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4  Abstract  

Antiangiogenic strategies have not provided the cancer control effects predicted from 

pre-clinical experiments.  Obstacles include increasing hypoxia, reducing chemotherapy 

delivery and acquired resistance. Novel strategies to overcome these obstacles are thus 

warranted. In particular, exploiting endothelial cell-derived paracrine signalling 

(angiocrine signalling), manipulating blood vessel numbers and function whilst pursuing 

options of enhancing blood flow, chemo-delivery and reducing hypoxia become 

attractive possibilities. My PhD explores two such strategies:  

Targeting angiocrine signalling to enhance chemosensitivity 

Our laboratory's previously published work demonstrated that deletion of endothelial 

cell focal adhesion kinase (FAK) in mice with established subcutaneous tumour sensitised 

tumour cells to doxorubicin (Tavora, Reynolds, et al. 2014). This was through the 

alteration of endothelial cell signalling, known as angiocrine signalling.  My experiments 

use pdgfb-iCreert;FAKfl/fl;R26K454R/K454R mice, where kinase-dead endothelial cell FAK is 

expressed in tumour blood vessels in vivo. My results demonstrate that loss of EC-FAK 

kinase activity had no impact on the tumour growth of PBS treated, established 

subcutaneous B16F0 melanomas but was sufficient to reduce tumour growth in 

doxorubicin treated animals. This change in tumour growth occurs with no apparent 

effect on blood vessel density or doxorubicin delivery but reduced perivascular tumour 

cell proliferation and increased DNA damage and apoptotic area relative to blood vessel 

number in vivo. Additionally, loss of EC-FAK kinase activity and pharmacological FAK 

inhibition were both sufficient to affect doxorubicin-induced cytokine production in 

vitro. The results suggest that EC-FAK kinase activity is involved in altering cytokine 

production and in modulating chemosensitisation of tumour cells. 

Testing the effect of a low dose of orally available vascular promotion agent 29P in 

enhancing chemosensitisation in pancreatic ductal adenocarcinoma. 

Our laboratory previously published that increasing blood vessel density by treating mice 

with intraperitoneal injections of low doses of the cyclic Arg-Gly-Asp (RGD)-mimetic, 

Cilengitide, was sufficient to increase gemcitabine delivery and decrease hypoxia, thus 

reducing tumour growth in mouse models of pancreatic ductal adenocarcinoma (Wong 

et al. 2015). Here I tested the utility of a similar RGD-peptide 29P that has been designed 

to be administered orally. I have carried out pilot in vivo experiments in various models 
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of PDAC, but due to technical difficulties, many of these data remain inconclusive. As 

part of dealing with these technical difficulties, I have also established a protocol for 

mouse pancreatic ductal adenocarcinoma   
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APCs-Antigen presenting cells 

APS – Ammonium Persulphate 

Arf-ADP-Ribosylation factor 

ATP-Adenosine triphosphate 

B16F0 – Mouse melanoma cell line parental (C57bl6) 

B2M – Beta 2 Microglobulin 

BCA-bicinchoninic acid 



22 
 

Bregs-Regulatory B cells 

BSA-Bovine Serum Albumin 

C5-Complement component 5 

C57Bl6J- Inbred strain of black laboratory mouse 

CAFs-Cancer-Associated Fibroblasts 

CAMs-Cell Adhesion Molecules 

CATZ-Cathepsin X 

CC3-Cleaved Caspase 3 

CCL5-Chemokine (C-C motif) ligand 5 

CCL7-Chemokine (C-C motif) ligand 7 

CD4-Cluster of differentiation 4 

CD8-Cluster of differentiation 8 

CD31- Cluster of differentiation 31 

CDA- Cytidine deaminase 

cDNA – Complementary DNA 

CFAH-Complement Factor H 

chFAK-Chicken FAK 

CNS-central nervous system 

CNT3- Concentrative nucleoside transporter 3 

CSCs- Cancer stem cells 

CSL-CBF1, Suppressor of Hairless, Lag-1 

CTLA4 Cytotoxic T-lymphocyte antigen 4 

D218-Aspartate at position 218 

D227-Aspartate at position 227 

DAB- 3,3′-Diaminobenzidine 
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DAMPs-Danger/damage-associated molecular patterns 

DAPI- 4′,6-diamidino-2-phenylindole 

DCK-Deoxycytidine kinase 

DDT-Dichlorodiphenyltrichloroethane 

DLL4Delta-like 4 

DMEM – Dulbecco’s Modified Eagle Media 

DMSO – Dimethyl sulfoxide 

DNA – Deoxyribonucleic acid 

DT6066-KP pancreatic cancer cell line 

E (number) – Embryonic day 

EC-Endothelial Cell 

ECL – Enhanced chemiluminescence 

ECM-Extracellular Matrix 

EDTA – Ethylenediaminetetraacetic acid 

EGF-Epidermal growth factor 

EMT- Epithelial-to-mesenchymal transition 

ENT1- Equilibrative nucleoside transporter 1 

ENT2- Equilibrative nucleoside transporter 2 

EPC- Endothelial progenitor cell 

EPR-Enhanced permeability and retention 

ER-oestrogen receptor  

ERT2- mutant form of the human oestrogen receptor 

ES-embryonic stem 

FACS-Fluorescence-activated Cell Sorting 

FAK-Focal Adhesion Kinase 
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FAK-KO- Focal Adhesion Kinase knockout 

FAK-KD- Focal Adhesion Kinase kinase-dead 

FAT-Focal Adhesion Targeting 

FDR-False discovery rate 

FERM-4.1 Ezrin Radixin Moesin 

FGF-Fibroblast growth factor 

FGRS- FosB, Gfi1, Runx1 and Spi1 

FOLFIRINOX- Folinic acid, 5-FU, Irinotecan and Oxaliplatin 

FOXP3-Forkhead box P3 

FWHM-full width at half maximum 

GAPs-GTPase-activating proteins 

GEFs-Guanine nucleotide exchange factors 

GEM-Genetically Engineered Mouse  

GFP-Green Fluorescent Protein 

GM-CSF-Granulocyte-macrophage colony-stimulating factor 

GO-Gene ontology 

GT-Glanzmann thrombasthenia 

GTPase-Guanosine triphosphatase 

H and E- Hematoxylin and eosin 

HCD-higher energy collisional dissociation 

hDMEC- Human adult dermal microvascular Ecs 

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

HEXB-Beta-hexosaminidase subunit beta 

HIF- Hypoxia inducible factors 

HPMEC- Human pulmonary endothelial cell 
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HS90A-Heat shock protein 90-alpha  

Hr-Hour 

HUVECs-Human umbilical vein ECs 

IAM-Iodoacetamide 

IC50- Half maximal inhibitory concentration 

ICD-Intracellular domain 

iCre-improved Cre 

Ig-Immunoglobulin 

IgG- Immunoglobulin G 

IMS- Methylated spirit industrial 

IP-Intraperitoneal 

Jag1-Notch Ligand Jagged-1 

K454R- Mutation of lysine at position 454 to arginine 

KD-Kinase Dead 

KO-Knock Out 

KP- LSL-KrasG12D/+;LSL-Trp53R172H/+ 

KPC- LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre 

Kras-Kirsten Rat Sarcoma 

ICAM- Intercellular Adhesion Molecule 

iCreert-tamoxifen-inducible form of Cre recombinase 

IFN-γ-Interferon-gamma 

IFP-Interstitial fluid pressure 

IL-1- Interleukin 1 

IL-2-Interleukin-2 

IL-4-Interleukin 4 
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IL-6-Interleukin 6 

IL-17A-Interleukin 17A 

IL-33-Interleukin 33 

IP- IntraPeritoneal 

IV – Intra-venous 

LAP- Latency associated peptide 

LC-liquid chromatography 

LC-MS/MS- Liquid chromatography–mass spectrometry/mass spectrometry 

LdCil – Low dose Cilengitide 

LGR5-Leucine-rich G-protein-coupled receptor 5 

LIMBS-Ligand-associated metal binding site 

LoxP-locus of X-over P1 

LP2-2 loxP sites 

LSL-Lox-Stop-Lox 

MaSCs-Mammary stem cells 

M-CSF-Macrophage colony-stimulating factor 

Mdm2- Mouse double minute 2 

MDSCs-Myeloid-derived-suppressor cells 

MGFs-mascot generic format files 

MIDAS-Metal-ion-dependent adhesion site 

ml – Millilitre 

MLEC-Primary mouse lung endothelial cell 

mFAK-Mouse FAK 

mm – Millimetre 

mM – Millimolar 
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MMPs-Matrix Metalloproteases 

Mmu-Milli mass unit 

MP-Membrane proximal 

MRI-Magnetic Resonance Imaging 

mRNA – Messenger ribonucleic acid 

MS/MS-Tandem mass spectrometry 

MTT – 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 

N-Cadherin-Neural Cadherin 

NDS-Normal Donkey Serum 

NETs-Neutrophil Extracellular Traps 

NET-DNA-The DNA the makes up NETs 

NK-Natural killer cells 

NKT-Natural killer T cells 

nM – Nanomolar 

NSCLC-Non small cell lung carcinoma 

OCT-Optimal Cutting Temperature compound 

P (number)-Passage number of cells 

P53- Tumor protein P53 

PAK- p21-activated kinase 

PanIn- Pancreatic intraepithelial neoplasia 

PBS-Phosphate Buffered Saline 

PCR-Polymerase Chain Reaction 

PD-1-Programmed cell death protein 1 

PDAC-Pancreatic ductal adenocarcinoma 

PDGF-Platelet-derived growth factor 
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PD-L1-Programmed cell death ligand 1 

PECAM- Platelet endothelial cell adhesion molecule 

PGF- Platelet growth factor 

Pgp-P-glycoprotein 

PI4,5P2- Phosphatidylinositol-4,5-bisphosphate 

PIPKIγi2-phosphatidylinositol 4-phosphate 5-kinase Iγi2  

PmT-Polyoma Middle T 

Ppm-parts per million 

PFS-Progression Free Survival 

PSCs-Pancreatic stellate cells 

PSI-Plexin-semaphorin-integrin 

Pyk2-Protein tyrosine kinase 2 

Q221-Glutamine at position 221 

qPCR-Quantitative PCR 

Rab-Ras-related in brain 

RGD-Arg-Gly-Asp 

Rgs5-G-protein signalling 5 

RNA – Ribonucleic acid 

RNA-seq – RNA-sequencing 

ROI-Regions Of Interest 

ROUT- Robust regression and outlier removal 

RPM – Revolutions per minute 

RS1-Transporter regulator 1 

RT-Room Temperature 

RT-qPCR-Quantitative Reverse Transcriptase Polymerase Chain Reaction 
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SAP-Serum amyloid P component 

SCC-Squamous Cell Carcinoma 

SCID-severe combined immunodeficient 

Sem-Standard Error of the Mean 

SH2-Src homology 2 

sST2-soluble ST2 

ST2-Interleukin 1 receptor-like 1 

TAMs-Tumour Associated Macrophages 

TB32048-KPC pancreatic cancer cell line 

TFA-0.1 % Trifluoroacetic acid 

TGF-β-Transforming growth factor-beta 

TME-Tumour microenvironment 

TE-Echo Time 

TGFβ-Transforming growth factor β 

TGFα -Transforming growth factor α 

TH1-CD4+ T helper 1 cells 

TH2- CD4+T helper 2 cells 

TLCK-Tosyl-L-lysyl-chloromethane hydrochloride 

TNF-α-Tumour Necrosis Factor α 

TR-Repetition Time 

Treg-Regulatory T cells 

US-Ultrasound 

V-CAM- Vascular cell adhesion protein 

VE-cadherin-Vascular Endothelial Cadherin 

VEGF-Vascular endothelial growth factor 
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VEGFR2-VEGF receptor 2 

VPF- vascular permeability factor 

VR2-VEGF‐receptor 2  

WT-Wildtype 

w/v – Weight/Volume 

XICs-Extracted ion chromatograms 

Y194- Tyrosine 194 

Y379- Tyrosine 379 

Y861-Tyrosine 861 

Y925-Tyrosine 925  
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10 Aims  

1. Establish whether the kinase activity of endothelial cell (EC) FAK is involved in 

doxorubicin induced angiocrine signalling and chemosensitisation in mouse 

models of cancer. 

 Test the effect of endothelial cell FAK-kinase-dead mutation, using pdgfb-

iCreert; FAKfl/fl; R26K454R/K454R mice, on tumour growth, with and without 

doxorubicin treatment, in the B16F0 model of mouse melanoma. 

 Examine the effect of the endothelial cell FAK-kinase-dead mutation on 

blood vessel numbers, blood vessel function and doxorubicin delivery. 

 Determine the effect of endothelial cell FAK-kinase-dead mutation on 

tumour cell proliferation, DNA damage and apoptosis. 

 Investigate the effect of FAK kinase inhibition on doxorubicin induced 

cytokine production of human pulmonary microvascular endothelial cells in 

vitro. 

 

2. Explore the utility of 29P in combination with Gemcitabine in controlling 

pancreatic ductal adenocarcinoma in mice. 

 Determine the best scheduling strategy for combination treatment of 

orally administered 29P and gemcitabine mouse models of pancreatic 

ductal adenocarcinoma. 

 Explore the effect of 29P treatment on tumour growth in vivo. 

3. Explore the use of murine pancreatic adenocarcinoma organoids for modelling 

pancreatic cancer in vivo and in vitro 

 Isolate and culture organoids from the tumours of KPC mice 

 Implant KPC organoids orthotopically into the pancreas of mice as a pilot 

of their use as an in vivo model of pancreatic cancer. 

  



32 
 

11 Introduction 

11.1 Cancer and the tumour microenvironment 

Cancer is an abnormal cell growth composed of a mixture of malignant and non-

malignant cells with a non-cellular extracellular matrix (ECM) (Hanahan and Weinberg 

2011). All malignant solid tumours are supported by a complex microenvironment, 

including blood vessels, immune cells and extracellular matrix (ECM). The tumour 

microenvironment (TME) is a highly complex body of cells interacting to support tumour 

growth. Despite therapies traditionally focusing on the cancer cells themselves, the 

crucial role of the cross-talk between cells in the TME and cancer cells is now widely 

recognised and increasingly the target of therapeutic intervention (Hui and Chen 2015). 

Features of the tumour microenvironment such as the level of hypoxia (Jing et al. 2019), 

immune cell infiltrate (Liu et al. 2017), blood vessel density (Wang, Xiong, et al. 2018; 

Tian et al. 2015), and expression of signalling proteins (Roy-Luzarraga and Hodivala-Dilke 

2016; Wang 2017) can influence prognosis, progression and response to therapy making 

them promising drug targets (Wong et al. 2015; Wong, Bodrug, and Hodivala-Dilke 2016; 

Ramjiawan, Griffioen, and Duda 2017; Sunshine and Taube 2015; Jean et al. 2014). 

11.1.1 The extracellular matrix of the tumour microenvironment 

The extracellular matrix is a non-cellular network predominantly made up of collagens, 

proteoglycans, glycosaminoglycans, elastin, fibronectin and laminins (Theocharis et al. 

2016). It acts as a physical scaffold for all the cells of the TME but, beyond this, also has 

a dynamic role in the development and spread of cancers (Balkwill, Capasso, and 

Hagemann 2012). The adhesion of cells to the ECM is an important stage in their 

movement in and out of the TME. There are also many chemokines and growth and 

angiogenic factors throughout the ECM that interact with cell surface receptors, further 

altering the properties of the TME (Frantz, Stewart, and Weaver 2010). Cancer-

associated fibroblasts (CAFs) deposit substantial amounts of ECM making tumours 

generally stiffer than healthy tissues (Weigelt and Bissell 2008). The ECM is constantly 

changed and remodelled; matrix metalloproteases (MMPs) degrade the ECM proteins 

and are secreted and activated by malignant cells, tumour associated macrophages 

(TAMs) and CAFs. This remodelling by MMPs also releases chemokines and growth and 

angiogenic factors from the ECM (Balkwill, Capasso, and Hagemann 2012). 
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11.1.2 The lymphatic system in cancer 

The lymphatic system is a system of vessels that transport antigen and antigen 

presenting cells (APCs) to lymph nodes where an adaptive immune response is mounted, 

the system also maintains fluid balance and carries lipid absorbed by the gut to the blood 

for circulation. However, it is also involved in cancer progression and metastasis as 

cancer cells can travel via lymph vessels to distant locations to form metastases. For this 

reason, lymph nodes are the most common sites in the body for solid tumour 

metastases. They are also predictive of poor prognosis (Padera, Meijer, and Munn 2016). 

It is thought that VEGF-C and VEGF-D produced by the tumour may increase the 

contraction of tumour proximal collecting lymphatic vessels resulting in increased lymph 

flow and promoting tumour cell transport to the lymph nodes (Zheng, Aspelund, and 

Alitalo 2014; Hoshida et al. 2006; Gogineni et al. 2013). 

As in blood vessels (discussed later) the lymph vessels can be remodelled by tumours but 

when this is prevented, the metastasis to lymph nodes is reduced (Hoshida et al. 2006; 

Padera et al. 2008). 

Through the lymph vessels, the primary tumour is able to promote the formation of a 

pre-metastatic niche in the lymph nodes so that when cancer cells reach them, they can 

rapidly form metastases. The ability to mount an immune response to the cancer cells is 

altered with pre-metastatic lymph nodes lacking lymphocytes(Padera, Meijer, and Munn 

2016). 

The enhanced permeability and retention (EPR) effect refers to the fact that certain types 

of molecules including nanoparticles, macromolecular drugs and liposomes typically 

accumulate more in tumour than normal tissue (Matsumura and Maeda 1986; Vasey et 

al. 1999). This difference is due to the pathophysiology of tumours compared to normal 

tissue. In normal tissue, low molecular weight drugs readily extravasate out of blood 

vessels while nanomedicines are too large to do so. In tumours, however, larger 

molecules are able to extravasate due to the larger gaps between endothelial cells. 

Therefore, more of these larger molecules accumulate. In addition, whereas in normal 

tissue, the lymphatic system drains accumulated molecules, in the tumour, there is 

minimal lymphatic drainage further increasing their accumulation in comparison to the 

situation in normal tissue (Torchilin 2011; Prabhakar et al. 2013; Maeda, Nakamura, and 

Fang 2013; Golombek et al. 2018).Desmoplasia 
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In wounded tissue, fibrosis, the deposition of connective tissue and proliferation of cells 

occurs, causing thickening and scarring of the tissue. This is important in the process of 

wound healing, although it can be extremely damaging when it is dysregulated 

(Henderson, Rieder, and Wynn 2020). Dvorak described cancer as the ‘wound that does 

not heal’ as it can have a constant production of fibrosis (Dvorak 1986). Chronic fibrosis 

diseases such as idiopathic lung fibrosis and epidermolysis bullosa are cancer risk factors 

for the tissues they impact (Guerra et al. 2017; Karampitsakos et al. 2017). The fibrosis 

surrounding a tumour, known as desmoplasia, is characterised by excessive production 

of ECM proteins and/or excessive proliferation of myofibroblast-like cells (Yen et al. 

2002). It can vary between tumours from an excessive production of cells such as 

fibroblasts, vascular cells, and immune cells with minimal ECM to a dense, collagen-rich 

ECM with few cellular components, predominantly fibroblasts and myofibroblasts 

(DeClerck 2012). This results in a fibrous, dense tissue of both cellular and non-cellular 

elements surrounding the tumour. The ECM components typically include collagens, 

fibronectin, laminin and hyaluronan. Desmoplasia is also referred to as the desmoplastic 

reaction as it develops in response to signalling due to insults such as tumour 

development. Tumour epithelial cells and immune cells that infiltrate the desmoplasia 

signal through many different signalling molecules, including transforming growth factor 

β (TGFβ) and basic fibroblast growth factor (basic-FGF) to increase ECM deposition and 

platelet-derived growth factor (PDGF) to stimulate proliferation of myofibroblasts. Both 

the cellular and non-cellular components increase the pathogenesis of the tumour 

(Whatcott   et al. 2012). 

The desmoplastic reaction reduces the elasticity of the tumour, and this, in turn, 

increases the interstitial fluid pressure (IFP) of the microenvironment. Higher IFP hinders 

perfusion from the blood vessels reducing the delivery and, therefore, the efficacy of 

chemotherapeutics. For this reason, desmoplasia is significant in reducing chemotherapy 

efficacy in many tumour types (Heldin et al. 2004; Whatcott   et al. 2012). 

In tumours with dense desmoplasia such as breast and pancreatic, the proliferation of 

tumour cells imposes tensile forces on the surrounding ECM, which imposes forces on 

the tumour mass, constraining it. This increases the pressure and stored stress within 

the tumour and deforms structures within it, such as the blood and lymph vessels 

impairing the flow of fluid, increasing hypoxia and preventing the drainage of lymph. The 

interaction between the growing tumour increasing the pressure on the ECM and the 

ECM restricting the tumour growth creates tensile stress. This stress induces fibroblasts 



35 
 

to differentiate to myofibroblasts which, when activated, drive fibrosis, creating a 

feedback loop of increasing fibrosis and tensile stress (Kollmannsberger et al. 2018). The 

mechanical stress within the tumour also activates the Ret-β/catenin pathway in the 

tumour cells, a pathway which acts to increase tumour proliferation, invasion and 

epithelial-mesenchymal transition (EMT), leading to increased metastasis (Fernández-

Sánchez et al. 2015). 

Desmoplasia also triggers signalling cascades that increase resistance to chemotherapy; 

for example, non-cellular components of the desmoplasia stimulate the expression of 

the ATP-binding cassette (ABC) efflux transporter family of proteins. These transporters 

increase the efflux of drugs by tumour cells, and their presence increases drug resistance. 

The ABC transporters MDR1 or MRP1-6 allow cells to resist many hydrophobic 

chemotherapeutics such as doxorubicin, vinblastine, and paclitaxel by increasing their 

efflux out of the cell, thereby reducing the intracellular concentration (Borst et al. 1999). 

The binding of hyaluronan to its receptor (CD44) results in an increase in the MDR1 ABC 

transporter in breast, ovarian and pancreatic tumour cell lines through a Stat-3-mediated 

pathway (Bourguignon et al. 2008; Hong et al. 2009). 

In pancreatic cancer, key regulators of the desmoplastic reaction are the pancreatic 

stellate cells (PSCs). PSCs are the primary source of fibrosis in pancreatic cancer stroma 

and interact with the cancer cells to produce a tumour microenvironment that favours 

growth and metastasis. When PSCs are activated in cancer, they undergo changes in their 

morphology and structure, allowing them to deposit ECM faster than it is degraded by 

the pancreas, meaning that the level of desmoplasia increases (Phillips 2012). 

There is considerable variation in the levels of desmoplasia between tumour types. 

Pancreatic ductal adenocarcinoma (PDAC) is typically highly desmoplastic, with 

desmoplasia accounting for around 80 % of the tumour mass (Parente et al. 2018) and is 

typically hypovascularized (Katsuta et al. 2019). This high level of desmoplasia 

contributes to the challenges in treating it, and the level of desmoplasia correlates 

unfavourably with clinical outcome (Watanabe et al. 2003). PDAC is unusual in that, while 

many solid tumours are highly angiogenic, pancreatic cancer cells can secrete 

antiangiogenic factors, such as angiostatin and endostatin (Erkan et al. 2009). ECM 

deposition and pancreatic stellate cells further increase endostatin production by cancer 

cells, reducing the vasculature and contributing to a hypoxic microenvironment (Erkan 

et al. 2009; Ren et al. 2018).  
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In renal carcinomas, however, there is a range in levels of desmoplasia, papillary renal 

cell carcinoma usually has very low levels of desmoplasia, whereas medullary carcinoma 

typically has a pronounced desmoplastic reaction (Srigley and Delahunt 2009), but renal 

cell carcinomas tend to be highly vascularised (Zhang and Waxman 2013; Sciarra et al. 

2008; Sawhney and Kabbinavar 2008). 

11.1.3 Hypoxia in the tumour microenvironment 

Most tumours have regions that are exposed, whether permanently or temporarily, to 

hypoxia due to the irregular vasculature causing insufficient blood supply (as discussed 

in more detail later) (Pouysségur, Dayan, and Mazure 2006). 

This poor vasculature and high levels of hypoxia promote abnormal blood vessel 

development, increased desmoplasia and inflammation, each of which promotes tumour 

progression and resistance to therapy  (Jing et al. 2019; Whatcott, Han, and Von Hoff 

2015). 

Late-stage cancers typically have hypoxic microenvironments leading to the activation of 

hypoxia-inducible factors (HIFs). Hypoxia has a substantial impact on both tumour cells 

and the other cells of the TME. Hypoxia promotes the expansion of more aggressive 

clones, leading to more lethal tumours from a heterogeneous population of tumour cells, 

which is associated with poor clinical outcome, the emergence of resistant clones, and 

the evasion of the immune system (Petrova et al. 2018; Vito, El-Sayes, and Mossman 

2020). 

The poor oxygenation of tumours also alters their metabolism, favouring glycolysis and 

lactic acid production. Lactic acid is acidic, and therefore, its excess production promotes 

an acidic microenvironment. Low intracellular pH of endosomes and lysosomes is 

thought to aid the activation of proteases assisting in metastasis. In addition, acidic pH 

blocks the activation of T-cells and therefore, neutralising the acidity of tumours has 

been effective in enhancing immunotherapy in subcutaneous mouse models of cancer 

(Pilon-Thomas et al. 2016). 

11.1.4 The immune component of the tumour microenvironment 

The immune system plays a vital role in the tumour microenvironment, with both tumour 

suppressive and pro-tumourigenic immune cells infiltrating to various degrees. The 

immune cell infiltration is strongly influenced by other ECM features, especially the level 

of hypoxia of the tumour (Petrova et al. 2018). Hypoxic tumour microenvironments are 



37 
 

thought to particularly favour immune tolerance, whereas the immune infiltrate of a 

normoxic TME is more tumour suppressive, although there is evidence that, under 

certain circumstances, hypoxia can induce immunogenic cell death (Vito, El-Sayes, and 

Mossman 2020). Examples of immune cells that play an important role in the tumour 

microenvironment are listed below. 

11.1.4.1 T lymphocytes 

There are a range of T lymphocyte populations within the TME with both pro-

tumourigenic and tumour suppressive characteristics. CD8+ memory T cells are 

associated with a good prognosis; they have already come into contact with tumour 

antigens and have the capacity to kill tumour cells (Fridman et al. 2012). Hypoxic tumour 

microenvironments inhibit CD8+ T cell lysis of tumour cells contributing to a worsened 

prognosis in hypoxic tumours (Vuillefroy de Silly, Dietrich, and Walker 2016). CD8+ T cells 

are supported by CD4+ T helper 1 (TH1) cells which produce the cytokines interleukin-2 

(IL-2) and interferon-gamma (IFN-γ) and are also associated with a good prognosis 

(Fridman et al. 2012). However, other CD4+ lymphocytes produce cytokines with a 

detrimental impact. T helper (TH2) cells support B cells by producing the cytokines IL-4, 

IL-5 and IL-13 and TH17 cells, produce the cytokines IL-17A, IL-17F, IL-21 and IL-22, which 

are associated with tissue inflammation. Both of these T cell populations are generally 

associated with increased tumour growth (Fridman et al. 2012; Balkwill, Capasso, and 

Hagemann 2012). 

The forkhead box P3 (FOXP3) and CD25 expressing CD4+ T lymphocytes, regulatory T 

cells (Tregs), are most commonly associated with poor prognosis, and this has been 

documented in many cancer types (Bates et al. 2006; Curiel et al. 2004; Hiraoka et al. 

2006; Balkwill, Capasso, and Hagemann 2012). These cells produce IL-10, transforming 

growth factor-beta (TGF-β) cell-mediated contact through cytotoxic T-lymphocyte 

antigen 4 (CTLA4), which cause an immunosuppressive phenotype by inhibiting the 

recognition and clearance of tumour cells by tumour suppressive immune cells 

(Campbell and Koch 2011; Balkwill, Capasso, and Hagemann 2012). However, in some 

cases, such as Hodgkin’s Lymphoma, Tregs can have a tumour suppressive effect, 

correlating with improved prognosis (Fozza and Longinotti 2011; Koreishi et al. 2010; 

Tzankov et al. 2008). 
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11.1.4.2 B lymphocytes 

B cells have both pro - and anti-tumourigenic responses. In certain breast and ovarian 

cancers, they are associated with a good prognosis (Coronella et al. 2001; Milne et al. 

2009), but in mouse models, they inhibit the anti-tumour action of CD8+ T cells (Qin et 

al. 1998). The regulatory B cells (Bregs) produce the cytokine IL-10 and, in inflammation-

induced skin cancer, they inhibit anti-tumour immune responses and increase tumour 

burden (Schioppa et al. 2011; Mauri and Bosma 2012). The pro-tumorigenic effects of 

Bregs seem to be due to their effect on other immune cells in lymphoid tissue or lymph 

nodes rather than through infiltration of the TME (Schioppa et al. 2011). 

In clinical metastatic melanomas, the co-occurrence of tumour-associated CD8+ T cells 

and CD20+ B cells correlates with improved survival independent of all other clinical 

variables (Cabrita et al. 2020). The presence of tertiary lymphoid structures have been 

found to be predictive of improved survival and response to immune checkpoint 

blockade in melanoma and sarcoma (Cabrita et al. 2020; Petitprez et al. 2020; Helmink 

et al. 2020). 

11.1.4.3 NK and NKT cells 

Natural killer (NK) and natural killer T (NKT) cells are innate cytotoxic lymphocytes that 

infiltrate the tumour stroma but are not found in direct contact with the tumour cells 

(Balkwill, Capasso, and Hagemann 2012; Tachibana et al. 2005). They are often 

associated with improved prognosis (Balkwill, Capasso, and Hagemann 2012).  Hypoxia 

is known to inhibit NK-mediated lysis (Solocinski et al. 2020). 

11.1.4.4 Tumour-associated macrophages 

Tumour-associated macrophages (TAMs) are broadly pro-tumourigenic and are 

observed at high levels in most human and mouse experimental cancers. They facilitate 

malignant cell migration, invasion, metastasis and angiogenesis (Qian and Pollard 2010; 

Balkwill, Capasso, and Hagemann 2012). Both pre-clinically and clinically, they are 

associated with poor prognosis (Bingle, Brown, and Lewis 2002). TAMs have different 

subpopulations, including invasion-associated TAMs, which are enriched for molecules 

involved in Wnt signalling promoting vascular remodelling. They also promote motility 

and intravasation in the surrounding tumour cells linking angiogenesis, Wnt signalling 

and tumour invasion (Ojalvo et al. 2010). 
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11.1.4.5 Myeloid-derived suppressor cells 

MDSCs are a phenotypically diverse population of cells that expand dramatically under 

conditions of cancer, inflammation and infection. They have a strongly suppressive 

response to T-cell mediated cell killing (Gabrilovich and Nagaraj 2009). They have the 

capacity to differentiate into TAMs (Kusmartsev, Nagaraj, and Gabrilovich 2005) and to 

cause the development of Tregs (Huang et al. 2006) or the polarisation of macrophages 

into a TAM phenotype (Sinha et al. 2007). 

11.1.4.6 Dendritic cells 

Dendritic cells are antigen-presenting cells but are thought to be defective in the case of 

cancer. They do not stimulate a robust immune response to tumour antigens. Dendritic 

cells are particularly responsive to hypoxia and inflammation, and the high levels in the 

TME impair their function, some even suppressing T cell activity (Balkwill, Capasso, and 

Hagemann 2012). 

11.1.4.7 Tumour-associated neutrophils 

Tumour-associated neutrophils have been shown to promote angiogenesis (Nozawa, 

Chiu, and Hanahan 2006) and to enhance primary tumour growth in mouse models of 

cancer (Pekarek et al. 1995), they also lead to degradation of the ECM and immune 

suppression (Balkwill, Capasso, and Hagemann 2012). However, there is also evidence 

that a population of tumour-associated neutrophils can eliminate tumour cells in the 

early stages of metastasis (Granot et al. 2011) and inhibit TGF-β, further contributing to 

the tumour suppressive quality (Friedlander et al. 1995; Balkwill, Capasso, and 

Hagemann 2012). 

Neutrophil extracellular traps (NETs) also have an important role in cancer. They are 

made up of chromatin filaments of DNA coated in granule proteins. They are a 

component of the innate immune system that functions to trap microorganisms 

(Brinkmann et al. 2004; McDonald et al. 2012; Fuchs et al. 2007). The DNA the makes up 

NETs (NET-DNA) has a role in promoting metastasis of cancer mouse models (Tohme et 

al. 2016; Cools-Lartigue et al. 2013; Cedervall, Zhang, and Olsson 2016). It is a 

chemoattractant for cancer cells. The NETs in liver and lungs attract cancer cells but 

rather than trapping them, the cells form metastases. In the clinical setting too, NETs are 

found to be abundant in liver metastases of breast and colon cancer patients. The level 

of NETs in the serum are also predictive of liver metastases in early-stage breast cancer 

(Yang et al. 2020; Nolan and Malanchi 2020).In fact, neutrophils have been identified as 
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the main driver of metastatic establishment in the pre-metastatic niche of the lung in 

mouse breast cancer models. By blocking the recruitment of neutrophils to the pre-

metastatic niche of murine breast cancer models can reduce the development of 

metastases (Wculek and Malanchi 2015). 

11.1.4.8 Cancer-associated fibroblasts 

CAFs play an important role in the tumour microenvironment; their functions include 

matrix deposition and remodelling as well as contributing to immune escape of tumours 

through cytokine and chemokine secretion, recruitment and functional differentiation of 

innate and adaptive immune cells and preventing the function of infiltrating leukocytes 

(Sahai et al. 2020; Monteran and Erez 2019). Overall they promote cancer cell growth 

and invasion, and their interaction with tumour cells is important in cancer progression, 

making them a valuable drug target (Xing, Saidou, and Watabe 2010). They are strongly 

influenced by the conditions of the tumour microenvironment; for example, under 

conditions of hypoxia and low pH, they produce reactive oxygen species (ROS), which act 

as a mutagen, increasing the tumourigenicity of surrounding tumour cells (Xing, Saidou, 

and Watabe 2010; Yuan and Glazer 1998). 

11.1.4.9 Cancer immunotherapy 

Immunotherapy is the stimulation or suppression of specific immune cells or immune 

populations to treat cancer. This is a fast-developing field, and there is a diverse range 

of techniques for the manipulation of the immune system being developed. However, as 

many techniques focus on the activation or suppression of specific immune cells, a 

favourable immune microenvironment is essential, requiring the presence of tumour 

suppressive immune cells (Steven, Fisher, and Robinson 2016). 

A commonly used technique is immune checkpoint blockade. Immune checkpoints are 

mechanisms to modulate the duration and intensity of an immune response, preventing 

activated T cells from causing excessive damage from inflammation and autoimmunity 

in surrounding healthy tissue. Checkpoint blockade is the pharmacological inhibition of 

checkpoint proteins making T cells more active and able to target cancer cells. 

Programmed cell death-1 (PD-1) is a protein found on the surface of T cells that promotes 

self-tolerance through its interaction with its ligand programmed cell death ligand 1 (PD-

L1) on other cells. PD-L1 is highly expressed on many cancer cells promoting tolerance of 

the immune system. It is expressed in tumour cells in around 50 % of NSCLC (Steven, 

Fisher, and Robinson 2016), whereas in PDAC, reports vary on the level of expression (Lu 
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et al. 2017; Lutz et al. 2014). Directing antibodies against PD-1 or PD-L1 has been 

effective in improving the immune response against the tumour both as a single agent 

and in combination with other therapies (Sunshine and Taube 2015; Brahmer et al. 

2010). 

11.2 Blood vessel development in health and disease 

11.2.1 Endothelial cells 

Endothelial cells (ECs) are squamous cells with an apical-basal polarity, strongly 

connected by tight and adherens junctions (Medici and Kalluri 2012). These cells form 

the inner surface of blood and lymphatic vessels and are essential in the structure and 

remodelling of this network of vessels connecting the heart to all other organs allowing 

the exchange of nutrients (Adams and Alitalo 2007; Piera-Velazquez, Mendoza, and 

Jimenez 2016; Ursoli Ferreira et al. 2019). However, endothelial cells are highly diverse, 

with heterogeneity in cell morphology, function, gene expression, and antigen 

composition dependent on vessel size and growth conditions (Aird 2012). Endothelial 

cells are far from static structural cells forming conduits for blood and lymph. They 

regulate vascular permeability, maintaining fluid homeostasis and host defence by 

dynamic control of intercellular junctions (Sukriti et al. 2014) and regulating vascular 

tone through the release of relaxing and contracting factors that stimulate smooth 

muscle cell movement (Feletou, Tang, and Vanhoutte 2008). Their position, lining the 

blood vessels, puts endothelial cells at the interface between the immune and vascular 

systems (Sturtzel 2017). They transport immune cells, form a barrier against pathogens, 

regulate the recruitment of immune cells and control the extravasation of leukocytes at 

sites of inflammation through control of the adhesion molecules E-selectin, P-selectin, 

Intercellular Adhesion Molecule 1 (ICAM) or Vascular cell adhesion protein 1 (V-CAM) 

(Vestweber 2012). In addition, endothelial cells can signal in a paracrine fashion known 

as angiocrine signalling (Sturtzel 2017). 

11.2.2 Angiocrine signalling 

Beyond the roles of endothelial cells directly in vascular maintenance, endothelial cells’ 

contact with the blood stream puts them in a position to sense signals from the blood 

and to deploy signals to the rest of the body. This paracrine and juxtracrine signalling 

occurs through angiocrine factors, a broad range of molecules that are secreted from 

endothelial cells, including stimulatory and inhibitory growth factors, chemokines, 
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cytokines, components of the extracellular matrix and exosomes (Rafii, Butler, and Ding 

2016). They are produced by tissue-specific endothelial cells and have roles in guiding 

organ regeneration as well as maintenance of metabolism and homeostasis (Rafii, Butler, 

and Ding 2016). The release of these angiocrine factors is important in stimulating the 

differentiation of tissue-specific resident stem and progenitor cells to allow them to 

populate and regenerate a site of injury (Rafii, Butler, and Ding 2016). 

11.2.2.1 Angiocrine signalling and cytokines 

Angiocrine signalling by cytokine production is especially relevant to this thesis as the 

cytokine production of endothelial cells in response to doxorubicin is altered by FAK KO 

(Tavora, Reynolds, et al. 2014). Cytokines are defined as ‘small secreted proteins 

released by cells have a specific effect on the interactions and communications between 

cells’ (Zhang and An 2007). Cytokines have wide-ranging functions in cancer, both 

tumour suppressive and tumour promoting roles. Some cytokines have roles in the 

control of infection, inflammation and immunity and, through these, aid the host in 

suppressing the tumour. However, other cytokines have tumour promoting effects, 

acting to promote tumour growth and increase apoptosis resistance (Dranoff 2004). 

Cytokines rarely work in isolation but in concert with whole profiles of cytokines out of 

balance in cancer development (Dranoff 2004). 

11.2.2.2 Juxtacrine signalling 

Juxtacrine signalling is the communication between cells by proteins from one cell 

interacting with receptors on another cell without diffusion of signals. This may be by 

the protein on one cell-binding directly to the receptor on another, a receptor on one 

cell binding to a ligand on the ECM secreted by another cell or a signal transmitted from 

the cytoplasm of one cell to another through small conduits in the cell membranes 

(Gilbert and Sunderland 2000). 

One of the most well-known examples of juxtacrine signalling is the Notch signalling 

pathway, which is important in a wide range of developmental processes across many 

organs and cell types, including hematopoiesis and somitogenesis vasculogenesis, and 

neurogenesis (Lasky and Wu 2005). Notch is a cell surface receptor with a single 

transmembrane domain; when a Notch receptor on one cell interacts with a Notch 

ligand, such as Delta (Delta-like in humans), on an adjacent cell, signalling is initiated. The 

interaction triggers the release of the Notch intracellular domain (ICD), freeing it to 

translocate to the nucleus. Within the nucleus, the ICD binds to the transcriptional 
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regulator CSL (CBF1, Suppressor of Hairless, Lag-1), displacing co-repressors previously 

bound to CSL and allowing the recruitment of co-activators. This leads to the activation 

of downstream signalling for a wide range of functions within the cell that has received 

the signal (Lasky and Wu 2005). For Notch signalling to be productive, the Notch much 

be on a neighbouring cell to the ligand. When the receptor and ligand are on the same 

cell, the activation is inhibited, controlling whether a cell will signal (when the ligand is 

more abundant than Notch) or receive signals (when Notch is more abundant than the 

ligand) (Sprinzak et al. 2010). 

Notch signalling plays a role in several juxtacrine signalling mechanisms by endothelial 

cells. For example, in fetal development, juxtacrine Notch signalling by ECs is vital in 

specifying haematopoietic stem cells' development (Nguyen et al. 2014). Endothelial 

niche-derived angiocrine signals are essential for the direct conversion of adult ECs into 

haematopoietic cells. The minimal set of transcription factors required to that reprogram 

full-term human umbilical vein ECs (HUVECs) and human adult dermal microvascular ECs 

(hDMEC) into hematopoietic cells are FosB, Gfi1, Runx1 and Spi1 (collectively termed 

FGRS) (Sandler et al. 2014). However, when ECs are FGRS-transduced, they fail to convert 

to engraftable haematopoietic cells unless they are cultured in constant, direct contact 

with ECs. This is because angiocrine signalling through the Notch receptor is required in 

the differentiation of haematopoietic stem cells (Rafii, Butler, and Ding 2016; Sandler et 

al. 2014). 

11.2.3 The blood vascular system 

A vascular system composing a network of blood and lymphatic vessels that supply the 

organs with nutrients and remove waste products is common to all vertebrate life. 

Herein, we discuss the role of the blood vasculature network. 

The blood vasculature comprises two hierarchically arranged systems, arterial (bringing 

oxygenated, nutrient-dense blood to the organs) and venous (returning nutrient-

depleted blood and waste products to the heart). Within the venous system, vessels 

decrease in size as veins branch to venules, followed by capillaries. Similarly, in the 

arterial system, arteries branch to smaller arterioles before meeting the venous system 

with capillaries (Dudley 2012; Red-Horse and Siekmann 2019). 

Blood vessels are composed of endothelial cells surrounded by and basement membrane 

with supporting mural cells (pericytes and smooth muscle cells) (Baluk, Hashizume, and 

McDonald 2005). In health, blood vessels are organised hierarchically from simple, 
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adaptable vessels up to more complex, highly stabilised vessels. The smallest blood 

vessels are capillaries, which are composed of a single layer of endothelial cells enabling 

easy transfer of metabolites and nutrients (Tucker, Arora, and Mahajan 2020). Capillaries 

are highly adaptable vessels stabilised by pericytes. In contrast, more established vessels 

are less adaptable and are supported by smooth muscle cells (Tucker, Arora, and 

Mahajan 2020).  

Pericytes project finger-like processes that wrap around capillaries stabilising the 

smallest blood vessels and share the basement membrane with endothelial cells. In 

vascular development, pericytes are highly motile, allowing appropriate organisation on 

the developing vessel and adequate pericyte coverage of the endothelial cells. In fact, 

even in the adult brain, capillary pericytes of the adult mouse cortex have dynamic 

processes able to extend and retract over days, although their somata are immobile. In 

addition to this scaffolding role, their location on the capillaries enables them to 

communicate with endothelial cells through direct physical contact and paracrine 

signalling (Baluk, Hashizume, and McDonald 2005) as well as through gap junctions direct 

from endothelial cells to pericytes allowing the transfer of ions and small molecules 

(Bergers and Song 2005). In contrast, to capillaries, larger vessels such as arterioles and 

arteries are surrounded by smooth muscle cells, which encircle the endothelial cells 

providing stability and regulating vessel diameter through their expression of contractile 

proteins. Like pericytes, they can also signal to the endothelium through juxtacrine and 

paracrine signalling (Dudley 2012). In between pericytes and smooth muscle cells, there 

are mural cell types that have features of both pericytes and smooth muscle cells (Grant 

et al. 2019). 

All blood vessels are also surrounded by a basement membrane, a form of extracellular 

matrix composed of collagen IV, laminin and fibronectin (Baluk et al. 2003). This provides 

additional support and stability and can also interact with integrins expressed on the EC 

surface to contribute to signalling (Dudley 2012; Hynes 2009). 

In addition to the structural diversity dependent on vessel size and position within the 

hierarchical arrangement, vessels and their component cells are also highly specialised 

to their tissue and organ location. For example, the endothelium of the blood brain 

barrier is highly specialised to restrict the passage of solutes into the central nervous 

system, so it is densely populated with junctional proteins. Whereas the blood vessels 

that form the glomerulus of the kidney, a tuft of capillaries specialised to filter blood to 
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form urine, are much more porous (Dudley 2012). The surrounding basal membrane is 

also highly adaptive, complementing these blood vessels' roles in different organs. The 

basal membrane of the endothelium and the brain astrocytes merge at the interface 

between blood and brain, reinforcing the tight junction barrier formed by endothelial 

cells. The basal membrane at the blood brain barrier controls the transport of solutes 

between blood and brain. In the kidney, the basal membrane prevents plasma leakage 

into the urine. Still, the network of laminin and collagen is also thought to act as a 

selective filter controlling the porosity by selecting for size and charge of the proteins 

that pass through (Jayadev and Sherwood 2017). 

There are many different mechanisms for blood vessel development and maintenance, 

creating this diversity of vascular structure. New blood vessel development is an 

essential process in vertebrate growth and maintenance, which are required to provide 

growing tissues with nutrients and oxygen. Blood vessels develop rapidly in embryonic 

growth, and their growth and repair are essential throughout adult life. However, in adult 

life, most new blood vessel development happens as in short-lived transitory phases 

necessary for wound repair (Tonnesen, Feng, and Clark 2000) and maintenance of the 

menstrual cycle (Maybin and Critchley 2015) but rarely persists for more than two weeks 

(Ribatti 2013). Growth factors and cell adhesion proteins orchestrate the diverse 

processes of blood vessel development and maintenance. 

11.2.4 Growth factors in angiogenesis 

Over 20 different growth factors drive the formation of new blood vessels by 

angiogenesis (Ucuzian et al. 2010; Hanahan and Weinberg 2011). Of these, basic 

fibroblast growth factor (basic-FGF) and vascular endothelial growth factor (VEGF-A) are 

most commonly studied. 

Basic-FGF and VEGF-A are produced by many cell types, including tumour cells and 

stimulate angiogenesis. VEGF-A increases permeability and dilation of the existing blood 

vessels and degrades the ECM by upregulating the expression of matrix metalloproteases 

(MMPs) (enzymes responsible for degrading the ECM) to allow endothelial cell migration 

(Bergers et al. 2000). Basic-FGF also stimulates ECM degradation and endothelial cell 

proliferation (Presta et al. 2005). Inflammatory cytokines play a role in the ECM 

remodelling; for example, the cytokines Tumour Necrosis Factor (TNF)-α and interleukin 

(IL)-1 are produced by many tumour cells and tumour associated macrophages. These 

maintain the expression of basic-FGF and VEGF-A allowing continued ECM remodelling 
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but also stimulate ECM remodelling and production of MMPs in their own right 

(Francavilla, Maddaluno, and Cavallaro 2009). This ECM remodelling and basement 

membrane degradation allow endothelial tip cells to migrate and proliferate in the 

matrix extending the nascent blood vessel (Hillen and Griffioen 2007). To allow the blood 

vessels to grow, pro-angiogenic factors regulate the expression and function of adhesion 

molecules on endothelial cells. 

11.2.4.1 Vascular endothelial growth factor (VEGF) 

VEGF is a family of growth factors belonging to the PDGF family. VEGFs have diverse roles 

in the vasculature. 

The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D and the placental growth 

factors (PlGF1, 2,3 and 4) and have diverse roles in blood and lymph vessel development. 

Among their functions, VEGF-A and platelet growth factor (PGF) are linked to tumour 

angiogenesis. VEGF-B is important in maintaining nascent blood vessels, VEGF C and D 

have roles in both angiogenesis and lymphangiogenesis, and VEGF-A and C control 

vascular permeability (Ramjiawan, Griffioen, and Duda 2017). 

11.2.5 Cell adhesion molecules in tumour angiogenesis 

Cell adhesion molecules (CAMs) are surface glycoproteins responsible for regulating 

interactions between a cell and the neighbouring cells or extracellular matrix (ECM). 

They respond to the tumour microenvironment; in angiogenesis, CAM expression is 

dynamically regulated in response to tumour growth to allow endothelial cells to leave a 

quiescent state and angiogenesis to commence (Francavilla, Maddaluno, and Cavallaro 

2009). There are four main classes of CAMs: cadherins, selectins, Ig-CAMs and Integrins. 

11.2.6 Sprouting angiogenesis 

Angiogenesis is the formation of new blood vessels from pre-existing vessels and 

generally occurs in response to ischemia (Tahergorabi and Khazaei 2012). It occurs 

through two different pathways, sprouting and splitting (intussusceptive) angiogenesis. 

Sprouting angiogenesis was the first characterised and the best understood mechanism 

of angiogenesis. 

Sprouting angiogenesis occurs in stages, beginning with enzymatic degradation of the 

capillary basement membrane followed by endothelial cell proliferation and directed 

migration. The endothelial cells then form into a tube and are stabilised by fusing and 

mural cell coating (Adair and Montani 2010). 
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Sprouting angiogenesis is triggered in response to poor perfusion, causing a high level of 

hypoxia in tissues. Under these conditions, parenchymal cells such as myocytes, 

hepatocytes, neurons and astrocytes have inadequate oxygen and metabolites for their 

functions and respond to the hypoxia by secreting VEGF-A. VEGF-A is the predominant 

inducer of hypoxia-induced angiogenesis (Adair and Montani 2010). 

The blood vessel then begins to grow toward this VEGF-A gradient in a process controlled 

by tip and stalk cells. Tip cells are endothelial cells that are specialised to sense guidance 

cues in the environment and lead to the sprouting of new blood vessels. They have long, 

thin protrusions from their cell membranes known as filopodia. The filopodia have large 

numbers of the VEGF-A receptor VEGF receptor 2 (VEGFR2). VEGFR2 is the primary 

receptor for VEGF and is important in the regulation of endothelial migration and 

proliferation. Its expression on tip cells allows them to sense VEGF-A in the 

microenvironment and move in the direction of the VEGF-A gradient. The filopodia on 

tip cells also secrete proteolytic enzymes that digest areas of the ECM, creating a 

pathway for the growing blood vessel sprout (Small et al. 2002). Tip cells move forwards 

stimulated by interaction with VEGF-A; when VEGF-A binds to the VEGFR2 on tip cells, it 

stimulates the anchoring of filopodia to the substratum in the direction of the VEGF 

gradient. Once enough filopodia have anchored, actin filaments within them contract, 

pulling the tip cell towards the VEGF-A signal (Adair and Montani 2010). 

The fate of endothelial cells, determining whether they progress to a tip or stalk 

phenotype, is controlled by cell-cell interaction through delta-notch. VEGF-A stimulates 

endothelial cells to upregulate their expression of the notch ligand delta-like 4 (DLL4). 

This upregulation in DLL4 sets the endothelial cells on a path to express a tip cell 

phenotype. The upregulation in DLL4, however, also leads to an activation of notch 

receptors in neighbouring cells. Notch receptor activation in these cells suppresses the 

expression of DLL4 and the production of VEGFR2, reducing the migratory behaviour. 

These cells become ‘stalk cells’. 

Stalk cells in contrast, to tip cells, are not characterised by filopodia but are specialised 

to have a highly proliferative phenotype. They follow the tip cells, proliferating rapidly to 

allow the blood vessel to grow towards the gradient sensed by the tip cells (Dallinga et 

al. 2015). As the blood vessel grows, vacuoles develop in the stalk cells and join together 

to form a lumen for the nascent vessel. Once the lumen is fully formed, oxygenated blood 

can flow through perfusing the tissue. Eventually, when enough perfused vessels form, 
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the tissue becomes sufficiently oxygenated, and VEGF-A levels are reduced to baseline 

levels stopping the formation of new capillaries (Adair and Montani 2010). 

Once the VEGF-A levels are reduced, the nascent capillaries can mature. The endothelial 

cell proliferation and migration of new capillaries are inhibited, and newly formed vessels 

fuse with others to stabilise the vascular tubes. Pericytes and vascular smooth muscle 

cells are then recruited to stabilise the vessel, and ECM is deposited around the edge 

(Tahergorabi and Khazaei 2012; Chien 2007). This ECM deposition causes mechanical 

signals, including shear stress, which further stabilises the vessel (Chien 2007). Pericytes 

are cells that stabilise capillaries and venules by wrapping around the endothelial cells 

that line them. In cancer, the level of VEGF is often high, meaning that vessels are not 

able to mature and stabilise effectively. Therefore, they are characterised by abnormal 

pericyte coverage and pericyte-endothelial cell interactions, leading to cancer 

progression and metastasis (Chen, Xu, and Hu 2016). In addition, pericytes have 

important signalling roles in altering tumour growth and metastasis (Wong et al. 2020; 

Armulik, Genové, and Betsholtz 2011; Raza, Franklin, and Dudek 2010; Ribeiro and 

Okamoto 2015). Vascular smooth muscle cells further stabilise larger blood vessels and 

allow vasoconstriction and dilation and contribute to extracellular matrix production 

(Bagher and Segal 2011). 

In addition to VEGF mediated angiogenesis, sprouting angiogenesis can also be mediated 

by the angiopoietins angiopoietin 1 (ANG1) and angiopoietin 2 (ANG2) and their receptor 

Tie2. Tie2 is a tyrosine kinase receptor primarily expressed on endothelial cells (De Palma 

and Naldini 2011). ANG1 binds to Tie2, inducing its phosphorylation whereas ANG2 acts 

as an antagonist of ANG1/Tie2 (Adamis and Berman 2010). ANG1 is primarily expressed 

on mural cells such as smooth muscle cells and pericytes and act on endothelial cells to 

promote survival and quiescence of mature blood vessels. This pathway is antagonised 

by ANG2 which is secreted by endothelial cells in a context dependant manner. It is 

expressed in response to mediators of inflammation such as thrombin (Huang et al. 

2002), as well as by hypoxic and tumour conditions. such as hypoxia (Kelly et al. 2003) 

and cancer (Sfiligoi et al. 2003; Hu and Cheng 2009; Akwii et al. 2019). By antagonising 

ANG1 mediated endothelial quiescence, ANG2 promotes angiogenesis (Augustin et al. 

2009). 

Outside of its effects in endothelial cells, Angiopoietin/Tie signalling in pericytes and 

macrophages also influences angiogenesis and the maturation of blood vessels. Deletion 
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of Tie2 in pericytes increases angiogenesis with reduced vessel maturation and increased 

tumour growth (Teichert et al. 2017). Some macrophages have been identified as 

expressing Tie2. Circulating macrophages have minimal Tie2 expression which is 

upregulated when they are in close contact with tumours causing them to differentiate 

into a subpopulation of perivascular macrophages (De Palma et al. 2003; De Palma et al. 

2005; De Palma and Naldini 2011). These subpopulations of macrophages have been 

observed in several tumour models and are thought to promote angiogenesis through 

paracrine signalling. Intussusceptive (splitting) angiogenesis. 

In contrast to sprouting angiogenesis, where new blood vessels form from mature ones, 

in splitting angiogenesis, a capillary is split to form two lumens from one; this is a faster 

process as it initially only requires reorganisation of the cells. In a process stimulated by 

angiopoietins, platelet-derived growth factor‐B (PDGF‐B), ephrins and EphB receptors 

(Burri, Hlushchuk, and Djonov 2004), the opposite walls of the capillary make contact 

within the lumen, in this ‘contact zone’. ECs are reorganised to form two separate lumina 

with a ‘core’ in the middle. The vessels bilayer is perforated, allowing growth factors and 

cells to penetrate into the core, which fills with pericytes and fibroblasts. These cells lay 

down ECM for the new vascular network (Dimberg and Sund 2014). 

11.2.6.1 Vasculogenesis 

Vasculogenesis is the process whereby new blood vessels are formed from the 

endothelial progenitor cells, angioblasts (Tahergorabi and Khazaei 2012). This process 

occurs predominantly in embryonic growth. In mice, this process begins at embryonic 

day (E) 6.5 to 7. Clusters of angioblasts form with those at the perimeter differentiating 

to endothelial progenitors and those at the centre to hematopoietic cells (Lugano, 

Ramachandran, and Dimberg 2020). The angioblasts migrate distally into the yolk sac to 

form a primitive capillary network for the embryo, known as the primitive capillary 

plexus. This process is initially established by VEGF signalling activation (Dong and Yang 

2018). Although vasculogenesis is predominantly a developmental mechanism of 

embryonic development, a version of this pathway is now thought to also be responsible 

for some capillary development in pathophysiological revascularisation in the adult (Heil 

and Schaper 2004). It can occur in adults post-ischemia or in tumours by the recruitment 

of endothelial progenitor cells (EPCs) to the tumour blood vessels (Lugano, 

Ramachandran, and Dimberg 2020). The mechanisms by which EPCs contribute to 

tumour vascular development are still poorly understood but thought to include both 

the direct incorporation of EPCs into the tumour vasculature and the use of EPCs as a 
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source of angiogenic factors (Tang, Feng, and Yao 2009). Under normal circumstances, 

the tumour has little dependence on vasculogenesis, but under specific pressures, such 

as radiotherapy, local angiogenesis may be impaired, leading to increased reliance on 

the recruitment of EPCs (Brown 2014). 

11.2.6.2 Arteriogenesis 

Arteriogenesis is the maturation, growth and remodelling of pre-existing arterioles to 

widen them and is generally triggered by physical stimuli such as shear stress due to 

arterial obstruction (Heil and Schaper 2004; Carmeliet 2000). This maturation of the 

blood vessels involves the recruitment of smooth muscles cells to the external wall to 

allow blood vessels to have the viscoelastic and vasomotor properties required of mature 

vessels to accommodate the plastic needs of tissue perfusion (Carmeliet 2000). This 

smooth muscle cell recruitment also stabilises the vessels, making them less likely to 

regress.  

11.2.7 Dysregulation of blood vessel development 

The precise regulation of vascular development is essential for healthy growth, and 

dysregulation of these processes is implicated in many diseases. For example, abnormal 

ocular neovascularization, a VEGF driven disease where new vessels sprout from existing 

ones within the retina and into the vitreous, is a leading cause of blindness (Campochiaro 

2013; Yoo and Kwon 2013). Similarly, VEGF and local hypoxia may mediate 

atherosclerotic plaques' neovascularisation, contributing to their growth and rupture 

(Yoo and Kwon 2013). In contrast, though, a major limitation of tissue recovery in 

ischaemic diseases is insufficient angiogenesis (Herbert and Stainier 2011). In the case of 

cancer, angiogenesis stimulated by cancer cells promotes growth and progression to 

metastasis (Herbert and Stainier 2011). The development of a new vascular network is 

required to supply oxygen and remove waste products to the tumour allowing for the 

proliferation and metastatic spread of tumour cells. Therefore, angiogenesis is induced 

in tumour development but the blood vessels formed are highly disordered, and many 

are dysfunctional (Nishida et al. 2006). 

11.2.7.1 Tumour vasculature 

While transient angiogenesis is essential in healthy adult development, the dysregulation 

of angiogenesis and longer-term angiogenesis is associated with disease.  

It is now understood that the dysregulation of angiogenesis in cancer contributes to the 

tumour microenvironment features. It is also now known that in addition to sprouting 
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angiogenesis which is typically the major contributor to blood vessel development in 

tumours, splitting angiogenesis, the recruitment of endothelial progenitor cells, vascular 

mimicry by tumour cells and the differentiation of cancer stem cells (CSCs) into ECs can 

all contribute to the disorganised vasculature of a tumour (Lugano, Ramachandran, and 

Dimberg 2020) (Figure 11.1). 

Just as differences can be seen in vasculature between different organs and tissues, 

abnormalities in endothelial cell, mural cell and basement membrane can be seen in the 

tumour microenvironment. Perhaps the most apparent difference in the vasculature is 

the chaotic growth and complete loss of the hierarchy of diameter, characterising 

healthy blood vasculature (Dudley 2012; Warren et al. 1978; Konerding et al. 1999). 

Tumour vessels do not fit into the classification of normal blood vessels, arterioles, 

capillaries and venules; even large vessels have very thin walls, pericyte coverage is 

incomplete and smooth muscle coating is rare (De Val and Black 2009). Whereas in 

healthy blood vessels, the endothelial cells are organised in uniform monolayer tubes 

with few cytoplasmic projections. The morphology of tumour endothelial cells is irregular 

in shape and size with multiple long, thin cytoplasmic projections. Chronically high VEGF 

stimulation is a major contributor to this abnormality. VEGF is a potent vasodilator 

known to increase interstitial pressure and promotes fluid leakage, small gaps and 

fissures and abnormal branching (Nagy, Dvorak, and Dvorak 2007). 

These high VEGF-A levels, which are characteristic of most tumours, stimulate the 

production of tip-like filopodia that sprout outwards from the endothelial cells. Some of 

these sprouts may overlap with other endothelial cells or grow into the lumen. The 

changes in endothelial cell morphology lead to gaps between endothelial cells allowing 

fluid, fibrin and blood to leak into the surrounding tissue. The leakiness of tumour blood 

vessels also correlates with the histological grade and malignancy (Daldrup et al. 1998). 

These gaps in the vessel walls cause ‘blood lakes’ where extravasated erythrocytes pool 

at the tumour periphery (Hashizume et al. 2000; Dudley 2012) and can contribute to the 

formation of metastases as tumour cells can be trafficked in the bloodstream. 

Tumour cells overlying the blood vessels compress vessels, creating strain and blood flow 

changes (Padera et al. 2004). This chaotic pattern of blood flow, in turn, causes the 

expression of flow-mediated transcription factors to be dysregulated, further altering 

endothelial cell shape, size and differentiation (De Val and Black 2009). 
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Pericyte coverage on tumour vessels is reduced compared to healthy blood vessels and 

are more loosely attached, contributing to vessel instability (Baluk, Hashizume, and 

McDonald 2005). The vessels are also fragile and  leaky with abnormal blood flow, 

features that are thought to contribute to tumour growth and metastasis (Dudley 2012). 

Some tumour blood vessels are completely unperfused, and others have chaotic 

perfusion where the blood may flow in the reverse direction. 

In addition to novel blood vessels, tumours can co-opt blood vessels from surrounding 

healthy tissue. This non-angiogenic mechanism, observed in a range of primary and 

metastatic cancers is considered an important mechanism for resistance to anti-

angiogenic drugs (Kuczynski and Reynolds 2020). In some cases, the morphology, 

architecture and branching patterns of the vessels is maintained when they are co-opted 

(Kita, Itoshima, and Tsuji 1991; Bridgeman et al. 2017; Pezzella et al. 1997) but tumours 

can also remodel and deform them meaning that, like angiogenic tumour vessels, co-

opted vessels may have abnormalities (Kuczynski et al. 2019). The proliferation of 

endothelial cells in co-opted vessels is typically lower than in angiogenic tumour vessels 

and more comparable to non-malignant tissue. In tumours with co-opted vessels, the 

tumour border is typically irregular with little or no desmoplastic reaction and no tumour 

capsule (Vermeulen et al. 2001; International Consensus Group for Hepatocellular 2009; 

Kuczynski et al. 2019). The tumours typically grow along pre-existing vessels connected 

to those they have co-opted (Kuczynski et al. 2019). 
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Figure 11.1 Development of tumour vasculature. 

As a tumour develops, it upregulates blood vessel formation, predominantly through 

sprouting angiogenesis but splitting angiogenesis, the recruitment of endothelial 

progenitor cells (EPCs), vascular mimicry by tumour cells and transdifferentiation of 

cancer stem cells to ECs also play a role. Through these processes, dysregulated tumour 

vasculature occurs allowing tumour growth. 
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11.3 Integrins 

11.3.1 Integrin structure 

Integrins are a family of 24 heterodimeric receptors that mediate the interactions 

between cells and the ECM (Michael and Parsons 2020). They are formed from two type 

I transmembrane glycoproteins, the α and β subunits which each have several domains. 

The α and β subunits are non-covalently associated through flexible linkers. Each of the 

subunits has a single membrane-spanning helix and, in most cases, a short unstructured 

cytoplasmic tail. The extracellular parts of the α and β subunits are larger, roughly 700 

and 1000 amino acids respectively and form elongated stalks with a globular ligand-

binding head region (Danen 2000; Xiong et al. 2001; Campbell and Humphries 2011). 

These binding sites allow them to act as receptors for ligands in the extracellular space 

such as collagen IV and laminins in basement membranes, interstitial matrix (collagen I 

and fibronectin) and coagulating blood (fibrinogen and thrombospondin) (Hynes 2002) 

and have diverse roles controlling cell functions including proliferation, migration and 

cell motility (Paul, Jacquemet, and Caswell 2015). They bind to ligands through control 

of their conformation. The 24 different integrins are formed within the endoplasmic 

reticulum by the heterodimerisation of 18 α-integrin and eight β-integrin subunits. Post-

translational modifications within the golgi apparatus, before they reach the cell surface, 

further increase the diversity of the integrins and enable them to perform all of their 

functions (Hynes 2002).  

Integrins can be grouped by their ligand. This thesis will primarily address the RGD 

receptors that recognise Arg-Gly-Asp sequences of proteins, but integrins can also be 

collagen receptors, laminin receptors, and leukocyte-specific receptors. Furthermore, 

most integrins can fit into more than one of these categories and have several ligands 

(Paul, Jacquemet, and Caswell 2015; Hynes 2002; Legate, Wickström, and Fässler 2009). 

The crystal structures of integrins have given valuable insight into the structure and 

ligand-binding site of integrins and show that the extracellular portion of integrin 

heterodimers have multiple domains (Takada, Ye, and Simon 2007; Xiong et al. 2002; 

Xiong et al. 2001; Xiao et al. 2004) (Figure 11.2 A). 

The α-chain comprises four highly conserved domains, a seven-bladed β-propeller, a 

thigh, and two calf domains. In addition, nine of the α chains found in vertebrates have 

an α-I domain of roughly 200 amino acids inserted into the β-propeller between blades 

two and three, which have ligand-binding function when present (Xie et al. 2010; Larson 
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et al. 1989). The I domain comprises five β-sheets surrounded by seven α helices. The 

lower side of the last three to four blades of the β-propeller contain Ca2+ binding domains 

which face away from the ligand-binding surface. The Ca2+ binding at these sites 

influences ligand binding (Oxvig and Springer 1998; Humphries, Symonds, and Mould 

2003; Campbell and Humphries 2011). 

The thigh and calf domains of the α-chain have similar immunoglobulin-like β-sandwich 

folds (Xiong et al. 2001). There are two main interdomain flexibility regions, the linker 

between the β-propeller and the thigh and the ‘genu’ or ‘knee’ at the bend between the 

thigh and the calf domain. The knee on the α-subunit close to a similar bend on the β 

subunit so that the whole integrin can extend and bend by hinging at the knees. Whereas 

the other domains of the α-chain have relatively rigid structures, I domains, in integrins 

that have them, show conformational changes, which are essential for regulating binding 

affinity (Xiong et al. 2001; Campbell and Humphries 2011). 

The β-subunit has seven domains with complex, flexible interactions. It is generally more 

flexible than the α subunit (Xie et al. 2010). It consists of a β-tail domain linking the 

transmembrane domain to four cysteine-rich epidermal growth factor (EGF) modules, 

the links between all of which are relatively plastic, especially between EGF1 and EGF2, 

which is the β knee. The EGF region is linked to a plexin-semaphorin-integrin (PSI) 

domain, a hybrid domain and a β-I domain. There are conformational changes that can 

occur in the β-I hybrid regions. The β-I transitions from a “closed” to an “open” 

conformation when the α7-helix of the β-I domain moves toward the hybrid domain, 

which causes the hybrid domain to swing out by roughly 60° (Xiao et al. 2004; Campbell 

and Humphries 2011). 

The metal-ion-dependent adhesion site (MIDAS) domain is a crucial Mg2+ binding site in 

the I domain of integrins. Ligand binding occurs through coordination with this ion. The 

βI domain contains an Mg2+ coordinating MIDAS and a site adjacent to MIDAS (ADMIDAS) 

binding an inhibitory Ca2+ ion. This ADMIDAS site binds the Mn2+ ion leading to a 

conformational change resulting in an active form of the integrin (Humphries, Symonds, 

and Mould 2003). 

The crystal structure of αvβ3 bound to a cyclic RGD peptide shed light on the role of the 

MIDAS. The binding site of αvβ3 is a shallow crevice between the α and β chains with 

only the Arg and Asp side chains of the RGD peptide slightly berried and the rest of the 

peptide exposed to the water (Xiong et al. 2002). Divalent cations play a critical role in 
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this interaction. The binding site is composed of the β propeller domain of αv chain, the 

I-like domain of the β chain and the hybrid domain of β3. A divalent cation at the MIDAS 

site in the I like domain contacts the Asp of the RGD peptide. The MIDAS site is only 

occupied by the divalent ion when it is in its RGD-liganded state, but no ion is seen in the 

crystal structure of the unliganded integrin. 

The role of MIDAS in ligand binding is slightly different in integrins that have an I domain 

on the α chain. In this case, the MIDAS can capture a divalent ion whether or not a ligand 

is bound (Emsley et al. 2000; Shimaoka et al. 2003; Shimaoka et al. 2002). 

There are two other divalent cation binding sites on β3 integrin, called ADMIDAS 

(adjacent to MIDAS) and LIMBS (ligand-associated metal binding site). The ADMIDAS is 8 

Å from the MIDAS and can be occupied by either an Mn2+ or a Ca2+ ion, whether or not a 

ligand is present (Xiong et al. 2002). The LIMBS, which is 6 Å from the MIDAS, captures 

an Mn2+ ion when an RGD peptide is present. These are thought to have a role in 

controlling ligand binding; for example, binding of a Ca2+ ion to the ADMIDAS site causes 

a shift in shape that decreases occupancy. An increase in affinity for RGD correlates with 

reduced Ca2+ availability and lack of Ca2+ binding, whereas Ca2+ binding to the ADMIDAS 

stabilizes integrins in the low affinity, closed conformation (Xia and Springer 2014; Craig 

et al. 2004). 
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Figure 11.2  Integrin structure and allosteric binding sites adapted from Campbell 

and Humphries 2011 

(A) Cartoon representation of bent and upright conformations of αxβ2 integrin 

showing α and β subunits in the bent (left) and upright (right) conformations and 

approximate dimensions. (B) Cartoon showing the movement of the α7 helix in the I 

domains and the swing-out of the hybrid domain. The top pair show the closed and 

open conformations of an integrin with no α-I domain. The lower pair represent the 

closed and open conformation of an integrin with an α-I domain showing allosteric 

activation. The intrinsic ligand is a glutamate. 
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11.3.2 Integrin activation 

The precise regulation of integrins is crucial for many cellular processes. For example, 

platelet aggregation is controlled by the integrin αIIbβ3 (Wagner et al. 1996), and its 

rapid activation at a wound is required for blood coagulation and haemostasis (Shattil, 

Kashiwagi, and Pampori 1998). However, when the integrin is activated inappropriately, 

it can cause a platelet thrombus to block a blood vessel resulting in stroke or myocardial 

infarction (Ginsberg 2014). 

11.3.2.1 Allosteric functions of integrins 

Regulation of integrin activation is complex and happens in several different ways. The 

affinity of integrins for their ligands is highly dependent on allosteric regulation, which 

means that the binding of one ligand influences the activity or affinity for another ligand 

of the integrin through a conformational change (Manninen 2015). Although integrin 

conformation was initially thought to be limited to the bent (inactive) and extended 

(active) forms, it is now believed to be more complex with intermediate conformations 

induced by allosteric binding that have different ligand affinities (Campbell and 

Humphries 2011; Zhu, Zhu, and Springer 2013). Two common examples of allosteric 

activation of integrin activation are ‘inside out’ and ‘outside-in activation discussed 

below, whereby an intracellular or extracellular signal respectively induces a change in 

integrin conformation, altering the affinity for the binding of another ligand. These 

signalling mechanisms are discussed below. 

In addition, the affinity of an integrin for its ligand can be influenced by the binding of 

molecules to other sites. For example, the affinity of the αI domain for ligand-binding is 

allosterically regulated by the βI domain, its homologue in the β-subunit. In integrins 

with no αI domain, the βI domain has closed and open states whose conformation is 

controlled but the movement of an α7 helix allowing binding of extrinsic ligands when in 

the open conformation (Xiao et al. 2004; Luo, Carman, and Springer 2007) (Figure 11.2 

B; top panel).  In integrins with an αI domain, similar conformational changes are seen 

and allosterically regulated. When integrin ligands, such as the RGD motif, bind to the 

integrin with the βI domain in an open state, the Mg2+ ion of the MIDAS coordinates with 

the Asp side chain of the ligand. In integrins with an αI domain, the MIDAS of the 

βI domain may bind an intrinsic ligand, thought to be an invariant glutamine residue on 

the α chain (Xie et al. 2010). This binding of an intrinsic ligand causes a shift in the α7 

helix moving the βI domain to an open conformation (Figure 11.2; bottom panel). 

Evidence for this comes from the fact that the αI domain's flexibility observed through 
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crystal structures would allow these interdomain interactions (Xie et al. 2010) and that 

when the glutamine is mutated, integrin activation is abolished (Huth et al. 2000; Alonso 

et al. 2002). 

11.3.3 Inside-out activation of integrins 

The precise control of integrin activation by inside-out activation is through the binding 

of cytoplasmic proteins. One of them is talin, a cytoskeletal protein that binds to the β 

tails of most integrins (Calderwood, Shattil, and Ginsberg 2000). In response to signals 

received by a diverse range of cellular receptors depending on the specific integrin to be 

activated, talin is recruited to the cytoplasmic end of the integrin β subunit (Watanabe 

et al. 2008). Talin binds to the integrin β-tail through a unique interaction with the 

membrane-proximal (MP) region of the integrin at a specific NPxY motif (Calderwood et 

al. 2002). This talin binding allows competition between a conserved lysine on the talin 

and an aspartic acid on the α chain of the integrin, which is essential to disrupt an α/β 

salt bridge on the integrin which maintains the integrin in the inactive conformation 

(Wegener et al. 2007; Anthis et al. 2009) (Figure 11.3; left panel). The cleavage of this 

cytoplasmic salt bridge between subunits causes dissociation and reorganisation of the 

transmembrane helices, straightening the integrin at the knee and generating a high-

affinity binding integrin (Figure 11.3; central panel). Talin also binds to actin and to many 

cytoskeletal and signalling proteins meaning that it directly links activated integrins to 

signalling and cytoskeletal systems (Critchley and Gingras 2008). This also leads to 

multimerisation in focal adhesions (Mas-Moruno et al. 2016; Nieberler et al. 2017). 

Inside-out integrin signalling can also be controlled by other proteins such as 

phosphatidylinositol 4-phosphate 5-kinase Iγi2 (PIPKIγi2) and Phosphatidylinositol-4,5-

bisphosphate (PI4,5P2) which are especially important in cell migration (Sun et al. 2013). 

PI4,5P2 causes a confirmational change in talin allowing its head domain to tether to 

PI4,5P2 enriched membranes. This exposes a previously hidden integrin binding interface 

which allows integrins to cluster (Saltel et al. 2009; Sun et al. 2013). The FERM domain 

of talin also binds to a NPxY motif on integrin beta chain’s cytoplasmic domain which 

allows inside-out activation of the integrin (Saltel et al. 2009; Sun et al. 2013; Wegener 

et al. 2007). Through interaction with talin, PIPKIγi2 produces regions of high PI4,5P2 

density which are necessary for the formation of focal adhesion and allow epithelial cells 

to migrate by adhesion to the ECM (Sun et al. 2013; Ling et al. 2002; Di Paolo et al. 2002; 

Durand et al. 2016). In contrast to PI4,5P2, PIPKIγi2 competes with integrins for talin 

binding, however, talin However, there is an additional talin binding domain on the beta 
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chain of integrins and talin is a homodimer, therefore, it is thought that talin and PIPKIγi2 

can simultaneously bind to talin creating a single complex to regulate formation of focal 

adhesions as cells migrate (Thapa et al. 2012; Saltel et al. 2009; Sun et al. 2013). 

11.3.4 Outside-in activation of integrins 

In addition to ‘inside-out’ signalling initiated by the cleavage of intercellular salt bridges, 

integrins also have an ‘outside-in signalling mechanism and are therefore considered bi-

directional signalling proteins (Shattil, Kim, and Ginsberg 2010; Legate, Wickström, and 

Fässler 2009; Mas-Moruno et al. 2016). For ‘outside-in signalling, conformational 

changes in the resting state integrins and multimerization are induced by binding to ECM 

ligands external to the cell. This binding of ECM ligands induces conformational changes 

in the structure of integrins, provokes dissociation of the transmembrane helices, and 

contributes to clustering into multimers, thereby transducing signals to the cell. The 

formation of multimers allows stronger binding in focal adhesions. Ligands can bind to 

the integrins in their resting state but for the signal to be transduced requires 

dissociation of the transmembrane helices of the integrins and subsequent 

multimerization (Gottschalk and Kessler 2004) (Figure 11.3; right panel). In cell adhesion, 

integrins can mediate the transmission of force from focal adhesions to ECM proteins, a 

process known as mechanotransduction (Geiger, Spatz, and Bershadsky 2009). This may 

result in strengthening adhesions and enhanced cytoskeletal linkages (Ross et al. 2013). 
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Figure 11.3 Schematic of integrin activation 

Integrins in the bent resting conformation have low affinity for their ligands in the 

ECM. Inside-out signalling involves disruption of an intracellular salt bridge between 

the α and β cytoplasmic subunits. This salt bridge cleavage induces the dissociation of 

the transmembrane helices and subsequent reorganisation generating a high affinity 

binding integrin, plus multimerization in focal adhesions. Conformational changes of 

the resting integrin state are induced by the integrin binding of ECM ligands causing 

stronger binding at the focal adhesions. The outside-in signalling also requires integrin 

oligomerisation (Mas-Moruno et al. 2016). 
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11.3.5 Integrin function and RGD binding 

The Arg-Gly-Asp (RGD) motif is a highly conserved minimal integrin recognition site that 

was first identified in 1984 in fibronectin (Pierschbacher and Ruoslahti 1984). However, 

it is also present in other ECM proteins such as vitronectin (Suzuki et al. 1985), von 

Willebrand factor (Plow et al. 1985), osteopontin (Oldberg, Franzén, and Heinegård 

1986), and laminin (Grant et al. 1989). Of the 24 human integrin subtypes known to date, 

eight integrin dimers (αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, α5β1, α8β1, and αIIbβ3) recognise 

the RGD motif in ECM proteins, and many of these interactions have roles in cancer and 

metastasis (Schittenhelm et al. 2013; Nieberler et al. 2017). 

The mechanism of molecular activation and bidirectional signalling in integrins was 

unclear for a long time, but the structure of the extracellular domain of αvβ3 in the 

absence or presence of Cilengitide was solved in 2001 (Xiong et al. 2001; Xiong et al. 

2002). This data led to the discovery that the extracellular domains of αvβ3 have a resting 

state where the integrin head groups are bent towards the cell membrane. When a 

ligand binds, the structure rearranges at the hinge region of each subunit by a 

mechanism known as a ‘switchblade’. 

‘Inside-out signalling’ is initiated by intracellular signals by inducing talin binding and 

kindlin to the cytoplasmic domains of integrin β subunits. This activates the integrin 

allowing ligands to bind (Shen, Delaney, and Du 2012; Tadokoro et al. 2003; Moser et al. 

2008). ‘Outside-in signalling’ is between the ligands and the integrin, allowing the cell to 

sense and react to the extracellular environment (Ginsberg, Partridge, and Shattil 2005; 

Legate, Wickström, and Fässler 2009). Depending on the ligand-integrin interaction, 

outside-in signalling can induce cell spreading, retraction, migration, proliferation or 

survival (Shen, Delaney, and Du 2012). 

Because integrin-mediated cell attachment is involved in regulating and controlling cell 

growth, migration, differentiation, and apoptosis, the role of the RGD sequence is a topic 

of considerable research. The RGD binding subfamily of integrins is believed to play an 

important role in cancer progression and metastasis (Nieberler et al. 2017). Drugs based 

on the RGD structure are under investigation for thrombosis, osteoporosis, and cancer 

(Ruoslahti 1996). 

Although several integrins bind RGD motifs, there are differences in their specificity 

(Figure 11.4). The integrin αIIbβ3, which is expressed on platelets, is highly specific to 

adhesive proteins, such as fibrinogen/fibrin, prothrombin and plasminogen. Although, 
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like many other integrins, it recognises RGD, the motif must be in an extended 

conformation. αIIbβ3 specifically recognises ligands with a distance of 0.7–0.9 nm 

between the positively charged arginine residue and the carboxyl group of aspartate 

(Müller, Gurrath, and Kessler 1994). 

When the motif is kinked, however, the ligands tend to bind to other integrins such as 

αvβ3 and α5β1, but there is further specificity within these ligands with kinked RGD 

motifs. For example, both αvβ3 and α5β1 integrins bind kinked RGD motifs, but 

differences in the binding mode of the arginine side chain differentiate between ligands 

for each integrin. 

In αvβ3, the guanidine group of arginine on the RGD motif binds to the aspartate at 

position 218 (D218) of the α-subunit of αvβ3, forming a bidentate salt bridge in a side-

on interaction between the RGD and the integrin (Nagae et al. 2012). 

In α5β1 integrins, there is a side-on interaction between the guanidine group of arginine 

on the RGD motif and the aspartate at position 227 (D227) of the α-subunit of α5β1. 

However, in addition to this side on interaction, there is also an end on interaction with 

the glutamine at position 221 (Q221) of the α-subunit of α5β1 (Nagae et al. 2012; Kapp 

et al. 2017). 

Therefore, the integrins are selective for different integrins as specific ligands will 

interact side-on with the αv-pocket, but sterical hindrance does not allow them to also 

bind end on so they have a much lower affinity for α5β1 integrins but still have a high 

affinity for αvβ3 integrin. In contrast, those ligands that can perform both side on and 

end-on binding have a high affinity for α5β1 integrins (Kapp et al. 2016; Kapp et al. 2017). 
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Figure 11.4 RGD binding sensitivity in kinked and extended conformation adapted 
from Kapp 2017  

Crystal structures of α5β1 (top), αvβ3 (middle), and αIIbβ3 (bottom) in complex with 

RGD ligands.  
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11.3.6 Transdominant inhibitory functions of integrins 

Rapid changes in integrin affinity for extracellular ligands is essential for the 

development and function of multicellular animals (Calderwood et al. 2004). When an 

integrin is occupied, this can alter the conformation of the extracellular domain and 

function of other integrins and also lead to the partition of the occupied integrins into 

focal adhesions (Díaz-González et al. 1996). This is dependent on interactions between 

the cytoplasmic tail of the integrin beta subunit and the cytoskeletal protein talin. The 

crosstalk between integrins and other integrins or receptors is important across diverse 

cellular processes such as adhesion, spreading, migration, clot retraction, proliferation, 

and differentiation. Transdominant inhibition is one form of integrin crosstalk and is the 

process where a ligand binding to one integrin inhibits the activation of another integrin. 

This is due to competition for talin. 

These transdominant inhibitory effects are important to consider in the pharmacological 

inhibition of integrins. For example, in the case of αIIβ3 integrin, antagonists have 

successfully been used to directly inhibit adhesive functions with anti-platelet effects 

(Ley et al. 2016; Robinson and Hodivala-Dilke 2011; Dukinfield et al. 2019). In addition, 

Cilengitide has transdominant inhibitory functions at low dose, altering αvβ3 signalling 

to enhance recycling of VEGF‐receptor 2 (VR2), allowing increased VEGF stimulated 

angiogenesis as discussed in more detail later (Reynolds et al. 2009) 

11.3.7 The regulation of integrin/GFR function by endocytosis 

Trafficking of integrins through endocytosis has a role in regulating their function (Hynes 

2002; Caswell and Norman 2006; Pellinen and Ivaska 2006). Integrins undergo constant 

cycles of endocytosis and re-exocytosis (recycling to the surface) to control the 

availability of integrins on the plasma membrane. For some integrins, the majority of 

those at the surface can be removed within 30 minutes, but as they are slow to degrade, 

with a half-life of 12-24 hours (Lobert et al. 2010; Paul, Jacquemet, and Caswell 2015; 

Tiwari et al. 2011), most integrins are recycled to the surface (Paul, Jacquemet, and 

Caswell 2015; Bridgewater, Norman, and Caswell 2012). 

The transit of integrins through the endolysosomal system is controlled by Ras-related 

in brain (Rab) and ADP-ribosylation factor (Arf) family guanosine triphosphatase 

(GTPases). Their action, in turn, is controlled by cycles of GTP binding catalysed by 

guanine nucleotide exchange factors (GEFs) and guanosine triphosphate (GTP) hydrolysis 

catalysed by GTPase-activating proteins (GAPs). The Rab GTPases are responsible for 
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recruiting effector proteins which regulate cargo sorting, the binding of motor proteins 

and tethering, docking and fusion events (Zhen and Stenmark 2015). The Arfs are 

responsible for recruiting coat proteins that control vesicle budding and have roles in 

regulating phospholipid signalling and linking to motor proteins (Donaldson and Jackson 

2011; Hsu, Bai, and Li 2012). Integrins can interact directly with some Rab and Arf GTPase 

effectors as well as some Rab proteins allowing highly specific integrin traffic (Caswell 

and Norman 2006; Bridgewater, Norman, and Caswell 2012; De Franceschi et al. 2015). 

For example, integrin trafficking is essential for several different modes of cell migration. 

In migrating neutrophils, integrins are internalised at the rear of the cell and recycled to 

the leading edge (Lawson and Maxfield 1995; Pierini et al. 2000). Similarly, when cells 

divide, vesicular integrins move from the site of division (the cleavage furrow) to the 

leading edge allowing the daughter cells to move apart and redistribute (Pellinen et al. 

2008). However, in other cell types, such as epithelial cells and invasive cancer cells, 

much of the turnover of adhesion complexes (leading to integrin internalisation) 

happens towards the rear of the cell. In migrating epithelial cells, α5β1-integrin 

containing vesicles are trafficked along microtubules to the rear allowing the cell to 

orient itself and move towards guidance cues (Theisen, Straube, and Straube 2012). 

When cancer cells migrate through the ECM, active α5β1 integrin is endocytosed from 

the front of the cell, sorted in Rab25 endosomes and eventually, recycled back to the 

rear of the cell to enable forward movement of the trailing end (Dozynkiewicz et al. 

2012). 

11.3.8 Clustering of integrins at focal contact sites 

Focal adhesions are contact sites of cells to the surrounding ECM through 

transmembrane protein integrins. Integrins cluster at focal adhesions, and then 

structural and signalling proteins are recruited, such as kinases and phosphatases. They 

allow integrins to transduce physical forces into chemical responses within the cell 

(McCloskey 2011). Forces concentrate in the focal adhesion sites stimulate dimerization 

of integrins and recruitment of focal adhesion proteins such as paxillin, talin, and 

vinculin, connecting the focal adhesion to microfilaments and indirectly to microtubules 

and intermediate filaments. Forces applied to integrins also produce a stress-dependent 

increase in focal adhesion assembly mediated by small GTPase and Rho. Although 

integrins lack enzymatic activity, the forces applied to them activate many of the proteins 

with enzymatic activity at the focal adhesions leading to integrin-associated signalling 

cascades (McCloskey 2011). Integrin-mediated activation of Src and FAK, for example, 



67 
 

can regulate Rho GTPases, which then regulate the organization of actin cytoskeleton 

(Mitra, Hanson, and Schlaepfer 2005; Mitra and Schlaepfer 2006; Lu and Wang 2014). 

FAK (discussed in more detail later) was one of the first integrin signalling molecules to 

be identified. It acts as a phosphorylation-regulated signalling scaffold and is important 

in the cross-talk between growth-factor signalling and integrins as well as adhesion 

turnover, Rho-family GTPase activation and cell migration (Mitra, Hanson, and 

Schlaepfer 2005). It has a C-terminal focal-adhesion-targeting (FAT) domain that 

interacts with paxillin and talin. When integrins cluster, FAK is autophosphorylated, 

generating docking sites for SH2 domain-containing proteins such as Src, which are in 

turn activated and phosphorylate FAK to promote its kinase activity and interaction with 

other proteins (Harburger and Calderwood 2009). 

11.3.9 αvβ3 integrin 

αvβ3 is a promiscuous integrin binding to many different ligands; this promiscuity may 

be important in situations such as wound healing where the ECM is constantly changing, 

so function is more important than specificity (Alday-Parejo, Stupp, and Rüegg 2019). 

αvβ3 integrin expression is important in angiogenesis and present on all angiogenic 

endothelial cells; however, angiogenesis can be stimulated by two separate integrin 

signalling pathways which depend on different αv integrins αvβ3 and αvβ5 (Weis and 

Cheresh 2011). These pathways differ in their activation of the Ras/Raf/MEK/Erk 

pathway in blood vessels with the αvβ3 involving p21-activated kinase (PAK) whereas 

αvβ5 activates FAK and Src kinase (Weis and Cheresh 2011; Hood et al. 2003). αvβ3 

integrin is involved in angiogenesis stimulated by the angiogenic factors basic-FGF, TNF-

α and IL8 and is only present on growing blood vessels such as tumour, wound and 

inflammation vasculature, making it an interesting drug target (Hillen and Griffioen 2007; 

Brooks, Clark, and Cheresh 1994). αvβ3 recognises RGD containing proteins such as the 

ECM components vitronectin, fibronectin, fibrinogen and osteopontin. αvβ3 mediated 

signalling allows endothelial cell migration as it permits endothelial cells to bind to 

vitronectin, fibrinogen or osteopontin (Senger and Perruzzi 1996). In addition, 

proteolytically active MMP-2 on the surface of angiogenic blood vessels permits cell-

mediated collagen degradation, so allows migration of tip cells (Brooks et al. 1996). αvβ3 

has roles in sustaining growth factor-induced ERK signalling (Eliceiri et al. 1998), 

regulating the expression of COX-2 for activation of the small GTPases RAC-1 and Cdc-42 

required for endothelial cell migration (Dormond, Lejeune, and Ruegg 2002). αvβ3 

provides pro-survival signals making cells bound to vitronectin apoptosis-resistant by 
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activating signalling cascades such as FAK-PI3K-Akt, ERK (Wang and Milner 2006) and NF-

kB (Scatena et al. 1998). 

Integrin αvβ3 is a marker of human breast-tumour associated blood vessels and was 

therefore investigated in 1995 for its role in human angiogenesis and breast tumour 

growth (Brooks et al. 1995). Using severe combined immunodeficient (SCID) mice, they 

created a mouse/human chimeric model. Human, full-thickness neonatal skin was 

transplanted into the mouse. Once healed, the human breast carcinoma cell line MCF-

7PB, which was shown by Fluorescence-activated Cell Sorting (FACS) to be cells αvβ3-

negative, was injected intradermally. This tumour induced a human angiogenic response 

as measured by vascular cell immunoreactivity with the monoclonal antibodies LM609 

and P2B1 against human αvβ3 and CD31, respectively. Tumour bearing animals were 

injected intravenously with mAb LM609, an antagonist of αvβ3. The antibody either 

prevented tumour growth or markedly reduced tumour cell proliferation within the 

microenvironment of the human skin. The tumours treated with anti-αvβ3 antibody 

significantly reduced blood vessel density and appeared considerably less invasive than 

tumours in control animals. This suggested that αvβ3 plays a significant role in human 

angiogenesis and breast tumour growth and that antagonists to αvβ3 may provide an 

effective antiangiogenic approach for the treatment of human breast cancer. 

The β3 integrins are involved in many different physiological and pathological processes. 

As well as its roles in angiogenesis and tumour progression, αvβ3 also has roles in 

implantation, placentation and bone remodelling. The other member of the β3 subfamily 

of integrins comprises αIIbβ3 has roles in platelet aggregation and thrombosis. In 

addition to these integrin specific processes, the human bleeding disorder Glanzmann 

thrombasthenia (GT) is caused by defective genes for either the αIIb or the β3 subunit. 

In healthy platelets, their stimulation activates surface αIIbβ3, inducing platelet 

aggregation. In the case of GT, however, there is a severe reduction or complete lack of 

platelet aggregation in response to physiological antagonists that would normally induce 

it. GT patients who have defects αIIb have deficiencies in αIIbβ3 integrin, and those with 

a defective β3 gene have deficiencies in both αIIbβ3 and αvβ3 integrin (Coller, Seligsohn, 

and Little 1987). Patients with either of the faulty genes show similar phenotypes 

clinically, most notably, mucocutaneous haemorrhage. Therefore, it was essential to 

develop a mouse model in order to be able to further study β3 integrins. 
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The β3-integrin gene was disrupted in embryonic stem (ES) cells by homologous 

recombination creating three clones with the correct homologous recombination. These 

ES cells were injected into C57BL/6 blastocysts and transferred into pseudopregnant 

females. When the litters from each of these clones were crossed with wildtype C57BL/6 

females, chimaeras from two of the clones had germline transmission producing 

heterozygous litters. These heterozygotes were intercrossed, creating viable, fertile 

homozygous β3-null mice (Hodivala-Dilke et al. 1999).  

These mice accurately model the features of GT with defective platelet aggregation and 

clot retraction, prolonged bleeding times, and cutaneous and gastrointestinal bleeding. 

Implantation into the uterine wall is not affected by the mutation, but placental defects 

occur and lead to foetal mortality. In addition, postnatal haemorrhage leads to anaemia 

and reduced survival (Hodivala-Dilke et al. 1999). This model demonstrates the critical 

role of β3 integrin in healthy physiology and wound repair and facilitated the study of 

the physiological and pathological functions of β3 integrin. This model also helped 

further research into the role of αvβ3 integrin in cancer and unveiled the clinically 

important transdominant inhibitory response of β3 integrin inhibition. It was previously 

thought that αvβ3 and αvβ5 were likely to be critical modulators of angiogenesis as they 

are expressed in vascular sprouts, and their inhibition suppresses neovascularization and 

tumour growth (Brooks, Clark, and Cheresh 1994; Brooks et al. 1994; Brooks et al. 1995). 

However, using the β3 null mouse and a dual β3 and β5 knockout model, it was 

demonstrated that these animals support tumorigenesis and, in fact, have enhanced 

tumour growth. In fact, the tumours in these models have enhanced angiogenesis 

compared to WT animals which suggested that neither αvβ3 nor αvβ5 integrin is 

essential for neovascularization. The angiogenesis in response to hypoxia and VEGF were 

also increased in the absence of β3 integrins. Although the expression and function of 

other integrins did not appear to be altered, the levels of VR2 were enhanced in β3 null 

cells (Reynolds et al. 2002). 

11.3.10 αvβ5 integrin 

Integrin αvβ5 is also constitutively expressed on vascular endothelium but in contrast to 

αvβ3, which is required for basic-FGF/TNF-α stimulated angiogenesis, αvβ5 integrin 

function is necessary for angiogenesis induced by VEGF or transforming growth factor α 

TGF-α requires (Friedlander et al. 1995; Weis and Cheresh 2011). While in many ways, 

the role of αvβ5 is similar to that of αvβ3, VEGF, acting through αvβ5, promotes vascular 

permeability while basic-FGF in the αvβ3 pathway does not (Weis et al. 2004; Criscuoli, 
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Nguyen, and Eliceiri 2005). As increased permeability promotes metastasis, this suggests 

αvβ5 may promote the formation of metastases (Avraamides, Garmy-Susini, and Varner 

2008). 

11.3.11 αvβ6 integrin 

αvβ6 integrin is an epithelial-specific integrin that has been the target of significant 

research. It is not expressed in healthy adult epithelial cells but is upregulated in wound 

healing and cancer. It is a receptor for a number of ECM proteins, including fibronectin, 

vitronectin, tenascin and an RGD motif on the latency-associated peptide (LAP) of TGF-

β. It has roles in invasion, inhibiting apoptosis, regulation of MMP expression in the 

matrix and TGF-β1 activation, and it is thought to promote cancer progression 

(Bandyopadhyay and Raghavan 2009). 

11.3.12 αIIbβ3 integrin 

As previously mentioned, αIIbβ3 integrin is a platelet specific integrin involved in 

aggregation. Although it is not expressed on endothelial cells or pericytes, it still has a 

role in angiogenesis. 

Platelets are small, anuclear blood cells that function to react to form blood clots in 

response to bleeding from blood vessel injury (Laki 1972). Under normal physiological 

conditions, circulating platelets do not interact with vessel walls, but in response to 

vascular injury or activation of the endothelial cells exposing the underlying ECM, 

platelets start to adhere, leading to thrombus formation. The initial platelet adhesion 

occurs through the of formation transient bonds between glycoproteins on the platelets 

and endothelial cells (Ruggeri 2002). This initial transient adhesion slows down the 

platelets, but they need to quickly form stable adhesions in order to activate and form a 

thrombus. This process is through the interaction of integrins (Kisucka et al. 2006), and 

this rapid appearance of platelets at vascular injury sites is thought to trigger 

angiogenesis (Pinedo et al. 1998). 

11.3.13 Other integrins with roles in angiogenesis and cancer 

Many other integrins have been shown to have essential roles in angiogenesis and 

cancer, including αvβ1, αvβ8, and α5β1. αvβ1 and αvβ8, like αvβ6 bind to the RGD motif 

of LAP and activate TGF-β1 in vitro, they are thought to also have a role in TGF-β 

activation in vivo. αvβ8 has also been shown to be expressed by murine Tregs, and when 

knocked out, the Itgb8−/− T-regs fail to activate TGF-β1 in vitro and in vivo, while the 

transfer of wildtype Tregs would rescue colitis, transfer of Itgb8−/− T-regs completely 
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fails to do so (Worthington et al. 2015). Therefore, inhibition of αvβ8 is being 

investigated for its potential to block immunosuppression in cancer (Stockis et al. 2017). 

α5β1 and its ligand fibronectin are upregulated on tumour blood vessels, increasing 

angiogenesis. α5β1 integrin has been shown to mediate both metastasis and 

angiogenesis invasion (Yao, Veine, and Livant 2016). 

11.3.14 Integrin inhibition in cancer treatment 

Integrins, especially the αv family, are involved in cancer cell functions, including 

proliferation, survival, migration, invasion, and metastasis. Integrins also have roles in 

the tumour microenvironment that promote progression and metastasis, such as tumour 

angiogenesis, remodelling the matrix and recruiting immune and inflammatory cells. 

Therefore, integrins are a compelling target for cancer therapy. Inhibition of integrin 

αvβ3/αvβ5 and α5β1 showed promising results preclinically but have had mixed results 

in clinical trials (Alday-Parejo, Stupp, and Rüegg 2019). For example, the level of integrin 

α5β1 and its ligand fibronectin are upregulated in human tumour biopsies (Kim et al. 

2000) and have important roles in angiogenesis which increase tumour growth in vivo. 

Antibody, peptide and novel nonpeptide antagonists of α5β1 can block angiogenesis that 

is induced by multiple factors but have little effect on VEGF induced angiogenesis in 

murine and chick embryo models. They have also been shown to inhibit angiogenesis in 

human tumour xenografts in mice. (Kim et al. 2000). The targeted peptide inhibitor of 

activated α5β1, Ac-PHSCN-NH2 (PHSCN), was developed to exploit these effects. It was 

used in phase I clinical trials to impede both metastatic invasion and neovascularization 

of breast cancers to the bone, which is a very common complication of breast cancer. 

When used as a monotherapy, PHSCN prevented disease progression for up to 14 

months (Yao, Veine, and Livant 2016). As many integrins recognise the RGD motif, the 

development of inhibitors to target this sequence gave great hope, especially for the 

ability to inhibit tumour angiogenesis (Curley, Blum, and Humphries 1999; Alday-Parejo, 

Stupp, and Rüegg 2019). 

One such inhibitor was RGD competitive αVβ3/αVβ5 Cilengitide, developed as an anti-

angiogenic anti-cancer drug but with disappointing results clinically (Stupp et al. 2014; 

Chinot 2014). 

11.3.15 Cilengitide 

Cilengitide is an αvβ3/αvβ5 integrin-specific RGD-mimetic cyclic peptide (Yamada et al. 

2006; Nisato et al. 2003b), an inhibitor of angiogenesis that was developed in the early 
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90s by spatial screening (Mas-Moruno, Rechenmacher, and Kessler 2010; Stupp et al. 

2014). It is a selective αvβ3 and αvβ5 integrin inhibitor, and phase two clinical trials 

suggested that, as a single agent, it had anti-tumour activity in recurrent glioblastoma 

and in combination with standard temozolomide chemoradiotherapy, it was effective in 

newly diagnosed glioblastoma (Nabors et al. 2012). However, phase three clinical trials 

showed that the addition of Cilengitide to temozolomide chemoradiotherapy gave no 

improvement to survival, so the clinical trials were discontinued (Stupp et al. 2014). In 

addition to the problems commonly faced with anti-angiogenic treatments, Cilengitide 

faced an additional problem. At very low concentrations, it is pro-angiogenic (Reynolds 

et al. 2009), meaning that it is likely to have had both anti- and pro-angiogenic effects 

clinically. While this caused Cilengitide to fail clinical trials as an antiangiogenic drug, its 

pro-angiogenic features may be advantageous if exploited in the correct setting, and we 

later discuss the repurposing of this drug. 

11.4 Focal Adhesion Kinase (FAK) 

11.4.1 Focal adhesion kinase 

Focal adhesion kinase (FAK) is a 125kDa non-receptor tyrosine kinase that is ubiquitously 

expressed in the majority of cell types where it has roles in motility, adhesion, survival, 

growth, invasion and sensing rigidity in the environment (Lechertier and Hodivala-Dilke 

2012; Brami‐Cherrier et al. 2014). It is over expressed in many cancers, both solid and 

non-solid (Sulzmaier, Jean, and Schlaepfer 2014; Vita 2010), and is, therefore, a 

promising drug target. 
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Figure 11.5 FAK structure and function. 

FAK consists of a tyrosine kinase between two non-catalytic domains; the 4.1 ezrin 

radixin moesin (FERM) domain and the focal adhesion targeting (FAT) domain. FAK 

is maintained in an inactive form until activated in the following sequence of events: 

(1) clustered integrins of ligand-bound growth factors produce signals that bind to 

the FERM domain releasing the autoinhibitory interaction between FERM and the 

kinase domain, this allows ATP to bind, activating FAK, (2) FAK then 

autophosphorylates tyrosine (Y) 397 (3) which increases the affinity of Src homology 

2 (SH2) allowing Src to bind, (4) Src transphosphorylates FAK at several sites 

including the key residues Y861 and Y925, (5) phosphorylation at Y861 allows 

p130cas to bind and phosphorylate itself, (6) activated FAK signalling has 

downstream effects on changing cell morphology and behaviour allowing changes 

in survival, growth, invasion, motility and behaviour and focal adhesion turnover. 

Figure from Lechertier T and Hodivala-Dilke K., Journal of Pathology, 2012. 
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11.4.2 Focal Adhesion kinase structure 

FAK consists of a tyrosine kinase between two non-catalytic domains; the 4.1 ezrin 

radixin moesin (FERM) domain and the focal adhesion targeting (FAT) domain. FAK 

receives activating signals which bind to the FERM domain leading to tyrosine 194 (Y194) 

and tyrosine 397 (Y397) phosphorylation, increasing the affinity for Src homology 2 (SH2) 

allowing Src to bind. This increases the kinase activity of Src, initiating the formation of 

an active FAK-Src complex phosphorylating the FAT domain and allowing the binding of 

downstream signalling proteins (Zhou et al. 2015; Lawson and D Schlaepfer 2013) (Figure 

11.5). 

FAK’s control of cell motility, invasion, survival and EMT are kinase-dependent, but FAK 

also has kinase-independent roles; its scaffolding functions influence cell survival and 

breast cancer stem cell proliferation (Sulzmaier, Jean, and Schlaepfer 2014; Luo et al. 

2013). Inhibitors of both the kinase domain and scaffolding functions of FAK mechanism 

have been developed and tested preclinically and clinically (Yoon et al. 2015). It is 

important to understand whether the mechanism is kinase-dependent to be able to 

target endothelial cell FAK for chemotherapy sensitivity in vivo. Pfizer’s PF-573,228, like 

most FAK inhibitors, is an adenosine triphosphate (ATP)-competitive kinase inhibitor. It 

is highly specific to FAK kinase (Mabeta 2016) with an IC50 of 4nM for FAK and >1000 nM 

for Protein tyrosine kinase 2 (Pyk2) (Slack-Davis et al. 2007). Concentrations of PF-

573,228 that reduced phosphorylation of FAK Tyr397 in REF-52 and PC3 cells inhibited 

migration suggesting focal adhesion turnover was inhibited but had no effect on growth 

or apoptosis. Importantly, mice lacking platelet FAK have a platelet aggregation defect 

which PF-573,228 recapitulates on human platelets in vitro, so could have deleterious 

effects clinically and failed to pass preclinical testing (Jones et al. 2009; Schultze and 

Fiedler 2011). The kinase inhibitors PF-562,271 and defactinib inhibit both FAK and Pyk2 

kinase (Gerber et al. 2020; Roberts et al. 2008). PF-562,271 inhibits FAK and Pyk2 activity 

with IC50s of 1.5 nM and 14 nM, respectively and inhibits tumour growth in a range of 

xenograft models (Chauhan and Khan 2021; Roberts et al. 2008). It also reduces invasion 

and metastasis in pancreatic ductal adenocarcinoma (PDAC) and optical window 

chamber (Canel et al. 2010; Stokes et al. 2011) in vivo models. It was generally well-

tolerated in phase I clinical trial of patients with head and neck, prostatic and pancreatic 

cancer but did not progress to phase II or III (Schultze and Fiedler 2011). Defactinib, which 

is a highly potent inhibitor of both FAK Pyk2 (IC50=0.6nM for both kinases (Shimizu et al. 
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2016), is well tolerated clinically with few adverse effects reported, so it has progressed 

to phase II clinical trials (Jones et al. 2015; Gerber et al. 2020; Fennell et al. 2019). In 

phase II trials, defactinib was moderately active in Kras mutant non-small cell lung 

carcinoma but, as a maintenance therapy, it did not meet the clinical trial outcome 

(Gerber et al. 2020). However, preliminary results of a phase I/Ib ovarian cancer trial of 

defactinib with paclitaxel demonstrated the potential of defactinib  (Patel et al. 2014). 

In contrast, to the kinase inhibitors are protein scaffold inhibitors such as Y11 and Y15 

(Cure FAKtor). These inhibit the autophosphorylation of FAK at Y397 and have been 

shown to reduce cell viability in a variety of cancer cell lines (Yoon et al. 2015). 

11.4.3 The Pdgfb-iCreert model 

As constitutively active FAK mutations are embryonically lethal, to be able to study the 

effects of FAK mutation in adult mice, an inducible model is required. This problem is 

common to many molecular mechanisms in vascular biology, and therefore, Claxton et 

al. (Claxton et al. 2008) developed a system for creating inducible, endothelial-specific 

mutant mice. 

To develop this model, they used Cre recombinase, tyrosine recombinase enzyme 

derived from the P1 bacteriophage, which catalyses a recombination event between two 

DNA recognition sites known as locus of X-over P1 (LoxP sites). LoxP sites are 34 base 

pair recognition sites made up of two 13 bp palindromic sequences flanking an 8bp 

spacer region. The product of Cre-mediated recombination at these sites depends on the 

location and orientation of the loxP sites. When separate DNA species contain loxP sites, 

the DNA can be fused when Cre cuts at the loxP sites. When DNA sequences contain two 

loxP sites, the DNA in between is described as ‘floxed’ and will be excised by Cre-

recombinase in a process that does not require any accessory proteins or additional 

cofactors (such as ATP) (Nagy 2000; Abremski and Hoess 1984). 

Cre recombinase was derived from a bacteriophage; mammalian codon usage was 

applied to it so that Cre expression was improved in three mammalian cell lines tested. 

In addition, as Cre is derived from prokaryotes, it contains a large number (65) 5'-

cytosine-phosphate-guanine-3 (CpG) dinucleotides which, in mammals, can cause 

epigenetic silencing (Jabbari and Bernardi 2004; Tycko 2000). Therefore, the number of 

CpG repeats was reduced. This improved Cre gene is known as iCre (Shimshek et al. 2002) 

(Figure 11.6 A). 
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Tamoxifen is a selective oestrogen receptor modulator commonly used to treat and 

prevent oestrogen receptor (ER) positive breast cancer (NIH 2021). The iCre was fused 

with a mutant form of the human oestrogen receptor (ERT2) that does not respond to 

naturally occurring oestrogen but is responsive to the tamoxifen metabolite 4-

hydroxytamoxifen (OHT). This created a tamoxifen-inducible form of Cre recombinase, 

known as iCreert (Figure 11.6 B). 

In order to make transgenic mice that express this tamoxifen-inducible Cre specifically in 

endothelial cells, Pdgfb was used as it is predominantly expressed in the endothelial cells 

(Hellstrom et al. 1999). This was done by using a phage artificial chromosome (PAC) 

containing the Pdgfb gene to develop Pdgfb-iCreert mice (Figure 11.6 C). PAC is a DNA 

construct derived from the P1 bacteriophage that can carry up to 300 kb of DNA and be 

used for Cre-lox recombination (Yarmolinsky and Hoess 2015; Sternberg 1990). The PAC 

containing genomic sequences up and downstream of the Pdgfb gene was used to create 

the transgenic mice by pronuclear injection. This contained all of the regulatory 

sequences required to drive the iCreert. When there is no 4-Hydroxytamoxifen (OHT) 

present, iCreert remains sequestered by HSP90 in the cytoplasm of the cell. However, 

when OHT is administered, iCreert translocates to the nucleus, where it mediates 

recombination at loxP sites (Claxton et al. 2008). 

To test the efficiency of the tamoxifen-induced iCre recombinase, they used ROSA26-

lacZ reporter and found that, in newborn animals, recombination occurred in the 

majority of capillary and small vessel endothelial cells in most organs, including the 

central nervous system (CNS). In adult mice, the recombination was also widespread 

across capillaries of skeletal muscle, heart, skin, and gut, but in the central nervous 

system, only a subpopulation of the total endothelial cells was labelled. To test whether 

the recombination would also occur in implanted cells, they used a subcutaneous 

tumour model and found that recombination activity in all tumour blood vessels. 

Therefore, the Pdgfb-iCreert mice became a valuable tool to manipulate endothelial cell 

biology in postnatal mice and to study tumour angiogenesis. 

As discussed in more detail for endothelial cell FAK kinase-dead model, the Pdgfb‐iCreert 

mice allow different mutations to be put under the control of the Pdgfb promoter (Figure 

11.6 D). This means that when tamoxifen induces the Cre recombinase activity, the 

mutations become active in endothelial cells (Claxton et al. 2008). 
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For example, the FAKfl/fl mouse has two loxP sites (LP2) flanking the exon that codes for 

FAK protein. This enables FAK-deletion under the control Cre (McLean et al. 2004), and 

therefore, crossing this mouse with the Pdgfb-iCreert mouse puts FAK expression under 

the control of the Pdfgb-driven Cre production and tamoxifen-induced Cre activity in 

endothelial cells only (Tavora et al. 2010). 

The Pdgfb-iCreert model can also be used for more complex manipulation of FAK, 

including the FAK the series of FAK knockin (KI) models produced by Tavora et al. (Tavora, 

Batista, et al. 2014). In these models, mutant FAK is knocked in in the endothelial cells 

on Tamoxifen induction. The mutant FAK is either kinase-dead, has tyrosines Y397 or 

Y861 sites replaced with phenylalanine (Y397F or Y861F), making them 

unphosphorylatable or a mutant Y397E resulting in a continuously active Y397 (Tavora, 

Batista, et al. 2014). 

The Pdgfb-iCreert;FAKfl/fl;R26 FAKK454R/K454R model, which renders endothelial cells FAK-

kinase dead under the temporal control of tamoxifen, is discussed further in the methods 

section. 
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Figure 11.6 Pdgfb-iCreert model development 

The Pdgfb-iCreert model was developed by (A) adapting phage Cre recombinase to iCre 

for mammalian use, (B) adapting iCre to iCreert to enable Cre activation only after 

exogenously administered tamoxifen that is metabolised OHT, (C) making iCreert 

endothelial specific under the Pdgfb promotor. (D) This model can then be used to make 

a range of mutations endothelial specific and tamoxifen inducible with examples given. 

These are examples of crosses using the Pdgfb-iCreert mice that we have generated in 

our lab (Tavora et al. 2010; Tavora, Batista, et al. 2014). 

. 
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11.4.4 Phosphorylation of endothelial cell FAK 

The expression of FAK in endothelial cells is vital for angiogenesis initiation (Tavora et al. 

2010; Weis et al. 2008), but the level of differential phosphorylation at Y397 and Y861 

also regulate tumour angiogenesis (Tavora et al. 2010; Weis et al. 2008; Tavora, 

Reynolds, et al. 2014).  The phosphorylation of FAK Y397 is crucial developmentally.While 

FAK-null mice die at embryonic day 8.5, animals with FAK Y397 deleted by linker domain 

truncation mutation survive little longer, dying at E13.5-E14.5 (Corsi et al. 2009) and 

animals with Y397 substituted with a non-phosphorylatable phenylalanine (Y397F) die 

by E11.5 (Heim et al. 2017) this is due to the essential role of FAK Y397phosphorylation 

in angiogenesis making it a requirement for development in utero. 

FAK Y397 phosphorylation also plays a major role in cancer development. The small-

molecule inhibitor 1-(2-hydroxyethyl)-3, 5, 7-triaza-1-azoniatricyclo [3.3.1.13,7] decane; 

bromide named Y11 was developed through computer modelling of FAK. It binds to the 

N-terminal of FAK, targeting the Y397 site, specifically and significantly decreasing FAK 

Y397 autophosphorylation. In vitro, it reduces viability and clonogenicity while increasing 

apoptosis and detachment of cancer cell lines. In mice with colon cancer cell xenografts, 

it reduces Y397-FAK autophosphorylation correlating with reduced tumour growth 

(Golubovskaya et al. 2012). Therefore, FAK Y397 autophosphorylation is considered a 

target for cancer therapy. 

Tumour growth and angiogenesis are reduced in inducible pdgfb-iCreert ECCre+; 

FAKY397F/Y397F mutant mice which have the tyrosine residue 397 mutated to a 

phenylalanine preventing normal phosphorylation at this site. In contrast, in 

ECCre+;FAKY861F/Y861F mice, where the mutation is at Y861, there is an initial reduction in 

angiogenesis but is restored later in end-stage tumours, and overall tumour growth is 

not affected. FAK-Y397F ECs have increased levels of the expression of angiogenesis 

regulator Tie2, reduced Vegfr2 expression, decreased activation of integrin β1, and 

disruption of downstream FAK/Src/PI3K(p55)/Akt signalling. Whereas FAK-Y861F ECs 

have both decreased levels of Vegfr2 and Tie2 expression and enhanced β1 integrin 

activation. Mutations preventing Y397 or Y861 from being phosphorylated both regulate 

Vegfr2 and Tie2 expression and β1 integrin activation but in contrasting ways. Therefore, 

it was hypothesised that the differential phosphorylation of FAK regulates sensitivity to 

angiogenic growth factors through an inside-out signalling cascade. The exact 

mechanism by which this differential regulation is controlled is not known however, in 

the FAK-Y397F animals, Src binding to FAK and all subsequent phosphorylation is 
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impaired (Figure 11.5). In contrast, in the FAK-Y861F animals, the autophosphorylation 

of FAK at Y397 is not impaired meaning that Src binding to FAK is not affected but Src 

phosphorylation of Y861 and anything downstream of this is affected (Figure 11.5). In 

addition to phosphorylating FAK-Y861, Src also phosphorylates FAK-Y925 once bound to 

FAK. Therefore, in the FAK-Y861F animals, where Src binding is intact, it may be expected 

that Y925 phosphorylation is not affected. However, in practice, phosphorylation of FAK-

Y925, is much reduced in FAK-Y861F mice compared to wildtype animals. The reason for 

this is unknown but suggests that a downstream effect of Y861 phosphorylation impacts 

the phosphorylation of FAK-Y925 by Src. For example, it may be that the phosphorylation 

of FAK-Y861 causes a conformational change in FAK opening up the structure to facilitate 

Y925 phosphorylation. (Pedrosa et al. 2019). It is currently unclear how this differential 

phosphorylation controls the expression of surface receptors such as Tie. However, FAK 

activity regulates the recycling, degradation and surface expression of integrins thereby 

controlling its activation (Thomas et al. 2010; Alanko et al. 2015; Nader, Ezratty, and 

Gundersen 2016; Alanko and Ivaska 2016; Pedrosa et al. 2019). Therefore, it is 

hypothesised that FAK may control the surface expression of receptors of Vegfa and 

ANG2 through a similar control of recycling and degradation. Alternatively, the 

differences in Tie2 and Vegfr2 expression may be a result of differences in β1 integrin 

activation. Adhesion mediated by FAK and integrins is known to influence the surface 

expression of proteins (Lebrun et al. 2000) so the differences in Tie2 and Vegfr2 

expression may be due to adhesion mediated by β1 integrin (Pedrosa et al. 2019). The 

differential control of Tie2 expression may be important in the maturation of blood 

vessels as reduced endothelial cell Tie2 expression correlates with decreased vascular 

perfusion and function (Tsai and Lee 2009). Kinase and non-kinase functions of FAK. 

The kinase-dependent roles of FAK are activated by autophosphorylation of Y397. Most 

functions of FAK in cancer, including cell motility, invasion, cell survival and 

transcriptional events promoting epithelial-to-mesenchymal transition (EMT), are 

kinase-dependent (Sulzmaier, Jean, and Schlaepfer 2014). However, many roles of FAK 

are also supplemented by kinase-independent roles. For example, mammary stem cells 

(MaSCs) and progenitor cells are essential for the healthy development and maintenance 

of mammary glands but may also become mammary cancer stem cells. Loss of the kinase 

activity of FAK in embryonic mammary epithelial cells decreases alveologenesis and 

proliferation of luminal progenitor cells. Reduced numbers of luminal progenitors 
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suppressed tumorigenesis and formation of mammary cancer stem cells in a mouse 

model of breast cancer (Luo et al. 2013). 

In addition, FAK is also known to have scaffolding functions which are kinase-

independent and influence cell survival and the proliferation of breast cancer stem cell 

proliferation (Sulzmaier, Jean, and Schlaepfer 2014). 

11.4.4.1 Nuclear functions of FAK 

In addition to its cytoplasmic kinase roles, nuclear FAK also has essential roles. It 

promotes the ubiquitination and subsequent degradation of p53, leading to the growth 

and proliferation of cancer cells. It also regulates the expression of the transcription 

factor GATA4 and the cytokine interleukin 33 (IL-33), reducing inflammatory responses 

and promoting immune escape (Zhou, Yi, and Tang 2019). FAK mediation of cell survival 

combines nuclear and scaffolding roles in the nucleus, using its FERM domain, where it 

acts as a scaffold binding both p53 and the E3 ubiquitin ligase mouse double minute 2 

(Mdm2). This allows the ubiquitination and degradation of p53, leading to enhanced cell 

survival (Cance and Golubovskaya 2008; Lim et al. 2008). 

11.4.5 Focal Adhesion kinase in tumour and stromal cells 

Originally, most work on FAK focused on mechanisms for chemotherapy resistance in 

tumour cells with important roles in cancer cell survival, anoikis resistance (Kim et al. 

2012; Reddig and Juliano 2005), proliferation, migration, invasion and metastasis (Tai, 

Chen, and Shen 2015). However, it is now accepted that in the tumour 

microenvironment FAK has a strong influence on cancer; it is required for motility of 

TAMs, which suppress tumour cell attack by T cells and natural killer (NK) cells, stimulates 

angiogenesis and increases invasiveness, migration, and metastasis (Noy and Pollard 

2014). FAK is also involved in the regulation of CAFs, which secrete chemokines and 

growth factors enabling cancer development via a protumour microenvironment for 

cancer, endothelial, and inflammatory cells (Kalluri and Zeisberg 2006). 

11.4.6 Endothelial cell FAK 

Deletion of endothelial cell FAK in Tie-Cre 2 mice results in embryonic lethality between 

e10.5 and e11.5. Before any other defects are apparent at e9.5, the capillaries and inter-

capillary spaces in yolk sacs dilate, suggesting an endothelial cell defect (Braren et al. 

2006). Similarly, a global knock-in kinase-dead mutation is lethal at embryonic day 9.5 

with vascular defects (Lim, Chen, et al. 2010), demonstrating that FAK has a role in blood 

vessel morphogenesis, cell polarity and motility (Roy-Luzarraga and Hodivala-Dilke 
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2016), and the kinase domain is responsible for the control of many endothelial cell 

processes.  

Endothelial cells form a vascular barrier between the blood and tissue by forming cell-

cell adhesive interactions. Many soluble molecules can disrupt this barrier function, 

which often increases tissue damage in cancer and ischaemic reactions. For example, in 

cancer, leaky blood vessels cause the release of fibrin, attracting the materials required 

to create new blood vessels; it also causes an increased interstitial pressure which adds 

to the difficulty in drug delivery (Weis and Cheresh 2005). VEGF signalling promotes 

permeability in a FAK dependent manner; it stimulates the activation of FAK into an open 

conformation which localises to the VE cadherin cell-cell junctions so that the FERM 

domain of FAK binds to the cytoplasmic tail of VE-cadherin in the endothelial cell. FAK 

then phosphorylates β catenin on tyrosine Y142, allowing VE-cadherin to dissociate from 

β-catenin, breaking down the endothelial cell junction (Chen et al. 2012). 

11.4.7 FAK in metastasis 

Metastasis requires tumour cell intravasation into blood or lymph vessels and 

extravasation at the metastatic site (Chiang and Massagué 2008); therefore, 

compromising the barrier function of endothelial cells facilitates metastasis as it enables 

extravasation. Inhibition of FAK has been demonstrated to prevent both tumour growth 

and metastasis. FAK inhibition prevents the migration of tumour cells across endothelial 

cell barriers and prevents the extravasation of tumour cells and the metastasis of 

melanoma from dermal to lung (Jean et al. 2014). 
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11.4.8 FAK-regulated immune responses 

FAK also has a role in the regulation of immune responses in the TME, promoting tumour 

immune evasion. In syngeneic mouse model of squamous cell carcinoma (SCC), the kinase 

activity of nuclear FAK regulates the production of chemokines and cytokines. This control 

of the immune component is through nuclear FAK binding to transcription factors and 

their upstream regulators within the chromatin. This interaction increases the production 

of chemokine (C-C motif) ligand 5 (CCL5), IL-33 and a soluble, secreted form of the IL-33 

receptor interleukin 1 receptor-like 1 (ST2) called soluble ST2 (sST2). IL-33 forms a 

complex with FAK which interacts with chromatin modifiers to induce NF-κB activation 

which promotes transcription of chemokines including CCL5, thereby further increasing 

the CCL5 production. The production of CCL5 leads to recruitment of Tregs and depletion 

of CD8+ T cells in the TME. CD8+ T cell activity is inhibited allowing immune evasion in 

tumours with high levels on nuclear FAK. In FAK-positive SCC cells, there is a significant 

increase in IL-33 and CCL5 levels, but there was no difference in their production in normal 

keratinocytes. In addition, treatment of mice in this model with the FAK kinase inhibitor 

VS-4718 induces CD8+ T cell production and Treg depletion promoting an anti-tumour 

immune response (Serrels and Frame 2016; Serrels et al. 2015; Kurmasheva et al. 2017; 

Serrels et al. 2017).The vascular niche and chemoresistance 

The vascular niche is a microenvironment created by the blood vessels and surrounding 

cells. In addition to the angiocrine signalling of endothelial cells stimulated by DNA 

damaging therapies, there are additional pro-tumorigenic signals that can come from the 

vascular niche. For example, VEGF-A activation of endothelial cells signals leukaemic cells 

to proliferate at higher rates and increases adhesion of the leukaemic cells to endothelial 

cells. In addition, the activated endothelial cells increase the chemotherapy resistance 

of the leukaemic cells (Poulos et al. 2014). Cao et al. (Cao et al. 2014) suggest a 

mechanism for the promotion of aggressive cancers by endothelial cells. They propose 

that in lymphoma, B cell lymphoma cells activate FGFR1 to produce FGF-4. This 

upregulates the Notch ligand Jagged1 (Jag1) on nearby endothelial cells. The endothelial 

cells upregulate Jag1 expression inducing the expression of Notch2-Hey1 in the 

lymphoma cells. This crosstalk allows the growth of the more aggressive 

CD44+IGF1R+CSF1R+ phenotypes of lymphoma cells. They demonstrate that deletion of 

Fgfr1 or Jag1 in endothelial cells or impairing Notch2 signalling made lymphomas less 

aggressive and increased survival. Therefore, the vascular niche is a valuable target in 

cancer therapy. 
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In addition, the endothelial cells are involved in the creation of a chemoresistant niche 

in response to genotoxic therapy. In a model of Burkitt’s Lymphoma, IL-6 and Timp-1 are 

released from the thymus in response to DNA damage. This creates a chemo-resistant 

niche promoting lymphoma cell survival and eventual relapse (Gilbert and Hemann 

2010). Small molecule inhibition of cytokine-induced signalling can help to mitigate this 

response, enhancing chemotherapeutic efficacy. Gilbert et al. show that the IL-6 release 

results from p38 MAP Kinase activation in tumour-associated endothelial cells 

immediately after DNA damage and occurs in treated human endothelial and 

hepatocellular carcinoma cells, suggesting it is a constant response. This rapid cytokine 

release in the thymus precedes cellular senescence induction, promoting sustained 

cytokine release in cultured cells (Acosta et al. 2008; Coppé et al. 2008; Kuilman et al. 

2008; Wajapeyee et al. 2008). Therefore, in addition to their anti-cancer effects, 

genotoxic drugs can have an opposing effect, inducing pro-survival signalling in select 

anatomical sites so that there is a reservoir of minimal residual disease that eventually 

fuels tumour relapse (Gilbert and Hemann 2010). 

11.4.9 Pyk2 

Pyk2 is the closest paralogue of FAK (Corsi et al. 2006; Naser et al. 2018) and can often 

compensate for FAK, including during pharmacological inhibition of FAK (Sieg et al. 1998; 

Weis et al. 2008). Pyk2 has a similar structure and function to FAK, sharing a high degree 

of sequence homology, especially at the N-terminus and kinase domain (Kanner, Aruffo, 

and Chan 1994; Avraham et al. 1995; Sasaki et al. 1995). Similar to FAK, Pyk2 has an 

autophosphorylation site, which can serve as a Src SH2-domain binding site when it is 

phosphorylated (Dikic et al. 1996). Both proteins are also involved in signalling to the 

actin cytoskeleton, although only FAK typically localizes to focal adhesions (Sasaki et al. 

1995; Astier et al. 1997; Guan 1997). 

However, its distribution in tissues differs; FAK is ubiquitously expressed, whereas Pyk2 

is predominantly expressed in the brain, osteoclasts, macrophages and lymphocytes 

(Beinke et al. 2010). Where they are co-expressed, there may be redundancy as both 

perform similar roles; however, in certain situations, their roles can differ and even 

contrast. Their activation differs in that FAK is primarily activated in response to integrin 

activation, whereas Pyk2 may be activated by stress, calcium flux or ligation of B and T 

cell receptors (Avraham et al. 2000). Furthermore, they contrast in that while FAK 

activation promotes cell survival and cell cycle progression, Pyk2 activation generally 

inhibits both cell cycle progression and survival (Xiong and Parsons 1997; Chauhan et al. 
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Therefore, although in many cases, dual inhibition of FAK and Pyk2 may be helpful to 

achieve the therapeutic effects desired, in specific tissues and circumstances where FAK 

and Pyk2 have contrasting roles, specific inhibition of FAK or Pyk2 in isolation may be 

more helpful (Naser et al. 2018). 

In the case of endothelial cells, Pyk2 has also been reported to be expressed and, in some 

circumstances, may compensate for FAK (Weis et al. 2008). However, when FAK 

expression is heterozygous in endothelial cells, Pyk2 expression and phosphorylation 

levels do not change, demonstrating that it does not compensate for this reduction in 

FAK levels (Kostourou et al. 2013). 

11.5 Angiocrine signalling / EC-FAK regulating chemosensitivity 

We have previously shown that targeting endothelial cell FAK can sensitise tumours to 

DNA damaging therapies, reducing their growth and increasing survival (Tavora, 

Reynolds, et al. 2014) (Figure 11.7). Pdgfb-iCreert;Fakfl/fl mice are an inducible model of 

endothelial cell-specific FAK deletion, and administration of tamoxifen generates 

ECFAKKO (FAK deleted) and ECFAKWT (expressing normal FAK) mice. Inducible deletion of 

FAK in mice with established subcutaneous B16F0 melanoma or CMT19T lung carcinoma 

tumours sensitised them to doxorubicin or irradiation, respectively reducing the tumour 

growth compared to controls. Consistent with this, FAK deletion decreased proliferation 

and increased the level of apoptosis in the tumours of doxorubicin or irradiation treated 

mice compared to similarly treated ECFAKWT mice. This demonstrated for the first time 

that EC-FAK regulates chemosensitivity. FAK-KO endothelial cells stimulated with 

doxorubicin had less NF-κB activity than similarly treated WT endothelial cells suggesting 

FAK has a role in activating the NF-κB pathway, which controls cellular processes such as 

cytokine production and cell survival. FAK-KO ECs treated with doxorubicin produce less 

NF-KB dependent endothelial cytokines, suggesting that FAK regulates resistance to DNA 

damaging therapy by angiocrine signalling. FAK-WT ECs treated with doxorubicin create 

a pro-tumourigenic microenvironment through cytokine production via FAK. 

This is an important study as chemotherapy resistance can lead to increased cancer 

progression (Hansen, Woods, and Read 2017). To use endothelial cell FAK to target 

chemotherapy resistance, we must understand the mechanism so that the most 

appropriate inhibitor can be used. 
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Figure 11.7 Endothelial cell FAK KO sensitises tumours to DNA damaging therapy 

Pdgfb-iCreert; Fakfl/fl and control mice were injected subcutaneously with 1 million 

B16F0 melanoma cells (day 0). From day 7 onwards, they were given tamoxifen 

(Tam.) to generate EC-FAKKO and EC-FAKWT mice respectively. No significant difference 

in tumour volume was found between untreated EC-FAKKO and EC-FAKWT mice. 

However, when treated with doxorubicin (dox.) the tumour growth in EC-FAKKO 

animals was significantly reduced compared to EC-FAKWT. In WT cells in vitro, there 

was an upregulation of cytokine production with doxorubicin treatment which was 

significantly muted in EC-FAKKO cells suggesting that an altered cytokine profile was 

responsible for the change in doxorubicin response in vivo. (From Tavora et al. 2014). 
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11.5.1 EC-FAK as a biomarker 

Endothelial cell FAK is associated with tumour promotion; in the pre-metastatic phase, 

it mediates hyperpermeability of the lung, allowing metastatic cells to home more easily 

to foci (Hiratsuka et al. 2011). In ovarian carcinomas, there is an increase in FAK 

expression in both tumour cells and the associated blood vessels; the overexpression of 

phosphorylated FAK Y397 in the vasculature of these tumours is predictive of poor 

prognosis (Stone et al. 2014). In addition, the tumour associated ECs of invasive ovarian 

carcinoma have significantly increased levels of FAK (Lu et al. 2007). In astrocytic 

tumours, high levels of microvascular endothelial cell FAK are associated with grade III 

and IV tumours but not grade I and II (Haskell et al. 2003). 

In breast cancer, the level of endothelial cell FAK correlates with the molecular sub-type 

and prognosis of invasive cancers. Low endothelial cell FAK expression correlates with 

luminal A subtype, and higher endothelial cell FAK correlates with the worse prognosis 

non-luminal A tumours. The study also suggests that high endothelial cell FAK correlates 

with aggressive triple-negative and basal-like breast cancers (Alexopoulou et al. 2014). 

In fact, of a cohort of 82 women with locally advanced breast cancer, high levels of EC-

pY397-FAK correlated with high Ki67, higher tumour category, higher lymph node 

category and higher tumour node metastasis stage. Out of 21 patients with high EC-

pY397-FAK expression, none had a pathologic complete response compared to 11 of 61 

patients with high EC-pY397-FAK. In addition, both high EC-pY397-FAK expression and 

high blood vessel density were associated with reduced five-year, relapse-free survival 

in this cohort (Roy-Luzarraga et al. 2020). 

11.6 Pancreatic ductal adenocarcinoma (PDAC) 

Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer-related death 

worldwide, the overall five-year survival recorder in 2019 was less than 8 % (Orth et al. 

2019; Siegel, Miller, and Jemal 2019), and its incidence is expected to increase in the US 

and Europe over the next ten years (Quante et al. 2016; Rahib et al. 2014; Orth et al. 

2019) https://www.cancerresearchuk.org/health-professional/cancer-

statistics/statistics-by-cancer-type/pancreatic-cancer#heading-Zero. At diagnosis, 80-90 

% of patients already have locally advanced, non-resectable PDAC or distant metastases 

meaning they are not candidates for surgery (Gillen et al. 2010; Werner et al. 2013). 

Chemotherapy is a common first-line treatment in patients with non-resectable or 

borderline-resectable tumours. This includes gemcitabine, capecitabine or 5-fluorouracil 

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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(5-FU) as a monotherapy or in combination.  Additionally, the combination of folinic acid, 

5-FU, irinotecan and oxaliplatin (FOLFIRINOX) can almost double median survival in 

patients with metastatic cancer compared to gemcitabine alone (Conroy et al. 2011) but 

is associated with more toxicity so cannot be used in elderly patients (Gourgou-Bourgade 

et al. 2013). 

The vascular promotion element of my thesis will focus on developing the technique for 

the treatment of PDAC. PDAC is notoriously difficult to treat and is expected to become 

the most common cause of cancer-related death in the US by 2030 (Rahib et al. 2014). 

PDAC progression begins with non-invasive precursor lesions called pancreatic 

intraepithelial neoplasia (PanIN).  These are generally under five millimetres and are the 

result of proliferation and metaplasia of the ductal epithelium in the pancreas (Yu et al. 

2018). PanIN progresses from PanIN-1 to PanIN-3 before becoming PDAC. Pan-IN 1 

lesions are made up of columnar epithelial cells with round, basally oriented nuclei. 

PanIN-2 lesions have a more complex morphology than PanIN-1, the nuclei begin to lose 

polarity, and there is more variation in nuclear size. PanIN-3 lesions have higher dysplasia 

and are architecturally complex. The nuclei are enlarged, irregular in size and poorly 

orientated. From PanIN-3, lesions may progress to PDAC; at this stage, the irregular 

structure invades out of the pancreatic lobular structure (Hruban, Maitra, and Goggins 

2008). 

The TME is thought to be a major contributor to the challenges in PDAC treatment 

(Murakami et al. 2019). PDAC TME is characterised by a dense, fibrous stroma making 

the tumour highly drug-resistant. In addition, pancreatic cancer creates an 

immunosuppressive tumour microenvironment evading the host immune system, 

stellate cells, ECM and immune cells, especially CAFs, interact with the tumour cells 

controlling their growth, invasion and metastasis. In addition, they release cytokines 

which further enhance tumour growth (Murakami et al. 2019). 

Pancreatic cancer is highly hypoxic, which promotes a fibrotic reaction, further increasing 

the ECM component of the TME. This hypoxia is thought to have a role in signalling 

resulting in invasion and metastasis and is increasingly being viewed as an indicator of 

pancreatic cancer malignancy and a target for therapy (Yuen and Díaz 2014). A significant 

cause of the hypoxic microenvironment is that pancreatic cancer is also, importantly, 

characterised by hypervascularity, which is thought to limit the access to the TME of 

tumour suppressive immune cells. In fact, patients with high expression of cluster of 
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differentiation 31 (CD31) have greater overall survival than those with low CD31 

expression (Katsuta et al. 2019). Therefore, the manipulation of the blood vessel density 

in pancreatic cancer is a possible target for drug development. 

11.7 Therapeutic manipulation of the tumour vasculature 

11.7.1 The rationale behind the development of antiangiogenic drugs for the treatment 

of cancer 

The presence of blood vessels in cancer was first reported over 100 years ago and was 

promoted as an important feature of cancer research over the last 40 years (Goldmann 

1907; Algire et al. 1945; Carmeliet and Jain 2000). In 1939, Ide et al. suggested that the 

growth of new blood vessels was stimulated by factors released by tumour cells, and in 

1945, Algire and Chalkley showed that tumours could cause continuous capillary 

growth by the host (Ribatti 2008). Using a transparent chamber implanted into cat skin, 

they observed vasoproliferation in response to wound or implantation of normal or 

neoplastic tissues. The vasoproliferative response induced by  tumour tissues was 

observed earlier and was more substantial than the response to normal tissue or a 

wound, suggesting a close involvement of tumours with the vascular network (Algire et 

al. 1950). Melwin and Algire (1956) added to this that while the implantation of normal 

tissues induced a vasoproliferative response in the host, this never extended to the 

implanted tissue and was only present if the implant was less than 50 μm away. In 

contrast, implanted tumour tissue induced the formation of new blood vessels 

penetrating into the implant and had a much greater range (Merwin and Algire 1956). 

In 1963, Folkman and Becker perfused canine thyroid glands with haemoglobin 

substitutes maintaining them for up to two weeks. They injected them with mouse 

melanoma cells and found that tumours developed but never grew beyond one to two 

millimetres and were never vascularized (Folkman, Long, and Becker 1963). However, 

when these tumours were transplanted into host mice, they became vascularized and 

grew to volumes exceeding 1cm3. This research showed for the first time that a tumour 

growing on a perfused organ where neovascularization does not occur is limited to 1-2 

mm3. In contrast, in a live host, where neovascularization does occur, the tumour grows 

rapidly, thus linking the absence of neovascularization with severely restricted tumour 

growth (Folkman, Long, and Becker 1963). 
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In 1971, Folkman published the hypothesis that tumour growth depends on 

angiogenesis; therefore, inhibition of angiogenesis could be used therapeutically 

(Folkman 1971). In this article, he coined the term ‘anti-angiogenesis’, meaning the 

restriction of new blood vessel recruitment to a tumour. He predicted that if the 

continuous recruitment of new capillaries to the tumour could be prevented, it would be 

restricted to 1-2mm3. 

Since this significant discovery, extensive research has proven Folkman’s hypothesis 

(Folkman and Hochberg 1973; Gimbrone et al. 1973; Gimbrone et al. 1974; Ausprunk, 

Knighton, and Folkman 1974, 1975; Knighton et al. 1977; Brem et al. 1976).  

Since Judah Folkman’s 1971 publication Tumor Angiogenesis: Therapeutic Implications 

declaring that tumours are angiogenesis dependent, there has been interest in 

therapeutically manipulating tumour vasculature (Folkman 1971; Carmeliet and Jain 

2000). Folkman showed preliminary evidence that without recruiting new capillaries to 

a solid tumour, it cannot grow beyond a few millimetres. He stated that an unknown 

diffusible factor was responsible for stimulating endothelial cell proliferation in the host 

capillaries (Cao and Langer 2008). He hypothesised that if this unknown factor could be 

blocked, a tumour could remain in a dormant state with no angiogenesis and possibly no 

metastasis and thus introducing the concept of anti-angiogenesis. Over the following 

decades, the ‘unknown factor’ was discovered to be a combination of fibroblast growth 

factor (FGF), vascular endothelial growth factor (VEGF), also known as vascular 

permeability factor (VPF), platelet-derived growth factor (PDGF) and angiopoietin 

families (Cao et al. 2004; Stacker et al. 2001; Folkman and Klagsbrun 1987; Rajabi and 

Mousa 2017; Dvorak et al. 1995). 

11.7.2 Anti-angiogenesis as a therapeutic strategy for cancer therapy 

From the time that Judah Folkman showed the necessity of angiogenesis in cancer 

growth, many promising anti-angiogenic therapies were developed. Angiogenesis 

inhibitors may be direct (acting on endothelial cells) or indirect (acting on tumour or 

stromal cells) (Rajabi and Mousa 2017). Direct inhibitors inhibit the proliferation and 

migration of vascular endothelial cells in response to angiogenic factors (Rajabi and 

Mousa 2017). For example, endostatin is a naturally occurring direct inhibitor of 

angiogenesis that prevents microvascular endothelial cells from responding to pro-

angiogenic stimuli such as bFGF and VEGF (Folkman 2006; Abdollahi et al. 2003). A 

recombinant endostatin (Endostar) has been used clinically for the treatment of stage 
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IIIB and IV NSCLC patients who had a life expectancy under three months. Patients were 

treated with a standard chemotherapy regimen of vinorelbine and cisplatin with or 

without the addition of Endostar. Those given the triple combination had significantly 

enhanced response rate and median time to progression compared to chemotherapy 

alone (Sun et al. 2005). Indirect inhibitors may block the production or activity of pro-

angiogenic proteins; for example, Bevacizumab, the first FDA approved anti-angiogenic 

treatment, is an IgG1 humanized monoclonal antibody which neutralises VEGF-A (Diaz 

et al. 2017; Quick et al. 2014). Bevacizumab has had some success in clinic including in 

patients with colorectal cancer and lung cancer (Cohen et al. 2007; Lauro et al. 2014). 

Bevacizumab was initially approved for use in combination with paclitaxel for patients 

with metastatic HER-2 negative breast cancer who had not received chemotherapy. This 

approval was based on a 5.5 month increase in progression free survival (PFS). However, 

the drug has severe, common side effects including high blood pressure, numbness, 

increased risk of infection and increased bleeding. Therefore, an increase in median PFS 

without improved overall survival or quality of life does not provide meaningful clinical 

benefit to the patients (Sasich and Sukkari 2012; CRUK 2019).With all anti-angiogenic 

treatments, there are problems caused by the pruning of blood vessels, these contribute 

to adverse effects which can be severe as in the case of Bevacizumab. In addition, the 

pruning of blood vessels can have effects that promote tumour growth and progression. 

Anti-angiogenesis increases hypoxia, accelerating tumour progression through a number 

of mechanisms such as increases in migration and inflammation and a more stem-like 

cell phenotype as well as increased resistance to chemo and radio therapy (Ramjiawan, 

Griffioen, and Duda 2017; Jain et al. 2018; Jain 2005). Some studies also suggest that 

after anti-angiogenesis, there is a reduction in drug delivery (Ma et al. 2001; Jain and 

Stylianopoulos 2010; Wang and Zhu 2016), and the tumour microenvironment is more 

immunosuppressive (Wang and Zhu 2016). In addition, anti-angiogenesis may also affect 

wound healing and blood pressure (Rajabi and Mousa 2017; Chen and Cleck 2009; Belcik 

et al. 2012). 

Avastin,  

11.7.3 Vascular normalisation as a therapeutic strategy for cancer therapy 

To counter some of the problems associated with anti-angiogenesis, Rakesh J. Jain 

introduced the concept of vascular normalisation in 2005 (Jain 2005), using lower doses 

of anti-angiogenic drugs to ‘normalise’ tumour vasculature. Vascular normalisation has 

successfully reduced hypoxia and increased delivery and efficacy of cytotoxic agents by 
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increasing pericyte coverage, which improves vessel stabilisation, reducing vascular 

permeability and leakiness (Cooke et al. 2012; Meng et al. 2015). 

Normalising tumour vasculature makes the tumour microenvironment more immuno-

permissive by reducing levels of Tregs and regulatory B cells and enhancing the levels of 

the M1 macrophages and activation of T-cells CD8+ T cells (Hung et al. 2013). For 

example, a low dose of the VEGFR2 inhibitor DC101 in combination with a mitomycin C 

vaccine led to higher CD4+ and CD8+ cell infiltration, lower levels of Myeloid-derived-

suppressor cells (MDSCs) and Tregs. It resulted in decreased hypoxia, breast cancer cell 

proliferation and increased survival (Huang et al. 2012). 

Vascular normalisation often limited by most of the strategies being temporary, meaning 

that it is hard to use them in combination with other therapies such as immunotherapy 

(Wong, Bodrug, and Hodivala-Dilke 2016). Therefore, both the ability to lengthen it are 

important in the therapeutic benefit of vascular normalisation. 

There are methods being developed to lengthen the window of vascular normalisation, 

the simplest being through modulation of the dose of anti-angiogenic agent. For 

example, lower doses of anti-VEGF drugs correlate with an increased length of vascular 

normalisation window (Jain 2013). High doses cause the pruning of vessels to take place 

too quickly, impairing response to other therapies and increasing hypoxia resulting in a 

shortened normalisation window  (Huang et al. 2012). In addition, high doses increase 

the deposition of the ECM, promoting infiltration of immunosuppressive immune cells 

such as MDSCs and Tregs (Huang et al. 2012).  Low doses, however, increase the window 

of normalisation, delaying the onset of negative side effects and inducing a better 

distribution of functional blood vessels throughout the tumour (Huang et al. 2012). A 

clinical trial using 15 mg/kg bevacizumab in non-small cell lung cancer showed the drug 

decreased perfusion and uptake of docetaxel (Stylianopoulos et al. 2012); similarly, in a 

breast cancer clinical trial, the same dose gave no benefit in overall survival (Brufsky et 

al. 2011) . Murine models suggest that this poor response may have been because the 

dose was too high (Chauhan et al. 2012; Huang et al. 2012), and retrospective clinical 

trials demonstrate that, in glioblastoma patients, low dose bevacizumab treatment had 

a better outcome than higher doses (Lorgis et al. 2012; Levin et al. 2015). Therefore, 

careful monitoring of the dose of anti-angiogenic treatment can be used to increase the 

window of vascular normalisation. 
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Another way to improve the vascular normalisation window is through modulation of 

the ANG2-Tie2 axis, which plays a vital role in tumour angiogenesis (Li, Zhang, and Hong 

2020; Rigamonti et al. 2014). ANG2 is a proangiogenic cytokine, the receptor for which, 

Tie2 is predominantly expressed on vascular endothelial cells. ANG2 induces vascular 

destabilisation, promoting tumour progression and metastasis. Inhibition of ANG2 

promotes pruning of blood vessels and improves vascular normalisation by preventing 

the loss of contact between endothelial and smooth muscle cells (Mazzieri et al. 2011; 

Falcón et al. 2009). Inhibition of ANG2 significantly reduced tumour growth, the blood 

vessel uniformity and pericyte coverage were increased, and the endothelial sprouting 

decreased (Falcón et al. 2009). Furthermore, Park et al. demonstrated that inhibition of 

both VEGFRs and ANG-2 increased the normalisation window and reduced tumour 

proliferation compared to either single inhibition (Park et al. 2016). 

Genetic modification to interfere with the signalling pathways involved in angiogenesis 

can also be used to lengthen the window. One gene that has an important role in the 

abnormal growth of tumour blood vessels is G-protein signalling 5 (Rgs5) (Manzur, 

Hamzah, and Ganss 2009; Ganss 2015). Disrupting this gene in tumour burdened mice 

resulted in normalised vasculature with mature pericytes, reduced vascular leakiness 

and enhanced oxygenation. There was enhanced infiltration of effector immune cells to 

the tumour as well as increased animal survival (Hamzah et al. 2008). Therefore, the Rgs5 

gene could be a promising target to promote lengthened vascular normalisation 

windows. However, the mechanism is currently unclear, making its targeting in humans 

challenging (Li, Zhang, and Hong 2020). 

11.7.4 Vascular promotion as a therapeutic strategy for cancer therapy 

There are many problems associated with low blood vessel density; intratumoral hypoxia 

is common in solid tumours and promotes tumour progression, malignancy, and 

resistance to therapy (Yuen and Díaz 2014). Drug delivery and anti-tumour immune 

responses are also reduced. 

In PDAC, increased vascularity and vessel maturity is associated with more prolonged 

overall survival. A cohort of 185 PDAC patients was divided into high or low expression 

of CD31 mRNA from RNA sequencing data from The Cancer Genome Atlas (TCGA). Higher 

CD31 mRNA expression indicates that there are more vascular endothelial cells and was 

associated with significantly better overall survival. In the high CD31 expression group, 

there were also increased markers of vascular stability and anti-tumour immune 
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response (Katsuta et al. 2019). This increased survival may be due to changes in hypoxia, 

which is a key determinant of progression, metastasis and immune infiltration in 

pancreatic cancer (Yuen and Díaz 2014). This highlights that, in contrast to anti-

angiogenic therapy, increasing blood vessel density and maturity may offer therapeutic 

benefit in pancreatic cancer. 

As the drug Cilengitide, originally developed as an anti-angiogenic, had been identified 

as having vascular promoting qualities at low doses, work in our laboratory aimed to 

exploit the proangiogenic property of low dose Cilengitide by using it as a vascular 

promoting agent (Wong et al. 2015) (Figure 11.8). Low dose Cilengitide in combination 

with gemcitabine and verapamil, a calcium channel blocker that reduces the efflux of 

nucleoside analogues such as gemcitabine and can increase vessel diameter (Bergman 

et al. 2003; Kaelin et al. 1982). The triple combination of low dose 

Cilengitide/gemcitabine and verapamil increased blood vessel density, leakiness of blood 

vessels and gemcitabine delivery to mouse non-small cell lung cancer or pancreatic 

adenocarcinomas resulting in reduced tumour volume and enhanced overall survival. 

They demonstrate across four models, subcutaneous Lewis Lung carcinoma, 

experimental metastasis of human non-small-cell lung cancer cells (A549), orthotopic 

pancreatic DT6066 model and the LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) 

spontaneous PDAC model, that tumour volume is reduced in the triple combination 

compared to placebo or chemotherapy alone. They also show that the tumour hypoxia 

is reduced with less desmoplasia, and gemcitabine delivery to other organs is not 

affected. In addition, blood vessel density has since been shown to be indicative of 

survival in human PDAC. PDAC is known for its hypovascularity, and addition of the anti-

angiogenic drug Bevacizumab to standard chemotherapy does not improve outcome. 

Therefore, it was hypothesized that increasing vascularity might improve outcome. PDAC 

patients were classified into high or low CD31 expression using mRNA levels from RNA-

seq data. Those with high expression of CD31 had significantly better overall survival. In 

these patients, the immune response-related pathways were also significantly higher 

than in the low CD31 group (Katsuta et al. 2019). 

Cilengitide was initially developed as an RGD‐mimetic antagonist of αvβ3 integrin to be 

used as an anti‐angiogenic drug in cancer at maximally tolerated doses (5–50 mg/kg) 

(Buerkle et al. 2002; Brooks, Clark, and Cheresh 1994; Nisato et al. 2003a; Maubant et al. 

2006; Nabors et al. 2007). However, at low doses (ldCil, 50 μg/kg in vivo or 2 nm in vitro), 

Cilengitide enhances pathological angiogenesis without any apparent change in 
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quiescent vasculature. Mechanistically, it was found that, at low doses, ldCil does not act 

as an antagonist of αvβ3 integrin. Therefore, it has no effect on cell adhesion or 

migration. Instead, it alters αvβ3 signalling to enhance the activation and recycling of the 

major pro‐angiogenic receptor VR2 through a transdominant inhibition model (Reynolds 

et al. 2009). Pharmacological inhibition of VR2 with the inhibitor DC101 suppressed both 

the ability of nanomolar inhibitor concentrations to promote VEGF-mediated 

angiogenesis ex vivo and tumour growth and angiogenesis in vivo. Therefore, the 

upregulation of VEGFR2 function was found to be essential for αvβ3/αvβ5 inhibitors to 

enhance VEGF-mediated angiogenesis, tumour growth and tumour angiogenesis 

(Reynolds et al. 2009). 

In addition to this role in enhancing the recycling of VR2, ldCil also sensitises cells to 

gemcitabine through αvβ5 integrin (Wong et al. 2015). Wong et al found that ldCil 

increased gemcitabine efficacy; therefore, the expression of transporters and enzymes 

involved in the action of gemcitabine were tested. The equilibrative nucleoside 

transporters 1 and 2 (ENT1 and ENT2) and concentrative nucleoside transporter 3 (CNT3) 

are Gemcitabine transporters. The enzymes deoxycytidine kinase (DCK) and cytidine 

deaminase (CDA) are the rate-limiting metabolizing enzyme and catabolizing enzyme, 

respectively, for CNT3. Therefore, ENT1, ENT2, CNT3, and DCK are expected to increase 

gemcitabine efficacy and CDA to reduce it. ENT1 and 2 were already known to be 

regulated by hypoxia (Eltzschig et al. 2005; Morote-Garcia et al. 2009), and this was 

shown in the case of ldCil treatment. In fact, in sections from both LLC subcutaneous 

tumours and pancreatic tumours from KPC mice, there was increased expression of 

ENT1, ENT2, CNT3, and DCK and reduced levels of CDA in tumours from animals treated 

with ldCil/Ver/Gem75. Levels of transporter regulator 1 (RS1), which is known to control 

CNT3 activity (Errasti-Murugarren et al. 2012), were found to be elevated in tumour cells 

from ldCil/Gem75 treated animals. siRNA depletion of β5-integrin was sufficient to 

decrease RS1 levels depletion of β3-integrin had no effect suggesting that β5 was 

responsible for this regulation of gemcitabine sensitivity. 

In addition, ldCil has a direct effect on CNT3; pharmacological inhibition of CNT3 did not 

affect the survival of ldCil-treated cells without gemcitabine. However, in the 

ldCil/Gem75 treated cells, cell survival was rescued, suggesting that ldCil enhances 

gemcitabine transport into the cell by CNT3 (Wong et al. 2015). 
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Figure 11.8 Vascular promotion in combination with chemotherapy reduces 
tumour growth 

Animals were given the combination treatment of low dose Cilengitide, Verapamil 

and low dose (75mg/kg) Gemcitabine, low dose gemcitabine alone or placebo. The 

dosing strategy for KPC and DT6066 injected animals is indicated by pink and grey 

boxes. Within each tumour model, the blood vessel density was similar between 

placebo and gemcitabine animals but was increased in the triple combination 

treated mice. Blue cells represent areas of hypoxia, there is a similar level of hypoxia 

in placebo and gemcitabine treated animals but reduced hypoxia in the triple 

combination. The tumour volume was also similar between placebo and gemcitabine 

but was reduced in the triple combination treated mice. (From Wong et al. 2015). 
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11.7.5 29P 

Having failed clinical trials in the past and as an off-patent drug, Cilengitide is now less 

commercially viable and is limited by not being orally available. 29P is an orally available 

analogue of Cilengitide; an inactive prodrug cleaved in the serum of the blood to the 

active drug 29. At low doses, 29 has many of the vascular promoting effects of low dose 

Cilengitide (Weinmuller et al. 2017). 

In the early 1990s, it was discovered that, by making a peptide with an RGD sequence 

cyclic and inserting a D-amino acid, the affinity and selectivity for receptors was 

increased compared to linear peptides (Aumailley et al. 1991; Pierschbacher and 

Ruoslahti 1984). This method was used to optimise Cilengitide (cyclo(RGDf(NMe)V), 

which has a subnanomolar affinity for αvβ3 (IC 50=0.6nM) but also has a residual affinity 

for αvβ5 and αvβ1 (Mas-Moruno, Rechenmacher, and Kessler 2010). However, to 

improve properties such as oral availability, affinity, and selectivity, a library of N-methyl 

cyclic hexapeptides were developed and tested for their permeability in the human colon 

epithelial cell line, Caco-2. Caco-2 permeability does not correlate with any single 

characteristic of the peptides, such as the number of N-methylations, the number of 

external NH groups or lipophilicity, but for some of the peptides, it was high, suggesting 

the presence of an active transporter. The ones with the highest Caco-2 permeability 

were chosen as templates; these were peptides with two-fold N-methylation at the 

positions 1,5, 1,6, 3,5, 5,6. 

The binding affinity to RGD-binding integrin subtypes of 24 of these RGD-containing 

hexapeptides was tested, and those with high affinity for integrin αvβ3 and low affinity 

for α5β1 were selected. This was different from linear peptides because these usually 

have unselective binding affinity to other RGD integrins such as αvβ5, αvβ6, αvβ8 and 

αvIIβ3. The alanine residues flanking the RGD site were replaced with other residues as 

previous studies showed aromatic residues could improve the affinity and selectivity of 

the peptide (Bochen et al. 2013). One of the resulting peptides was 29, which has a 

subnanomolar affinity for αvβ3, αvβ8 and α5β1 comparable to Cilengitide but an 

increased affinity for αvβ6. Because of its high affinity and selectivity for αvβ3, 29 was 

chosen to be modified into the prodrug 29P. 29 is the active form of the agent.  

 

The structure of 29P is given in (Weinmuller et al. 2017), and IP status for 29P is currently 

being pursued with Queen Mary University Innovations (Figure 11.9). 
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Figure 11.9 29 and 29P structure 

Showing the structure of RGD mimetic 29 (left) with arginine (blue), glycine (purple) 

and aspartic acid (pink) highlighted and (right) 29P with protective lipophilic 

residues highlighted in yellow. 
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12 Materials and methods  

12.1 Mice 

All animals were kept according to the UK Home Office regulations. Health screens were 

carried out quarterly in accordance with FELASA guidelines for health monitoring of 

rodent colonies to confirm their free status of known pathogens in accordance with 

FELASA screens for all animals bred in-house. No clinical signs were detected. Mice were 

housed in groups of 4-6 animals per individually ventilated cage. They were kept in a 12-

hr light-dark cycle (06:30-18:30 light; 18:30-06:30 dark), the temperature was 

maintained at 211 C with relative humidity of 40-60 %. All cages contained a 1-1.5 cm 

layer of animal bedding and with environmental enrichment, including cardboard box-

tunnel and crinkled paper nesting material. Animals had access to food and water ad 

libitum. 

12.1.1 Pdgfb-iCreert;FAK fl/fl;R26 FAK K454R/K454R mice 

Our laboratory developed a mouse model with for tamoxifen-inducible, endothelial cell 

specific kinase-dead FAK knock-in and simultaneous endogenous mouse FAK knockout 

(Pdgfb‐iCreert;FAKfl/fl;R26FAKK454R/K454R). This was done by generating a kinase-dead 

mutant from chicken FAK cDNA constructs by mutation of lysine (AAA) at position 454 to 

arginine (AGA) to disrupt the ATP binding site (Provided by Margaret Frame’s Laboratory, 

Glasgow UK) (Hildebrand, Schaller, and Parsons 1993). This mutation is denoted K454R 

(Figure 12.1 A). The mutant sequence was preceded by a STOP codon flanked by loxP 

sites and then targeted to the Rosa26 locus creating a tamoxifen-inducible Cre-activating 

kinase-dead knock-in mutant. The constructs were electroporated into embryonic stem 

cells, confirmed positive clones were injected into blastocysts and transferred to 

pseudopregnant mice and pups were born 18 days later. High percentage chimaeras 

were crossed with C57bl6 mice. Platelet‐derived growth factor b (Pdgfb) is 

predominantly expressed by endothelial cells (Hellstrom et al. 1999), and the tamoxifen-

inducible Cre recombinase activity under the Pdgfb promotor has been shown to be 

endothelial cell-specific (Claxton et al. 2008). R26FAKK454R/K454R mice were bred with 

endothelial cell-specific Pdgfb-iCreert; FAKfl/fl mice (Tavora et al. 2010) to generate Pdgfb-

iCreert; FAKfl/fl; FAKK454R/K454R mice (Tavora, Batista, et al. 2014).  

Treatment of Pdgfb-iCreert; FAKfl/fl; FAKK454R/K454R mice with tamoxifen activates Cre in 

endothelial cells, knocking in the mutant kinase-dead chicken FAK and simultaneously 
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knocking out endogenous mouse FAK (Figure 12.1 B). These mice are referred to as 

ECCre+; FAKKD/KD, and Pdgfb‐iCreert-negative litter mates where the endogenous mouse 

FAK remained expressed and mutant chicken FAK not expressed, are referred to as 

ECCre-; FAKKD/KD. The model has previously been published (Alexopoulou et al. 2017).  
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Figure 12.1 Generation of endothelial cell FAK KD mice 

(A) The K454R mutation in chicken FAK renders it kinase dead. (B) In Pdgfb-

iCreert+;FAKfl/fl;R26 FAKK454R/K454R mice tamoxifen administration activates Cre in ECs and 

induces simultaneous EC-FAK deletion and Rosa 26-driven mutant FAKK454R/K454R (FAK-

KD) expression (EC Cre+; FAKKD/KD). Knockin-mutant is myc-tagged.   Tamoxifen has no 

effect on FAK expression in FAKfl/fl;R26 FAKK454R/K454R mice (EC Cre-; FAKKD/KD). 
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12.1.2 LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) mice 

KPC mice were originally developed by Hingorini et al. (Hingorani et al. 2005) and 

spontaneously develop pancreatic tumours at approximately four months. Histology 

characterising features of this colony at the time of this thesis is given in Appendix II, 

chapter 22.2. 

12.1.3 WT mice 

WT mix mice were bred in house from a cross of C57bl6 and 129sv. Female C57bl6J mice 

were bought from Charles River at six weeks to be used at 7-8 weeks. 

12.2 Breeding schemes 

12.2.1 Breeding scheme for Pdgfb-iCreert;FAKfl/fl;R26-FAKK454R/K454R and expected 

Mendelian ratios  

The Pdgfb-iCreert+;FAKfl/fl;R26-FAKK454R/K454R colony was maintained by crossing Pdgfb-

iCreert+;FAKfl/fl;R26-FAKK454R/K454R mice with FAKfl/fl;R26-FAKK454R/K454R mice. Pdgfb-

iCreert+;FAKfl/fl;R26-FAKK454R/K454R mice are hemizygous for cre-insertion. The expected 

Mendelian ratios of the litters weaned are 1:1, Pdgfb-iCreert+;FAKfl/fl;R26-FAKK454R/K454R 

mice: FAKfl/fl;R26-FAKK454R/K454R mice (Figure 12.2). 
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Figure 12.2 Pdgfb-iCreert;FAK fl/fl;R26-FAKK454R/K454R mice breeding scheme and expected 
Mendelian ratios 

(A) Breeding scheme for Pdgfb-iCreert;FAKfl/fl;R26 FAKK454R/K454R mice. (B) Predicted 

mendelian ratios for Pdgfb-iCreert+;FAKfl/fl;R26-FAKK454R/K454R mice (orange) and FAKfl/fl;R26-

FAKK454R/K454R mice (black). Presence of Cre insert is indicated in pale green. 
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12.2.2 Sex and genotype ratios of animals weaned from the Pdgfb-iCreert;FAKfl/fl;R26 

FAKK454R/K454R colony 

All animals weaned were genotyped by PCR as described in Materials and Methods. To 

further characterise the colony, the sex and genotype ratios were calculated from 400 

weaned mice. The genotype ratio was skewed towards slightly more FAKfl/fl;R26 

FAKK454R/K454R mice than Pdgfb-iCreert+;FAKfl/fl;R26 FAKK454R/K454R (231:169) (Figure 12.3 A). 

However, the sex ratios of male animals compared to female animals weaned was almost 

equal (205:195) (Figure 12.3 B). 
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Figure 12.3 Characterisation of the EC FAK KD colony 

(A) Ratio of FAKfl/fl;R26 FAKK454R/K454R : Pdgfb-iCreert+;FAKfl/fl;R26 FAKK454R/K454R weaned 

mice out of 400 animals. (B) Ratio of male : female Pdgfb-iCreert;FAKfl/fl;R26 FAKK454R/K454R 

mice weaned out of 400 animals. 
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12.2.3 Breeding scheme and expected Mendelian ratios for KPC mice 

The LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) colony was maintained through the 

breeding of two founder colonies LSL-KrasG12D/+;LSL-Trp53R172H/+ and Pdx-1-Cre. The Pdx-

1-Cre colony was maintained on a pure C57bl6J background. Two Pdx-1-Cre animals were 

crossed, resulting in litters of Pdx-1-Cre animals (Figure 12.4 A), they are homozygous 

mutant, and therefore all offspring are expected to be homozygous mutant for Pdx-1-

Cre (Figure 12.4 B). The LSL-KrasG12D/+;LSL-Trp53R172H/+ colony was maintained on a 

C57Bl6/129sv background. Breeding pairs were set up with two LSL-KrasG12D/+;LSL-

Trp53R172H/+ animals and LSL-KrasG12D/+;LSL-Trp53R172H/+ offspring were kept for further 

breeding (Figure 12.4 C). As the animals in the breeding pairs were heterozygous for both 

the Kras and P53 mutation, there were several different genotypes in the predicted 

litters (Figure 12.4 D). The LSL-KrasG12D/G12D animals (1/4 total) die in utero and are 

therefore not in the predicted weaned animals. Of the remaining animals, 1/3 are LSL-

KrasG12D/+;LSL-Trp53R172H/+ and are kept for further breeding; the remaining genotypes are 

culled. From the litters of the LSL-KrasG12D/+;LSL-Trp53R172H/+, and Pdx-1-Cre colonies, a 

129sv LSL-KrasG12D/+;LSL-Trp53R172H/+ animal is crossed with a C57Bl6J Pdx-1-Cre mouse to 

produce  KPC mice which spontaneously develop pancreatic tumours (Figure 12.4 E). The 

Kras and P53 mutations in the LSL-KrasG12D/+;LSL-Trp53R172H/+ colony are heterozygous, 

and the Pdx-1-Cre colony they are crossed with does not contain either of these 

mutations; therefore, ¼ of the offspring are predicted to carry both mutations 

heterozygously. The Pdx-1-Cre colony is a homozygous mutant for Pdx-1-Cre; therefore, 

all offspring are expected to carry this mutation heterozygously. Therefore, ¼ of the 

offspring of this cross are expected to be LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC), 

the remaining animals are culled are genotypes are confirmed (Figure 12.4 F). 
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Figure 12.4 KPC breeding strategy and expected Mendelian ratios 

Breeding the KPC colony requires two founder colonies, the Pdx-1-Cre and LSL-

KrasG12D/+;LSL-Trp53R172H/+ (A) Breeding scheme for the Pdx-1-Cre colony (B) Expected 

mendelian ratios for the Pdx-1-Cre colony (C) Breeding scheme for the LSL-

KrasG12D/+;LSL-Trp53R172H/+  colony (D) Expected mendelian ratios for the LSL-

KrasG12D/+;LSL-Trp53R172H/+ colony (E) Breeding scheme for the LSL-KrasG12D/+;LSL-

Trp53R172H/Pdx-1-Cre colony (F) Expected mendelian ratios for the LSL-KrasG12D/+;LSL-

Trp53R172H/;Pdx-1-Cre colony. Pdx-1-Cre alleles are indicated with pale orange circles, 

LSL-KrasG12D in pale blue, LSL-Trp53R172H in pale purple, Kras WT in dark blue, P53 WT in 

dark purple and other WT alleles in grey. 
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12.3 Sequencing 

The gDNA was amplified with the primers 397mut fw2 (nt519-541) CCT TGA AAT CAG 

GAG ATC CTA CG and 397mut rev (nt1902-1921) GCC GCT CAC CGT TCT CAA TC in a mix 

of 2ul gDNA, 0.2ul each primer (primers kept at 100 µM), 50 µl MegaMixBlue 

(Microzone). PCR conditions were: 94 °C 3’ (94 °C 30” / 55.2 °C 30” / 72 °C 1’30”) x36cc 

72 °C 5’ / 16 °C. 20 µl was loaded on a 2 % agarose gel to check amplification (amplicon 

predicted size = 1403). The PCR product was prepared for sequencing by the WHRI 

Genome centre: 3 µl of PCR product was with of incubated with 3 µl the ExoSap using 

the following conditions: 

37 °C for 40 minutes, 80 °C for 15 minutes, 4 °C for 5 minutes to remove primers and 

dNTPs. 5 µl of the product was combined with 5 µl of primer (GCA CCA TCC TTA ACC ATT 

GC) with a concentration of 5uM (5 pmol/µl) and sequenced by Eurofins using Bigdye 

terminator v3.1 cycle sequencing kit. 

The data were analysed by comparison with the WT chicken FAK sequence using the 

NIH Blasting tool available at: 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn

&BLAST_PROG_DEF=blastn&BLAST_SPEC=GlobalAln&LINK_LOC=BlastHomeLink 

confirming that the sequence was consistent apart from a K454R point mutation. 

12.4 Genotyping 

12.4.1 Genomic DNA extraction 

12.4.1.1 Genomic DNA extraction for Cre PCR (Pdgfb-iCreert;FAK fl/fl;R26 FAK K454R/K454R 

colony) 

Earsnips were digested overnight in 100 μl tail buffer (10 mM Tris-HCL (pH 8.5), 10 mM 

EDTA, 100 mM NaCl and 0.2 % SDS) with 0.1 mg/ml proteinase K. 100 μl isopropanol was 

added to precipitate DNA and the plates centrifuged at 2600rpm for 30 minutes. The 

supernatant was removed by inverting the plate, and the pellet dried at 56 °C for 1-2 

hours. The pellet was then resuspended in 200 μl TE buffer (10 mM Tris-HCL (pH 7.5) and 

1 mM EDTA) and incubated at RT for two hours before use. 

12.4.1.2 Genomic DNA extraction for KPC PCR 

For KPC PCR, a long DNA extraction was performed. 360 μl tail buffer supplemented with 

15 µl 10 mg/ml proteinase K. The sample was incubated overnight at 55 °C, vortexed for 

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn&BLAST_PROG_DEF=blastn&BLAST_SPEC=GlobalAln&LINK_LOC=BlastHomeLink
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn&BLAST_PROG_DEF=blastn&BLAST_SPEC=GlobalAln&LINK_LOC=BlastHomeLink
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10 seconds and centrifuged at 14,000 rpm for 30 s at RT. 125 µl NaCl (5M) was added, 

and the sample vortexed for 10 s the centrifuged for five minutes (14,000 rpm, RT). 375 

µl of the middle phase were added to 250 µl isopropanol in a clean tube which was 

vortexed for 10 s and centrifuged for 10 minutes (14,000 rpm, RT). The supernatant was 

discarded and 500 µl 70 % ethanol added to the tube before centrifuging again for 5 

minutes (14,000 rpm, RT). The ethanol was removed, and the tubes dried in an oven at 

55 °C for 1 hour. The DNA was then resuspended in 100μl of sterile, nuclease-free dH2O 

and pipetted up and down to mix. 

12.4.2 PCR reactions 

Genetically modified mice were bred in house and genotyped by PCR or by Transnetyx®. 

12.4.3 Genotyping for the Pdgfb‐iCreert;FAKfl/fl;R26FAKK454R/K454R colony 

In order to confirm the genotype of the Cre inducible kinase-dead mouse model (Pdgfb‐

iCreert;FAKfl/fl;R26FAKK454R/K454R)  for both in vivo work and for making mouse lung 

endothelial cells, a Cre PCR was performed as follows: 

1.5 μl genomic DNA was added to 12 μl DreamTaq Green PCR (2x) (LifeTechnologies), 12 

μl nuclease-free water and 0.3 μl primer mix (Cre Forward, Cre Backward, β2 

microglobulin Forward, β2 microglobulin backward in a 1:1:1:1 ratio) (Table 12.1 A and 

B). To confirm the animals were all FAKfl/fl, LP2 PCR was performed with 1.5μl DNA added 

to 24μl total MasterMix (MegaMix-Blue (Microzone)), and 0.3l total primer mix (LP2as, 

LP2h, LP2s 1:1:1) all animals were LP2 positive (Table 12.1 C and D). 
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Table 12.1 Pdgfb‐iCreert;FAKfl/fl;R26FAKK454R/K454R 

(A) Representative Cre and β2 macroglobulin control PCR. (B) Primer sequences and 

thermocycler cycle for Cre PCR (C) Representative LP2 PCR. (D) Primer sequences and 

thermocycler cycle for LP2 PCR. 
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12.4.3.1 KPC PCR 

KPC mice harbour the mutations LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre causing them 

to spontaneously develop pancreatic tumours. These animals were genotyped for Kras, 

P53 and Pdx-1-Cre, as described in Table 12.2 or were genotyped out of house by 

Transnetyx® (Cordova, Tennessee, USA). For KrasG12D genotyping, the reaction mix was 

made up of 10 µl AccuStart II PCR Supermix P/N 84229, 2 µl of each primer (final 

concentration 2 µM), 2 µl template DNA and 4 µl nuclease-free water. For Trp53 

genotyping, the reaction mix was made up of 17 µl MegaMix Blue (Microzone), 2 µl each 

primer (final concentration 2 µM) 2 µl template DNA. For Pdx-1-Cre genotyping, the 

reaction mix contained 5 µl DreamTaq Green, 5 µl nuclease free water, 2μl of each primer 

(final concentration 2 μM) and 2 μM template DNA. 
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Table 12.2 KPC genotyping. 

(A) Representative PCR of the internal positive control for Kras (left) and Kras G12D LSL. (B) 

Representative PCR of Trp53 R172H and WT P53. (C) Representative PCR of Pdx-1-Cre and 

internal positive control. (D) Primer sequences and thermocycler cycle. 
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12.5 RT-qPCR 

12.5.1 Mouse and Chicken FAK rt-qPCR 

EC-WT and EC-FAK KD cells were isolated, sorted and grown to 75 % confluency in a T75 

flask as subsequently described; they were washed three times in sterile PBS. PBS was 

aspirated off, and 350 μl of RLT lysis buffer (Qiagen) with 1:100 β-mercaptoethanol was 

added for 1 minute before scraping the cells on ice. This lysate was stored at -80 °C or 

used immediately for RNA extraction. 

12.5.2 RNA extraction for RT-qPCR 

On a sterile bench, 350µl nuclease-free 70 % ethanol was added to the lysate and mixed 

well by pipetting up and down ten times, followed by vortexing. 700 μl of the sample 

was added to an RNeasy spin column, a centrifuge was cleaned with 70 % ethanol, and 

the sample centrifuged for 30s at 12,000 rpm. The flow-through was discarded by 

inversion and tapping onto a clean paper towel, and 350 μl buffer RW1 (Qiagen) was 

added to the column and centrifuged for 30s at 12,000rpm, the flow-through was 

discarded and 10 μl DNAse digestion solution in RDD buffer (10 μl DNAse:70 μl RDD 

buffer) was added to the column and incubated at RT for 15minutes. A further 350 μl 

buffer RW1 was added to the column and centrifuged for 30s at 12,000 rpm; the flow-

through was discarded. 500 μl buffer RPE (Qiagen) (1:4 RPE concentrate: ethanol) was 

added to the column and centrifuged for 1 minute at 14,000 rpm, the flow-through was 

discarded, and the RPE was repeated but centrifuging for two minutes. The column was 

then centrifuged for 1 minute at 14,000 rpm in a dry tube to dry the membrane. The 

column was placed in a collection tube, and 40 μl nuclease-free water was added and 

incubated on the membrane for 1 minute at RT. The column was centrifuged for 1 min 

at 14,000 rpm to precipitate the RNA into the tube; this was either store at -80 °C or used 

immediately to synthesise cDNA. 

12.5.3 RNA purity assessment 

The absorbance of RNA at 260/280 and 260/230 nm was read with a Spectrophotometer 

(NanoDrop, Wilmington, US). The ratio of absorbance at 260/280 was expected to be 

>1.8, indicating pure RNA free of contaminating protein and phenol, and the 260/230 

ratio was expected to be in the range of >2.0, indicating the RNA is free from EDTA, 

carbohydrates and phenol, a secondary measure of nucleic acid purity. The RNA 

concentration was also measured using the Spectrophotometer and used to calculate 

the volume required for 600 ng RNA. 
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12.5.4 Reverse Transcription 

The RNA was reverse transcribed to cDNA with a high-capacity cDNA Reverse 

Transcription kit (Applied Biosystems). 600 ng RNA diluted to a total volume of 14.2 μl in 

nuclease-free water were added to the reagents listed in Table 12.3. 

 

 

These were run in a thermocycler with the conditions listed in Table 12.4. 

 

 

The resultant cDNA was either used immediately for qPCR or stored at -20 °C. 

12.5.5 RT-qPCR for mouse and chicken FAK 

A qPCR plate was set up with six wells of each cDNA sample, three wells were loaded 

with mFAK and GAPDH primers and three wells with cFAK and GAPDH control primers in 

a master mix as described in Table 12.5. The plate was covered in an adhesive qPCR plate 

cover and centrifuged.  

Table 12.3 RNA reverse transcription mix. 

Table 12.4 Thermocycler conditions for RNA reverse transcription. 
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The samples were run on a StepOnePlus™ Real-Time PCR System for 40 cycles as 

described in Table 12.6 with the primer sequences listed in Table 12.7.

 

 

 

 

The qPCR machine was set up to measure quantitation comparative CT with Taqman 

reagents at standard speed. Plate layout was set up within the software with sample 

name, FAM chicken or mouse FAK and VIC GAPDH. 

Table 12.5 Taqman mix components for mouse/chicken FAK qPCR. 

Table 12.6 Thermocycler conditions for RT-qPCR. 

Table 12.7 Taqman RT-qPCR primers. 
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12.5.6 RT-qPCR for IL-6 

RT-qPCR for IL-6 was performed using Sybr Green using the following master mix listed 

in Table 12.8. 

 

 

To this, 1.1 μl of 2 μM qPCR primer for IL6 or B-actin were added to separate wells with 

B-actin used as the housekeeping gene. Syber green primer sequences are listed in Table 

12.9. 

 

 

The samples were amplified for 40 cycles as described for mFak and chFAK RT-qPCR. 

12.5.7 RT-qPCR analysis 

Analysis was performed using the ABI Prism 7500 Sequence Detection system Instrument 

and software (Applied Biosystems). An RQ value was calculated using the 2(-ΔΔct) method. 

12.6 Tumour growth methods 

12.6.1 Tumour growth and doxorubicin treatment (B16-F0 melanoma) 

Unless otherwise stated, 1 X 106 Mouse melanoma (B16-F0, ATCC; mycoplasma free) 

cells were injected subcutaneously in the flank of Pdgfb-iCreert +; FAK fl/fl R26 FAK 

K454R/K454R mice and control FAK fl/fl R26 FAK K454R/K454R mice. Tumours were measured daily 

Table 12.8 RT-qPCR mix for IL-6. 

Table 12.9 Sybr green primers for IL6 qPCR. 
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with callipers, and once the tumour volume exceeded 100 mm3, the mice were injected 

intraperitoneally (IP) with 100 μl of 10 mg/ml tamoxifen (Sigma, T5648) diluted in 10 % 

ethanol in corn oil (Acros Organics 405435000) to induce deletion of the endothelial-cell 

FAK kinase domain. 24 hours after the first tamoxifen injection, mice were given another 

tamoxifen injection and were fed with tamoxifen-containing diet (TAM400, Harlan) in 

the hopper in addition to a mash of 25 % tamoxifen diet (ENVIGO TT.55125IC), 75 % 

regular diet (Prolab 5P00) in water. This diet was continued to the end of the experiment 

to maintain Cre activity. 24 hours after the second tamoxifen injection, mice began three 

consecutive IP injections of 6 mg/kg of doxorubicin (Seacross Pharmaceuticals Ltd 

PL41013/0003) or 100 μl PBS as a negative control 24 hours apart. Calliper 

measurements were made daily, and animals were culled when tumours reached the 

maximum size allowed by UK Home Office regulations, were sick, had ulcerated tumours 

or had reached ten days of treatment. After the relevant ante-mortem procedure, 

tumours were dissected and either dehydrated in sucrose and PFA as described for blood 

vessel perfusion or fixed in PFA and embedded in paraffin as described for Doxorubicin 

delivery. 

12.6.2 Tumour growth for immunostaining (B16F0 melanoma) 

For Ki-67 and CC3 immunostaining, 1 X 105 Mouse melanoma (B16F0, ATCC; mycoplasma 

free) cells were injected subcutaneously into each flank of Pdgfb-iCreert +;FAK fl/fl R26 FAK 

K454R/K454R mice and control FAK fl/fl R26 FAK K454R/K454R mice. Tumours were measured daily 

with callipers, and once the volume of one tumour exceeded 100 mm3, the mice were 

recruited in cohorts and injected intraperitoneally (IP) with 100 μl of 10 mg/ml tamoxifen 

(Sigma, T5648) diluted in 10 % ethanol in corn oil (Acros Organics 405435000) to induce 

deletion of the endothelial-cell FAK kinase domain. 24 hours after the first tamoxifen 

injection, mice were given another tamoxifen injection and were fed with tamoxifen-

containing diet (TAM400, Harlan) in the hopper in addition to a mash of 25 % tamoxifen 

diet (ENVIGO TT.55125IC), 75 % regular diet (Prolab 5P00) in water. This diet was 

continued to the end of the experiment to maintain Cre activity. 24 hours following the 

second tamoxifen injection, mice began three consecutive IP injections of 6 mg/kg of 

doxorubicin (Seacross Pharmaceuticals Ltd PL41013/0003) or 100 μl PBS as a negative 

control 24 hours apart. Mice were culled 48 hours after the final PBS or doxorubicin 

treatment. 
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12.6.3 Orthotopic pancreatic tumour cell injection 

TB32048 cells (derived from murine KPC tumours) were grown in DMEM (Gibco 4.5g/L 

glucose 41966-029) supplemented with 1 % P/S and 10 % FBS to 70 % confluency (P6). 

50 C57Bl6 mice were shaved the day before surgery. Mice were anesthetised with 

isoflurane and 1.5 l/minute O2, the skin cleaned with a swab of chlorohexidine (Vetasept 

XHG025) and given 30 μl injectable anaesthetic subcutaneously into the neck. The skin 

was cut on the left side of the animal, just below the bottom of the ribs and parallel to 

them. Using clean scissors, the skin was separated from the peritoneum. The spleen was 

then visible through the peritoneum an incision of roughly 8 mm in the same orientation 

as the skin incision, was made in the peritoneum directly over the spleen. The spleen was 

then lifted through to the outside of the peritoneum bringing the pancreas with it. 1 x 

103 TB32048 cells in 10 μl 1:1 PBS: Matrigel® (Growth factor reduced Corning 336230) 

were injected into the tail of the pancreas with a 10 µl Hamilton syringe. The peritoneum 

was sutured, the skin clipped, and the mouse was put into recovery.  

DT6066 (KP derived murine pancreatic cancer cell line) cell injection was performed as 

for TB32048 but using 1 x 106 cells in 40 µl PBS with no Matrigel; treatment schedules 

are described in the results. 

12.7 Mouse treatment and drugs 

12.7.1 Drugs 

Gemcitabine (Fresenius-Kabi, 38mg/ml) was purchased as a liquid from Barts Hospital 

pharmacy and given by intraperitoneal injection at 75 mg/kg body weight in saline (100 

μl). The gemcitabine was stored at room temperature until it was opened; once opened, 

it was stored at 4 °C and used within one month. In vitro doses are described in the text. 

29P was provided by Horst Kessler (Munich, Germany). 29P was stored at a 

concentration of 4.2 X 10-5 M in saline (0.9 % NaCL in water) at -20 °C. Animals were 

grouped by weight with a maximum weight difference of 2 g in each group. On the day 

of treatment, the 29P was thawed on ice and diluted in saline to a concentration so that 

200 µl would be a dose of 250 μg/kg for a mouse of average weight in the group. For 

example, for a group of mice with average weight of 20g, 137 µl of 29P stock would be 

diluted to a total volume of 200 µl. This dose was given by oral gavage as described in 

the text. 29P doses were calculated based on how much of the deprotected drug 29 is 

available in the blood and adjusted to be comparable to optimal Cilengitide doses (data 
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not shown). Mice were given an equal volume of saline by oral gavage or by 

intraperitoneal injection as placebo controls for 29P and gemcitabine, respectively. 

Doxorubicin (Seacross Pharmaceuticals Ltd PL41013/0003) was also purchased from 

Barts Hospital pharmacy. It was kept at 4 °C, used within 48 hours of opening and was 

administered, undiluted, in vivo IP at 6 mg/kg or in vitro as described in the text. 

EC FAK deletion in the Tamoxifen Pdgfb-iCreert +; FAK fl/fl R26 FAK K454R/K454R model was 

achieved in vivo with IP injection of tamoxifen (10 mg/ml). Tamoxifen preparation: 500 

mg of tamoxifen (T5648-5G Sigma) was dissolved in 5 ml of 100 % ethanol at 37 °C for 30 

min. This solution was mixed with 45 mL of corn oil (Sigma C8267) and vortexed for 2 

min. 500 µl aliquots were stored at -20 C prior to use. 

12.8 In vivo imaging methods 

12.8.1 Magnetic resonance imaging (MRI) 

Mice were imaged by MRI under general anaesthetic (isoflurane) on day 20. Once mice 

were fully anaesthetised, they were placed in the MRI on a heated bed. They were given 

a constant supply of isoflurane (~2 %) which maintained their breathing at a regular 

rhythm, approximately 28-50 breaths per minute measured by a pressure-sensitive pad. 

Gating was also employed to image between breaths so that artefacts due to movement 

were minimised. Eyes were kept hydrated with eye gel (lubrithal 321/00/12/PUVPT, 

Dechra). A T2 scan was carried out using Paravision 6.0.1 software, and a Bruker ICON 1T 

MRI with a repetition time (TR) of 2671 ms and echo time (TE) of 84 ms. 11 slices were 

obtained with a thickness of 0.75 mm and a slice gap of 0.25 mm. Each slice contains 110 

X 110 pixels, with a resolution of 0.27 X 0.27 mm, corresponding to a field of view of 30 

X 30 mm. An estimate of the tumour volume was obtained by drawing 3-D regions of 

interest (ROI) using VivoQuant software (version 3.5) (inviCRO, Boston, USA). 

12.8.2 Ultrasound (US) 

Mice were shaved, placed on a heat pad at 39 °C, anaesthetised with isoflurane; the hair 

was then removed with hair removal cream, and the skin washed. Ultrasound gel was 

applied to the transducer, and the MS550S transducer applied to the mouse. The 

presence of a tumour was confirmed visually using Vevo2100 software. 
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12.9 Immunostaining protocols 

Tumours were prepared for immunostaining by three separate methods: (1) snap 

freezing in liquid nitrogen and maintained at -80 °C: (2) sucrose dehydration or by (3) 

fixing in 4 % formaldehyde (Fisherchem F/1501/PB08) for 24 hours before transferring 

to 70 % ethanol.  

1. For snap-frozen tumours, the piece of tumour was wrapped in foil and 

submerged in liquid nitrogen until solid. They were stored at -80 °C, and frozen 

tumours were sectioned at 6 μm. 

2. For sucrose dehydration, tumours were fixed in 4 % PFA with a tumour to fixative 

volume ratio of at least 1:10, 4 % sucrose in PBS for 1 hour at 4 °C and then 

dehydrated in 15 % sucrose in PBS overnight at 4 °C. The tumours were then 

frozen in moulds in cryomartrix (OCT) (ThermoScientific, 6769006), cooled on 

dry ice and then kept at -80 °C. They were sectioned at -20 °C to 6 μm sections. 

3. For formalin fixation, tumours were fixed in 4 % formaldehyde with a tumour to 

fixative volume ratio of at least 1:10 overnight. The formaldehyde was then 

replaced with 70 % ethanol. Fixed tumours were embedded in paraffin in the 

histology department, and 4 μm sections prepared. 

12.9.1 Haematoxylin and eosin (H and E) staining 

H and E staining was performed by BCI histology service on a g Leica Autostainer XL. 

Formalin-fixed; paraffin-embedded sections were deparaffinised in 3 changes of xylene 

(X/0200/17, Fisher) 3 minutes each. They were rehydrated in 2 changes of 100 % 

Methylated spirit industrial (IMS; M/445/17, Fisher), one change of 90 % IMS and one of 

70 % IMS three minutes each, followed by 2 minutes washing in tap water. The sections 

were then dipped in haematoxylin (Haematoxylin Gill III, Leica, 3801542E) for 3.5 

minutes and washed again in running tap water for 4 minutes. They were dipped in 1 % 

acid alcohol for 20 s and washed in running tap water for 3 minutes before dipping in 

eosin (Leica 3801601E) for 6 minutes. The slides were washed again in running tap water 

before dehydrating in 70 % IMS (1.5 minutes), 90 % IMS (2 minutes), 100 % IMS (three 

changes, two minutes each) and three changed of 2 minutes in xylene before mounting 

in DPX. 

12.9.2 Ki-67 

Paraffin-embedded sections were deparaffinised in two changes of xylene, 5 minutes 

each, then hydrated in two changes of 100 % ethanol for 3 minutes each, 80 %, 70 %, 50 
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% ethanol for 1 minute each and washed in distilled water. Sodium citrate buffer (10 mM 

sodium citrate, 0.05 % tween 20, pH 6) was heated in the microwave (full power) for six 

minutes. The slides were added and boiled for 10 minutes, the sodium citrate was 

topped up and slides boiled for a further 10 minutes, then cooled for 20 minutes. 

Sections were washed twice in PBS-tween 20 (0.01 %) for 2 X 2 minutes, blocked for 60 

minutes in 5 % goat serum in PBS at room temperature, then incubated overnight at 4 

°C with rat anti-endomucin (Santa-Cruz sc-65495) and rabbit anti-Ki-67 (Abcam Ab16667) 

both 1:100 in 5 % goat serum in PBS. They were washed in PBS-tween 2 X 5 minutes then 

incubated with secondary antibodies, goat anti-rabbit 488 (Invitrogen A11008) and goat 

anti-rat 546 (Invitrogen A11081). Sections were washed in PBS 2 X 3 minutes and once 

in 1 in 50,000 DAPI in PBS (5 minutes). They were dipped in water and mounted in pro-

long gold antifade (Thermofisher Scientific P36930). The percentage of nuclei that were 

Ki-67 positive within 50 μm of blood vessels were quantified. Tumour sections were 

analysed using the Zeiss Axioplan microscope, and images were captured using an LSM 

710 confocal microscope. 

12.9.3 Cleaved caspase 3 (CC3) 

Sucrose dehydrated, frozen tumour sections fixed in 4 % sucrose/PFA were air-dried, 

washed in PBS for 10 minutes and blocked in 5 % goat serum in PBS (1 hr, RT). After a 

further wash in PBS, they were incubated overnight at 4 °C with endomucin antibody (Sc-

65495 Santa Cruz) and rabbit anti-cleaved caspase 3 (Cell Signalling, 9661), both diluted 

1:100 in 0.5 % goat serum in PBS. They were washed in PBS 2X 5 minutes then incubated 

with secondary antibodies-goat anti-rabbit 488 (Invitrogen A11008) and goat anti-rat 

546 (Invitrogen A11081). Sections were washed in PBS 2 X 3 minutes and once in 1 in 

50,000 DAPI in PBS (5 minutes). They were dipped in water and mounted in pro-long gold 

antifade (Thermofisher Scientific P36930). 

12.9.4  γ H2AX staining 

γ H2AX staining was performed on sections of PFA fixed, sucrose dehydrated tumours 

frozen in optimal cutting temperature compound (OCT).  The sections were thawed and 

air-dried at room temperature for 30 minutes, rehydrated in PBS for 5 minutes in a 

humidified chamber and permeabilised for 3 minutes 0.5 % TritonX-100 in PBS. Sections 

were blocked in 5 % bovine serum albumin (BSA) (SIGMA Life Science-A8022-500G) in 

PBS at RT for 1 hr. Sections were incubated overnight in 5 % BSA in PBS with 1 in 100 γ 

H2AX (Cell Signalling Phospho-Histone H2A.X (Ser139) 2577S) and 1 in 200 endomucin 
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(Sc-65495 Santa Cruz) at 4 °C. After 3 x 5-minute washes in PBS, the sections were 

incubated for 1 hr at RT in 5 % BSA in PBS with 1 in 100 goat anti-rat 546 (Invitrogen 

A11081) and 1 in 100 goat anti-rabbit 488 (Invitrogen A11008). They were washed 2 X 5 

minutes in PBS, followed by 15 minutes in 1 in 10,000 DAPI in PBS, a 5-minute wash in 

0.1 % TritonX-100 in PBS, and 5 minutes distilled water. Sections were mounted in 

Prolong Gold antifade (Life Technologies P36930) followed by a coverslip (VWR 

International, Catalogue no. 631-0135). 

12.9.5 Blood vessel perfusion 

When mice reached the experimental endpoint, they were warmed in a hot box to dilate 

the blood vessels then injected with 100 μl undiluted biotinylated tomato lectin (Vector 

Laboratories b-1175) via the tail vein 10 minutes before killing to analyse blood vessel 

perfusion. Tumours were halved, half was formalin-fixed, half fixed in 4 % 

paraformaldehyde, 4 % sucrose in PBS for 1 hour and then dehydrated in 15 % sucrose 

in PBS overnight. Tumours were then frozen in moulds in OCT (ThermoScientific 

6769006), cooled on dry ice and then kept at -80 °C and sectioned at -20 °C (6 μm thick 

sections). Cryosections were air-dried, washed in PBS then incubated in 3 % H2O2 in 

methanol in the dark for 30 min. They were washed twice in PBS, followed by 0.1 % triton 

in PBS. Sections were blocked in 2 % BSA, 5 % heat-inactivated goat serum, 0.1 % tween 

20 in PBS in a humidified chamber for 1 hour. Slides were incubated at 4 °C with 

endomucin ((V7C7) SC-65495 SantaCruz Biotechnology) (1/100) for 1 hr, then washed in 

PBS tween and incubated for 1 hour with anti-rat- 488 (Invitrogen A-11006) and 

streptavidin 568 (Thermofisher S11226). Slides were washed in PBS, incubated with DAPI 

for 3 minutes and mounted in Prolong Gold (Life Technologies). 

12.9.6 Endomucin staining 

Paraffin-embedded sections were de-waxed, antigen retrieval was performed by 

microwaving (5 minutes full power, 10 minutes half power) in sodium citrate buffer (10 

mM sodium citrate (Fisher Chemical S/3280/60), 0.05 % Tween 20 (11 TWEEN201 MP 

BIOMEDICALSCAS Number 9005-64-5), pH 6) and washed in PBS. Endogenous peroxidase 

was blocked with 3 % hydrogen peroxide in MeOH for 10 minutes, washed in PBS and 

blocked for 1 hour in 3 % BSA (Sigma Aldrich A8022-500G), 0.3 % Triton X (Alfa Aesar 

A16046) in PBS at room temperature. They were stained for endomucin (Endomucin 

V.7C7 SC-65495 Santa-Cruz Biotechnology) 1/500 in 3 % BSA at 4 °C overnight. They were 

washed in PBS for 10 minutes before incubation with biotinylated secondary to rat anti-
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rat IgG (BA-4001 Vector laboratories) at a 1/200 dilution in PBS. After a further PBS wash, 

the slides were incubated in strept (avidin)–Biotin Complex (ABC) (Vectastain Vector PK-

6100) reagent for 40 minutes. After washing in PBS, the slides were stained with DAB 

reagent for 10 minutes, and the reaction stopped with ddH2O. A counterstain of 

haematoxylin (Haematoxylin solution Sigma Aldrich MHS16-500 ml) was applied for two 

minutes, and excess washed off with tap water. Samples were dehydrated in increasing 

concentrations of EtOH followed by xylene. The slides were mounted with DPX mounting 

medium for histology (Sigma 06522-500 ml). 

12.9.6.1 Blood vessel density (BVD) counts 

Blood vessels were counted from endomucin stained sections. Unless otherwise stated, 

BVD counts were done on representative fields of view, excluding necrotic areas 

(identified by histological observation) and tumour periphery regions. For DAB-stained 

blood vessels, sections were scanned on a Pannoramic 250 High Throughput Scanner, 3D 

Histech Ltd and counted on the screen with Case Viewer V2.4.0.119028, 3D Histech Ltd. 

For fluorescent sections, the blood vessels were counted down the microscope on a Zeiss 

Axioplan microscope, and representative images were captured using Axiovision Rel.4 

software. The first set of blood vessel density counts for vascular promotion experiments 

were performed counting only vessels with a visible lumen as detailed in the text. This 

was as an indication of vessels that were likely to be perfused. However, while this gives 

some indication of which vessels may be perfused, results are impacted by where the 

blood vessel has been sectioned and give no indication of leakage. Therefore, after this 

initial experiment, all blood vessels were counted whether or not a lumen was visible but 

the animals were perfused with biotinylated lectin to allow further perfusion analysis if 

differences were observed in the blood vessel numbers. They were not size-matched, 

but correlation coefficients were calculated to confirm that there was no correlation 

between size and BVD in the tumours quantified. 

12.9.7 Myc-tag staining 

Myc-Tag (FAK) staining was performed on tumours that were fixed in 4 % PFA, 4 % 

sucrose in PBS for 1 hr at 4 °C, with rotation, then transferred to a 15 % sucrose in PBS 

overnight at 4 °C. The next day fixed tumours were embedded in OCT on dry ice and 

frozen at -80 °C. 10 µm sections were cut. For staining, sections were allowed to dry for 

30 minutes at RT and re-hydrated and permeabilised in PBS for 5 minutes, followed by 

0.5 % triton-X-100 in PBS for 3 minutes at RT. Sections were then blocked for 1 hr at RT 
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with a blocking solution of 5 % donkey serum (NDS, Sigma), 0.2 % BSA (Sigma), 0.3 % 

TritonX-100 and 0.05 % NaN3 (Sigma) in PBS. They were incubated for 30 minutes at 37 

°C with anti-mouse Myc-Tag (9B11) Alexa 488 conjugated antibody (#2279- Cell 

Signalling Technologies) and rat anti-Pecam (#550274 from BD Pharmingen) and left 

overnight at 4 °C. Slides were then washed in PBS 3 times for 5 minutes and incubated 

with secondary Alexa Fluor-594 anti-rat antibody (Invitrogen, Paisley, UK) for 1 hr at RT. 

Slides were washed in 0.1 % triton-100 in PBS 3 times 5 minutes each, followed by a 5 

minutes wash in PBS and subsequently rinsed in distilled water and mounted with 

Prolong Gold antifade reagent with DAPI (Life Technologies). 

12.9.8 Doxorubicin delivery 

Mouse melanoma (B16F0, ATCC; mycoplasma free) cells (grown as described in materials 

and methods 12.10.2) were injected subcutaneously in the flank of Pdgfb-iCreert +; FAK 

fl/fl R26 FAK K454R/K454R mice and control FAK fl/fl R26 FAK K454R/K454R mice and treated as 

previously described (Tavora et al. 2010). To assess doxorubicin delivery to the tumours, 

the mice were given a high dose, slow IV injection of doxorubicin (20 mg/kg) for 1 minute, 

5 minutes before euthanasia. The mice were perfused with 4 % paraformaldehyde to fix 

tumours at room temperature, which were removed and fixed overnight in 4 % 

paraformaldehyde at 4 °C, then transferred to 70 % ethanol. Tumours were paraffin-

embedded, and sections were deparaffinized and rehydrated with ethanol. They were 

mounted with prolong-gold with DAPI and imaged with the Zeiss Axioplan microscope. 

Images were captured using Axiovision Rel.4 software. 

12.10 Cell culture and in vitro cell survival 

12.10.1 Endothelial cell culture 

12.10.1.1 Mouse lung endothelial cell (MLEC) culture 

MLECs were isolated from Pdgfb-iCreert +;FAK fl/fl;R26 FAK K454R/K454R or FAK fl/fl ;R26 FAK 

K454R/K454R adult mice as described previously. After a positive sort with rat anti-ICAM2 

antibody (Serotec, MCA 2295EL) and sheep anti-rat IgG magnetic beads (Dynabeads) as 

described (Reynolds and Hodivala-Dilke 2006), cells were immortalised with polyoma 

middle T (PmT) virus by incubating them over two consecutive days for four h with 

supernatant from GgP+E packaging cells (May et al. 2005). Cells were grown in flasks 

coated with collagen, fibronectin and gelatin in MLEC Media (Reynolds and Hodivala-

Dilke 2006) supplemented with 500 nM 4-hydroxytamoxifen (4-OHT).  Cells from Pdgfb-
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iCreert +;FAK fl/fl;R26 FAK K454R/K454R were termed FAKKD ECs, and those from FAK fl/fl ;R26 

FAK K454R/K454R mice were termed WT ECs. The cells were then transfected with a green 

fluorescent protein alone (GFP) or GFP with Cre (to maintain Cre expression in vitro, 

which was otherwise lost) plasmid and cultured in coated flasks in MLEC media. 

T75 flasks for MLECs were coated in 5ml 15 µg/ml vitronectin (Vitrogen Cohesion, Palo 

Alto, CA) and 5 µg/ml fibronectin (Sigma, UK) in 0.1 % gelatin for 30 minutes before 

plating cells. Once confluent, they were washed twice in PBS and dissociated with 2.5 ml 

0.25 % Trypsin-EDTA (Gibco 25200-072). 10 ml MLEC medium was added to the flask, 

and the cells spun down for 5 minutes at 1200 rpm. The supernatant was discarded, and 

the cells resuspended in MLEC and plated into 5 T75s. 

12.10.1.2 Human pulmonary endothelial cell (HPMEC) culture 

Cryopreserved HPMECs (Promocell C-12281) were purchased at passage four. T75 flasks 

were prepared by coating with 5ml sterile 0.2 % gelatin for 20 minutes at 37 °C and 

removed immediately before use. Cells were grown to confluency in basal medium 

(Promocell C-22020) supplemented with Growth Medium MV Supplement Mix 

(Promocell C-39225). Once confluent, cells were passaged by removing medium, 

washing twice in PBS and aspirating before adding 3 ml 0.25 % Trypsin-EDTA (Gibco 

25200-072) and incubating at 37 °C until cells detached. The trypsin was inactivated with 

10 ml Ham’s F12 (Gibco) with 20 % FBS (Gibco), and the cells centrifuged for 3 minutes 

at 1200 rpm. The medium was removed, and the cells resuspended in culture medium 

and plated into five coated flasks in 10 ml medium. Cells were used at 90-100 % 

confluency. 

12.10.2 B16F0 melanoma cell culture 

B16F0 melanoma cells were cultured in DMEM supplemented with 10 % FBS and 

passaged in 3 ml 0.25 % Trypsin-EDTA (Gibco 25200-072) when 70 % confluent. For 

subcutaneous injection, they were passaged 24 hours before injection so that they were 

in an exponential growth phase on the day of the experiment. Immediately before 

injection, the cells were washed twice in 10 ml PBS and trypsinised in 3 ml 0.25 % Trypsin-

EDTA. The cells were incubated at 37 °C until they detached (roughly 2 minutes), the 

trypsin was then inactivated with 10 ml DMEM supplemented with 10 % FBS. The cells 

were centrifuged (1200 rpm, 5 minutes), and the supernatant discarded. Cells were 

resuspended in 1 ml PBS and passed through a 40 µm cell strainer, they were then 
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counted and diluted in PBS to a concentration of 1 million cells in 100 µl. This suspension 

was kept on ice and mixed between injections. 

12.10.3 Pancreatic cancer cell culture 

12.10.3.1 TB32048 and DT6066 

TB32048 cells were cultured in DMEM supplemented with 10 % FBS, 1 % P/S and 

passaged in 3 ml 0.25 % Trypsin-EDTA (Gibco 25200-072) when 70 % confluent. 

DT6066 cells were a gift from Professor David Tuveson (2010) and were cultured and 

passaged as described for TB32048 cells. 

12.10.4 Gemcitabine resistant DT6066 cells 

The gemcitabine resistant DT6066 cells were a gift from Dr Lewis Stevens and Dr Ping Pui 

Wong. They were produced by continuously culturing the DT6066 cell line with 

gemcitabine. The cells were treated as for other pancreatic cancer cells, but 24 hours 

after thawing, the medium was replaced with medium supplemented with 2000nM 

gemcitabine to maintain the pressure for gemcitabine resistance. 

12.10.5 Crystal violet assays 

For Crystal violet assays, cells were treated as described in the text. At the end of 

treatment, the medium from cells and washing them twice in PBS. They were then 

stained in 0.5 % in 100 % MeOH for 3 hours at RT. The crystal violet was then removed, 

and the plates washed in copious amounts of tap water. The plates were then inverted 

in an incubator at 37 °C until dry. Dry plates were imaged on a Chemidoc™ imager by 

transillumination and quantified in the intensity of the stain quantified in ImageJ. 

12.10.6 MTT assays 

Cell viability assays were performed with 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT). 10,000 A549, TB32048 or DT6066 cells were plated 

per well of a 96 well plate in DMEM medium supplemented with 10 % FBS and 1 % P/S. 

24 hours after plating, the cells were treated with gemcitabine and 29 at concentrations 

of 0, 25, 50, 75 or 100 nM gemcitabine and 0, 0.2, 2 or 20 nM 29 as described in the 

figure. 48 hours after initial drug treatment, the cells were treated again by removing the 

medium and replacing it with fresh, drug-containing medium. After a further 48 hours, 

the MTT assay was performed by removing the medium and replacing it with 500 µg/ml 

MTT in complete medium. Cells were incubated with MTT in medium at 37 °C for 90 

minutes before removing and solubilising the formazan in 50µl DMSO per well. The 
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absorbance was measured spectrophotometrically at 570nm. Relative survival values 

were calculated by dividing the absorbance value in drug-treated cells by the average 

absorbance value for the untreated cells and multiplying by 100. 

12.11 Cytokine arrays 

12.11.1 Cytokine arrays (kinase-dead cells) 

Immortalised FAKKD and WT endothelial cells were grown in normal MLEC media to 

confluency in a T75. The cells were treated with 125 nM Doxorubicin (Seacross 

Pharmaceuticals Ltd PL41013/0003) or an equal volume of PBS. After 44 hr, the media 

was changed to OptiMem with the same doxorubicin treatment for a further 4 hr. Whole-

cell lysates were extracted, and mouse cytokine arrays (Proteome Profiler ARY006, R&D 

Systems) were processed according to the manufacturer's instructions. 

12.11.2 Cytokine arrays with human cells (kinase inhibitor) 

Human pulmonary microvascular endothelial cells (Promocell) were grown to 80 % 

confluency and treated with 5 μM of the FAK inhibitors PF-573,228 (Pfizer), PF-562,271 

(Pfizer) or defactinib (Verastem) and 250 nM Doxorubicin for 48 h. DMSO was used as a 

control for FAK inhibitors as they were suspended in DMSO, and PBS was used as a 

control for doxorubicin. Cells were lysed in RIPA buffer and 250 µg loaded onto a human 

XL cytokine array (R & D Biosystems ARY022B). The array was performed as in the 

manufacturer’s instructions. 

12.12 Mass spectrometry methods 

Samples for mass spectrometry were prepared by Dr Rita Pedrosa and Liquid 

chromatography–mass spectrometry/mass spectrometry (LC-MS/MS) for proteomics, 

phospho-proteomics or secretomics run and analysed by Pedro Casado and Vinothini 

Rajeeve under the supervision of Pedro Cutillas. Methods are described below. 

12.12.1 Phosphoproteomics, Proteomics and secretomics 

Primary endothelial cells from the lungs of Pdgfb-iCre+;FAKfl/fl and Pdgfb-iCre-;FAKfl/fl 

mice were isolated as described for FAK-KD ECs and in  (Reynolds and Hodivala-Dilke 

2006). Cells were washed twice with ice-cold phosphatase inhibitor (1 mM Na3VO4, 1 mM 

NaF) supplemented PBS. They were lysed in urea buffer (8 M Urea in 20 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES at pH 8.0) supplemented with the 

phosphatase inhibitors Na3VO4 (1 mM), NaF (1 mM), β-glycerol-phosphate (1 mM) and 



129 
 

Na4P2O7 (2.5 mM). The resultant lysates were centrifuged for 10 minutes, 20,000 g, 4 °C 

and the supernatant transferred to fresh, low protein binding tubes. The protein 

concentration was quantified using a Pierce bicinchoninic acid (BCA) assay (23225) and 

160 µg of protein per sample diluted in 400 µl in urea buffer. Samples were sequentially 

incubated at 24 °C, shaking with 10 mM Dichlorodiphenyltrichloroethane (DDT) for 1 hr 

and 16.6 mM Iodoacetamide (IAM) for 30 minutes. The urea concentration was diluted 

to 2 M by adding 1.2 mL of 20 mM HEPES (pH 8.0), 90 µL of conditioned trypsin beads 

(50 % slurry of Tosyl-L-lysyl-chloromethane hydrochloride (TLCK)-trypsin (Thermo-Fisher 

Scientific, 20230) conditioned with three washes of 20 mM HEPES at pH 8.0) were added 

to samples before overnight incubation with shaking at 37 °C. The trypsin beads were 

removed by centrifugation at 2,000 g, 5 °C for 5 minutes and 140 µg of the digested 

protein was used for phosphoproteomics, 20 µg for proteomics. 

The samples were desalted using Carbon C18 Top tips (Glygen, TT2MC18). The tips were 

activated with 100 µL of elution solution (70 % Acetonitrile (ACN), 0.1 % Trifluoroacetic 

acid (TFA)) and equilibrated twice with 200 µL of wash solution (1 % ACN, 0.1 % TFA). 

The samples were loaded, and columns washed twice with 200 µL of wash solution. For 

phosphoproteomics, the phosphopeptides were eluted four times with 50 µl of glycolic 

acid solution 1 (1 M glycolic acid in 50 % ACN, 5 % TFA) and subjected to 

phosphoenrichment. For proteomics, the peptides were eluted four times with 50 µL of 

elution solution; they were dried in a speed vacuum and stored at -80 °C. In all of the 

steps, column spin tips were centrifuged at 2,000 g, 5 °C for 5 min. 

The phosphopeptides were enriched using TiO2 beads (Capital HPLC ltd, 5020-75010). 

Desalted samples were diluted in glycolic acid solution (1 M glycolic acid in 80 % ACN, 5 

% TFA) to a final volume of 500 µL and incubated for 5 minutes with 50 µL of titanium 

bead solution (500 µg/ml TiO2 beads in 1 % TFA). The samples were then centrifuged at 

1,500 rpm, RT for 3 min and two-thirds of the supernatant was transferred to fresh tubes. 

The pellets of TiO2 beads were resuspended in the remaining third of the supernatant 

and packed into empty spin tips (Glygen, TT2EMT) by centrifugation. The two-thirds of 

the supernatants collected previously were run through the TiO2 loaded spin columns by 

centrifugation. TiO2 beads were washed by centrifugation with 100 µL of the glycolic 

solution, followed by ammonium acetate solution (100 mM ammonium acetate in 25 % 

ACN) and finally twice with neutral solution (10 % ACN). The TiO2 beads were centrifuged 

four times with 50 µL of phosphopeptide elution solution (5 % NH4OH) to elute the 

phosphopeptides. All centrifugations were done at 1,500 rpm, RT. Phosphopeptide 
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solutions were frozen on dry ice for 15 min, then dried in a speed vac and stored at -80 

°C. 

The phosphopeptide pellets were then re-suspended in 7 μL of reconstitution buffer (20 

fmol/µl enolase in 3 % ACN, 0.1 % TFA) and 5 µl injected into the LC-MS/MS platform. 

The liquid chromatography (LC) system (Dionex UltiMate 3000 RSLC) used mobile phases 

A (3 ACN: 0.1 % FA) and B (100 % ACN; 0.1 % FA). Peptides were trapped in a μ-pre-

column (Thermo Fisher Scientific, 160454) and then separated in an analytical column 

(EASY-SPRAY RSLC C18 2 µM, 50 CM X 75 µM, #ES803). The parameters used were: 3 % 

to 23 % B gradient for 90 min and a flow rate of 0.25 µL/min. Samples shuffled to 

randomise them before loading to run on the LC-MS/MS system. The peptides were 

infused into the online connected Q-Exactive Plus system via an Easy Spray Source as 

they eluted from the nano-LC system (Thermo Fisher Scientific). The instrument 

operated a 2.1 s duty cycle consisting of acquisition of a full scan survey spectra (375-

1,500 m/z) with a 70,000 full width at half maximum (FWHM) resolution. This was 

followed by a data-dependent acquisition process where the 15 most intense ions were 

selected for HCD (higher energy collisional dissociation) and tandem mass spectrometry 

(MS/MS) scanning (200-2,000 m/z) with a resolution of 17,500 FWHM. A 30 s dynamic 

exclusion period was enabled with an exclusion list with a 10 ppm mass window. Overall 

duty cycle generated chromatographic peaks with a base of approximately 30 s, which 

allowed the construction of extracted ion chromatograms (XICs) with at least 10 data 

points. The peptide pellets produced for proteomics analysis were resuspended in 

reconstitution buffer (0.5 µg/µL), and 2 µL of the resultant solution were injected into 

the LC-MS/MS platform. Samples were run in a 120 minute gradient (3 % to 23 % B) with 

the rest of the LC-MS/MS parameters as described for phosphoproteomics analysis. 

12.12.2 Mascot Daemon automated peptide identification from MS data. 

Mascot Distiller v2.7.1.0 generated Peak list files (mascot generic format files; MGFs) 

from RAW data. The Mascot search engine (v2.5) was used to match data stored in MGF 

files to specific peptides by searching against the SwissProt Database 

(uniprot_sprot_2014_08.fasta) with a false discovery rate (FDR) of ~1 %. The parameters 

for MS scans were set to: 2 trypsin missed cleavages, mass tolerance of ± 10 ppm for 

MS/MS scans, ± 25 mmu. carbamidomethyl Cys as a fixed modification, PyroGlu on N-

terminal Gln, oxidation of Met and phosphorylation of Ser, Thr and Tyr as variable 

modifications. Pescal software (developed in house; Barts Cancer Institute) was used to 

quantify label-free peptides as indicated in (Casado and Cutillas 2011; Cutillas and 
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Vanhaesebroeck 2007), and XICs for all the identified peptides across all samples were 

constructed with a ±7 ppm mass window and ±2 min retention time window. Peak areas 

were calculated for all XICs and missed datapoints, given an intensity value equal to the 

minimal value obtained in the assessed sample divided by 10. The intensity values 

calculated for each peptide were normalized to total sample intensity. Phosphorylation 

of Ser, Thr and Tyr were not considered in Mascot searches for proteomics analysis. 

Protein amount was inferred from quantitative data for all peptides identified in the 

same protein. 

12.12.3 Secretomics 

For secretomics analysis, the medium was collected, and BSA removed using an Albumin 

Depletion and Low Abundance Protein Enrichment Kit (AlbuVoid™). The protein 

concentration was quantified using a BCA kit and 50 µg diluted in elution buffer 

(AlbuVoid™) to a final volume of 50 µl. 50 µl of 4 M urea in 20 mM pH 8.0 HEPES was 

added to the protein to suspend it in a final concentration of 2 M Urea. The sample 

volume was increased to 1 mL by addition of 2 M urea in 20 mM pH 8.0 HEPES, 80 µL of 

conditioned trypsin beads (50 % slurry of TLCK-trypsin conditioned with three washes of 

20 mM pH 8.0 HEPES) and samples were incubated at 37 °C overnight with shaking. The 

trypsin beads were removed by centrifugation at 2,000 g, 5 °C for 5 min, and samples 

were desalted with Carbon C18 Top tips as described for proteomics. The proteins 

present in the secretome pellets were identified and quantified as described for 

proteomics analysis. A serum-supplemented, phenol red-free, MLEC medium sample 

that was not exposed to ECs was also subjected to BSA removal, processed for MS 

analysis as for EC exposed samples; this was used as an internal control for medium 

proteins not secreted by ECs. All secreted proteins considered in the analysis were 

presented as an average amount across samples higher than in the reference sample not 

exposed to cells.     

12.12.4 Bioinformatics 

Volcano plots and heatmaps were constructed in R (v3.6.1) within the RStudio (v1.1.463) 

environment using the package “ggplot2” for volcano plots and the base R function 

“heatmap” for heatmaps. Unpaired two-tailed Student’s t-tests were used to determine 

statistical differences in phosphopeptide or protein abundance between conditions and 

considered significantly different if p > 0.05. Gene ontology (GO) enrichment between 

conditions was determined using David bioinformatics software 
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(https://david.ncifcrf.gov/). For all phosphoproteins or proteins significantly changed 

under the study conditions, enrichment was determined. All of the identified 

phosphoproteins or proteins were used as background, and a Modified Fisher’s Exact 

Test was used to determine the significance of enrichment. From this analysis, GOs were 

considered significantly enriched if p < 0.05. 

12.12.5 Data availability  

The mass spectrometry proteomics data are available in the ProteomeXchange 

Consortium via the PRIDE (Perez-Riverol et al. 2019). The identifiers are PXD019728 and 

10.6019/PXD019728. The sample names for each RAW file in the PRIDE database are 

listed in Table 22.1 Sample details linked to the RAW submitted to PRIDE Mass 

Spectrometry database.  

12.13 Organoid methods 

12.13.1 General preparation for organoid production 

Matrigel® matrix (Corning) is a reconstituted basement membrane which is extracted 

from Engelbreth‐Holm‐Swarm (EHS) mouse tumour. It contains a mix of laminin, collagen 

IV, entactin and heparan sulfate proteoglycan, and growth factors that naturally occur 

naturally in EHS tumour. The proteins have functional domains which can interact with 

laminin, collagen IV, and heparin-binding protein, forming the structural organisation of 

the Matrigel®. At temperatures of 22 °C to 37 °C, there is adequate energy for the 

formation of bonds which solidify the Matrigel, but at 4 °C, there is not enough energy 

to maintain these bonds, so the Matrigel® becomes liquid. 

Therefore, to work with Matrigel in organoid production, it is important to be able to 

maintain a low temperature until the organoids are plated, at which point, they must be 

quickly warmed to 37 °C. 

12.13.1.1 Hot water flask 

In advance of any organoid production or passage, a hot water bottle was prepared by 

filling a T175 flask with sterile water supplemented with a water bath anti-fungal agent. 

This flask was closed tightly, sealed with parafilm and stored in a tissue culture incubator 

at 37 °C at least six hours in advance of any organoid work. Organoids were always plated 

on top of this flask to rapidly warm the Matrigel to 37 °C. 

https://david.ncifcrf.gov/
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12.13.1.2 Tissue culture plastics 

Pipette tips and tubes to be used for organoid passage were stored at -20 °C to ensure 

Matrigel® remained liquid. 24 and 96 well plates for organoid culture were warmed in a 

tissue culture incubator at 37 °C at least six hours prior to use. 

12.13.2 R-spondin conditioned media 

R-Spondin conditioned media was produced from Cultrex® R-spondin1 (Rspo1) Cells 

(Trevigen 3710-001-K). The cells were cultured in Advanced DMEM/F12 (ThermoFisher 

12634010) supplemented with 12 % FBS (Gibco) and 1 % Pen/Strep with 100 mg/ml with 

100 mg/ml zeocin selection reagent (Thermofisher R25001). Once confluent, cells were 

split into six T175 flasks; five of these were grown in culture medium without zeocin and 

the sixth with zeocin for selection; this was the flask that was maintained for further 

culture or freezing of the cells. Once the five flasks without zeocin were confluent, the 

cells were washed in PBS and the medium replaced with 50 ml mouse splitting medium 

(Advanced DMEM/F12, supplemented with 1 % Pen/strep, 1 % HEPES and 1 % GlutaMax 

supplement). The cells were cultured for one week, then the conditioned media was 

centrifuged for 5 minutes at 300 RCF, and the supernatant filtered through a 0.2µm filter. 

R-spondin media activity level was tested by demonstrating enhanced Wnt activity of 

Wnt conditioned media when R-spondin conditioned media. The R-spondin is added to 

the medium in order to activate Wnt pathways. This is through leucine-rich G-protein-

coupled receptor 5 (LGR5) which binds to R-spondin to modulate Wnt signalling (Wang, 

Wang, et al. 2018). 

12.13.3 Wnt conditioned media 

Wnt-3a-conditioned media was produced from L Wnt-3A cells (ATCC CRL-2647). The cells 

were cultured in a culture medium (DMEM, high glucose, GlutaMAX, pyruvate 

(Thermofisher 10569010), with 12 % FBS (Gibco) and 1 % pen/strep) with 125 µg/ml 

zeocin selection reagent. Once a T175 flask was confluent, the cells were passaged into 

six T175 flasks, one was maintained with zeocin as the selection flask, and the remaining 

flasks were cultured in culture medium without zeocin as the conditioning flasks. Once 

confluent, these cells were passaged and maintained for a further week in culture 

medium without zeocin. The conditioned media was centrifuged for five minutes at 300 

RCF and the supernatant filtered through a 0.2µm filter. 



134 
 

12.13.4 Plasmid expansion 

The plasmids, FOPflash (12457 Addgene) and TOPflash (12456 Addgene), were bought 

as bacterial stabs. They were streaked onto Ampicillin agar plates (100 µg/mL ampicillin) 

with an inoculating loop and incubated overnight (37 °C) to produce single colonies. 

Single colonies were picked off plates using sterile pipette tips; each single colony was 

dropped into 5 ml liquid broth with 100 µg/ml ampicillin in a 25 ml tube with a lid loosely 

attached. This was incubated overnight at 37 °C to grow the culture. Once the bacteria 

had grown in liquid broth, 500 μl of this was mixed with 500 μl 50 % glycerol and frozen 

at -80 °C in cryovials. The remaining stock was used for a miniprep to extract the plasmid. 

12.13.5 Miniprep 

A miniprep was performed using the QIAprep® Spin Miniprep Kit (QIAgen 27104) on 

bacterial cultures to extract the plasmid.  

The bacterial culture was pelleted by centrifugation at 8000 rpm 1–5 ml (6800 x g) for 

three minutes at room temperature and resuspended in 250 μl Buffer P1 in a 

microcentrifuge tube. 250 μl Buffer P2 was added and mixed by inversion until the 

solution became clear, for no more than five min. 350 μl Buffer N3 was added and mixed 

by inversion, then centrifuged for 10 minutes at 13,000 rpm (17,900 x g). 800 μl of the 

supernatant was pipetted into a QIAprep 2.0 spin column and centrifuged at 13,000 rpm 

(~17,900 x g) for 30–60 s; the flow-through was discarded. The QIAprep 2.0 spin column 

was washed by adding 500µl buffer PB, centrifuging for 30–60 s at 13,000 rpm (~17,900 

x g) and discarding the flow-through, washed again with 750µl buffer PE and then dried 

by centrifuging at 13,000 rpm (~17,900 x g) for 1 minute to remove residual wash buffer. 

The DNA was eluted by adding 50 μl Buffer EB (10 mM TrisCl, pH 8.5) to the QIAprep 2.0 

spin column, let stand for 1 min, and centrifuging 13,000 rpm (~17,900 x g) for 1 min. 

The resulting eluate was stored at -20 °C. 

12.13.6 HEK cell culture for TopFlash assay 

HEK cells used for TopFlash assay were cultured as described for pancreatic cancer cell 

culture. 
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12.13.7 TopFlash Assay 

To test the R-spondin activity of conditioned medium, a TopFlash assay was carried out 

to ensure it enhanced Wnt-3A activity. Two transfection mixes were prepared as follows: 

TOP tube Volume 

DMEM (with glucose (4.5 g/l), L-

glutamine and sodium pyruvate) 

37.6 µl 

X-treme Gene 9 Transfection reagent 

(Sigma-Aldrich 06365779001) 

2.4 µl 

TOP plasmid (1 µg/µl) 0.5 µl 

Renilla plasmid (100 ng/µl) 0.5 µl 

 

FOP tube Volume 

DMEM (with glucose (4.5 g/l), L-

glutamine and sodium pyruvate) 

37.6 µl 

X-treme Gene 9 Transfection reagent 

(Sigma-Aldrich 06365779001) 

2.4 µl 

FOP plasmid (1 µg/µl) 0.5 µl 

Renilla plasmid (100 ng/µl) 0.5 µl 

 

Each tube was mixed by pipetting and incubated at room temperature for 20 minutes. 

Meanwhile, a confluent T75 flask of HEK293T cells was split as previously described. The 

cells were counted, and 204000 cells suspended in 7.2 ml HEK culture medium. The TOP 

transfection mix was added to one of these tubes and the FOP transfection mix to the 

other. 600 µl of the TOP transfection mix were pipetted into wells of a 24 well plate to 

give 12 wells with 17, 000 cells per well. This was repeated with the FOP transfection mix 

into separate wells of the plate, and the plates placed in a tissue culture incubator at 37 

°C for 24 hours. 

  

Table 12.10 TOP transfection mix. 

Table 12.11 FOP transfection mix. 
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Medium to be tested was warmed to 37 °C and 3.6 ml of each condition prepared as 

follows: 

Negative control Base Wnt-3A culture medium (DMEM+ 

GlutaMAX, pyruvate, 10 % FBS, 1 % p/s) 

Wnt-3A conditioned medium 50 % Wnt 3A conditioned medium, 50 % 

Base Wnt-3A culture medium 

R-Spondin and Wnt-3A Conditioned 

medium 

50 % R-Spondin conditioned medium, 50 

% Wnt 3A conditioned medium 

 

600 µl of each prepared medium were pipetted gently on top of the HEK culture medium 

for the appropriate wells so that three TOP and three FOP transfected wells were treated 

with each medium without detaching the cells. The cells were returned to the incubator 

for 24 hours. 

Passive lysis buffer was prepared as directed (Promega Dual luciferase® Reporter Assay 

System E1910) and warmed to room temperature.  

12.13.8 Media production 

12.13.8.1 Mouse wash medium 

Mouse wash medium was composed of 500 ml DMEM with glucose (4.5 g/l), L-glutamine, 

sodium pyruvate, 5 ml Penicillin/Streptomycin (1X) and 5 ml FBS (1 %). 

12.13.8.2 Mouse digestion medium 

The mouse digestion medium was composed of 200 ml mouse wash medium with 0.125 

mg/ml Collagenase Type XI (Sigma-Aldrich C9407-1G) and 0.125 mg/ml dispase 

(ThermoFisher 17105041). 

12.13.8.3 Mouse splitting medium 

Mouse splitting medium was made with 485 ml Advanced DMEM/F12, 5 ml HEPES 

(10mM), 5 ml Penicillin/Streptomycin (1X) and 5 ml GlutaMAX (1X). This medium can be 

stored for up to four weeks. 

Table 12.12 Media conditions for R-Spondin testing. 
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12.13.8.4 Mouse organoid feeding medium 

The culture medium was based on Advanced DMEM/F12 (ThermoFisher 12634010) 

supplemented with B27 (ThermoFisher 17504044), 1.25 mM N‐Acetylcysteine (Sigma-

Aldrich A9165-5G), 10 nM gastrin I (human) (TOCRIS 3006), 500 nM A 83-01 (TOCRIS 

2939) and the growth factors: 50 ng/ml EGF recombinant mouse protein (Peprotech AF-

100-15), 100 ng/ml Recombinant Murine Noggin (Peprotech 250-38), 100 ng/ml 

Recombinant human FGF-10 (Peprotech 100-26), 10 mM Nicotinamide (Sigma-Aldrich 

N0636-100G) and 10 % R-Spondin‐conditioned media produced as described above. 

When organoids were first isolated, thawed or dissociated to single cells, the medium 

was supplemented with 10.5 µM of the Rho-kinase inhibitor Y-27632 (Sigma-Aldrich 

Y0503-5mg). This complete mouse organoid feeding medium was kept for up to two 

weeks. 

12.13.9 Isolation of organoids from mouse pancreatic tumours 

Organoids were produced using the Tuveson method as detailed in (Huch et al. 2013). A 

hot water flask, mouse wash medium and mouse digestion medium were prepared in 

advance as described. Aliquots of Matrigel® and DNAse (Sigma-Aldrich D5025-150KU) 

were thawed on ice, and mouse organoid feeding medium with Rho-kinase inhibitor 

warmed to 37 °C. 

The mouse was culled by cervical dislocation immediately followed by decapitation to 

drain the blood onto a piece of tissue. In a tissue culture hood, the mouse’s fur was 

sprayed with ethanol and the mouse skinned using one set of sterile dissection tools. The 

peritoneum was opened to expose the intestines and pancreas. Using a second set of 

clean dissection tools, the tumour was dissected out without disrupting the intestines to 

maintain sterility. The tumour was quickly dipped in ethanol and moved to a petri dish 

on ice, where it was minced quickly and added to a 15 ml tube of mouse wash medium 

on ice. The tumour pieces were allowed to settle to the bottom of the tube and the 

medium and fat aspirated off until ~1 cm remained, including all of the tumour pieces. 

10 ml mouse digestion medium was added to the tumour and incubated at 37 °C with 

agitation for 2-4 hours, depending on the size of the tumour. The tumour pieces were 

pipetted up and down to break them down and allowed to settle by gravity. 8.5 ml of the 

supernatant were transferred to a new tube. If there was a very large pellet, 8.5 ml wash 

medium was added, and the tube returned to 37 °C incubation with agitation for a 

second digest. The supernatant was centrifuged at 1000 rpm (200 RCF) for five minutes 
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at 4 °C. The supernatant was aspirated, and the pellet resuspended in 1 ml TypLE Express 

(ThermoFisher 12605010) with 1 µl 10 mg/ml DNAse. This was incubated at 37 °C with 

gentle agitation for 10 minutes before adding 10 ml mouse splitting medium to the 

digest. This was centrifuged at 1000 rpm (200 RCF) for five minutes at 4 °C. 

The medium was aspirated, and the organoids resuspended in Matrigel and plated as 

described for organoid passage. Rho-kinase inhibitor was added to the mouse organoid 

feeding medium until it began to change colour, at which point it was replaced with 

medium without Rho-kinase inhibitor. 

12.13.10 Passaging of mouse organoids 

In advance of any organoid passage, mouse organoid feeding medium, mouse splitting 

medium were prepared as described previously. A hot water flask and 24 well plate were 

maintained at 37 °C, and plasticware for passage were pre-cooled as previously 

described. Matrigel was thawed on ice (1 ml takes 1-2 h), mouse complete organoid 

medium was warmed to 37 °C, and a 15 ml flacon tube of mouse splitting medium was 

cooled on ice. 

The medium was aspirated from the organoids to be passaged, and 1 ml ice-cold mouse 

splitting medium was pipetted harshly with the pipette tip touching the base of the 24 

well plate at a 45° angle 4-5 times onto each Matrigel dome to disrupt it. This was 

repeated to suspend all organoids to be passaged in mouse splitting medium, and up to 

10 organoid domes were combined in a 15 ml tube of ice-cold mouse splitting medium. 

The organoids in splitting medium were centrifuged at 1500 rpm (250 RCF) for five 

minutes at 4 °C. The medium was aspirated slowly using a 10 ml pipette and changing to 

a P200 for the last few hundred µls. The organoid pellet was resuspended in 50 µl 

Matrigel® per new dome to be plated, keeping both the pellet and Matrigel® on ice 

throughout and being careful not to reduce bubbles. Keeping the organoids on ice, the 

culture plate was removed from the incubator and placed on a hot water flask in the 

hood. The organoids were gently pipetted up and down again without forming bubbles. 

50 µl of the suspension was taken into the pipette, and the tip touched to the base of 

the 24 well plate. While lifting the pipette slowly upwards, the suspension was expelled, 

repeating until all of the organoids were plated. The 24 well plate was returned to an 

incubator at 37 °C on the hot water flask allowing the Matrigel to harden for 5-15 

minutes. 
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500µl pre-warmed mouse organoid feeding medium was then added to each dome, 

pipetting gently down the outside edge of each well. Organoids were returned to the 

incubator for 2-4 days until medium changed colour, at which point it was replaced. 

12.13.11 Freezing organoids 

To freeze organoids, they were suspended in splitting medium and pelleted as described 

for passaging organoids. The medium was aspirated, removing the final ~200 µl with a 

P200 and resuspended in 500 µl recovery cell culture freezing medium (Corning 354253) 

per cryovial (1-3 domes per cryovial). The cryovials were labelled and frozen in a freezing 

chamber at -80 °C for 24 hours before transferring to liquid nitrogen. 

12.13.12 Thawing organoids 

Hot water flask, mouse splitting medium, mouse organoid feeding medium, Matrigel and 

plastics were prepared as described previously. The cryovial containing organoids was 

thawed rapidly in a 37 °C water bath. They were transferred to a 15 ml falcon tube of ice-

cold mouse splitting medium and centrifuged at 1000 rpm (200 RCF) for five minutes at 

4 °C. The medium was aspirated, carefully removing the last ~200 µl with a P200. The 

organoids were resuspended in Matrigel® (50 µl per dome, 1-3 domes per pellet 

depending on the size of pellet) and plated as described for organoid passage. Mouse 

organoid feeding medium was supplemented with Rho-kinase inhibitor for 2-4 days until 

organoids started to grow and the media began to change colour; at this point, the media 

was replaced with mouse organoid feeding medium without Rho-kinase inhibitor. 

12.13.13 Generating single cells from organoid cultures 

To generate single cells from organoids, a 2 mg/ml dispase solution was prepared in 

mouse splitting medium (weighing at least 20 mg dispase each time for accuracy). The 

dispase was dissolved and the solution filtered through a 0.2 µm filter. The medium was 

removed from the domes to be harvested and replaced with 500 µl dispase solution. 

Each Matrigel® dome was broken up by pipetting up and down with a P1000 before 

returning the plate to an incubator at 37 °C for 10 minutes. Up to eight wells of 

dispase/organoid suspension were combined in a 15 ml falcon tube, and the wells 

washed in a further 1 ml dispase solution which was added to the 15 ml tube. 1 µl 10 

mg/ml DNAse solution was initially added to the tube; however, if DNA precipitation was 

noticed (cells clumping together in strings), this volume was increased as required. The 

solution was incubated at 37 °C for 10 minutes with agitation and then centrifuged at 

1000 rpm (200 RCF) for 3 minutes at 4 °C. The supernatant was removed, leaving a small 
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amount to avoid losing the pellet, and replaced with 1 ml TrypLE Express before 

centrifuging again as before. The supernatant was removed, leaving a little to avoid 

losing the pellet, and 1-4 ml TrypLE Express was added dependent on pellet size (one for 

one or two domes, four for up to 12 domes) with 2 µl 10 mg/ml DNAse I stock per ml 

TrypLE Express. The solution was pipetted up and down 20 times to resuspend the cells 

and incubated at 37 °C with agitation for five minutes, then pipetted up and down 20 

times again. If stringy clumps of cells were visible, 2-8 µl DNAse was added, and the 

solution mixed again by pipetting. The cells were checked under the microscope, and if 

they were all dissociated, they were centrifuged at 1000 rpm (200 RCF) for 3 minutes; if 

not, they were returned to 37 °C until dissociated, which took up to 35 minutes. Once 

centrifuged, the majority of the supernatant was removed, and the cells washed twice 

in 5 ml splitting medium, centrifuging and removing the majority of the supernatant at 

each wash. 

12.13.14 Orthotopic transplant of organoids into the pancreas 

To orthotopically implant organoids into the pancreas, a single cell suspension was 

performed on organoids from mixed background (C57bl6 / 129sv) animals. The cells 

were counted and resuspended in a mix of 50 % Matrigel®, 50 % mouse splitting medium 

at 250,000 cells per 40 µl. Animals were injected with organoids as detailed for 

orthotopic implant of TB32048 cells. 

12.13.15 Plating organoids for biotherapeutics experiments 

To plate organoids in a 96 well plate for therapeutics experiments, a clear 96 well culture 

plate was pre-cooled at -20 °C. A 50 % Matrigel®, 50 % PBS solution was made at 4 °C 

and 30 µl added to each well of the plate on ice. The plate was centrifuged at 200 RCF 

for 1 minute at 4 °C before incubating at 37C for 20 minutes to harden. A single-cell 

suspension of organoids was prepared and resuspended in 90 % mouse organoid feeding 

medium (with Y-27632 Rho kinase inhibitor) and 10 % Matrigel® to a final concentration 

of 20 cells/µl. 100µl (2000 cells) were plated into each well on top of the Matrigel® bed. 

12.14 Statistical analysis 

Results are presented as mean ± s.e.m unless otherwise stated, and n numbers are stated 

in figure legends. Unless otherwise stated, statistical analyses were performed in 

Graphpad Prism. For each dataset, outliers were excluded by robust regression and 

outlier removal (ROUT) with the false discovery rate, Q, set to 1 %, meaning that fewer 



141 
 

than 1 % of the values identified as ‘statistically significant’ (outliers) are false positives, 

the remaining values (over 99 %) are true outliers (Motulsky and Brown 2006). For bar 

charts, a Shapiro-Wilke normality test was performed on the datasets. For comparison 

of two datasets, both of which were normally distributed, a student’s T-test was 

performed, and when either dataset was not, a Mann-Witney U test was performed. For 

comparison of three or more datasets with a single independent variable, a one-way 

ANOVA was performed with Tukey’s multiple comparison if all datasets were normally 

distributed or Kruskal Wallis multiple comparisons if not all datasets were normally 

distributed. A two-way ANOVA was performed to compare three or more datasets with 

two independent variables. 

For comparison of cytokines in the FAK-KD endothelial cell cytokine array, a chi-squared 

analysis was performed to compare the number of cytokines upregulated by more than 

25 %, downregulated by more than 25 % or unchanged. 

Statistical significance was reported as appropriate. P <0.05 was considered statistically 

significant.  The level of statistical significance was reported ns, P > 0.05, * P ≤ 0.05, ** P 

≤ 0.01, *** P ≤ 0.001 and **** P ≤ 0.0001. 

For tumour growth curves, data were analysed using the mixed model linear regression, 

with a random effect to take into account the fact that repeated observations on the 

same animal can be correlated with each other (Diggle et al. 2002). Tumour growth for 

all animals was analysed with the outcome variable as the logarithm of relative change 

in tumour volume from day 1. Similar results (not shown) also were observed when using 

the untransformed relative change, when using absolute volume or using the logarithm 

of absolute volume as the outcome variable. For each case, the results of significance 

tests were the same for all endpoints. This was the case whether analysis was restricted 

to animals with at least five days of observations or to animals with at least six days of 

observations. Regression coefficients were retransformed after analysis to be presented 

as average daily percentage increases. 

Other statistical analyses are reported within the text. 

12.15 Ethics 

All procedures were approved by our local animal ethics committee at the Queen Mary 

University of London and were executed in accordance with UK Home Office regulations.  
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13 Results I: Targeting angiocrine signalling to enhance 

chemosensitivity 

13.1 Endothelial cell FAK deletion sensitises subcutaneous B16-F0 

melanomas to doxorubicin 

Work from our laboratory previously demonstrated that loss of endothelial cell FAK in 

established B16F0 tumours did not affect angiogenesis but did enhance the sensitivity of 

tumour cells to doxorubicin, and this reduced tumour growth. Mechanistically loss of EC-

FAK reduced doxorubicin-stimulated cytokine production, thus altering the angiocrine 

profile of ECs (Tavora, Reynolds, et al. 2014). Here I have determined the role of the 

kinase activity of EC-FAK specifically in doxorubicin-stimulated cytokine production and 

sensitivity to doxorubicin in vivo. 

13.2 Deletion of EC-FAK reduces angiocrine response to doxorubicin 

Our group has previously demonstrated a sensitising effect of endothelial cell FAK 

deletion on malignant cell growth in vivo. This corresponded with a reduced cytokine 

response to doxorubicin in FAK-KO cells in vitro compared to EC-WT cells. Therefore, we 

wanted to fully understand the molecular changes in endothelial cells in response to 

doxorubicin and how these are impacted by FAK deletion. In experiments performed by 

Dr Rita Pedrosa and Dr Pedro Casado, the proteomic, phosphoproteomic and 

secretomics changes in FAK KO vs WT EC treated or not with doxorubicin were compared. 

Primary lung ECs were isolated from Pdgfb-iCre+;FAKfl/fl and Pdgfb-iCre-;FAKfl/fl mice. 

Both genotypes of cells were treated with tamoxifen in vitro to activate Cre in the ECs 

derived from Pdgfb-iCre+; FAKfl/fl mice but not in Pdgfb-iCre-; FAKfl/fl, generating FAK KO 

and WT ECs, respectively (Appendix Figure 22.1 A). FAK KO and WT ECs were treated for 

48 hours with 250 nM doxorubicin or PBS before harvesting cell lysates for proteomics 

and phosphoproteomics and conditioned medium for secretomics (Figure 13.1 A). At 

baseline (untreated cells), the expression of several proteins were altered by the FAK KO 

mutation, with the expression of more proteins downregulated than upregulated, 

affecting intrinsic processes such as cell proliferation (Figure 13.1 B; Appendix Figure 

22.1 B). Proteomic, phosphoproteomic and secretomics analysis revealed that the 

number of proteins with a significant change in expression after doxorubicin treatment 

was much greater in the EC-WT than EC-FAK KO condition for each analysis. For all three 
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analyses, the number of proteins with expression levels significantly changed by 

doxorubicin was at least four times greater in EC-WT than EC-FAK KO, with the number 

of upregulated secreted proteins changing from almost 100 to close to baseline levels in 

EC-WT cells (Figure 13.1 C). Doxorubicin is a DNA damaging agent; therefore, it was 

unsurprising that there was an enrichment in DNA-damage repair phospho-proteins in 

doxorubicin treated WT ECs. However, this was seen to a much lesser extent in FAK KO 

ECs (Appendix Figure 22.1 D). 

The secretome profiles of proteins from conditioned medium of WT and FAK-KO ECs 

showed significant changes in EC-WT cells treated with dox compared to PBS but not 

necessarily changed by doxorubicin treatment in EC-FAK KO cells (Figure 13.1 D). 

Presentation of secretomics data in volcano plots further demonstrates that that 

doxorubicin treatment increases the expression of many secreted proteins in WT ECs, 

but their levels remain close to baseline in EC-FAK KO ECs (Figure 13.1 E). This reduction 

in the response to doxorubicin was also seen, although to a lesser extent, in the 

phosphopeptides (Appendix Figure 22.1 C). 
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Figure 13.1 Cellular protein, phosphoprotein and secreted protein analysis identify 

that doxorubicin treatment effects are reduced significantly in FAK-null endothelial 

cells. 

(A) Experimental plan: WT and FAK-KO primary ECs were treated for 48 h with 

doxorubicin or PBS. Lysates from these cells were processed for proteomics and 

phosphoproteomics analysis and conditioned medium from the cells for secretomics 

analysis. (B) The numbers of cellular proteins that showed significant changes in 

expression in FAK-KO EC vs FAK-WT ECs were determined. Red bars, up-regulation and 

blue bars, down-regulation. (C) Numbers of cellular proteins, phosphopeptides or 

secreted proteins that showed significant changes in expression were identified in FAK-

WT and FAK-KO ECs after doxorubicin treatment. Red bars, up-regulation and blue 

bars, down-regulation. (D) Heatmap:  protein changes in the conditioned medium 

secretome of WT and FAK-KO ECs before and after doxorubicin treatment. Heatmap 

colour codes for fold change over mean across all samples in Log 2 scale. (E) Volcano 

plots illustrate secretomic changes caused by doxorubicin treatment in WT and FAK-KO 

ECs. Red dots, p<0.01, yellow dots, p<0.05 and grey circles non-significantly changed 

proteins. Independent biological replicates were performed (5 independent WT and 4 

independent FAK-KO EC cell preparations),.  All preparations were generated from 3 

mice. For the secretomics study, 4 independent cell preps were used for WT and FAK-

KO ECs and each prep was pooled from 3 mice. Data generated by Dr Rita Pedrosa and 

Dr Pedro Casado-Izquierdo. 
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13.3 Pdgfb-iCre+;FAKfl/fl;R26 FAKK454R/K454R mice can be induced by 

tamoxifen to express K454R mutant chicken FAK in endothelial 

cells rendering them kinase-dead 

Our observation that deletion of endothelial cell FAK increases malignant cell sensitivity 

to doxorubicin could be useful clinically. However, FAK inhibition targets specific 

functions of FAK, most commonly the kinase domain. Therefore, it was important to 

establish whether the kinase domain of FAK is responsible for the sensitising property of 

endothelial cell FAK KO. We employed a tamoxifen-inducible endothelial cell FAK kinase-

dead model (Pdgfb-iCre;FAKfl/fl;R26 FAKK454R/K454R) to establish the role of the kinase 

domain in this sensitising effect. As described in Materials and Methods, a K454R 

mutation renders FAK kinase-dead (Figure 12.3 A). When Cre is activated by exogenous 

tamoxifen in Pdgfb-iCre+;FAKfl/fl;R26 FAKK454R/K454R animals, mouse FAK is deleted, and the 

kinase-dead chicken FAK is expressed, whereas in the Cre – animals, the mouse FAK 

remains expressed (Figure 12.3 B). 
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13.4 Sequencing Pdgfb-iCre+;FAKfl/fl;R26 FAKK454R/K454R  mouse DNA 

confirmed the presence of the K454R mutation 

The Pdgfb-iCreert;FAK fl/fl R26 FAK K454R/K454R mouse DNA was also sequenced to confirm 

that the kinase domain is disabled by mutation of the ATP binding site in lysine (AAA) 

position 454 to arginine (AGA) (K454R) (Figure 13.2). The mutation was confirmed in all 

Pdgfb-iCreert;FAK fl/fl R26 FAK K454R/K454R mice (Figure 13.2 A). The sequencing 

chromatogram shows some background, but the true peaks are still clear (Figure 13.2 

B).  
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Figure 13.2 EC Cre;FAKKD/KD mouse sequencing confirmed K454R mutation in all 

mice 

Sanger sequencing result of Pdgfb‐iCreert;FAKfl/fl;R26FAKK454R/K454R mice confirming 

mutation of the ATP binding site lysine (AAA) position 454 to arginine (AGA) 

(K454R). (A) Typical sequencing result aligned to a WT murine FAK sequence 

indicating the K454R mutation (red box). (B) Sequencing chromatogram showing 

the K454R mutation in a typical Pdgfb‐iCreert;FAKfl/fl;R26FAKK454R/K454R mouse. 
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13.5 Myc-Tag was expressed in EC Cre+; FAKKD/KD mice but not EC Cre-; 

FAKKD/KD mice in vivo and in vitro, EC-FAK KD MLECs expressed 

increased chicken FAK and reduced mouse FAK compared to EC-

WT 

The K454R FAK kinase-dead mutation is myc-tagged. This is a mutant form of myc that is 

not detectable endogenously. Therefore, to confirm that tamoxifen activation was 

successful in vivo, and the animals were true EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD, 

tumour sections from both genotypes were immunostained for myc-tag. Cre+; FAKKD/KD 

mice were myc-tag positive whilst EC Cre-; FAKKD/KD were myc negative (Figure 13.3 A). In 

vitro, knockin of mutant chicken FAK and knockout of mouse FAK specific to the 

endothelial cells was tested by qPCR. Endothelial cells and all other non-selected non-

endothelial cells were isolated from the lungs of EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD 

mice. The levels of mouse and chicken FAK from endothelial cells and non-endothelial 

cells from both EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD mice were measured by qPCR. The 

relative quantity of mRNA was plotted relative to the level EC Cre- endothelial cells. 

There was no significant difference in mouse FAK levels mRNA in non-endothelial cell 

populations from both genotypes. However, in the endothelial cells, there was 

significantly reduced levels of mouse FAK and increased chicken FAK in Cre + EC (Figure 

13.3 B).   
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Figure 13.3 Activation of the EC FAK KD mutation 

(A) Myc-tag is only detected in ECs found in tumours grown in EC Cre+; FAKKD/KD mice 

but not ECs in tumours grown in EC Cre-; FAKKD/KD; Myc-tag (green) and CD-31 (red). 

Data are analysed with a one-way ANOVA. ns, not significant. Scale bar, 100 μm. (B) RT-

qPCR showing the level of mouse and chicken FAK mRNA in EC Cre + and EC Cre – cells 

as well as cells that were not sorted as EC. N=4 independent cell preps per genotype, 

each cell prep was from a single mouse. 
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13.6 The Endothelial-cell FAK kinase-dead mutation modestly sensitises 

cancer cells to doxorubicin in vivo. 

Endothelial cell FAK KO sensitises tumours to doxorubicin in vivo to reduce tumour 

growth (Tavora, Reynolds, et al. 2014). Therefore, tumour growth curves were created 

to establish whether endothelial cell FAK kinase dead mutation had the same impact or 

not. EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD mice were implanted subcutaneously with 1 X 

106 B16F0 melanoma cells. When tumours reached, 100 mm3 mice began treatment as 

shown (Figure 13.4 A). Animals were culled ten days after the start of treatment or 

earlier if tumours reached the size limit or ulcerated or mice showed signs of signs of 

distress, according to the humane endpoint established in our animal project license. In 

PBS treated animals, tumour growth curves were similar for EC Cre+; FAKKD/KD and EC Cre-

; FAKKD/KD animals (Figure 13.4 B; represented as fold change in appendix Figure 22.2). 

In the doxorubicin treated animals, however, in the raw tumour growth curves, there 

appeared to be subtly reduced tumour growth in the EC Cre+; FAKKD/KD compared to EC 

Cre-; FAKKD/KD animals (Figure 13.4 C; represented as fold change in appendix Figure 

22.2). As the animals were culled at different time points, statistical comparison by 

ANOVA was not possible. However, the percentage of tumours that exceeded the mean 

volume for PBS treated EC Cre-; FAKKD/KD (571mm3, orange line) was lower in doxorubicin 

treated EC Cre+; FAKKD/KD (56 %) than the other treatment groups (100 %, 100 %, 77 % for 

PBS treated EC Cre-; FAKKD/KD and EC Cre+; FAKKD/KD and doxorubicin treated EC Cre-; 

FAKKD/KD respectively suggesting a reduction in tumour growth in the doxorubicin treated 

EC Cre+; FAKKD/KD. 

The exponential slope of each individual tumour growth curve was calculated, and the 

percentage change in exponential slope with doxorubicin treatment relative to the 

average exponential slope for doxorubicin treated animals were plotted for each 

genotype. This showed that in the EC Cre+; FAKKD/KD animals, there was significantly more 

reduction in exponential tumour growth with doxorubicin treatment than in the EC Cre+; 

FAKKD/KD animals demonstrating a sensitisation to doxorubicin in the EC Cre+; FAKKD/KD 

animals (Figure 13.4 D). 

Finally, the data tumour growth curves were analysed by mixed-model linear regression 

as described in materials and methods. The change in tumour volume, as expected, 

increased significantly with time (p<0.001). Additionally, the rate of change in tumour 

volume (gradient of the increase) was significantly altered by treatment and genotype 
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(p<0.001). The highest gradient was observed in PBS treated EC Cre-; FAKKD/KD mice, and 

the lowest gradient in doxorubicin treated EC Cre+; FAKKD/KD mice. Figure 13.4 F shows 

the estimated daily percentage increases in tumour volume and their 95 % confidence 

intervals for the four groups. Although the tumour growth in both EC Cre+; FAKKD/KD and 

EC Cre-; FAKKD/KD mice was reduced by doxorubicin treatment compared to PBS, there 

was no difference in tumour growth between genotypes with PBS treatment, but with 

doxorubicin treatment, tumour growth in EC Cre+; FAKKD/KD mice was significantly less 

than in EC Cre-; FAKKD/KD mice. This further confirmed the sensitisation to doxorubicin in 

EC Cre+; FAKKD/KD mice and confirmed that the kinase domain of FAK is involved in the 

chemosensitisation effect of endothelial cell FAK targeting observed by (Tavora, 

Reynolds, et al. 2014). 

No difference in percentage survival to legal tumour limit was observed between the 

treatment groups (Figure 13.5). 
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Figure 13.4 Tumour growth curves 

(A) Schematic of experimental design and dosing schedule. (B and C) Tumour growth 

curves in PBs or doxorubicin treated EC Cre-; FAKKD/KD and EC Cre+; FAKKD/KD mice.  Bars 

represent treatment timelines. Orange horizontal line indicates the mean tumour 

volume in PBS treated EC Cre-; FAKKD/KD mice. (D) Representative images of tumours at 

4 days after the final PBS or doxorubicin injection. (E) The exponential tumour growth 

of PBS and Doxorubicin treated EC Cre-; FAKKD/KD and EC Cre+; FAKKD/KD mice. 

Exponential slope of the tumour growth curves analysed with students t-test. **P ≤ 

0.01. The numbers of mice recruited to the experiment were 11, 10, 11 and 11 mice 

with one tumour per animal for EC Cre-; FAKKD/KD PBS treated, EC Cre+; FAKKD/KD PBS 

treated, EC Cre-; FAKKD/KD   doxorubicin treated and EC Cre+; FAKKD/KD doxorubicin 

treated respectively. However, mice that did not complete the treatment or survived 

at least one day post treatment were excluded from the exponential slope analysis, 

n=9, 8, 7 or 6 mice each with one tumour for EC Cre-; FAKKD/KD PBS treated, EC Cre+; 

FAKKD/KD PBS treated, EC Cre-; FAKKD/KD   doxorubicin treated and EC Cre+; FAKKD/KD 

doxorubicin treated respectively. (F) Estimated average daily percentage increases in 

tumour volume from the mixed model regression, by mouse type and treatment 

showing percentage the daily increase and 95 % confidence limits. Average daily 

increase in tumour volume. Data were analysed by mixed model linear regression, 

with a random effect for animal, to take into account the fact that repeated 

observations on the same animal can be correlated with each other (Diggle et al. 

2002).  Average daily increase in tumour volume was significantly lower in 

doxorubicin-treated EC Cre+; FAKKD/KD compared with doxorubicin treated EC Cre-; 

FAKKD/KD mice. P<0.001 
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13.7 Survival to 10 days was not impacted by genotype or treatment 

The majority of the animals became sick, had to be culled due to ulcerated tumours or 

as tumours had reached the home office legal limit according to our licence. There was, 

however, no difference in animal survival up to 10 days between the treatment groups 

(Figure 13.5). This is not surprising for such a short time course of treatment and the 

limitations of the experimental model.  
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Figure 13.5 Kaplan Meier curve of percentage survival to maximum legal tumour 

volume limit in each treatment group over time showing no significant differences. 

Log-rank (Mantel-Cox) test (P=0.3916). N=11, 7, 13 and 11 for EC Cre-; FAKKD/KD PBS 

treated, EC Cre+; FAKKD/KD PBS treated, EC Cre-; FAKKD/KD   doxorubicin treated and EC 

Cre+; FAKKD/KD doxorubicin treated respectively. 
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13.8 Blood vessel density, perfusion and doxorubicin delivery are not 

impacted by activation of the endothelial cell FAK KD mutation 

To ascertain the reason for increased doxorubicin sensitivity in EC Cre+; FAKKD/KD 

compared to EC Cre-; FAKKD/K mice, blood vessel density, perfusion and doxorubicin 

delivery were quantified. For analysis of blood vessel density, sections were stained for 

endomucin (Figure 13.6 A), and the numbers of blood vessels/mm2 tumour section were 

calculated. There was no difference in blood vessel density between any of the 

treatment groups, implying the tumour growth phenotype was not a result of any 

changes in angiogenesis between the genotypes. However, more important than blood 

vessel density is perfusion; for a tumour cell to proliferate, it must be close enough to a 

perfused blood vessel for the diffusion of nutrients and oxygen, but many tumour blood 

vessels are poorly perfused (Forster et al. 2017). To check whether there were 

differences in blood vessel perfusion, mice were perfused with biotinylated lectin. There 

were no differences in blood vessel perfusion between the groups (Figure 13.6 B). 

Therefore, any differences in sensitivity to doxorubicin are unlikely to be due to any 

differences in blood vessel development. 

 

In addition, to check whether there were any differences in drug delivery by the blood 

vessels, doxorubicin delivery to the tumour was measured. We exploited the auto-

fluorescent property of doxorubicin to measure doxorubicin delivery into the tumour 

with a high dose injection in an ante-mortem procedure. Doxorubicin is auto-fluorescent 

with emission signal at 595 nm upon excitation with a 470 nm laser and is therefore 

visible in green down a fluorescent microscope (Shah et al. 2017). Tumour sections from 

EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD mice showed similar intensity of doxorubicin 

autofluorescence, showing that doxorubicin delivery was the same. Therefore, 

differences in doxorubicin delivery were not likely to be the cause of reduced tumour 

growth in doxorubicin treated EC Cre+; FAKKD/KD mice (Figure 13.6 C). 
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Figure 13.6 Blood vessel density, perfusion and doxorubicin delivery were not affected 

by deletion of the kinase domain of FAK. 

B16F0 tumour sections from EC Cre+; FAKKD/KD and EC Cre-; FAK KD/KD mice treated with 

doxorubicin or PBS. (A) Blood vessel density. Bar chart shows mean number of blood 

vessels per mm2 ± s.e.m, n= 7, 5, 4 and 3 tumours from independent mice for EC Cre-; 

FAK KD/KD PBS treated, EC Cre-; FAK KD/KD   doxorubicin treated, EC Cre+; FAK KD/KD PBS 

treated, and EC Cre+; FAK KD/KD doxorubicin treated respectively, for each tumour, 10 

fields from 1 section were quantified. Images show representative fields of endomucin 

staining (green) with DAPI as a nuclear marker. (B) Blood vessel perfusion. Bar chart 

shows the percentage perfused blood vessels ± s.e.m, n= 7, 5, 4 and 3 tumours from 

independent mice reduced to n= 5, 4, 4 and 3 after exclusion of outliers by ROUT, Q=1 % 

for EC Cre-; FAK KD/KD PBS treated, EC Cre-; FAK KD/KD   doxorubicin treated, EC Cre+; FAK 

KD/KD PBS treated, and EC Cre+; FAK KD/KD doxorubicin treated respectively. For each 

tumour, 10 fields from 1 section were quantified. Images show representative fields of 

lectin (red) and endomucin (green). (C) Doxorubicin delivery. Bar chart shows mean 

percentage of tumour area positive for doxorubicin delivery ± s.e.m. n = 11 tumours 

from independent mice, EC Cre-; FAK KD/KD and 9 tumours for EC Cre+; FAK KD/KD, for each 

tumour, 15 fields from 1 section were quantified. Representative images of auto-

fluorescent doxorubicin are given, white line shows positive area. NS, not significant (P > 

0.05) analysed with a student’s t-test. Scale bar in A and B 200 μm, C, 100 μm. 
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13.9 48 hours after the final treatment, Perivascular cellular 

proliferation is reduced and apoptosis and DNA damage increased 

in doxorubicin-treated EC Cre+; FAKKD/KD subcutaneous B16F0 

melanomas  

To check whether there were any differences in perivascular proliferation, apoptosis or 

perivascular DNA damage, immunostaining was performed on tumours harvested 48 

hours after the last treatment. EC Cre+; FAKKD/KD and EC Cre-; FAKKD/KD were injected 

subcutaneously with 5 X 105 B16F0 melanoma cells. They were treated as for tumour 

growth curves but harvested 48 hours after the final PBS or doxorubicin treatment 

(Figure 13.7 A). 

Sections from tumours that had been treated with PBS or doxorubicin 48h before harvest 

were stained for Ki-67, an indicator of proliferation. There was a significant reduction in 

Ki-67 expression between PBS and doxorubicin treated EC Cre+; FAKKD/KD mice. Therefore, 

although there are no changes in doxorubicin delivery, blood vessel density or perfusion, 

there is significantly less proliferation in doxorubicin treated than PBS treated EC Cre+; 

FAKKD/KD mice (Figure 13.7 B). In the EC Cre-; FAKKD/KD mice, however, there was no 

difference in proliferation with doxorubicin treatment. 

Sections from this experiment were also stained for CC3, a marker for apoptosis and the 

CC3 positive area per blood vessel number was quantified. Apoptosis per blood vessel 

was significantly increased in doxorubicin treated EC Cre+; FAKKD/KD mice compared to 

either doxorubicin treated EC Cre-; FAKKD/KD mice or PBS treated EC Cre-; FAKKD/KD mice. In 

EC Cre-; FAKKD/KD animals, however, there was no difference in the level of apoptosis with 

doxorubicin treatment compared to PBS (Figure 13.7 C). 

Similarly, 48 hours after the last treatment, there were no differences in the level of 

perivascular DNA damage (indicated by nuclear γH2AX) between EC Cre-; FAKKD/KD and EC 

Cre+; FAKKD/KD mice treated with PBS. In doxorubicin treated animals. However, there was 

an increase in DNA damage in EC Cre+; FAKKD/KD mice treatment compared to EC Cre-; 

FAKKD/KD mice (Figure 13.7 D). 

Taken together, these data suggest that without treatment, tumours in EC Cre+; FAKKD/KD 

and EC Cre-; FAKKD/KD mice have similar levels of proliferation, apoptosis, and DNA 

damage. In doxorubicin treated animals, however, while the EC Cre-; FAKKD/KD mice have 
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little response, EC Cre+; FAKKD/KD mice are sensitised to the treatment showing reduced 

proliferation and increased levels of apoptosis and DNA damage.  



163 
 

 



164 
 

 

  

Figure 13.7 Targeting the kinase domain of endothelial-cell FAK sensitises tumour 

cells to DNA damaging therapy in vivo. 

B16F0 tumour sections from EC Cre+; FAKKD/KD and EC Cre-; FAK KD/KD mice treated with 

doxorubicin or PBS. (A) The percentage of perivascular tumour cells that were Ki-67-

positive. N= 8, 8, 5 and 7 tumours from independent mice for EC Cre-; FAK KD/KD PBS 

treated, EC Cre-; FAK KD/KD   doxorubicin treated, EC Cre+; FAK KD/KD PBS treated, and EC 

Cre+; FAK KD/KD doxorubicin treated respectively. 1 tumour per mouse, 15 fields were 

quantified from one section per animal. Representative images of staining for Ki-67, 

endomucin and DAPI as a nuclear marker. (B) Tumour apoptosis was assessed as the 

area of CC3 staining relative to the number of blood vessels. N numbers were 8, 8, 6 

(reduced to 5 by exclusion of outliers ROUT, Q=1 %) and 7 for EC Cre-; FAK KD/KD PBS 

treated, EC Cre-; FAK KD/KD   doxorubicin treated, EC Cre+; FAK KD/KD PBS treated, and EC 

Cre+; FAK KD/KD doxorubicin treated respectively. 1 tumour per mouse, 15 fields were 

quantified from one section per animal. Representative images of staining for CC3, 

endomucin and DAPI as a nuclear marker. (C) DNA damage was assessed as the % of 

H2A histone family member X (γ-H2AX positive nuclei. N=6, 8 (reduced to 7 by 

exclusion of outliers by ROUT, Q=1 %), 6 and 7 for EC Cre-; FAK KD/KD PBS treated, EC 

Cre-; FAK KD/KD   doxorubicin treated, EC Cre+; FAK KD/KD PBS treated, and EC Cre+; FAK 

KD/KD doxorubicin treated respectively. 1 tumour per mouse, 15 fields were quantified 

from one section per animal.  Representative images of staining for γ-H2AX, 

endomucin and DAPI as a nuclear marker. Bar charts show quantitation of sections 

taken 48 h post cessation of treatment. (A and B) Data are analysed with a one-way 

ANOVA. ns, not significant (P > 0.05), *P < 0.05 **P ≤ 0.01. (C) Analysed with a 

student’s t-test *P < 0.05 Scale bar, 100 μm.  
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13.10 Knockin of the FAK kinase-dead mutation in ECs leads to a 

reduction in cytokine production in response to doxorubicin 

Cytokine production by endothelial cells is known to influence tumour growth (Balkwill 

2009; Edwardson, Parissenti, and Kovala 2019; Galdiero, Marone, and Mantovani 2018; 

Aliper et al. 2014; He et al. 2010). Tavora et al. (Tavora, Reynolds, et al. 2014) showed 

that cytokine production of WT endothelial cells was increased by doxorubicin 

treatment, while in FAK-null endothelial cells, this response was much reduced (Tavora, 

Reynolds, et al. 2014). This suggested a possible role for the change in cytokine signalling 

in the increased in vivo sensitivity to doxorubicin in EC FAKKO mice. Therefore, we wanted 

to know whether the response of EC-FAK-KD cells to doxorubicin was similar to that of 

FAK-null endothelial cells. Therefore, Dr Delphine Lees for our laboratory, prepared 

immortalised WT and FAK KD endothelial cells as described in (Figure 13.8 A) and ran a 

cytokine array to establish the cytokine response to doxorubicin in each cell type. 

Although this was only one array (one membrane with two dots per sample for each 

cytokine), it demonstrated that while the expression of many cytokines was upregulated 

in response to doxorubicin treatment in WT ECs, cytokine production was much reduced 

in FAK-KD endothelial cells to close to baseline expression (Figure 13.8 B and C). Plotting 

the number of cytokines that were upregulated more than 25 % (red), downregulated 

more than 25 % (blue) or unchanged (grey), there were significantly more unchanged in 

the FAK KD than WT ECs (Figure 13.8 D). Therefore, the effect on the response to 

doxorubicin treatment of rendering endothelial cells kinase-dead was similar to the 

effect in FAK KO endothelial cells. 
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Figure 13.8 Genetic inactivation of FAK in ECs leads to a downregulation of cytokine 

production after Dox treatment. 

(A) Method outline. (B) Whole cytokine array membranes for EC-WT and EC-FAK KD 

MLECs treated with doxorubicin or PBS. (C) Quantitation of fold difference in cytokine 

expression between doxorubicin-treated and non-treated EC-WT and EC-FAK KD MLECs 

(n=1 experiment, bars represent average of 2 dots on the array). (D) Number of 

cytokines upregulated or downregulated by > 25 % in EC-WT and EC-FAK KD cells on 

doxorubicin treatment. Red bars represent number of up-regulated cytokines after 

doxorubicin treatment. Blue bars represent down-regulated number of cytokines after 

doxorubicin treatment. Grey bars represent number of cytokines whose expression did 

not change after doxorubicin treatment. Analysed by chi squared, **** P <0.0001. 
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13.11 Pharmacologically rendering endothelial cell FAK kinase dead in 

vitro leads to a downregulation in cytokine production in response 

to doxorubicin treatment 

As genetically rendering murine endothelial cells kinase-dead appeared to reduce their 

cytokine response to doxorubicin treatment, we wanted to establish whether this effect 

could be replicated in human cells with pharmacological FAK kinase inhibition. Human 

pulmonary microvascular endothelial cells were grown to confluency and treated for 48 

hours with or without 5 µM FAK kinase inhibitors PF-573,288, PF-562,271 or defactinib 

and 250 nM doxorubicin (Figure 13.9 A). Initially, the PF-573,288 inhibitor was tested 

and, while in the controls, there was an upregulation in the production of most cytokines 

with doxorubicin treatment, there was much reduced cytokine production in response 

to doxorubicin in PF-573,288 treated cells (Figure 13.9 B and C). The effects of PF-

562,271 and defactinib were then tested in a second experiment. Consistent with the PF-

573,288 experiment, when no inhibitor was used, the cells increased their cytokine 

production in response to doxorubicin. There was generally a downregulation in cytokine 

response with doxorubicin treatment in inhibitor-treated cells compared to baseline 

(Figure 13.9 D-F). More significant differences were recorded with defactinib than PF-

562,271 treatment, but the reduction in doxorubicin-induced cytokine production was 

consistent across all three inhibitors and the genetically kinase-dead cells. 
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Figure 13.9 Pharmacological inactivation of FAK in ECs leads to a downregulation of 

cytokine production after Dox treatment.  

(A) Method outline. (B) Representative cytokine array membranes for HPMECs with 

and without PF-573,228 FAK kinase inhibition and doxorubicin treatment, commonly 

regulated cytokines are labelled. (C) Waterfall plot of all cytokines whose response to 

doxorubicin was significantly regulated by PF-573,228 treatment. (D) Representative 

cytokine array membranes for HPMECs with and without PF-562,271 and defactinib 

FAK kinase inhibition and doxorubicin treatment, commonly regulated cytokines are 

labelled. (E) Waterfall plot of all cytokines whose response to doxorubicin was 

significantly regulated by PF-562,271 treatment. (F) Waterfall plot of all cytokines 

whose response to doxorubicin was significantly regulated by defactinib treatment. 

Waterfall plots shown as log2 (doxorubicin treated/untreated) cytokine levels, 

waterfall plots are represented as the fold-change against the -log of the P-value. 
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13.12 The overall impact of the three FAK kinase inhibitors PF-573,228, 

PF-562,271 and defactinib on cytokine production in response to 

doxorubicin was consistent 

To summarise the cytokine response, volcano plots were produced for control cells and 

each inhibitor. These demonstrated that in the cells used as a control for PF-573,228 

treatment (Figure 13.10 A), there were many cytokines significantly upregulated (red) 

and downregulated (blue) with doxorubicin treatment compared to baseline levels. The 

effect of the PF-573,228 on response to doxorubicin, however (doxorubicin response in 

PF-573,228 treated cells relative to doxorubicin response in control cells) was overall one 

of downregulation (Figure 13.10 B). This can be seen in the number of up-or 

downregulated cytokines in response to doxorubicin in the control and PF-573,228 

treated cells. With PF-573,228, fewer cytokines are upregulated and more 

downregulated in response to doxorubicin (Figure 13.10 C). For the cells used as a 

control for PF-562,271 and defactinib, the overall cytokine response was similar to the 

control cells in 14.14 A, with many cytokines significantly up-or downregulated in 

response to doxorubicin compared to baseline (Figure 13.10 D). The effect of both PF-

562,271 and defactinib was a downregulation in the cytokine production in response to 

doxorubicin but with more significant changes recorded in defactinib treated than PF-

562,271 treated cells (Figure 13.10 E and F). Similar to PF-573,228, these results can be 

further summarized by plotting the number of cytokines up and downregulated 

compared to baseline. For both inhibitors, the number of cytokines significantly 

upregulated in response to doxorubicin is reduced, and the number downregulated 

increased, but this effect was much more pronounced in defactinib, where more than 30 

cytokines were significantly downregulated by doxorubicin treatment (Figure 13.10 G). 
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Figure 13.10 Pharmacological inactivation of FAK in ECs leads to a downregulation of 

cytokine production after Dox treatment.  

(A) Fold-change in cytokine expression levels with doxorubicin/PBS treatment in 

control HPMECs used for PF-573, 228 comparison. (B) The effect of PF-573,228/PBS 

treatment on cytokine expression levels in doxorubicin treated cells, red dots 

indicated cytokines significantly regulated by more than one inhibitor. For PF-573,228 

cytokine arrays, n=3 control and 3 treated cytokine array membranes (6 dots per 

condition) each membrane represents an independent cell sample. (C) Number of 

cytokines significantly regulated by doxorubicin treatment in control or PF-573,228 

treated HPMECs. Red bars represent number of up-regulated cytokines after 

doxorubicin treatment. Blue bars represent down-regulated number of cytokines after 

doxorubicin treatment. (D) Second experiment. Fold-change in cytokine expression 

levels with doxorubicin/PBS treatment in control HPMECs for PF-562,271 and 

defactinib comparison. (E) The effect of PF-562,271 treatment on cytokine expression 

levels in doxorubicin treated cells, red dots indicated cytokines significantly regulated 

by more than one inhibitor.  (F) The effect of defactinib treatment on cytokine 

expression levels in doxorubicin treated cells. For PF-573,271 and defactinib cytokine 

arrays, n=2 control and PF-573, 271 treated and 3 doxorubicin treated cytokine array 

membranes (4, 4 and 6 dots per condition respectively) each membrane represents an 

independent cell sample. (G) The number of cytokines significantly up regulated or 

downregulated by doxorubicin treatment in control, PF-562, 271 treated and 

defactinib treated HPMECs. Red bars represent number of up-regulated cytokines 

after doxorubicin treatment. Blue bars represent down-regulated number of cytokines 

after doxorubicin treatment. 
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13.13 Cytokines whose production in response to doxorubicin was 

significantly altered by more than one inhibitor have broad roles 

in the innate immune response 

There was a general trend towards reducing cytokine production in response to 

doxorubicin in inhibitor-treated compared to control cells. For many of the cytokines, 

more than one inhibitor caused an altered response to doxorubicin (Figure 13.11). Of 

the cytokines whose response to doxorubicin was significantly altered by more than one 

of the inhibitors, several have roles in the innate immune system. For example, 

chemokine (C-C motif) ligand 7 (CCL7) is a chemoattractant for monocytes (Liu et al. 

2018), macrophage colony-stimulating factor (M-CSF) promotes differentiation of 

monocytes into macrophages, and myeloid cell growth factor (Ushach and Zlotnik 2016) 

and interleukin 17A (IL-17A) is associated with infiltration of MDSCs and the promotion 

of a tumour promoting microenvironment (He et al. 2010). Therefore, although beyond 

the scope of this study, it is possible that the increased sensitivity to doxorubicin in EC-

FAK KD animals is due to changes in the innate immune response caused by angiocrine 

signalling of endothelial cells in response to doxorubicin. 
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Figure 13.11 Venn diagram of the cytokines whose response to doxorubicin was 

significantly downregulated by FAK kinase inhibition demonstrating the commonly 

changed cytokines between treatments with different inhibitors. 
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13.14 Cytokine array raw data demonstrate a trend towards reduced 

cytokine production in response to doxorubicin in cells genetically 

or pharmacologically rendered kinase-dead 

The raw data for these cytokine arrays, which includes all cytokines, not just those that 

were significantly regulated, demonstrates a trend towards reduced cytokine production 

with doxorubicin treatment in both genetically and all pharmacologically kinase-dead 

cells (Figure 13.12). However, this was most prominent in the defactinib treated cells, 

where there was a downregulation in the majority of cytokines with doxorubicin 

treatment compared to baseline (Figure 13.12 D). This may be because defactinib has 

the lowest IC50 for FAK of all of the inhibitors. 
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Figure 13.12 Raw data for cytokine arrays of genetic and pharmacological FAK kinase 

domain inhibition show a similar trend with doxorubicin treatment.  

Bar charts the fold-change expression of all cytokines identified represented as 

log2(doxorubicin treated/untreated) for (A) WT and FAK KD MLECs (B) PF-573,228 treated 

and control HPMECs. For PF-573,228 cytokine arrays, n=3 control and 3 treated cytokine 

array membranes (6 dots per condition) each membrane represents an independent cell 

sample. (C) PF-562,271 treated and control HPMECs. For PF-573,271 n=2 control and PF-

573, 271 treated and 3 doxorubicin treated cytokine array membranes (4, 4 and 6 dots per 

condition respectively). (D) Defactinib treated and control HPMECs. For defactinib n=2 

control and defactinib treated and 3 doxorubicin treated cytokine array membranes (4, 4 

and 6 dots per condition respectively). 
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14 Discussion I: Targeting angiocrine signalling to 

enhance chemosensitivity 

The primary aim of the work presented in this chapter was to establish whether the 

kinase activity of EC FAK is involved in doxorubicin induced angiocrine signalling and 

chemosensitisation cancer. 

Previous work has demonstrated that the deletion of EC-FAK sensitises tumours to DNA 

damaging therapy (Tavora, Reynolds, et al. 2014). Proteomic, phosphoproteomic and 

secretomic studies further contributed to our understanding of the molecular changes 

that doxorubicin triggers within endothelial cells. In each of the three analyses, we see a 

strong signature in response to doxorubicin in WT cells which is significantly reduced in 

FAK-KO endothelial cells. Understanding the role of the kinase domain in this altered 

response to doxorubicin is clinically important as FAK inhibition is typically specific to a 

single FAK function, most commonly the kinase function through ATP competitive 

inhibition. FAK is known to exhibit scaffolding and nuclear functions in addition to its 

kinase functions. It therefore expected, that there may be some phenotypic differences 

between animals that are endothelial cell specific FAK knockout and endothelial cell 

specific FAK kinase dead. It was previously unknown how much the kinase domain of FAK 

was responsible for the endothelial cell FAK mediated sensitivity to doxorubicin. I have 

shown through tumour growth curves that rendering the endothelial cells of mice with 

established tumours FAK kinase-dead sensitises the tumours to doxorubicin, although 

the effect is more subtle than that observed for complete FAK ablation in endothelial 

cells (Tavora, Reynolds, et al. 2014). Also similar to the FAK-KO model, this sensitisation 

happens not through changes in blood vessel density, perfusion or doxorubicin delivery 

but through changes in the tumour cell response to doxorubicin in terms of apoptosis, 

proliferation and DNA damage. In addition, I have shown that the cytokine production in 

response to doxorubicin is altered by inhibition of the FAK kinase domain by three 

different inhibitors, PF-573,228 (Pfizer), PF-562,271 (Pfizer) or defactinib (Verastem). All 

three inhibitors have a similar trend in reducing cytokine production of HPMECs in 

response to doxorubicin compared to control HPMECs. This suggests that targeting the 

kinase domain of endothelial cell FAK through pharmacological inhibition may lead to a 

clinical benefit in sensitising tumours to doxorubicin. 
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14.1 The modest sensitisation of kinase-dead mice to doxorubicin 

suggests that the kinase domain is partially responsible for the 

sensitising effect of endothelial cell FAK 

While the deletion of endothelial cell FAK clearly sensitises subcutaneous B16-F0 

melanoma tumours to doxorubicin, deletion of the kinase domain only modestly does 

so. This suggests some role of the kinase domain in the sensitisation role of FAK, but it is 

not exclusively responsible. 

We have shown previously that FAK is responsible for tumour angiogenesis, and FAK 

deletion causes an alteration in endothelial cell signalling as well as a reduction in 

proliferation and migration (Tavora et al. 2010). Loss of the kinase activity of FAK in 

endothelial cells causes a similar phenotype to endothelial cell FAK KO with regards to 

the formation of the tumour, tumour angiogenesis and hypoxia when the kinase domain 

is inactivated prior to tumour induction (Alexopoulou et al. 2017). However, while FAK 

deletion is known to be embryonic lethal (e10.5-11.5) due to increased endothelial cell 

retraction and apoptotic death (Braren et al. 2006), in adult mice, initiation of an EC FAK-

KO mutation does not result in endothelial cell apoptosis, partly due to compensation by 

Pyk2 allowing cell survival (Sulzmaier, Jean, and Schlaepfer 2014; Lim, Miller, et al. 2010; 

Weis et al. 2008). Therefore, in adult mice, endothelial cell FAK mutations can be induced 

with little impact on health. 

In the case of cancer models, most tumours rely on angiogenesis once their volume has 

exceeded 1-2 mm3 (Bergers and Benjamin 2003; Deshpande et al. 2011). Therefore, 

tumours above this size are likely to have already established angiogenesis. FAK is 

necessary for the initiation of angiogenesis but not blood vessel maintenance. Hence, 

the effect of endothelial cell FAK deletion in established tumours is somewhat different 

and occurs without affecting blood delivery by the blood vessels (Tavora, Reynolds, et al. 

2014). Similarly, in the present study, the kinase-dead mutation was not activated until 

the tumours were established and had reached 100 mm3. These tumours were therefore 

likely to have already established angiogenesis and, as in the case of EC-FAK KO in 

established tumours, there is no change in blood vessel density, perfusion or doxorubicin 

delivery with the onset of this mutation. While the kinase domain is required absolutely 

for FAK function in initiation and growth of tumours and appears important in 

doxorubicin resistance in established tumours, it may not be entirely responsible for the 

role of endothelial cell FAK in doxorubicin sensitivity. As the sensitisation to doxorubicin 
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appears more modest with an endothelial cell FAK kinase-dead mutation than 

endothelial cell FAK knockout, it is likely that the kinase domain is supported, to some 

extent, by scaffolding or nuclear functions of FAK. However, with this model, we are not 

able to dissect the importance of either the scaffolding or nuclear functions of FAK. 

14.2 Tumour cells response to doxorubicin is endothelial cell FAK kinase 

dead mutation 

The effect of EC-FAK KD mutation in established tumours on perivascular proliferation, 

tumour cell apoptosis and tumour cell DNA damage was also similar to that of the EC-

FAK KO mutation (Tavora, Reynolds, et al. 2014). EC Cre+; FAKKD/KD mice treated with 

doxorubicin showed less perivascular proliferation, more tumour cell apoptosis and 

tumour cell DNA damage per blood vessel than similarly treated EC Cre-; FAKKD/KD mice. 

This, coupled with the observations in vascular histology, suggested that the change in 

tumour growth was not due to changes in blood vessel development but to an altered 

response of the tumour cells to doxorubicin caused by changes in angiogenic signalling. 

14.3 Endothelial cells produce a protumorigenic microenvironment in 

response to doxorubicin which is moderated by genetic 

inactivation of the kinase domain or FAK kinase inhibition 

Tumour growth curves and tumour cell histology demonstrated that the kinase domain 

of FAK is at least in part responsible for the sensitisation to doxorubicin observed in EC 

FAKKO mice (Tavora, Reynolds, et al. 2014). Tavora et al. demonstrated that DNA 

damaging therapies stimulate endothelial cells to provide protective paracrine signals, 

and endothelial cell FAK is an essential component of this process; in its absence, this 

protective signalling is much reduced. The present study suggests that the kinase domain 

of FAK is involved in the sensitisation of tumours to doxorubicin. 

Therefore, to characterise these paracrine signals, we performed a cytokine array on WT 

and FAK-KD endothelial cells treated with or without doxorubicin. This array confirmed 

that WT endothelial cells upregulated expression of many cytokines in response to 

doxorubicin, but this effect was lost in FAK KD cells. Some of the cytokines whose 

response to doxorubicin was downregulated by FAK KD mutation were common to those 

observed in FAK-KO cells, for example, granulocyte-macrophage colony-stimulating 

factor (GM-CSF), interleukin 4 (IL-4) and complement component 5 (C5)/C5a. GM-CSF is 
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a monomeric glycoprotein cytokine that is secreted by macrophages, T cells, mast cells, 

natural killer cells and fibroblasts, as well as endothelial cells. It promotes the maturation 

of dendritic cells, monocytes and macrophages (Root and Dale 1999) and is often 

upregulated in human cancer. In addition to its role in the immune system, it is also 

known to promoting a pro-tumourigenic microenvironment, increasing tumour growth 

and frequency of metastasis (Hong 2016). IL-4 is involved in regulating cytokine 

production in the TME; it activates TAMs and MDSCs, promoting tumour development 

(Wang and Joyce 2010). Therefore, it is considered a possible target for cancer therapy 

(Suzuki et al. 2015). C5 is an important component of the complement system; it is 

cleaved to C5a and C5b. C5a has roles in mediating the chemotaxis of inflammatory 

myeloid cells microbial killing (Langley, Fraser, and Proft 2015). 

The complement system is also known to be involved in cancer; it has immunoregulatory 

functions in activating the TME, promoting tumour development, progression, 

metastasis and recurrence through interaction with stromal cells. Additionally, direct 

interaction of the complement system with tumour cells promotes tumour cell 

proliferation, EMT, migration and invasion (Zhang et al. 2019). However, C5 can also have 

antitumour properties; in Ewing’s Sarcoma, which, unlike many adult cancers, is non-

inflammatory in origin, there is still a  macrophage-enriched TME, and increased levels 

of C5 correlate with improved survival (Savola et al. 2011). These cytokines, whose 

production by endothelial cells in response to doxorubicin is downregulated by both the 

FAK KO and FAK KD mutations, are broadly cancer-causing. They have roles in regulating 

the immune system creating a protumorigenic microenvironment. Therefore, this 

suggests a link between both mechanisms, as knockout of FAK in endothelial cells 

reduces the protective cytokine profile produced by endothelial cells in response to 

doxorubicin, so does rendering the endothelial cells FAK kinase-dead. The change in 

cytokine profile appears to be particularly similar in regulation of the immune system. 

The three cytokines most strongly upregulated by WT MLECs in response to doxorubicin 

were GM-CSF, IL-3 and G-CSF. In each case, the doxorubicin-induced production of these 

cytokines was reduced to a level close to baseline in FAK-KD MLECs. All three cytokines 

are involved in inflammation (Dougan, Dranoff, and Dougan 2019; Liu et al. 2020). As 

previously discussed, GM-CSF induces maturation of dendritic cells, monocytes and 

macrophage, making it a critical cytokine in the innate immune response (Root and Dale 

1999). IL-3 to is critical to the innate immune system, stimulating bone marrow 

precursors to differentiate into granulocytes, monocytes, macrophages, eosinophils, 
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basophils, and mast cells (Dougan, Dranoff, and Dougan 2019). Finally, following the 

trend of innate immune regulators, the primary function of G-CSF is in granulocyte 

production (Turner et al. 2014). G-CSF has also been shown to upregulated in many 

cancers and to be involved in cancer progression (Liu et al. 2020). 

Together, these data suggest that endothelial cells produce an inflammatory cytokine 

response to doxorubicin treatment, which is much reduced by either FAK ablation or 

rendering FAK kinase-dead. There seems to be a commonality in the modulation of the 

innate immune for cancer progression in the most affected cytokines. 

To establish whether FAK kinase inhibition in human endothelial cells could have the 

same effect as genetic inactivation of the kinase domain in mouse endothelial cells, we 

performed cytokine arrays with HPMECs treated with and without PF-573,228, PF-

562,271 or defactinib and doxorubicin. Indeed, the main effects of the kinase-dead 

mutation were recapitulated in these arrays with broad downregulation in cytokine 

production in response to doxorubicin and cytokines of the innate immune system 

commonly affected. There was an evident change in cytokine production for each 

inhibitor in response to doxorubicin with fewer cytokines upregulated and more 

downregulate. Notably, of the cytokines whose regulation was significantly altered in 

response to more than one inhibitor, several are involved in inflammation and the innate 

immune system, as discussed for the FAK-KD mouse endothelial cells. They are also 

broadly tumour promoting in their action. For example, chemokine (C-C motif) ligand 7 

(CCL7) is a chemoattractant for leukocytes, including monocytes and neutrophils; it 

promotes a protumorigenic microenvironment allowing invasion and metastasis of 

tumour cells (Liu et al. 2018). G-CSF, which was highly regulated in FAK-KD and has roles 

in the innate immune system and cancer progression, is also downregulated by all three 

of the inhibitors in response to doxorubicin. 

In addition, one of the cytokines whose production in response to doxorubicin is 

downregulated by all three of the inhibitors is Dkk-1 which is known to inhibit the Wnt 

signalling pathway. Wnt signalling has important roles in tumorigenesis and 

embryogenesis through the β-catenin/TCF transcription complex and downstream 

regulation of genes. It is, however, also involved in a negative feedback loop with Dkk-1, 

increased Wnt activity increases the activity of Dkk-1 (Niida et al. 2004). It is interesting 

that the production of Dkk-1 by endothelial cells in response to doxorubicin is reduced 

by all three inhibitors, as this may suggest an increase in Wnt activity and possible 
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increased tumorigenesis. However, increased expression of Dkk-1 is also associated with 

poor prognosis in some cases (Shen et al. 2010; Wei et al. 2020; Gao et al. 2018) so its 

exact role in this model would require further investigation to determine. 

The effect on the innate immune system is also observed in the secretomics data (Figure 

13.1 D). The secretion of heat shock protein 90-alpha (HS90A), Serum amyloid P 

component (SAP), Complement Factor H (CFAH), Cathepsin X (CATZ) and beta-

hexosaminidase subunit beta (HEXB) were altered by doxorubicin treatment in EC-FAK 

KO but not in EC-WT cells (Figure 13.1 D). Each of these proteins have roles in pathways 

related to the innate immune system (Zininga, Ramatsui, and Shonhai 2018; Bottazzi et 

al. 2016; Parente et al. 2017; Perišić Nanut et al. 2014; Koo et al. 2008). For example, 

HSP90A on the cell surface triggers the action of danger/damage-associated molecular 

patterns (DAMPs), which in turn activate the innate immune system (Zininga, Ramatsui, 

and Shonhai 2018; Multhoff et al. 2012). Similarly, the pentraxin, SAP is a humoral 

component of innate immunity involved in wound repair and regulation of fibrosis. It 

binds to neutrophils controlling their function, and also prevents monocytes from 

differentiating into fibroblast-like fibrocytes (Bottazzi et al. 2016; Cox, Pilling, and Gomer 

2014). 

However, despite many similarities between the responses of FAK-KO MLECs, FAK-KD 

MLECs and FAK kinase inhibitor-treated HPMECs in response to doxorubicin, one 

difference is that FAK inhibition induced a downregulation in cytokine response to 

doxorubicin whereas the response was neutral in the FAK KO and FAK KD MLECs. 

Although beyond the scope of the work included in this thesis, this may be due to off-

target effects of FAK kinase inhibitors (Roh et al. 2013) or compensatory mechanisms in 

FAK-KD MLECs (Sulzmaier, Jean, and Schlaepfer 2014). It is known that the effects of FAK 

kinase inhibitors can have off-target effects. For example, platelet aggregation in 

response to thrombin, ADP, or collagen is not significantly altered in FAK KO mice 

compared to WT animals. However, in vitro, the inhibitors PF-573,228 and PF-562,271 

both significantly inhibited platelet aggregation in response to thrombin, ADP, and 

collagen in isolated platelets from either FAK-KO or WT animals. This demonstrates that 

the inhibitors must have an off-target effect outside of FAK inhibition as their effect on 

platelet aggregation is present even in the absence of FAK (Roh et al. 2013). 

Although the effect of the three kinase inhibitors was broadly consistent, inducing a 

downregulation rather than upregulation in cytokine production in response to 
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doxorubicin, the effect of defactinib appeared to be the strongest. This is perhaps 

unsurprising as defactinib is the most potent inhibitor of both FAK and Pyk2 with IC50s of 

0.6nM for both kinases (4nM FAK and >1000 nM Pyk2 for PF-573,228; 1.5 nM FAK and 

14 nM Pyk2 for PF-562,271) (Slack-Davis et al. 2007; Shimizu et al. 2016; Chauhan and 

Khan 2021). Defactinib is also the inhibitor that has progressed furthest through clinical 

trials of the three (Gerber et al. 2020; Jones et al. 2015), and there are still trials running 

using it (ICR 2021; Currie 2021). Defactinib is, therefore, a promising drug for use in 

combination with chemotherapy and may regulate chemosensitisation through its 

effects on endothelial cell angiocrine signalling. 

14.4 Conclusions 

In summary, the kinase domain of FAK is involved in regulating chemosensitisation in 

vivo, although it may be supported by other functions of FAK. This sensitization in vivo 

correlates with altered angiocrine signalling in vivo, especially affecting cytokines 

involved in regulating the innate immune system. The pharmacological inhibition of FAK 

in human endothelial cells recapitulates a similar effect to the genetically FAK-KD murine 

endothelial cells. However, rather than neutralising cytokine production in response to 

doxorubicin, inhibition appears to cause a downregulation in doxorubicin-induced 

cytokine production.  
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15 Results II: Testing the effect of low dose of the 

vascular promotion agent 29P in enhancing 

chemosensitisation in pancreatic ductal 

adenocarcinoma. 

15.1 Vascular promotion as a method for enhancing tumour therapy 

Our previous research demonstrates that vascular promotion with low dose Cilengitide 

in combination with the vasodilator verapamil can be used as a method to enhance 

response to chemotherapy (Wong et al. 2015). In both spontaneous pancreatic tumours 

in the KPC mouse and orthotopically injected pancreatic cancer cells (DT6066), 

ldCil/Ver/Gem treated animals had increased blood vessel density and reduced tumour 

growth in comparison to gemcitabine alone (published work panel of Figure 15.1). 

However, ldCil is not orally available and therefore less convenient for use in the clinic; 

additionally, it has limited commercial viability as it is off-patent. Therefore, there is a 

need to develop novel, orally available, vascular promoting agents such as 29P. Herein 

we test 29P as a vascular promoting agent in murine models of pancreatic cancer. 

Moreover, vascular promotion has the potential to reduce the levels of hypoxia in 

tumour tissue. As hypoxia shifts immune cell infiltration towards tolerance (Vito, El-

Sayes, and Mossman 2020) and hinders immunotherapy (Noman et al. 2019), we initially 

aimed to investigate the potential to combine vascular promotion with immunotherapy.  
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Figure 15.1 Graphical abstract 29P 

In previously published work, it was shown that combination of the intraperitoneal 

vascular promotor low dose Cilengitide with vasodilator Verapamil and gemcitabine 

increases drug delivery, reduces hypoxia (represented by blue cells) and reduces tumour 

growth. Therefore, it was hoped that by using the oral vascular promotor, 29P, the blood 

vessel density could similarly be increased, reducing hypoxia and tumour growth. This 

reduction in hypoxia was expected to make tumours ‘hot’, having an immune-inflamed 

phenotype which is more sensitive to immunotherapy. However, there were 

problems with the oral vascular promotion strategy. 
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15.2 Cells were sensitised to gemcitabine by 29 treatment in vitro 

In addition to enhancing gemcitabine delivery to tumours by increasing blood vessel 

density, low dose Cilengitide also had direct effects on enhancing gemcitabine 

sensitivity. Therefore, to see whether there was a similar sensitisation effect with 29P, 

the effects of 29 in combination with gemcitabine on cell survival was tested on cancer 

cell lines. The human non-small-cell lung cancer cell line A549 was tested by MTT assay 

for its relative survival at gemcitabine concentrations 0-100 nM in combination with 29 

doses of 0.2, 2 and 20 nM compared to no 29 treatment (Figure 15.2 A, B and C). There 

was no difference in response to gemcitabine between 0.2 nM 29 treatment and placebo 

in this cell line (Figure 15.2 A). However, with 2 nM 29, there was significantly more cell 

death with 25, 50 and 75 nM gemcitabine treatment (Figure 15.2 B). With 20 nM 29, 

there was increased cell death with 50 or 75 nM 29 compared to placebo (Figure 15.2 

C). This result suggests that, in the case of the A549 cell line, 29 may enhance 

gemcitabine delivery to the cells. 

In the TB32048 KPC pancreatic cancer cell line, there was significantly more cell death in 

cells treated with 25 nM or 50 nM gemcitabine when treated with 20 nM 29P compared 

to placebo. There were, however, no differences in cell death in response to gemcitabine 

with 2 nM 29 treatment or to 75 or 100 nM gemcitabine treatment with 20 nM 29 (Figure 

15.2 D). In DT60066 cells at low passage, cells were significantly more sensitive to 50 nM 

gemcitabine when treated with 20 nM 29, but at all other doses of 29 and gemcitabine, 

there were no differences in sensitivity (Figure 15.2 E). It is noteworthy that these low 

pass DT6066 cells appeared to be less resistant to Gemcitabine treatment overall.  In 

contrast, high passage DT6066 cells were sensitised to 50 nM gemcitabine treatment by 

2 nM 29 and to 100 nM gemcitabine treatment by 20 nM 29 (Figure 15.2 F). Therefore, 

in the pancreatic cancer cells (TB32048 and DT6066), there was a sensitisation to 

gemcitabine at certain doses, but the sensitisation was not as consistent as in the A549 

line. Additionally, it was unexpected that high passage DT6066 cells were less 

gemcitabine sensitive overall than low passage. 
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Figure 15.2 Cell sensitivity to gemcitabine is affected by 29 in vitro  

A-C on A549 cells, data kindly provided by Dr José Manuel Muñoz Félix, Barts Cancer 

Institute. Relative cell survival of A549 cells treated with 0-100 nM gemcitabine and (A) 

0.2 nM 29 vs placebo, (B) 2 nM 29 vs placebo or (C) 20 nM 29 vs placebo. (D) Relative 

cell survival of TB32058 cells treated with 0-100 nM gemcitabine and 0, 2 or 20 nM 29, 

all differences not labelled were not significantly different (E) Relative cell survival of low 

passage DT6066 cells treated with 0-100 nM gemcitabine and 0, 2 or 20 nM 29 (F) 

Relative cell survival of high passage DT6066 cells treated with 0-100 nM gemcitabine 

and 0, 2 or 20 nM 29. N=6 wells of a 96 well plate for A, B and C, N=10 wells for D, N=30 

wells of a 96 well plate for E, N=18 wells of a 96 well plate for F. Analysed by 2-way 

ANOVA, ns, not significant (P>0.05), **P ≤ 0.01, ***P ≤ 0.001, **** P <0.0001. 
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15.3 29P does not alter tumour volume or in TB32048 orthotopically 

injected tumours compared to gemcitabine treatment alone 

The initial experimental aim was to establish whether the triple combination of 

ldCil/Ver/Gem75 could be simplified to 29P and gemcitabine giving a similar level of 

vascular promotion and tumour growth reduction. Verapamil is a vasodilator, so it may 

enhance the drug delivery but does not directly contribute to vascular promotion. 

Therefore, we removed verapamil from the dosing strategy and compared 29P and 

gemcitabine once or twice per week to gemcitabine once or twice per week or placebo. 

The orthotopic model of pancreatic cancer used by Wong et al. was DT6066 cells injected 

into the pancreas. The DT6066 cell line is derived from a mouse harbouring Kras and P53 

mutations (KP mouse) where a tumour arose in the pancreas by chance rather than the 

KPC model where the mutations are driven to the pancreas by Pdx-1-Cre mutation. The 

cells grow poorly in females and were derived from mixed background (C57bl6/129sv), 

so they must be injected into male WT mix animals. Therefore, as a newer cell line 

(TB32048) was available, which was derived from a true KPC animal and could be injected 

into C57 females, we began using orthotopically injected TB32048 cells as a model of 

pancreatic cancer. 

1000 TB32048 cells were injected orthotopically into the pancreas of female wildtype 

C57bl6J mice. After 20 days of treatment, tumours were imaged by MRI and treated for 

19 days before harvesting for IHC or FACs analysis (Figure 15.3 A). MRI showed tumours 

at 20 days were similar volumes (mean volume of 163.5mm3, sem 20.12) (Figure 15.3 B). 

To determine the optimum dosing strategy of 29P and gemcitabine, mice were given 75 

mg/kg gemcitabine once or twice per week either as a monotherapy or in combination 

with 250 μg/kg 29P. It was expected that gemcitabine would have little effect on tumour 

volumes as pancreatic tumours are typically gemcitabine resistant (Olive, Jacobetz, 

Davidson, Gopinathan, McIntyre, Honess, Madhu, Goldgraben, Caldwell, Allard, Frese, 

Denicola, et al. 2009). 29P was expected to increase blood vessel density and possibly 

reduce tumour volume. We have previously shown that 29P is vascular promoting 

(Weinmuller et al. 2017), and the vascular promoting agent Cilengitide increases 

chemotherapy delivery to tumours reducing their volume (Wong et al. 2015). 

After 19 days of treatment, mice were culled, and tumours harvested. Final tumour 

volumes were significantly smaller in mice treated with gemcitabine (Figure 15.3 C and 

D) once per week compared with mice treated with placebo. This does not accurately 
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model clinical data as only 5-10 % of patients respond to Gemcitabine (Olive, Jacobetz, 

Davidson, Gopinathan, McIntyre, Honess, Madhu, Goldgraben, Caldwell, Allard, Frese, 

Denicola, et al. 2009). Although there were significant differences between placebo and 

gemcitabine treated mice, 29P conferred no additional tumour reduction, and 29P 

treatment did not produce significantly different tumour volumes to gemcitabine alone. 

Necropsies revealed metastases and abnormalities in all treatment groups but most 

frequently in mice treated with gemcitabine (Figure 15.3 E). Overall, this schedule of 29P 

had no significant effect on tumour growth. 
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Figure 15.3 The volume of pancreatic orthotopically injected TB32048 cells was 

reduced by gemcitabine but the addition of 29P did not further reduce the volume.  

(A) Schematic of the experimental design. Placebo animals were treated with saline 

gavage (200 µl) twice per week and saline IP (100 µl) twice per week. Gemcitabine 

animals were treated with saline gavage (200 µl) twice per week and gemcitabine in 

saline, 75 mg/kg IP (100 µl) once or twice per week. Gemcitabine + 29P animals were 

treated with 29P gavage, 250 μg/kg (200 µl) twice per week and gemcitabine in saline, 

75 mg/kg IP (100 µl) once or twice per week. (B) Tumours were confirmed and their 

volumes estimated on day 20 by MRI with a T2 scan confirming consistent tumour sizes 

across groups before treatment. (C) After 19 days treatment, animals were culled and 

tumours weighed showing significantly smaller tumours in Gemcitabine treated mice 

than placebo but no further change with 29P. N numbers were 7, 9, 8 (reduced to 6 by 

exclusion of outliers by ROUT, Q=1 %) 9 and 10 for placebo, gemcitabine 1X, 

gemcitabine 2X, gemcitabine 1X + 29P 2X and gemcitabine 2X + 29P 2X respectively. (D) 

Representative tumours from each treatment group. (E) Percentage of mice with at least 

one metastasis visible at necropsy. Tumour volume analysed with a one-way ANOVA. ns, 

not significant (P>0.05), **** P <0.0001. Scale bar represents 1cm. 
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15.4 Blood vessel quantification 

Previously published work demonstrated a vascular promotion effect of 29P on both ex 

vivo aortic ring assays and an in vivo subcutaneous LLC model (Weinmuller et al. 2017). 

In addition, unpublished data in our group has shown that 29P has vascular promoting 

effects on KP lung tumours, in this model, it has also been shown to enhance checkpoint 

blockade immunotherapy. It therefore was expected that 29P would increase the 

number of tumour blood vessels, and analysis of blood vessels was performed by 

endomucin staining of tumour sections from each treatment group (Figure 15.4 A). Total 

vessels were counted (Figure 15.4 A and B), showing no significant differences between 

treatment groups suggesting that in this model, using this dosing strategy, 29P treatment 

did not work successfully as a vascular promotor.  
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Figure 15.4 The blood vessel density was not affected but the treatment regime. 

(A) Endomucin staining was used to stain blood vessels and those with a visible lumen 

(red arrowheads) and without (blue arrowheads) were quantified for each treatment 

group. (B) There was no significant difference between treatment groups for the total 

number of blood vessels per non-necrotic area with the exception of increased blood 

vessel density in gemcitabine treated tumours compared to placebo. (C) There were  

also no significant differences in the density of lumenated vessels. Total vessels 

analysed with Kruskal-Wallis, vessels with a visible lumen analysed with a one-way 

ANOVA. * P < 0.05 ns, not significant. For B and C, N=3, 4, 3, 5 and 5 for placebo, 

gemcitabine 1X, gemcitabine 2X, gemcitabine 1X + 29P 2X and gemcitabine 2X + 29P 

2X respectively. 
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15.5 TB32048 vs DT6066 and gemcitabine sensitivity 

Although the TB32048 model was chosen as it is a KPC cell line and can be orthotopically 

injected into C57bl6 mice of either sex, the TB32048 cells grew much more rapidly in vivo 

than the DT6066 cells used by Wong et al. (Wong et al. 2015). Therefore, the choice of 

cell line may justify the lack of reduction in tumour weight or increase in blood vessel 

density with vascular promotion in TB32048 tumours compared to DT6066 tumours. In 

addition, the TB32048 tumour weights were significantly reduced by gemcitabine 

treatment alone, whereas Wong et al. (Wong et al. 2015) demonstrate that the DT6066 

line was not gemcitabine sensitive. This suggested greater gemcitabine sensitivity in 

TB32048 than DT6066. As gemcitabine sensitivity is low in patients (Olive, Jacobetz, 

Davidson, Gopinathan, McIntyre, Honess, Madhu, Goldgraben, Caldwell, Allard, Frese, 

Denicola, et al. 2009), DT6066 may better model the clinical situation. 

15.6 Mice injected with DT6066 cells did not have significant 

differences in tumour volumes between treatment groups; 

however, the treatment was poorly tolerated and therefore had to 

be stopped early. 

As 29P in combination with gemcitabine in the TB32048 model of pancreatic cancer did 

not appear to have induced vascular promotion or enhanced gemcitabine response, we 

decided to more directly compare the experimental scheme with the work of Wong et 

al. Therefore, WT mix male animals were orthotopically injected with 1X106 DT6066 

tumour cells as published (Wong et al. 2015). Treatment began, in cohorts, two days 

after tumours were palpable (9-16 days post-injection). One cohort of animals was 

treated with the triple combination used by Wong et al. (3 treatments per week of 

gemcitabine + ldCil + verapamil) to try to recapitulate the vascular promotion 

demonstrated. For comparison, other treatment groups of animals were with 

gemcitabine + 29P + verapamil, gemcitabine + 29P, gemcitabine alone or placebo. In 

each group, the treatment was administered three times per week. We planned to treat 

animals for three weeks (9 treatments in total), but as mice became sick, were found 

dead and losing weight, treatment was ceased after seven treatments and tumours 

harvested three weeks after the start of treatment (Figure 15.5 A). With this dosing 

strategy and shortened treatment regime, there was no significant difference in tumour 

weight (Figure 15.5 B) between groups. It is noteworthy that the average tumour weight 
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in the placebo treated mice and Gemcitabine treated mice was approximately 400mg 

and 250mg, respectively, whereas it was approximately 3000mg and 2500mg in the 

experiments from Wong et al., 2015, suggesting that in my experiments that tumours 

had not had the chance to grow enough to see any possible difference after treatment 

with gemcitabine and 29P. 
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Figure 15.5 No treatment schedule significantly altered the tumour weight but 

treatment had to be stopped early due to poor toleration in the Gemcitabine, 29P and 

verapamil combination treatment.  

 (A) Schematic diagram of experimental design and dosing strategy. Placebo animals 

were treated with saline gavage (200 µl) and two saline IP injections (100 µl each), they 

also had sucrose water 2 % w/v. Gemcitabine animals were treated with saline gavage 

(200 µl), gemcitabine in saline, 75 mg/kg IP (100 µl) and a saline IP (100 µl) they also had 

sucrose water 2 % w/v. Gemcitabine + 29P animals were treated with 29P gavage, 250 

μg/kg (200 µl), gemcitabine in saline, 75 mg/kg IP (100 µl) and a saline IP (100 µl) they 

also had sucrose water 2 % w/v. Gemcitabine + 29P + verapamil animals were treated 

with 29P gavage, 250 μg/kg (200 µl) and gemcitabine in saline, 75 mg/kg IP (100 µl) and 

a saline IP (100 µl) they also had 0.3 % Verapamil v/v in sucrose water 2 % w/v 

(protected from light). Gemcitabine + ldCil + Verapamil animals were treated with saline 

gavage (200 µl), gemcitabine in saline, 75 mg/kg IP (100 µl) and a ldCil IP, 50 μg/kg in 

saline (100 µl) they also had 0.3 % Verapamil v/v in sucrose water 2 % w/v (protected 

from light). All treatments were given 3 times per week with the exception of 

sucrose/verapamil water which was constantly available. (B) There was no difference in 

tumour weight between treatment groups. Tumour weight comparisons by one way 

ANOVA with Tukey’s multiple comparisons ns, not significant (P > 0.05). N numbers were 

7, 8, 9, 4 and 8 for placebo, gemcitabine, gemcitabine + 29P, gemcitabine + 29P + 

verapamil, gemcitabine + ld Cil + verapamil respectively. No outliers excluded by ROUT, 

Q=1 %. 
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15.6.1 Blood vessel density was not impacted by either the triple combination developed 

by Wong et al. or equivalent 29P treatments with a shortened treatment regime  

We quantified the blood vessel density and found no differences between treatment 

groups (Figure 15.6) in contrast to Wong et al. (Wong et al. 2015). However, the poor 

tolerance of the gemcitabine + 29P + verapamil combination meant that the treatment 

schedule was shorter than that used by Wong et al. Therefore, the schedule needed to 

be optimised to demonstrate whether the effects of 29P with gemcitabine is equivalent 

to ldCil and verapamil. Placebo (sucrose drinking water, 200 µl saline gavage, 100 µl 

saline IP), gemcitabine alone (sucrose drinking water, 200 µl saline gavage, 100 µl 

gemcitabine 75mg/kg IP), and gemcitabine + 29P treatments (sucrose drinking water, 

200 µl, 250 μg/kg 29P gavage, 100 µl gemcitabine 75mg/kg IP) were all well-tolerated in 

both models used. Therefore, we were confident that animals could tolerate a schedule 

of one gavage and one IP three times per week in addition to sucrose water (Figure 15.7 

A). In addition, Wong et al. showed good toleration of the gemcitabine + ldCil + verapamil 

combination, which was moderately well tolerated in our hands. However, in the DT6066 

model, and gemcitabine + 29P + verapamil which was very poorly tolerated (Figure 15.7 

A and B). Therefore, we inferred that there may have been an adverse drug effect 

between 29P and verapamil, so this treatment group was removed from future 

experiments. 
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Figure 15.6 Blood vessel density delivery was not affected by any of the treatment 

schedules.  

Animals were treated as described for figure 16.4. (A) Blood vessel density at endpoint. Bar 

chart shows mean number of blood vessels per mm2 ± s.e.m, n= 6, 8, 8, 5 and 9 (no values 

were excluded by ROUT, Q=1 %) tumours from independent mice, for each tumour, 10 

fields from one section were quantified. Images show representative fields of endomucin 

staining (DAB) with Hematoxylin as a nuclear marker. NS, not significant (P > 0.05) 

analysed by one way ANOVA. Scale bar 200 μm. 
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Figure 15.7 Gemcitabine + 29P + verapamil were not tolerated when given in 

combination. 

(A) Table of known drug tolerances (B) percentage of experimental animals to reach 

the harvest date in the experiment described in figure 16.4 without having to be culled 

early or being found dead. 
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15.7 Longer time course experiment: DT6066 tumours showed no 

difference in volume and had poor tolerance of the treatment 

schedule. 

As no vascular promotion had been demonstrated with the triple combination treatment 

or comparative 29P treatments, when a shorter treatment schedule was used, we aimed 

to treat the animals for longer to establish vascular promotion. Previous experiments 

had suggested an adverse reaction between 29P and verapamil which may necessitate a 

shorter treatment schedule. Therefore, we compared the gemcitabine + ld Cilengitide + 

verapamil triple combination with placebo, gemcitabine alone or 29P and gemcitabine 

without verapamil. 

WT mix male mice were orthotopically injected with 1 X106 DT6066 cells. 16 days after 

tumour cell injection, the presence of tumours was confirmed by ultrasound (Figure 15.8 

A). All but two of the 60 mice had tumours confirmed by ultrasound, so treatment was 

started two days later, and the animals without tumour were excluded. Mice were 

treated three times per week with i) placebo or ii) gemcitabine or iii) gemcitabine + 29P 

or iv) gemcitabine, ldCil and verapamil as described in Figure 15.8 A and legend. They 

were treated for two weeks on, two weeks off, one week on, one week off and then 

harvested. The treatment was poorly tolerated, with 19 mice having to be culled or being 

found dead over the first two weeks due to weight loss. At harvest, there were some 

tumours in each group that had regressed (Figure 15.8 B). However, quantifying the 

volume at harvest of either all tumour volumes (Figure 15.8 C) or tumour volumes 

excluding those that had regressed (Figure 15.8 D), the only significant difference was a 

reduced tumour weight with gemcitabine compared to placebo. 
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Figure 15.8 Tumour weight was reduced by gemcitabine treatment alone but not 

vascular promotion strategies in combination with gemcitabine.  

(A) Schematic of the experimental design. Placebo animals were treated with saline 

gavage (200 µl) and saline IP (100 µl), they also had sucrose water 2 % w/v. Gemcitabine 

animals were treated with saline gavage (200 µl) and gemcitabine in saline, 75 mg/kg IP 

(100 µl) and they also had sucrose water 2 % w/v. Gemcitabine + 29P animals were 

treated with 29P gavage, 250 μg/kg (200 µl) and gemcitabine in saline, 75 mg/kg IP (100 

µl) and they also had sucrose water 2 w/v. Gemcitabine + ldCil + Verapamil animals 

were treated with saline gavage (200 µl), gemcitabine in saline, 75 mg/kg IP (100 µl) and 

a ldCil IP, 50 μg/kg in saline (100 µl) they also had 0.3 % Verapamil v/v in sucrose water 

2 % w/v (protected from light). All treatments were given 3 times per week with the 

exception of sucrose/verapamil water which was constantly available. All treatments 

were given two weeks on, two weeks off, one week on, one week off. (B) Number of 

tumours in each group that regressed. (C) Tumour weight at harvest was reduced by 

gemcitabine alone but not in combination with vascular promotion when compared to 

placebo. N=10, 10 (reduced to 8 by exclusion of outliers by ROUT, Q=1 %), 9 and 10 

(reduced to 9 by exclusion of outliers by ROUT, Q=1 %) for placebo, gemcitabine, 

gemcitabine + 29P and gemcitabine + ldCil + verapamil respectively (D) Tumour weight 

at harvest excluding animals with no tumour was reduced by gemcitabine alone but not 

in combination with vascular promotion when compared to placebo. By exclusion of 

zero values, the n numbers were reduced to 8 (further reduced to 7 by exclusion of 

outliers by ROUT, Q=1 %) , 3, 7 and 5 for placebo, gemcitabine, gemcitabine + 29P and 

gemcitabine + ldCil + verapamil respectively. C and D are analysed with a one-way 

ANOVA. ns, not significant (P > 0.05), *P < 0.05. 
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15.7.1 Survival was not significantly reduced by treatment, but the animal weight was 

significantly reduced by gemcitabine treatment in all combinations 

As detailed in the previous section, treatment using was poorly tolerated, with 19 mice 

having to be culled due to weight loss or being found dead over the first two weeks. 

There was no significant difference in survival between the groups by log-rank (mantel-

cox) test with Bonferroni correction (Figure 15.9 A). However, the weight of the animals 

throughout treatment was reduced in all treatment groups compared to placebo (Figure 

15.9 B). Each of these animals was treated with gemcitabine (75mg/kg 100µl IP) three 

times per week in addition to sucrose water (with or without verapamil) and 200µl 

gavage (saline or 250 μg/kg 29P). This suggests that the tolerance of gemcitabine was 

poor. This was unexpected as it appeared to be well tolerated in Wong et al.’s triple 

combination. However, we added a saline gavage to this group due to the comparison 

with the 29P treated group, which required gavage. In some animals, gavage is 

associated with increased stress and weight loss (Jones, Boyd, and Wallace 2016). 

Therefore, it is possible that serial gavages in combination with gemcitabine treatment 

increased stress and led to poor toleration of the treatment regimes. 
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Figure 15.9 Survival was not significantly reduced by treatment but the animal weight 

was significantly reduced by gemcitabine treatment in all combinations.  

(A) Survival was not significantly different between groups analysed by log-rank (mantel-

cox) test with Bonferroni correction. The initial number of animals in each group was 15, 

16, 15 and 16 for placebo, gemcitabine, gemcitabine + 29P and gemcitabine + ldCil + 

verapamil respectively. (B) Animal weight was significantly lower in all treatment groups 

compared to placebo analysed with 2-way ANOVA ****P<0.00001. The n number was 

reduced with time as animals had to be culled as indicated in 16.8 A. 
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15.8 Tumour volume was reduced by gemcitabine treatment but not further reduced 

by combination with 29P given two or three times per week  

It seemed possible that the stress of being gavaged three times per week was causing 

animals too much stress for them to tolerate gemcitabine treatment. Therefore, we 

compared animals with two or three 29P gavages per week in combination with 

gemcitabine to animals treated with gemcitabine or placebo in addition to saline gave 

twice per week. Animals were orthotopically implanted with DT6066 cells and tumours 

confirmed by US after 14 days. Following tumour confirmation, animals were treated 

three times per week for three weeks, imaged by US again, and all mice culled at 21 days 

when tumours were harvested for volume analysis. Doses and dosing strategy are 

detailed in Figure 15.10 A and legend. 

The percentage change in tumour volume by US imaging was significantly lower in the 

gemcitabine and gemcitabine + 29P twice per week groups compared to placebo (Figure 

15.10 B). However, there was no reduction in tumour growth in animals treated with 

either 29P dosing strategy in combination with gemcitabine compared to gemcitabine 

alone. This suggested that tumours responded to gemcitabine, but 29P treatment did 

not appear to further enhance gemcitabine response. This response to gemcitabine was 

not expected as both in published use of this model (Wong et al. 2015) and in pancreatic 

cancer in the clinic (Olive, Jacobetz, Davidson, Gopinathan, McIntyre, Honess, Madhu, 

Goldgraben, Caldwell, Allard, Frese, DeNicola, et al. 2009) minimal response to 

gemcitabine is recorded. 

However, the tolerance of the treatment was good, with the majority of animals being 

culled due to the tumour in the placebo group rather than the treatment. Animals 

treated with 29P three times and gemcitabine had increased survival compared to 

placebo (Figure 15.10 C). 
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Figure 15.10 Tumour volume was reduced by gemcitabine but not 29P treatment and 

survival was increased by 29P three times per week and Gemcitabine.  

(A) Schematic diagram of experimental design and dosing strategy. Placebo animals 

were treated with saline gavage (200 µl) twice per week and saline IP (100 µl) three 

times per week. Gemcitabine animals were treated with saline gavage (200 µl) twice per 

week and gemcitabine in saline, 75 mg/kg IP (100 µl) three times per week. Gemcitabine 

+ 29P X2 animals were treated with 29P gavage, 250 μg/kg (200 µl) twice per week and 

gemcitabine in saline, 75 mg/kg IP (100 µl) three times per week. Gemcitabine + 29P X3 

animals were treated with 29P gavage, 250 μg/kg (200 µl) three times per week and 

gemcitabine in saline, 75 mg/kg IP (100 µl) three times per week. (B) Tumour volume 

was reduced in animals treated with gemcitabine or 29P twice and gemcitabine 

compared to placebo. (C) Survival was significantly longer in animals treated with 29P X3 

and gemcitabine compared to placebo. Tumour volume analysis, n=8, 14, 16 (reduced to 

14 by exclusion of outliers by ROUT, Q=1 %) and 12 independent mice, one tumour per 

animal for placebo, Gemcitabine, Gemcitabine + 29P X2 and gemcitabine + 29P X3 

treated animals respectively. Tumour volume compared by Kruskal-Wallis, ns, not 

significant (P > 0.05), **P ≤ 0.01. Survival analysed by log-rank (mantel-cox) test with 

Bonferroni correction. Animals treated with gemcitabine + 29P X3 survived significantly 

longer than placebo with a family-wise significance level over 5 %, all other treatment 

groups were not significantly different to placebo. 



211 
 

15.8.1 Tumour blood vessel density and perfusion were not impacted by treatment with 

29P twice or three times per week 

Animals treated as described for Figure 15.10 were analysed for blood vessel density and 

perfusion.  Tumours harvested two days after the cessation of treatment were sectioned.  

Tumour sections were stained for endomucin (green) with DAPI as a counterstain (Figure 

15.11 A). Total blood vessel density (ie sum of luminated and non-luminated) was not 

different between the different treatment groups. In addition, 10 minutes before 

harvest, animals were injected IV with PE-PECAM. Sections from these tumours were 

stained for endomucin and counterstained with DAPI and imaged as described 

(methods). Quantification of the percentages of perfused blood vessels showed no 

differences between treatment groups (Figure 15.11 B). 
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Figure 15.11 Blood vessel density and perfusion were not affected by gemcitabine or 

29P treatment. 

Animals were treated as described for figure 16.8. (A) Blood vessel density of tumours 

harvested two days after the last treatment. Bar chart shows mean number of blood 

vessels per mm2 ± s.e.m, n= 4, 4, 4 and 5 (reduced to 4 by exclusion of outliers by ROUT, 

Q=1 %) for placebo, gemcitabine, gemcitabine + 29P X 2 and gemcitabine + 29P X 3 

respectively, tumours from independent mice, for each tumour, 10 fields from one 

section were quantified. Images show representative fields of endomucin staining 

(green) with DAPI as a nuclear marker. (B) Blood vessel perfusion. Bar chart shows the 

percentage perfused blood vessels ± s.e.m, n= 4, 4, 4 and 5 tumours from independent 

mice. No values were excluded by exclusion of outliers by ROUT, Q=1 %. For each 

tumour, 10 fields from one section were quantified. Images show representative fields 

of endomucin (green) and PECAM (red) with DAPI as a nuclear marker. NS, not 

significant (P > 0.05) analysed by Kruskal-Wallis test. Scale bar 200 μm. 
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15.9 Gemcitabine resistant cells gifted to us were significantly more 

gemcitabine resistant in vitro than either TB32048 or our original 

stock of DT6066 cells 

In our hands, it appeared that the DT6066 cells were responding to gemcitabine at 75 

mg/kg when grown in vivo. This was in contrast to the both the clinical setting (Olive, 

Jacobetz, Davidson, Gopinathan, McIntyre, Honess, Madhu, Goldgraben, Caldwell, 

Allard, Frese, DeNicola, et al. 2009) and the work of Wong et al. (Wong et al. 2015). In 

addition, the strong response to gemcitabine may prevent any vascular promotion from 

further enhancing the drug response. Therefore, we needed to adapt the model to better 

recapitulate the clinical response. We received some gemcitabine resistant DT6066 cells 

as a gift from Dr Lewis Stevens and Dr Ping Pui Wong. 

After 48 h treatment with gemcitabine concentrations (0 to 100 nM), the reduction in 

cell number with gemcitabine treatment was significantly more in TB32048 and our 

original DT6066 stock than in the gemcitabine resistant cells (Figure 15.12). This 

suggested that the new DT6066 line gifted to us was truly gemcitabine resistant in 

comparison to previously used cell lines and may better model the clinical setting. 
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Figure 15.12 Cell death was greater in DT6066* cells and TB32048 cells than in 

gemcitabine resistant DT6066 cells.  

Line graph of cell survival relative to total cell number analysed by intensity measures of 

crystal violet stains. Analysed by two-way ANOVA N=250 wells of a 24 well plate. ns, not 

significant (P > 0.05), ***P ≤ 0.001, ****P<0.00001. DT6066* cells were the cells used 

previously in Figure 15.2 and Figures 15.5-15.11. 
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15.10 The weight and blood vessel density of orthotopically implanted 

gemcitabine resistant DT6066 tumour cells at harvest were not 

impacted by treatment with different doses of 29P  

Using 29P at 250 μg/kg, we had not observed vascular promotion. This dose was used 

due to recommendations based on unpublished work in a lung tumour model in our 

group. However, the published dose used in subcutaneous models was 50 μg/kg 

(Weinmuller et al. 2017). However, as the response may be different in a pancreatic 

model to either the lung or subcutaneous model, we hypothesised that the dose may 

have needed to be adjusted to induce vascular promotion. 

Therefore, we orthotopically injected animals with gemcitabine resistant DT6066 cells 

and confirmed tumour initiation by US after 14 days. Animals were treated three times 

per week with 29P at 250, 150 or 50 μg/kg or placebo saline gavage (Figure 15.13 A). 

Mice were culled 12 days after the start of treatment. However, neither the tumour 

volume (Figure 15.13 B) or the blood vessel density (Figure 15.13 C) were significantly 

changed by any of the 29P doses compared to placebo at this stage. 
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Figure 15.13 Tumour volume and blood vessel density were not affected by different 

doses of 29P.  

(A) Schematic diagram of experimental design and dosing strategy. Placebo animals were 

treated with saline gavage (200 µl). 50 µg/kg 29P animals were treated with 50 µg/kg 29P 

in saline by gavage (200 µl). 150 µg/kg 29P animals were treated with 150 µg/kg 29P in 

saline by gavage (200 µl). 250 µg/kg 29P animals were treated with 250 µg/kg 29P in 

saline by gavage (200 µl). All treatments were given three times per week. (B) Tumour 

volume was not affected by different doses of 29P, bar chart shows mean tumour weight 

± s.e.m, n= 10, 8 (reduced to seven by exclusion of outliers by ROUT, Q=1 %), 13, 12 

(reduced to 11 by exclusion of outliers by ROUT, Q=1 %) tumours from independent mice. 

Analysed by Kruskal-Wallis, ns, not significant (P > 0.05). (C) Total tumour blood vessel 

density ( ie for both lumenated and closed vessels summed) was not affected by different 

doses of 29P. Bar chart shows mean number of blood vessels per mm2 ± s.e.m, n= 10, 9, 

14 and 11 tumours from independent mice analysed by 1- way ANOVA, ns, not significant 

(P > 0.05). 
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15.11 29P and Gemcitabine treatment did not impact tumour volume 

or animal survival in the KPC 

The KPC model is considered to be the most accurate model of human pancreatic cancer 

(Lee et al. 2016; Hingorani et al. 2005). Therefore, in parallel to our orthotopic 

experiments, we also ran a KPC experiment to establish the effects of 29P and 

gemcitabine alone or in combination on tumour growth in this model. The treatment 

schedule was based on the published schedule used by Wong et al. (Wong et al. 2015). 

Animals were treated three times per week for three weeks, followed by three cycles of 

a week on week off treatment schedule and then five weeks off treatment before harvest 

(Figure 15.14 A) unless they had to be culled early due to sickness. 

In animals that were treated for at least seven weeks, there was no difference in tumour 

volume between treatment groups (Figure 15.14 B). There was also no difference in 

survival between treatment groups (Figure 15.14 C). However, there is considerable 

variation within the KPC model, and the number of animals is, therefore, likely to be too 

low to confirm that there is no difference with treatment. 
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Figure 15.14 KPC tumour volume and survival to the experimental end point were not 

affected by treatment with gemcitabine or 29P.  

(A) Schematic diagram of experimental design and dosing strategy. Placebo animals were 

treated with saline gavage (200 µl) and saline IP (100 µl). Gemcitabine animals were 

treated with saline gavage (200 µl) and gemcitabine in saline, 75 mg/kg IP (100 µl). 29P 

animals were treated with 29P gavage, 250 μg/kg (200 µl) and saline IP (100 µl). 

Gemcitabine + 29P animals were treated with 29P gavage, 250 μg/kg (200 µl) and 

gemcitabine in saline, 75 mg/kg IP (100 µl). (B) Tumour volume with placebo, 29P, 

gemcitabine or combination treatment for 7-14 weeks. Analysed by 1-way ANOVA, not 

significant (P > 0.05). N= 5 (reduced to 4 by exclusion of outliers by ROUT, Q=1 %), 5, 5 and 

6 for placebo, gemcitabine, 29P and gemcitabine + 29P respectively. (C) Survival curve. No 

significant differences analysed by log-rank (Mantel-Cox) test. 
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15.11.1 Blood vessel density is not impacted by treatment with 29P or gemcitabine in the 

KPC model of pancreatic cancer 

Sections of tumours from animals treated for at least seven weeks were stained for 

endomucin and the blood vessel density calculated. There was no significant difference 

in blood vessel density between treatment groups with this number of animals (Figure 

15.15). However, due to the variation in the KPC model and the poor survival in this 

experiment, this is too few animals to confirm that there was no vascular promotion 

effect in these animals. 
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Figure 15.15 Tumour blood vessel density is not affected by treatment strategy in the 

KPC model. 

Bar chart shows blood vessel density per mm3. Representative images show endomucin 

(DAB) with haematoxylin counterstain. One-way ANOVA with Šidák’s multiple 

comparison. ns, not significant (P > 0.05). N= 5, 3, 3, 5 for placebo, gemcitabine, 29P and 

gemcitabine + 29P respectively.  Scale bar = 100 µm. 
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16 Discussion II: Testing the effect of vascular 

promotion agent low dose 29P in enhancing 

chemosensitisation in pancreatic ductal 

adenocarcinoma. 

16.1 A major problem in this project has been optimising the right 

treatment model. 

The KPC model, harbouring the mutations Trp53R172H, KrasG12D and Pdx-1-cre, is the most 

commonly used mouse model of pancreatic cancer and is widely considered to be the 

most accurate model of human disease (Lee et al. 2016; Hingorani et al. 2005). It is typical 

of human disease in terms of ascites and cachexia development (Hingorani et al. 2005), 

cellular morphology, poor vascularity (Jacobetz et al. 2013), fibrosis, and metastatic 

spread (Hingorani et al. 2005). Tumours are also immunocompetent and accurately 

model the immunosuppressive microenvironment of human PDAC tumours (Beatty et 

al. 2011). However, the model is expensive and slow to breed enough animals for large 

experiments. Therefore, orthotopically implanted pancreatic tumours are a good 

alternative, but there are variations between cell lines, and they are known to differ 

considerably from the KPC model in several aspects. While the KPC model spontaneously 

develops tumours and has a median age of five months, orthotopically injected models 

typically grow much faster and form tumours in around one month (Tseng et al. 2010; 

Spear et al. 2019). As they are faster growing, they are less stroma rich and have more 

tumour cells due to more rapid tumour progression, leading to more differences in 

structure and infiltration. The KPC model has high levels of collagen and vimentin 

immune infiltration and stellate cells, whereas orthotopic models typically have much 

lower levels (Majumder et al. 2016). Similarly, while KPC tumours are comparable to 

human disease in that they are well infiltrated with B cells correlating with their T cell 

infiltration, orthotopic TB32048 tumours have little B cell infiltration (Spear et al. 2019). 

16.2 In vitro sensitisation of cancer cells to gemcitabine with 29 

Low dose Cilengitide was shown to sensitise tumour cells to gemcitabine, not just by 

increased delivery but also through mechanisms altering its transport and metabolism in 
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cancer cells (Wong et al. 2015). 29P was developed based on the structure of Cilengitide 

and has similar properties (Weinmuller et al. 2017). Therefore, it was important to 

establish whether 29P would directly affect tumour cell response to gemcitabine. To this 

end, we produced dose-response curves of cell death at different gemcitabine doses in 

combination with the deprotected version of 29P, 29. In the lung cancer cell line, A549, 

cells were sensitised to gemcitabine treatment when treated with 2 nM or 20 nM 29 

treatment, although doses were not significant for all gemcitabine doses. In the 

pancreatic cancer cells TB32048 and DT6066, too, 29 treatment sensitised the cells to 

some, but not all, doses of gemcitabine. This may suggest a direct effect on gemcitabine 

response in pancreatic cancer cells. 

Interestingly, low passage DT6066 cells were not sensitised to gemcitabine treatment at 

any dose tested by 2 nM 29, the only cell line not to be sensitised by this dose. These low 

passage DT6066 cells were also the most gemcitabine sensitive of the limited cell lines 

tested, with the number of cells surviving treatment with 100 nM gemcitabine and no 29 

treatment, only 28 % of the number that survived with no treatment. It is not clear why 

there were differences in gemcitabine sensitivity between high and low passage DT6066 

cells, however, it is possible this is an indication of genetic drift in the cells (Ben-David et 

al. 2018). Therefore, it may be that in these gemcitabine sensitive cells, the 29 treatment 

could not confer any further advantage in response to gemcitabine. Overall, there was 

some sensitisation to gemcitabine with 29 treatment, and therefore, it was hoped that 

29 would enhance gemcitabine treatment in vivo, both through vascular promotion and 

direct effects. 

16.3 29P did not impact the tumour volume or blood vessel density in 

TB32048 tumours. this may be due to fast-growing cells producing 

tumours that do not accurately mimic human PDAC. 

In orthotopically injected TB32048 pancreatic tumours, 29P did not reduce tumour 

growth in combination with gemcitabine compared to gemcitabine alone (Figure 15.3). 

This was unexpected as it was hoped that the 29P would act as a vascular promoter, 

increasing delivery of gemcitabine to the tumour and reducing tumour growth. However, 

blood vessel density was also not affected by 29P treatment suggesting that it did not 

act as a vascular promotor in the model and treatment regime used (Figure 15.3). 

However, in this experiment, animals were only treated for 19 days which was 
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considerably shorter than the two months that orthotopic tumours were treated by 

Wong et al. (Wong et al. 2015). However, as, in our experiment, there were tumours 

above the home office limit at harvest, it would not have been possible to treat the 

animals for longer. A slower growing tumour model would be required in order to be 

able to treat the animals for longer. 

In addition, the blood vessel density in this model was higher than in the KPC. The blood 

vessel density of placebo-treated TB32048 tumours in our hands was approximately 40 

vessels per mm2, whereas placebo-treated KPC tumours have a much lower blood vessel 

density of approximately ten vessels per mm2. As human PDAC is characteristically 

hypovascularized (Olive, Jacobetz, Davidson, Gopinathan, McIntyre, Honess, Madhu, 

Goldgraben, Caldwell, Allard, Frese, Denicola, et al. 2009), the highly vascular, fast-

growing TB32048 model may not be an accurate model. This may explain the lack of 

vascular promotion in the TB32048 model. While Wong et al. (Wong et al. 2015) only 

show slightly lower blood vessel density in placebo-treated DT6066 tumours than my 

TB32048 tumours, approximately 30 vessels per mm2, they demonstrate successful 

vascular promotion in the DT6066 model, and I, therefore, moved to this slower growing 

tumour model. 

16.4 Mice had poor tolerance of 29P in combination with verapamil, 

possibly showing an adverse drug effect 

When WT mix mice implanted with DT6066 tumours were treated with 250 μg/kg 29P 

and verapamil in combination, eight of the 12 animals were found dead or had to be 

culled sick within two weeks of treatment and the following two weeks off treatment 

(Figure 15.7). Similarly, four animals treated with ldCil and verapamil had to be culled 

within the same timeframe. The animals culled were thin with very pale liver and 

kidneys. This suggests poor tolerance of the drugs, which was unexpected since the 

treatment regime was similar to previously used regimes. I had not treated the TB32048 

mice with verapamil, so I did not know how this reacted with 29P, but as my mice had 

responded well to 29P with gemcitabine and Wong et al. had a good response with ldCil, 

verapamil and gemcitabine treated animals, it was unexpected that the treatment was 

so poorly tolerated. However, there were some differences compared to previous work; 

as 29P is oral, it was given by gavage. 
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Similarly, ldCil, verapamil, gemcitabine animals were given a placebo gavage three times 

weekly. This was more gavages than in my TB32048 experiment, where mice only 

received two gavages per week and Wong et al.’s DT6066 experiment where the mice 

were not gavaged. In addition, while both 29P and verapamil have been used without 

adverse effects in previous experiments, they have not been used in combination, and 

we had never used 29P in mixed background mice. It is possible that there was an 

adverse drug interaction between 29P and verapamil; although most adverse drug 

interactions merely reduce the effect of one or both of the drugs (Becker 2011), there 

are cases where adverse drug interactions being fatal (Kraft and Waldman 2001). For 

example, in the early 1990s, there were fatal cases of treatment with the antihistamine 

Terfenadine. Like 29P, Terfenadine is a prodrug; it is rapidly metabolised in the liver by 

cytochrome P450 3A4 to its active form fexofenadine, so it is undetectable in plasma. 

However, in combination with the antifungal ketoconazole or antibiotic erythromycin, 

the metabolism of Terfenadine is inhibited and enters the bloodstream, in its 

unmetabolised form, and causes Torsades de Pointes, a form of tachycardia most 

commonly a response to adverse drug effects that can be fatal (Monahan et al. 1990). 

There are many challenges associated with prediction of adverse drug interaction in 

vitro; while screens for cytochrome P450 are well established to prevent adverse drug 

reactions, and more metabolic tests are being developed, there is still much uncertainty 

in how drugs will interact in vivo (Wienkers and Heath 2005). Verapamil has previously 

been reported to have adverse drug interactions as it inhibits the transport of digoxin 

through the P-glycoprotein (Pgp) (Ledwitch, Barnes, and Roberts 2016) transporter, 

increasing the serum concentration of digoxin (Klein et al. 1982). However, as we intend 

to use 29P without verapamil eventually, we removed the 29P with verapamil and 

gemcitabine combination from any further experiments. We had also not previously 

used 29P in mixed background mice. While an adverse drug reaction is unlikely to be due 

to genetic background, however, there are some effects that are different between 

background, such as susceptibility to certain diseases(Simpson et al. 1997), different fear 

responses (Radulovic, Kammermeier, and Spiess 1998; Stiedl et al. 1999) as well as some 

differing responses to drugs (Dockstader and van der Kooy 2001; Roth et al. 2002). 
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16.5 Mice implanted with DT6066 tumours poorly tolerated treatment 

even without the combination of 29P with verapamil, suggesting 

an additional effect 

As animals appeared to have a poor tolerance of 29P in combination with verapamil, 

mice implanted with DT6066 tumours were treated with gemcitabine + 29P and, the 

gemcitabine + ld Cilengitide + verapamil combination used by Wong et al., gemcitabine 

alone or placebo without the gemcitabine + 29P + verapamil + gemcitabine combination. 

Animals were treated three times per week for two weeks on, two weeks off, one week 

on, one week off as described in (Figure 15.8 A). 

Despite not combining 29P and verapamil, the tolerance was still poor in this experiment. 

Survival to the experimental endpoint was not significantly impacted, but the animal 

weight was significantly reduced in all treatment groups compared to placebo (Figure 

15.9). This was unexpected as gemcitabine at 75 mg/kg is generally well tolerated. 

However, one possible cause for this was the stress caused by gavage; in the experiments 

performed by Wong et al., none of the animals were gavaged. In this experiment, animals 

treated with 29P were gavaged three times per week with 250 μg/kg 29P, and all other 

groups were gavaged with an equivalent volume of saline. Oral gavage is well known to 

be stressful for mice (Balcombe, Barnard, and Sandusky 2004; Walker et al. 2012). 

Although the placebo animals were also given a saline gavage three times per week, 

gemcitabine treatment adds an additional stress that placebo animals were not exposed 

to. Therefore, it is possible that high gavage frequency in combination with gemcitabine 

in post-surgery animals may have contributed to the poor tolerance. Weight loss is a 

known side effect of the stress of gavage (Arantes-Rodrigues et al. 2012; Jones, Boyd, 

and Wallace 2016). 

16.6 DT6066 tumours were highly sensitive to gemcitabine 

 

As we had hypothesised that the frequency of gavages might have contributed to poor 

drug tolerance, I aimed to assess whether the gavage frequency could be reduced. 

Therefore, dosing strategies of gemcitabine + 29P three times or twice per week were 

compared with gemcitabine alone or placebo for their effect on implanted DT6066 

tumours as described in Figure 15.10. However, in this experiment, the tumours 

appeared to be highly sensitive to gemcitabine. There was a trend towards smaller 
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tumours for all gemcitabine treated animals than gemcitabine, which was significant in 

gemcitabine and gemcitabine + 29P treated animals compared to placebo. However, 29P 

did not confer any additional benefit compared to gemcitabine alone. In these tumours, 

too, there was no difference in blood vessel density (Figure 15.11), so it was not expected 

that 29P would improve response to gemcitabine. However, the sensitivity to 

gemcitabine was not representative of patients (Olive, Jacobetz, Davidson, Gopinathan, 

McIntyre, Honess, Madhu, Goldgraben, Caldwell, Allard, Frese, DeNicola, et al. 2009) and 

meant that it would be challenging to improve response with combination therapy. 

Therefore, we needed a more resistant model. To this end, I began using a gemcitabine 

resistant DT6066 line, which was considerably less sensitive to gemcitabine than either 

DT6066 I had been using or TB32048 (Figure 15.12). 

16.7 29P dose-response 

Up to this point, we had not demonstrated vascular promotion with 29P treatment, but 

each experiment had had problems that may have impaired the ability to show vascular 

promotion. In addition, the DT6066 tumours had appeared highly sensitive to 

gemcitabine. Therefore, we tested the response of implanted gemcitabine resistant 

tumours to a range of 29P doses three times per week as described in Figure 15.13 B. 

29P doses 50 to 250 µg/kg did not enhance blood vessel density when used as a 

monotherapy. However, all of the animals in this experiment were treated three times 

per week for 12 days. It is possible that this was not long enough for a vascular promotion 

effect or that a different dosing strategy may have been required for vascular promotion. 

The experiment was terminated because several of the tumours were reaching the legal 

limit on our animal licence. Therefore, with this model, the tumours could not be treated 

long term, and a slower growing tumour model may be required in order to show the 

long-term effects of 29P. 

16.8 29P treatment in the KPC model 

There were problems with the treatment of orthotopic models of pancreatic cancer with 

29P. We hypothesised that one of the reasons that there was no vascular promotion in 

the orthotopics might have been that the tumours were fast-growing. Fast-growing 

tumours cannot be treated for as long as the animals have to be culled at the legal limit, 

and the vascularity may be higher (Folkman 1971; Lugano, Ramachandran, and Dimberg 

2020). KPC tumours are slow growing, poorly vascularized and gemcitabine resistant 
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(Olive, Jacobetz, Davidson, Gopinathan, McIntyre, Honess, Madhu, Goldgraben, 

Caldwell, Allard, Frese, DeNicola, et al. 2009); therefore, they better model pancreatic 

cancer and it was hoped that they would overcome some of these challenges. However, 

the disadvantage of the KPC model is that the model is expensive and time-consuming 

to breed; there is considerable variation between animals, and animals may need to be 

culled due to off-target reasons such as papillomas (Gades et al. 2008). Therefore, the n-

number of this experiment was low. In this small n number experiment, the KPC tumour 

volume and survival to the experimental endpoint and blood vessel density were not 

affected by treatment with gemcitabine or 29P (Figure 15.14 and Figure 15.15). A larger 

n-number would be required to draw firm conclusions from this experiment; however, 

the trends from these data may be informative for future studies. Whereas in the 

orthotopic models, the tumours were highly sensitive to gemcitabine, there was no 

indication from these data that the gemcitabine treated tumours had reduced growth 

compared to other treatment groups. In addition, there was no trend towards increased 

blood vessel density in the 29P treated groups. While the n-number was too small to 

draw conclusions from this and the data were not statistically significant, it may imply 

that the dose and dosing strategy for 29P required optimisation for this study. 

16.9 Conclusions 

The results of this study remain inconclusive. While we have not demonstrated vascular 

promotion with 29P treatment in any of the models presented, each model had 

problems outside of the vascular promotion strategy. In order to effectively test 29P as 

a vascular promotor in pancreatic cancer, we would require a model that: 

 Accurately models human PDAC in terms of vascularity, gemcitabine sensitivity, 

growth dynamics and microenvironment features 

 Is slow-growing enough to allow long term treatment and accurate modelling of 

hypovacularised pancreatic tumours 

 Can be reproduced sufficiently to have a large n number and statistically 

significant data. 

For this reason, I have produced pancreatic cancer organoids from KPC tumours. As 

described in the following chapters, it is hoped that these organoids may be useful in 

recapitulating features of the KPC colony while allowing large n numbers and 

reproducibility.  
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17 Results III Organoids 

17.1 Modelling pancreatic cancer 

There is a great clinical need for new therapies for pancreatic cancer due to its 

notoriously poor survival (Rahib et al. 2014). The KPC model of pancreatic cancer is 

widely considered the most clinically relevant model with transition through the stages 

of PanIn to PDAC, closely following clinical cases. 

However, the breeding strategy for KPC animals is time-consuming, expensive and 

involves culling many animals of the wrong genotype. Initially, animals heterozygous for 

both Kras KO(LSL-G12D) and Trp53R172H mutations. Kras KO(LSL-G12D) homozygotes die in utero, so 

two-thirds of the animals born alive are heterozygous for Kras KO(LSL-G12D), and the 

remaining one third are homozygous Kras WTs. One-third Trp53R172H animals are 

homozygous mutant, one-third homozygous WT and half of the animals are 

heterozygous for the Trp53R172H mutation. Therefore, in combination, one-third of the 

animals born are heterozygous for both the Kras KO(LSL-G12D) and Trp53R172H mutations, and 

the remaining two-thirds of the animals are euthanised. These heterozygote animals are 

crossed with Pdx-1-Cre animals to drive the mutation to the pancreas and give the LSL-

KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre (KPC) genotype. In this second cross, one-quarter of 

the animals born will genotype as KPC, so the majority of the animals in the breeding 

strategy must be euthanised, making it a wasteful, costly and time-consuming process. 

In addition, tumours do not develop until approximately 16 weeks of age (Lee et al. 

2016), further adding to the timescale and housing costs. Therefore, quicker, less 

wasteful methods are required for the modelling of pancreatic cancer. 

Organoid production is a promising method. Tumours can be taken from KPC animals 

and grown in 3-D as organoids before implanting into a wild-type animal, forming a 

tumour that better recapitulates clinical PDAC development than the implant of 2-D cell 

cultures does (Kim et al. 2009). 

A line of organoids can be produced from one KPC animal, which can be passaged, frozen, 

and implanted into several animals that will all produce tumours that model human 

pancreatic cancer development. This process is less wasteful as the majority of animals 

used can be included in experiments; from one KPC tumour, several experiments can be 

performed (Figure 17.1). 
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Therefore, during my PhD, I travelled to the Tuveson lab (Cold Spring Harbor, USA) to 

learn their method of KPC organoid production to develop the model within the lab. 
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Figure 17.1 Graphical abstract on the organoid production. 

When KPC mice are bred, the majority of litters born are not a complete KPC genotype, 

therefore, the breeding of KPCs is expensive and time consuming. However, organoids can 

be produced from KPC mice, these organoids can be passaged continuously and can be 

implanted into wildtype animals. Therefore, many tumour bearing animals can be produced 

from one KPC. 
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17.2 Preparation of media for organoid production 

17.2.1 Media required for organoid isolation and passage 

In preparation for organoid isolation and passage, there are several different mediums 

that must be produced (Figure 17.2). For organoid isolation, the tumour is placed in 

mouse wash medium and digested in mouse digestion medium (see Materials and 

methods 12.13.8.2). Mouse splitting medium (described in Materials and methods 

12.13.8.3) is required for passage. In addition, the Matrigel dome of organoids must be 

coated with a mouse organoid feeding medium containing all the nutrients and growth 

factors required by the organoids. 
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Figure 17.2 Flow diagram of organoid isolation. 
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17.2.1.1 Mouse organoid feeding medium 

17.2.1.1.1 Mouse organoid feeding medium components 

Organoids are suspended in a Matrigel® dome surrounded by a mouse organoid feeding 

medium supplemented with growth factors and hormones to allow continuous passage. 

Media production is described in Materials and Methods (12.13.8.4) and the role of each 

feeding medium component in (Figure 17.3). 
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Figure 17.3 Mouse organoid feeding medium component functions. 

Taken from (Boj et al. 2015; Huch et al. 2013) *Y-27632 is only required in mouse 

organoid feeding medium when organoids are initially isolated or thawed. 
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17.2.1.1.2 R-spondin conditioned medium 

One of the mouse organoid feeding medium components is R-spondin conditioned 

medium produced from Cultrex® R-spondin1 Cells (Trevigen 3710-001-K) as described in 

materials and methods (12.13.2) and Figure 17.4. 
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Figure 17.4 Cultrex® R-spondin1 Cells (Trevigen 3710-001-K) culture for R-Spondin 

conditioned medium production.  
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17.2.1.1.3 Wnt-3A conditioned medium 

The R-Spondin in the conditioned medium functions to make Wnt-3A stable and 

therefore potentiates its signal. Therefore, to test R-Spondin activity, testing the activity 

of a Wnt-3A sample with and without R-Spondin can be confirmed. Wnt-3A conditioned 

medium is therefore required to confirm the activity of R-Spondin. 

Wnt-3A conditioned medium can be produced from L-Wnt-3A cells (ATCC CRL-2647) as 

described in materials and methods (12.13.3). This medium can be stored at -20 °C. 

17.2.1.1.4 Testing of medium 

In order to test the R-Spondin activity of the conditioned medium, the Wnt-3A activity 

of Wnt-3A conditioned medium with and without R-Spondin conditioned medium was 

tested by a TOPFLASH assay as described in materials and methods (12.13.7). In order to 

do this, TOPflash (12456) and FOPflash (12457) plasmids are required and were 

purchased from Addgene (Figure 17.5) and were expanded in a miniprep as described in 

materials and methods (12.13.4). 
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Figure 17.5 Testing of R-spondin level in conditioned medium.  

(A) TOP Plasmid (B) FOP plasmid  
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17.2.1.1.4.1 Confirmation of correct plasmid sequence 

Once plasmids had been expanded in a miniprep, the correct sequence was confirmed 

by cutting at restriction sites. Bam HI, Eco RI and Xmn I restriction sites are present in 

both plasmids; therefore, by cutting the plasmids at the restriction sites, the sequence 

can be confirmed as mapped. The mapped plasmid sized were 4984 bp (TOP plasmid) 

and 4973 bp (FOP plasmid). Each plasmid was cut once with each restriction enzyme to 

produce linear DNA of 4984 bp and 4973 bp for TOP and FOP plasmids, respectively. Both 

plasmids were also cut at each combination of two restriction sites. The predicted sizes 

of the cut fragments were based on the plasmid maps (Figure 17.5) as listed in Figure 

17.6 A. 

The plasmids were run, uncut, on a gel, and were predicted to run faster than linear DNA. 

The singly cut plasmids were run next to these, and as predicted, plasmids once cut at 

each restriction site ran at the same size on the gel, which was slightly behind the uncut 

sample. This confirmed that each plasmid had one of each restriction site, and each 

restriction enzyme had successfully cut at this site (Figure 17.6 A). Following each of the 

single cuts, each of the double cuts were run on the gel showing two fragments in each 

case. The relative sizes were as expected, with fragments formed from cuts at Eco RI and 

Bam HI the closest together in size and the DNA cut at Eco RI and Xmn I forming the 

largest and smallest fragments from both plasmids. 

17.2.1.1.4.2 Testing of R-spondin conditioned medium by TOPFLASH assay 

Once the plasmids were confirmed, they were used to perform a TOPFlash assay to 

measure Wnt-3A activity as described in materials and methods (12.13.7). HEK cells were 

transfected with both the TOP plasmid and a renilla luciferase plasmid. The TOP plasmid 

has T-cell factor/lymphoid enhancer factor (TCF/LEF) binding sites for Wnt upstream of 

the Firefly Luciferase gene. When cells transfected with the TOP plasmid are exposed to 

conditioned medium, Wnt will drive expression of firefly luciferase. In all cells where the 

transfection was successful, there will also be renilla luciferase expression. Therefore, in 

TOP transfected cells, the level of luciferase expression corrected to the level of renilla 

expression indicates the Wnt activity of the medium. The FOP plasmid is similar to the 

TOP plasmid, but with a mutated TCF/LEF binding site, so it is expected to be 

unresponsive to Wnt activity and was used as a negative control; any luminescence in 

cells transfected with this plasmid was background. 
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Therefore, for each medium condition, the luciferase value for cells transfected with TOP 

and FOP plasmids was divided by the renilla expression in these cells, giving the amount 

of luminescence normalised to the number of transfected cells. The luciferase/renilla 

value for TOP was then divided by the luciferase/renilla value for FOP, giving the 

luminescence value normalised to the background signal. 

Normal, unconditioned mouse splitting medium was tested against 50 % Wnt 

conditioned medium, 50 % mouse splitting medium, and 50 % Wnt conditioned medium, 

50 % R-Spondin conditioned medium (Figure 17.6 B). Wnt conditioned medium activity 

alone was low and did not enhance luciferase expression compared to mouse splitting 

medium alone. However, with R-Spondin conditioned medium, the Wnt activity was 

significantly higher. This confirmed that the R-spondin conditioned medium was active 

and could be used in mouse organoid feeding medium. 
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Figure 17.6 Testing R-spondin levels in conditioned medium.  

(A) DNA gel of restriction digests of TOP and FOP plasmids to confirm the correct 

sequence (B) TOPflash assay of Wnt activity demonstrating R-spondin increasing Wnt 

activity. Bar chart shows luciferase luminescence per transfected cells normalised to 

the background signal mean ±s.e.m, analysed by Kruskal-Wallis ns, not significant (P > 

0.05) ****P<0.00001. N=8 in each group, reduced to seven in the negative control 

group by exclusion of outliers by ROUT, Q=1 %. 
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17.3 Organoid isolation 

Once the medium was prepared, organoids were digested from KPC tumours as 

described in materials and methods (12.13.9) and Figure 17.2. They were resuspended 

in Matrigel® and plated one dome per well into a 24 well plate. They were placed in an 

incubator at 37 °C to allow the Matrigel® to harden before covering in feeding medium 

supplemented with Y-27632 Rho kinase inhibitor (changing to medium without Y-27632 

once media began to yellow). After 2-3 days, the organoids began to form into small 

spheres (Figure 17.7 A) and, with further culture, grew into larger organoids (Figure 17.7 

B). 

In order to culture organoids for biotherapeutics experiments, they were plated into 96 

well plates as described in materials and methods (12.13.15). Organoids from both WT 

mix and C57Bl6 KPC mice were plated like this with many small spheres forming in each 

well (Figure 17.7 C). 24 hours after plating into the 96 well plate; cells were treated with 

gemcitabine by addition of gemcitabine containing medium on top of the current culture 

medium. After 48 hours treatment with gemcitabine, an MTT assay was performed and 

the cell number corrected to the number of cells in the untreated samples. After 48 hours 

culture with gemcitabine, the number of organoids from both WT mix (Figure 17.7 D) 

and C57Bl6 (Figure 17.7 E) KPC mice was reduced. 
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Figure 17.7 Organoid growth in vitro.  

(A) Early-stage organoid growth (roughly 2-3 days after plating) and (B) late-stage 

organoid growth in Matrigel® domes in vitro (roughly 5-7 days after plating). (C) Growth 

of organoids in Matrigel® and medium in 96 well plate format for biotherapeutics 

experiments. (D) Cell survival with gemcitabine treatment in organoids derived from WT 

mix (C57bl6/129sv) KPC tumours. (E) Cell survival with gemcitabine treatment in 

organoids derived fromC57bl6 KPC tumours. For C and D, n=12 wells for each 

gemcitabine concentration, no values were excluded by ROUT, Q=1 %. 
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17.4 In vivo organoid growth pilot 

Organoids from WT mix KPC mice were digested to a single cell suspension and 250, 000 

single cells implanted into the pancreas of eight WT mix animals. At implant, the 

organoids had been freeze-thawed three times and had been passaged four times since 

thawing. Two weeks after they were implanted, tumours had established, they were 

imaged by MRI and a tumour volume estimated by segmentation. Following MRI 

imaging, four of the animals were culled and the tumours harvested. The remaining 

animals were imaged two weeks later, the tumour volumes quantified, and the tumours 

harvested (Figure 17.8 A). In all four animals that were imaged twice, the tumours 

increased in size from two to four weeks post-implantation (Figure 17.8 B). 

The tumours harvested at two and four weeks were sectioned and stained for H and E 

(Figure 17.8 C and D). In both cases, there were large areas of high-grade tumour with 

mitotic cells visible. In addition, there were areas of necrosis in the tumours harvested 

at each time point. 
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Figure 17.8 Organoid growth in vitro.  

(A) Schematic diagram of experimental design and dosing strategy showing organoids from 

mixed (C57bl6 / 129sv) implanted into mixed (C57bl6 / 129sv) mice. (B) Tumour volume 

measured by MRI at two and four weeks. (C) H and E staining of tumours harvested at 2 

weeks after implant of organoids showing high grade tumour, mitotic cells and areas of 

necrosis. (D) H and E images of tumours harvested at four weeks after organoid implant. 
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18 Discussion III Organoids  

Novel pancreatic cancer therapies represent a considerable clinical need due to their 

poor prognosis and challenges to treatment (Orth et al. 2019; Siegel, Miller, and Jemal 

2015). The tumour microenvironment of pancreatic cancer is a major contributor to the 

challenges in its treatment, and it is therefore important to be able to accurately model 

the microenvironment in order to be able to test novel therapies. Organoid models may 

offer a useful compromise between the clinical relevance of the KPC model and the ease, 

cost-effectiveness and reproducibility of orthotopically injected 2D cell lines. 

I have presented an explanation of how organoids were produced using the Tuveson 

method. I have shown data from pilot studies testing their gemcitabine sensitivity in vitro 

and orthotopic growth in vivo. We hope that these organoids may become a useful 

model for testing therapies for pancreatic cancer, including vascular protocols such as 

29P, at BCI. 

Organoids from both C57bl6 and mixed background C57bl6/129sv KPCs were isolated. 

The lines formed organoids successfully in Matrigel® and could be passaged multiple 

times; lines were also frozen and thawed successfully, demonstrating that a bank of 

these organoids can be produced from the KPC colony for future use. 

The in vitro organoid experiments suggested that the gemcitabine sensitivity was 

comparable to normal DT6066 cells and TB32048 cells (Figure 15.12 and Figure 17.7); 

however, this was a higher level of sensitivity than the gemcitabine resistant DT6066 

cells. As PDAC tumours are not generally considered to be gemcitabine sensitive, this 

may pose a problem to the modelling of PDAC (Olive, Jacobetz, Davidson, Gopinathan, 

McIntyre, Honess, Madhu, Goldgraben, Caldwell, Allard, Frese, DeNicola, et al. 2009). 

However, it is plausible that to create gemcitabine resistant organoids that KPC mice 

could be treated with gemcitabine and tumour harvested from the mice with the biggest 

tumours.  These organoids could be derived from these gemcitabine resistant tumours. 

Repeats with additional replicates are also recommended.  

Organoids from mixed background animals were implanted orthotopically into WT mixed 

background (C57bl6/129sv) animals. All eight animals implanted developed tumours, 

and at the two-week time point, the volumes were fairly comparable (122-288mm3) 

(Figure 17.8 B). There was variation in the tumour growth from two to four weeks, with 

one tumour reaching 1402 mm3, while the remaining three animals in the experiment 
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had tumours with volumes ranging from 176-357 mm3. However, as only four animals 

remained in the experiment to four weeks, this is not a great enough n-number to draw 

conclusions about the variation of tumour growth in this model. 

In addition, several of the tumours appeared to have large areas of necrosis visible in 

their H and E histology. Again, since this experiment represented a small pilot, a larger 

sample size would be needed to determine whether the necrosis is unusually high. 

However, it is also possible that there may have been increased necrosis due to the 

implant of mixed background organoids into WT mix animals. This runs the risk of 

producing an immune response to the organoids as the genetic variation in outbred 

colonies leads to a variation in response to a graft (Reichenbach et al. 2013). Therefore, 

it will be useful to perform a similar experiment with C57bl6 organoids implanted into 

pure background C57bl6 to see whether there are any differences in the level of necrosis. 

The experiment should be repeated with a larger n-number, but this pilot was 

encouraging in that organoids, originally derived from a single KPC mouse and passaged 

multiple times, can produce a tumour in the pancreas of a WT animal. 

Overall, I have successfully isolated, passaged and freeze-thawed organoids from C57b6 

and C57bl6/129sv. I have also implanted organoids from C57bl6/129sv KPCs into eight 

C57bl6/129sv, which grew successfully. Further experiments are required to determine 

their level of gemcitabine sensitivity and their growth pattern in vivo. 
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19 General conclusions 

While historically cancer therapies focused on targeting tumour cells, it is now widely 

accepted that the tumour microenvironment has an essential role to play in 

chemotherapy resistance, drug delivery and the immune response and, as such, 

represents a valuable drug target. The tumour vasculature has roles in angiogenesis, 

creating a pro-tumorigenic vascular niche and chemotherapy resistance, but vasculature 

is also essential in drug delivery and the creation of a normoxic immunopermissive 

tumour microenvironment. 

Here, I investigated two strategies to exploit the vasculature for better therapies. I have 

investigated the effects of the kinase domain of FAK in chemotherapy resistance and 

demonstrated that by inactivating the kinase domain, doxorubicin stimulated angiocrine 

signalling of FAK is reduced. Although the effects are modest, there is a sensitisation of 

EC Cre+; FAKKD/KD mice to doxorubicin compared to controls. This sensitisation is observed 

in reduced tumour growth through increases in apoptosis and DNA damage, and 

decreased proliferation. In addition, pharmacological inhibition of the FAK kinase domain 

with three different kinase inhibitors caused a downregulation in cytokine production in 

response to doxorubicin. The FAK and Pyk2 dual inhibitor was particularly effective in 

altering the cytokine profile and may be useful clinically, combined with DNA damaging 

therapy to reduce resistance.  

In addition, I worked on the development of a dosing strategy for the use of vascular 

promotion drug, 29P, in models of pancreatic cancer. Unfortunately, this data remains 

inconclusive; however, our published data demonstrate that vascular promotion can 

improve the delivery of chemotherapy, reducing tumour size and improving survival. As 

PDAC is typically poorly vascularized, the use of 29P to enhance the blood vessel density 

and ultimately enhance the delivery of chemotherapeutics and the action of checkpoint 

blockade immunotherapy is a goal of the lab. 

Although I was not able to optimise a dosing strategy for 29P as a vascular promotor 

within the scope of my thesis, I have produced a number of pancreatic cancer organoid 

lines from KPCs. We hope that this bank of organoids can be expanded and used in vivo 

to further test the use of 29P and alternative vascular promotors. Using a model that can 

be reproduced more quickly than the KPC but better recapitulates the clinical setting 
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than 2-D cell line injection does, we hope to test dosing strategies quickly and with large 

n-numbers while ensuring as accurate modelling as possible.  
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20 Future work 

Having addressed all of the reviewer's comments, I hope to resubmit my paper 

‘Elucidating the role of the kinase activity of endothelial cell focal adhesion kinase in 

angiocrine signalling and tumour growth’ to the Journal of Pathology in the next few 

weeks. 

In addition to this, I will return to the lab for a few months, during which time I intend to 

make a bank of organoid lines from both WT mix and C57bl6 KPC tumours. I will test the 

growth of these organoids in vivo and in vitro so that they can be used for future projects 

within the lab. Eventually, we aim to have a database of organoids with histology of the 

original tumour, gemcitabine sensitivity data in vitro, histology of the tumours produced 

by organoid implantation and tumour growth curves for the implanted tumours. We 

expect some variation between organoid lines, and therefore, this bank will help inform 

future experiments. 

For future experiments on the use of 29P as a vascular promotor, it will be important to 

find a slow-growing tumour model. We hope that this may be achieved through the use 

of KPC organoids, as they are expected to grow slower in vivo than 2-D cell lines. In 

addition, we hypothesised that repeated gavage may have caused stress to the animals. 

Therefore, it may be useful to perform experiments with IP injection of the deprotected 

form of 29P, 29. We had avoided this as a major advantage of 29P is its oral availability, 

but this may be of value in separating the vascular promotion effect from any gavage 

stress. Another problem faced within this thesis was the sensitivity to gemcitabine. We 

may, therefore, produce gemcitabine resistant organoids, either by producing organoids 

from gemcitabine treated KPC mice or by continuously treating organoids with low dose 

gemcitabine in vitro before implantation. 

By using these adaptations to the orthotopic model, we hope to be able to optimise a 

dosing strategy of 29P (or 29) with gemcitabine. Once a dose and dosing strategy have 

been optimised and repeated in an orthotopically implanted organoid model, this will 

inform the best doses to use for a longer-term KPC study. We hope that, once the model 

is optimised, 29P may still be effective as a vascular promotor. If this is the case, then 

future work in the lab will use 29P in combination with checkpoint blockade 

immunotherapy. It is hoped that this may improve the efficacy of immunotherapy in 
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pancreatic cancer due to reduced levels of hypoxia and improved drug delivery to the 

tumour. 
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Figure 22.1 Phosphoproteomic changes in response to doxorubicin are greater in WT 

than FAK-KO endothelial cells. 

(A) Western blot showing the level of mouse FAK in typical WT and FAK KO endothelial 

cell samples with bar chart showing protein levels relative to GAPDH n=2 independent 

cell preps. (B) Percentage of quantified hits that were significantly different in FAK-KO 

compared to FAK-WT ECs. Black bars represent down-regulated processes.  Biological 

replicates were performed using 5 independent WT and 4 independent FAK-KO EC cell 

preps, each prep was produced from 3 mice. (C) Volcano plots showing 

phosphoproteomic fold-changes upon doxorubicin treatment compared with non-

treated controls in FAK-WT (left) and FAK-KO (right) ECs. Red circles represent p0.01, 

yellow circles represent p0.05 and grey circles non-significant changes proteins. (D) 

Percentage of quantified hits that were significantly affected by doxorubicin treatment 

in the mentioned biological processes in FAK-WT (left) and FAK-KO (right). Red bars 

represent up-regulated processes. Black bars represent down-regulated processes.  

Biological replicates were performed using 5 independent WT and 4 independent FAK-

KO EC cell preps, each prep was produced from 3 mice. Data produced by Dr Rita 

Pedrosa and Dr Pedro Casado-Izquierdo. 
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Table 22.1 Sample details linked to the RAW submitted to PRIDE Mass Spectrometry 
database.  

Data produced by Dr Rita Pedrosa and Dr Pedro Casado-Izquierdo 
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Figure 22.2 Fold-change increase in tumour volume. 

(A) Mice were treated as described in the previous figure. Fold-change increase in 

tumour volume (A) EC Cre-; FAKKD/KD mice and EC Cre+; FAKKD/KD mice treated with PBS 

(B) EC Cre-; FAKKD/KD mice and EC Cre+; FAKKD/KD mice treated with doxorubicin.  
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22.2 Appendix II: Observation of the mixed background KPC colony at 

the time of experimentation 

The KPC mouse is a well-established spontaneous model of PDAC. Within this thesis, the 

model has been used for both testing the efficacy of 29P as a vascular promotor and for 

the production of PDAC organoids. As in the clinical setting, there is significant variation 

between animals within this colony. The following histology report some observed 

features of the KPC colony at the time of experimentation. 

22.2.1 General characteristics of tumour progression in the pancreas of KPC colony 

In the KPC model of pancreatic cancer, normal pancreatic tissue processes through the 

stages of PanIn to PDAC. Therefore, in early-stage KPC animals, there are still large 

regions of the pancreas that have not progressed to PanIn (Figure 22.3 A) with examples 

of acinar cells, ducts and Islets of Langerhans. Pancreatic tissue progresses to regions of 

PanIN (Figure 22.3 B) and eventually to high-grade tumour (Figure 22.3 C). In the highly 

differentiated tumour, there are mitotic cells (Figure 22.3 D). 
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Figure 22.3 General characteristics of the KPC colony in KPC mouse.  

(A) Generally normal pancreatic tissue in KPC mouse showing examples of acinar cells, 

ducts and Islet of Langerhans. (B) PanIN lesions in KPC mouse. (C) High grade pancreatic 

tumour in KPC mouse. (D) Mitotic cells in high grade pancreatic tumour in KPC mouse. 
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22.2.2 Additional features of the KPC colony 

Even within high-grade PDAC in the KPC model, there are residual areas of PanIN (Figure 

22.4 A); they also often contain regions of necrosis (Figure 22.4 B). High-grade PanIN 

progresses to PDAC at the point that it invades beyond the boundaries of normal 

pancreatic lobe structure. Figure 22.4 C shows early the abnormal pancreatic structure 

beginning to bulge outside of the normal lobular structure. 

In some cases, there are high numbers of mucin cells in PanIN structure as a defence 

mechanism against proteases that leak from acinar cells (Figure 22.4 D). 
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Figure 22.4 Characteristics of tumour development in the KPC colony.  

(A) Residual PanIN lesions in high grade tumour. (B) Region of necrosis in high grade 

tumour. (C) Early invasion of pancreatic tissue. (D) Mucin cells in pancreatic ducts. (E) 

Progression of PanIN to PDAC showing (α) a large pancreatic duct with PanIN, (β) a 

smaller pancreatic duct, (γ) relatively undifferentiated pancreatic tissue, (δ) more 

differentiated tissue with irregular nuclei. 
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22.2.3 Pancreatic tumours in the KPC mice include examples of lymph nodes and lymph 

node metastases 

Within the pancreatic tumours that form in KPC mice, there are lymph nodes (Figure 

22.5 A) containing small, dark, circular nuclei characteristic of lymphocytes. In some 

cases, the tumour metastasises into the lymph node; in Figure 22.5 B, the tumour can 

be seen spreading from the left towards the top right, where lymph node characteristics 

can be seen. At higher magnification (Figure 22.5 C), the metastasis can be seen as 

histologically atypical of PDAC. The trabeculations visible in the histology are more 

typical of neuroendocrine tumour than the irregular structure of PDAC; this may suggest 

a hybrid tumour. 

  



299 
 

 

 

  

Figure 22.5 Lymph node and lymph node metastases in the pancreas of the KPC 

mouse.  

(A) A lymph node in the pancreatic tumour of a KPC mouse. (B) A lymph node with 

metastasis invading from left to right. (C) Higher magnification image of metastasis 

invading lymph node showing trabeculations. 
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22.2.4 Example of a region of neuroendocrine-like histology within the KPC tumour 

Similar to the metastasis into the lymph node, there are regions within the KPC tumour 

that look more like neuroendocrine than PDAC tumours (Figure 22.6). Whereas PDAC 

progresses from PanIN, neuroendocrine tumours tend to bulge into the epithelium. 

Here, the tumour appears to grow into the duct. It has a trabeculated histology (right), 

similar to the lymph node metastasis. This is not typical of PDAC but may be a hybrid 

tumour or may have progressed from PDAC to something more neuroendocrine like. 
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Figure 22.6 Possible neuroendocrine like tumour.  

Region of tumour showing more neuroendocrine like tumour at low (left, scale bar = 1 

mm) and high (right, scale bar = 200 µm) magnification. 


