Panc47 FAK -/-

cell lines were set up in 90mm plates, cultured for 24 hours, the media changed and 

the conditioned media collected after a further 48 hours and then centrifuged at 

1300rpm for 5 minutes with collection of the supernatant for mouse CXCL16 duoset 

ELISA (R&D systems). Results confirmed that FAK loss increased CXCL16 secretion 

in Panc47 murine cells (Figure 5-5).  

 

 

Figure 5-4 Multiple FAK depleted CRISPR clones derived from murine PDAC cell lines exhibit 
FAK – dependent regulation of CXCL16 

FFPA heat map generated by hierarchical clustering of Log2 Fold changes between FAK WT and FAK 
-/- murine cell lines; Panc47 FAK-/- (FAK-/-), Panc47-4-3 FAK-/- (47-4-3 FAK-/-), Panc47-6-11 FAK-/- 
(47-6-11 FAK-/-), Panc117-4-7 FAK-/- (117-4-7 FAK-/-), Panc117-6-4 FAK -/- (117-6-4 FAK-/-) and 
Panc117-6-9 FAK -/- (117-6-9 FAK-/-). Colour and intensity indicate relative Log2 Fold changes 
between FAK-/- and FAK WT. 
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Figure 5-5 Loss of FAK increases CXCL16 expression 

A) ELISA quantification of CXCL16 in media conditioned by either Panc47 FAK-WT or Panc47 FAK -/- 
cells, n=3, error bars represent SEM, data are representative of three experiments; statistical analysis 
was performed using Student’s t test; p-value = not significant >0.05,* <0.05,**<0.01, ***<0.001,**** < 
0.0001 B) Representative Western blot of Panc47 FAK-WT and Panc47 FAK -/- whole cell lysates 
probed with anti-FAK and anti-Tubulin antibodies, confirming lack of FAK IN FAK-/- cell lines. 

 

 

Given that in the in vivo environment, cancer cells would be subject to stimulation by 

other cytokines that might alter CXCL16 expression, FAK-dependent CXCL16 

regulation was also studied following stimulation with IFN-γ, a cytokine identified as 

being a potent inducer of CXCL16.273 As above, Panc47 FAK-WT and Panc47 FAK -

/- cell lines were set up in 90mm plates, cultured for 24 hours and then at the time of 

media change the cells were stimulated with 10ng/ml of IFN-γ (Biolegend) and cultured 

for a further 48 hours prior to collection of media for mouse CXCL16 ELISA. Secretion 

of CXCL16 was increased by stimulation with IFN-γ and the increase in CXCL16 noted 

with FAK depletion was maintained (Figure 5-6). 
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Figure 5-6  Loss of FAK increases CXCL16 expression in IFN-γ stimulated PDAC cells 

ELISA quantification of CXCL16 in media conditioned by either Panc47 FAK WT or Panc47 FAK -/- 
cells at baseline(A) or following stimulation with IFN-γ (B). Error bars represent SEM, data are 
representative of three experiments; statistical analysis was performed using Student’s t test; p-value 
= not significant >0.05,*<0.05,**<0.01,***<0.001,****<0.0001. 
 

 

 

5.3.3 Determining role of CXCL16 in PDAC downstream of FAK 

inhibition 

Having established that secretion of CXCL16 was increased in murine PDAC cell lines 

in which FAK was depleted I then set out to investigate the role of CXCL16 

downstream of FAK depletion in the tumour microenvironment. Given that CXCL16 

was first described as a chemokine inducing a ‘strong’ chemotactic response in 

activated CD8+ T cells I prioritized the study of CXCL16 and CD8+ T cells. As CXCR6 

is the only known receptor for CXCL16, apart from mCXCL16 itself, I first set out to 

identify whether CXCR6 was expressed on CD8+ T cells. 
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5.3.3.1 CXCR6 is highly expressed on CD8+ T cells 

Human data 

On review of human PDAC transcriptome data from the publicly available TCGA 

PanCancer dataset, downloaded from cBioportal (https://www.cbioportal.org/), there 

was a particularly high correlation between mRNA expression levels of CXCR6, 

CXCL16’s ligand receptor, and mRNA expression levels for gene markers of CD8+ T 

cells (Pearson’s correlation co-efficient 0.9028, P<0.0001) (Figure 5-7). 

 

Figure 5-7 High levels of correlation between mRNA expression levels of CXCR6 and mRNA 
expression levels of gene markers of CD8+ T cells in human PDAC 

Figure depicting correlation between mRNA expression levels of CXCR6 and mRNA expression levels 
for gene markers of CD8+ T cells in TCGA bulk RNA sequencing datasets from primary human PDAC. 

 

 

Murine data 

Given the human data above indicated high levels of correlation between mRNA 

expression levels for CXCR6 and gene markers for CD8+ T cells, I next sought to 

confirm that CXCR6 was expressed by CD8+ T cells in the mouse. In examining the 

relationship between CXCL16 and CD8+ T cells more closely, I was able to take 

advantage of the fact that a fellow laboratory member was using the OT-I mouse 

model. This is a mouse model in which the mouse expresses a transgenic TCR that 

recognises the octapeptide SIINFEKL derived from residues 257-264 of Ovalbumin 

https://www.cbioportal.org/
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(OVA). SIINFEKL or OVA Peptide is a peptide epitope of Ovalbumin which can drive 

Ovalbumin specific CD8+ T cells (OT-I cells) to expand following its presentation to the 

T cells by MHC Class I molecules (Figure 5-8). OT-I cells can also be stimulated by 

direct administration of the SIINFEKL (OVA) peptide and can be tracked and quantified 

using standard flow cytometric analysis making them very useful for the study of 

activated CD8+ T cells.324  

 

Figure 5-8 OT-I mouse model 

Schematic summarising the OT-I mouse model in which expression of a transgenic TCR on its CD8+ T 
cells allows for recognition and stimulation by SIINFEKL (OVA) peptide. 
 

 

Using Day 6 activated murine OT-I CD8+ T cells, flow cytometry analysis confirmed 

high levels of CXCR6 expression on these cells (Figure 5-9). 
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Figure 5-9 Flow cytometry analysis of CXCR6 expression on activated murine OT-I CD8+ T cells  

Histograms depict the proportion of OT-1 T cells (Biological repeats I-III (Bioreps I-III)) positive for 
CXCR6. CXCR6 was detected using anti-mouseCXCR6 PE (CXCR6 PE) and the gate (represented by 
blue dotted line) for establishing between CXCR6 positive and negative populations established with 
use of fluorescence minus one control (Control) cell populations stained with all the fluorophores bar 
anti-mouse CXCR6-PE (CXCR6 PE). 
 

 

Thus, having demonstrated that i) CD8+ T cells expressed high levels of CXCR6 and 

ii) PDAC cells secreted high levels of CXCL16, with secretion increased further by 

FAK depletion, I set out to investigate a role for a paracrine signalling axis between 

PDAC cells and CD8+ T cells downstream of FAK depletion. 

 

5.3.3.2 CXCR6 /CXCL16 signalling axis and FAK 

As discussed earlier, FAK activity is elevated in human PDAC tissue and correlated 

with high levels of fibrosis and poor CD8+ T cell infiltration. Conversely, FAK inhibition 

is associated with markedly reduced tumour fibrosis, reduced tumour infiltrating 

immunosuppressive cells and increased numbers of infiltrating CD8+ T cells.152 The 

high expression of CXCL16’s ligand receptor CXCR6 on CD8+ T cells and increased 

levels of CXCL16 with FAK depletion led me to hypothesize that CXCL16 could be a 

mediator of the anti-tumour response in FAK inhibition via chemoattraction of cytotoxic 

CD8+ T cells into the PDAC TME. In order to further define the role of the CXCL16-
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CXCR6 signalling axis between immune cells and tumour cells in the PDAC TME 

(Figure 5-10), I first attempted to confirm the chemotactic activity of CXCL16. 

 

 

Figure 5-10 Investigating the role of CXCL16 downstream of FAK depletion 

Schematic detailing aim of further investigation into role of CXCL16 downstream of FAK depletion in 
the anti-tumour immune response in pancreatic cancer. 

 

 

5.3.3.3 Transwell assays did not confirm chemotactic ability of CXCL16 

Chemokines produced by tumour cells have been shown to attract chemokine 

receptor-positive T-lymphocytes into the tumour area and, given the high levels of 

CXCR6 expression on activated murine CD8+ T cells (Figure 5-9) and the description 

of sCXCL16 as a chemotactic factor in the literature, I hypothesized that CXCL16 

could be attracting CD8+ T cells into the PDAC TME. I therefore decided to test the 

chemotactic activity of CXCL16 using a transwell migration assay. Naïve OT-I CD8+ T 

cells were isolated from the lymph nodes of OT-I TCR transgenic mice and activated 

using the SIINFEKL peptide. Activated OT-I CD8+ T cells were placed in the upper 

most chamber of a transwell and migration to the lower chamber measured in 

response to the following stimuli (i) 10ng/ml recombinant mouse CXCL16 (Bio-techne) 

(ii) media conditioned by PANC47 FAK-WT cells + IFN-γ (CXCL16 concentration 

57pg/ml), (iii) media conditioned by Panc47 FAK -/- cells + IFN-γ (CXCL16 

concentration 167pg/ml) or (iv) unconditioned (no cell) T cell media. 
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No T cell migration was detected in any of the samples tested and, although in 

retrospect a positive control such as media supplemented with recombinant CXCL12 

or CXCL10 would have been informative in confirming that the assay set up was 

satisfactory, I note that previous groups using similar chemotaxis assay systems were 

also unable to elicit chemotactic activity from commercially available recombinant 

CXCL16 proteins (R&D systems and Peprotech used up to 100ng/ml).319,325 Day et 

al325 did report some chemotactic activity with human epithelial cell line culture 

supernatant containing 7ng/ml of CXCL16 although even at this supraphysiological 

level the chemotactic effect was significantly less than that noted with CXCL12. 

Likewise, Latta et al319 reported CXCL16 to be only a weak mediator of chemotaxis. 

Therefore, I conclude that CXCL16 is not likely to be a potent chemoattractant for 

CD8+ T cells. 

 

5.3.3.4 Confirmation of successful CXCL16 knockout in PDAC cell lines 

Given I could not prove a role for CXCL16 in chemotaxis of CD8+T cells I set out to 

determine whether it did still have any role to play in CD8+T cell recruitment and more 

broadly on the immune landscape. To do this I planned to use an in vivo approach 

using CXCL16 knockout PDAC murine models. I therefore sought to i) confirm ability 

to successfully knockout CXCL16 in murine PDAC cell lines and ii) confirm the 

knockout was sustained. 

Two pre-designed CXCL16 crRNA sequences were identified using IDT’s search 

engine; ACACGCTTTTGGACTGCAAC (Mm.Cas9.CXCL16.1.AA, IDT) and 

CCACTAGTTCACGGACCCAC (Mm.Cas9.CXCL16.1.AB, IDT). Using CRISPR- 

Cas9 gene editing Panc47 FAK-WT and Panc47 FAK -/- cell lines were nucleofected 

with these guides to knockout CXCL16. On completion of nucleofection, cells were 

added to T75s and incubated in normal conditions for 72 hours. After this time cells 

were washed, trypsinised and a proportion reseeded in 90mm plates and cultured for 

72 hours with retrieval of media on Day 7 for CXCL16 ELISA. The remaining cells 

were re-seeded in T75s and cultured as per normal Panc47 requirements for another 

10 days. On Day 17 a proportion were seeded on 90mm plates, left for 72 hours and 

media collected on Day 20 for repeat CXCL16 ELISA. ELISA results confirmed that 

on Day 7 CXCL16 levels were reduced to undetectable following CXCL16 knockout 
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and this reduction was maintained after 20 days (Figure 5-11). Successful and 

prolonged (for at least 3 weeks) knockout of CXCL16 from PDAC cells was therefore 

confirmed.  

 

  

 

Figure 5-11 Confirmation of depleted CXCL16 levels in CXCL16 knockout cell lines 

ELISA quantification of CXCL16 in media conditioned by either Panc47 FAK-/- or Panc47 FAK -/- 
CXCL16-/- cells at Day(D) 7 (A) or Day(D) 20 (B). Error bars represent SEM, data are representative 
of three experiments; statistical analysis was performed using Student’s t test; p-value = not significant 
>0.05,*<0.05,**<0.01,***<0.001,****< 0.0001. 

 

 

5.3.3.5 In vivo experimental approach 

Recent unpublished work ongoing in the Serrels Laboratory has identified that 

depletion of STAT3 in Panc47 FAK -/- cells can promote CD8+ T cell infiltration into 

tumours when compared to loss of FAK alone (Figure 5-12). STAT3 is a member of 

the STAT family of transcription factors which are important regulators of the anti-

tumour immune response.  It has a key role in mediating tumour immune evasion and 

thus is pro-tumourogenic.326  
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Figure 5-12 Depletion of STAT3 in FAK-/- cells increases CD8+ T cell infiltration 

Figure depicting CD8+ T cells (A) as cells per mg of tumour and (B) as proportion of all leucocytes in 
FAK -/- and FAK - /- STAT3shRNA PDAC tumours 3 weeks post implantation into C57BL/6 mice (Figure 
5-12 courtesy of Drs Alan Serrels and Marta Canel). 

 

 

Therefore, to determine whether CXCL16 was acting to promote CD8+ T cell 

recruitment into tumours I chose to take advantage of FAK-/- STAT3 shRNA tumours 

that exhibit increased CD8+ T cell infiltration.  This was identified as an appropriate 

model to study the effect of CXCL16 on CD8+ T cells because without STAT3 depletion 

the paucity of CD8+ T cells in FAK-/- tumours would have potentially made it more 

difficult to investigate a discrepancy in numbers of these CD8+ T cells in the presence 

or absence of CXCL16. 

The in vivo experiment was therefore planned as illustrated overleaf (Figure 5-13) to 

determine the effect of CXCL16 depletion downstream of FAK depletion on tumour 

growth and immune cell populations in the PDAC TME. 
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Figure 5-13  In vivo experiment to determine effect of CXCL16 depletion downstream of FAK 
depletion 

Figure outlining in vivo experiment in which pancreas of C57BL/6 mice are implanted with 0.5x106 
Panc47 FAK-/- STAT3shRNA CXCL16-/- (CXCL16-/-) cells or 0.5x106 Panc47 FAK-/- STAT3shRNA 
(Control (CTL)) cells and after 3 weeks tumours are harvested. Groups (n= 6 per group). A proportion 
of the CXCL16-/- and CTL cell lines generated by nucleofection on Day 1 to be cultured for the duration 
of the tumour growth in the mice and conditioned media from these cell lines to be checked for CXCL16 
levels by ELISA. 
 

 

5.3.3.6 CXCL16 knockout PDAC model 

Having confirmed that CXCL16 could be successfully knocked out in Panc47 FAK-/- 

cell lines, and that levels of CXCL16 remained depleted 3 weeks later, Panc47 FAK-

/- STAT3shRNA cells were nucleofected to knockout CXCL16 or mock nucleofected 

to generate Panc47 FAK-/- STAT3shRNA CXCL16-/- (CXCL16-/-) tumour cells and 

Panc47 FAK-/- STAT3shRNA (CTL) tumour cells respectively. Post nucleofection, 

CTL and CXCL16-/- cells were transferred to T75s. After 72 hours a proportion of cells 

were kept for culture under normal Panc47 conditions whilst a proportion were set up 

for implantation into mice. 
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0.5x106 Panc47 CTL or CXCL16-/- cells were implanted into the pancreas of immune 

competent C57BL/6 mice under sterile surgical conditions and allowed to grow for 3 

weeks, before tumours were harvested to allow weighing and subsequent 

disaggregation and analysis by flow cytometry. For the duration of the in vivo 

experiment, a split of the CTL and CXCL16-/- cell lines that were implanted were 

cultured under normal conditions. On completion of the in vivo experimental 

component with retrieval of tumours, pairs of both cell lines were seeded on to 90mm 

plates, conditioned media retrieved after 72 hours, and CXCL16 ELISAs performed. 

This confirmed that levels of CXCL16 in the CXCL16-/- group had remained 

undetectable for the duration of the experiment (Figure 5-14). Having confirmed the 

CXCL16 knockout was still present in the (CXCL16-/-) tumour cell population in vitro I 

was confident that this was representative of the tumour cells implanted in vivo. 

 

 

Figure 5-14 Confirmation of CXCL16 depletion in CXCL16 knockout cell lines which were 
implanted in vivo 

CXCL16 levels (pg/ml) measured by ELISA in FAK -/- STAT3shRNA(CTL) and FAK -/- STAT3shRNA 
CXCL16-/- (CXCL16-/-) cell lines cultured for duration of in-vivo experiment (24 Days(D)s) to confirm 
durable CXCL16 knockout. Error bars represent SEM, data are representative of three experiments. 
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5.3.3.7 CXCL16 and tumour growth 

5.3.3.7.1 Tumour weight 

Average tumour weight was calculated and a significant reduction in tumour weight in 

the Panc47 FAK-/- STAT3shRNA CXCL16-/-(CXCL16-/-) tumours compared with the 

Panc47 FAK-WT -/- STAT3shRNA (CTL) tumours was demonstrated (Figure 5-15).  

 

Figure 5-15 Reduction in tumour weight in CXCL16-/- tumours 

Weight of CTL (Control; FAK-/- STAT3shRNA) and CXCL16-/- (CXCL16; FAK-/- STAT3shRNA 
CXCL16-/-) tumours 3 weeks post-implantation into the pancreas of C57BL/6 mice. Data represented 
as mean ± SEM, n=6 tumours per group, statistical analysis was performed using Student’s t test; p-
value = not significant >0.05,*<0.05,**<0.01,***<0.001,****<0.0001. 
 
 
 

The modest decrease in tumour growth with knockout of CXCL16 suggested that 

CXCL16 had a tumour promoting role downstream of FAK depletion rather than a 

tumour suppressing one as initially hypothesised. I therefore decided to investigate 

how CXCL16 could affect the immune environment to influence this growth. 

 

5.3.3.8 CXCL16 and the immune landscape 

Whilst recruitment and expansion of immune cells with immunosuppressive 

capabilities such as TAMs, MDSCs and Tregs have been shown to suppress the anti-

tumour immune response and promote tumour survival in pancreatic cancer,52,67 CD8+ 

T cells together with CD4+ T cells and dendritic cells are associated with T cell 
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mediated tumour cell cytotoxicity and  improved prognosis.77,102 Given that CXCR6 is 

CXCL16’s only recognised ligand receptor I first set out to confirm the presence of 

CXCR6 receptors within the tumour’s broader immune cell infiltrate to identify cells 

most likely to be modulated by CXCL16. 

 

5.3.3.8.1 CXCR6 expression in immune cell populations 

From human PDAC transcriptome data TCGA data I had already identified a high 

correlation between gene markers for CD8+ T cells and CXR6. I therefore went back 

to the same TCGA dataset to review correlation with CXCR6 and single cell gene 

markers from further immune cell populations. In addition to the high correlation 

between mRNA expression levels of CXCR6, CXCL16’s ligand receptor, and gene 

markers associated with CD8+ T cells, there was also positive correlation noted 

between CXCR6 expression and gene markers associated with CD4+ T cells, 

macrophages (CSF1R, ADGRE1), endothelial cells (CH5, PECAM) and dendritic cells 

(ITGAX, HLA-DRA). However, all these correlations were less than with CD8+ T cells. 

There was a negative correlation between CXCR6 and epithelial cells (Figure 5-16). 
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Figure 5-16 Correlation between CXCR6 and gene markers for PDAC immune cell subsets 

Correlation between expression levels of CXCR6 mRNA and mRNA associated with different immune 
cell subsets in TCGA bulk RNA sequencing datasets from primary human PDAC. 

 

 

To identify whether the expression of CXCR6 in different immune cell subsets from 

the mouse PDAC tumours was similar to that suggested by the correlation studies in 

the human transcriptome data, CXCR6 was included in the panel of markers tested 

for in the flow analysis of the mouse PDAC tumours.  
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Results 

Flow cytometry plots from the mouse PDAC tumours showed that CXCR6 was not 

expressed on myeloid (CD11b+) cells but was expressed on activated CD8+ 

(CD8+CD44+) T cells and a proportion of non-monocyte derived dendritic (CD11b-

CD11c+) cells (Figure 5-17). 

 

 

Figure 5-17 Relative expression of CXCR6 in immune cell subsets from flow cytometry 

Flow cytometry scatter plots showing that A) CXCR6 is not expressed on myeloid (CD11b+) cells (blue 
dashed box) and B) CXCR6 is expressed on CD8+ T cells (red dashed box) and C) CXCR6 is expressed 
on a subset (CD45 CD11b- CD11c+) of dendritic cells (yellow dashed box). 

 

 

Discussion 

Similar to the human TCGA data, flow cytometry data from our murine PDAC tumours 

suggested that the majority of expression of CXCR6 was on CD8+T cells, supporting 

a paracrine signalling axis between the tumour cells and CD8+T cells. A proportion of 

the non-myeloid derived dendritic cells in the murine PDAC tumours were also positive 

for CXCR6. However, in contrast to the human TCGA data none of the myeloid cells 

in the murine PDAC tumours were positive for CXCR6. Whilst this could represent a 

disparity between human and murine data, it is perhaps worth noting that the TCGA 

data is based on single gene markers and not multi-gene expression profiles. Although 

not definitive, I would argue our flow data is more likely to reflect true CXCR6 

expression in the tumours. Given this flow data indicated a high likelihood of direct 
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paracrine signalling axes between tumour cells and both CD8+ T cells and a subset of 

non-myeloid derived dendritic cells, I next set out to investigate whether knockout of 

CXCL16 had an impact on the proportions of the immune cell populations in the 

tumour cell infiltrate. 

 

5.3.3.8.2 CXCL16 and the PDAC immune cell infiltrate 

Using flow cytometry to immune profile the Panc47 FAK-/- STAT3shRNA (CTL) and 

Panc47 FAK-/-STAT3shRNA CXCL16-/- (CXCL16-/-) tumours, I sought to determine 

whether CXCL16 driven effects on specific immune cell populations correlated with 

changes in the observed growth characteristics between them. Overall, CXCL16 

depleted tumours retained a similar proportion of leucocytes (CD45+ cells) to 

corresponding CTL tumours (Figure 5-18). 

 

Figure 5-18 CXCL16 depleted tumours retain similar proportion of leucocytes to CTL tumours 

Flow cytometry quantification of CD45+ cells (leucocytes) as a proportion of live cells in Panc47 FAK-/- 
STAT3shRNA (CTL) and Panc47 FAK-/- STAT3shRNA CXCL16 -/- (CXCL16-/-) tumours. Data 
represented as mean ± SEM, n=6 tumours per group, statistical analysis was performed using Student’s 
t test; p-value = not significant (ns) >0.05* <0.05,**<0.01,***<0.001,****<0.0001. 
 

 

Yet whilst the total proportion of leucocytes was unchanged between CTL and 

CXCL16-/- tumours there was a shift in the relative proportions of myeloid, dendritic 

and T cells contributing to it as described below. 
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CXCL16 depletion increased intra-tumoural CD8+ T cells and dendritic cells 

CXCL16 depletion in PDAC tumours already depleted in FAK and STAT3 resulted in 

an increased intra-tumoural infiltration of both activated CD8+ T (CD45+ CD8+CD44+) 

cells and non- myeloid derived dendritic (CD45+CD11b-CD11c+) cells (Figure 5-19), 

both of which have been identified as tumour suppressive cell populations and could 

therefore contribute to the reduction in tumour growth noted in the CXCL16 -/- tumour 

group as compared to the CTL tumour group. Given the high correlation between 

CXCR6 and CD8+ T cells and the lack of reduction in CD8+ T cells in the tumour cell 

infiltrate with CXCL16 depletion, I concluded that the CXCL16-CXR6 axis was not 

involved in CD8+ T cell recruitment, and may in fact may have the opposite effect. 

 

 

Figure 5-19 Increased CD8+ T cells and non-myeloid dendritic cells in CXCL16-/- tumours 

Flow cytometry quantitation of A) CD45+ CD8+CD44+ (activated CD8 T-cells) and B) CD45+CD11b-

CD11c+ (dendritic) cells as a frequency of CD45+ cells in Panc47 FAK-/- STAT3shRNA and Panc47 
FAK-/- STAT3shRNA CXCL16-/- tumours. Data represented as mean ± SEM, n=6 tumours per group, 
statistical analysis was performed using Student’s t test; p-value = not significant >0.05, 
*<0.05,**<0.01,***<0.001,****<0.0001. 
 

 

CXCL16 depletion reduced intra-tumoural myeloid cell populations 

CXCL16 depletion in PDAC tumours already depleted in FAK and STAT3 resulted in 

a reduced intra-tumoural infiltration of myeloid (neutrophils, monocytes or 

macrophages (CD11b+)) cells. In looking at myeloid cell population subsets the 
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reduction was most notable in the neutrophil (CD11bbLy6G+F4/80-) subset although it 

just failed to meet significance (p=0.0689) (Figure 5-20). Given the lack of CXCR6 on 

myeloid cell populations, noted by myself and others, a direct effect of CXCL16 on 

these cells populations is unlikely. However, it is still possible that CXCL16 indirectly 

promoted their expansion through effects on other cells or mediators of cell signalling.  

 

Figure 5-20  Reduced myeloid cells in CXCL16 -/- tumours 

Flow cytometry quantitation of A) CD45+CD11b+ (myeloid) cells and B) CD45+CD11b+Ly6G+F4/80- cells 
(neutrophils) as a frequency of CD45+ cells in Panc47 FAK-/- STAT3shRNA (CTL) and Panc47 FAK-/- 
STAT3shRNA CXCL16-/-(CXCL16-/-) tumours. Data represented as mean ± SEM, n=6 tumours per 
group, statistical analysis was performed using Student’s t test; p-value=not significant 
>0.05,*<0.05,**<0.01,***<0.001,****<0.0001.  

 

 

Discussion  

Whilst overall, CXCL16 depleted tumours retained a similar proportion of leucocytes 

(CD45+ cells) to corresponding CTL tumours, there was a significant reprogramming 

of the immune infiltrate with changes in the proportions of myeloid, dendritic and T 

cells contributing to it. 

CXCR6 was expressed on both activated CD8+ T cells and a subgroup of non-myeloid 

derived dendritic cells; populations of both these cells were reduced in the CTL 

tumours as compared to the CXCL16 -/- tumours. It could be, therefore, that the 

reduction in activated CD8+ T cells was mediated through either suppression of 
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dendritic cells and a subsequent reduction in antigen presentation to, and activation 

of, the CD8+ T cells or through a direct effect of CXCL16 on the CD8+ T cells. Next, 

therefore, I investigated the effect of CXCL16 on CD8+ T cell expansion using OTI-I T 

cells (SIINFEKL-specific CD8+ T cells). 

 

5.3.3.8.3 Effect of CXCL16 on CD8+ T cell expansion 

Cells were obtained from OT-I mice. On Day 0 all OTI-I CD8+ T cells were stimulated 

with SIINFEKL peptide. On Day 2 a proportion of the OTI-I CD8+ T cells were 

suspended in media with IL-2 only whilst a proportion were suspended in IL-2 plus 

10ng/ml recombinant mouse CXCL16 (Bio-techne). After 48 hours the OTI-I CD8+ T 

cells were re-counted, washed and re-suspended in media with IL-2 +/- recombinant 

mouse CXCL16 and left for a further 48 hours. OTI-I CD8+ T cells were counted again 

on Day 6.  

 

CXCL16 impairs activated CD8+T cell expansion  

There was a significant reduction in activated CD8+ T cell expansion with the addition 

of CXCL16 (Figure 5-21). It is possible, therefore, that a direct inhibitory effect on CD8+ 

T cell expansion by CXCL16 was, at least in part, responsible for the increased intra-

tumoural levels of CD8+T cells observed in the CXCL16 depleted tumour group. 
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Figure 5-21 Reduced OT-I CD8 T cell expansion in presence of CXCL16 

Changes in expansion of OT-I CD8+T cells in presence of IL-2 vs IL-2 + CXCL16 A) Absolute changes 
in OTI-I CD8+ T cell counts between Days 4 and 6 post-activation with SIINFEKL for 3 biological 
replicates (Bioreps i-iii) B) Mean fold changes in OT-I CD8+ T cell counts between Days 4 and 6 post-
activation with SIINFEKL. Cells were expanded in the presence of either IL-2 (CTL) or IL-2 + CXCL16 
10ng/ml. In B) data are represented as mean ± SEM, n=3 per group, statistical analysis was performed 
using Student’s t test; p-value=not significant >0.05,*<0.05,**<0.01,***<0.001,****<0.0001. 
 

 

 

5.4 Discussion 

In this chapter I confirmed, first of all, that FAK depletion increased levels of CXCL16 

in murine PDAC cell lines as well as human ones. Secondly, I demonstrated in vivo 

that depletion of CXCL16 reduced PDAC tumour growth. Min Joo Kim et al327  who 

blocked CXCL16 using shCXCL16 showed a similar reduced tumour growth in a 

mouse model of papillary thyroid cancer. 

Thirdly, I identified a potential mechanism for the CXCL16 – mediated effect on tumour 

growth; through reprogramming of the TME immune cell infiltrate.  CXCL16 is 

abundantly secreted by murine and human PDAC cells so CXCL16 signalling may 

represent an important mechanism of resistance to FAK inhibition with targeting of this 
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signalling pathway offering the opportunity to try and overcome this resistance and 

improve efficacy of FAK inhibition in clinical practice. 

CXCL16 is expressed abundantly in PDAC and given much of the previous literature 

suggested it was a strong chemotactic factor, especially for CD8+ T cells, I initially 

hypothesised that CXCL16 could increase CD8+ T cell infiltration into the PDAC TME 

and thereby enhance the anti-tumour response. However, I was unable to prove a 

significant chemotactic effect of CXCL16 on activated CD8+T cells in vitro. On review 

of the literature several studies have commented on a ‘weak’ chemotactic response to 

CXCL16 in contrast to other chemokines. Moreover, several studies in addition to my 

own were unable to demonstrate a chemotactic response to recombinant CXCL16 and 

others that did used concentrations significantly higher than the levels measured in 

our PDAC cell lines.325   Furthermore, when Koenen at al266 substituted the DRF motif 

in CXCR6 for a DRY motif (the motif in each of the other seven transmembrane 

chemokine receptors), they noted increased CXCL16-induced calcium signalling and 

migration. This led them to speculate that the DRF motif of CXCR6 could represent a 

receptor adaptation to simultaneously promote adhesion and cell retention by 

mCXCL16 whilst reducing the chemotactic response to sCXCL16.  

The current in vivo work identified an important role for CXCL16 in mediating a re-

programming of the immune cell tumour infiltrate but in a tumour promoting, rather 

than a tumour suppressing, capacity.  Depletion in CXCL16 led to an increase in the 

dendritic and CD8+ T cell components and a reduction in the myeloid cell components; 

these changes correlated with a reduction in tumour growth. Mechanistically a 

chemotactic effect of CXCL16 on CD8+ T cells would not explain them. A chemotactic 

effect of CXCL16 on myeloid cell populations is also unlikely, given that I and others 

have not noted significant expression of CXCR6 in these cell populations.  

I went on to demonstrate that CXCL16 could, instead, reduce the amount of CD8+ T 

cells in the TME through inhibition of CD8+ T cell expansion. It is also possible that 

CXCL16 may be indirectly promoting expansion of myeloid cell populations through 

effects on other cells. 

The current work, therefore, questions the significance of CXCL16 as a chemotactic 

factor in PDAC and instead raises the possibility that its more significant role is that of 

a suppressor of CD8+ T cell expansion and/or an indirect promoter of myeloid cell 
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expansion and thus a promoter of tumour evasion. Given that the PDAC TME is 

notoriously so devoid of CD8+ T cells it perhaps makes more sense that a cytokine 

such as CXCL16 which is expressed in such large quantities in this tumour type is not 

promoting CD8+ T cell recruitment but rather suppressing the CD8+ T cell population.  

 

5.5 Future work  

The tumour model used for the in vivo work was depleted in both FAK and STAT3. 

This particular model was chosen to ensure that there were sufficient CD8+ T cells in 

the tumour infiltrate of tumours from FAK -/- CXCL16 WT and FAK-/- CXCL16-/- 

groups to allow detection of a difference in the CD8+ T cell levels between groups. As 

previous work in our laboratory had shown that depletion of FAK significantly 

increased CD8+ T cell tumour infiltrate and that additional depletion of STAT3 further 

increased this CD8+ T cell tumour infiltration, a model depleted in both FAK and STAT3 

was identified for use. Given my hypothesis that depletion of CXCL16 would reduce 

the CD8+ T cell infiltrate, a model with sufficient CD8+ T cell infiltrate to begin with was 

selected to ensure a potential reduction in this infiltrate would be detectable. In 

retrospect, given that CXCL16 depletion actually increased the CD8+ T cell infiltrate it 

would have been useful to look at the effect of CXCL16 depletion in simplified FAK 

WT and FAK -/- mouse models to see whether the CD8+ T cell infiltrate was still 

enhanced by CXCL16 depletion in this context. Furthermore, to understand the spatial 

distribution of all the different components of the TME, histological analyses would 

have been informative. 

It would also have been interesting to expand the T cell chemotactic experiment to 

include a positive control such as CXCL10 or CXCL12 to confirm that the chemotactic 

T cell assay was working correctly. In the T cell chemotactic assay work to date I have 

been unable to obtain sufficient evidence for the efficacy of recombinant mouse 

CXCL16, or mouse CXCL16 from media samples at physiological levels, as a T cell 

chemotactic agent. 

In addition, it would have been useful to repeat the flow cytometry analysis of CXCR6 

expression on activated murine OT-I CD8+ T cells in the presence of CXCL16 to check 

that this did not result in a loss of CXCR6 (and thus chemotactic activity).  
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And finally, given the reports of membrane-bound CXCL16 mediating different effects 

to the soluble form, flow cytometry to assess for the levels of surface membrane- 

bound CXCL16 in both mouse and human PDAC cell lines and the effect of FAK 

depletion and recombinant CXCL16 on these levels would help to tease apart potential 

conflicting roles of each. 
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6 CRISPR screen  

6.1 Introduction 

Given the role of FAK in modulating the tumour microenvironment, a role highlighted 

by our own laboratory and others, I proposed that there were likely to be further kinase 

regulators of cytokine and chemokine expression in pancreatic cancer, yet to be 

identified, that could influence the composition of the immunosuppressive pancreatic 

tumour niche and thus serve as potential therapeutic targets.  Indeed, at the outset of 

this thesis, I intended to focus on cytokine/chemokine pathways distinct from those 

regulated by FAK. I hoped to identify further kinases with the potential to modulate 

PDAC paracrine signalling through a CRISPR-based tyrosine kinase screen.  

 

6.2 Aims 

• To generate a human tyrosine kinase crRNA library.   

• To design a customised cytokine array panel for the CRISPR tyrosine kinase 

screen. 

• To use the tyrosine kinase crRNA library to carry out a CRISPR screen 

knocking out each of the 90 human tyrosine kinases in turn from PDAC cell 

lines and then analyse the resulting conditioned media to assess the effect on 

cytokine profile. 

 

6.3 Generation of human tyrosine kinase crRNA library 

A search for two pre-designed Integrated DNA Technology (IDT) guides for each of 

the 90 human tyrosine kinase was carried out using IDT’s search engine 

https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN with the 

homo sapiens gene symbol entered for each tyrosine kinase in turn. Resulting 

sequences returned by the search were reviewed for on target/off target scores, 

position along the gene sequence and position relative to one another.  From the 

selection of oligonucleotide sequences suggested by the IDT search engine, a pair 

was identified according to the best combination of highest possible on-target and off-

https://eu.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN
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target scores, whilst also ensuring the two guides did not overlap and were not too far 

along the gene sequence. 

Pre-designed IDT crRNAs sequences were identified for 87 of the 90 tyrosine kinases. 

For EPHB5 and ACK2 I was not able to identify IDT pre-designed guides or identify 

gene sequences on Ensembl (https://www.ensembl.org/index.html) to design these 

guides manually and so these tyrosine kinases were not included. For ZAP70 only two 

sequences were available and they overlapped so I used one pre-designed IDT guide 

and one manually designed guide. Similarly, for FAK (PTK2) I used one pre-designed 

IDT guide and one manually designed guide as we had efficacy with this combination 

during the optimisation process. Through this process a library of tyrosine kinase 

guides has been generated for each of the human tyrosine kinases and these guides, 

their sequences and relevant tyrosine kinase abbreviations are listed in Appendices A 

and B. 

 

6.4 Customised cytokine array panel 

6.4.1 Identification of key cytokines in PDAC 

In Chapter 4 I used conditioned media from a range of human PDAC cell lines 

analysed in a 64 cytokine forward phase protein array to inform on the PDAC 

secretome at baseline (Figure 4-2). Whilst it would have been insightful to investigate 

the effect of knocking out each of the 88 tyrosine kinases on this same panel of 64 

cytokines, this would have been extremely expensive and beyond the financial 

constraints of this PhD. The decision was made, therefore, to perform the screen for 

a select number of cytokines.  

Given the set up of the cytokine array at the IGMM included ‘chips’ or slides with 64 

wells allowing for testing for up to 64 cytokines at a time (Figure 2-1), a design of 

splitting the chips into 8 sections each with 8 wells allowing testing of different media 

samples for up to 8 cytokines was proposed. To assist in making the final choice of 

eight cytokines from the initial array of 64 cytokines, cytokine expression profiles 

across the PDAC cell lines analysed in Chapter 4 were compared to find cytokines or 

chemokines expressed abundantly or at least moderately across all of them. These 

expression profiles were then considered in conjunction with; i) a literature review of 

https://www.ensembl.org/index.html
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cytokines identified to have a role in PDAC and ii) transcriptomic data detailing relative 

expression levels of cytokine receptors in macrophages and fibroblasts in human 

PDAC (Figure 4-1). The latter was done with the aim of focusing on potential paracrine 

signalling axes between cytokines and these particular immune cell populations as 

they had been identified as contributors to the immunosuppressive TME in 

PDAC.52,53,54,114,115 Key features of the eight cytokines selected for the screen with a 

focus on their previously documented role in PDAC are described below. 

 

CCL5 also known as RANTES has three different chemokine C-C motif receptors 

(CCRs): CCR1, CCR3 and CCR5.328 The importance of the CCL5/CCR5 axis 

interaction in promoting cancer cell invasiveness and metastatic potential has been 

demonstrated for breast, prostate and pancreatic cancer.329,330,331 In pancreatic 

cancer, Singh et al328 showed that the CCL5 activation of PDAC cells expressing 

CCR5 increased their invasive potential, while treatment with CCR5 inhibitor 

maraviroc inhibited CCL5 activation. Tan et al98 showed that disruption of CCR5-

dependent homing of  Tregs inhibited tumour growth in a murine model of pancreatic 

cancer. 

Amphiregulin (AREG) is one of the ligands of EGFR. AREG is expressed in various 

tissues but mainly in the reproductive and urinary systems as well as in the pancreas, 

circulatory system and respiratory and gastrointestinal tracts. It participates in a wide 

range of physiological processes, including mammary gland development, blastocyst 

implantation, bone formation, axonal outgrowth, and keratinocyte proliferation. In 

cancer tissues, AREG can promote diverse effects such as self-sufficiency in growth 

signals, tissue invasion, and evasion of apoptosis, processes all involved in tumour 

development and progression.332 AREG is upregulated in many neoplasms including 

colon, lung, liver, breast, prostate, and pancreatic cancer.333 In patients with PDAC, 

Wang et al334 showed AREG expression to be associated with more aggressive 

tumour characteristics and a significantly worse prognosis. They went on 

to demonstrate that AREG plays an important role in NF-κB mediated migration and 

invasion as well as the epithelial-mesenchymal transition in pancreatic cancer cells by 

activating the EGFR/ERK/NF-κB signalling pathway.335  
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CXCL8, also known as IL-8, is a proinflammatory CXC chemokine associated with the 

promotion of neutrophil chemotaxis and degranulation. This chemokine activates 

multiple intracellular signalling pathways downstream of two cell-surface G protein 

coupled receptors (CXCR1 and CXCR2). Increased expression of CXCL8 and/or its 

receptors has been characterized in cancer cells, endothelial cells, infiltrating 

neutrophils, and tumour-associated macrophages, suggesting that CXCL8 may 

function as a significant regulatory factor within the tumour microenvironment. CXCL8 

signalling has multiple effects upon different cell types present within the tumour 

microenvironment.  It promotes angiogenic responses in endothelial cells, increases 

proliferation and survival of cancer cells, potentiates the invasion and migration of 

cancer cells and induces a chemotactic infiltration of neutrophils into the tumour site.336 

In pancreatic cancer Singh et al337 demonstrated a paracrine bi-directional interaction 

between pancreatic tumour cells and the CAFs through CXCL8 and Fibroblast Growth 

Factor-2 (FGF-2) that promoted tumour growth. Furthermore, Song et al338 

demonstrated that gemcitabine induced robust production of CXCL8 in MIA PaCa-2 

and PANC-1 cells whilst also observing that anti-CXCL8 antibody treatment reduced 

intra-tumoural neovascularization as well as tumour sizes in mice treated with 

gemcitabine. They hypothesised that gemcitabine treatment could counteract its anti-

tumour effects by inducing a potent angiogenic factor, CXCL8, and CXCL8 blockade 

may be effective to enhance the efficacy of gemcitabine.  

Tissue inhibitor of metalloproteinases-1 (TIMP-1), a member of the TIMP family of 

proteins comprising TIMP-1, 2, 3 and 4, is an endogenous inhibitor of matrix 

metalloproteinases (MMPs). TIMP-1 specifically interacts with proMMP-9 while TIMP-

2 preferentially binds to proMMP-2.  TIMPs have long been recognized for their role 

in extracellular matrix remodelling. However, evidence in recent years indicates that 

TIMPs have additional biological activities by acting as signalling molecules which bind 

directly to specific surface receptors to induce cellular responses. These cytokine- like 

activities occur independently of metalloproteinase inhibition and include the 

modulation of cell proliferation, apoptosis, differentiation and angiogenesis.339 

Emerging evidence also indicates that TIMP-1 is frequently overexpressed in several 

types of human cancers, including prostate cancer, lung cancer, melanoma, 

glioblastoma and breast cancer.340,341,342,343,344 In pancreatic cancer D’Costa et al345 

found TIMP-1 expression to be among the top 1% of upregulated genes in human 
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PDAC cohorts and it was significantly upregulated in human PDAC compared with 

normal pancreatic tissue. D’Costa et al345 also found that treatment of PDAC with 

gemcitabine led to upregulation of the cytokine TIMP-1 and TIMP-1 expression 

correlated with tumour progression in a number of patient cohorts. Furthermore, 

suppression of TIMP-1 enhanced tumour response to gemcitabine and radiotherapy 

and significantly decreased clonogenic survival, migration and invasion both in vitro 

and in vivo. Tan et al346 observed that TIMP-1 knockdown enhanced sensitivity to 

gemcitabine and reversed chemoresistance by inducing cell apoptosis.  

MCSF, also known as colony-stimulating factor-1 (CSF-1), is the primary growth factor 

regulating the growth, proliferation and differentiation of cells of hematopoietic 

lineages including monoblasts, promonocytes, monocytes, macrophages, and 

osteoclasts. All the biological effects of MCSF are mediated through CSF-1R, a 

receptor belonging to the type III receptor tyrosine kinase family.  It is overexpressed 

in breast cancers, ovarian and endometrial cancers, colorectal cancer, prostate 

cancer, head and neck cancer and pancreatic cancer. Overexpression of MCSF and 

its receptor in tumours has been associated with poor prognosis.347 The pro-tumoural 

actions of MCSF are exerted mainly through macrophages. Heavy infiltration of 

monocytes and macrophages into the tumour are known to facilitate angiogenesis 

through secretion of various growth factors and chemokines including VEGF. MCSF, 

apart from attracting monocytes into the tumour also acts as a transcriptional regulator 

of VEGF production in monocytes. Further, the importance of MCSF in the degradation 

of extracellular matrix through production of urokinase, and augmentation of invasive 

properties, is noted in ovarian cancer cells.347 Forward‐phase protein array data for 

cancer‐associated cytokines and chemokines in PDAC conditioned media revealed 

that CXCL16, CCL5, and MCSF were increased in squamous PDAC cells and that in 

this cell type there was a distinct deactivation of stellate cells in a MCSF-dependent 

fashion.348,349 In pre-clinical models, radiotherapy leads to increased expression of 

MCSF from pancreatic tumour cells and marked immune suppression within the 

tumour microenvironment via expansion of TAMs. Concurrent blockade of MCSF with 

radiotherapy reduces TAM infiltration, prevents the generation of tumour promoting T 

cell populations, and increases the therapeutic effect of radiotherapy. Radiotherapy 

also induces up-regulation of PD-L1 in TAMs, another mode of immune suppression 

that can account for radiotherapy resistance in locally advanced pancreatic cancer. 
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These data suggest the efficacy of radiotherapy in locally advanced pancreatic cancer 

is limited by its promotion of innate and adaptive immune suppression. CSF-1R 

blockade with cabiralizumab combined with PD-1 blockade with nivolumab may 

therefore enhance the efficacy of stereotactic body radiotherapy by reprogramming 

the TAM compartment in tumours, thereby preventing an immune suppressive 

phenotype and augmenting T cell mediated anti-tumour response. Cohen et al350 are 

therefore running a single arm phase II study designed to evaluate safety, tolerability, 

and surgical resection rate in locally advanced untreated pancreatic cancer (LAUPC) 

patients treated with concurrent nivolumab, cabiralizumab, and SBRT.351 

CXCL1, also known as Growth-Related Oncogene (GRO), was originally discovered 

in culture supernatants of melanoma cell lines.250 It stimulates chemotaxis of CAFs, 

neutrophils and myeloid-derived suppressive cells (MDSCs) toward tumours by 

binding to its receptors CXCR1 and/or CXCR2. In diverse cancer types, this ligand 

promotes or is correlated with angiogenesis, metastasis, proliferation, 

chemoresistance, tumour cell migration and invasion.352,353,354,355 Clinically, high 

expression of CXCL1 in both cancer cell cytoplasm and stroma of pancreatic cancer 

specimens is associated with shorter overall survival times.356 Seifert et al showed that 

CXCL1 promoted pancreatic oncogenesis through macrophage induced immune 

suppression357 and a study by Chen et al358 indicated that compared with normal 

fibroblasts, CAFs exhibit increased CXCL1, 2 and 8 expression, contributing to the 

enhanced invasion-promoting capacities of these cells. To determine if CXCL1 

produced by tumour cells is required for the immunosuppressive phenotype, Jinyang 

et al359 generated CXCL1 deficient (CXCL1 -/-) clones and found that CXCL1 ablation 

resulted in decreased infiltration by myeloid cells, especially granulocytic (g)MDSCs, 

and an increase in the infiltration of PD-1+ CD8+ T cells. These data suggest that 

tumour cell derived CXCL1 is necessary and sufficient to promote the recruitment of 

suppressive myeloid cells into PDAC, thereby suppressing the infiltration of CD8+ T 

cells.  

IL- 6 is a multifunctional cytokine that plays a major role in regulating responses to 

injury and infection, inflammation, cell proliferation and differentiation.360 The 

engagement of IL-6 receptor leads to the activation of the JAK tyrosine kinase family 

members. The activation of JAK stimulates various pathways such MAPKs, PI3Ks 
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and STATs. IL-6 can directly affect pancreatic cancer cells as well as modulating its 

tumour microenvironment. It promotes oncogenesis through JAK-STAT3 activation, 

angiogenesis through induction of VEGF, cancer cell migration and EMT.361,360 

IL-1β is a pro-inflammatory cytokine that can increase the migratory potential of 

pancreatic cancer cells.136  Furthermore, IL-1β can activate NF-κB and upregulate 

cyclo-oxygenase-2 (COX-2) contributing to chemoresistance in pancreatic cancer 

cells137,362 and can also promote recruitment of pro-angiogenic macrophages.139 

6.4.2 Design of customised cytokine array chip 

In a forward phase protein array multiple antibodies are immobilised on a surface, 

usually a nitrocellulose membrane, to capture proteins from a sample. The forward 

phase protein array at the IGC makes use of a large number of well validated capture 

and detection antibody pairs sourced from companies like R&D systems. It allows 

rapid detection and relative quantification for a range of protein analytes including 

cytokines, chemokines and growth factors. The array platform at the IGC has a 64-

microarray layout (Figure 2-1) with each nitrocellulose slide or ‘chip’ having 64 

subarrays or wells and each well having capacity to be spotted with a different capture 

antibody corresponding to a different cytokine, chemokine or growth factor.  In 

adapting this platform to screen large numbers of media samples for 8 selected 

cytokines, rather than 64, a custom-made chip was designed for use in the focussed 

cytokine array (Figure 6-1). 
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Figure 6-1 Custom made chip to be used for CRISPR screen 

Adaptation of 64 microarray layout to allow for testing of up to eight different media samples for eight 
different cytokines. 

  

 

6.5 Tyrosine kinase CRISPR screen of PDAC cells  

The aim was to sequentially knockout each of the (88) human tyrosine kinases through 

CRISPR-Cas9 gene editing and then to analyse the resulting conditioned media from 

the PDAC cells +/- knockout of each of the tyrosine kinases with the customised 

cytokine array to analyse the effect on the cytokine profile. The CRISPR screen 

protocol is summarised in Figure 6-2. The first PDAC cell line selected for the screen 

was the MIA PaCa-2 cell line, a cell line widely used in the field, with relatively simple 

culture requirements and which had been used with success during the CRISPR 

optimisation process. 
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Figure 6-2 Summary of experimental approach to CRISPR screen of tyrosine kinases  

Each nucleocuvette was used to perform 16 nucleofection reactions simultaneously with a pair of Cas9 
RNPs specific to each tyrosine kinase, MIA PaCa-2 (MP) cells and SE solution added to 15 of the 16 
nucleocuvettes. The remaining single space in the nucleocuvette was used for a mock nucleofected 
sample with MIA PaCa-2 (MP) cells and SE solution only. The nucleofected cells in suspension were 
then split between a 6 well plate and a 60mm plate and cultured for 96 hours with a media change at 
72 hours. Media was then collected and used for a targeted 8 cytokine forward phase protein array 
(FPPA) and cells were fixed and stained for counting and to allow potential phenotypic studies (6 well 
plate) and made into lysates (60mm plate) to allow subsequent Western blotting. 

 

 

6.5.1 Experimental approach 

Nucleofection was performed and, as each nucleocuvette used for nucleofection has 

sixteen wells, fifteen nucleofection reactions (knocking out fifteen individual tyrosine 

kinases) were carried out simultaneously. The sixteenth well was used for a control 

sample containing SE cell line solution and MIA PaCa-2 cells but no Cas9 RNPs or 

electroporation enhancer. After the nucleofection pulse(s), the microcuvette strip was 

removed and 80µL of pre-warmed supplemented media was added to each 

microcuvette well and the whole volume was then transferred to a universal container 

to mix with 7ml of media. At this point the suspended cells in media were then divided 
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between a 60mm plate (4ml) and one well of a 6-well plate (3ml). Cells were then 

grown in normal culture conditions for a further three days. Media was changed on 

Day 4 and then on Day 6 the 48hr conditioned media from each 6 well plate was 

retrieved, centrifuged at 1300rpm for 5 minutes and the supernatant put in a bijou tube 

which was snap frozen and then put in -800C freezer until analysis. Cells from the 

60mm plate were washed twice with PBS and the plates snap frozen and put in -800C 

freezer to allow Western blot at a later date. Cells in the 6-well plates were fixed and 

stained with H2AX and Hoechst to allow cell counting for normalisation of assay results 

and the potential for image-based phenotypic studies. Scan R software (Scan R 

Acquisition) was used to acquire images of the Hoechst-stained cells in the 6-well 

plate wells and Scan R Analysis software used to count the cells. 3ml sample volumes 

of conditioned media were subsequently provided to HTPU Services and the FPPA 

performed for 88 conditioned media samples along with 6 control samples and 6 ‘No 

Cell Media’ (NCM) samples. 

 

6.5.2 Results 

Using the high-power data set (mean values) from the FPPA, the NCM values were 

subtracted from each of the mock nucleofected (control) and knockout samples. 

Values for each group of 16 samples run together in the nucleocuvette were then 

normalised according to cell number. Heat maps for each group of 16 samples that 

were nucleofected together were generated using Broad Institute Morpheus software 

(https://software.broadinstitute.org/morpheus/) with Log2 transformation of the 

fluorescence intensities (Figure 6-3). 

https://software.broadinstitute.org/morpheus/
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Figure 6-3 Heat maps showing effects of knocking out each of the 88 tyrosine kinases on cytokine profile of MIA PaCa-2 PDAC cell line 

A) Heat map showing relative cytokine expression in media from MIA Pa Ca- 2 Control cells and MIA PaCa-2 cells with knockout of FAK, SRC, ABL1, EGFR, 
IGFR1, JAK1, ErbB2, ErbB3, ErbB4, INSR, EHPA1, EPHA2, EPHA3, EPHA4 & EPHA5 tyrosine kinases. B) Heat map showing relative cytokine expression in 
media from MIA Pa Ca- 2 control cells and MIA PaCa-2 cells with knockout of EPHA6, EPHA7, EPHA8, EPHB1, EPHB2, EPHB3, EPHB4, EPHB6, IRR, 
PDGFRA, PDGFRB, CSF1R, KIT &FLT3 tyrosine kinases. C)Heat map showing relative cytokine expression in media from MIA Pa Ca- 2 control  cells  and 
MIA PaCa-2 cells with knockout of VEGFR1, VEGFR2, VEGFR3, FGFR-1, FGFR-2, FGFR-3, FGFR-4, CCK4, TRKA, TRKB, TRKC, MET,RON,AXL &, MER 
D) Heat map showing relative cytokine expression in media from MIA Pa Ca- 2 control  cells  and MIA PaCa-2 cells with knockout of TYRO3, TIE1, TEK, RYK, 
DDR1, DDR2, RET, ROS, LTK, ALK, ROR1, ROR2, MUSK, AATYK &AATYK2 E) Heat map showing relative cytokine expression in media from MIA Pa Ca- 2 
control  cells  and MIA PaCa-2 cells with knockout of AATYK3, RTK106, FGR, FYN, YES1, BLK, HCK, LCK, LYN, ARG,, JAK2, JAK3, TYK2 &ACK1 F) Heat 
map showing relative cytokine expression in media from MIA Pa Ca- 2 control  cells and MIA PaCa-2 cells with knockout of CSK, MATK, PYK2, FER, FES, 
BRK, FR, SRMS, BMX, BTK, ITK, TEC, TXK, SYK & Zap70.
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6.6  Validation of CRISPR screen  

6.6.1 Confirmation of knockout by Western blot  

Although confirming each of the 88 tyrosine kinase knockout reactions with western 

blot would have been optimal it would have been outwith the financial and time 

constraints of this thesis. Therefore, a selection of tyrosine kinase targets of interest 

were identified and their knockout confirmed with Western blot for the sample used in 

the screen and a set of repeat nucleofected samples. EPHA2 and ErbB2 were 

selected in the first instance as the screen indicated a marked reduction in MCSF with 

knockout of these tyrosine kinases. 

The relevant 60mm plates from the tyrosine kinase CRISPR screen of MIA PaCa-2 

cells, which had been snap frozen at the same time as removal of media, were 

retrieved for EPHA2 and ErbB2 (screen samples). Repeat nucleofection to knockout 

both these targets again in new MIA PaCa-2 cells was also carried out (replicate 

samples). Western blot was run on both sets of samples for the targets; (i) ErbB2 and 

tubulin and (ii) EPHA2 and tubulin and confirmed good knockout of both targets 

across both sets of samples. (Figure 6-4) 

 

6.6.2 Confirmation of FPPA results by ELISA 

As with Western blot for tyrosine kinase knockouts, confirming each FPPA finding for 

each tyrosine kinase knockout with ELISA would have been optimal. It would, 

however, have been beyond the financial and time constraints of this thesis. Therefore, 

a selection of conditioned media samples from each group of the tyrosine kinase 

screen (Groups 1-6) were selected for ELISA to validate the FPPA findings. 

ELISAs were performed on these samples for MCSF, CXCL1 and TIMP-1 using 

DuoSet ELISA kits (R&D systems). Unfortunately for MCSF, sample levels were 

undetectable in the ELISA. However, for CXCL1 and TIMP1 there were detectable 

levels of cytokine expression. Fold changes in expression with a selection of tyrosine 

kinase knockout samples were plotted for the CXCL1 and TIMP1 ELISAs to allow 

comparison with fold changes in cytokine expression identified in the FPPA (Figure 
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6-5). General trends in these fold changes were maintained between ELISA and 

FPPA. 

 

 

 

 

Figure 6-4 Knockout of ErbB2 and EPHA2 confirmed in screen and replicate samples 

A) Western blot for tubulin and ErbB2 in lysates from MIA PaCa-2 control and FAK, SRC, ABL, EGFR, 
IGFR1, JAK 1 and ErbB2 knockout MIA PaCa-2 cells from tyrosine kinase screen (screen samples). B) 
Western blot for tubulin and ErbB2 in lysates from MIAPaCa-2 control and ErbB2 knockout cell lines 
from repeat nucleofection (replicate samples) C) Western blot for tubulin and EPHA2 in lysates from 
MIA PaCa-2 control and EPHA2 knockout cell lines from tyrosine kinase screen (screen samples) and 
repeat nucleofection (replicate samples). 
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Figure 6-5 Fold changes in TIMP1 and CXCL1 largely maintained between FPPA and ELISA 

Log2 fold change in (A) TIMP1 expression in conditioned media from MIA PaCa-2 cells following 
knockout of tyrosine kinases ErbB2, CSF1R, KIT, TRKB, DDR2, FYN, PYK2 and FRK compared to 
TIMP1 expression in conditioned media from control MIA PaCa-2 cells, measured by FPPA and by 
ELISA.B) Log2 fold change in CXCL1 expression in conditioned media from MIA PaCa-2 cells following 
knockout of tyrosine kinases ErbB2, KIT, TRKB, DDR2, FYN, PYK2 and FRK compared to CXCL1 
expression in conditioned media from control MIA PaCa-2 cells, measured by FPPA and by ELISA. 

 

 

6.7 Choosing targets of interest for further analysis 

With general trends in relative cytokine expression maintained between ELISA and 

FPPA and knockout confirmed in several targets of interest, I proceeded to the 

selection of target tyrosine kinases for further study. The cytokine expression profiles 

for each tyrosine kinase knockout were reviewed. Then, the relative change in 

expression compared with control was considered along with relative gene expression 

level by MIA PaCa-2 cells, determined by reference to canSAR Black webpage 

(https://cansarblack.icr.ac.uk/cell-line/MIA-Pa-Ca-2/gene-expression) and literature 

support for their role in PDAC. From this I created a short list of tyrosine kinases for 

further investigation as potential key regulators of the secretome (Table 6).  

On reflection it was felt that ErbB2, EPHA2 and DDR2 were potentially interesting 

targets to investigate further as knockout of each of these targets had significant 

https://cansarblack.icr.ac.uk/cell-line/MIA-Pa-Ca-2/gene-expression
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effects on amount of MCSF detected by FPPA (Figure 6-6) and there was literature 

supporting their role in affecting the anti-tumour response. 
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Table 6 Table highlighting targets of interest for further analysis from tyrosine kinase CRISPR 
screen 

Tyrosine 

kinase target 

identified 

Cytokine 

significantly 

affected 

Relative 

expression level 

by MIA PaCa-2 

cells 

 

Literature support for role in PDAC 

ErbB2 MCSF& CXCL1 5.0 Dual ErbB1 and ErbB2 receptor tyrosine kinase 

inhibition exerts synergistic effect with 

conventional chemotherapy in pancreatic cancer 

363 

ErbB3 MCSF 1.7 ErbB3 expression promotes tumorigenesis in 

pancreatic adenocarcinoma 364 

EPHA2 MCSF 6.1 Tumour cell-intrinsic EPHA2 suppresses 

antitumor immunity by regulating PTGS2 (COX-

2).365 

Therapy of pancreatic cancer via an EphA2 

receptor-targeted delivery of gemcitabine 366 

JAK1 TIMP 3.8 A Phase Ib/II Study of the JAK1 Inhibitor, 

Itacitinib, plus nab‐paclitaxel and Gemcitabine in 

Advanced Solid Tumors367 

DDR2 MCSF& CXCL 3.5 Targeting DDR2 enhances tumour response to 

anti–PD-1 immunotherapy.368 

BRK (PTK6) TIMP1 1.4 PTK6 promotes cancer migration and invasion in 

pancreatic cancer cells dependent on ERK 

signalling. 369 
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Figure 6-6 Fold changes in MCSF with knockout of ErbB2, EPHA2 or DDR2 

Log2 Fold changes in MCSF expression levels measured by FPPA in conditioned media from MIA 
PaCa-2 PDAC cells with knockout of ErbB2, EPHA2 or DDR2 as compared to control MIA PaCa-2 
PDAC cells. 
 

 

 

6.7.1 Investigating effect of tyrosine kinase knockouts on MCSF 

First, I wanted to ascertain if significant changes noted in levels of MCSF in FPPA with 

knockout of ErbB2, EPHA2 and DDR2 could be replicated by repeated knockout of 

these targets and confirmation of changes by ELISA. However, on previous attempts 

to validate determination of MCSF in the screen samples by ELISA, levels were too 

low to allow reliable detection. I therefore decided to use a stimulation cocktail 

(eBioscienceTM Cell stimulation Cocktail (500x)) to boost cytokine levels and therefore 

increase the ability of an ELISA to detect MCSF and significant fold changes in its 

levels. This required optimization as the stimulation of cells caused significant cell 

death at standard concentrations (1/500) and when used post nucleofection also 

appeared detrimental to growth of cells leading to poor cell confluence. Dose 

calibration of the stimulation cocktail was therefore carried out to determine the optimal 

concentration to use. Having ascertained the optimum concentration of cell stimulation 

cocktail, which gave a sufficient boost to MCSF levels without causing significant cell 

death, was 1/1000, I was then able to proceed with repeat nucleofection of targets of 

interest using this concentration of cocktail. 
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6.7.1.1 Repeat nucleofection of targets of interest 

Following nucleofection to knockout ErbB2, EPHA2 and DDR2 in separate samples of 

MIA PaCa-2 cells as well as mock nucleofecting one additional sample to serve as 

control, cells were left for 48hr in normal growth conditions and then stimulated with 

cell stimulation cocktail for 4hr. Media was then replaced and left for 24 hours before 

collection. ELISA for MCSF in the media was carried out using DuoSet ELISA kit (R&D 

systems) and cells used for BCA assay to quantify protein concentration and allow 

normalization of values. Levels of MCSF (pg/ml) were plotted for the control sample 

and the samples with ErbB2, EPHA2 and DDR2 knockouts and compared with the 

changes in FPPA observed for corresponding equivalent samples in the screen 

(Figure 6-7 to Figure 6-9). The FPPA results from ErbB2 knockout were not 

reproducible in ELISA but results from EPHA2 and DDR2 knockout were more 

comparable between FPPA and ELISA. 

 

 

 

Figure 6-7 MCSF levels varying with ErbB2 knockout in MIA PaCa-2 cell lines 

MCSF levels varying with ErbB2 knockout in MIA PaCa-2 cell conditioned media measured by ELISA 
and FPPA (A)Graph to show ELISA levels of MCSF (pg/ml) in MIA PaCa-2 cell media from mock 
nucleofected (Control) and ErbB2 knockout (KO) cells in samples nucleofected and stimulated with cell 
stimulation cocktail (B)Graph to show FPPA fluorescence intensity of MCSF in MIA PaCa-2 cell media 
from mock nucleofected cells (Control) and ErbB2 knockout (KO) cells in CRISPR screen samples. 



CRISPR screen 

 

 136 

 

Figure 6-8 MCSF levels varying with EPHA2 knockout in MIA PaCa-2 cell lines 

MCSF levels varying with EPHA2 knockout in MIA PaCa-2 cell conditioned media measured by ELISA 
and FPPA   A) Graph to show ELISA levels of MCSF (pg/ml) in MIA PaCa-2 cell media from mock 
nucleofected (control) and EPHA2 knockout (KO) cells in samples nucleofected and stimulated with cell 
stimulation cocktail B) Graph to show FPPA Fluorescence intensity of MCSF in MiaPaCa-2 cell media 
from mock nucleofected cells (control) and ErbB2 knockout (KO) cells in CRISPR screen samples. 
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Figure 6-9 MCSF levels varying with DDR2 knockout in MIA PaCa-2 cell lines  

MCSF levels varying with DDR2 knockout in MIA PaCa-2 cell conditioned media measured by ELISA 
and FPPA. A) Graph to show ELISA levels of MCSF (pg/ml) in MIA PaCa-2 cell media from mock 
nucleofected (Control) and DDR2 Knockout (KO) cells in samples nucleofected and stimulated with cell 
stimulation cocktail. B) Graph to show FPPA Fluorescence intensity of MCSF in MIAPaCa-2 cell media 
from mock nucleofected cells (control) and ErbB2 Knockout (KO) cells in CRISPR screen samples. 

 

 

6.8 Effects of EPHA2 knockout on MCSF 

The EPHA2 target was selected in the first instance to try and reproduce and confirm 

ELISA findings. Nucleofection to knockout EPHA2 and then stimulation with cell 

stimulation cocktail was carried out and MCSF was again noted to be reduced in the 

EPHA2 knockout conditioned media as compared with control (Figure 6-10). However, 

there was still variability in the levels of MCSF produced between samples in the 

control and EPHA2 knockout (KO) cells. Variability of knockout efficacy between 

samples was considered as a possible reason for this and cell sorting proposed as a 

means of generating a pure EPHA2-/- cell line and thus reducing this source of 

variability. 
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Figure 6-10 MCSF levels in stimulated MIA PaCa-2 EPHA2 KO cell lines 

Graph illustrating ELISA levels of MCSF (pg/ml) in MIA PaCa-2 cell media from mock nucleofected 
(control) and EPHA2 knockout (KO) cells in samples nucleofected and stimulated with cell stimulation 
cocktail. 
 

 

 

6.8.1 Generation of pure EPHA2-/-cell lines following cell sorting 

Nucleofection of MIAPaCa-2 cells to knockout EPHA2 was carried out to generate MIA 

PaCa-2 EPHA2-/- cells, with a second sample mock nucleofected to generate a control 

(MIA PaCa-2 WT cells). Post nucleofection cells were seeded on to 90mm plates and 

grown for 6 days. The media from a pair of 90mm plates of confluent MIA PaCa-2 

cells, (MIA PaCa-2 WT and MIA PaCa-2 EPHA2-/-) was then collected and the cell 

sorting protocol was used to generate pure MIA PaCa-2 EPHA2-/- cell lines and the 

surface expression protocol to confirm EPHA2 negativity. 

 

6.8.2  MCSF levels in cell sorted EPHA2-/- MIA PaCa-2 cell lines  

Basal conditions 

MIA PaCa-2 EPHA2-/- (KO) cells and MIA PaCa-2 WT (control) cells were plated on 

90mm plates on Day 1, media changed on Day 2 and then left in normal growth 

conditions for 72 hours. Conditioned media was collected on Day 5 for ELISA. Plates 
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were washed twice with PBS and snap frozen for Western blot. This whole procedure 

was carried out three times to provide three biological replicates. MCSF DuoSet ELISA 

(R&D systems) was carried out and MCSF levels were normalized according to protein 

quantification with BCA assay. Whilst Western blot for EPHA2 and tubulin did confirm 

knockout of EPHA2 in MIA PaCa-2 EPHA2-/- cell samples as compared to control, the 

replicates did NOT confirm a consistent reduction in MCSF levels in MIA PaCa-2 

EPHA2-/- cells as compared with control (Figure 6-11).  

 

 

 

Figure 6-11 MCSF levels in MIA PaCa-2 EPHA2 KO cell lines vs control under basal conditions. 

A) Graph to show ELISA levels of MCSF (pg/ml) in conditioned media from MIAPaCa-2 EPHA2 
knockout (KO) cell lines compared to control MIAPaCa-2 cell lines under basal conditions (n=3). Data 
represented as mean +/- SEM. B) Western blot for tubulin and EPHA2 in lysates from MIAPaCa-2 
Control and MIA PaCa-2 EPHA2 KO cell lines for three replicate samples collected under basal 
conditions. 

 

Stimulated conditions 

MIA PaCa-2 EPHA2-/- cells and MIA PaCa-2 EPHA2 WT cells were plated on 90mm 

plates on Day 1 and media was changed after 48 hours. At this time cells were pulsed 

with cell stimulation cocktail at 1/1000 concentration for 4 hours before media was 

refreshed and then left for a further 48 hours before Day 5 media collection. Western 
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blot and MCSF ELISAs were then performed for the basal samples above. Western 

blot for EPHA2 and tubulin again confirmed knockout of EPHA2 in MIA PaCa-2 

EPHA2-/- cell samples but like the samples collected under basal conditions the 

stimulated samples did NOT confirm a consistent reduction in MCSF in MIA PaCa-2 

EPHA2-/- cell conditioned media as compared with MIA PaCa-2 EPHA2 WT cell 

conditioned media (Figure 6-12). 

 

 

 

Figure 6-12 MCSF levels in MIA PaCa-2 KO cell lines vs control under stimulated conditions 

A) Graph to show ELISA levels of MCSF (pg/ml) in conditioned media from MIA PaCa-2 EPHA2-/- (KO) 
cell lines compared to MIA PaCa-2 EPHA2 WT (control) cell lines under stimulated conditions (n=3). 
Data represented as mean +/- SEM B) Western blot for tubulin and EPHA2 in lysates from MIA PaCa-
2 EPHA2 WT (control) and MIA PaCa-2 EPHA2-/- (KO) cells for three replicate samples collected under 
stimulated conditions.  

 

 

6.9 Review of FPPA used in CRISPR Screen 

The inconsistent results when trying to validate findings from the FPPA used in the 

CRISPR screen prompted me to go back and review the original FPPA source data. 
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For the micro array the set up for each slide was as below (Figure 6-13) with eighteen 

slides used to complete the screen. 

 

Figure 6-13 Micro-array set up for CRISPR screen showing a typical slide 

 

 

6.9.1 Areas of concern identified 

Review of the original slide images lead to questions about the accuracy of the FPPA 

data with concern focussed on the areas highlighted below. 

 

(i) Quantification for the FPPA cytokine readouts 

Readouts quantifying relative fluorescence for several tyrosine kinase knockout 

samples appeared incongruous with visual comparison of fluorescence observed. For 

example, in Slide 2 visual comparison of position 1 corresponding to an ErbB2 

knockout sample and position 7 corresponding to a control sample, suggested little 

difference in fluorescence intensity results for MCSF and CXCL1.  However, the 

figures provided for the fluorescence quantification representing cytokine expression 

suggested a large discrepancy between control and ErbB2 knockout in the relative 

expression of cytokines MCSF (146.3 to 1.8) and CXCL1 (1665.5 to 3.4). Likewise, 
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visual comparison for Slide 2 position 7 (corresponding to control sample) and position 

6 (corresponding to EPHA2 knockout sample) suggested little difference in 

fluorescence intensity results for MCSF whilst the computer analysis figures (0.5 and 

146.3) suggested a large difference (Figure 6-14). 

 

 

Figure 6-14 Difference in observed and analysed fluorescence intensity difference 

Figure illustrating disparity in fluorescence intensity difference between Control and ErbB2 or EPHA2 
tyrosine kinase knockout samples, observed visually and following computer analysis. 

 

 

(ii) Blank areas  

Areas on Slides 6, 9 and 12 with ‘blank’ samples had readings which were 

unexpectedly high for cytokines CCL5 and TIMP-1 and, on occasion, higher than NCM 

samples. For example, Slide 12 showed high fluorescence intensity readings for CCL5 

and TIMP-1 for each of the blank samples tested and the readings for TIMP-1 were 

significantly higher than those for the NCM sample tested on this slide (Figure 6-15A). 

Furthermore, on Slide 15 there was considerable discrepancy in the fluorescence 

intensity readings for TIMP-1 between positions 5 and 6 which were both supposed to 

be blank samples (Figure 6-15B). This raised the question about which substance was 

used for the blanks. 
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Figure 6-15 Discrepancy in fluorescence observed for ‘blank’ samples 

Figure showing A) evidence of significant fluorescence for analytes TIMP-1 and CCL5 in areas of Slide 
12 corresponding to blank samples with fluorescence levels for TIMP-1 in these areas markedly higher 
than that detected in NCM sample and B) evidence of fluorescence intensity readings for TIMP-1 in 
areas of Slide 15 corresponding to blank samples and NCM highlighted (pink arrows) with marked 
contrast in TIMP-1 fluorescence between positions 5 and 6. 

 

 

(iii) No guide areas 

It was unclear which substances were used in the two slide positions corresponding 

to tyrosine kinases for which there were no guides (EPHB5 and ACK2). There was a 

discrepancy between the readouts for these two slide positions as the position on Slide 

5 appointed for tyrosine kinase (EPHB5) showed readings which were, on occasion, 

higher than background (e.g. for CXCL8 and TIMP-1) whilst the position on Slide15 

appointed for tyrosine kinase ACK2 showed no visible readings (Figure 6-16).  
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Figure 6-16 Discrepancy in fluorescence observed for ‘no guide’ samples 

Figure showing discrepancy in readings for the 'no guide' samples with slide 5, position 2 denoting the 
position for the no guide replacement for the EPHB5 knockout sample and Slide 15, position 3 denoting 
the position for the no guide replacement for the ACK2 knockout sample. Whilst there are visible 
readings for the EPHB5 replacement sample there are no visible readings for the ACK2 replacement 
sample. 

 

 

(iv) Higher than expected levels of CCL5 and TIMP- 1 in NCM samples  

CCL5 readings in the NCM samples were unexpectedly high in Slides 1-14. Then in 

Slides 15-18 the NCM sample were found to have negligible CCL5 levels similar to 

previous studies (Figure 6-17A).  The NCM samples would all be expected to have 

broadly similar negligible levels of CCL5 at baseline as the same brands of standard 

commercial media were used and previously shown to contain negligible CCL5. 

Furthermore, the same NCM sample source should have been used in Slides 14 and 

15 making the gross disparity in CCL5 between these samples concerning (Figure 

6-17D). For the control samples across all slides, the CCL5 levels measured were 

very similar to those in the NCM samples. They also showed a very significant and 

unexpected change in CCL5 results for the same Control and NCM samples tested 
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on Slides 14 and those tested on Slide 15 (Figure 6-17B). TIMP-1 readings were also, 

albeit to a lesser extent than CCL5, higher than expected for NCM samples, with 

several NCM readings for TIMP-1 being significant outliers, notably on Slide 3 and 

Slide 9 (Figure 6-17C).  

 

 

 

Figure 6-17 Discrepancy in fluorescence observed for ‘NCM’ samples 

A-C) Graphs of FPPA fluorescence intensity readings for CCL5 (A&B) and TIMP-1 (C) for NCM (A&C) 
and MIA PaCa-2 cell mock nucleofected (control) (B) samples across all 18 slides in the CRISPR screen 
and D) Slide images showing discrepancy between fluorescence intensity levels for CCL5 in control 
and NCM samples between Slide 14 and 15. 

D 
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6.9.2 Suggestions for root cause of errors and discrepancies 

Issues that I attempted to address following identification of flaws in the initial analysis 

are listed below. 

 

(i) Erroneous quantification  

On discussion with the technical team who carried out the FPPA and quantification of 

fluorescence levels, the data was re-analysed and it was discovered that on Slide 2 

there were two sub-arrays which had not aligned properly during the initial analysis. 

On reviewing the process this dataset was the first set to be analysed after the first 

wave of COVID and it had been done at home on a small laptop as there was no 

access to larger office computers. This led to an error when the technician was 

manually mapping the subarray array grids onto the images. Unfortunately, this led to 

significant error in the FPPA results for MCSF for two key targets of interest, ErbB2 

and EPHA2. Upon re-analysis of Slide 2 with correct analysis, repeat FPPA values for 

MCSF in MIA PaCa-2 cell media for ErbB2 and EPHA2 knockout cell lines were not 

significantly different from control cell lines. This compared to the initial analysis which 

had suggested a significant reduction in MCSF levels and consequent large fold 

change (Figure 6-18). 
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Figure 6-18 Differences in fold changes in ErbB2 and EPHA2 KO samples vs control for initial 
and repeat analysis 

Log2 Fold changes in MCSF expression levels measured by FPPA in conditioned media from MIA 
PaCa-2 ErbB2 knockout (KO) and MIA PaCa-2 EPHA2 KO cells as compared to in MIA PaCa-2 WT 
(Control) cells with analysis in August 2020 (initial analysis) vs analysis in August 2021 (repeat 
analysis). 
 
 

This was also an issue for Slide 15 with subarrays again not aligning properly, most 

notably leading to an underestimate in CXCL1 values for the CK1/TNK2 knockout 

sample. Revised figures for the reanalysed data were created for the two slides where 

there was a major discrepancy (Slides 2 and 15). Examples of the difference in the 

resultant cytokine profile are highlighted in the re-do of the heat map for Slide 2 (Figure 

6-19). 
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Figure 6-19 Differences in heat maps for ErbB2 and EPHA2 KO samples vs control for initial and 
repeat analysis 

Heat maps showing discrepancy between data from A) Slide 2 initial (August 2020) FPPA analysis and 
B) Slide 2 repeat (August 2021) analysis in the CRISPR screen showing relative log2 fluorescence 
intensity of cytokines in FPPA according to varying tyrosine kinase knockouts. The row for the MCSF 
analyte is highlighted along with the columns for knockout of the tyrosine kinase ErbB2 and EPHA as 
the discrepancy in colour and intensity of the heat map for these kinases and this analyte changed 
considerably between the initial and repeat analysis. 
 

 

(ii) Questions over substances used for ‘Blank’ and ‘No guide’ sample positions 

It has not been possible to ascertain the substances used for these samples as the 

technical team at the HTPU in the IGC changed during the course of my PhD and the 

new team did not have access to this information. 

 

(iii) Higher than expected levels of CCL5 and TIMP- 1 in NCM samples 

This is a difficult phenomenon to explain. With regard to CCL5 readings I questioned 

whether control samples had been used in place of NCM samples. But if this was the 

case it would not explain why the other analytes, apart from CCL5 and TIMP-1, were 

not elevated in the NCM sample readings.  

Unfortunately, the doubts raised over the validity of the FPPA results significantly 

undermined confidence in the results obtained from the CRISPR screen. It also 

discouraged use of the platform for analysis of further samples until there had been 

further validation of its performance. The timescale for this was uncertain and so 

further use was not deemed possible within the scope of my thesis. It was therefore 

decided to proceed with a different course of action for analysing the PDAC secretome 
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using a smaller chemokine array kit that could be performed independently in the 

laboratory. 

 

6.10 Discussion 

Notwithstanding the problems encountered in the final aspects of this CRISPR screen, 

there have been a number of aspects which have proved very valuable. First, I have 

developed an extremely robust CRISPR protocol which has been used by myself and 

others within the Serrels Laboratory to knockout a wide range of targets in a wide 

range of cell lines. Over the course of my thesis I have continued to refine and improve 

the protocol which is now user friendly and efficacious. Whilst initially optimising the 

protocol for use within the screen I have utilised the CRISPR methodology to knockout 

FAK and study the effects on the PDAC secretome in a range of human PDAC cell 

lines using an alternative cytokine assay. I have also knocked out the cytokine 

CXCL16 in murine PDAC tumour cells and used these tumour cells for in vivo 

experiments with preservation of the knockout for the duration of the experiment. 

Secondly, I have developed a full library of human tyrosine kinase crRNA guides which 

are ready to use at any stage and will potentially permit a relatively quick and easy 

means to perform a future screen of tyrosine kinases.  

Whilst I encountered issues with the FPPA at IGC, a FPPA approach clearly does 

have benefits for this kind of screen. It has a flexible format, is suitable for custom 

printed arrays, has potential for a high throughput and is cost effective. Furthermore, 

in comparison to the R&D systems chemokine array which I selected after failing to 

validate the IGC FPPA platform, the benefits of the IGC platform, in addition to the 

lower cost and customisable format, are that it does not use an antibody ‘cocktail’ with 

a mixture of antibodies. Instead, it uses individual capture and detection antibodies for 

each well of the FPPA. This reduces non-specific binding of antibodies which can lead 

to false positive results in these assays. The R&D systems chemokine arrays are also 

produced in batches and so with the potential for batch to batch variation there could 

be issues with consistency when used in a screen of a large number of samples. 

Therefore, with further validation I argue that the IGC FPPA platform would still be the 

technology of choice for a future screen. 
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Over the course of my thesis, data from other laboratory members, investigating 

proteomics across a broad panel of patient derived PDAC cell lines, has also emerged 

suggesting that MIA PaCa-2 are outliers from other patient derived PDAC lines 

(Appendix, Figure C1). And so, whilst the MIA PaCa-2 cell line is easy to work with 

and has been extensively used in pancreatic cancer research, our laboratory 

proteomics data indicate that the line may have drifted from its original phenotype and 

raises the question of how relevant this cell line is in a screen such as this. If I were to 

repeat the screen I would not select this cell line but would instead opt for a cell line 

such as Capan-1. 
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7 General Discussion 

7.1 Principal findings 

• CXCL16 is abundantly secreted by a wide range of human and murine PDAC 

cell lines. 

• FAK depletion increases CXCL16 expression in multiple human and murine 

PDAC cell lines. 

• CXCR6, the receptor for CXCL16, is highly expressed on CD8+ T cells. 

• CXCL16 is not a CD8+ T cell chemoattractant. 

• CXCL16 regulates tumour growth and immune cell infiltrate in murine PDAC. 

• CXCL16 impairs OT-I CD8+ T cell expansion following activation. 

• CXCL16 signalling may represent a mechanism of resistance to FAK inhibition. 

 

7.2 General discussion and therapeutic implications 

7.2.1 CXCL16 in PDAC 

In this thesis I have shown that CXCL16 is one of the most abundant chemokines 

produced in both human and murine PDAC cell lines. This finding is consistent with a 

recent comprehensive analysis by Jing et al322 who reported CXCL16 expression to 

be the highest of the sixteen CXCL chemokines in human PDAC. CXCL16 has also 

been reported to be higher in 82.5% of PDAC patients than in healthy donors.370 In 

addition I have demonstrated that CXCL16 expression is increased by depletion of the 

tyrosine kinase FAK in both murine and human PDAC cell lines and that CXCL16’s 

ligand receptor CXCR6 is highly expressed on CD8+ T cells. 

In terms of elucidating a role for CXCL16 in the PDAC TME, the high correlation noted 

between gene markers of CXCR6 and gene markers of CD8+ T cells, along with 

previous references to CXCL16 as a chemotactic agent for CD8+ T cells,251,275 initially 

led me to hypothesise that CXCL16 could be a mediator of the anti- tumour response 

via chemoattraction of CD8+ T cells into the TME. However, like several others 

previously,325,319 I was unable to demonstrate that CXCL16 was a chemoattractant for 

CD8+ T cells. 
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Through in vivo work I went on to show that the additional depletion of CXCL16 in 

PDAC tumours already depleted in FAK and STAT3 resulted in a reduction in tumour 

growth and a reprogramming of the immune infiltrate as compared to tumours replete 

in CXCL16. CXCL16 depletion resulted in an increased intra-tumoural infiltration of 

CD8+ T cells as well as non-myeloid derived dendritic cells and a decreased intra-

tumoural filtration of myeloid cells. CXCR6 was found to be highly expressed on CD8+ 

T cells but not on myeloid cell populations. 

 

 

 

 

Figure 7.1 Schematic detailing the impact of CXCL16 depletion on the tumour immune cell 
infiltrate 

 

 

I then went on to demonstrate a direct inhibitory effect of CXCL16 on CD8+ T cell 

expansion and have therefore proposed a novel immune-modulatory role for CXCL16 

in promoting PDAC tumour growth directly through suppression of the intra-tumoural 

CD8+ T cell population and indirectly through increasing the intra-tumoural myeloid 

cell population. 

In my thesis I have investigated the effect of CXCL16 depletion downstream of FAK 

depletion and thus have highlighted a potential mechanism for resistance to FAK 

inhibition and thus an opportunity to improve response to FAK inhibition through 

concurrent CXCL16 inhibition. It would also be interesting to explore the effect of 

CXCL16 depletion in vivo in wild-type PDAC mouse models to identify if there is 

potential for a therapeutic benefit of CXCL16 inhibition independent of FAK inhibition. 

In mouse models pharmacological inhibition of chemokine CXCL16  has been shown 

to diminish liver macrophage infiltration and steatohepatitis in chronic hepatic injury371 

and reduce macrophage infiltration, histological damage and proteinuria in 
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glomerulonephritis.372  There have not, however, been previous reports of the effect 

of pharmacological inhibition of CXCL16 in pancreatic cancer and these recent 

findings have therefore highlighted a novel therapeutic opportunity. 

 

7.2.2 Tyrosine kinases in PDAC 

7.2.2.1 FAK dependent changes in the PDAC secretome 

Through use of CRISPR-Cas9 technology I was able to study the effect of the 

depletion of the tyrosine kinase FAK on the cytokine and chemokine PDAC secretome 

and thereby identify potentially important signalling pathways such as the CXCL16-

CXCR6 axis. Whilst I went on to focus on this pathway in particular there were a 

number of other cytokine and growth factor expression profiles modified by FAK which 

would have been interesting to explore further.  

 

7.2.2.2 Other tyrosine kinases 

With knockout of FAK in PDAC cells a number of changes to the PDAC secretome 

were observed. Given that FAK is one of ninety human tyrosine kinases, clearly there 

is the potential for this secretome to be modified by a wide range of other kinases. 

And, given that a variety of tyrosine kinase inhibitors have already been adopted in 

other tumour groups, notably renal, thyroid and lung cancers, data already exists for 

the safety profiles of these drugs making them good candidates to trial as therapeutic 

agents. Through development of the CRISPR screen protocol I have demonstrated 

the viability of a tyrosine kinase screen to identify other potential kinases with the ability 

to modify the PDAC secretome and thus highlight them for further investigation. 

Whilst, with hindsight, the FPPA at the IGC was not optimised sufficiently to allow a 

valid readout for the screen of different tyrosine kinase knockouts in human PDAC 

cells I still think this technology offers the best means of performing a high throughput 

and financially feasible screen. I would hope, therefore, that at the very least the 

tyrosine kinase CRISPR screen I performed for the MIA PaCa-2 human PDAC cell 

line would serve as a useful template for facilitating a repeat screen of another more 

relevant PDAC cell line once the FPPA at the IGC has been validated. I believe this 
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could generate very interesting data about the cytokine networks regulated by tyrosine 

kinases in PDAC. 

7.3 Concluding remarks 

The numerous cytokines and growth factors derived from the tumour cells and immune 

cell populations that make up the TME work in complex, multimodal and often 

paradoxical ways. To add to this complexity they frequently work in ways unique to 

the TME of each individual tumour type. However, understanding more about each of 

these individual pathways and the agents such as tyrosine kinases which regulate 

them is crucially important if we are to try and design effective therapies to target these 

microenvironments.  
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Appendix A: Table of library of human crRNA tyrosine kinase 
guides 

 

Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

1 FAK/PTK2 Hs.Cas9.PTK2.1.AX CCTGATAATACTGGCCCAGG 

2 FAK/PTK2 Hs.Cas9.PTK2.1.AA AACGTTCCATACCAGTACCC 

3 SRC Hs.Cas9.SRC.1.AA GTCTGACTTCGACAACGCCA 

4 SRC Hs.Cas9. SRC.1.AE GTTCGGAGGCTTCAACTCCT 

5 ABL1 Hs.Cas9.ABL1.1.AC TCCATCTCGCTGAGATACGA 

6 ABL1 Hs.Cas9.ABL1.1.AD TTCCTTGGAGTTCCAACGAG 

7 EGFR Hs.Cas9.EGFR.1.AC GAGTAACAAGCTCACGCAGT 

8 EGFR Hs.Cas9.EGFR.1.AD CACAGTGGAGCGAATTCCTT 

9 IGF1R Hs.Cas9.IGFR.1.AA ATGAGTACAACTACCGCTGC 

10 IGF1R Hs.Cas9.IGFR.1.AB GAGAACTGCACGGTGATCGA 

11 JAK1 Hs.Cas9.JAK.1.1.AA TCAACGGTGATGGTGCGATT 

12 JAK1 Hs.Cas9.JAK.1.1.AE GATCTTCTATCTGTCGGACA 

13 ERBB2 Hs.Cas9.ERBB2.1.AA CAACTACCTTTCTACGGACG 

14 ERBB2 Hs.Cas9.ERBB2.1.AC GATAGACACCAACCGCTCTC 

15 ERBB3 Hs.Cas9.ERBB3.1.AB CACTGTACAAGCTCTACGAG 

16 ERBB3 Hs.Cas9.ERBB3.1.AC AGGAACCATCGGGAACTGAC 

17 ERBB4 Hs.Cas9.ERBB4.1.AA CGTTGCCATAAGTCCTGTAC 

18 ERBB4 Hs.Cas9.ERBB4.1.AF AAGATATTGTTCGGAACCCA 

19 INSR Hs.Cas9.INSR.1.AD GTCCTGGAAGTGGTAGTACG 

20 INSR Hs.Cas9.INSR.1.AB CGACGACCCCACCAAGTGCG 

21 EPHA1 Hs.Cas9.EPHA1.1.AB TGTGTCCATGTCCATCCGGT 

22 EPHA1 Hs.Cas9.EPHA1.1.AF TACCTCGCTTTCCACAACCC 

23 EPHA2 Hs.Cas9.EPHA2.1.AA CAACCTCTACTATGCCGAGT 

24 EPHA2 Hs.Cas9.EPHA2.1.AF GCTGCTGACGGTGATCTCAT 

25 EPHA3 Hs.Cas9.EPHA3.1.AA GTTTCCAGACACGGTACCCA 

26 EPHA3 Hs.Cas9.EPHA3.1.AD CACACCTGGTAAGTCCTGAT 

27 EPHA4  Hs.Cas9.EPHA4.1.AA CACACTTGGTAGGTTCGGAT 

28 EPHA4  Hs.Cas9.EPHA4.1.AE GAACACACGGACTGATACCA 

29 EPHA5 Hs.Cas9.EPHA5.1.AC GCCAAGTGTCGTACCACAGA 

30 EPHA5 Hs.Cas9.EPHA5.1.AE ACCTTCATTGGAGATCCAAC 
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Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

31 EPHA6 Hs.Cas9.EPHA6.1.AB GGCCAAGTTACGAACAGTGA 

32 EPHA6 Hs.Cas9.EPHA6.1.AC GCTTGATACAACAACTGTAC 

33 EPHA7 Hs.Cas9.EPHA7.1.AD TTGCAAGTTCCCAGTACTCC 

34 EPHA7 Hs.Cas9.EPHA7.1.AE AGTTTTACCCAAGGTGACCT 

35 EPHA8 Hs.Cas9.EPHA8.1.AB GGACTCGTCCACCTCGTTGA 

36 EPHA8 Hs.Cas9.EPHA8.1.AA CGTCGACCATCCACGGGGAC 

37 EPHB1 Hs.Cas9.EPHB1.1.AB GCTCGAAGACATTGCACACC 

38 EPHB1 Hs.Cas9.EPHB1.1.AE  GAGCAGTAGTAGATAATCCA 

39 EPHB2 Hs.Cas9.EPHB2.1.AB GGCTACGGACCAAGTTTATC 

40 EPHB2  Hs.Cas9.EPHB2.1.AF CACCTGGGAGAAGCTCTCGT 

41 EPHB3 Hs.Cas9.EPHB3.1.AA CCGACACCTCCACGGCGTTA 

42 EPHB3 Hs.Cas9.EPHB3.1.AB AGAACAACTGGCTTCGCACG 

43 EPHB4 Hs.Cas9.EPHB4.1.AB AATGTCAAGACGCTGCGTCT 

44 EPHB4 Hs.Cas9.EPHB4.1.AD CTGGCAGACGGCTGATCCAA 

45 EPHB5 NO GUIDE  

46 EPHB5 NO GUIDE  

47 EPHB6 Hs.Cas9.EPHB6.1.AC CAAAGGATCGGAGCACGGCA 

48 EPHB6 Hs.Cas9.EPHB6.1.AG CTGACGGTAGTAAAGGGTGA 

49 IRR (INSRR) Hs.Cas9.INSRR.1.AB GATGCCACATCTGCGTGACG 

50 IRR (INSRR) Hs.Cas9.INSRR.1.AE  GAGGTGGCGGCAAGCTACAC 

51 PDGFRA Hs.Cas9.PDGFRA.1.AB CGTCATTCCTAGAGGTACAA 

52 PDGFRA Hs.Cas9.PDGFRA.1.AA TAAGACCAGGAACGCCGGAT 

53 PDGFR Hs.Cas9.PDGFRB.1.AE TGTGGTAAGGCATATCCAAG 

54 PDGFR Hs.Cas9.PDGFRB.1.AB ATGAGGTGGTCAACTTCGAG 

55 CSF1R Hs.Cas9.CSF1R.1.AC  GCCCTGGAACGTGCTAGCAC 

56 CSF1R Hs.Cas9.CSF1R.1.AD GCTGGCTGAGCACACGATCT 

57 KIT  Hs.Cas9.KIT.1.AB TTGTTGACCGCTCCTTGTAT 

58 KIT  Hs.Cas9.KIT.1.AC CTAGTTCTGTGTACTCAACG 

59 FLT3 Hs.Cas9.FLT3.1.AA ACCCATTCCACGATCGGCTC 

60 FLT3 Hs.Cas9.FLT3.1.AF AGCTTTGCACCTTATCCATA 
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Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

61 VEGFR1/FLT1 Hs.Cas9.FLT1.1.AB TCACTGTACATCTCTACGAA 

62 VEGFR1/FLT1 Hs.Cas9.FLT1.1.AE GGCCTCTAAGTAATTTGACT 

63 VEGFR2/KDR Hs.Cas9.KDR.1.AC GTGGTTCTGAGTCCGTCTCA 

64 VEGFR2KDR Hs.Cas9.KDR.1.AB TAATGTACACGACTCCATGT 

65 VEGFR3/FLT4 Hs.Cas9.FLT4.1.AE CAACAAGCCTGACACGCTCT 

66 VEGFR3/FLT4 Hs.Cas9.FLT4.1.AC GGTCCTGAACTGCACCGTGT 

67 FGFR-1 Hs.Cas9.FGFR1.1.AA GGTTACGCAAGCATAGAGGC 

68 FGFR-1 Hs.Cas9.FGFR1.1.Ad GGATGTCCAATATGGAGCTA 

69 FGFR-2 Hs.Cas9.FGFR2.1.AB ACCCAATGCCAACCATGCGG 

70 FGFR-2 Hs.Cas9.FGFR2.1.AF CCATAATGAGGCTCCAGTGC 

71 FGFR-3 Hs.Cas9.FGFR3.1.AC  CCCACCAGGACACGCTCCGA 

72 FGFR-3 Hs.Cas9.FGFR3.1.AF CGTCCCCAAGGACTCCGAGG 

73 FGFR-4 Hs.Cas9.FGFR4.1.AE GTAGGAAGCTGGCAATCTCT 

74 FGFR-4 Hs.Cas9.FGFR4.1.AF ATCATCGTTGCTGGAGGTCA 

75 cck4/PTK7 Hs.Cas9.PTK7.1.AD CACTTCGTTGCCACATTGAT 

76 cck4/PTK7 Hs.Cas9.PTK7.1.AF CATCATCCCGAGCCACACAC 

77 TRKA/NTRK1 Hs.Cas9.NTRK1.1.AA ACGGAGACCACTCTTCACGA 

78 TRKA/NTRK1 Hs.Cas9.NTRK1.1.AE GAATCTCTCCTTCAACGCTC 

79 TRKB/NTRK2 Hs.Cas9.NTRK2.1.AB AATGCAGTGCCTCTCGGATC 

80 TRKB/NTRK2 Hs.Cas9.NTRK2.1.AF GTGGATCAAGACTCTCCAAG 

81 TRKC/NTRK3 Hs.Cas9.NTRK3.1.AA CGTCAACCTGACCGTACGAG 

82 TRKC/NTRK3 Hs.Cas9.NTRK3.1.AB TCATGCCATCAACTTGACGC 

83 MET/HGFR Hs.Cas9.MET.1.AD TCCTCTGCACCAAGGTAAAC 

84 MET/HGFR Hs.Cas9.MET.1.AB CGGTTCATCAACTTCTTTGT 

85 RON (MST1R) Hs.Cas9.MST1R.1.AB CAGTTACACGGGTGCCCAAT 

86 RON (MST1R) Hs.Cas9.MST1R.1.AF TCCCGATAGTCACCCAACTC 

87 AXL Hs.Cas9.AXL.1.AB CCCGAAGCCAATGTACCTCG 

88 AXL Hs.Cas9.AXL.1.AD ACACTGGTACTGTCCCGTGT 

89 MER/MERTK Hs.Cas9.MERTK.1.AA TGATTCGACAGAGGTCACCT 

90 MER/MERTK Hs.Cas9.MERTK.1.Ab ATTGTCTGAACGCTGCACAC 
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Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

91 TYRO3 Hs.Cas9.TYRO3.1.AB  CGCTGACTGGGATGTACAAC 

92 TYRO3 Hs.Cas9.TYRO3.1.AF CCTCCACCTGGCACCAGTAC 

93 TIE1 Hs.Cas9.TIE1.1.AA AAGACGCCCACGAGGTCCGA 

94 TIE1 Hs.Cas9.TIE1.1.AE CCTCCCCAGACACGCAAGTC 

95 TEK  Hs.Cas9.TEK.1.AA  GAACCAGCACCAGGATCCGC 

96 TEK Hs.Cas9.TEK.1.AD GACTCCACAGAGAACTAAGC 

97 RYK Hs.Cas9.RYK.1.AA CCGCAAGGTAGGATAACCTA 

98 RYK Hs.Cas9.RYK.1.AC GTGCCAGCAGTAGTTCCCAA 

99 DDR1 Hs.Cas9.DDR1.1.AB GCGAACCAGTCGGGCAACCA 

100 DDR1 Hs.Cas9.DDR1.1.AD GGATCTACAACGACTGCACC 

101 DDR2 Hs.Cas9.DDR2.1.AB CCGGACAAATCTGGCTACAA 

102 DDR2 Hs.Cas9.DDR2.1.AC AAGATCAATTACAGTCGGGA 

103 RET Hs.Cas9.RET.1.AC ACTGGCACTCGCCCTCACGA 

104 RET Hs.Cas9.RET.1.AF CACGGCTGCATGAGAACAAC 

105 ROS1 Hs.Cas9.ROS1.1.AA CTTGACCACATAGGACGGTC 

106 ROS1 Hs.Cas9.ROS1.1.AD TAACCCAAAATAGGTCCACC 

107 LTK Hs.Cas9.LTK.1.AA CAACGGCTCGAGACTCCCCG 

108 LTK Hs.Cas9.LTK.1.AF TGTGGATAACGTCACCTGCA 

109 ALK Hs.Cas9.ALK.1.AA  GCGTAGACACGGAAGAGCGA 

110 ALK Hs.Cas9.ALK.1.AD GCCCATCCAGCAAGTCCATC 

111 ROR1 Hs.Cas9.ROR1.1.AB GCCATAGATGGTGGACCGAA 

112 ROR1 Hs.Cas9.ROR1.1.AD GAATAACATCACCACGTCTC 

113 ROR2 Hs.Cas9.ROR2.1.AA CGGCACGTCTACGCACCTGT 

114 ROR2 Hs.Cas9.ROR2.1.AD ATGAAGACCATTACCGCCAC 

115 MUSK Hs.Cas9.MUSK.1.AA TGCACGGCCAACAATGGTGT 

116 MUSK Hs.Cas9.MUSK.1.AC AGAGCTCGTCAACATTCCAC 

117 AATYK/AATK Hs.Cas9.AATK.1.AA TGGTCTGGTCCACGACGAGC 

118 AATYK/AATK  Hs.Cas9.AATK.1.AD ACGGTGAAGATTGGTGACTA 

119 AATYK2/LMTK2 Hs.Cas9.LMTK2.1.AA CGTAGCAAGAGTCATCGTGA 

120 AATYK2/LMTK2 Hs.Cas9.LMTK2.1.AE CCTGTATGTAGTTTAGACTG 
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Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

121 AATYK3/LMTK3 Hs.Cas9.LMTK3.1.AA TCTGACCTGACCGTGCGCAT 

122 AATYK3/LMTK3 Hs.Cas9.LMTK3.1.AC GCTCCACGGGACCTTCATGG 

123 STYK1/RTK106 Hs.Cas9.STYK1.1.AA GCCACTTAAGGAGACATCCG 

124 STYK1/RTK106 Hs.Cas9.STYK1.1.AF GCTTTCTCTGGACCTGTCGG 

125 FGR Hs.Cas9.FGR.1.AD  GCTGCTGCGGCACGACAAGC 

126 FGR Hs.Cas9.FGR.1.AF GTGGAACGGCAGCACTAAGG 

127 FYN Hs.Cas9.FYN.1.AE GTGGATACTACATTACCACC 

128 FYN Hs.Cas9.FYN.1.AD GGTACCTCTTGGGTTTCCAA 

129 YES1 Hs.Cas9.YES1.1.AD CATCCCAATCACGAATAGAA 

130 YES1 Hs.Cas9.YES1.1.AE  TTGAATCCTGGAAATCAACG 

131 BLK Hs.Cas9.BLK.1.AF GAAGGTCAGCGCCCAAGACA 

132 BLK Hs.Cas9.BLK.1.AC  CACTCGGGCCACAAAGTTAC 

133 HCK Hs.Cas9.HCK.1.AB GTGGGATCCGGCACGTACAC 

134 HCK Hs.Cas9.HCK.1.AE AATGGCCTCGTAATCATACA 

135 LCK  Hs.Cas9.LCK.1.AB GACCCACTGGTTACCTACGA 

136 LCK Hs.Cas9.LCK.1.AF CCATTATCCCATAGTCCCAC 

137 LYN Hs.Cas9.LYN.1.AA TGAAAGACAAGTCGTCCGGG 

138 LYN Hs.Cas9.LYN.1.AB GTTCTTTCAGTATTACGTAC 

139 ARG Hs.Cas9.ARG1.1.AA GCGCCAAGTCCAGAACCATA 

140 ARG Hs.Cas9.ARG1.1.AF  GTGAAGAATCCAAGGTCTGT 

141 JAK2 Hs.Cas9.JAK2.1.AC AGGGCCTGAGCTTCGTGACG 

142 JAK2 Hs.Cas9.JAK2.1.AB TCCATATAGATGAGTCAACC 

143 JAK3 Hs.Cas9.JAK3.1.AA GCCGCCGAGACCTTCCACGT 

144 JAK3 Hs.Cas9.JAK3.1.AC AGGGCCTGAGCTTCGTGACG 

145 TYK2 Hs.Cas9.TYK2.1.AE GTCACCAGCACCTCGTGGGT 

146 TYK2 Hs.Cas9.TYK2.1.AB AATACCTAGCCACACTCGAG 

147 TNK2/ACK1 Hs.Cas9.TNK2.1.AA  GACCGGCTACGTAAGCACCA 

148 TNK2/ACK1 Hs.Cas9.TNK2.1.AB GCGTGAGCACCACCCCGTAG 

149 ACK2             NO GUIDE  

150 ACK2 NO GUIDE  
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Reference  
number 

Tyrosine kinase IDT reference number Guide sequence 

151 CSK Hs.Cas9.CSK.1.AA CAACTACGTCCAGAAGCGGG 

152 CSK Hs.Cas9.CSK.1.AD AGTGCCGTGGAAGTTGTACT 

153 MATK Hs.Cas9.MATK.1.AA CGGCCACCTCACAATCGATG 

154 MATK Hs.Cas9.MATK.1.AB ACACGGGACCAAGTCGGCCG 

155 PYK2/PTK2B Hs.Cas9.PTK2B.1.AB TAAAGTTGGGCACGTTACGC 

156 PYK2/PTK2B Hs.Cas9.PTK2B.1.AD CTGGCAAGTAGCGGATTTGA 

157 FER Hs.Cas9.FER.1.AA AGACTGGGAATTACGGTTAC 

158 FER Hs.Cas9.FER.1.AD TGAACTCTGGACCTTTACAC 

159 FES Hs.Cas9.FES.1.AB CCCAGCGGGTCAAGAGTGAC 

160 FES Hs.Cas9.FES.1.AC CCAAGCCAAGCGCAAGTACC 

161 BRK/PTK6 Hs.Cas9.PTK6.1.AA CCGAGCTTGTGAACTACCAC 

162 BRK/PTK6 Hs.Cas9.PTK6.1.AF CCTTAATGGCCACCTGGACC 

163 FRK Hs.Cas9.FRK.1.AA CGTATAAAACCGTGGACCAA 

164 FRK Hs.Cas9.FRK.1.AB CGTCACTTGTCTTGGTGTAG 

165 SRMS Hs.Cas9.SRMS.1.AC  TTGATGACCTTGATCGCCAC 

166 SRMS Hs.Cas9.SRMS.1.AA CGTCACGGAACTCATGCGCA 

167 BMX Hs.Cas9.BMX.1.AA CGTCCACGAAGAACCCACTA 

168 BMX Hs.Cas9.BMX.1.AC AATGGGTACTGTCTCTCTAC 

169 BTK Hs.Cas9.BTK.1.AA ACCCTTGCTTCTGGATCGAT 

170 BTK  Hs.Cas9.BTK.1.AD TCTTCCCCCAACGCCTGAGG 

171 ITK Hs.Cas9.ITK.1.AA  AAGCGGACTTTAAAGTTCGA 

172 ITK Hs.Cas9.ITK.1.AB ACGGGTATTTATAGTGGCAT 

173 TEC Hs.Cas9.TEC.1.AA ATCCCAAGTAATTACGTAAC 

174 TEC Hs.Cas9.TEC.1.AD TCTTCTAGTGGAATTGGTGG 

175 TXK Hs.Cas9.TXK.1.AB TGGTGATACCAGATTAACTC 

176 TXK Hs.Cas9.TXK.1.AC GTGGAAGGCAAGAGACCGTT 

177 SYK Hs.Cas9.SYK.1.AA ACACCACTACACCATCGAGC 

178 SYK Hs.Cas9.SYK.1.AB CTTTTTCGGCAACATCACCC 

179 ZAP70 Hs.Cas9.ZAP70.1.AB TCATACACGCTCGTGTCCAT 

180 ZAP70 Hs.Cas9.FVQJ1225.AA TAGAACTCGCAGAGCTCTGC 

 

Table A1: Table with details of human tyrosine kinase crRNA library  

Table with details of human tyrosine kinase crRNA library including Integrated DNA Technology 
(IDT)reference number and guide sequence 
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Appendix B: Abbreviations for human tyrosine kinases 
 
FAK/PTK2  Focal adhesion kinase 
SRC   Tyrosine protein kinase src 
ABL1   Tyrosine protein kinase ABL1 
EGFR   Epidermal growth factor receptor 
IGF1R   Insulin like growth factor 1 receptor 
JAK1   Janus Kinase 1 
ERBB2/ HER2 ErbB-2 receptor tyrosine kinase 2/Human Epidermal Growth 

Factor 2 
ERBB3/HER3 ErbB-3 receptor tyrosine kinase 3/Human Epidermal Growth 

Factor 3 
ERBB4/HER4 ErbB-4 receptor tyrosine kinase 4/Human Epidermal Growth 

Factor 4 
INSR   Insulin receptor 
EPHA1  Ephrine receptor A1 
EPHA2  Ephrine receptor A2 
EPHA3  Ephrine receptor A3 
EPHA4  Ephrine receptor A4 
EPHA5  Ephrine receptor A5 
EPHA6  Ephrine receptor A6 
EPHA7  Ephrine receptor A7 
EPHA8  Ephrine receptor A8 
EPHB1  Ephrine receptor B1 
EPHB2  Ephrine receptor B2 
EPHB3  Ephrine receptor B3 
EPHB4  Ephrine receptor B4 
EPHB5  Ephrine receptor B5 
EPHB6  Ephrine receptor B6 
IRR (INSR)  Insulin receptor related receptor 
PDGFRA  Platelet derived growth factor receptor alpha 

PDGFR  Platelet derived growth factor receptor beta 
CSF1R  Colony stimulating factor 1 receptor 
KIT   Tyrosine protein kinase KIT 
FLT3   Fms related receptor tyrosine kinase 3 
VEGFR1/FLT1 Vascular endothelial growth factor receptor-1/fms-related 

receptor tyrosine kinase 1 
VEGFR2/KDR Vascular endothelial growth factor receptor-2/kinase insert 

domain receptor 
VEGFR3/FLT4 Vascular endothelial growth factor receptor-3/fms- related 

receptor tyrosine kinase 3 
FGFR-1 Fibroblast growth factor receptor 1 
FGFR-2 Fibroblast growth factor receptor 2 
FGFR-3 Fibroblast growth factor receptor 3 
FGFR-4 Fibroblast growth factor receptor 4 
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Cck/PTK7 Protein tyrosine kinase 7 
TRKA/NTRK1 Tropomyosin receptor kinase A/neurotrophic tyrosine kinase 

receptor type 1 
TRKB/NTRK2 Tropomyosin receptor kinase B/neurotrophic tyrosine kinase 
 receptor type 2 
TRKC/NTRK3  Tropomyosin receptor kinase C/neurotrophic tyrosine kinase 

receptor type 3 
MET/HGFR Tyrosine protein kinase MET/hepatocyte growth factor receptor 
RON/MST1R Receptor d’Origine Nantais/macrophage-stimulating protein 

receptor 
AXL AXL receptor tyrosine kinase 
MER/MERKT C-MER proto-oncogene tyrosine kinase 
TYRO3 Tyrosine-protein kinase receptor 3 
TIE1 Tyrosine kinase with immunoglobulin-like and EGF-like domains 

1 
TEK/TIE2 TEK receptor tyrosine kinase/tyrosine kinase with 

immunoglobulin -like and EGF-like domains 2 
RYK Receptor like tyrosine kinase 
DDR1 Discoidin domain receptor tyrosine kinase 1 
DDR2 Discoidin domain receptor tyrosine kinase 2 
RET  RET (rearranged during transfection) receptor tyrosine kinase 
ROS1 ROS1 receptor tyrosine kinase 
LTK Leucocyte receptor tyrosine kinase 
ALK  Anaplastic lymphoma kinase 
ROR-1 Receptor tyrosine kinase-like orphan receptor -1 
ROR-2 Receptor tyrosine kinase- like orphan receptor-2 
MUSK Muscle-specific kinase  
AATYK Apoptosis-associated tyrosine kinase 
AATYK2 Apoptosis- associated tyrosine kinase-2 
AATYK3 Apoptosis-associated tyrosine kinase- 3 
STYK1 (RTK106) Serine/threonine/tyrosine kinase-1 
FGR Tyrosine protein kinase FGR 
FYN Tyrosine protein kinase FYN 
YES1 Tyrosine protein kinase YES  
BLK B-lymphocyte kinase 
HCK Tyrosine protein kinase HCK 
LCK Lymphocyte-specific protein tyrosine kinase 
ARG/ABL2 Tyrosine protein kinase ARG (Abelson-related gene) 
JAK2  Janus kinase 2 
JAK 3 Janus kinase 3 
TYK2 Tyrosine kinase 2 
TNK2 Tyrosine kinase non-receptor 2 
ACK2 Activated Cdc42- associated tyrosine kinase -2 
CSK C-terminal src kinase 
MTK Megakaryocyte -associated tyrosine kinase 
PYK2/PTK2B Pyruvate kinase 2/protein tyrosine kinase 2 beta 
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FER Tyrosine protein kinase FER 
FES Tyrosine protein kinase FES 
BRK/PTK6 Breast tumour kinase 
FRK Fyn related src family tyrosine kinase 
SRMS src-related kinase lacking c- terminal regulatory tyrosine and N-

terminal myristylation sites 
BMX BMX non-receptor tyrosine kinase 
BTK Bruton’s tyrosine kinase 
ITK Interleukin -2- inducible T -cell kinase 
TEC Tyrosine protein kinase TEC 
TXK/PTK4 Tyrosine-protein kinase TXK/Protein tyrosine kinase 4 
SYK  Spleen associated tyrosine kinase 
ZAP70 Zeta- chain-associated protein kinase 70 
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Appendix C: Clustering of protein expression in PDAC  

 

Figure C1 Clustering of protein expression in PDAC  

Heatmap-based clustering of protein expression in a panel of patient-derived human pancreatic ductal 
adenocarcinoma cell lines (Figure courtesy of Aleksandra Slawinska). 
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