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GLI  Zinc Finger Protein GLI1/ Glioma-Associated Oncogene 

GRB2  Growth Factor Receptor Bound Protein 2 

HLA-E  Human Leukocyte Antigen (Class 1 Histocompatibility Antigen) Alpha Chain E 

HSC  Hepatic Stellate Cell 

iCAF  Inflammatory Cancer Associated Fibroblast 

ICAM1  Intercellular Adhesion Molecule 1 

IDO  Indoleamine 2, 3 Dioxygenase 

IFN-γ  Interferon-γ 

IL  Interleukin 

IOPN  Intraductal Oncolytic Papillary Neoplasm 

IPMN  Intraductal Papillary Mucinous Neoplasm 

ITPN  Intraductal Tubulopapillary Neoplasm 

JAK  Janus Kinase 

KIR  Killer Immunoglobulin-Like Receptor 

KRAS  Kirsten Rat Sarcoma Viral Oncogene Homolog 

LAG3  Lymphocyte Activation Gene 3 

LFA-1  Leukocyte Function-Associated Antigen 1 

MAPK  Mitogen-Activated Protein Kinase 

MCN  Mucinous Cystic Neoplasm 
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MDSC  Myeloid Derived Suppressor cell 

MEK  Methyl Ethyl Ketone 

MHC-1  Major Histocompatibility Complex Class 1 

MICA/B  MHC Class 1 Related Genes A/B 

MMP  Matrix Metallopeptidase 

MTOC  Microtubule Organising Center 

MUC  Mucin 

myCAF  Myofibroblastic Cancer Associated Fibroblast 

MYH-11 Myosin-11 

NCR  Natural Cytotoxicity Receptor 

NF-κB  Nuclear Factor Kappa B 

NK cell  Natural Killer Cell 

NKG2A  Natural Killer Group 2A 

NKG2D  Natural Killer Group 2D 

Nrf2  Nuclear Factor Erythroid 2–Related Factor 2  

PALB  Partner and Localiser of BRCA 

PanIN  Pancreatic Intraepithelial Neoplasm 

PD-1  Programmed Cell Death Protein 1 

PDAC  Pancreatic Ductal Adenocarcinoma 

PD-L  Programmed Cell Death Ligand 
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PDPN  Podoplanin 

PI3K  Phosphoinositide 3-Kinases 

POSTN  Periostin 

PRF1  Perforin-1 

PSC  Pancreatic Stellate Cell 

PTCH  Patched 

PTEN  Phosphatase and Tensin Homolog Deleted on Chromosome Ten  

qPSC  Quiescent Pancreatic Stellate Cell 

RAE-1  Retinoic Acid Receptor  

SHH  Sonic Hedgehog 

SMAD4  Mothers Against Decapentaplegic Homolog 4 

SMO  Smoothened 

SOCS  Suppressor of Cytokine Signalling 

SPN  Solid Pseudopapillary Neoplasm 

STAT  Signal Transducers and Activators of Transcription 

TAM  Tumour Associated Macrophage 

TAN  Tumour Associated Neutrophil  

TGFBR1  Transforming Growth Factor Beta Receptor 1 

TGFβ  Tumour Growth Factor-β 

TIM-3  T-cell Immunoglobulin and Mucin-Domain Containing-3  
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TME  Tumour Microenvironment 

TNF-α  Tumour Necrosis Factor-α 

TP53  Tumour Protein p53 

Treg  Regulatory T-Cell 

ULBP  UL-16 Binding Proteins 

WST-1  2-(4-Iodophenyl)-3-(4-Nitrophenyl)-5-(2,4-Disulfophenyl)-2H-Tetrazolium 

α-SMA  Alpha Smooth Muscle Actin  
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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a disease with dismal prognosis. With five-year 

survival rates of less than 11%, PDAC is set to become the second leading cause of cancer 

related deaths by 2040. The role of pancreatic stellate cells in pancreatic ductal 

adenocarcinoma has been well established. However, to date, little remains know about the 

interaction between these crucial stromal cells and the innate lymphocytes, natural killer (NK) 

cells, in PDAC. Herein we demonstrate that naïve NK cells possess the functional efficacy to 

target and kill both quiescent (qPSC) and activated (aPSC) pancreatic stellate cells. 

Furthermore, qPSC, but not aPSC education of NK cells resulted in decreased NK cell-mediated 

cancer cell cytotoxicity. NK-PSC direct co-culture was found to modulate both PSC and NK 

phenotype, as well as functional changes within NK cells, an effect not observed with 

TranswellTM separation. Multiplex Luminex ELISA further revealed upregulation of IFN-γ and 

related chemokines in NK cells co-cultured with PSC (activated/quiescent), suggesting that 

this pathway may be involved in phenotypic modulation. Through global proteomic analysis 

we demonstrate NK cell-induced differential protein changes in aPSC versus qPSC. 

Furthermore, we demonstrate changes in intracellular NK pathways as a result of direct 

contact with PSCs, indicating a dynamic, bidirectional interaction between these two key 

players. Using multiplex immunohistochemical analysis, we demonstrate that NK cell 

proximity to CAFs, and not total NK cell infiltrate is correlated with overall survival in PDAC. 

Consequently, we suggest that the spatial biology of NK/CAFs may play a prognostic role in 

PDAC and may potentially be used as a tool for patient stratification Taken together, our 

results demonstrate a significant bidirectional relationship between NK cells and PSC/CAFs in 

the context of PDAC, providing novel insight into this crucial cell-cell interaction. 
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1.1 Pancreatic cancer 

Pancreatic cancer is a malignancy with a dismal prognosis. With five-year survival rates of 

~11%1, pancreatic cancer is set to become the second leading cause of cancer related deaths 

by 2040.2-5 To date, the only potential curative treatment for pancreatic cancer is surgery, 

however due to the lack of early symptoms and aggressive disease biology, patients typical 

present with advance stage disease, rendering the majority of patients unresectable.6 

Furthermore, with approximately 80% of surgery patients relapsing, frequently within two 

years, pancreatic cancer remains one of medicine’s most urgent areas of unmet need.7 

1.2 Pancreatic ductal adenocarcinoma risk factors 

Risk factors associated with pancreatic cancer can be either modifiable or non-modifiable. 

When reviewing all modifiable risk factors, smoking was found to have the strongest positive 

correlation with pancreatic cancer development.8 Meta-analysis from multiple case-control 

and cohort studies have revealed that smoking can increase risk in current and former 

smokers by 74% and 20%, respectively.9 Similarly, Molina-Montes et al. observed that current 

smokers had a 72% greater risk of developing pancreatic cancer than did never smokers. 

Moreover, they also note a dose response relationship between smoking intensity and 

smoking duration with the risk of developing pancreatic cancer. Smoking cessation was found 

to lower the risk.10  

Recently, evidence has also suggested a significant relationship between alcohol consumption 

and risk of developing pancreatic cancer. A large meta-study revealed heavy drinkers were at 

much greater risk of developing pancreatic cancer (19%) than were light or moderate 

drinkers. Moreover, this trend was found to be consistent between men and women.11 

Naudin et al. also determined significant positive associations between baseline and lifetime 
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alcohol consumption and risk of pancreatic cancer in men, however hazard ratios did not 

reach significance for women.12 

Reports on the impact of diet on pancreatic cancer risk have been inconsistent.13 Meta-

analysis of epidemiological studies has revealed a significant decrease in risk with the 

increased consumption of fruit and vegetables (RR 0.73 and 0.76, respectively). However, 

methodological variation between observational studies included within the analysis may 

have impacted the magnitude of the associations observed and therefore further work is 

needed to confirm these finding.14 Conversely, red-meat consumption has been found to 

positively associate with pancreatic cancer risk in men. Moreover, cooking method was also 

observed to play a role in risk, with high temperature cooking correlating with worse 

outcome.15 

Obesity is being increasingly recognised as a strong, but modifiable risk. Both meta-analysis 

and cohort studies have identified a positive association between obesity and pancreatic 

cancer.16 Aune et al. report a 10% increase in relative risk for every 5 addition BMI units, a 

finding consistent between men and women.17 Similarly, Bethea et al. demonstrate increased 

risk of 25% and 32% in participants with a BMI of 25.0 to 29.9 and 30.0 to 34.9, respectively. 

Interestingly a stronger association in BMI and pancreatic cancer was observed in never 

smokers, than amongst smokers.18 Furthermore, pooled analysis of population based cohort 

studies in Japan revealed a significant association between men with high BMI (≥30 kg/m2) 

and risk of pancreatic cancer; HR 1.71, when compared to BMI 23 to <25 kg/m2. No clear 

association was observed in women.19 

Non-modifiable risk factors include; age, gender, ethnicity, blood group and family history.9 

Whilst age of incidence differs between countries, patients are typically diagnosed after the 
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age of fifty-five, with most patients presenting in their seventies and eighties. Within the US, 

89.4% of new cases are diagnosed in patients over 55, with a median age at death of 72.8 

Incidence of pancreatic cancer below the age of 30 is very rare worldwide and thus, it is often 

considered a disease of the elderly.8 

Males display a higher incidence rate than do females, with age-standardised rates suggesting 

a ratio of 5.5: 4.0.20 A disparity in risk is also evident between ethnicities, for example, within 

the United States, African-Americans exhibit greater risk than their Caucasians 

counterparts.21 Incidence rates were lowest in Asian-Americans and Pacific Islanders. Whilst 

this may be linked to exposure to modifiable risk factors, there may be some underlying 

genetic and gene-environment interactions which may explain this disparity.9  

When comparing blood groups, several studies have revealed that individuals with non-O 

blood groups (A, B or AB) were at significantly greater risk of developing PDAC than those 

with group O.22, 23 It is thought that this may be a result of the differing inflammatory states 

and glycosyltransferase specificity between blood groups.9 

Familial PDAC (characterised by two or more first degree relatives being diagnosed with the 

disease) accounts for 5-10% of new cases. Individuals with familial risk have a nine-fold higher 

chance of developing PDAC than those without.8, 24 Genetically, the presence of BRCA1 and 

PALB mutations within first degree relatives increases the risk exponentially.9 

Diabetes mellitus (specifically type II) has long been recognised to have a significant 

association with the development of pancreatic cancer. Recent evidence has shown that 

patients with type II diabetes have an increased risk of developing pancreatic cancer (OR: 

2.50), this was even more striking in patients diagnosed with new onset type II diabetes (OR: 
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6.39). 25 This significance was also noted by Huang et al. who demonstrated an almost 7-fold 

increase in risk in individuals diagnosed with new onset diabetes.26 

1.2.1 Development and Subtypes of pancreatic cancer 

Pancreatic cancers can arise from either endocrine or exocrine cells. Constituting less than 5% 

of all pancreatic cancers, endocrine tumours are typically derived from islet cells and can be 

sub-divided based on cell of origin and hormones produced, namely; gastrinomas, 

insulinomas and glucagonomas.27 Due to the high levels of hormone produced, often leading 

to distinctive symptoms (such as hypoglycaemia with insulinomas) these cancers are readily 

diagnosed.27 For insulinomas, metastatic behaviour is rarely observed (6% of all insulinomas), 

and as such, patients are typically considered cured after surgical resection.28 In a 

retrospective study of patients with benign or malignant (defined by distant metastases, 

direct or lymphovascular invasion and T4 tumour stage) insulinomas, five-year survival 

following surgical resection was found to be 95.4% and 66.8%, respectively.29 Conversely, 60-

90% of gastrinomas are malignant, whilst surgical resection can result in 15 year disease free 

survival of up to 98%, distant metastases are the biggest predictor of long-term survival.30 

Approximately 60% of glucagonomas are found to be malignant. These are the most rare of 

the endocrine tumours with an incidence of 0.04-0.12 per million/year.31 

In contrast, exocrine tumours account for more than 90% of pancreatic malignancies.32 The 

most common of these is pancreatic ductal adenocarcinoma (PDAC).33 Arising from ductal 

epithelial cells, PDAC displays distinctive ductal-like features when examined histologically, 

and is preceded by one of the following five precursor lesions: pancreatic intraepithelial 

neoplasms (PanIN), intraductal papillary mucinous neoplasms (IPMN), intraductal 
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tubulopapillary neoplasms (ITPN), intraductal oncolytic papillary neoplasms (IOPN) or 

mucinous cystic neoplasms (MCN).27, 34  

For completeness, it should be noted that there are three non-PDAC pancreatic exocrine 

tumours, all of which are rare: pancreatic acinar cell carcinoma (ACC), solid pseudopapillary 

neoplasm (SPN) and pancreatoblastoma. Pancreatic ACC accounts for approximately 1% of all 

pancreatic cancers.35 Often misdiagnosed as PDAC, ACC demonstrates a well encapsulated 

tumour (in approximately 60% of cases), has a larger tumour size at presentation and exhibits 

calcification and central hypodensity.35 Accounting for 0.17-2.7% of pancreatic malignancies, 

SPN is a low grade tumour, typically seen in young to middle aged women. This slow growing 

tumour exhibits 95% 5- and 10- year disease specific survival, with only 5-10% of cases 

metastasising, a stark contrast to the prognosis for PDAC.36 Finally, comprising less than 1% 

of pancreatic cancers, pancreatoblastoma is a primarily paediatric malignancy. These tumours 

demonstrate consistently activated Wnt/β-catenin signalling as well as upregulation of the 

insulin-like growth factor (IGF)-2 axis. With surgery the only potential curative option, 

targeting these dysregulated signalling pathways may prove of great therapeutic benefit to 

this rare cohort.37  

1.2.2 PDAC development and progression  

The development and progression of PDAC is associated with the acquisition of genetic 

mutations within key driver genes. These include KRAS, CDKN2A, TP53 and SMAD4.38 

Morphological changes within the pancreas (typically in the form of PanINs) are observed in 

association with these genetic changes.39  

PanINs are characterised as micropapillary, non-invasive lesions, typically less than 5mm.40 

Owing to their small size, PanINs cannot be detected by any radiological means. Consisting of 
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columnar and cuboidal epithelial cells, and displaying varying mucin levels, PanINs are graded 

on the level of cellular and morphological atypia. Low grade PanINs (PanIN-1 or PanIN-2) 

display mild to moderate atypia of basal nuclei, whilst high grade lesions (PanIN-3) 

demonstrate loss of cellular polarity, hyperchromasia and increased nucleus to cytoplasm 

ratio.40 Low-grade lesions are relatively common in the general population, particularly in 

people over the age of fifty, and are found to express MUC5A and MUC6. Conversely, high 

grade lesions are most commonly identified in association with PDAC and are seen to express 

MUC1.34 

KRAS has been identified as a master regulator of pancreatic cancer initiation and 

progression.39 Constitutive activation of KRAS prevents the hydrolysis of GTP, promoting 

persistent downstream signalling of multiple pathways including MAPK – MEK and PI3K – AKT 

– MEK – ERK, as well as activation of transcription factors involved in cell differentiation, 

proliferation and migration.41 Oncogenic KRAS mutations have been identified in human 

PanIN lesions, demonstrating increasing frequency with PanIN progression. Thus initial work 

suggested that it may play a key role in the development of PDAC.42 Moreover, development 

of KRAS mutant murine models which resulted in the spontaneous development of invasive, 

metastatic tumours, recapitulating human disease, clearly revealed the importance of KRAS 

in PDAC progression.43  

In addition to oncogenic KRAS, mutation of the CDKN2A (p16) gene was also found to be 

associated with higher grade PanINs44 45, playing a key role in the progression from PanIN-1 

to PanIN-2.46 Furthermore, inactivation of the tumour suppressors TP53 and SMAD4 was 

found to be absent in PanIN-1, but was observed with increasing frequency in PanIN-2 and -3 

respectively, suggesting that these mutations may play a key role in the progression to 
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carcinoma.47 This is further supported by the frequent observation of loss of TP53 

heterozygosity in the progression from PanIN-3 to metastatic disease.48 These key genetic 

alterations are shown in Figure 1.1. 
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Figure 1.1: Pathogenesis of PDAC development. 

The development of PDAC through progressive stages of pancreatic intraepithelial neoplasia. Cellular 

atypia increases with PanIN progression, with high grade lesions demonstrating loss of cellular polarity 

and hyperchromasia. Key genetic mutations are shown below each PanIN stage. Oncogenic KRAS 

initiates the progression from normal duct to neoplasia (PanIN 1). PanIN progression is then further 

stimulated by the acquisition of a mutation in CDKN2A. Finally, inactivation of the tumour suppressors 

TP53 and SMAD4 drives progression from PanIN-2 to PanIN-3, and eventually, pancreatic ductal 

adenocarcinoma. Image created with Inkscape (1.1.2). 
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In addition to key driver mutations, PDAC is found to be molecularly heterogenous, expressing 

multiple mutations throughout the genome, many of which are not found in a recurrent 

manner.27 Using genomic analysis of PDAC tumours, Bailey et al. report that significantly 

mutated genes were involved in 10 molecular mechanisms including; TGF-β signalling 

(SMAD4, SMAD3 and TGBFR1), the BRCA pathway (BRCA1, BRCA2 and PALB2) and WNT 

signalling (RNF43).49 Identification of additional mutations may prove to be key to the 

development of novel treatments for PDAC. This was evidenced through with the 

identification of BRCA mutations. BRCA genes are involved in the homologous recombination 

repair of damaged DNA50, thus mutations can result in the accumulation of chromosomal 

aberrations resulting in genomic instability.50, 51 Importantly, mutation of BRCA genes results 

in synthetic lethality to PARP inhibitors52, and thus clinical trials have been used to exploit this 

mutation in BRCA-mutated metastatic PDAC patients.51 53 

1.2.3 PDAC treatment 

For patients who are not eligible for surgical resection, current treatment regimens employ 

systemic chemotherapy. First-line gemcitabine monotherapy yields poor results, with one- 

and five-year survival rates of 18% and 2% respectively.3 Combination therapies have 

demonstrated superior efficacy than their monotherapy counterparts. When treated with 

FOLFIRINOX (oxaliplatin, irinotecan, 5-fluorouracil and leucovorin), mean overall survival can 

be extended to 11 months vs 6.8 months in patients treated with gemcitabine alone.54 

Similarly, gemcitabine in combination with nab-paclitaxel demonstrated superior efficacy 

than gemcitabine treatment alone (8.5 months vs 6.7 months).55 Consequently, these two 

treatment regimens are now accepted as first-line treatment options in the advanced PDAC 

setting.3 
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Failing first-line treatment, options for second-line treatment of PDAC remain unclear. Results 

from the CONKO 03 study suggest that patients treated with oxaliplatin, folinic acid and 5-

fluorouracil had improved median overall survival when compared to those treated with 5-

fluorouracil and folinic acid.56 This result was not however substantiated by the PANCREOX 

study which determined that patients receiving treatment containing oxaliplatin, 5-

fluorouracil and leucovorin had increased adverse events when compared to those treated 

with 5-fluorouracil and leucovorin, with no difference in median overall survival.57 Finally, 

results for the NAPOLI trial revealed combination treatment with nano-liposomal irinotecan, 

5-fluorouracil and leucovorin to have improved median overall survival than those treated 

with 5-fluorouracil and leucovorin only (6.1 months vs 4.2 months) in patients previously 

treated with gemcitabine based chemotherapy.57 As such, second-line treatment options 

include: gemcitabine, gemcitabine + nab-paclitaxel, gemcitabine + cisplatin, nanoliposomal 

irinotecan + 5-fluorouracil, oxaliplatin + 5-fluorouracil and potentially FOLFIRINOX. Whilst 

there are many treatment options listed, it should be noted that these are all palliative 

treatments which extend life for 6 months on average. Thus the desperate need for novel 

therapeutics is evident.57 

Immunotherapy has revolutionised treatments for several cancer types including melanoma 

and non-small cell lung cancer, however its impact in the treatment of PDAC has been 

underwhelming.58 Multiple immune checkpoint inhibitors and several CAR-T cells have now 

been approved for clinical use, however, to date only one immunotherapy, pembrolizumab, 

is recommended for PDAC. This is further restricted to patients who exhibit deficient 

mismatch repair (dMMR) or high microsatellite instability (MSI-H). With only 0.8-2% of PDAC 

patient expressing these impairments, very few are eligible for immunotherapy.58, 59 Data 

from the phase II KEYNOTE-158 clinical trial revealed that PDAC patients who were treated 
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with pembrolizumab exhibited median progression free survival of 2.1 months and median 

overall survival of 4.0 months. However, overall survival for patients with gastric, ovarian, 

small intestine and endometrial cancers did not reach median overall survival at the end of 

the study.60 This once again highlights the desperate need for improved therapies in the 

treatment of PDAC.  

1.2.4 PDAC Tumour Microenvironment 

Characterised by its strong desmoplastic reaction, the PDAC tumour microenvironment plays 

a crucial role in disease progression.61, 62 Primary tumour sites display extensive fibrosis 

characterised by overexpression of extracellular matrix proteins and activation of fibroblastic 

cells.62 Multiple cell types, both cancer and stromal, are present in the pancreatic tumour 

microenvironment, including; pancreatic stellate cells (PSCs), myeloid-derived suppressor 

cells (MDSCs), tumour associated macrophages (TAMs) and regulatory T-cells (Tregs).63 PSCs 

secrete extracellular matrix proteins (such as laminin, collagen and fibronectin), matrix 

metalloproteinase and growth factors such as fibroblast growth factor 2 (FGF2), tumour 

growth factor-β (TGFβ) and connective tissue growth factor (CTGF), resulting in the formation 

of the dense desmoplasia associated with PDAC.62, 64 This dense fibrosis results in tumour 

hypoxia which is exacerbated by the secretion of anti-angiogenic factors (such as endostatin 

and angiostatin) by pancreatic cancer cells, and has been linked to disease aggressiveness and 

progression.62, 65 

Furthermore, hypoxia has been implicated in chemotherapy resistance in multiple studies. 

Zhang et al. found that hypoxia increased cancer stem cell populations (via the AKT/Notch1 

signalling pathway) in pancreatic cancer, resulting in increased resistance to gemcitabine 

treatment.66 Similarly, Wang et al., demonstrated that the miRNA miR-301a-3p, which has 
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been linked to cancer growth and metastasis, was enriched in exosomes secreted from 

tumour cells. Moreover, this expression was found to be enhanced by hypoxia. Hypoxia 

induced secretion of the exosomal miR-301a-3p was also found to catalyse activation of the 

PTEN/PI3K signalling pathway, resulting in polarisation of M2 macrophages and invasion of 

pancreatic cancer cells.67 

As well as playing a key role in chemotherapy resistance, the pancreatic tumour 

microenvironment is highly immunosuppressive, limiting the efficacy of the immune system 

on cancer surveillance.62, 68 This is characterised by the presence of tumour supporting 

immune cells and immunosuppressive cells.69 

1.2.4.1 Myeloid Derived Suppressor Cells 

MDSCs are heterogeneous immature myeloid cells which are seen to proliferate in peripheral 

blood, secondary organs (such as liver and lung) and tumours of cancer patients and modulate 

anti-tumour immune response to malignancy. 70, 71 Recent studies have revealed that MDSCs 

release reactive oxygen/nitrogen species, causing dysregulation of T cell migration, 

proliferation and fitness within the TME.72 In addition, murine models of PDAC have revealed 

MDSCs induced expression of PD-L1 on tumoural cells through stimulation of the EGFR-MAPK 

pathways, inhibiting CD8+ T cell anti-tumoural activity.73 MDSCs have also been shown to 

induce the development of Tregs within the TME through the secretion of IL-10 and IFN-γ, 

further contributing to the immunosuppressive environment.74 

1.2.4.2 Tumour Associated Macrophages 

Tumour associated macrophages are highly abundant in the PDAC TME.75 Recently discovered 

to develop from both monocytic and embryonic origins76, TAMs are typically associated with 

the M2 macrophage phenotype, exhibiting pro-tumoural activity.77 Specifically, TAMs have 
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been found to secrete a range of cytokines and chemokines, which modulate immune cell 

function.78 In murine models of PDAC, TAMs were found to modulate CD8+ T cell dependent 

response to chemotherapy through stimulating IL-12 secretion from dendritic cells.79 In 

addition, NK cell function was found to be reduced by TAMs in a contact- and TGF-β-

dependent manner.80 Moreover, through secretion of TGF-β, TAMs were found to induced 

pyruvate kinase M2 (PKM2) translocation in PDAC cells, inducing expression of PD-L1, and 

thus reducing the efficacy of cytotoxic immune cells.81 

1.2.4.3 Tregs 

Regulatory T cells are important homeostatic immune cells involved in the regulation of 

immune tolerance within the body. However, within the tumour microenvironment, Tregs 

are found to have strong immunosuppressive function, inhibiting anti-tumour immunity.82 

Specifically, Tregs secrete immunosuppressive cytokines such as interleukin (IL)-10 and TGFβ 

which recruit additional immunosuppressive cells to the tumour microenvironment and 

stimulate the transition of CD4+ T cells to FoxP3+ regulatory cells, facilitating immune 

evasion.62, 83 Moreover, Tregs further contribute to an immunosuppressive environment 

through engaging antigen presenting cells through CTLA-4 and PD-1 receptors, as well as 

modulating cytotoxic T cell function through upregulation of PD-1 and TIM-3, resulting in 

decreased anti-tumour activity.84 

Key components of the PDAC tumour microenvironment are shown in Figure 1.2. 
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Figure 1.2: The PDAC tumour microenvironment. 

Upon activation, pancreatic stellate cells secrete an abundance of extracellular matrix proteins 

including collagen, fibronectin, laminin and hyaluronic acid, leading to dense desmoplasia. In addition, 

fibroblastic cells (CAFs) become active and immune suppressive cells (MDSC, Treg and TAMs) are 

sequestered to the TME. Secretion of anti-angiogenic factors in addition to dense desmoplasia results 

in the development of a hypoxic tumour. Cancer stem cells are also observed in PDAC. 
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1.3 Pancreatic Stellate Cells 

In the healthy pancreas, pancreatic stellate cells (PSCs) account for 4-7% of the total cell mass 

and are typically adjacent to pancreatic acinar cells or around small ducts.85 PSCs are typically 

quiescent and non-proliferative in normal tissue, and play a crucial role in supporting 

epithelial cell function through paracrine signalling, maintaining tissue architecture and injury 

repair systems.85-88 Moreover, quiescent stellate cells express abundant stores of vitamin A, 

located in cytoplasmic lipid droplets which surround the nucleus.85, 88 Quiescent PSCs are 

characterised by staining for the stellate cell specific markers; glial fibrillary acidic protein 

(GFAP), desmin, vimentin and nestin.85-88 Conversely, in malignancy, PSCs switch to an 

activated state, displaying a myofibroblastic phenotype which can be characterised by the 

expression of the cytoskeletal marker alpha smooth muscle actin (α-SMA).85, 87 Activated 

stellate cells lose their lipid storing function and exhibit increased proliferation and 

migration.88 Additionally, the function of activated stellate cells differs greatly from that of 

quiescent cells. Specifically, activated stellate cells express much higher production and 

deposition of extracellular matrix proteins, such as collagen and fibronectin. Moreover, 

activated PSCs contribute to extracellular matrix remodelling through the production of 

hyaluronan, matrix metalloproteinases (MMP) and tissue inhibitors of matrix 

metalloproteinases (TIMPs).85, 87, 88 Once activated, pancreatic stellate cells acquire a capacity 

for phagocytosis and produce an array of inflammatory cytokines including: interleukin (IL) -

1β, IL-6, IL-15, TGFβ and platelet derived growth factor, which among other functions, may 

contribute to immune cell trafficking and tumour infiltration.61, 85 Finally, PSCs have also been 

observed to travel to metastatic sites alongside cancer cells. It is hypothesised that this 

migration may facilitate cancer cell seeding in the metastatic niche, and support cancer cell 

proliferation and survival.89, 90 
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1.3.1 PSC signalling pathways 

Activated pancreatic stellate cells employ multiple autocrine and endocrine signalling 

pathways and are key orchestrators of stromal-epithelial interactions (Figure 1.3).91 PSCs 

secrete large volumes of inflammatory signals, such as IL-6, which facilitate the progression 

of PDAC. Recent evidence has demonstrated that IL-6 activates downstream JAK/STAT 

signalling which, in turn, stimulates the transition of PanIN to carcinoma.91 In addition, Wu et 

al. identified that activation of the IL-6/STAT pathway resulted in nuclear factor erythroid 2 

(Nrf2) mediated epithelial to mesenchymal transition (EMT) of pancreatic cancer cells, a 

crucial process in the metastatic cascade.92 Moreover, this transition was reversed upon IL-6 

inhibition and cancer cell propensity for migration and invasion was reduced.92 Similarly, 

Huang et al. found that IL-6/STAT3 signalling resulted in the methylation of suppressor of 

cytokine signalling 3 (SOCS3) (a key negative regulator of the IL-6/STAT3 pathway) via DNA 

methyltransferase 1 (DNMT1). This methylation led to the downregulation of SOCS3 and 

resulted in tumour growth and metastasis. 93, 94 

PSCs have also been shown to facilitate perineural invasion, a key route for pancreatic 

metastasis.95 Specifically, PSCs, but not pancreatic cancer cells, were found to secrete 

hepatocyte growth factor (HGF), leading to the activation of the HGF/c-Met pathway. 

Furthermore, secretion of HGF resulted in increased expression of nerve growth factor (NGF) 

and metalloproteinase 9 (MMP-9). Activation of this pathway lead to the migration and 

invasion of pancreatic cancer cells via perineural routes.95  

PSCs also play a crucial role in chemokine signalling. C-X-C motif chemokine receptor 4 

(CXCR4) and its ligand C-X-C motif ligand 12 (CXCL12) play a prominent role in the progression 

of pancreatic cancer, facilitating its development, invasion and metastasis.96, 97 CXCL12 is 
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released in a paracrine fashion from PSCs and binds to its receptor, CXCR4, on the pancreatic 

cancer cell surface.97 Activation of CXCR4 by CXCL12 leads to upregulation of EGFR, activating 

ERK, AKT and Wnt via PI3K and Ras signalling. Wnt activation promotes transcription of 

nuclear Wnt target genes, and increases expression of β-catenin, whilst activation of AKT and 

ERK phosphorylates and degrades Iκβ-α, leading to the accumulation of NFκβ, resulting in 

increased cancer cell proliferation and metastasis, and angiogenesis. Importantly, AKT and 

ERK also stimulate activation of sonic hedgehog (SHH) which initiates a pro-proliferative 

feedback loop.96, 98, 99 SHH ligand binds to patched (PTCH) on PSCs, this de-suppresses the 

smoothened (SMO) receptor, leading to a cascade of intracellular signalling. SMO translocates 

transcription factors to the nucleus and activates GLI family zinc finger transcription factors, 

modulating expression of downstream genes such as c-myc and VEGF. Ultimately, this 

signalling cascades potentiates the activation of PSCs and release of CXCL12 and facilitates 

the continued deposition of extracellular matrix.61, 91, 96, 100, 101  

Downstream effects of CXCR4/CXCL12 binding are also seen to play a crucial role in 

therapeutic resistance. Specifically, ERK activation phosphorylates Bad which subsequently 

dissociates from Bcl-2. In addition, Bim dissociates from Bcl-2 and Mcl-2 following 

phosphorylation by ERK. This allows Bcl-2 and Mcl-2 to bind Bax, preventing its pro-apoptotic 

effects, ultimately conferring resistance to chemotherapeutic strategies such as 

gemcitabine.96, 102 

Recent evidence has also demonstrated that PSCs also orchestrate cell proliferation through 

fibroblast growth factor (FGF) signalling.103 PSCs secrete FGF2 which acts in an autocrine 

manor to stimulate FGF signalling pathways (MAPK, MEK and ERK).104 In addition to this 

classical role, FGF2 and FGFR1 can be targeted to the nucleus where they interact with the 
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cell cycle regulator cyclin D1, potentiating proliferation of PSCs. Moreover, nuclear 

translocation of FGF2 and FGFR1 results in increased metastasis and invasion of both PSCs 

and cancer cells.103, 105 Nuclear FGFR1 has also been shown to activate the FGF2 promoter via 

cyclic AMP and protein kinase C (PKC) dependent pathways, further driving PSC 

proliferation.103 
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Figure 1.3: Autocrine and paracrine PSC signalling pathways in PDAC. 

Release of inflammatory cytokines such as IL-6 activate the JAK/STAT signalling pathway. This results 

in EMT and increases tumour cell proliferation and metastasis through activation of Nrf2 and SOCS3. 

AKT and ERK are activated by HGF binding to c-MET, resulting in migration and invasion of tumour 

cells. CXCL12 Binds to CXCR4 in both paracrine and autocrine fashion. This activates downstream ERK, 

AKT and Wnt signalling pathways leading to tumour cell proliferation, angiogenesis, metastasis and 

chemoresistance. ERK and AKT activation stimulate sonic hedgehog release from tumour cells. This 

binds to PTCH on PSCs leading to the de-repression of SMO and subsequent activation of suppressor of 

fused (SUFU) and GLI1 zinc finger. This cascade potentiates PSC proliferation and deposition of 

extracellular matrix proteins. FGF2 binding to FGFR1 stimulates activation of the MAPK, ERK and AKT 

signalling pathways. FGF2 and FGFR1 are also translocated to the nucleus where they interact with 

cyclin D1, modulating the cell cycle and resulting in PSC proliferation. Nuclear FGFR1 activates the 

FGFR2 promoter via cyclic AMP and PKC signalling pathways. 
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1.3.2 PSC interaction with stromal cells 

In addition to their interaction with cancer cells, PSCs display intricate cross-talk with many 

other stromal cells (Figure 1.4).106 

1.3.2.1 PSC interaction with endothelial cells 

PSCs are potent producers of pro-angiogenic factors including periostin, angiopoietin-1 and 

vascular endothelial growth factor (VEGF), resulting in endothelial proliferation and 

angiogenic tube formation.107-109 Interestingly, when treated with all trans retinoic acid 

(ATRA), which renders stellate cells quiescent, the angiogenic potential of PSCs was 

abrogated.107 Moreover, in aortic ring angiogenesis assays, PSCs were found to enhance 

angiogenic sprouting, an effect inhibited by cancer cells. Importantly however, the number of 

angiogenic sprouts decreased as collagen concentrations (used for tissue embedding) 

increased, suggesting that the dense desmoplastic stroma may inhibit angiogenesis.107 

Conversely, PSCs also secrete vasohibin-1110 and stimulate PCC secretion of endostatin111, 

known angiostatic factors which inhibit angiogenesis, highlighting the intricacy of PSC-

endothelial interactions.106  

1.3.2.2 PSCs and Immune cells 

Much evidence suggests that PSCs may play a role in the characteristic immune evasion of 

PDAC. PSCs have been found to sequester immune cells in the panstromal compartment, 

preventing juxtatumoural infiltration. Ene-Obong et al. found that infiltrates of CD8+ 

(cytotoxic T cells), FoxP3+ (Tregs), CD20+ (B cells) and CD56+ (natural killer) cells were 

significantly lower in the juxtatumoural compartment of PDAC tissues when compared to 

panstroma.61 In addition, immune cells, particularly CD8+ T cells were found to preferentially 

migrate towards activated PSCs. This preferential chemotaxis was found to be CXCL12 
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dependent and was negated in quiescent PSCs, suggesting that the activation of PSCs is 

essential for the orchestration of an immune privileged tumour microenvironment.61 

In contrast to the work of Ene-Obong et al., some evidence has suggested that PSCs may 

induce B cell tumour infiltration in a CXCL13 dependent manner. However, the role of B cell 

infiltrates in PDAC remain unclear, with several studies demonstrating a capacity to both 

stimulate and inhibit T cell response to malignancy.112  

Development of an immunosuppressive tumour microenvironment has also been attributed 

to PSC-immune cell interactions. PSCs are seen to sequester myeloid derived suppressor cells 

(MDSCs) and Tregs within the TME.113 These cells contribute to immunosuppression through 

conversion of macrophages from an antitumorigenic M1 to a tumour promoting M2 

phenotype, suppression of CD4+ and CD8+ T cells and reduction in the number of NK and NKT 

cells in tumoural tissue. Li et al. found that PSCs drove the expansion of both monocytic-

MDSCs (M-MDSCs) and granulocytic-MDSCs (G-MDSCs) in bone marrow, spleen, and tumour 

tissue in murine models of pancreatic cancer; an effect that was proposed to be IL-6 

dependent. 113 Orthotopic models of PDAC also revealed increased numbers of Tregs within 

tumour tissues, leading to the development of an increasingly immunosuppressive tumour 

microenvironment.113 Additionally, PSC dependent galectin-1 production was found to 

increase CD4+ and CD8+ T cell apoptosis, and thus depletion of T cells may contribute to PSC 

mediate immune evasion in PDAC.114  

Tregs can also be recruited intratumourally by the chemokine IP-10 (CXCL10) which is 

secreted by PSCs in response to pancreatic cancer cells. IP-10 acts as a chemoattractant and 

was found to result in a 16-fold increase in FoxP3+ T cells in tumour tissue (when compared 

to normal tissues).115 Interestingly, through PCR analysis of leukocyte markers in PDAC tissue 
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samples, Lunardi et al. found a two-fold decrease in perforin 1 (pore forming protein 1, PRF1), 

a key regulator of the cytolytic ability of both NK and T cells. Suggesting that IP-10 may reduce 

the cytotoxic capacity of these cells in PDAC.115 

1.3.2.3 PSC interaction with additional stromal cell types 

PSCs have been evidenced to stimulate mast cell activation, resulting in the production of IL-

13 and tryptase which stimulates both cancer and stellate cell proliferation.106, 116 

Additionally, complex crosstalk between adipocytes, PSCs and tumour associated neutrophils 

has been demonstrated. Dysfunctional adipocytes secrete increased levels of IL-6, TNF-α, 

CXCL1 and particularly, IL-β, stimulating PSC proliferation. Concurrently, activated PSCs 

secrete additional IL-1β leading to the recruitment of tumour associated neutrophils into the 

PDAC tumour microenvironment. This crosstalk results in a positive feedback loop, 

potentiating IL-1β secretion, PSC proliferation and TAN recruitment.117  

In addition to the metastatic routes generated through perineural invasion, PSC interaction 

with pancreatic nerve cells (via NGF and SHH signalling pathways) plays a crucial role in the 

generation of abdominal pain associated with pancreatic cancer. Through upregulation of the 

cation channel transient receptor potential vanilloid 1 (TRPV1), and the neuropeptides, 

calcitonin gene-related peptide (CGRP) and substance P, PSCs induce neuropathic pain in 

pancreatic neurones and dorsal root ganglia. 118 

Finally, PSCs have been shown to interact with islet cells within the pancreas, with activated 

PSCs being identified in fibrotic islet tissues. Co-culture studies have also revealed that 

exposure to PSC secretions results in reduced insulin production, suggesting PSC induced β 

cell dysfunction.119 Moreover, PSCs were found to induce β cell apoptosis via caspase-3 and 

caspase-9 cleavage and loss of mitochondrial membrane potential.119  
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Figure 1.4: PSC interaction with stromal cells. 

PSCs intricately regulate multiple stromal cell types. Activated PSCs orchestrate ECM remodelling and 

prolific deposition of extracellular matrix proteins. Both pro- and anti-angiogenic factors are secreted 

by PSCs, intricately regulating endothelial cell proliferation. CD4+, CD8+ and NK cells are sequestered in 

the panstromal tumour compartment, preventing immune destruction of tumour cells whilst MDSC 

and Tregs are retained within the TME, stimulating macrophage phenotypic conversion from M1 to 

M2 and generating an immunosuppressive environment. B cells may be sequestered in the panstromal 

tumour compartment or trafficked into the TME via CXCL13 signalling. Stimulation of mast cells 

potentiates tumour cell proliferation and perpetuates activation of PSCs. Normal function of β-cells is 

downregulated by PSCs, and their apoptosis stimulated by activation of caspase cascades. 

Upregulation of calcium channels and neuropeptides TRVP1, CGRP and substance P generate 

neuropathic pain in pancreatic neurons. Crosstalk between PSCs, TANs and adipocytes potentiates PSC 

proliferation. Figure created with Inkscape 1.1.2. 
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PSCs can be seen to be key orchestrators of the tumour microenvironment, interacting with 

both pancreatic cancer and stromal cells. The interactions and complex signalling cascades 

observed in PDAC reveal the complexity of the disease and begin to present novel therapeutic 

targets which must be explored to improve the dismal prognosis of pancreatic cancer 

patients.106 

Whilst the relationship between PSCs and CD8+ T cells is well established, research to date 

has only skimmed the surface of the impact of and interaction between PSCs and the cytotoxic 

immune effector, natural killer cells. With the potential to be an effective therapeutic target 

in PDAC, natural killer cells demonstrate potent efficacy in malignancy and, in contrast to T 

cells, do not require pre-sensitisation via antigen presentation for cytolytic activity, a process 

often exploited in cancer immune evasion.120-122 Consequently, since both NK and PSCs may 

be key players in malignancy and demonstrate vast therapeutic potential, further research is 

required to elucidate the relationship between these two players.  

1.4 Fibroblasts 

Fibroblasts are spindle-shaped mesenchymal cells which exhibit key functions in both the 

development and maintenance of the pancreas. 123, 124 In health, fibroblast are seen to play a 

crucial role in the wound healing response. 125 Typically, two days after injury fibroblasts 

migrate towards the wound where they become the most abundant cell type, a process 

regulated by the tissue growth factors; platelet derived growth factor (PDGF), basic fibroblast 

growth factor (bFGF) and TGFβ. 125 Within this process, these cells function to maintain the 

tissue microenvironment, form extracellular matrix, and sustain cell growth. Moreover, in the 

final stages of wound healing, fibroblasts substitute type III for type I collagen, remodel the 
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ECM through the production of matrix metalloproteinases, and are involved in wound 

contraction. 125 Thus, demonstrating their crucial role in tissue homeostasis.  

1.4.1 Cancer Associated Fibroblasts 

Due to similarities identified between wounds and the tumour microenvironment, 

carcinomas have classically been described as ‘wounds that do not heal’, a comparison clearly 

evidenced by the dense desmoplastic reaction observed in PDAC. 124 Cancer associated 

fibroblasts (CAFs) are prominent within the PDAC stroma and are a major contributor to the 

characteristic desmoplasia observed within the disease. 124, 126 Interestingly, recent evidence 

has suggested that CAFs may exert both tumour promoting and tumour suppressive roles in 

PDAC.126  

CAFs are seen to promote tumour growth by providing metabolic support via multiple 

pathways including the production of alanine. This stromal alanine facilitates lipid and non-

essential amino acid synthesis in the nutrient poor tumour microenvironment.126, 127 

Moreover, the deposition of collagen within the TME provides a source of amino acids, 

particularly proline, which facilitates tumour cell proliferation. 126 In addition to this metabolic 

support, CAFs have been shown to secrete lipids within the TME, facilitating PDAC growth.128 

Moreover, paracrine metabolite transfer through CAF derived exosomes has also been 

illustrated.126 Several studies have also revealed that CAFs aid PDAC progression through the 

paracrine activation of pro-survival pathways such as IL-6 induction of the JAK/STAT3 

cascade.126, 129 In addition to its role in stimulating STAT3, IL-6, alongside other secreted 

factors (CXCL12 and βig-h3), facilitates the development of an immune privilege tumour 

microenvironment through exclusion of crucial effector cells, such as CD8+ T cells.129-131  
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Conversely, several studies have indicated that CAFs may hold a tumour suppressive role in 

pancreatic cancer. Using Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox (PKT) mice crossed with αSMA-

tk transgenic mice, Özdemir et al. identified that both early and late myofibroblast depletion 

led to more invasive, necrotic and undifferentiated PDAC tumours. Moreover, this was found 

to result in the increased frequency of pulmonary emboli which was suggested to contribute 

to reduced overall survival. 132 Similarly, Rhim et al., targeted PDAC stroma through the sonic 

hedgehog signalling pathway. It was found that tumours in Shh depleted mice expressed 

reduced stromal content, whilst tumour development was observed to be earlier and more 

aggressive resulting in reduced overall survival (when compared to Shh containing mice).133 

These findings were replicated by Lee et al., who demonstrate the pro-tumorigenic impact of 

Shh deletion in three murine models of PDAC. 134 Moreover, Lee et al., also determine that 

pharmacological blockade of the Hedgehog signaling pathway using vismodegib, a Shh 

antagonist, resulted in significantly increased tumour volumes and a significant reduction in 

survival when compared to vehicle control. 134 Targeting of the Hedgehog pathway has been 

carried out in several clinical trials, however no increase in overall survival was observed. 

Furthermore, one trial was halted early due to a shorted median overall survival in the 

experimental arm. 135, 136 Consequently, it can be seen that CAFs may play a role in regulating 

tumour aggressiveness and growth, however more work is needed to fully understand the 

complex interactions between cancer associated fibroblast and tumour cells in PDAC. 

1.4.2 CAF cells of origin  

As the implications of CAF heterogeneity are beginning to come to light, increasing interest in 

the cellular origins of CAFs is evident.137 Multiple cell types have been ascribed as sources of 

CAFs in pancreatic cancer including; pericytes, epithelial cells, adipocytes, smooth muscle 

cells, fibrocytes and mesothelial cells, however the most commonly described precursors are 
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pancreatic stellate cells (PSC), tumour infiltrating mesenchymal stem cells and resident 

fibroblasts (Figure 1.5).137, 138 Despite this breadth, pancreatic stellate cells have long been 

considered the primary source of CAFs in PDAC. 129, 138-140 Upon activation, pancreatic stellate 

cells acquire a contractile and secretory phenotype, exhibit myofibroblastic characteristics 

such as high alpha SMA expression and secrete an abundance of ECM products, features also 

ascribed to cancer associated fibroblasts.139 As such, much of the in vitro work to date has 

utilized PSCs as a source of CAFs.141 However, through development of a murine model in 

which pancreatic stellate cells can be traced using GFP expression, Helms et al., showed that 

when stained for the CAF specific marker podoplanin, only approximately 10-15% of these 

cells originated from GFP+ PSCs. Interestingly, PSC-derived CAF ablation revealed that, whilst 

minor, this subset of CAF cells was found to play a significant role in regulating the stromal 

microenvironment which may also be associated with tumour aggressiveness.142 

Consequently, further work is needed to assess the cellular origins of CAFs in PDAC and 

determine their impact on CAF heterogeneity.  



52 
 

 

Figure 1.5: CAF cells of origin 

Cancer associated fibroblasts arise from a wide variety of precursor cells, the most commonly 

attributed cells of origin include pancreatic stellate cells, mesenchymal stem cells and resident 

fibroblasts (highlighted orange). However, lineage tracing experiments have suggested that PSCs may 

account for as little as 10-15% of CAFs. When activated, CAFs express a range of cellular markers 

including fibroblast activation protein (FAP), fibroblast specific protein-1 (FSP1), platelet derived 

growth factor receptor (PDGFR) and alpha smooth muscle actin (α-SMA).139 
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1.4.3 CAF Heterogeneity in PDAC 

Due to the crucial role CAFs play in the development of PDAC, much interest has arisen into 

the potential heterogeneity that may exist within CAF populations. Several studies have 

investigated these subtypes, identifying multiple, distinct populations of CAFs both within and 

between patients (Figure 1.6). 
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Figure 1.6: CAF heterogeneity in PDAC 

Schematic summary diagram of the main cancer associated fibroblast subtypes identified in PDAC. 
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Using three-dimension co-culture models, Öhlund et al., identified two spatially and 

phenotypically distinct populations of CAFs in PDAC. Through immunofluorescent and 

immunohistochemical analysis, fibroblast activation protein (FAP)+, alpha SMAhigh CAFs were 

identified. This cell subset was found to exhibit a distinct myofibroblastic phenotype and as 

such was denoted as myofibroblastic CAFs (myCAFs).129 Subsequent secretome analysis 

revealed a subset of CAFs which exhibited high levels of IL-6 secretion, a known regulator of 

cell proliferation and survival, and modulator of immune suppression. Moreover, these CAFs 

demonstrated low levels of alpha SMA and thus were classified as alpha SMAlowIL-6high 

inflammatory CAFs (iCAFs).129 

The presence of these two CAF populations was verified by Elyada et al., who identifed distinct 

gene signatures for each population via single cell RNA-seq analysis of six human PDAC 

samples. Specifically, myCAF markers were found to include; alpha SMA (ACTA2), transgelin 

(TAGLN), myosin light chain 9 (MYL9), periostin (PSTN), matrix metallopeptidase 11 (MMP11) 

and tropomyosins 1 and 2 (TPM1 and TPM2).143 Conversely, iCAFs were found to have 

enriched expression of the chemokines CXCL1, CXCL2, CCL2 and CXCL12 as well as interleukins 

6 and 8. This finding supports the inflammatory phenotype of iCAFs previously observed.129, 

143 iCAFs were also found to express hyaluronan synthases (HAS1 and HAS2) and angiotensin 

II receptor type 1 (AT1). 143 

Interestingly, gene set enrichment analysis revealed distinct enrichment of differential 

pathways between myCAFs and iCAFs. myCAFs were found to upregulate pathways involved 

in extracellular matrix organisation, focal adhesion and smooth muscle contraction, whilst 

iCAFs were found to upregulate the complement pathway, IFN-γ response and IL6-JAK-STAT3 

inflammatory pathways.143 
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Analysis of KPC mouse tumours also revealed similar gene expression patterns, suggesting 

that murine models of PDAC may also express both myCAF and iCAF populations, 

recapitulating human disease.143 

A third subset of CAFs were also identified in murine tumours. These cells demonstrated gene 

enrichment in the Major Histocompatability Complex Class II family (including CD74 and 

histocompatibility 2 class II antigen Aα and β1 (H2-Aa and H2-Ab1)) as well as Secretory 

Leukocyte Peptidase Inhibitor (Slpi) and serum amyloid A3 (Saa3). As a result of the enriched 

expression of the MHC class II genes, this subset was termed antigen presenting CAFs 

(apCAFs).143 Retrospective analysis and immunofluorescent staining also demonstrated the 

presence of apCAFs in human PDAC samples. 143 

In addition to the CAF classification proposed by Öhlund and Elyada, several other groups 

have identified subtypes of cancer associated fibroblasts in PDAC. Through in situ 

hybridization analysis, Mizutani et al. determined that patients with high infiltration of Meflin+ 

CAFs had better overall survival than did those with low infiltration. Moreover, depletion of 

Meflin+ CAFs in murine models of PDAC was demonstrated to correlate with disease 

progression and poor tumoural differentiation. Interestingly, CAFs highly positive for Meflin 

were found to have a low alpha SMA expression. Thus it was suggested that Meflin has the 

ability to suppress myofibroblastic features of CAFs.144  

Of particular note for the current project, are the subtypes previously established by the 

Kocher lab. Neuzillet et al., identified four distinct subtypes of cancer associated fibroblasts 

in patient derived primary CAF cultures using both functional and molecular analysis. Distinct 

mRNA profiles were associated with each subtype and were validated through analysis of 

TCGA datasets.140 Clear intra- and inter-tumoural CAF heterogeneity was observed in PDAC. 
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Moreover, each subtype was found to convey prognostic significance. Patients expressing 

high levels of periostin (subtype A) were found to have poor/intermediate prognosis. 

Similarly, patients with subtype B-like staining (MYH11 ± Periostin) exhibited intermediate 

overall survival, whilst those with subtype C like CAFs (PDPN ± PSTN) were found to have good 

prognosis.140 Patients with subtype D CAFs exhibited the worst survival outcome.140 Thus, the 

heterogeneity of CAFs is seen to have a tangible impact on clinical outcome for PDAC patients. 

Harnessing this information could allow successful stratification of PDAC patients, leading to 

increasingly personalized therapies. 

Whilst the breadth of CAF subtypes identified are indicative of the cellular heterogeneity 

within the context of PDAC, there is a clear lack of consensus across the literature. For 

example, Meflin- CAFs are seen to express high levels of α-SMA and may therefore also fit into 

the myCAF classification identified by Öhlund et al..129, 144 Similarly, CD105+ CAFs were shown 

to express high levels of periostin compared to CD105- cells, suggesting their potential 

inclusion within the Subtype A category outlined by Neuzillet et al..140, 145 The use of different 

experimental techniques may begin to explain these differences, with data arising from in situ 

hybridization, IHC/IF , bulk RNA-Seq, single-cell RNA-Seq and imaging mass cytometry.129, 140, 

143, 144 Further work is needed to establish clearly defined CAF subtypes to facilitate our 

understanding of the PDAC tumour microenvironment in order to effectively exploit potential 

therapeutic targets.146 

1.5  Natural Killer Cells 

Natural killer (NK) cells are large granular lymphocytes which are key components of the 

innate immune system. Derived from bone marrow and secondary lymphoid organs, NK cells 

comprise between 5-15% of mononuclear cells147 and are the first line of defence against 
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virally infected and malignant cells.120, 148 NK cells can be classified as CD56+CD3- immune 

(CD45+) cells. This classification can be further sub-divided into two main effector 

populations: CD56brightCD16- and CD56dimCD16+.149 CD56brightCD16- NK cells are largely 

immunomodulatory effector units, executing their function through cytokine release, 

specifically, interferon gamma (IFN-γ). Conversely, CD56dimCD16+ NK cells are predominantly 

cytotoxic effector units.148 Activation of NK cells relies on the balance of signals received from 

target cells by inhibitory and activating cell surface receptors (Figure 1.7).120 Comprised of 

killer cell immunoglobulin-like receptors (KIRs) and the c-lectin receptor, natural killer group 

(NKG) 2A, inhibitory receptors bind to major histocompatibility complex (MHC) class 1 

molecules. These ligands are highly expressed on non-transformed ‘self’ cells and 

consequently prevent the activation of NK cells. Conversely, malignant cells often 

downregulate expression of surface MHC-1 molecules to evade detection by T cells, this 

‘missing self’ signal prevents inhibition of the NK cells, resulting in cytotoxic efficacy.120, 148 NK 

cells may also be negatively regulated by checkpoint proteins such as programme death 1 

(PD-1) which binds to its’ ligands programme death ligand 1 and 2 (PD-L1, PD-L2).120 Activating 

receptors include the type 1 transmembrane natural cytotoxicity receptors (NCRs) NKp46, 

NKp30 and NKp44, the C-type lectin like receptors NKG2C and NKG2D, activating KIRs and 

DNAX accessory molecule 1 (DNAM1).120, 148, 150 Ligands for the activating KIR receptors 

include the HLA-C2 and HLA-A ligands, however the interaction between ligand and receptor 

is less well understood for activating KIRs compared to their inhibitory counterparts.151 

NKG2D receptors recognise stress induced proteins on transformed and virally infected cells. 

These include the MHC class 1 related genes MICA and MICB and UL-16 binding proteins 

(ULBP).151 Whilst recognising nectin adhesion molecule and the poliovirus receptor, DNAM1 

also interacts with the β2 integrin leukocyte function-associated antigen 1 (LFA-1) which is 
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involved in the formation of the immunological synapse.150 It is important to note that in 

addition to independent activation, specific combinations of activating receptors are 

synergistic, increasing the overall signal received by the effector cell and consequently, 

increasing its cytotoxic response.152 

It should also be noted that in addition to direct receptor-ligand binding, CD16 positive NK 

cells express a propensity to carry out antibody dependent cellular cytotoxicity (ADCC) and 

are considered key mediators of this form of cellular cytotoxicity.153 CD16 (FcγRIII) is a 

transmembrane receptor which can bind the Fc region of IgG1 and IgG3 antibodies, enabling 

NK cells to kill immunoglobulin labelled cells.151 This is a crucial concept for monoclonal 

antibody based therapies.120 
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Figure 1.7: Activation and inhibition of NK cells. 

NK cells recognise a multitude of ligands on both healthy and transformed cells. Inhibitory receptors 

(red) recognise ‘self-antigens’ on healthy tissue preventing activation. However, these molecules are 

lost on aberrant cells as a result of viral transformation or malignancy (‘missing-self’) leading to NK 

cell activation. Alternatively, NK cells may become active through engagement of activating receptors 

(green) via stress ligands expressed on transformed cells. NK cells can also execute antibody dependent 

cellular cytotoxicity (ADCC) through Fc engagement of the CD16 receptor. Upon activation NK cells 

release cytotoxic granules which contain perforin and granzymes to initiate target cell death via 

necrotic or apoptotic pathways. Binding of LFA-1 to ICAM1 stabilises the immunological synapse 

between the NK and target cells and ensures effective cytotoxicity. Finally, NK cells secrete cytokines, 

such as IFN-γ, facilitating crosstalk between the adaptive and innate immune system, resulting in 

dendritic and T cell recruitment. Figure created with Inkscape 1.1.2. 
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1.5.1 NK cell receptors 

The expression of NK cell receptors has been shown to be intricately linked with NK 

maturation, with key receptors being acquired at different development stages.147, 154 NK cells 

do not express T-cell receptors (TCR) or natural killer T (NKT) receptors as do their adaptive 

immune system counterparts, but exert their functions through a wide range of activating 

and inhibitory receptors.154 Key activating and inhibitory receptors include NKG2D, NKp30, 

NKp46, NKG2A, TIM-3 and LAG-3.155 

1.5.1.1 NKG2D 

NKG2D is an activating cell surface receptor which is encoded by the gene, Klrk1. Whilst not 

specific to NK cells, NKG2D plays a crucial role in cytotoxic immune cell function.156 Comprised 

of two disulphide-linked type II transmembrane proteins, NKG2D forms a homodimer, 

differing from its NKG2 family counterparts which typically heterodimerise with CD94. 

Moreover, whilst the NKG2 family largely recognises HLA-E, NKG2D recognises a range of 

stress induced ligands, including MICA/B. 157 Murine studies have revealed two isoforms of 

NKG2D generated though alternative splicing; NKG2D-L (long) which interacts with DAP10, 

and NKG2D-S short which can bind to both DAP10 and DAP12. However, in humans only 

NKG2D-L has been identified. Thus, NKG2D signal transduction (initiated by receptor-ligand 

binding) is carried out through the engagement of DAP10.158 This, in turn, recruits PI3K and 

GRB2, activating their downstream signalling pathways. Engagement of PI3K results in 

activation of the Rac1/PAK/c-RAF/MEK/ ERK pathway, inducing NK cytotoxicity and the 

release of cytotoxic granzymes and perforin, as well as cytokine release. Alternatively, GRB2 

activation involves activation of VAV-1 which induces PLC-γ and IP3 resulting in activation of 

the NFκB and nuclear factor of activated T cell (NFAT) pathways.158  
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MICA/B are expressed on the surface of tumour cells in response to cellular stress, particularly 

as a result of genomic damage and activation of DNA sensing and replicative stress 

pathways.159 These ligands play a crucial role in NK cell activation via the NKG2D pathway and 

consequently are often shed or downregulated by malignant cells as a method of immune 

evasion.159, 160 Thus, this interaction has received much interest as a potential therapeutic 

target in multiple cancer types and has resulted in the development of several clinical trials.161 

1.5.1.2 NKp30 

A member of the natural cytotoxicity receptors (NCR) family, NKp30 is a 30kDa protein which 

acts as an immunoglobulin like activating receptor in NK cells.162, 163 NKp30 consists of a single 

N-terminal Ig-like domain, with a 15 amino acid stalk region which was found to be crucial for 

ligand binding.162, 164 Interestingly, NKp30 lacks its own intracellular signalling domain, relying 

on the adaptor molecules CD3ζ or FcεRIγ which contain ITAMs.165 Ligands for NKp30 include 

B7-H6 and BAG6, which upon engagement result in NK-induced cellular lysis. Importantly, as 

with NKG2D ligands, malignant cells are able to shed these stress induced ligands, and evade 

immune surveillance.166, 167 Moreover, as with soluble MICA, both soluble B7-H6 and BAG6 

were found to affect NK cell mediated killing of target cells. 166, 168 It is perhaps prudent to 

note, that although NKp30 is widely regarded as an activating receptor, several isoforms of 

the receptor have been identified, isoforms A, B and C. Whilst NKp30A and NKp30B mediate 

cellular cytotoxicity and cytokine release respectively, NKp30c was found to induce release of 

IL-10, resulting in immunosuppression.169, 170 

1.5.1.3 NKp46 

Encoded by the NCR1 gene, NKp46 is a highly conserved receptor across mammalian species. 

Also a member of the NCR family, NKp46 is comprised of two extracellular C2-type Ig-like 
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domains, and a cytoplasmic chain of 30 amino acids. Similarly to NKp30, NKp46 does not 

contain a tyrosine based activating motif and as such, signal transduction is mediated through 

its association with CD3ζ and FcεRIγ, which become phosphorylated upon receptor 

engagement. 171, 172 Ligands for NKp46 include viral components, hemagglutinin and heparin 

sulfate proteoglycan, however specific cell surface ligands for NKp46 remain to be 

elucidated.173 Previously thought to be expressed solely on NK cells, NKp46 has received 

attention as a pan-NK marker,174 however more recent evidence has demonstrated its 

expression on NKT cells, γδ T-cells as well as innate lymphocyte subsets. 175-177 

1.5.1.4 NKG2A 

Similarly to NKG2D, NKG2A is a member of the C-type lectin superfamily, NKG2.178 

Structurally, NKG2A is a type II integral membrane glycoprotein which contains extracellular 

lectin-like domains, as well as transmembrane and cytoplasmic regions. Unlike some 

members of the NCR family, NKG2A contains two ITAM regions within the cytoplasmic 

domain, facilitating signal transduction.178 NKG2A forms a heterodimer with CD94 and 

functions as an inhibitory receptor on both NK and T cells.179, 180 NKG2A binds to the HLA class 

1 molecule, HLA-E, which stimulates NK production of immunosuppressive cytokines such as 

IL-10. This results in the modulation of NK cell functional efficacy, preventing NK-induced lysis 

of target cells.181, 182 Importantly, HLA-E, is upregulated on tumour cells in response to IFN-γ 

stimulation. Furthermore, blockade of the NKG2A receptor has been demonstrated to 

improve the outcome of immunotherapy and consequently, NKG2A is considered as an NK 

checkpoint.180 Moreover, high NKG2A expression has also been associated with NK cell 

exhaustion.183 184 
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1.5.1.5 TIM-3 

A member of the T cell immunoglobulin and mucin domain-containing (TIM) protein family, 

TIM-3 is encoded by the HAVCR2 gene in humans. 185 TIM-3 is a type I transmembrane protein, 

whilst it contains five tyrosine molecules within its cytoplasmic tail, no defined signalling 

motifs have been identified within this domain.185, 186 TIM-3 has been shown to be expressed 

on a range of lymphocytes including T-cells, dendritic cells and NK cells.187 Whilst TIM-3 has 

been found to be associated with and used as a marker of T-cell exhaustion, its role in NK cells 

remains unclear. Several studies have reported TIM-3 to be a negative regulator of NK cell 

function and suggest that, similarly to T-cells, it may be used as a marker of NK cell 

exhaustion.188-190 However, work by Gleason et al. suggested that TIM-3 may act as an 

important co-receptor on NK cells, enhancing IFN-γ production.191 Recent work by So et al. 

suggest that the role of TIM-3 on NK cells is variable and may depend on the stimuli of TIM-3 

induction, suggesting a multifaceted role of TIM-3 on innate immune cell function.187  

1.5.1.6 LAG3 

LAG3 is a member of the immunoglobulin superfamily which binds MHC class II molecules. 

Similar in structure to CD4, LAG3 exhibits four extracellular IgG domains.192 Cytoplasmically, 

LAG3 exhibits three domains; a serine phosphorylation site, a conserved KIEELE motif and a 

glutamic acid-proline repeat sequence. These domains in turn mediate intracellular signal 

transduction.193 Similarly to TIM-3, the role of LAG3 in NK cells has not been fully elucidated. 

Early studies revealed that mice deficient in the lag3 gene exhibited reduced lysis of target 

cells194, however this modulation was not observed in human cell lines.195 More recently, 

murine studies have revealed that immature NK populations expressing high levels of co-

inhibitory molecules, including LAG3, limited NK control of metastases in lung cancer. This 

finding suggests that LAG-3 may function as a negative regulator of NK cell activity.196 This 
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finding is supported by the work of Narayanan et al. (preprint) which demonstrates that LAG-

3 is a crucial negative regulator of NK cytokine release.197  

1.5.2 NK Cytotoxicity 

Following initial interactions between activating and inhibitory receptors and their ligands on 

target cells, the balance of signals received by the NK cell determines its activation status. If 

activated, NK cells must form an immunological synapse with the target cell. Formation of this 

synapse enables stable adhesion, polarization of cytotoxic granules and subsequent lysis of 

the target cell. This is achieved through binding of the β2 integrin, LFA-1.152 Consisting of two 

chains, αL and β2, LFA-1 is a heterodimer whose reactivity to its ligands (ICAM family 

members) can be modified via conformational changes. Specifically, a bent conformation 

exhibits a low affinity for its ligands, intermediate affinity can be achieved through a 

closed/extended conformation, whilst an open/extended conformation results in high affinity 

binding (Figure 1.8). 152, 198, 199 
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Figure 1.8: LFA-1 conformation. 

LFA-1 affinity can be altered by its conformation. When bent, LFA-1 exhibits low affinity for its ligand, 

ICAM1. Intermediate affinity is achieved through a closed/extended conformation, whilst an 

open/extended conformation results in high affinity binding to ICAM1 and generation of an effective, 

stable immunological synapse. Image created with Inkscape (1.1.2). 
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In contrast to T cells, NK cells do not require inside-out signals (such as chemokines and T cell 

receptor activation) to stimulate LFA-1 binding, and can signal autonomously.150, 200 Following 

integrin activation, a signalling network is employed to facilitate the convergence of cytotoxic 

granules to the microtubule organising centre (MTOC) which is subsequently polarised to the 

target cell, facilitating degranulation (Figure 1.9).200-205 Actin remodelling is also carried out at 

the immunological synapse in response to NK cell activation, facilitating docking of cytolytic 

granules.206 Integrin-linked kinase (ILK), paxillin, Pyk2 and Rho guanine nucleotide exchange 

factor 7 (RhoGEF7) signalling cascades are employed for the polarisation of MTOC, with 

Cdc42, CLIP-170, Par6 and APC components of this signalling cascade being key for granule 

polarisation.200, 207 During this process, mitochondria and golgi have also been shown to 

polarise towards the immunological synapse.208, 209 
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Figure 1.9: Cytotoxic granule convergence and MTOC polarisation. 

Following receptor stimulation leading to NK cell activation, LFA-1 engages with its ligand ICAM1 on 

the malignant cell, forming a stable immunological synapse (A). F-actin accumulates and polymerises 

at the immune synapse, forming a filamentous mesh which modulates the release of cytolytic granules. 

Tubulin microtubules then form from the microtubule organising centre (MTOC) (B). Cytotoxic granules 

converge on the microtubules (C) and are polarised towards the MTOC where they converge (D). This 

granule movement is dependent on dynein/dynactin motor function. Dynamic rearrangement of the 

microtubules facilitates polarisation of MTOC towards the immunological synapse (E). This polarisation 

is stimulated via ILK, paxillin, Pyk2 and RhoGEF7 signalling. Following polarisation to the 

immunological synapse, a subsection of cytotoxic granules fuse with the plasma membrane (F) (a 

process largely regulated by Munc 13-4 and Rab27a) and undergo degranulation (G). Cytotoxic 

granules which do not degranulate are recycled and are hypothesised to remain converged at the 

MTOC to facilitate serial NK cell killing. Granules which undergo incomplete fusion are rapidly recycled 

through clathrin mediated endocytosis of granule membrane proteins, further facilitating serial killing 

(H). Finally, the malignant cell undergoes perforin induced necrosis or granule dependent apoptosis. 

NK cells detach from the malignant cell and move on to the next target (I). 



69 
 

Following polarisation, cytotoxic granules can be exocytosed by two methods: complete or 

incomplete fusion (Figure 1.10). In complete fusion, the granule fuses with the plasma 

membrane and completely discharges its cytolytic components. It is thought that this method 

facilitates swift degradation, recycling and reuse of the granule. Conversely, incomplete 

fusion is characterised by the formation of a transient fusion pore at the plasma membrane, 

and facilitates release of some, but not all of the cytolytic granule contents. Clathrin mediated 

endocytosis of granule membrane proteins allows rapid recycling of these granules, 

facilitating serial NK cell killing.207, 210  

Cytolytic granules contain the pore-forming protein, perforin, and granzymes which are serine 

proteases. Following release from the immunological synapse, perforin forms holes in the 

plasma membrane of the target cell. If the target cells cannot repair the damage caused by 

perforin, the cell will undergo necrosis via rapid swelling and lysis. Failing perforin induced 

necrosis, granzymes, which enter the cytosol of target cells via perforin formed membrane 

gaps, initiate caspase cascades, leading to caspase-dependent apoptosis. Thus, cytotoxic 

granule release is seen to facilitate target cell destruction via two distinct pathways.211  
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Figure 1.10: Complete and incomplete fusion of lytic granules. 

A) Complete fusion. Cytotoxic granules fuse with the plasma membrane and completely discharge their 

contents into the immunological synapse. B) Incomplete fusion. Cytotoxic granules partially discharge 

their contents through the formation of transient pores in the plasma membrane. Following partial 

release of their cytotoxic content, clathrin mediated endocytosis of granule membrane proteins is 

carried out, allowing the recycling and reuse of these granules, facilitating destruction of multiple 

target cells. Figure created with Inkscape (1.1.1). 
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In addition, NK cells can carry out cytotoxicity via non-granule dependent mechanisms. 

Binding of death ligands such as TNF-related apoptosis inducing ligand (TRAIL) and Fas ligand 

(FasL) to their receptor on target cells result in extrinsic apoptosis via caspase-8 activation.212 

Finally, NK cells can induce target cell death through the release of cytokines such as 

interferon-γ (IFN-γ).120 This cytokine release is multi-functional, conveying widespread anti-

cancer activity. Specifically, IFN-γ orchestrates crosstalk between both innate and adaptive 

immune effector cells and leads to the recruitment of dendritic cells and T cells to the tumour 

site, facilitating effective effector response to malignancy. Moreover, IFN-γ induces the 

expression of MHC and ICAM-1 on target cells, enabling engagement and activation of 

effector cells. Finally, IFN-γ also inhibits angiogenesis and cell proliferation in tumour tissue, 

adding to a global anti-tumour response.213, 214 

1.5.3 NK in Cancer 

NK cells are seen to play a vital role in tumour immunosurveillance. Multiple studies have 

demonstrated favourable outcomes in patients with increased NK cell tumour infiltration in a 

range of malignancies including, squamous cell lung, colorectal and gastric cancers as well as 

haematological disease.120, 147 In a study on non-small cell lung cancer, Tenuta et al. reported 

that patients with disease control exhibit higher basal NK cell levels than do those with 

progressive disease. Moreover, high basal NK cell levels were also found to be indicative of 

longer overall survival. 215 Similarly, NK cells were found to play a prognostic role in primary 

central nervous system lymphoma (PCNSL). Treatment responders were found to have a 

higher median NK cell count and proportion than did non-responders. Additionally, newly 

diagnosed patients with high NK cell count were found to have longer overall survival (vs low 

NK cell count). It is perhaps prudent to note that although NK cell numbers were found to be 
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prognostic, the functional efficacy of NK cells in newly diagnosed patients was found to be 

impaired when compared to patients in complete remission/healthy donors.216 Consistently, 

low NK cell numbers were found to correlate with reduced relapse-free survival in patients 

with advanced gastric cancer. Moreover, patients expressing high HLA-E status and low NK 

cell number were found to have the worse relapse free survival overall.217 Interestingly, 

however, Thacker et al. suggest that not all NK cells exhibit the same prognostic benefit. 

Murine models of triple negative breast cancer revealed a sub-cluster of 

Socs3highCD11b−CD27− immature NK cells which were found to correlate with worse 

prognosis. Moreover, these cells were associated with reduced cytotoxic granzyme signature 

and were seen to activate cancer stem cells via the Wnt pathway.218 

1.5.4 NK cells in PDAC 

NK cells have been found to play a crucial role in PDAC and prove to be an attractive 

therapeutic target. 219, 220 

Hoshikawa et al. investigated the prognostic implication of NK cell number both pre- and post- 

surgery. It was found that the percentage of NK cells both in the blood and within tumour 

tissue correlated to progression free survival, with patients who exhibited high NK levels 

expressing later disease recurrence. Interestingly, percentage of CD8+ T cells was not found 

to be correlated to progression free survival. Moreover, NK cell frequency was found to be 

the only favourable prognostic factor in patients undergoing curative surgery.219 Similarly, 

Davis et al., identified that absolute numbers of NK cells positively correlated with overall 

survival in treatment naïve PDAC patients.221 Whilst Jun et al. found that impairment of NK 

cell function correlated to progression of pancreatic cancer, suggesting that functional NK 

cells may prove to be a positive prognostic marker in PDAC.222 
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As a result of their evident cytotoxic capacity, NK cells have received much attention as a 

potential immunotherapeutic tool in the treatment of PDAC. Hu et al. found that adoptive 

transfer of NK cells significantly delayed tumour growth in murine models of PDAC. 

Furthermore, these effector cells were shown to exhibit a greater cytotoxic propensity and 

higher IFN-γ production than spleen derived NK cells.220 Similarly, Lin et al. demonstrated that 

allogenic NK cell transfer in combination with irreversible electroporation significantly 

increased median progression free and overall survival in stage III PDAC patients, and 

increased median overall survival in stage IV patients. Moreover, multiple allogenic transfers 

correlated with better prognosis in stage III patients.223 Taken together, these results highlight 

the therapeutic potential of NK cell-based therapies. 

Importantly, despite the known cytotoxic capabilities of NK cells in malignancy, multiple 

studies have revealed significant cellular dysfunction and exclusion of NK cells from tumour 

tissues, suggesting that NK cells can be educated by the tumour microenvironment and 

stromal cells.224, 225 

Ene-Obong et al. demonstrated that NK cells preferentially migrate towards active pancreatic 

stellate cells and are consequently sequestered in the panstromal compartment of the 

tumour microenvironment, preventing NK induced cancer cell death.61 Similarly, Lim et al. 

report that frequencies of NK cells in PDAC tissue are very low at <0.5%. This low infiltration 

was attributed to reduced expression of the CXCR2 receptor on NK cells which resulted in 

poor chemotaxis into tumour tissues. Furthermore, the hypoxic tumour microenvironment 

associated with PDAC was found to limit NK cell proliferation and cytotoxic effector function. 

Importantly, NK cell dysfunction was found to be negated via ex vivo stimulation.226 
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NK cell function is also seen to be significantly impacted by tumour derived extracellular 

vesicles from PDAC cells, specifically those containing large numbers of immune regulatory 

factors including TGF-β, nectin-2 and PVR, which lead to immune modulation of tumour 

tissue. When co-cultured with extracellular vesicles, the expression of multiple NK cell 

receptors and cytokines were downregulated, specifically, IFN-γ, TNF-α, CD107a and NKG2D, 

resulting in gross cytotoxic impairment. This NK cell dysfunction was found to be a result of 

activation of the TGF-β-Smad3/4 signalling pathway.227  

It should also be noted that NK cell dysfunction is heavily regulated by the soluble factors and 

cytokines secreted by both tumoural and stromal cells in PDAC. Release of TGF-β, Indolamine 

2, 3 dioxygenase (IDO), matrix metallopeptidases (MMPs) and interleukins was found to be 

largely responsible for this impairment. 226, 228-231 These interactions are summarised in Figure 

1.11. 

It is perhaps prudent to note that in contrast to the beneficial role of NK cells in PDAC 

previously demonstrated, Yang et al., report that patients with a high density of NK cell 

infiltration expressed decreased overall survival. Moreover, high NK cell number was 

associated with decreased levels of IFN-γ, IL-2 and TNF-α suggesting NK cell dysfunction and 

anergy.225  
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Figure 1.11: NK cell dysfunction caused by tumoural and stromal cells in PDAC. 

NK cell interaction with stromal and tumour cells significantly impacts their cytotoxic efficacy in PDAC. 

Tumour cells, Tregs, MDSCs, TAMs and extracellular vesicles secrete TGF-β, IL-10, IL-6, IL-23 and IL-1β. 

These factors significantly dampen NK cell cytotoxicity and function and inhibit intratumoural 

proliferation of NK cells. NK cell mediated cytokine release is also inhibited within the 

immunosuppressive tumour microenvironment. Finally, chemokine release may also sequester NK cells 

in the panstromal compartment, preventing engagement with tumour cells. Figure created with 

Inkscape (1.1.2). 
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1.6 NK cells and Pancreatic Stellate cells 

Despite increasing interest in stromal targeting and NK cell-based therapeutics in PDAC, little 

remains known about the relationship between these two key players. To date, only two 

studies have superficially investigated the interaction between NK cells and PSCs in PDAC.  

Van Audenaerde et al. demonstrated that NK cells killed both pancreatic cancer cells and 

pancreatic stellate cells (9-35% and 20-50%, respectively) at multiple effector: target ratios in 

in vitro models. Moreover, it was shown that NK cells stimulated by IL-15 had a greater 

propensity for both cancer and stellate cell cytotoxicity than did unstimulated NK cells. It was 

also evidenced that PSCs express the NKG2D ligands MICA, MICB and ULBP, confirming 

possible interaction between these two cell types. Van Audenaerde et al, also report that, in 

addition to the cell lines tested, patient derived stellate and NK cells displayed the same 

interaction, with IL-15 stimulated NK cells demonstrating 23.8-52.9% cytotoxic efficacy 

against PSCs.232 This work demonstrates a clear propensity for NK cell cytotoxicity towards 

PSCs and suggests potential therapeutic efficacy in PDAC.  

Conversely, Huang et al. report a significant decrease in CD107a+, IFN-γ+ and granzyme B+ NK 

cells in tissue infiltrating lymphocytes when compared to PBMCs, suggesting that NK cells may 

be educated by the tumour microenvironment. Furthermore, co-culture studies revealed that 

NK cell production of these function associated proteins (CD107a, IFN-γ and granzyme B) 

decreased dramatically when co-cultured with tumour derived activated PSCs when 

compared to normal PSCs, or NK cells alone.233 These data suggest that NK cell function can 

be heavily influenced by PSC education.  
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Consequently, further research is required to consolidate the knowledge acquired to date and 

to provide novel mechanistic insight into the relationship between these two key players in 

the PDAC tumour microenvironment.  

1.7 Project Aims and Hypotheses 

As pancreatic stellate cells are known orchestrators of the tumour microenvironment and 

crucial contributors to the chemoresistance associated with PDAC, further work is needed to 

identify potential therapeutic strategies to challenge the poor prognostic implications of 

pancreatic stellate cell activity. Moreover, with NK cells demonstrating strong efficacy against 

malignant cells but poor chemotaxis into target tumours, the poorly understood interactions 

between NK cells, the tumour microenvironment and its’ orchestrators require illumination. 

Thus, this project aims to investigate the intricate relationship between pancreatic stellate 

cells and NK cells in the context of PDAC. Through further unravelling this interaction we aim 

to provide novel functional and mechanistic insights into the interaction between these two 

crucial effector units, and in so doing, uncover previously unknown therapeutic targets which 

can be harnessed to work towards new treatment regimens for this dismal prognosis disease.  

Thus, the main objectives of this study are: 

• To assess the cytotoxic capacity of naïve NK cells towards PSC (activated versus 

quiescent). 

• To assess the impact of co-culture with PSC (activated versus quiescent) on the 

cytotoxic capacity of NK cells towards cancer cells. 

• To assess the impact of co-culture of PSC and NK cells on CAF subtype determination. 

• To identify if co-culture of PSCs and NK cells affects NK phenotypic expression. 

• To elucidate downstream signalling pathways involved in NK and PSC interaction. 
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• To determine the location of, and interaction between, NK cells and PSCs/CAFs in PDAC 

tissues.  

Our objectives have led to the generation of several hypotheses: 

• If NK cells encounter activated PSCs, then their immune-modulatory phenotype would 

be altered because of this interaction. 

• If NK cells encounter activated PSCs, then their cytotoxic capacity towards tumour 

cells would be reduced because of the alteration of NK phenotype. 

• If PSCs can be modulated to become quiescent, then NK cells may demonstrate better 

cytotoxic ability towards tumour cells due to retention of an activated phenotype. 

• If naïve NK cells encounter activated PSCs, they will demonstrate initial cytotoxicity 

towards these cells because of their innate activation state. 

• If PSC/CAF encounter NK cells, this interaction may modulate CAF subtype. 

• If NK cells encounter activated PSC/CAF, then their location within the tumour micro-

environment will be altered because of PSC induced sequestration. 
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In Vitro Optimisations  

2.1 Cell Culture 

Cell line characteristics are delineated in Table 2.1. Cells were cultured and maintained as per 

standard laboratory practice.103, 140 Briefly, adherent cell lines were cultured in T75 

(CLS430641, Sigma-Aldrich) and T175 (CLS431085, Sigma-Aldrich) cell culture flasks. Upon 

reaching 70% confluency, culture media was aspirated from the flasks, and the cells were 

detached using Trypsin-EDTA (10x) (15400054, Gibco), (5 min, 37°C). Fresh media was added 

to each flask (containing FBS) to inhibit the action of trypsin, and the culture flasks washed. 

Cells were transferred to 50mL falcon tubes (CLS430829-500EA, Sigma-Aldrich) and 

centrifuged for 3 minutes at 1200rpm. The supernatant was aspirated, and the cell pellet 

resuspended in fresh media. Cells were counted using a haemocytometer and trypan blue 

(T8154-20ML, Sigma Aldrich) and seeded as necessary. 

Non-adherent cells were cultured in T25 (CLS430168, Sigma-Aldrich) and T75 cell culture 

flasks and passaged every 2-3 days. Cells were aspirated from culture flasks, transferred to 

50mL centrifuge tubes and centrifuged for 5 minutes at 250g. The supernatant was aspirated, 

and the cell pellet resuspended in 1-3mL of fresh media. Cells were counted using a 

haemocytometer and trypan blue and plated at a density of 2x105-3x105cells/mL. Cultures 

were supplemented with IL-2 every 2-3 days. All cell lines were incubated at 37°C with 5% 

CO2. 

All cell lines were regularly tested for mycoplasma and were determined to be negative 

before experimentation.  
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Table 2.1: Cell lines utilised within the current project with their required media. 

 

 

 

 

 

Cell Line Origin Media 

Capan2 

(Adherent) 

Human PDAC cell line 

(RRID: CVCL_0026) 234 

Isolated from the 

pancreas of a 56-year-old 

male with pancreatic 

adenocarcinoma 

McCoy’s 5A Medium (M9309, Sigma-

Aldrich) supplemented with 10% foetal 

bovine serum (FBS) (10500064, Gibco) 

MiaPaca2 

(Adherent) 

Human PDAC cell line 

(RRID: CVCL_0428)235 

Isolated from the 

pancreas of a 65-yer-old 

male with carcinoma 

Dulbecco’s Modified Eagle’s Medium 

(DMEM) (41966029, Gibco) plus 10% FBS 

BxPc3 

(Adherent) 

Human PDAC cell line 

(RRID: CVCL_0186) 236 

Isolated from the 

pancreas of a 61-year-old 

female with 

adenocarcinoma 

RPMI 1640 (11875093, Gibco) plus 10% 

FBS 

PS1 

(Adherent) 

Immortalised human 

pancreatic stellate cell 

line 237 

Isolated from a donated, 

healthy pancreas 

Dulbecco’s Modified Eagle’s 

Medium/Nutrient Mixture F-12 Ham 

(D8437, Sigma-Aldrich) with 10% FBS 

NK92 

(Non-

adherent) 

Human natural killer 

cell line (RRID: 

CVCL_2142)238 

Derived from peripheral 

blood mononuclear cells 

isolated from a 50-year-

old male with malignant 

non-Hodgkin’s lymphoma 

Minimal Essential Medium (MEM) α, no 

nucleosides (12561056, Gibco) with 

0.2mM myo-inositol (87-89-8, Sigma-

Aldrich), 0.1mM 2-mercaptoethanol 

(31350010, Gibco), 0.02mM folic acid 

(F8758, Sigma-Aldrich), 12.5% Horse 

Serum (26050088, Gibco) and 12.5% FBS 

 

Supplemented with 100 units of 

interleukin-2 (PHC0026, ThermoFisher) 

every 2-3 days 
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In order to generate robust data and ensure that our results could be reliably extrapolated, we 

included three pancreatic cancer cell lines for experimentation. Each cell line demonstrates a different 

differentiation status as well as variation in the key mutations associated with PDAC (Figure 1.1). The 

phenotypic and genetic profile of each cancer cell line is outlined in Table 2.2.  

 

  



83 
 

Pancreatic 
cancer cell 

line 

Mutation Status Differentiation 
Status KRAS TP53 CDKN2A SMAD4 

BxPc3 
Wild 

Type239 
220 cys239 

Wild Type 
239/homozygous 

deletion240 

Homozygous 
deletion241 

Moderate-
poor242 

Capan2 12 val239 

Wild 
Type239, 
200 bp 

deletion242, 

243 

Wild Type 
239/base pair 
insertion240 

Wild Type239 Well242 

Miapaca2 12 cys244 248 Trp244 
Homozygous 

deletion244 
Wild Type244 Poor242 

 

Table 2.2: Mutational and differentiation status of pancreatic cancer cell lines used within this 
project. 
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2.2 Media co-culture experiments 

NK92 and PS1 cells were seeded at a density of 100,000 and 20,000 cells/well, respectively 

(24 well plates). Cells were cultured in five media conditions (Table 2.3) for 72h to determine 

optimal media conditions for co-culture experiments. Cell viability assessment was carried 

out at 24, 48 and 72h via cell counts (haemocytometer) using trypan blue. Representative 

images of each condition were acquired using the Axiovert 135 liteview microscope (Zeiss) 

(magnification x10).  
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Table 2.3: Media conditions trialled to determine optimal co-culture conditions for NK92 and PS1 

cells.  

NK92 media: Alpha MEM plus 12.5% Horse Serum, 12.5% FBS, 0.2mM myo-inositol, 0.1mM 2-

mercaptoethanol, 0.02mM folic acid; PS1 Media: DMEM/Hams F12 Plus 10% FBS. 

  

Media 

Condition 

Media Ratio for NK92 Cells Media Ratio for PS1 Cells 

100% 1:0 – NK92 Media:PS1 Media 1:0 – PS1 Media:NK92 Media 

75% 3:1 – NK92 Media:PS1 Media 3:1 – PS1 Media:NK92 Media 

50% 1:1 – NK92 Media:PS1 Media 1:1 – PS1 Media:NK92 Media 

25% 1:3 – NK92 Media:PS1 Media 1:3 – PS1 Media:NK92 Media 

0% 0:1 – NK92 Media:PS1 Media 0:1 – PS1 Media:NK92 Media 
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2.3 WST-1 validation of media co-coculture experiments 

WST-1, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, is a 

tetrazolium salt, which, when reduced by mitochondrial dehydrogenase, results in the 

production of a formazan dye. The amount of dye produced is indicative of proliferating cells. 

NK92 and PS1 cells were seeded in triplicate (96 well plates (3599, Corning)) at a density of 

100,000 and 2,000 cells/well, respectively, in 100μL of one of five media conditions (Table 

2.3). Following 0, 24, 48 and 72h culture, 10μL/well of WST-1 reagent (05-015-944-001, 

Roche) was added. Plates were incubated for 270 minutes and read at 30 min intervals using 

the Infinite F50 Microtitre plate reader (Tecan). Absorbance was measured at 450nm 

(reference 620nm) at each time-point. For downstream analysis, the absorbance measured 

using the reference wavelength (620nm) was subtracted from the test measurement (450nm) 

for each well to minimise background noise.  

2.4 CD107 Degranulation Assay  

To determine NK cell cytotoxicity towards pancreatic cancer cell lines the CD107 

degranulation assay was employed. The protocol for this assay was kindly provided by the 

Samson Lab (Appendix 1). Prior to running the assay using educated NK cells (cultured for 24h 

with either qPSC or aPSC) a trial assay was carried out. NK cells were cultured with MiaPaca2 

cells at effector to target ratios of 1:1, 5:1 and 10:1. Briefly, MiaPaca2 and NK92 cells were 

passaged as described and resuspended in RPMI + 10% FBS. 250,000 MiaPaca2 cells were 

seeded in 5mL round bottom FACs tubes (352058, Corning Life Sciences). NK92 cells were 

then added to the tubes at the desired effector to target ratios. Tubes were covered with 

parafilm and incubated for 1h at 37°C, 5% CO2. A mastermix of Brefeldin A (420601, 
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Biolegend) (1:1000), BD Pharmingen™ FITC Mouse Anti-Human CD107a (555800, BD 

Pharmingen, clone H4A3), BD Pharmingen™ FITC Mouse Anti-Human CD107b (555804, BD 

Pharmingen, clone H4B4) and PE/Cyanine7 anti-human CD56 (NCAM) (362510, Biolegend, 

clone 5.1H11) were added to the tubes (diluted in complete RPMI) and mixed by vortexing. 

Tubes were then incubated for a further three hours. 2mL of FACs buffer (420201, Biolegend) 

was added to each tube before centrifugation (400g, 5 min). Cells were then fixed in True-

Nuclear Transcription Factor fixation buffer (424401, Biolegend) for 20 min, RT. Cells were 

washed (FACs Buffer, 400g, 5 min) and resuspended in FACs buffer and stored at 4°C until 

acquisition of the BD LSRFortessa (BD Biosciences).  

2.5 CD107 Troubleshooting 

Initial CD107 staining yielded poor results, with very low expression of the marker being 

observed in both unstimulated and stimulated cells. As such, a series of troubleshooting and 

optimisation experiments were carried out.  

2.5.1 Alternative staining protocol – CD56 incubation 

To determine if the addition of CD56 during incubation was hindering CD107a/b binding, the 

assay was repeated with CD56 staining following CD107 incubation. Briefly, NK cells were 

stained with CD107a/b as described. Following incubation with CD107a/b, cells were washed 

(FACs buffer) and stained with the cell surface marker CD56 for 30min, 4°C. Cells were then 

washed and fixed as described before resuspending in FACs buffer. Tubes were maintained 

at 4°C until sample acquisition. Three target cell lines were used in this experiment: BxPc3, 

MiaPaca2 and Capan2. NK cells were added at an effector: target ratio of 5:1 (500,000 NK 

cells to 100,000 cancer cells). NK cells stimulated with PMA (2.5µg/mL) (P1585, Sigma-Aldrich) 
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and Ionomycin (0.5µg/mL) (I0634, Sigma-Aldrich) were used as a positive control. Samples 

were acquired on the BD LSRFortessa and analysed using FlowJo (8.0) and GraphPad (9.0) 

software.  

2.5.2 24-hour Degranulation Assay 

To determine if the incubation time between NK cells and cancer cells was too short to 

generate a functional response in the NK cells a 24h assay was undertaken. NK cells were 

cultured with BxPc3, MiaPaca2 and Capan2 cell lines at effector to target ratios of 1:1 

(100,000: 100,000), 5:1 (500,000: 100, 0000) and 10:1 (1,000,000: 1,000,0000). After 1h 

incubation, CD107a, CD107b and brefeldin A were added to the culture as described. Cells 

were incubated for a further 23h. Following culture, cells were stained for CD56. NK cells 

stimulated with PMA (2.5µg/mL) and Ionomycin (0.5µg/mL) were used as a positive control. 

Samples were acquired on the BD LSRFortessa and analysed using FlowJo and GraphPad 

software.  

2.5.3 Primary NK cell degranulation assay 

NK cells were isolated from PBMCs from a single healthy donor (kindly provided by Dr. Lauren 

Cutmore; ethics reference QMERC2014/61) by the EasySep™ Human NK Cell Isolation Kit 

(17955, Stem Cell Technologies) according to the manufacturer’s guidelines. Briefly, PBMCs 

were prepared using density gradient centrifugation. T cells were removed from the sample 

and the remaining cells resuspended in PBS + 2% FBS and 1mM EDTA at a concentration of 5 

x 10^7 cells/mL. Cells were transferred to a 5mL round bottom tube and 50µL/mL of EasySep™ 

Human NK Cell isolation cocktail (17955C, Stem Cell Technologies) was added to the sample. 

Cells were incubated for 5 min at RT. EasySep™ Dextran RapidSpheres™ (50103, Stem Cell 
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Technologies) were vortexed for 30 seconds and 50µL/mL added to the sample. Total sample 

volume was made up to 2.5mL by the addition of PBS + 2% FBS and 1mM EDTA, and the 

sample mixed. The sample was placed into an EasySep™ Magnet (18000, Stem Cell 

technologies) for 3 min. The enriched cell suspension was then transferred into a new tube 

and was ready for experimentation.  

Primary NK cells were then cultured with Capan2 cells (1:1) or stimulated with 

PMA/ionomycin. Naïve, unstimulated primary cells were used as an unstained control. Cells 

were then cultured and stained as described and the samples acquired on the BD LSRFortessa. 

The data were analysed using FlowJo (8.0) software.  

It is perhaps prudent to note that this was the only experiment to use primary NK cells. All 

other experiments were conducted using the natural killer cell line, NK92.  

2.5.4 CD107 Degranulation assay alternative staining protocol 

Consistent identification of CD107+ cells could not be achieved using the protocol outlined 

above. As such, a different protocol was sought, and new reagents obtained (this coincided 

with the beginning of attachment in Singapore).  

NK cells were stimulated with PMA and Ionomycin generating positive controls. BV786 anti-

human CD107a (563869, BD Biosciences) and BV786 anti-human CD107b (565304, BD 

Biosciences) were then titrated (Section 2.9.2) and the optimal antibody dilution identified. 

Following titration, naïve NK cells were cultured with three cancer cell lines; BxPc3, Capan2 

and MiaPaca2 cells and stained with CD107a/b to determine assay efficacy. Initial trials 

included effector (NK) to target (cancer cell) ratios of 1:1, 5:1 and 10:1. Briefly, cancer cells 

were seeded in 24 well plates (32024, SPL Life Sciences) at densities of 200,000, 40,000 and 
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20,000 cells/well in triplicate, and incubated overnight to adhere. Following overnight 

incubation, NK cells were passaged and resuspended in complete RPMI at a density of 

200,000 cells/140µL. NK cells were co-cultured with cancer cell lines and incubated for 1h, 

37°C, 5% CO2. A mastermix of BV786 anti-human CD107a, BV786 anti-human CD107b, 

monensin (00-4505-51, eBioscience™) and brefeldin A (00-4506-51, eBioscience™) was 

diluted in complete RPMI. For conditions without CD107a/b, a mastermix of monensin and 

brefeldin A was created. 10µL of antibody mix was added to each well (total staining volume 

of 150μL/well) and incubated for a further three/five hours, resulting in a total incubation 

time of 4h/6h. Following CD107 incubation, cells were transferred to a 96-well V-bottom plate 

and centrifuged at 300g for 5 min at 4°C. Cells were washed with PBS and centrifuged a second 

time before staining with Zombie NIR viability dye (10 min). Cells were then washed with PBS 

and stained with Pacific Orange anti-human CD45 (MHCD4530, Life Technologies) BV711 anti-

human CD56 (318336, Biolegend) and PE/Cy7 anti-human CD57 (359624, Biolegend) for 30 

min, 4°C. All antibodies were diluted in FACs buffer (PBS (20012-027, Gibco, + 2% FBS and 

2mM EDTA (AM9260G, Invitrogen)). Cells were then washed with PBS and fixed in 100µL BD 

Cytofix Fixation buffer (554655, BD Biosciences) for 20 min 4°C. Cells were washed in PBS at 

600g (5 min) before resuspending in 100µL PBS and transferring to prelabelled cluster tubes 

(4401, Corning costar). Fluorescence minus one (FMO) and reference controls were created. 

For FMO controls, NK cells were cultured and stimulated with PMA and ionomycin as 

described. These cells were then stained with all the markers included in the panel, bar one. 

For example, the CD45 FMO was stained using CD56, CD57, CD107a/b and Live/Dead viability 

dye. An FMO was created for each fluorochrome. For reference controls, cells were stained 

with a single marker. Following staining, 50μL of the single stain was transferred to a 

prelabelled cluster tube. 50μL of unstained cells was also transferred to the same cluster tube, 
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generating a truly negative population. UltraComp eBeads (01-2222-42, Invitrogen) were 

used to create positive controls for each fluorochrome as per the manufacturer's guidelines. 

Briefly, UltraComp eBeads were inverted 10 times to mix. One drop of the compensation 

beads was added to a pre-labelled FACs tube before the addition of 1µL of antibody per fluor. 

Tubes were vortexed to mix and incubated at 4°C in the dark for 25-30 min. 1mL/tube of FACs 

buffer was then added and the beads centrifuged at 600g for 5 min. The supernatant was 

discarded, and the beads resuspended in 100µL of PBS before transferring to pre-labelled 

cluster tubes. NK cells stimulated with PMA/Ionomycin were used as a positive control for NK 

cell degranulation. All samples were maintained at 4°C until sample acquisition. Samples were 

acquired on the Cytek Aurora 5-Laser Spectral Cytometer (Cytek Biosciences, USA). 

2.5.5 Post-Acquisition analysis  

Once acquired, samples were compensated using SpectroFlo software (3.0.3). Briefly, NxN 

plots were created for every fluorochrome in the panel. The distribution of cells within the 

plot was adjusted manually using the compensation tool (this facilitated ‘dragging’ of 

misaligned populations) until positive and negative populations appeared in a linear manner. 

This was completed for each marker and the compensation matrix reviewed before applying 

to all samples. Compensated FACs files were then saved and imported into FlowJo (10.8.1) 

(BD Biosciences) for gating. Cells were gated based on the population of interest, followed by 

single cells (side scatter area (SSC-A) vs side scatter height (SSC-H)). Live cells were then 

isolated. From this population gates were drawn for CD45+ cells, CD45+CD56+ Cells and CD45+ 

CD56+CD57+ cells. CD107 expression was gated as a percentage of both CD45+CD56+ cells and 

CD45+CD56+CD57+ cells to identify if mature NK cells express differing levels of CD107. The 

percentages of CD107+ cells were then exported to GraphPad Prism for statistical analysis. 
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Due to low cell numbers of CD45+CD56+CD57+ cells, further downstream analysis was not 

conducted. 

2.5.6 Full effector to target ratio experiments  

To identify the best effector to target ratio for NK cell degranulation studies, the CD107 

degranulation assay was repeated with additional effector to target ratios of 1:5 and 1:10. In 

order to accommodate this increased range, cancer cells were cultured in 12 well plates at 

densities of 500,000, 250,000, 50,000, 10,000 or 5,000 cells/well. 50,000 NK cells/well were 

then added in 190µL to achieve the desired effector to target ratios. Staining was then carried 

out as described (total staining volume 200µL/well) and the samples acquired on the Cytek 

Aurora. Samples were compensated using SpectroFlo software and analysed using FlowJo and 

GraphPad Prism. 

2.6 Cytotoxicity Assays 

2.6.1 WST-1 Cytotoxicity Assays 

2.6.1.1 Cancer cell number and WST-1 incubation optimisation 

Optimum seeding densities for NK cell cytotoxicity assays were assessed prior to 

experimentation. MiaPaca2, Capan2 and BxPc3 cells were seeded at densities of 2,500, 5,000, 

10,000, 15,000 and 20,000 cells/well in triplicate (96 well plates) (Figure 2.1). Cells were 

incubated overnight (37°C, 5% CO2) prior to culture with NK cells to allow adhesion. NK cells 

were centrifuged, resuspended in fresh media, and counted (as described). For each cancer 

cell density, NK cells were prepared and incubated at effector: target ratios of 1:1 or 10:1. 

Cells were co-cultured for 4h (37°C, 5% CO2). NK cells were removed via washing with media 

three times. Cancer cells were then incubated with WST-1 (pre-diluted in media (10μL WST-1 
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per 100μL media)) for 4h. Absorbance was measured hourly (450nm; reference 620nm) using 

the Infinite F50 Microtitre plate reader (Tecan).  
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Figure 2.1: A schematic representation of the plate layout used for each cancer cell line during 
WST-1 optimisation. 
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2.6.1.2 WST-1 Troubleshooting 

To address confounder identified in the WST-1 cytotoxicity assays, several protocol 

modifications and additional experimental conditions were employed. These are delineated 

in Table 2.4.  
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Protocol Step Original Assays Troubleshooting alternative 

Seeding 

cancer cells 

Cells were seeded using a 

single channel pipette 

Seeding of cancer cells using a multichannel 

pipette 

NK cell 

conditions 

tested 

• NK cells cultured alone 

• NK cells cultured with 

qPSC 

• NK cells cultured with 

aPSC 
 

• NK cells cultured alone 

• NK cells cultured with qPSC 

• NK cells cultured with aPSC 

• NK cells cultured with IL-2 (100units/mL) for 

24h and washed prior to plating 

• NK cells cultured with IL-2 (100units/mL) for 

24h and plated with IL-2 (0.1 unit/mL) 

Washing Cells were washed five 

times via media aspiration 

of individual wells 

Cells were washed three times by expelling the 

media into a waste bucket and tapping the plate 

on tissue to absorb excess liquid 

Incubation 

length 

Cancer cells incubated for 

4h with NK cells 

Cancer cells incubated for 4h and 24h with NK 

cells 

 

Table 2.4: Protocol modifications used to troubleshoot confounder identified in WST-1 
Cytotoxicity Assays. 
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2.6.1.3 WST-1 troubleshooting - IncuCyte Images 

Images of each experimental condition tested in the cytotoxicity assay were taken after 24h 

incubation (following two washes) to observe any interaction between Capan2 and NK cells 

which may be contributing to the confounder identified. Images of each well were taken using 

the IncuCyte S3 (Sartorius) (magnification x4) and processed using EssenBio IncuCyte 

software and Image J.  

2.6.2 Calcein AM Cytotoxicity Assays 

2.6.2.1 Calcein AM dye optimisation 

To ensure adequate staining of target cells, the staining concentration of Calcein AM was 

trialled. PSCs were seeded in 96-well (black, chimney) flat-bottomed plates (Greiner Bio-One), 

and incubated for 24h, 37°C, 5% CO2 to allow cell adhesion. Calcein AM (C1420, Invitrogen) 

was removed from -20°C and allow to warm to room temperature. Several rounds of 

optimisations were carried out in which working solutions of 10nM, 100nM, 1μM, 5μM and 

10μM of Calcein AM (diluted in serum free RPMI) were created. Cells were incubated for 

30min/1h at 37°C, 5%, CO2. Calcein AM containing media was aspirated and the cells washed 

in serum free media (1 rinse, 1x 5 min wash on a plate shaker). Cells were then incubated with 

100μL complete RPMI (to measure spontaneous release) or RPMI + 2% Triton X-100 (85111, 

ThermoFisher/TB0198, BioBasic) (to measure maximum release). Cells were incubated for 4h 

at 37°C, 5% CO2. Plates were then imaged on the Tecan M200 Microplate reader (excitation: 

494nm, emission 517nm and 530nm) (Tecan Group Ltd., Männedorf, Switzerland). Plates 

were centrifuged and 75μL of cell culture supernatant transferred to a fresh plate. The culture 

supernatant was then imaged as described.  
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2.7 Flow Antibody Titration 

Ahead of co-culture experiments flow cytometry antibodies (Table 2.5) were titrated (Table 

2.6).  
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Antibody 
Conjugated 

fluorophore 
Company 

Anti-human CD56 (NCAM) PE-Cy7 362509, Biolegend 

Anti-Human CD314 (NKG2D) Brilliant Violet 421 320821, Biolegend 

Human NKG2A/CD159a PerCP FAB1059C-025, R&D Systems 

Anti-GFAP Monoclonal antibody (GA5) AlexaFluor 488 53-9892-80, eBiosciences 

Anti-Human alpha smooth muscle actin PE IC1420P, R&D Systems 

 

Table 2.5: Antibodies used for flow cytometry staining. 
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CD56 NKG2D NKG2A Alpha SMA GFAP 

1:20 1:10 1:5 1:5 1:50 

1:50 1:20 1:10 1:10 1:100 

1:100 1:50 1:25 1:25 1:500 
 

1:100 1:50 1:50 
 

 

Table 2.6: Antibody dilution for initial flow cytometry antibody titration. 
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The following protocols were used for surface and intracellular staining of NK92 and PS1 cells, 

respectively. For surface staining of NK cells, NK92 cells were seeded at a density of 500,000 

cells/tube in 500μL PBS. Cells were then centrifuged (1500rpm, 5 min at 4°C) and the 

supernatant discarded. Samples were incubated with Zombie NIR viability dye (1μL/sample) 

for 10min (4°C) before washing (1500rpm, 5min, 4°C in PBS). Human TrueStain FcX block 

(422301, Biolegend) was added (1:100) and incubated for 10min (4°C). Surface antibodies 

were prepared in FACs buffer at the dilutions stated and incubated for 30min (4°C). Samples 

were washed with FACs Buffer and fixed in 400μL of True-Nuclear Fixation buffer for 20min, 

RT. Following fixation, samples were washed, resuspended in 500μL FACs buffer and stored 

at 4°C until flow cytometric assessment. For intracellular staining of PSCs, PS1 cells were 

seeded at a density of 500,000 cells/tube in 500μL PBS. Cells were centrifuged (1500rpm, 5 

min at 4°C) and the supernatant discarded. 1μL/sample of Zombie NIR viability dye was added, 

and the cells incubated for 10min at 4°C. Cells were washed twice (1500rpm, 5min, 4°C), once 

in PBS and once in FACs buffer. Samples were then fixed in 400μL fixation buffer and 

incubated at RT for 20 min in the dark. Cells were washed twice in permeablisation buffer 

(424401, Biolegend) (1500rpm, 5min, 4°C) before incubating with intracellular stains (30 min, 

RT). Cells were washed again in permeabilisation buffer, resuspended in FACs buffer, and 

stored at 4°C until flow cytometric assessment. Samples were run on the BD Fortessa using 

FacsDiva Software. Ten thousand events were recorded for each sample. Analysis was carried 

out using FlowJo version 10 (BD biosciences). 
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2.7.1 NKG2A Antibody Troubleshooting 

2.7.1.1 Western Blot Analysis 

Following poor staining results achieved during antibody titration, Western blot analysis was 

carried out to determine if NKG2A was expressed by NK92 cells. MiaPaca2, BxPc3, Capan2 

and PS1 cells were used as negative controls. Briefly, cells were lysed using cell lysis buffer 

(50mM Tris-Cl pH7.5, 150mM NaCl, 1mM EDTA, 1% Triton) with protease and phosphatase 

inhibitors (539131 and 524625, Millipore). Non-adherent cells were centrifuged whilst 

adherent cells were mechanically dissociated using a cell scraper before resuspension in lysis 

buffer. Cells were maintained in lysis buffer at 4°C for 30min, vortexing at 5 min intervals. 

Cells were then centrifuged (12,000rpm, 20min at 4°C) to pellet cell debris. Supernatants were 

removed and protein quantified using the Bio-Rad DC Protein Assay Kit (reagent A; 5000113; 

reagent B 5000114; reagent S 500-0115) according to manufacturer’s instructions. Samples 

were added to sample buffer (Novex), boiled for 5 min at 95°C and loaded onto a 10% SDS-

PAGE gel. Gels were run for 1h 40min at 100V before being transferred onto 0.45μm 

nitrocellulose membrane (10600003, GC Healthcare) (120V, 1h). Efficient protein transfer was 

visualised using Ponceau S solution (P7170, Sigma). Membranes were blocked in 5% Milk 

(70166, Sigma) diluted in Tris Buffered Saline (20-6400-10, Severn Biotech Ltd) + 0.05% Tween 

20 (500-018-3, MPbio) for 30min. NKG2A (ab96319, abcam) and HSC70 (Merck) primary 

antibodies were diluted 1:5000 and 1:10000, respectively and incubated overnight at 4°C. 

Horse-Radish Peroxidase conjugated secondary antibodies were diluted 1:5000 (in milk) and 

incubated for 1h (RT). Membranes were washed (3x 5min in TBST) and proteins visualised 

using Immobilon Forte Western HRP substrate (WBLUF0500, Millipore) and the GE Amersham 

Imaging system. 
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2.7.1.2 Primary and Secondary NKG2A Antibody Staining 

Following validation of the presence of NKG2A in NK92 cells it was decided that the primary 

antibody used for Western blot would be trialled for Flow cytometry (alongside the 

conjugated antibody) using both surface and intracellular protocols (Table 2.7). 

  



104 
 

Protocol step 

Conjugated 

Antibody – 

Surface Staining 

Abcam NKG2A antibody 

- Surface Staining 

Conjugated 

Antibody – 

Intracellular 

Staining 

Abcam NKG2A antibody – 

Intracellular Staining 

Antibody 

dilution 

Antibody diluted 

1:10 

Primary antibody – 

1:100 

Secondary antibody 

(Goat anti-Rabbit AF488) 

- 1:200 

Antibody diluted 

1:10 

Primary antibody – 1:100 

Secondary antibody (Goat anti-

Rabbit AF488) - 1:200 

Antibody 

incubation 

30 min, 4°C Primary antibody - 30 

min, 4°C 

Wash with cell staining 

buffer (1500rpm, 5min, 

4°C) 

Secondary antibody - 30 

min, RT 

30 min, 4°C Primary antibody - 30 min, RT 

Wash with permeabilization 

buffer (1500rpm, 5min, 4°C) 

Secondary antibody - 30 min, RT 

Antibody 

Diluent 

Cell Staining 

Buffer 

Cell Staining Buffer Permeabilization 

buffer 

Permeabilization buffer 

Washing Cells washed at 

1500rpm, 5min 

4°C in Cell Staining 

Buffer 

Cells washed at 

1500rpm, 5min 4°C in 

Cell Staining Buffer 

Cells washed at 

1500rpm, 5min 

4°C in 

Permeabilization 

Buffer 

Cells washed at 1500rpm, 5min 

4°C in Permeabilization Buffer 

Fixation Cell Fixed using 

True-Nuclear 

Transcription 

Factor Fixation 

buffer (45min, RT) 

after staining 

Cell Fixed using True-

Nuclear Transcription 

Factor Fixation buffer 

(45min, RT) after 

staining 

Cell Fixed using 

True-Nuclear 

Transcription 

Factor Fixation 

buffer (45min, 

RT) before 

staining 

Cell Fixed using True-Nuclear 

Transcription Factor Fixation 

buffer (45min, RT) before 

staining 

 

Table 2.7: Key protocol steps involved in NKG2A troubleshooting 
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2.7.1.3 Validation of positive NKG2A staining 

Primary and secondary antibody staining of NK92 cells using an intracellular staining protocol 

yielded positive results. To validate this finding, staining was repeated using MiaPaca2 cells 

as a negative control. In parallel to intracellular staining, both NK92 and MiaPaca2 cells were 

fixed (45 min, RT) prior to carrying out surface staining (as described) to assess if epitope 

fixation improved antibody-antigen binding.  

2.7.1.4 NKG2A APC Conjugated antibody trial  

An APC conjugated NKG2A antibody was obtained (130-114-089, Miltenyi) to streamline the 

flow cytometry protocol. NK92 cells were fixed either before or after staining and stained 

using the surface marker protocol as described. All data output was analysed using FlowJo 

(version 10) software.  

2.8 Receptor expression and phenotype analysis 

The experimental timeline for flow-based analysis of receptor or phenotype expression is 

delineated in Figure 2.2. 
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Figure 2.2: Experimental workflow of co-culture experiments for flow cytometric analysis of 

receptor and phenotype expression.  

PS1 cells were seeded in 15cm dishes and treated daily with ATRA/EtOH in subdued light for 7 days. 

On day 8 NK cells were incubated with qPSC, aPSC or alone for 24h. Dishes of qPSC and aPSC alone 

were also maintained for 24h in fresh media. On day 9, cells were harvested for flow cytometric 

analysis.  
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PS1 cells were treated daily with either ATRA or ETOH for 7 days in subdued light. NK92 cells 

were incubated at a 1:1 ratio with either qPSC or aPSC or cultured alone for 24h. qPSC alone 

and aPSC alone were also maintained for 24h for phenotypic evaluation. NK92 cells were 

aspirated, centrifuged (250g, 5min) and resuspended in PBS. Cells from each condition were 

divided between two round bottom, 5ml FACs tubes. One sample from each condition was 

stained with CD56 (1:100), NKG2A (1:50) and NKG2D (1:10). Each condition was run alongside 

an unstained control. Similarly, PS1 cells were trypsinised, centrifuged (1200rpm, 3 min) and 

resuspended in PBS. Cells were transferred to FACs tubes and stained with Alpha SMA (1:50), 

GFAP (1:500) and CD56 (1:100). Surface (NK92) and intracellular (PS1) staining was carried 

out as described. All data analysis was carried out using FlowJo (8.0) software.  

2.9 Flow cytometry Panel design - Cytek Aurora (Cytek biosciences) 

A comprehensive panel of NK cell and PSC markers was designed for spectral flow cytometry. 

Panel design was based on the seminal work of Park et al. who developed a 40-colour panel 

for the 5-laser Cytek Aurora (Cytek Biosciences).245 Fluorochrome intensities were matched 

to marker abundance to ensure even sample staining. Cytek Biosciences spectral viewer was 

used to ensure equal distribution of fluorophores across lasers and panel complexity was 

assessed using the Cytek Biosciences spectral viewer to ensure that effective spectral 

unmixing and compensation could be carried out.  

2.9.1 Development of an 18-colour panel for full spectrum flow cytometry 

To further investigate the impact of PSC education on NK cells, an 18-colour panel was 

developed to assess receptor expression and functional markers in NK cells and PSC 

phenotype following co-culture (Table 2.8, Figure 2.3). 
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Table 2.8: Flow cytometric panel design. 

The distribution of markers across all detectors and lasers based on the Cytek Aurora five laser 

cytometer. Coloured squares indicated marker category: Green - NK activating receptor; Red - NK 

inhibitory receptor; Blue - NK lineage Marker; Pink – alpha SMA, Purple – periostin, Orange – Myosin-

11; Teal – Podoplanin; Lime – CD105.  
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Figure 2.3: Spectral emission of the 18-marker flow cytometry panel. 

A) Spectral emissions for each chosen fluorochrome are shown based on the 5 laser Cytek aurora. B) 

Complexity index matrix. This matrix demonstrates the similarities between fluorophores and 

delineates how complex a panel is. Squares with darker blue colouration depict fluorophores which 

have a great spectral overlap. Figure generated using CytekBio’s Full Spectrum Viewer. 
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Following optimisations, no positive signal could be determined for NKG2D or alpha SMA. As 

such, antibodies with different fluorescent markers were chosen. To ensure separation 

between marker positivity and PSC autofluorescence the PE fluorophore was selected for 

alpha SMA. Consequently, to facilitate the use of two PE antibodies (alpha SMA and NKG2A), 

it was decided that separate flow cytometric staining panels would be used for each cell type 

(NK/PSC). The individual spectral emission profiles and complexity indices are shown in Figure 

2.4 and Figure 2.5. 
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Figure 2.4: Spectral emission of NK flow cytometry markers. 

A) Spectral emissions for each NK Marker. B) Complexity index matrix for NK markers, demonstrating 

the similarities between fluorophores and panel complexity. Squares with darker blue colouration 

depict fluorophores which have a great spectral overlap. Figure generated using CytekBio’s Full 

Spectrum Viewer. 
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Figure 2.5: Spectral emission of PSC flow cytometry markers. 

A) Spectral emissions for each PSC Marker. B) Complexity index matrix for PSC markers, demonstrating 

the similarities between fluorophores and panel complexity. Squares with darker blue colouration 

depict fluorophores which have a great spectral overlap. Figure generated using CytekBio’s Full 

Spectrum Viewer. 
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2.9.2 Antibody titration 

Antibodies were titrated through serial dilution, with initial concentrations twice that 

recommended by the manufacturer. Antibody and titration details are outlined in  

Table 2.9. 
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Table 2.9: Antibody and titration details for Spectral Flow Cytometric Staining. 

Marker Fluorochrome Clone Company 
Catalogue 

Number 

Recommended 

dilution 
Titration concentrations 

CD45 Pacific Orange HI30 
Life Tech/ 

Invitrogen 
MHCD4530 

Assay-

dependent  
1:50 1:100 1:200 1:400 

CD56 BV711 HCD56 Biolegend 318336 1:20 1:10 1:20 1:40 1:80 

CD57 PE-Cy7 HNK-1 Biolegend 359624 1:20 1:10 1:20 1:40 1:80 

NKG2D 
BUV737 

PE/Cy5 
1D11 

BD 

Biosciences/ 

Biolegend 

748426 

320844 

Assay 

Dependent 

1:20 

1:10 1:20 1:40 1:80 

NKp46 BB515 9E2 
BD 

Biosciences 
564536 1:20 1:10 1:20 1:40 1:80 

NKp30 BB700 p30-15 
BD 

Biosciences 
745937 

Assay 

Dependent 
1:10 1:20 1:40 1:80 

NKG2A PE REA110 
Miltenyi 

Biotech 
130-113-566 1:50 1:25 1:50 1:100 1:200 

TIM-3 PE-Cy5.5 F38-2E2 ThermoFisher 35-3109-42 1:20 1:10 1:20 1:40 1:80 

LAG-3 PE/Dazzle 11C3C65 Biolegend 369332 1:20 1:10 1:20 1:40 1:80 

CD107a BV786 H4A3 
BD 

Biosciences 
563869 1:20 1:10 1:20 1:40 1:80 

CD107b BV786 H4A4 
BD 

Biosciences 
565304 1:20 1:10 1:20 1:40 1:80 

IFN-y BV480 B27 
BD 

Biosciences 
566100 1:20 1:10 1:20 1:40 1:80 

Perforin BV421 dG9 Biolegend 308122 1:20 1:10 1:20 1:40 1:80 

Granzyme 

B 
APC REA226 

Miltenyi 

Biotech 
130-120-703 1:50 1:25 1:50 1:100 1:200 

aSMA 
AF350 

PE 
1A4 R&D Systems 

IC1420U 

IC1420P 

0.25-

1ug/million 

cells 

1:10 1:20 1:40 1:80 

Periostin 
NovaFluor 

Blue 610/70S 
JA63-40 ThermoFisher MA5-32701 1:50-1:100 1:25 1:50 1:100 1:200 

Myosin-11 AF700 ID8 
Novus 

Biologicals 

NPB2-

47899AF700 

Assay 

dependent 
1:25 1:50 1:100 1:200 

Podoplanin BUV805 LpMab-23 
BD 

Biosciences 
749716 

Assay 

dependent 
1:10 1:20 1:40 1:80 

CD105 BUV661 266 
BD 

Biosciences 
750036 

Assay 

dependent 
1:10 1:20 1:40 1:80 
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2.9.3 Staining Protocol 

Cells were passaged as per standard laboratory protocol and resuspended in RPMI + 10% FBS 

at a density of 250,000 cells/100 µL. Cells were transferred to pre-labelled 96-well v-bottom 

plates and centrifuged for 5 min at 300g (4°C) to pellet the cells. Culture supernatant was 

discarded by flicking, and the cells washed (100µL PBS followed by centrifugation 300g, 5min). 

Surface antibodies were prepared according to the required dilutions ( 

Table 2.9) in FACs buffer (PBS +2mM EDTA + 2% FBS) to achieve a final staining volume of 

50µL/well. Wash supernatant was discarded and 50µL/well of antibody dilution added to each 

well. Plates were incubated in the dark for 30 minutes at 4°C. Unstained controls were 

incubated in FACs buffer alone. Cells were then washed and fixed using 100 µL/well of either 

BD Cytofix fixation buffer (surface stains) or BD Cytofix/Cytoperm fixation and 

permeabilisation solution (51-2090KZ, BD biosciences) (intracellular stains) and incubated in 

the dark for 20 min at 4°C. Following fixation, cells stained for surface markers were washed 

with 100µL PBS and centrifuged for 5 minutes at 600g (4°C). Cells were then resuspended in 

100µL PBS and transferred to pre-labelled cluster tubes. For intracellular markers, cells were 

washed twice with BD Perm/Wash buffer (diluted to 1x with distilled water) (51-2091KZ, BD 

biosciences), centrifuging at 600g, for 5 minutes at 4°C. Intracellular antibodies were diluted 

to the desired dilutions in BD Perm/Wash buffer, in a total staining volume of 50µL/well. 

Antibodies were added and plates incubated for 45 min in the dark, 4°C. Unstained cells were 

incubated with Perm/Wash buffer alone. Following incubation, cells were washed twice with 

BD Perm/Wash buffer and resuspended in 100µL PBS. Cells were transferred to prelabelled 

cluster tubes and stored in the dark at 4°C until sample acquisition.  
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2.9.4 Sample Acquisition 

Samples were acquired on the 5-laser Cytek Aurora (Cytek bioscience). For each antibody, a 

reference control containing stained (50%) and unstained (50%) cells was included to allow 

clear visualisation of positive and negative populations. In addition, UltraComp compensation 

beads were stained with 1µL of antibody (as described) to be used as a positive control for 

each fluorophore. 10,000 events were collected for reference controls and 500,000 events 

for experimental samples (to ensure the whole sample was acquired).  

2.9.5 Spectral unmixing  

Adequate visualisation of the cell population within the cytometric dot plot was achieved 

through manipulation of the forward/side scatter values. Running of the unstained control at 

low speed facilitated this optimisation. Reference samples were then placed on the sample 

probe and acquired according to the experimental set up. Once all reference controls were 

acquired, spectral unmixing was completed. Briefly, the ‘unmix’ option was chosen from the 

experiment options. This launched the unmixing pane. All markers were automatically loaded 

into list form. For each marker, either single stained cells or beads were chosen as the 

reference control (depending on separation between positively and negatively stained 

populations); where possible, cells were used for spectral unmixing. Autofluorescence was 

also chosen as a separate fluorophore. The ‘next’ option was chosen generating dot and 

spectral plots for each marker. Care was taken to ensure each fluorophore was detected by 

the correct channel, if erroneous, the ranged gates displayed on the spectral plot were 

‘dragged and dropped’ into the correct location.245 For each marker, a gate was drawn around 

the NK/PSC population within the dot plot. This modified a preset histogram which displayed 

the positive and negative populations. Ranged gates were then drawn around the most 
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extreme values of both the positive and negative populations and the spectral profile of the 

fluorophore checked. The option to undertake ‘live unmixing’ was then selected, and the 

samples spectrally unmixed. Following unmixing, the remaining samples were acquired. 

Individual FACs files, as well as the experiment, were exported for post-acquisition analysis.  

2.9.6 Post-Acquisition analysis  

Samples were gated using FlowJo (version 10.8.1) software. Gating strategies were based on 

single stain reference controls (highest antibody concentration). Briefly, a polygon gate was 

drawn around the population of interest. From this population, doublets were excluded from 

the sample through the plotting of side scatter area (SSC-A) versus side scatter height (SSC-H) 

and selecting the single cells. A new dot plot was raised from the single cell population and 

the axis were altered to display the marker of interest. Gates were then drawn around both 

the positive and negative populations. This gating strategy was applied to all titration 

conditions. This gating was maintained for the highest concentration of each antibody. All 

remaining gates were then adjusted to achieve the same percent positive population as the 

highest antibody concentration. Fluorochromes were determined to be no longer effective 

when the positive and negative populations could not be distinguished. The lowest antibody 

concentration which demonstrated clear separation between positive and negative cells was 

chosen for full panel experimentation, thus minimising spillover between fluorochromes in 

neighbouring channels.  

2.9.7 Marker troubleshooting 

Clear positive populations for NKG2D on NK cells and alpha SMA on PSCs could not be 

identified after initial titration. As such, titrations were repeated several times. To test 
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whether stained populations were expressing low fluorescence intensity (preventing 

separation of positive and negative populations), both NK and PSC cells were included in the 

titrations to generate truly negative populations. Additionally, double staining for NKG2D and 

Myosin-11, and CD56 with alpha SMA was carried out to ensure that the PSC and NK cell 

populations could be identified, respectively. It was hoped that this would allow the 

demarcation of the negative, and by consequence, positive cells. This however was not the 

case, and no positive cells could be identified using these fluorophores. It was hypothesised 

that the spectral emission for the alpha SMA antibody was too similar to PSC autofluorescence 

and as such, positive cells were not able to be identified. Similarly, no truly positive cells could 

be identified for NKG2D. As such, new antibodies were sourced for these two markers 

(NKG2D: 320844, Biolegend; alpha SMA: IC1420P, R&D Systems). To ensure no further 

confound was incurred due to autofluorescence, alpha SMA was assigned to the PE fluor. As 

such, staining of NK and PSCs was separated to allow the inclusion of two PE fluorophores 

and streamline experiment compensation. Antibodies were titrated as described and the 

optimal dilutions determined.  

2.9.8 Full Panel Trial  

Once all antibodies were optimised, full panel trials for both PSCs and NK cells were carried. 

Briefly, PSCs were passaged as per standard laboratory protocol and resuspended in complete 

RPMI at a density of 250,000 cells/50μL. Cells were transferred to 96-well v-bottom plates 

and centrifuged to pellet cells (300g, 5min, 4°C). Cells were then stained with Zombie NIR 

viability dye (1:1000 in PBS) for 10 min in the dark (4°C). During this time, a surface antibody 

mastermix was created. PSCs were stained with the surface stain markers CD105 (1:80) and 

podoplanin (1:40). FMO controls and single stains were also prepared in this time. All surface 
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markers were diluted in FACs buffer at a total staining volume of 50μL/well. Following 

live/dead staining, cells were washed and centrifuged as described. Cells were then stained 

with the surface stain mastermix and incubated for 30 min in the dark at 4°C. Unstained cells 

were incubated with FACs buffer alone. Cells were then washed and fixed with 100μL/well of 

BD Cytofix/Cytoperm fixation buffer for 20min, 4°C. During this time, a mastermix for 

intracellular stains (diluted in Perm/Wash buffer) was created. PSCs were stained for alpha 

SMA (1:20), periostin (1:50) and myosin-11 (1:100) (final staining volume of 50μL/well). FMO 

and single stain controls were also created. Cells were then centrifuged (600g, 5 min) and 

washed twice with BD Perm/Wash solution. Cells were incubated with intracellular stains for 

45 min in the dark at 4°C. During this incubation, cluster tubes were prelabelled. Cells were 

then washed in Perm/Wash buffer, resuspended in 100μL PBS and transferred to the cluster 

tubes. Reference controls were created as previously described. Cells were stored at 4°C until 

sample acquisition.  

This staining process was repeated for NK cells with the following antibodies. Surface stains: 

CD45 (1:200), CD56 (1:80), CD57 (1:80), NKG2D (1:40), NKp30 (1:20), NKp46 (1:40), NKG2A 

(1:200), LAG3 (1:40) and TIM-3 (1:20). Cells were stained intracellularly for perforin (1:40), 

IFN-γ (1:40) and Granzyme B (1:50).  

2.10 Characterisation of Cancer Cell lines 

Cancer cells were grown on coverslips (15,000 cells/well in 12-well plates) to 70% confluency. 

Cells were then fixed in 10% Neutral Buffered Formalin (BAF-0010-25A, Cellpath Plc) for 10 

min, RT and permeabilised with Methanol (10675112, Fisher Scientific), 10 min, -20°C to allow 

intracellular staining. Non-specific staining was then blocked by incubating coverslips with 5% 

goat serum + 0.3% TritonTMX-100 (T8787, Sigma-Aldrich) in PBS for 1h, RT. Primary antibodies 
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(Anti-Cytokeratin (Z0622, DAKO) 1:100, Rabbit IgG (SAB5500149, Sigma-Aldrich) 1:100) were 

diluted in 1% bovine serum albumin ((BSA) A8022, Sigma-Aldrich) + 0.3% TritonTMX-100 in 

PBS, added to the coverslips and incubated overnight (4°C). Coverslips were washed 3x in PBS 

(5 min/wash) and incubated with secondary antibodies (goat anti-rabbit AlexaFluor 488 

(1:500)) for 1h (RT) in the dark. Cells were counterstained and coverslips mounted using 

ProLong Gold Antifade mountant with DAPI (P36941, Invitrogen). Slides were then imaged 

using the LSM710 Laser Scanning Confocal Microscope (Carl Zeiss). 

2.11 Characterisation of PS1 Cells 

Stellate cells were similarly stained for specific markers. α-SMA (M085101-2, Dako) (1:250), 

desmin (D1033, Sigma Aldrich) (1:100) and Mouse IgG (X0931, DAKO) (1:10) were stained as 

previously described. For vimentin (HPA 001762, Sigma Aldrich) (1:100) and rabbit IgG (1:100) 

several modifications were made to the staining protocol. Briefly, for permeabilisation, cells 

were incubated with PBS + 0.2% Triton X-100 for 5 min. Blocking was carried out using PBS + 

0.1% Triton X-100 + 5% BSA for 30 min. Primary antibodies were diluted in PBS + 0.1% Triton 

X-100 + 5% BSA. An additional anti-mouse AlexaFluor488 (1:500) secondary antibody was 

used in this staining protocol to allow visualise vimentin staining as the primary antibody was 

raised in mouse. All slides were imaged on the LSM710 Laser Scanning Confocal Microscope 

(Carl Zeiss). 

2.12 PSC-Educated NK cell WST-1 Cytotoxicity Assays  

The following experiment time course was used for PSC-Educated NK cell WST-1 cytotoxicity 

Assays (Figure 2.6).  
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Figure 2.6: Schematic representation of the WST-1 Cytotoxicity assay time-course.  

On day 0, PSCs were seeded in 15cm dishes and treated daily with ATRA/EtOH for 7 days in subdued 

light. On day 8, cancer cells were seeded in 96-well plates, and NK cells co-cultured with qPSC/aPSCs. 

On day 9, educated NK cells were incubated with cancer cells for 4h. Cells were then washed, and 

cancer cells stained with WST-1 for 4h. WST-1 absorbance was measured at 450nm. 
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PS1 cells were seeded in 15cm dishes (430599, Corning) and treated daily with either ATRA 

(1μM) or ethanol for 7 days in subdued light. On day 8, one representative plate from each 

condition was counted (as described) to determine approximate cell numbers. NK cells were 

centrifuged, resuspended in fresh media, counted and added to qPSC/aPSCs at a 1:1 ratio. 

Dishes of NK cells alone were also plated. Cells were incubated for 24h (37°C, 5% CO2). Cancer 

cell lines were also seeded in triplicate at optimised densities in a 96 well plate (at least 12h 

prior to incubation with NK cells). Following co-culture with PSCs, NK cells were aspirated, 

centrifuged and resuspended in fresh media. NK cells were then incubated with cancer cell 

lines at an effector: target ratio of 1:1, 5:1, or 10:1 for 4h (37°C, 5% CO2). Plates were washed 

in media five times and 100μL of media containing WST-1 (ab65475, Abcam) was added to 

each well. Plates were incubated and absorbance measured as described (section 2.6). 

Cytotoxicity (delineated by % proliferation) was calculated as = (absorbance of effector 

treated target cells/absorbance of target cells alone)*100. 

2.13 Degranulation Assay against PSC 

PSCs were seeded in 24 well plates and treated daily with ATRA/ethanol for 7 days in subdued 

light. On day 8, NK cells were added at a 1:1 (E:T) ratio and incubated for 1h. Cytotoxic granule 

recycling was prevented through the addition of Brefeldin A and monensin.246 Cells were 

incubated with BV786 anti-human CD107a and BV786 anti-human CD107b for 5h. Live/dead 

staining was carried out using Zombie NIR viability dye (10min, 4°C, 1:1000) (423106, 

Biolegend). NK cells were then stained for the cell surface lineage markers CD45 and CD56 

(30 minutes, 4°C) before fixation. Samples were stored at 4°C and acquired on the Cytek 

Aurora 5-Laser Spectra Analyser (Cytek Biosciences, Fremont, California). Fluorescence minus 

one (FMO) and single stain controls were created for each marker using both PMA/ionomycin 
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stimulated NK cells and compensation beads (according to manufacturer’s guidelines). Post-

acquisition processing and analysis was completed using SpectroFlo (3.0.3) (Cytek 

Biosciences) and FlowJo (10.8.1) (BD Biosciences) software (Figure 2.7). 
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Figure 2.7: Schematic workflow of CD107 degranulation Assay. 

PSCs were seeded in 24 well plates and treated daily with ATRA/EtOH for seven days in subdued light. 

On day 8, NK cells were added at a 1:1 effector: target ratio and stained for CD107a/b. Cells were 

incubated for a total of 6h. On day 9, samples were acquired on the Cytek Aurora Spectra Analyser. 
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2.14 Educated Degranulation Assay 

Following optimisation, an effector: target ratio of 1:5 was chosen for the educated 

degranulation assay. On day 0, PSCs were seeded at a density of 400,000 or 100,000 cells/dish 

in 15cm cell culture plates and treated daily (in subdued light) with 1µM ATRA or EtOH, 

respectively, for seven days (days 1-7). On day 7, NK cells were passaged as per standard 

laboratory protocol. On day 8, BxPC3, Capan2 and MiaPaca2 cells were seeded at a density of 

250,000 cells/well in 24 well plates and incubated overnight at 37°C, 5% CO2 to allow 

adherence. Concomitantly, NK cells were incubated with qPSCs or aPSCs at a ratio of 1:1 

(seeding densities of 1,200,000 or 1,700,000 cells per dish, respectively). NK cells alone were 

seeded at a density of 1,700,000 cells/plate, controlling for any stimulation incurred as a 

result of increased NK cell density. PSC and NK cells were co-cultured in complete NK92 media 

+100 units IL-2 per mL and incubated for 24h at 37°C, 5% CO2.  

Following 24h incubation, NK cells were aspirated and centrifuged for 5 min at 250g. Culture 

media was aspirated, and the NK cells resuspended in complete RPMI. Cells were counted 

using a haemocytometer and trypan blue and resuspended at a density of 50,000 cells/140µL. 

Culture supernatant was aspirated from target (cancer) cells and the cells washed once in 

complete RPMI. The media wash was aspirated and 140µL/well of NK92 culture added to the 

cancer cell lines. Controls for each NK cell culture condition were also seeded. For stimulated 

controls, an aliquot of counted NK cells was transferred to a fresh falcon tube and stimulated 

with PMA and Ionomycin. Following stimulation, cells were transferred to a 24-well plate and 

the cells stained as previously described (Figure 2.8).  
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Figure 2.8: Experiment workflow of Educated NK cell degranulation assay.  

PSCs were seeded in 15cm dishes and treated daily for 7 days with ATRA/EtOH in subdued light. On 

day 8, NK cells were incubated at a 1:1 ratio with either quiescent or activated PSCs, or alone. On day 

9, educated NK cells were co-cultured with cancer cells at a 1:5 effector to target ratio and stained for 

CD107a/b. Samples were acquired on the Cytek Aurora on day 10. 
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2.15 Calcein AM Cytotoxicity Assays against PSC 

Briefly, PSCs were seeded in 96-well plates and treated for daily 7 days with ATRA/ethanol (in 

subdued light). On day 8, PSCs were stained with 10µM (titrated for optimal difference 

between maximum and spontaneous release)247 of Calcein AM cell permeable dye (diluted in 

serum free RPMI) for 1h at 37°C. Cells were then washed twice with complete RPMI before 

incubating with naïve NK cells at effector: target ratios of 5:1, 1:1, 1:5 and 1:10 for 6h. 

Fluorescent dye release was measured using the Tecan M200 microplate reader (Tecan 

Trading AG, Switzerland); excitation 494nm, emission 530nm. To establish maximum and 

baseline release controls, respectively, cells were treated with media containing 2% Triton X-

100 (TB0198, BioBasic) or complete media only. Percent cell lysis was calculated as follows:  

Percent cell lysis = [(test release – spontaneous release)/ (maximum release – spontaneous 

release)] x 100.248 A schematic representation of the workflow is shown in Figure 2.9. 
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Figure 2.9: Experimental workflow of Calcein AM cytotoxicity assays against quiescent and activated 

PSCs.  

PS1 cells were seeded in 96 well plates and treated daily for 7 days with ATRA/EtOH in subdued light. 

On day 8, cells were stained for 1h with 10µM Calcein AM before incubating with NK cells at 5:1, 1:1, 

1:5 and 1:10 effector to target ratios. Fluorescence intensity was measured at excitation 494nm, 

emission 530nm. 

  



129 
 

2.16 Educated NK cytotoxicity assay 

For educated NK cytotoxicity assays, PSCs were seeded in 15cm dishes and treated daily with 

ATRA or ethanol for 7 days. Naïve NK cells were incubated either alone or with qPSC/aPSC at 

a 1: 1 ratio for 24h. On the same day, MiaPaca2, BxPc3 and Capan2 cells were seeded in 96-

well plates and allowed to adhere overnight. Following adherence, cancer cells were stained 

with 10µM Calcein AM dye for 1h (as above). Educated NK cells were then incubated with 

cancer cell lines at effector: target ratios of 5:1, 1:1, 1:5 and 1:10 for 6h. Plates were read and 

percent lysis calculated as above. Figure 2.10 demonstrates a schematic workflow of the 

educated degranulation assay.  
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Figure 2.10: Schematic workflow of educated NK cell cytotoxicity assays against cancer cell lines.  

PSCs were seeded in 15cm dishes and treated daily with ATRA/EtOH (in subdued light) for 7 days. On 

day 8, NK cells were co-cultured with qPSC/aPSCs or alone for 24h. On day 9, cancer cell lines were 

stained for 1h with 10µM Calcein AM before being incubated with educated or naïve NK cells at 

multiple E:T ratios for 6h. Fluorescence intensity was measured at excitation 494nm, emission 530nm. 
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2.17 Receptor/Phenotype Expression Assay 

In order to determine the impact of co-culture on PSC and NK phenotype a 

receptor/phenotypic expression assay was carried out. An overview of the flow cytometry 

workflow is outlined in Figure 2.11. 
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Figure 2.11: Flow cytometry workflow. 

NK cells and PSCs were co-cultured according to experimental need. Following culture, cells were 

stained with surface and intracellular antibodies and samples acquired on the Cytek Aurora (Cytek 

Biosciences). Samples were then compensated using SpectroFlo software. Cellular phenotypes were 

explored for each population, with gating strategies established using fluorescence minus one and 

reference controls. Population statistics including percentage of parental population and Geometric 

Mean Fluorescence intensity were calculated for each marker of interest and the data tables exported 

as .csv files. These data were then used to create a Masterfile by combining replicate data, calculating 

receptor fold change and preparing the data for transfer to the statistical analysis software, GraphPad. 

Data were then statistically analysed and represented graphically. Finally, summary figures were 

created (using BioRender) to provide an overview of the changes/interactions observed. 
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2.17.1 Direct Contact and TranswellTM Experiments 

Briefly, PSCs were seeded at densities of 16,000 cells/well or 2,000 cells/well for ATRA and 

ethanol treatment, respectively, yielding approximately 50,000 cells/well. For PSC controls, 

cells were seeded at a density of 7,000 cells/well. Cells were treated daily with ATRA/EtOH or 

media alone for 7 days in subdued lighting. On day 7, NK92 cells were passaged in preparation 

for co-culture experiments. On day 8, NK92 cells were passaged as standard and resuspended 

at a density of 50,000 cells in either 100µL (stock A), 250µL (stock B) or 600µL (stock C) of 

complete NK92 media + 100 units IL-2 per mL.  

For direct contact experiments (Figure 2.12), the supernatant was aspirated from each well 

and the cells washed with 200μL of complete NK92 media to remove any traces of 

ATRA/ethanol. 600μL of stock C was then added directly to each co-culture well. For 

conditions without NK92 cells, 600uL of complete NK92 media +IL-2 was added per well. Cells 

were incubated for 24h at 37°C, 5% CO2. 

For TranswellTM experiments (Figure 2.13) the media from each well containing PSCs was 

aspirated and the cells were washed as described. 600μL of complete NK92 media plus 100 

units IL-2/mL was then added to the lower compartment of the TranswellTM plate (3413, 

Costar). TranswellTM inserts were then transferred into position using sterilised forceps. 100μL 

of stock A was then transferred to the required TranswellTM inserts. For conditions without 

NK92 cells, 100μL of complete NK92 media +IL-2 was added. Cells were incubated for 24h at 

37°C, 5% CO2. 

Following co-culture, all supernatants (for both direct contact and TranswellTM) were 

transferred to 1.5mL Eppendorf tubes. Those containing NK92 cells were centrifuged at 300g 

for 5 min, the supernatant aspirated and transferred to a fresh Eppendorf tube. Supernatants 
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were stored short-term at 4°C prior to preparation for Luminex analysis. NK cells were 

transferred to a pre-labelled v-bottom 96-well plate ready for staining. Concomitantly, PSCs 

were trypsinised and transferred to a separate pre-labelled v-bottom 96 well plate.  

Controls for direct contact assays were prepared by transferring 250μL of stock B to each well 

of a 24-well plate. Cells were incubated for 24h, 37°C, 5% CO2. For stimulated NK cell controls, 

after 20h incubation, plates were removed from the incubator and 1x PMA/Ionomycin, 

brefeldin A and monensin were added. The plates were mixed by gentle shaking and 

incubated for a further 4h.  
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Figure 2.12: Schematic representation of the workflow for direct contact receptor/phenotypic 

expression assays. 

PSCs were seeded in 24 well plates before treating daily with ATRA/EtOH for 7 days in subdued light. 

On day 8, naïve NK cells were co-cultured with qPSC or aPSCs for 24h at a 1:1 ratio. On day 9, culture 

supernatant was collected for Luminex analysis and NK cells and PSCs stained for surface and 

intracellular markers. Samples were acquired on the Cytek Aurora on day 10. 
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Figure 2.13: Schematic representation of the workflow for TranswellTM receptor/phenotypic 

expression assays. 

PSCs were seeded in 24 well plates before treating daily with ATRA/EtOH in subdued light. On day 8, 

naïve NK cells were added to 0.4µm TranswellTM inserts and cultured with qPSC or aPSCs. On day 9, 

culture supernatant was collected for Luminex analysis and NK/PSCs stained for surface and 

intracellular markers. Samples were acquired on the Cytek Aurora on Day 10. 

  



137 
 

2.17.2 Conditioned Media Experiments  

To investigate the impact of secreted factors on receptor/phenotypic expression in PSCs and 

NK cells, conditioned media experiments were employed.  

Briefly, PSC conditioned media was created by seeding 400,000 and 100,000 PSCs in 15 cm 

dishes (day 0) and treating cells daily with ATRA/EtOH (day 1-7) in subdued light. On day 8, 

media was aspirated from qPSC/aPSCs and the cells gently washed with 5mL complete NK92 

media. The culture wash was aspirated and 13mL/dish of complete NK92 media containing 

100 units IL-2 per mL was added. PSCs were incubated at 37°C for 24h. Conditioned media 

was aspirated from qPSC/aPSC and transferred to 50mL falcon tubes. The conditioned media 

was then centrifuged at 600g for 5 minutes to pellet any cells/cellular debris. An aliquot of 

conditioned media was transferred to a fresh falcon tube (with care taken not to disturb the 

cell pellet), and 100 units/mL of IL-2 added. For NK conditioned media, on day 8, NK92 cells 

were seeded at a density of 250,000 cells/mL in 13mL of complete NK92 media (+ 100 

units/mL IL-2) in 15 cm dishes. The cells were then incubated at 37°C for 24h. NK 

cells/conditioned media were then aspirated and prepared as described.  

Concomitantly, PSCs were seeded in 24 well plates at a density of 16,000 or 2,000 cells/well 

(day 1) and treated daily for 7 days with ATRA/EtOH (days 2-8). On day 9, culture media was 

aspirated and the cells gently washed. 600μL/well of NK conditioned media was then added 

to each well. For NK cells, 3mL of stock C was transferred to a fresh falcon tube and 
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centrifuged (300g for 5min). The supernatant was aspirated and 3mL of qPSC conditioned 

media was added. This was repeated for aPSC conditioned media. For each condition, three 

wells of conditioned media treated NK cells were seeded in 24-well plates (600μL/well). For 

NK controls, 600μL of culture from stock C was added to the well. Cells were incubated at 

37°C, 5% CO2, for 24h.  

On day 10, NK and PSCs were harvested and prepared for flow cytometric staining as 

described. 

Schematic workflows of conditioned media experiments are shown in Figure 2.14 and Figure 

2.15 . 
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Figure 2.14: Schematic diagram of the experimental workflow for PSCs treated with NK 

conditioned media. 

PSCs were seeded in a 24 well plate and treated daily with ATRA/EtOH for 7 days in subdued light. On 

day 8, naïve NK cells were cultured in a 15cm dish and incubated for 24h. On day 9, conditioned media 

was collected from NK cells and transferred to the qPSC/aPSC. Cells were cultured for 24h before 

completing surface and intracellular flow cytometric staining. Samples were acquired on the Cytek 

Aurora on day 11. 
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Figure 2.15: Schematic diagram of the experimental workflow for NK cells treated with qPSC/aPSC 

conditioned media. 

PSCs were seeded in 15cm dishes before treating daily with ATRA/EtOH for 7 days in subdued light. On 

day 8, complete media was added to qPSC and aPSCs and the cells incubated for 24h. On day 9, 

conditioned media was collected and naïve NK cells seeded in 24 well plates in conditioned media. Cells 

were incubated for 24h before staining for surface and intracellular markers. Samples were acquired 

on the Cytek Aurora on day 11. 
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2.18 Luminex ELISA 

Cell culture supernatant was removed from 4°C short term storage (3-5h) and cellular debris 

removed via centrifugation. Aliquots of culture supernatant were then transferred to fresh 

Eppendorf tubes. Samples were stored at -20°c until sample acquisition. 

Luminex ELISA and analyte concentration calculations were performed by Veonice Au 

(Institute of Molecular and Cell Biology, A*STAR). Cytokines and chemokines from direct 

contact and TranswellTM culture supernatants were analysed using the 65-plex Immune 

Monitoring ProcartaPlexTM Panel (EPX650-10065-901, ThermoFisher). Assays were 

performed according to the manufacturer’s guidelines. Plates were read using Flexmap 3D 

system (Luminex Corporation) and analysed using Bio-Plex manager v 6.2 (Bio-Rad 

Laboratories, Hercules, California, USA). A 5-parameter curve-fitting algorithm was applied 

for standard curve calculations. Logarithmically transformed, averaged analyte 

concentrations were presented as a heatmap using the R package, ComplexHeatmap249 (R v 

4.1).  

2.19 Proteomics 

To identify differences in protein expression following qPSC/NK and aPSC/NK co-culture 

global proteomic analysis was carried out. An overview of the proteomic workflow is shown 

in Figure 2.16. Global Proteomic analysis was conducted in collaboration with Dr Parthiban 

Periasamy (Institute of Molecular and Cell Biology, A*STAR). 
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Figure 2.16: Schematic workflow of proteomic sample preparation and acquisition. 

PSCs were seeded in 15cm dishes and treated daily with ATRA/EtOH for 7 days in subdued light. On 

day 8, naïve NK cells were cultured with PSCs at a 1:1 ratio and incubated for 24h. Cell pellets were 

then created for each cell type on day 9. Cells were lysed and the proteins extracted. The extracted 

proteins were reduced and linearised into short peptides. Peptides were cleaned, lyophilised and 

resuspended in 0.1% formic acid before acquisition on the mass spectrometer. Following acquisition, 

the data was cleaned and post-acquisition analysis conducted. 
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2.19.1 Cell culture 

PSCs were seeded in Nunc™ EasYDish™ 15cm dishes (150468, Nunc) in DMEM/Ham’s F12 

media with 10% FBS (10082147, Gibco) at densities of 400,000 and 100,000 cells per dish for 

ATRA and EtOH treatments, respectively. Cells were treated daily with ATRA/EtOH for 7 days 

in subdued light. On day 8, media was aspirated, and NK cells were added at a 1:1 ratio in 

complete NK media. Cells were incubated for 24h at 37°C, 5% CO2. Following incubation NK 

cells and media were transferred to a fresh 15mL Falcon tube. PSC were detached from the 

plate using TrypLE dissociation reagent (12604013, Gibco) and were centrifuged for 5 min at 

300g. The supernatant was aspirated and the cell pellet washed in 4mL sterile PBS. Cells were 

then centrifuged for 5 min at 300g, the supernatant aspirated and cell pellets stored at -80°C 

overnight. Similarly, NK cells were prepared by centrifugation at 300g for 5 min and the 

supernatant removed. NK cells were washed in PBS and pelleted (300g, 5 min). The 

supernatant was aspirated and the cell pellet stored at -80°C overnight. 

2.19.2 Dead cell exclusion 

Dead cells were excluded from proteomic analysis using the EasySep™ Dead Cell Removal 

(Annexin V) Kit (17899, StemCell Technologies). Cells were processed according to 

manufacturer guidelines. Briefly, cell pellets were resuspended in 100µL of the recommended 

buffer (PBS + 2%FBS and 1mM CaCL2) and samples transferred to 5mL polystyrene round 

bottom tubes. 5µL of dead cell removal (Annexin V) cocktail was added to each sample. The 

sample was mixed using a pipette and incubated at RT for 3 min. RapidSpheres were vortexed 

for 30 sec and 10µL added per sample. The sample was then immediately topped up with 

recommended media to a total volume of 2.5mL and mixed. Samples were then placed in an 

EasySep Magnet and incubated for 3 min at RT. The magnet and tube were then inverted and 
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the enriched cells transferred to a new, pre-labelled 15mL falcon tube. The cells were washed 

with PBS and the supernatant removed. Cell pellets were stored at -80°C overnight. 

2.19.3 Peptide Preparation 

To extract cellular proteins, samples were lysed using 10% SDS in 30mM Triethylammonium 

bicarbonate buffer (TABC) (T7408, Sigma-Aldrich). 150µL or 400µL of lysis buffer was added 

to NK cell and PSC pellets, respectively. Each sample was vortexed and placed on ice. Samples 

were then probe sonicated to further aid lysis using the QSonica Sonicator. The sonicating 

probe was placed at least half-way into the cell suspension. Each sample was subjected to 10x 

one second pulses. Samples were then maintained on ice for 1h. The protein concentration 

of each sample was then calculated using the Pierce BCA protein assay kit (23227, 

ThermoFisher). Samples were prepared in accordance with the manufacturer’s guidelines. 

Briefly, protein standards were reconstituted according to the manufacturer’s guidelines in 

2% SDS in 30mM TABC. Standards were vortexed and centrifuged for 1 min at 21300g. 

Samples were then centrifuged for 3 min at 3220g at 4°C. 25µL of protein standards and 

samples were added to a 96 well plate. A working reagent was created by combining reagents 

A and B at a 50:1 ratio. 200µL of working solution was added to each well and the plate was 

incubated for 15 min at 37°C. The plate was cooled at RT for 3 min and the absorbance of 

each sample was measured at 592nm. A standard curve was created by plotting the 

absorbance of each standard (background absorbance subtracted) on a scatter plot. The 

amount of protein per sample was then calculated based on the equation generated from the 

standard curve. 100µg of protein for each sample was then transferred to a fresh Eppendorf 

tube (0030 120.086, Eppendorf), and samples were normalised to 200µL in 30mM TABC. 

Dithiothreitol (DTT) (10708984001, Sigma-Aldrich) was then added to a final concentration of 
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5mM per sample. Samples were incubated at 60°C, 15 min on a heat shaker, 800rpm. A 0.5M 

stock of Idoacetamide (IAA) (I1145-25G, Sigma- Aldrich) was then created in 30mM TABC. 

Following incubation, samples were centrifuged briefly to cool. IAA was then added to a final 

concentration of 5mM. Samples were vortexed and centrifuged before incubating in the dark 

for 10 min (RT). 50µg of protein per sample was then transferred to fresh Eppendorf tubes 

and the samples normalised to 150µL. 1mL of acetonitrile (ACN) (51101, ThermoFisher) was 

then added to each sample to precipitate the protein. Samples were centrifuged for 3 min at 

21300g before incubating for 4h at -20°C. Samples were centrifuged for 2 min, 21300g and 

stored overnight at -80°C. Following overnight incubation, samples were centrifuged for 30 

min, 21300g at 4°C before maintaining at -80°C for a further 1h. Samples were then 

centrifuged for a further 40 min, 21300g at 4°C. The supernatant was then aspirated and the 

cell pellet resuspended in 100% ACN. Samples were vortexed and centrifuged for 10 min, 

21300g at 4°C. The supernatant was then aspirated and 20µL (2µg) of Platinum grade trypsin 

(VA9000, Promega) was added to each sample (1:25 trypsin: protein ratio). Samples were 

vortexed to mix and briefly centrifuged before transferring to a heat shaker and incubating 

overnight at 37°C at 500rpm. Following overnight incubation, trypsin was inactivated by the 

addition of 0.1% (final volume) formic acid (85178, ThermoFisher) and the samples incubated 

for 10 min at 37°C, 500rpm. Samples were then centrifuged and maintained at RT. C18 

Peptide Clean-up 

In order to remove unwanted salts and large proteins (such as trypsin) from the sample, C18 

filter tips were created by cutting 4, 2mm discs of Empore Octadeyl C18 membrane (66883-

U, CDS) and placing them inside 200µL pipette tips. The discs were gently compacted within 

the tip using a blunt end needle. Filter tips were placed inside fresh Eppendorf tubes and were 

held in place using spin columns. The filter tips were calibrated by the addition of 200µL of 



146 
 

80% acetonitrile in 0.1% formic acid. The tips were centrifuged at 1000g for 1 min. The waste 

was discarded and 200µL of 0.1% formic acid in MilliQ water was added to each tip. Tips were 

centrifuged 1000g/1 min. Samples were centrifuged a second time at 1200g, 1 min to elute 

the remaining buffer. Tips were transferred to new Eppendorf tubes. 180µL of 0.1% formic 

acid was added to each sample and the samples transferred to the corresponding pre-labelled 

tip. Samples were centrifuged at 1000g for 1 min 30 sec. Eluted samples were reloaded into 

the C18 tip and centrifuged at 1000g for 1 min 30 sec. Tips were transferred to fresh 

Eppendorf vials and the flow through tubes labelled accordingly. 200µL of elution buffer (40% 

ACN in 0.1% formic acid) was then added to each tip. Samples were centrifuged at 1000g for 

2 min 30 sec. Tubes containing the eluted peptides were labelled and the samples lyophilised 

using a speedvac for 2h. Samples were resuspended in 27µL of 0.1% formic acid and sonicated 

in a water bath for 10 min, 37°C to improve peptide solubility. Samples were centrifuged and 

peptide concentration estimated using the NanoDropTM One (Thermo Scientific). 

2.19.5 Peptide Estimation 

Protein A205 was selected to analyse peptides using the 31 method. 2µL of 0.1% formic acid 

was placed onto the NanoDropTM platform and the arm gently closed. This generated a 

background level for the samples. The NanoDropTM reader was cleaned using a Kim wipe. 2µL 

of sample 1 was loaded onto the NanoDropTM stage, the arm lowered and the peptide content 

measured. The arm was raised, and the stage and arm cleaned. This process was repeated for 

each sample. Following estimation, 2µg of peptide per sample was aliquoted to a new, 

labelled Eppendorf tube and sample volumes normalised to 5µL. Samples were stored at -

20°C until acquisition on the mass spectrometer.  

2.19.6 Acquisition on the Mass Spectrometer 
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Samples were brought to room temperature and centrifuged before transferring to a 96 well 

plate. 2.5μL of each sample was injected for mass spectrometry. Samples were acquired using 

the Fourier Transform and Ion Trap method in the following order: NK cells cultured with qPSC 

(x3), blank, NK cells cultured with aPSC (x3), blank, qPSC cultured with NK cells, blank, aPSC 

cultured with NK cells. Mass spectrometry was performed by the functional proteomics 

laboratory of Dr. Radoslaw M. Sobota (Institute of Molecular and Cell Biology, A*STAR). 

2.19.7 Post-Acquisition analysis 

Post-acquisition peptide alignment and characterisation and data clean-up was carried out by 

Dr Parthiban Periasamy (Institute of Molecular and Cell Biology, JY Lab, A*STAR). The inverse 

log of each protein abundance was then calculated. Heatmaps of differential protein 

expression between culture conditions were plotted using Z-score with the R package, 

ComplexHeatmap (initial R code provided by Dr Parthiban Periasamy).249 The biological 

pathways associated with up- and down- regulated proteins were further investigated using 

ProteoMaps250 (www.proteomaps.net). 

2.19.8 RNA- Seq analysis 

Proteins identified as significantly up- and down regulated were subsequently investigated in 

publicly available TCGA and GTEx RNA-Seq databases. Briefly, corresponding genes associated 

with proteins of interest were input into the online web server GEPIA: Gene Expression 

Profiling and Interactive Analysis.251 Boxplots of the log-fold change in RNA transcripts per 

million for PDAC and matched controls were then plotted for genes of interest. Significance 

was established at p<0.05, and Log2 Fold Change cut-off set to 1.  

http://www.proteomaps.net/
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GEPIA software was also used to create Kaplan-Meier survival analysis plots of the proteins 

of interest. Patients were dichotomised based on high or low RNA expression (transcripts per 

million), with the dichotomisation threshold set at the third quartile. Significant differences 

in survival were calculated using the log-rank test.  

2.20 Immunofluorescent staining of NK cells in Human spleen tissue 

2.20.1 Antibody Titration 

To establish optimal immunofluorescent staining conditions, anti-CD56 (ab118291, Abcam), 

anti-NKG2D (ABIN1027685, antibodies online) and anti-NKG2A (GTX108498, Genetex) 

antibodies were titrated at dilutions of 1:100, 1:250. 1:500 and 1:1000. Briefly, slides were 

rehydrated by passing through concentrations of xylene and ethanol: xylene 2x (5 min), 100% 

ethanol 2x (5 min), 80% ethanol (2 min), 70% ethanol (2 min), 50% ethanol (2 min), distilled 

water (5 min). Slides were then heated (microwave) for 12 min in citrate buffer (pH 6.0). 

Following antigen retrieval, slides were blocked with 5% goat serum in PBS-ABC, for 1h (RT). 

Slides were then incubated with primary antibodies overnight (4°C). Slides were washed 3 

times in PBS+0.05% Tween (5 min/wash). Secondary antibodies were then added (Donkey 

anti-goat AlexaFluor 647 (1:500), Goat anti-mouse AlexaFluor 488 (1:500), Goat anti-rabbit 

AlexaFluor 546 (1:500)) and incubated for 1h, RT in the dark. Slides were counterstained and 

mounted with ProLong Gold Antifade mountant with DAPI, and images acquired on the 

LSM710 laser scanning confocal microscope (Zeiss).  
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2.20.2 Background troubleshooting 

Initial staining demonstrated high background fluorescence. To address this, different 

blocking agents and secondary antibody dilutions were trialled (Table 2.10). 
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Blocking Condition 
Primary Antibody 

Dilution 
Secondary Antibody Dilution 

5% Goat Serum None 1:400 

5% Goat Serum 

1:100 

1:400 

5% Goat Serum 1:1000 

3% BSA 1:400 

3% BSA 1:1000 

Secondary only controls with different blocking agents 

No Blocking 

None 

Donkey Anti-Goat AlexaFluor647, 1:500 

Goat Anti-Rabbit AlexFluor546, 1:1000 

Goat Anti-Mouse AlexaFluor488, 1:1000 

5% Goat Serum 

5% Horse Serum 

1% BSA 

5% BSA 

 

Table 2.10: Blocking conditions and secondary antibody dilutions trialled to troubleshoot the high 

level of background staining observed in human spleen tissue.  

Primary and secondary antibody dilutions are indicated for each blocking agent tested. All other 

protocol steps remained unaltered. 
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2.20.3 Antibody Titration using a different immunofluorescent staining protocol  

Due to persistent high background fluorescence, a different immunofluorescent protocol was 

trialled. Key differences are highlighted in Table 2.11. Antibodies dilutions are shown in Table 

2.12. 
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Table 2.11: Key difference between Immunofluorescent staining protocols trialled. 

  

Protocol Step Original Protocol New Protocol 

Antigen retrieval Microwave, 12 min Microwave, 20 min 

Wash Buffer PBS + 0.05% Tween TBS+0.025% Triton X-100 

Antibody Diluent PBS-ABC TBS+1%BSA 

DAPI ProLong Gold Antifade Mountant with DAPI DAPI (1:5000) 
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Table 2.12: Antibody dilutions tested in spleen and tonsil tissue using a new immunofluorescent 

protocol.  

  

Anti-CD56 Anti-NKG2D Anti-NKG2A 

1:50 1:100 1:100 

1:100 1:200 1:250 

1:200 1:500 1:500 

Isotype 1:50 Isotype 1:100 Isotype 1:100 

Secondary only control 1:500 Secondary only control 1:500 Secondary only control 1:500 
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2.20.4 Immunohistochemical evaluation of antibody signal 

Following initial IHC assessment of anti-CD56, anti-NKG2D and anti-NKG2A antibodies 

gratefully carried out with the help of Dr Andrew Clear (Barts Cancer Institute), further 

antibody titration was undertaken. Two protocols were used for antibody optimisations. For 

CD56 (Abcam), NKG2D and NKG2A antibodies slides were dewaxed at 60°C for 20 min. Slides 

were then passed through the following reagents: xylene (2x 5 min), 100% ethanol (2 min), 

hydrogen peroxide in methanol (10 min), 100% ethanol (2 min), 80% ethanol (1 min), 70% 

ethanol (1 min), 50% ethanol (1 min) distilled water (2 min) to facilitate deparaffinization and 

the blocking of endogenous peroxidases. Slides were then heated in citrate buffer to perform 

antigen retrieval and washed in TBS + 0.025% Triton X-100. Horse (CD56 and NKG2A) or goat 

(NKG2D) serum diluted in TBS (1:25) (30 min) was then added to block non-specific antibody 

binding. Primary antibodies (diluted in TBS + horse/goat serum (1:25)) were incubated 

overnight (4°C). Slides were washed and secondary antibodies incubated for 40 min at RT. 

Slides were incubated for 30 min with ABC before staining with DAB for 2 min. Slides were 

counterstained with Mayer’s Haematoxylin (5 min) and dehydrated (reverse xylene and 

ethanol series, no hydrogen peroxide). For CD56 (DAKO) slides were dewaxed as described 

before passing through the following reagent series to facilitate deparafinisation and blocking 

of endogenous peroxidases: xylene (2x 5min), 100% ethanol (2 min), 100% ethanol (2 min), 

80% ethanol (2 min), hydrogen peroxide in methanol (10 min), 70% ethanol (2 min), 50% 

ethanol (2 min), distilled water (2 min). Antigen retrieval was then carried out by heating the 

slides in citrate buffer (pH 6.0). Slides were washed in TBS+0.05% Tween and blocked with 

Goat Serum in TBS (1:100) (30 min). Primary antibodies were then diluted in 0.1% sodium 

azide +5% BSA in PBS and incubated for 40 min at RT. Slides were washed and incubated with 

secondary antibodies for 30 min (RT). ABC was then applied for 20 min (RT) before incubating 
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with DAB for 10 min. Slides were counterstained with Mayers haematoxylin for 3 min and 

dehydrated by passing through the reverse xylene/ethanol series (no hydrogen peroxidase). 

Antibody details and antigen retrieval methods for each antibody are outlined in Table 2.13 

and Table 2.14. 
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Antibody Dilution Antigen retrieval method Tissue type tested 

CD56 (DAKO) 1:50 
Microwave and Pressure 

Cooker 
Tonsil 

CD56 (Abcam) 

 

1:500 

Microwave and Pressure 

Cooker 

 

Tonsil 

 

1:750 

1:1000 

1:5000 

NKG2D 

 

1:25 

Microwave 

 

Spleen and Tonsil 

 

1:50 

1:100 

NKG2A 

 

1:100 

Microwave 

 

Spleen and Tonsil 

 

1:500 

1:1000 

 

Table 2.13: Dilutions, antigen retrieval method and tissue type used for immunohistochemical 
analysis of anti-CD56, anti-NKG2D and anti-NKG2A antibodies.  

Staining with CD56 DAKO antibody was used as a positive control. 
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CD56 Antibody Dilution Antigen retrieval method Tissue type tested 

No Primary Antibody 

Microwave and Pressure Cooker Spleen 
1:50 

1:100 

1:200 

Table 2.14: Dilutions, antigen retrieval method and tissue type used for immunohistochemical 
analysis of the anti-CD56 antibody from DAKO. 
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2.20.5 IHC antibody optimisations for Multiplex Immunohistochemistry  

Prior to carrying out multiplex immunohistochemical staining of pancreatic cancer tissue 

microarray sections, the following antibodies were optimised using the Leica Bond-Max 

Autostainer (Leica Biosystems) (Table 2.15). 
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Antibody Clone Catalogue number Company 

Periostin EPR20806 ab215199 Abcam 

Myosin-11 MYH11/923 NBP2-44533 Novus Biologicals 

CD105/Endoglin 3A9 14606 Cell Signalling Technology 

NKp46 EPR22403-57 ab244703 Abcam 

NKG2D 1D11 NB100-65956 Novus Biologicals 

 

Table 2.15: Antibodies optimised prior to mIHC staining. 
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2.20.6 Slide setup  

Slides were set up using the Leica BOND online system. For each titration, a ‘case’ was 

created. Within each case, the details of each antibody dilution and epitope retrieval 

condition (ER1: citrate-based retrieval, pH 6.0 (AR9961, Leica Biosystems); ER2: Tris-EDTA 

based retrieval, pH 9.0 (AR9640, Leica Biosystems)) were input to create a staining profile for 

each slide. This generated a unique slide identification number which was subsequently 

printed onto a label and attached to the corresponding slide. Labelled slides were loaded into 

slide racks and covered using Leica BOND universal covertiles (S21.4611, Leica Biosystems). 

Slides were loaded into the autostainer and the slide tags imaged. 

2.20.7 Antibody preparation 

Antibodies were diluted in 5mL round bottom tubes using DAKO antibody diluent with 

background reducing components (S3022, DAKO), and inserted into BOND titration 

containers (OPT9049, Leica Biosystems). Each titration container was scanned, and the 

volume of the container refilled to 6mL prior to staining using the BOND software (Leica 

Biosystems). The titration containers were placed into a titration container rack and inserted 

into the autostainer. The antibody volume in each titration container was estimated by an 

automated probe to ensure enough antibody was present to complete the staining run. A 

BOND refine polymer detection kit (DS9800, Leica Biosystems) containing hydrogen peroxide, 

polymers and DAB was inserted into the autostainer system and the levels of the reagents 

calculated. Once the level of reagents had been assessed, the staining run was scheduled 

using the BOND software.  

Antibody dilutions and antigen retrieval conditions tested for each antibody are displayed in  
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Table 2.15. Initial NKG2D titration was carried out by Craig Ryan Joseph (Institute of Molecular 

and Cell Biology, A*STAR). Details of additional incubation optimisations for NKG2D are 

shown in Table 2.17. 
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Antibody Positive Control Tissue Dilution 
Antigen Retrieval 

condition 

Periostin (ab215199) 

Colon/ Placenta/ Stomach 

1:500 ER1/ER2 

1:1000 ER1/ER2 

1:1500 ER1/ER2 

1:2000 ER1/ER2 

1:3000 ER1/ER2 

Normal Pancreas 

1:1000 ER1  

1:1500 ER1  

1:3000 ER1 

Myosin-11 (NBP2-
44533) 

Breast/ Prostate/ Skeletal 
Muscle 

0.25μg/mL ER1/ER2 

0.5μg/mL ER1/ER2 

1μg/mL ER1/ER2 

1.25μg/mL ER1/ER2 

1.5μg/mL ER1/ER2 

Normal Pancreas 1.25μg/mL ER2 

CD105 (14606) 

Kidney /Placenta/ Tonsil 

1:500 ER1/ER2 

1:1000 ER1/ER2 

1:1250 ER2 

1:1400 ER2 

1:1500 ER1/ER2 

1:2000 ER1/ER2 

1:2500 ER1/ER2 

Normal Pancreas 1:1400 ER2 

NKp46 (ab244703) Spleen 

1:100 ER1/ER2 

1:250 ER1/ER2 

1:500 ER1/ER2 

1:1000 ER1/ER2 

1:1500 ER1/ER2 

 

Table 2.16: Positive control tissue, antibody dilutions and antigen retrieval conditions tested for 

each optimised marker. 
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Antibody 
Positive Control 

Tissue 
Dilution 

Antigen Retrieval 

condition 

Incubation 

length 

NKG2D (NB100-

65956) 
Tonsil 1:75 ER2 

20min 

1h 

1h, Block, 1h 

1.5h (2x 45min) 

2h (2x 1h) 

 

Table 2.17: Positive control tissue, antibody dilution, antigen retrieval condition and incubation 
length tested for NKG2D. 
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For IHC optimisations, the IHC HEA MAG protocol was selected, and the slides stained 

according to the pre-set protocol. Briefly, slides were heated to 99°C, before incubation with 

BOND epitope retrieval solution 1 or epitope retrieval solution 2 for 20 min. Endogenous 

peroxidases were then blocked using 3-4% (v/v) hydrogen peroxide for 10 min and slides were 

washed 3 times with BOND wash solution (AR9590, Leica Biosystems). Primary antibodies 

were then added and incubated for 20 min at room temperature (unless otherwise stated for 

NKG2D optimisation). Slides were washed as described and a rabbit anti-mouse post-primary 

linker added (8 min). This enabled the detection of mouse antibodies by the anti-rabbit 

horseradish peroxidase polymer. Slides were washed three times (2 min per wash) and an 

anti-rabbit poly-HRP-IgG added for 8 min. Slides were then washed twice with wash solution 

and once with deionised water. DAB substrate was then added for 10 min. Slides were washed 

three times with deionised water and counterstained with <0.1% Haematoxylin for 5 min. 

Slides then underwent three rounds of washing: deionised water, wash solution and 

deionised water.  

2.20.8 Slide Dehydration and Mounting 

Once the automated staining protocol had been completed, slides were removed from the 

autostainer and placed in a slide rack. Slides were then passed through the following 

concentrations of ethanol and xylene (2 min each) before mounting: 70% ethanol, 95% 

ethanol, 100% ethanol (three incubations), xylene (three incubations).  

Once dehydrated, the slides were mounted with glass coverslips using DPX mounting medium 

(SEA-1304-00Z, CellPath). Slides were left overnight for the coverslips to adhere before 

imaging using the Olympus CKX53 inverted light microscope and Olympus EP50 camera. Scale 

bars were added to each image using ImageJ software. 
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2.21 Multiplex Immunohistochemistry 

An overview to the multiplex immunohistochemical workflow is outlined in Figure 2.17. 
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Figure 2.17: Overview of the mIHC workflow. 

Tissue Microarray slides containing patient samples underwent three rounds of staining, with each 

round probing the tissue with two primary antibodies and two OPAL fluorophores. Upon binding of the 

secondary antibody, horseradish peroxidase catalysed the reaction of inactive tyramide to a reactive 

tyramide fluorophore. The reactive tyramide then bound covalently to tyrosine residues within the 

tissue. Antibodies were then stripped and the tissue re-probed with the next primary antibody. On the 

final round of staining slides were counterstained using spectral DAPI. Slides were then imaged using 

the Vectra Imaging system and the resultant images spectrally unmixed using inForm software (Akoya 

Biosciences). Component tif files were uploaded into HALO image analysis software (Indica Labs) for 

downstream analysis. Cellular phenotypes were identified based on the combination of markers of 

interest and the total number of cells expressing these phenotypes assessed. Spatial analysis was 

carried out using HALO’s Spatial Analysis module (Indica Labs). All resultant data were exported as .csv 

files. Masterfiles were created for each panel in which corresponding cores were assigned to each 

patient. The concordance across cores was verified between panels, removing any cores which were 

missing in one or more of the panels. Cellular data from the cores of each patient were compiled and 

the percent positive cells calculated for each marker. This data was then used to dichotomise patients 

into high and low expression of each marker for survival analysis. Compiled data were then analysed 

using GraphPad to calculate survival analysis, correlation matrices and the prognostic impact of 

immune infiltrate.  
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2.21.1 TMA staining panels  

Three panels were designed to investigate the interaction between NK cells and cancer 

associated fibroblasts (CAFs) in patient TMA sections. The staining order of each panel was 

determined based on antigen retrieval method and antibody expression, with more precious 

markers being stained earlier in the panel. The staining details for the markers included in 

each of the three panels are shown in Table 2.18. 
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Table 2.18: Multiplex immunohistochemistry staining panels with epitope retrieval conditions (ER), 

antibody dilutions and positive control tissues. 

  

Panel Marker Company/Cat Number ER Dilution Positive Control Tissue

Alpha SMA DAKO, M0851 No ER 1:800 Appendix

Periostin Abcam, ab215199 ER1 1:1500 Stomach/Colon/Placenta

Myosin-11 Novus Biologicals, NBP2-44533 ER2 1.25ug/mL Skeletal Muscle/Prostate/Breast Cancer

Podoplanin DAKO, M3619 ER2 1:200 Appendix

CD105 Cell Signalling Technology, 14606 ER2 1:1400 Kidney/Tonsil/Placenta

CK/EpCAM DAKO, M3515 / Biolegend, 324202 ER2 1:200/1:800 Appendix

CD45 DAKO, M0701 ER1 1:800 Tonsil

CD56 Leica (Novacastra), NCL-L-CD56-504 ER2 1:200 Brain

NKG2D Novus Biologicals, NB100-65956 ER2 1:75 Tonsil

NKp46 Abcam, ab244703 ER2 1:1000 Spleen

Vimentin DAKO, M0725 ER2 1:200 Tonsil

CK/EpCAM DAKO, M3515 / Biolegend, 324202 ER2 1:200/1:800 Appendix

CD45 DAKO, M0701 ER1 1:800 Tonsil

CD56 Leica (Novacastra), NCL-L-CD56-504 ER2 1:200 Brain

NKG2A Abcam, ab260035 ER1 1:4000 Tonsil

LAG-3 Cell Signalling Technology, 15372 ER1 1:800 Tonsil

Vimentin DAKO, M0725 ER2 1:200 Tonsil

CK/EpCAM DAKO, M3515 / Biolegend, 324202 ER2 1:200/1:800 Appendix

1

2

3



169 
 

2.21.2 Preparation of OPAL dyes  

OPAL dyes were reconstituted in 75µL of DMSO (DMSO0100UL, Akoya Biosciences), before 

being diluted (Table 2.19) in 1x plus automation amplification diluent (FP1609, Akoya 

Biosciences).  
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OPAL dye Catalogue Number (Akoya Biosciences) Dilution 

OPAL 520 OP-001001 1:100 

OPAL 570 OP-001003 1:100 

OPAL 650 OP-001005 1:100 

OPAL 540 OP-001002 1:100 

OPAL 620 OP-001004 1:100 

OPAL 690 OP-001006 1:50 

 

Table 2.19: Dilutions of OPAL dyes 
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2.21.3 Automated mIHC staining  

Prior to the staining of TMA sections, each panel was trialled on normal pancreas and 

pancreatic cancer sections.  

For all mIHC (trial and TMA), three rounds of staining were carried out to achieve 7-plex 

images. Each round included two primary antibodies and two opal dyes, with the final round 

also including counterstaining with spectral DAPI. Briefly, slides were set up as described and 

labels affixed. Slides were heated to 99°C and incubated with epitope retrieval solution for 20 

min. Endogenous peroxidases were then blocked with 3-4% (v/v) hydrogen peroxide for 10 

min and slides washed (3x). Primary antibodies were incubated for 20 minutes (RT). Slides 

were washed three times with BOND wash solution and incubated with a rabbit anti-mouse 

post-primary antibody for 8 minutes. Slides were then washed (3x 2 minutes per wash) and 

OPAL polymer horseradish peroxidase (HRP) added for 8 minutes. Following another round 

of washing, the first OPAL fluor was added (10 minutes). Slides were then washed 3 times 

before being heated to 99°C and incubated with the second round of antigen retrieval (20 

min). This removed the first primary antibody to allow re-probing. The second primary 

antibody of the staining round was then added (20 min, RT). The slides were then washed, 

linked with post-primary, incubated with HRP and stained with an OPAL dye as described, 

completing the first round of staining. Slides were then removed from the autostainer and 

new unique slide identifiers printed and affixed. This staining procedure was repeated a 

further two times (three rounds in total), without blocking of endogenous peroxidases. 

Following the final wash step in round three, slides were incubated with Spectral DAPI diluted 

in 1x TBS-Tween (UA0046, Biobasic) for 5 minutes, before undergoing three final wash steps.  
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2.21.4 Mounting slides 

Prior to mounting, ProLong diamond antifade mountant (P36970, Life Technologies) was 

heated at 60°C for 10 minutes. Following the final round of staining, slides were removed 

from the BOND-MAX autostainer and transferred to a slide rack. Slides were placed into 

distilled water and maintained in the dark until mounting. Slides were individually removed 

from the distilled water, excess water dried with Kimwipe tissue and 35µL of mountant added 

to the slide. A glass coverslip was then placed on top of the tissue and pressure applied from 

the bottom to the top of the slide to remove any bubbles during coverslip adherence. Slides 

were allowed to dry overnight in the dark before imaging using the Vectra Polaris imaging 

system (Akoya Biosciences). 

2.21.5 Spectral Unmixing  

2.21.5.1 Creation of Library Slides 

In order to effectively unmix the spectra of the six opal dyes, a library of single stained slides 

for each OPAL fluor, and one slide for Spectral DAPI, was created. In this instance, pancreas 

cancer tissue was used to create the slides. Each slide underwent the complete staining cycle 

(six rounds) as described, but only one OPAL fluor (or Spectral DAPI) was applied per slide. To 

ensure a strong signal could be observed, vimentin was used as the primary antibody for each 

OPAL fluor. Following staining, library slides were scanned using the Vectra Polaris 

Multispectral imaging system (PerkinElmer, Inc), and images exported. Scanned images were 

then loaded into inForm (Akoya Biosciences) and a new unmixing library created.  

2.21.5.2 Unmixing of mIHC slides  

Following scanning, all TMA images were uploaded to inForm software, and a selection 

chosen to test the spectral unmixing algorithm. A reference library (pancreas) was then 

selected from which mIHC images would be unmixed. Each OPAL fluor was labelled with its 
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corresponding marker name (primary antibody) and pseudo-colours for each marker chosen. 

The image was then unmixed using the selected library. The expression of neighbouring OPAL 

dyes was then evaluated to ensure effective unmixing. Briefly, pseudo-colours were set 

alternately to red and green for neighbouring OPAL channels. These channels were then 

switched on and off to visualise any spectral overlap between markers (denoted by the 

expression of an orange/yellow colour within the image). Once checked, all images were 

unmixed using the chosen reference library and exported as component tif files.  

2.21.6 HALO analysis 

To analyse the multiplex images, HALO imaging software (Indica Labs) was used. Images were 

loaded into a new study file and analysis algorithms created.  

2.21.6.1 View Settings 

To facilitate accurate scoring of individual markers, the view settings of a representative 

image were adjusted to enhance the image appearance. Briefly, each OPAL dye contained 

within the panel expressed a fluorescent spectral signature which could be manually adjusted. 

Background/non-specific staining was reduced by adjusting the ‘black in’ of the image, whilst 

image brightness was increased by adjusting the ‘white in’ settings. The view settings for each 

marker were adjusted individually and the settings saved. These settings were then exported 

and applied to all the images within the study. Importantly, altering the view settings does 

not impact results of the scoring, which is achieved using the raw stain intensities.  

2.21.6.2 Creating an analysis algorithm  

HALO software was navigated to the Analysis Tab. The number of dyes included in the panel 

(7) was input into the ‘number of dyes’ field, and a marker assigned to each dye from a drop-

down menu (for example; DAPI, alpha SMA, podoplanin, periostin, CD105, myosin-11, 



174 
 

CK/EpCAM). The software was then trained to identify cells within the tissue through 

adjustment of the nuclear detection parameters. This included adjusting the size range of the 

nuclei to be detected as well as altering the aggressiveness of nuclear segmentation. This 

determined how harshly the software dissected compact nuclei. Fill nuclear holes was also 

set to ‘true’ to ensure any cells with faint DAPI at the centre of the nucleus were counted as 

one cell, rather than many.  

The number of phenotypes desired for analysis were then assigned to the algorithm and 

defined (Table 2.20). 
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Table 2.20: Description of cellular phenotypes assessed in PDAC TMA samples.  

  

Phenotype
Markers 

included

Markers 

excluded
Phenotype Markers included

Markers 

excluded
Phenotype Markers included

Markers 

excluded

Alpha SMA+  

Cells

DAPI / 

Alpha SMA
 CK/EpCAM CD45+  Cells DAPI / CD45 N/A CD45+ Cells DAPI / CD45 N/A

Periostin+ 

Cells

DAPI / 

Periostin
 CK/EpCAM

CD45+  CD56+   

Cells

DAPI / CD45 / 

CD56
N/A

CD45+ CD56+    

Cells
DAPI / CD45 / CD56 N/A

Myosin-11+  

Cells

DAPI / 

Myosin-11
 CK/EpCAM

CD45+  CD56+ 

NKG2D Cells

DAPI / CD45 / 

CD56 / NKG2D
NKp46

CD45+ CD56+   

NKG2A+ Cells

DAPI / CD45 / CD56 

/ NKG2A
LAG3

Podoplanin+   

Cells

DAPI / 

Podoplanin
 CK/EpCAM

CD45+  CD56+  

NKp46+  Cells

DAPI / CD45 / 

CD56 / NKp46
NKG2D

CD45+ CD56+   

LAG3+  Cells

DAPI / CD45 / CD56 

/ LAG3
NKG2A

CD105+   Cells
DAPI / 

CD105
 CK/EpCAM

CD45+  CD56+  

NKG2D+  

NKp46 Cells

DAPI / CD45 / 

CD56 / NKG2D / 

NKp46

N/A

CD45+ CD56+   

NKG2A+ LAG3+    

Cells

DAPI / CD45 / CD56 

/ NKG2A / LAG3
N/A

Alpha SMA+  

Periostin+   

Cells

DAPI / 

Alpha SMA / 

Periostin

 CK/EpCAM

CD45+  

Vimentin- 

Cells

DAPI / CD45 Vimentin
CD45+ Vimentin- 

Cells
DAPI / CD45 Vimentin

Alpha SMA+  

Myosin-11+   

Cells

DAPI / 

Alpha SMA / 

Myosin-11

 CK/EpCAM

CD45+  CD56+  

Vimentin- 

Cells

DAPI / CD45 / 

CD56
Vimentin

CD45+ CD56+   

Vimentin-  Cells
DAPI / CD45 / CD56 Vimentin

Alpha SMA+  

Podoplanin+   

Cells

DAPI / 

Alpha SMA / 

Podoplanin

 CK/EpCAM

CD45+ CD56+ 

NKG2D+  

Vimentin-  

Cells

DAPI / CD45 / 

CD56 / NKG2D

NKp46 / 

Vimentin

CD45+   CD56+   

NKG2A+   

Vimentin-  Cells

DAPI / CD45 / CD56 

/ NKG2A

LAG3 / 

Vimentin

Alpha SMA+  

CD105+  Cells

DAPI / 

Alpha SMA / 

CD105

 CK/EpCAM

CD45+  CD56+  

NKp46+  

Vimentin- 

Cells

DAPI / CD45 / 

CD56 / NKp46

NKG2D / 

Vimentin

CD45+ CD56+   

LAG3+ Vimentin-  

Cells

DAPI / CD45 / CD56 

/ LAG3

NKG2A / 

Vimentin

Alpha SMA+  

Periostin+  

CD105+   Cells

DAPI / 

Alpha SMA/  

Periostin /  

CD105

 CK/EpCAM

CD45+  CD56+  

NKG2D+  

NKp46+  

Vimentin-  

Cells

DAPI / CD45 / 

CD56 / NKG2D / 

NKp46

Vimentin

CD45+ CD56+   

NKG2A+ LAG3+   

Vimentin- Cells

DAPI / CD45 / CD56 

/ NKG2A / LAG3
Vimentin

Alpha SMA+  

Myosin-11+   

CD105+   Cells

DAPI / 

Alpha SMA/  

Myosin-11 /  

CD105

 CK/EpCAM
Vimentin+ 

Cells
DAPI / Vimentin N/A Vimentin+  Cells DAPI / Vimentin N/A

Alpha SMA+  

Podoplanin+ 

CD105+   Cells

DAPI / 

Alpha SMA/  

Podoplanin 

/  CD105

 CK/EpCAM
CK/EpCAM+  

Cells
DAPI / CK/EpCAM N/A

CK/ EpCAM+ 

Cells
DAPI / CK/EpCAM N/A

CK/ EpCAM+   

Cells

DAPI / CK/ 

EpCAM

Alpha SMA / 

Periostin/ 

Myosin-11 / 

Podoplanin / 

CD105 

Vimentin+  

(Markers 

Excluded) 

Cells

DAPI / Vimentin

CD45 / CD56 / 

NKG2D / 

NKp46 / 

CK/EpCAM

Vimentin+   

(Markers 

Excluded) Cells

DAPI / Vimentin

CD45 / CD56 / 

NKG2A / LAG3/ 

CK/EpCAM

CK/EpCAM+  

(Markers 

Excluded) 

Cells

DAPI / CK/EpCAM

CD45 / CD56 / 

NKG2D / 

NKp46 / 

Vimentin

CK/ EpCAM+    

Markers 

Excluded Cells

DAPI / CK/EpCAM

CD45 / CD56 / 

NKG2A / LAG3 / 

Vimentin

Panel 1 Panel 2 Panel 3
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Next, the ‘nuclear’, ‘cytoplasm’ or ‘membrane’ detection for each marker was adjusted. 

Briefly, a real-time tuning window was opened in the software, displaying a scoring mask over 

the mIHC image. The ‘output image’ was changed to the marker being scored and the staining 

threshold adjusted. Thresholds were adjusted so that positively, but not negatively stained 

cells were shown as positive in the scoring mask. Compartments (nuclear, 

cytoplasm/membrane) not included in the analysis were set to a default value of -1. 

Algorithms were created with approximately 90% concordance (underscored), allowing for 

variation between cores. Each marker was adjusted individually, and the resultant algorithm 

trialled on 15-20 separate cores. The ‘store object data’ box was set to true, and the ‘Output 

image’ changed to co-localisation. The algorithm was then run on every slide stained within 

the same batch. Separate algorithms were created for different staining batches. In cases 

where a single algorithm could not be applied to all batch images, an additional algorithm was 

created, maintaining as much consistency as possible in marker thresholds between 

algorithms. Once analysed, the ‘Summary Analysis data’ was exported, and post-analysis 

processing carried out using Excel (Microsoft Office) (Figure 2.18). It is perhaps prudent to 

note that tissue folds were excluded from analysis to prevent erroneous results and any 

annotations made were copied across panels to maintain consistency.  
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Figure 2.18: Schematic workflow of the major steps involved in the creation, and running of scoring algorithms within HALO software.  

Images are selected from the study of interest and loaded into HALO. The user then selects the analysis tab and selects the number of dyes and phenotypes to 

be included in the scoring algorithm. The nuclear detection settings are then adjusted and phenotypes defined. Positivity thresholds are set for each marker, 

ensuring approximately 90% concordance between the scoring mask and the underlying image. Once the algorithm has been created, the user selects all 

images to be analysed and selects the ‘analyze’ tool. The desired algorithm is selected and run on the chosen images. Summary analysis data is then exported 

as a .csv file, and the data processed using Excel (Microsoft). 
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2.21.6.3 Data Processing 

Masterfiles were created for data processing. Each TMA core was assigned a unique identifier 

based on H&E staining and TMA maps. Patient information was then assigned to each core. 

Core concordance was established across all three panels. In instances where a core was 

missing from one panel, this data was removed from the remaining panels. For each patient, 

the data obtained from each core was combined and the tissues treated as a whole. Cellular 

percentages were calculated from the number of DAPI positive cells. Statistical analysis was 

carried out using GraphPad Prism (version 9). Survival analysis was completed using the 

Kaplan Meier method, with significance established using the log-rank test. All instances 

where patient follow up data were missing were censored. 

2.22 Proximity Analysis 

Upon scoring, TMA Cores positive for NK cell infiltrate were included for proximity analysis. 

Briefly, HALO software was navigated to the results pane, and the results from the scoring 

algorithm selected. In the ‘Object data’ window, cells were filtered (1= positive; 0 = negative) 

for markers of interest. These markers were then added to a spatial plot. Within the spatial 

plot, the spatial analysis option was chosen. The marker of interest (for example CD45+CD56+) 

was selected and entered into the ‘Measure’ parameter. The distance (within) was then set 

to 50µM and vimentin+ added to the ‘in proximity of’ box. The number of bands was set to 10 

to return information on the number of NK cells in each 5µm band from a vimentin+ cell. 

‘Store object (pair) data’ was set to true, retuning the individual distances between NK cells 

and vimentin+ cells. Once setup was complete, the proximity algorithm was saved (Figure 

2.19). This was repeated for each NK cell marker. Once algorithms were created for all 
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markers, proximity analysis was run on all selected cores. The data were then exported and 

processed using Excel (Microsoft). 
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Figure 2.19: HALO Proximity analysis workflow. 

The HALO software was navigated to the ‘Results’ pane and the results from the desired scoring 

algorithm selected. Using the filter function in the object data window (small funnel), phenotypes of 

interest were chosen by selecting ‘1’. The object actions tab was selected and the option to ‘plot’ a 

‘spatial plot’ chosen. From the spatial plot window, the ‘spatial analysis’ tab was selected, opening the 

spatial analysis window. The cell type of interest was selected from the ‘measure’ drop-down, and the 

desired proximity of interest input into the ‘within’ category. The second cell type of interest was then 

selected from the ‘proximity of’ drop down menu. The number of bands was set to 10. Store object 

(pair) data was set to true, and the algorithm saved. The algorithm for each marker was then run on 

all cores. The ‘object data’ was exported as .csv files and masterfiles of the proximity analysis for each 

phenotypic marker compiled. 
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2.23 Statistical Analysis 

Statistical analysis was carried out using GraphPad Prism v 8.0-9.3 (GraphPad Software, 

Dotmatics), and R v 4.1 (The R Project, Vienna, Austria). Unless otherwise stated, non-

parametric Mann-Whitney U tests and Kruskal Wallis analysis with Dunn’s post hoc tests were 

used to compare between groups. For in vitro assays, unless otherwise stated, three biological 

replicates were carried out, each with at least three technical replicates. Survival analysis was 

assessed using the Kaplan Meier method, with significance established using the log-rank test. 

Results are expressed as median +/- SEM (non-parametric) or mean +/- SEM (parametric). 

Significance was established at p<0.05 for all tests.  
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Chapter 3 - Results – In vitro Optimisations 
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3.1 Introduction 

 

Natural killer cells and PSCs have been receiving increasing interest as potential therapeutic 

targets in the treatment of pancreatic ductal adenocarcinoma.220, 222, 252 NK cells are potent 

cytotoxic lymphocytes which have been linked to improved patient survival in PDAC.219 

Moreover their innate cytotoxicity prevents the need for antigen pre-sensitisation, thus 

making them an attractive therapeutic option.253 Conversely, PSCs have been found to 

modulate and orchestrate the PDAC tumour microenvironment, creating an immuno-

suppressive, tumour permissive environment, earmarking these cells as a potential target for 

new therapies.254 Despite this, little remains know about the interaction between these two 

players in vitro.  

CD107 degranulation assays have long been recognised as important indicators of NK activity 

and an indirect measure of NK cell cytotoxicity.255 Here we optimise this assay for its use 

against both PSCs and PDAC cell lines. Despite the widespread use of this assay, direct 

measurement of NK-induced lysis is often used to confirm cytotoxicity.256-258 Whilst the 

chromium-51 release assay is considered the ‘gold standard’ measure of cellular cytotoxicity, 

its radioactive nature is often a limitation.259 Here we optimise the Calcein AM release assay 

for the staining of adherent cells.248 Finally, we developed flow cytometric assays to provide 

a comprehensive overview of the impact of direct cell-cell contact as well as TranswellTM 

separation on NK/PSC cellular phenotype.  

In this chapter we present the optimisation experiments undertaken to provide a global 

overview of NK- PSC interactions in the context of PDAC 
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3.2 NK92 and PS1 media co-culture experiments 

To investigate the interaction between NK cells and PSCs in vitro, media conditions for co-

culture experiments were optimised. As NK cells were reported to have complex media needs 

(as outlined by ATCC at the time of experimentation), it was important to ensure optimal 

functional efficacy so as not to mask functional or phenotypic changes induced by co-culture. 

Cell count analysis revealed that both NK92 and PS1 cells demonstrate the best proliferation 

in conditions containing a high ratio of Alpha MEM (NK92 media) to DMEM/Hams F12 (PS1 

media) (Figure 3.1). WST-1 proliferation assays demonstrate this conclusively for NK92 cells 

(Figure 3.2). Thus, it was concluded that co-culture experiments would be carried out in 100% 

NK92 media (Alpha MEM plus 12.5% Horse Serum, 12.5% FBS, and 0.2mM myo-inositol, 

0.1mM 2-mercaptoethanol, 0.02mM folic acid). 
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Figure 3.1: NK92 and PS1 cell viability following culture in one of five conditions of Alpha MEM and 

DMEM Hams/F12. 

A) NK92 culture in one of five media conditions; 1:0- NK92 media: PS1 Media, 3:1 - NK92 media: PS1 

Media, 1:1 NK92 media: PS1 Media, 1:3 - NK92 media: PS1 Media, 0:1 - NK92 media: PS1 Media. B) 

Representative images of NK92 cells from each media condition at 24, 48 and 72h. Magnification x10. 

C) PS1 culture in one of five media conditions; 1:0- PS1 media: NK92 media, 3:1 - PS1 media: NK92 

media, 1:1 PS1 media: NK92 media, 1:3 - PS1 media: NK92 media, 0:1 - PS1 media: NK92 media. D) 

Representative images of PS1 cells from each media condition at 24, 48 and 72h. Magnification x10. 

All data were analysed using a Kruskal-Wallis test with Dunn’s post hoc analysis. Summary statistics 

are represented by the mean +/- SEM. Significance was established at p<0.05. Scale bars = 200μm. 
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Figure 3.2: NK92 and PS1 WST-1 proliferation assays. 

A) NK92 cell proliferation denoted by colourmetric absorbance. Cells were cultured for 72h in one of 

the following five media conditions; NK92 cells; 1:0- NK92 media: PS1 Media, 3:1 - NK92 media: PS1 

Media, 1:1 NK92 media: PS1 Media, 1:3 - NK92 media: PS1 Media, 0:1 - NK92 media: PS1 Media. PS1 

cells. Data are from one biological replicate. B) PS1 cell proliferation denoted by colourmetric 

absorbance following 72h culture in one of five media conditions; 1:0- PS1 media: NK92 media, 3:1 - 

PS1 media: NK92 media, 1:1 PS1 media: NK92 media, 1:3 - PS1 media: NK92 media, 0:1 - PS1 media: 

NK92 media. Data are from one biological replicate 
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3.3 WST-1 incubation and seeding density optimisation for cytotoxicity assays 

 

To measure NK cytotoxicity (following education by quiescent and activated PSCs) against 

pancreatic cancer cell lines, a proliferation assay using the tetrazolium salt WST-1 was 

employed. Prior to conducting WST-1 cytotoxicity assays, cell seeding densities were 

optimised to ensure accurate readouts of the colourmetric assay. All cell lines demonstrate 

good discrimination between experimental conditions when incubated with WST-1 for four 

hours. BxPc3 cells demonstrate significant differences in proliferation between cancer cells 

alone and 10:1 co-culture with NK cells at all seeding densities tested. Similarly, Miapaca2 

cells exhibit the best discrimination between cancer cells alone and 10:1 NK cell incubation 

when seeded at densities of 10,000, 15,000 and 20,000 cells/well. For Capan2 cells, we 

observe the expected decrease in proliferation (when cultured with NK cells) when seeded at 

densities of 2,500, 15,000 or 20,000 cells/well, with the greatest difference observed at 

15,000 or 20,000 cells/well (Figure 3.3). Consequently, the following seeding densities were 

established for subsequent cytotoxicity assays: BxPc3, 20,000 cells/well; MiaPaca2, 15,000 

cells/well; Capan2, 20,000 cells/well. 
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Figure 3.3: WST-1 incubation and seeding density optimisations. 

BxPC3 (A), MiaPaca2 (B), and Capan2 (C) cells were seeded at densities of 2,500, 5,000, 10,000, 15,000 

and 20,000 cells/well. Cells were cultured alone or with NK92 cells at a ratio of 1:1 or 10:1 for 4h. Data 

are from one biological replicate 
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3.4 Initial CD107 Degranulation assay trial 

 

To measure NK functional efficacy against both qPSC/aPSC and pancreatic cancer cell lines, a 

CD107 degranulation assay was used. Widely recognised as a marker of NK functional activity, 

the use of CD107a/b expression in in vitro assays has been well documented.260 Prior to 

experimentation, a CD107 degranulation assay protocol was kindly provided by The Samson 

Lab (Leeds) (Appendix 1).261 To ensure this protocol worked in our hands, a trial assay was 

conducted using naïve NK cells (Figure 3.4).  

No observable difference was evident in the percentage of CD56+CD107+ cells when 

comparing NK cells cultured alone to those cultured with MiaPaca2 cells at any effector to 

target ratio trialled. 
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Figure 3.4: Initial CD107 degranulation assay against MiaPaca2 cells 

A) FACs plots of CD56+ and CD107+ Cells at Effector: Target (E:T) ratios 1:1, 5:1 and 10:1. An unstained 

control is shown in the top panel. Samples were acquired on the LSR Fortessa. Post-acquisition analysis 

was conducted using FlowJo Version 10.8.1. B) Summary graph of the percentage of CD107+ cells in 

each condition. Data are from one biological replicate. 
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3.4.1 CD107 Degranulation Assay Optimisations and Troubleshooting 

 

To determine if the addition of the CD56 antibody during CD107 incubation was impeding 

CD107a/b binding, the assay protocol was modified and CD56 staining conducted after co-

culture. Concomitantly, the original staining protocol was run to facilitate comparison 

between these two methods (Figure 3.5). 
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Figure 3.5: CD107 Degranulation Assay Troubleshooting. 

A) FACs plots of CD56+ and CD107+ NK cells following culture alone, with target cells (BxPc3, MiaPaca2, 

Capan2) at a ratio of 5:1 or following PMA/Ionomycin stimulation. Cells were cultured for 4h as 

previously described. CD56 was either added during CD107 incubation, or after co-culture. Cells were 

washed in FACs Buffer following staining and fixed for 45min at RT before acquiring on the LSR 

Fortessa. Post-acquisition analysis was carried out using FlowJo version 10.8.1. B) Graphical 

representation of the percentage of CD107+ cells for each experimental condition with CD56 being 

added either during or after culture. C) Comparison of CD107+ cells in all experimental conditions tested 

in each protocol modification. Data are from one biological repeat. 
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No observable difference was seen in the percentage of CD56+CD107+ cells expressed when 

comparing addition of CD56 during or after co-culture, suggesting that this was not impeding 

the assay. Whilst some degranulation was observed within this assay, FACs plots from 

previous works have demonstrated distinct CD107+ subsets.255 Moreover, the fluorescence 

intensities observed herein remained similar to the unstained sample suggesting that 

antibody addition may be responsible for the slight population shift observed. As such, a 24h 

assay was carried out to determine if the results obtained were true staining or a result of 

antibody addition (Figure 3.6). 
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Figure 3.6: Results of a 24h degranulation assay. 

A) FACs plots of CD56+CD107+ NK cells following 24h co-culture. Samples were acquired on the LSR 

Fortessa. Analysis was carried out using FlowJo version 10.8.1. B) Percentage of CD107+ cells at each 

E: T ratio for MiaPaca2, BxPc3 and Capan2 cell lines. Data are from one biological replicate. 
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Figure 3.6 demonstrates a clear inverse relationship between increasing effector: target ratio 

and degranulation against all three cancer cell lines following 24h incubation. These results 

also demonstrate assay efficacy; however, the lack of NK cell alone control limits the extent 

to which these findings can be extrapolated. Moreover, as the typical time-course for this 

assay is widely reported as 4-6h, further assessment was required. 

As such, to validate assay efficacy, degranulation was measured in NK cells freshly isolated 

from PBMCs from a single healthy donor (Figure 3.7). Notably, this was the only experiment 

to use primary NK cells. All other experimentation was carried out using the natural killer cell 

line, NK92. 
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Figure 3.7: Primary NK cell Degranulation Assay 

NK cells were isolated from PBMCs from a single healthy donor using an NK cell enrichment kit. Cells 

were then cultured as previously described either alone, with PMA + Ionomycin or with Capan2 cells at 

a 1:1 ratio. Samples were acquired on the LSR Fortessa and analysed using FlowJo software (version 

10.8.1).  
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3.5 CD107 Degranulation Assay using the Cytek Aurora Flow cytometry system 

 

Following demonstration of assay efficacy, the CD107 degranulation assay was chosen to be 

taken forward to assess NK-PSC interactions. However, the introduction of a new spectral 

flow cytometry system (Cytek Aurora) necessitated the optimisation of new CD107a/b 

antibodies (Figure 3.8). 
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Figure 3.8: CD107a/b antibody titration. 

NK92 cells were stimulated with PMA and ionomycin for 4h prior to staining. A separate unstimulated 

population of NK cells were used as the negative control. Gating was based on the reference and 

unstained controls. The reference control gate was applied to the highest stain concentration (1:10). 

Gates for the remaining titrations were adjusted to maintain the same proportion of % positive cells. 

Antibodies were considered to be no longer efficacious at the point at which positive and negative 

populations could not be separated All titrations were run on the Cytek aurora 5 laser cytometer. Data 

were analysed post-acquisition using FlowJo version 10.8.1. 
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Antibody dilutions of 1:80 for both CD107a and CD107b were selected for degranulation 

assays (details of NK lineage marker titrations are shown in Figure 3.19 and Table 3.1). 

Following successful antibody titrations, a trial degranulation assay was run against all three 

cancer cell lines using the spectral flow cytometry system to determine assay efficacy (Figure 

3.9 and Figure 3.10).  
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Figure 3.9: CD107 Degranulation Assay using the Cytek Aurora Flow cytometry system. 

A) FACs plots of unstained and reference control samples on which the gating strategy was based. B) 

FACs plots for each experimental condition at Effector: Target Ratios of 1:1, 5:1 and 10:1. Gates display 

CD45+CD56+CD107a/b- cells. Samples were acquired on the 5 laser Cytek Aurora using Spectro flow 

software. Post-acquisition analysis was carried out using FlowJo version 10.8.1  
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Figure 3.10: Initial comparison CD107 Degranulation assay against PDAC cell lines using the Cytek 

Aurora flow cytometry system. 

A) Comparison between each experimental condition at each Effector: Target ratio. B) Comparison 

within each experimental group between Effector: Target ratios. Data are from one biological 

replicate. 
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We determined the CD107 degranulation assay using the Cytek Aurora to be efficacious 

against all three cancer cell lines. Next, to ensure optimal data acquisition was achieved, 

optimisations for CD107 incubation length and effector to target ratios were carried out 

(Figure 3.11).  

Whilst no discernible difference was observed between 4h and 6h incubation, it was decided 

that NK and target cells would be incubated for 6h, ensuring smaller differences in NK 

degranulation (as a result of PSC education) could be observed. Furthermore, the greatest NK 

cell degranulation was observed at effector to target ratios of 1:5 and 1:10. As no significant 

difference was observed between these two ratios, NK and cancer cells would be seeded at a 

density of 1:5 for future experiments.  
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Figure 3.11: CD107 Incubation length and effector to target ratio optimisation. 

A) CD107 incubation optimisation. % CD56+CD107a/b+ cells following 4h/6h incubation with BxPC3, 

Capan2 and MiaPaca2 cells at effector to target ratios of 10: 1, 5: 1 and 1: 1). Data are from one 

biological replicate. B) Optimisation of Effector: Target ratios. NK cells were cultured with BxPC3 cells 

(6h) at multiple effector to target ratios (10:1, 5:1, 1:1, 1:5, 1:10). Samples were acquired on the Cytek 

Aurora and analysed using SpectroFlo (3.0.3) and FlowJo (10.8.1) software. Data were analysed using 

a One-Way ANOVA with Šídák's multiple comparisons. *p<0.05, **p<0.01, ***p<0.001; ****p<0.0001. 
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3.6 Calcein AM Cytotoxicity Assay optimisation and troubleshooting 

 

To validate the findings of the CD107 degranulation assay, Calcein AM cytotoxicity assays248 

(a direct measurement of NK-induced lysis) were utilised. To ensure optimal conditions were 

used for this experiment, several rounds of optimisations and troubleshooting were 

completed (Figure 3.12).  

Optimisations revealed the 530nm wavelength to be crucial to determine maximal 

differences between spontaneous and maximum release conditions. Final densities of 10,000 

PSCs would be used for Calcein cytotoxicity assays (following 7-day ATRA/EtOH treatment). 

Whilst some difference was observed in the fluorescence intensity between trypsinised and 

adherent PSCs, the trend observed was the same. Thus, it was concluded that PSCs would be 

stained in their adherent state to prevent any phenotypic alterations induced by 

trypsinisation. 
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Figure 3.12: Calcein AM optimisation and troubleshooting. 

A) Adherent PSCs were stained with 10nM, 100nM or 1µM of dye and incubated for 4h. Plates were 

centrifuged and 75µL of supernatant transferred to a fresh plate. Plates were read on a microplate 

reader, 517nm emission. B) Trial of diluent for cytotoxicity assays. Cells were stained with 10nM, 

100nM, 1µM or 10µM and then incubated with 2% triton (or no surfactant) diluted in either RPMI or 

PBS and incubated for 4h. Plates were read at 517nm. C-F) Optimisation of emission wavelength and 

seeding densities. Cells were seeded at 5,000 (C, D) or 10,000 (E-F) cells/well and treated as described. 

Plates were then read at 517nm (C, E) or 530nm (D, F). G-H) Final PSC optimisations (10,000 cells/well) 

in either adherent (G) or Trypsinised (H) PSCs. Plates were read at 530nm. Data for each round of 

optimisation are from one biological replicate.  
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3.7 Initial flow cytometric antibody titrations  

 

We next wanted to assess the changes in NK receptor expression and PSC phenotype in 

response to co-culture. In order to achieve this, a flow cytometric based assay was developed. 

Ahead of running co-culture experiments, antibodies for the NK cell markers CD56,NKG2D 

and NKG2A (Figure 3.13), and the stellate cell markers alpha SMA and GFAP (Figure 3.14) were 

titrated.  

Whilst optimal staining dilutions were determined for CD56 (1:100), NKG2D (1:10), alpha SMA 

(1:50) and GFAP (1:500), no staining was observed for the NK cell inhibitory receptor NKG2A. 

Thus, further troubleshooting was carried out (Section 3.7.1). 
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Figure 3.13: NK flow cytometry antibody titration. 

Unstimulated NK cells were stained with lineage and receptor markers using the following titration 

dilutions: CD56- 1:20, 1:50, 1:100; NKG2D – 1:5, 1:10, 1:20, 1:50; NKG2A – 1:5, 1:10, 1:25, 1:50. Gates 

for positive staining were based on the unstained sample. Samples were acquired on the LSR Fortessa. 

Post-acquisition analysis was conducted using FlowJo Version 10.8.1. 

 

 

 

 



210 
 

 

Figure 3.14: PSC flow cytometry antibody titration. 

PSC markers were titrated at the following concentrations: Alpha SMA – 1:10, 1:25, 1:50; GFAP – 1:50, 

1:100, 1:500. Gates for positive staining were based on the unstained sample. Samples were acquired 

on the LSR Fortessa. Post-acquisition analysis was conducted using FlowJo Version 10.8.1. 
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3.7.1 NKG2A Troubleshooting  

3.7.1.1 Western blot analysis 

 

To ensure the natural killer cell line NK92 expressed the inhibitory receptor NKG2A, western 

blot analysis was employed. Clear expression of NKG2A in NK92, but not cancer cells or PSCs 

was observed (Figure 3.15). 
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Figure 3.15: Western blot analysis of NKG2A expression. 

NK92, MiaPaca2, BxPC3, Capan2, untreated PSC, aPSC and qPSC were loaded into a 10% SDS-PAGE gel 

and run for 1h 40min. Membranes were stained using a rabbit anti-NKG2A antibody. HSC70 was used 

as a loading control. Blots were imaged using the ChemiDoc 600. 
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3.7.1.2 Primary and Secondary antibody staining for NKG2A 

 

To assess if antigen-antibody binding was the cause for the lack of staining observed, staining 

protocols for single staining (conjugated antibody) and double staining (unconjugated NKG2A 

primary antibody and fluorescent secondary antibody) were trialled. Surface and intracellular 

staining protocols were used for each condition.  

Intracellular but not surface staining for NKG2A using primary and secondary antibodies was 

found to yield a positive population (Figure 3.16).  
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Figure 3.16: NKG2A expression on NK92 cells using surface and intracellular staining protocols. 

NKG2A expression on NK92 cells using surface and intracellular staining protocols. Staining was carried 

out using either a PerCP conjugated antibody, or primary and secondary antibodies. Gating strategies 

were established from unstained samples. Samples were acquired on the LSR Fortessa. Post-acquisition 

analysis was conducted using FlowJo Version 10.8.1. 
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To validate this finding as true staining rather than a population shift as a result of antibody 

addition, staining was repeated with the inclusion of MiaPaca2 cells as a negative control 

(Figure 3.17).  

Intracellular staining of both NK92 cells and MiaPaca2 cells yielded a population positive for 

NKG2A. Thus, it was concluded that the positive signal observed previously was a result of a 

population shift rather than true staining. Conversely, cells fixed before staining demonstrate 

a distinct population of NKG2A positive NK92 cells (panel 3, Figure 3.17), a population absent 

in MiaPaca2 cells.  
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Figure 3.17: NKG2A troubleshooting.  

NK92 and MiaPaca2 cells were stained using either an intracellular staining protocol or fixing cells 

before surface staining. Gating strategies were established using unstained samples. Samples were 

acquired on the LSR Fortessa. Post-acquisition analysis was conducted using FlowJo Version 10.8.1. 
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3.7.1.3 APC conjugated NKG2A antibody trial 

 

We next sought to determine if the antibody fluorochrome conjugate may be responsible for 

the lack of staining observed. As PerCP has been demonstrated to be a weak fluor262, a trial 

vial of the NKG2A antibody conjugated to the highly fluorescent APC fluor262 was tested 

(Figure 3.18).  

Staining using an APC conjugated anti-NKG2A antibody was found to yield positive staining 

(1:50 dilution) using both classical surface staining protocols and fixing the cells before 

staining (Figure 3.18). Consequently, this antibody was used for subsequent experiments.  
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Figure 3.18: Flow cytometry staining of NK92 cells using an APC conjugated anti-NKG2A antibody. 

Staining was carried out using either classical surface staining protocols or fixing the cells before 

staining. Gating strategies were established using unstained samples. Samples were acquired on the 

LSR Fortessa. Post-acquisition analysis was conducted using FlowJo Version 10.8.1. 
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3.8 Development of Spectral flow cytometry panels for receptor/phenotypic 

expression assays  

 

To build on the results of initial receptor/phenotypic expression assays, a more 

comprehensive spectral flow cytometry panel was developed to assess the impact of co-

culture on a range of NK and PSCs functional and phenotypic markers. Antibodies were 

titrated to determine the optimal staining concentrations, with care taken to maximise 

fluorescence intensity whilst minimising spectral spill-over (Figure 3.19; Figure 3.20; Figure 

3.21 and Figure 3.22).  

Alpha SMA and NKG2D antibodies yielded no positive staining in their target populations. This 

staining was repeated alongside additional cell lines (to establish a truly negative population), 

however no positive populations could be discerned. As such, additional antibodies were 

trialled (Figure 3.21). This titration yielded positive results.261 Thus, it was concluded that 

fluors detected in the ultraviolet laser were difficult to extract from cellular autofluorescence. 

The optimal staining dilutions identified for each marker are shown in Table 3.1. 
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Figure 3.19: NK marker antibody titration results. 

Single marker staining of NK92 cells alone. Each marker was titrated one-fold higher and two-folds 

lower than the manufacturers recommended dilution. Each marker panel displays an unstained 

sample, a reference control consisting of 50% stained NK cells (stained with the highest antibody 

concentration) and 50% unstained cells to demonstrate where a true negative population would be 

found. Gates for the highest dilution were based on the reference and unstained controls. For each 

dilution thereafter the gates were adjusted to maintain the same percentage of positive and negative 

cells. Antibodies were considered no longer efficacious at the point at which positive and negative 

populations could not be separated. All titrations were run on the Cytek aurora 5 laser cytometer. Data 

were analysed post-acquisition using FlowJo version 10.8.1. 
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Figure 3.20: PSC Marker Titration. 

Due to some difficulty differentiating negative cells during NK92 marker titrations, PS1 cells were 

stained alongside BxPC3 (alpha SMA and Podoplanin) or NK92 cells (Myosin-11, CD105, Periostin) to 

ensure truly negative populations were present within the samples. Titrations of Periostin, Myosin-11 

and CD105 were double stained for CD56 (1:80). Reference controls were created as described using 

single stains for the marker of interest. All titrations were run on the Cytek aurora 5 laser cytometer. 

Data were analysed post-acquisition using FlowJo version 10.8.1. 
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Figure 3.21: Optimisation of re-sourced antibodies for alpha SMA and NKG2D. 

Each marker was titrated one-fold higher and two-folds lower than the manufacturers recommended 

dilution. To ensure truly negative populations were present for each marker, a 1:1 ratio of NK and PSCs 

were used for each condition. Each marker panel displays an unstained sample, a reference control 

and each titration condition. All titrations were run on the Cytek aurora 5 laser cytometer. Data were 

analysed post-acquisition using FlowJo version 10.8.1. 
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Figure 3.22: NK Cell Functional Marker Titration. 

NK92 cells were stained alongside PS1 cells. For Granzyme B and IFN-γ, NK92 cells were stimulated 

with PMA and ionomycin for 4h prior to staining. Cells were double stained with Myosin-11 to identify 

positive and negative populations. Granzyme B+ cells are gated from the Myosin-11- population. All 

titrations were run on the Cytek aurora 5 laser cytometer. Data were analysed post-acquisition using 

FlowJo version 10.8.1. 
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Table 3.1: Optimised antibody dilutions for NK and PSC flow cytometric staining. 

  

Staining Panel Antibody Dilution

CD45 1: 200

CD56 1: 80

CD57 1: 80

NKG2D 1: 40

NKp30 1: 20

NKp46 1: 40

NKG2A 1: 200

TIM3 1: 20

LAG-3 1: 40

Granzyme B 1: 50

Perforin 1: 40

IFN-γ 1: 40

Alpha SMA 1: 20

Periostin 1: 50

Myosin-11 1: 100

Podoplanin 1: 40

CD105 1:80

Natural Killer Cells 

PSCs
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3.9 Receptor/Phenotypic expression assay trial 

 

To determine if spectral unmixing could be successfully carried out with the designed panels 

and to identify if compensation was necessary/could be achieved, trial experiments for full 

panel staining of both NK and PSCs were carried out prior to running co-culture experiments. 

The results of full panel trials are shown in Figure 3.23 and Figure 3.24. 
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Figure 3.23: PSC full panel trial. 

A) Flow cytometry plots of each PSC marker stained in the full panel trial. Gating was based on 

reference and fluorescence minus one (FMO) controls. Samples were run on the Cytek aurora. 

Compensation was carried out using SpectroFlo (3.0.3) and data analysed using FlowJo (10.8.1). B) 

Average percentages of each CAF marker identified in untreated PSCs. Data are from one biological 

replicate. 
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Figure 3.24: NK cell full panel trial. 

A) Flow cytometry plots of each NK marker stained in the full panel trial. Gating was based on reference 

and fluorescence minus one (FMO) controls. Samples were run on the Cytek aurora. Compensation was 

carried out using SpectroFlo (3.0.3) and data analysed using FlowJo (10.8.1). B) Average percentages 

of each NK marker identified in naïve NK cells. Data are from one biological replicate. 

 

  



230 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 - Results 2 – In Vitro Experiments 
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4.1 Introduction  
 

The interaction between NK cells and PSCs remains largely understudied. Previous work has 

demonstrated NK potential to target and lyse PSC cell lines when stimulated with IL-15. This 

process was NKG2D dependent, highlighting the importance of direct contact in this 

interaction.232 However others have suggested downregulation of crucial NK functional 

markers, such as CD107a, granzyme B and interferon-γ, in response to co-culture with 

activated but not ‘normal’ pancreatic stellate cells.263 Thus, despite early knowledge, a global 

perspective of the functional proteomic changes within both cell types in response to cell-cell 

interaction is lacking.264 

Previously we optimised several assays for the investigation of NK-PSC interaction. In this 

chapter we investigate the bi-directional interaction between NK cells and PSCs in vitro 

though the use of degranulation, cytotoxicity and Luminex assays as well as global proteomic 

analysis.  

4.2 Characterisation of pancreatic stellate cells and pancreatic cancer cell lines  
 

To ensure the cell lines used within our experiments retained their classic phenotype in 

culture, immunofluorescent staining was carried out. PSCs were stained for the stellate 

specific markers alpha SMA, vimentin and desmin, whilst the pancreatic cancer cell lines 

BxPC3, Capan2 and MiaPaca2 were stained for cytokeratin (Figure 4.1 and Figure 4.2). We 

determined positive staining for each cell specific marker, demonstrating a stable cellular 

phenotype prior to experimentation.  
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Figure 4.1: Characterisation of PS1 cells. 

A) α-SMA (magnification x40) B) Desmin (magnification x40) C) Vimentin (magnification x63) staining 

of PS1 cells. Each marker is depicted next to an IgG control (left). Images A and B were acquired on the 

LSM710 Laser scanning confocal microscope (Zeiss). Image C was acquired on the LSM880 Laser 

scanning confocal microscope (Zeiss). Scale Bars A, B = 100µm, C = 50µm. 
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Figure 4.2: Characterisation of pancreatic cancer cell lines. 

A) BxPC3, B) Capan2 and C) MiaPaca2 cells stained with isotype control (left) or the epithelial marker 

cytokeratin (right). Cells were counterstained with DAPI. All images were acquired on the LSM710 laser 

scanning confocal microscope. Magnification x63. Scale bars = 50µm. 
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4.3 WST-1 Cytotoxicity Assays 
 

To determine if education (24h co-culture at a 1:1 ratio) by quiescent pancreatic stellate cells 

(qPSC) and/or activated pancreatic stellate cells (aPSC) impacted NK cell cytotoxic capabilities, 

a WST-1 cytotoxicity assay was employed.265  

Incubation with naïve, qPSC educated or aPSC educated NK cells did not yield a significant 

decrease in proliferation for BxPc3, MiaPaca2 or Capan2 cells at any effector to target ratio 

tested (Figure 4.3). Moreover, for both MiaPaca2 and Capan2, proliferation significantly 

increased when cultured with qPSC or aPSC educated NK cells (versus target cells alone). 
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Figure 4.3: WST-1 cytotoxicity assays 

BxPC3 (A), MiaPaca2 (B) and Capan2 (C) cells were cultured either alone or with NK92 cells at effector: 

target ratios of 1:1, 5:1 or 10:1. Cell were incubated for 4h prior to addition of WST-1. All data were 

analysed using Kruskal Wallis with Dunn’s post hoc analysis. Summary statistics are represented as 

median+/-IQR. Significance was established if p<0.05.  
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The lack of cytotoxicity observed was suggested to be a result of; IL-2 starvation resulting in 

modulation of NK function266 267, insufficient washing leading to the viability of residual NK 

cells being assessed, or synapse formation between NK and PSCs resulting in cellular transfer 

of PSCs to experimental plates, increasing the total number of cells analysed. Consequently, 

two further cytotoxicity assays were carried out to address these areas of potential 

confounder. 

Following 4h incubation, NK cells do not decrease Capan2 proliferation in any condition 

tested, suggesting that IL-2 starvation may not be the cause for the confound observed at this 

time point (Figure 4.4A). Conversely, 24h incubation with NK92 cells plated with IL-2 

demonstrates a clear decrease in Capan2 proliferation, proving NK functional efficacy (Figure 

4.4B).  

Despite controlling for washing inaccuracies, Capan2 cells incubated with NK cells cultured 

with both qPSCs and aPSCs at 4h and 24h demonstrate dramatically elevated proliferation 

versus target cells alone, suggesting that additional factors may be responsible for the 

confounder observed (Figure 4.4).  
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Figure 4.4: WST-1 cytotoxicity assay troubleshooting. 

Capan2 cells were cultured for either 4h (A) or 24h (B) in one of the following five conditions: cultured 

alone, with NK cells treated with IL-2 prior to plating, with NK cells cultured and plated with IL-2, with 

naïve NK cells, with qPSC educated NK cells or aPSC educated NK cells. Data are from one biological 

repeat. 
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To further investigate the cause of the increased proliferation observed, cells were plated as 

described and incubated for 24h. Following incubation, plates were imaged to visualise cell-

cell interactions. Incucyte images reveal the presence of PSCs within the cytotoxicity assay. It 

is likely that some PSCs were aspirated and transferred alongside the NK cells and may 

account for the increased proliferation observed. Moreover, co-cultured NK cells, specifically 

those cultured with aPSCs, appear to display a more adhesive phenotype, making the cells 

less easily removed during washing steps, vastly increasing cell number within the well (Figure 

4.5). 
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Figure 4.5: Incucyte images of Capan2 cells following 24h incubation with NK92 cells 

Capan2 cells were cultured in one of the following five conditions: cultured alone, with NK cells treated 

with IL-2 prior to plating, with NK cells cultured and plated with IL-2, with naïve NK cells, with qPSC 

educated NK cells or with aPSC educated NK cells. Effector: Target ratios are shown to the left of each 

panel. Magnification x4. Scale Bar=800μm. 
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4.4 CD107 Degranulation Assays 
 

As previous work remains inconclusive as to the interaction between NK and PSCs in regards 

to NK functional efficacy, we used the CD107 degranulation assay to assess the functional 

efficacy of naïve and educated NK cells against qPSCs/aPSCs and pancreatic cancer cell lines, 

respectively (Appendix 2).255  

We identify NK cell degranulation in response to co-culture with both qPSC and aPSC at 1:1 

and 5:1 ratios (Figure 4.6A, B), demonstrating NK cell activity against PSCs. Additionally, as 

previous work suggested that PSC education may modulate NK functional proteins, we 

hypothesised that education of NK cells by either qPSCs or aPSCs for 24h, may variably affect 

NK-mediated cancer cell cytotoxicity. Using three cancer cell lines (BxPC3, Capan2, MiaPaca2) 

with distinct properties we identified a reduction in the percentage of NK cells demonstrating 

surface expression of CD107a/b upon education by qPSC compared to those cultured with 

aPSC or in their naïve state at a 1:5 ratio (Figure 4.6C). This suggests a reduction in NK cell 

functional efficacy in qPSC-, but not aPSC-, educated NK cells. 
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Figure 4.6: NK cell degranulation against PSCs and the impact of PSC education on NK functional 
efficacy. 

A-B) CD107a/b expression in NK cells following 6h co-culture at a 1:1 (a) or 5:1 (B) effector: target ratio 

with quiescent or activated PSCs. Expression is delineated by % positive cells. Data were analysed using 

One-Way ANOVA with Šídák's post hoc tests. C) Naïve/educated NK cell expression of CD107a/b 

following co-culture with pancreatic cancer cell lines. Educated NK cells were cultured for 24h (1:1) 

with either qPSC or aPSC before 6h incubation with cancer cell lines (effector: target ratio 1:5). One-

Way ANOVA results show significant variation in CD107a/b expression between naïve and educated 

NK cells cultured with BxPC3 cells (Šídák's multiple comparisons) ****p<0.0001. 
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4.5 Calcein AM Cytotoxicity Assays 
 

We next sought to validate our findings using a direct measure of NK cell-induced lysis. Whilst 

WST-1 cytotoxicity assays have proved effective in the screening of cytotoxic compounds,265, 

268, 269 due to the cell transference observed during initial assays (Figure 4.5) we opted to use 

the Calcein AM cytotoxicity assay248 to confirm our findings. 

Calcein AM cytotoxicity assays248 demonstrate PSC lysis in response to NK cell co-culture in a 

dose dependent manner within six hours. This effect was more pronounced on qPSCs (Figure 

4.7A), suggesting that PSC activation may lead to protection from NK cell lysis. Moreover, 

qPSC education of NK cells is seen to reduce NK-induced cell lysis of cancer cells in a dose 

dependent manner when compared to aPSC educated or naive NK cells (Figure 4.7B-D). Some 

variation across cancer cell lines is observed. Taken together, our data build on the previous 

information232, 233 and demonstrate that whilst qPSC are more vulnerable to NK induced lysis 

(Figure 4.6A, B; Figure 4.7A) their education of NK cells results in decreased NK-mediated 

cancer cell cytotoxicity when compared to education by aPSCs (Figure 4.6C and Figure 4.7B-

D).  

Interestingly, of the three pancreatic cancer cell lines, BxPc3 cells demonstrate the greatest 

susceptibility to NK cell lysis (Figure 4.7B), whilst Capan2 cells were the least susceptible. This 

may be due to the variation in differentiation and mutational status of the cell lines (Table 

2.2). Previous work in colorectal cancer has highlighted the importance of cancer 

differentiation status in NK-induced lysis270, however further work is needed to validate this 

hypothesis in PDAC and to determine the impact of mutational status on NK efficacy.  
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Figure 4.7: Calcein AM Cytotoxicity assays. 

A) Percent lysis of quiescent and activated PSCs following 6h incubation with naïve NK cells at multiple 

effector to target ratios. Percent lysis = (test value – spontaneous release)/ (maximum release - 

spontaneous release) *100.248 Data were analysed using multiple unpaired t-tests (Welch correction) 

with Holm-Šídák post hoc analysis. B-D) Percent lysis of BxPC3 (B), Capan2 (C) and MiaPaca2 (D) cells 

following 6h incubation with naïve or educated NK cells. Percent lysis was calculated as described. Data 

were analysed using Kruskal-Wallis analysis with Dunn’s post hoc tests (BxPC3) or One-Way ANOVA 

(Capan2; MiaPaca2) with Šídák's Post hoc analysis. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 
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4.6 Receptor/Phenotypic Expression Assays 
 

As we demonstrated clear modulation of NK functional efficacy in response to PSC education, 

we next wanted to determine if co-culture affects the phenotypic or receptor expression in 

NK and qPSC/aPSC.  

4.6.1 Initial NK cell receptor expression experiment 

Initial studies revealed that NK cells express a trend towards increased NKG2D receptor 

expression when cultured with either qPSC or aPSC when compared to NK cells cultured alone 

(Figure 4.8; Figure 4.9). Conversely, NKG2A positive cell populations remain comparable 

between culture conditions, however Geometric MFI is seen to increase (although not 

significantly so), suggesting that the number of receptors per cell may increase in response to 

co-culture (Figure 4.9).  
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Figure 4.8: Representative plots of NK92 receptor expression following co-culture with qPSC or 
aPSC. 

A) Representative FACs plots of each culture condition. B) Overlaid histograms demonstrating the 

population shift between culture conditions. Samples were acquired on the LSR Foretessa and analysed 

using FlowJo 10.8.1. 
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Figure 4.9: Percent positive and Geometric Mean Fluorescence intensity of NKG2D and NKG2A in 
mono- and co-culture conditions. 

A-D) Percent positive cells and Geometric Mean Fluorescence Intensity (MFI) of NKG2D (A, C) and 

NKG2A (B, D) in NK cells cultured alone or with qPSC/aPSC. Samples were acquired on the LSR Fortessa 

and gated using FlowJo (10.8.1). Data were analysed using One-Way ANOVA with Šídák’s Post Hoc 

analysis (GraphPad (9.0.0)). Each biological replicate consisted of one technical replicate for each 

culture condition.  

 

 



247 
 

4.6.2 Initial PSC Phenotypic Expression  

Forward versus side scatter analysis neatly demonstrates the impact of ATRA and ethanol 

treatment on PS1 cells; ATRA treated cells present with a large surface area, whilst ethanol 

treated cells are much smaller, suggesting a more myofibroblastic phenotype (Figure 4.10).  

We observe an upregulation of alpha SMA+ cells in aPSCs cultured with NK cells when 

compared to aPSC alone (Figure 4.11). Moreover, the distribution of alpha SMA positive cells 

is seen to shift in response to co-culture, with greater variation in the size of alpha SMA 

positive cells being evidenced (Figure 4.10). No significant variation in geometric MFI was 

observed between culture conditions for alpha SMA or GFAP (Figure 4.11C-D).  
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Figure 4.10: Representative plots of phenotypic markers in qPSC and aPSC following co-culture 
with NK92 cells. 

A) Representative FACs plots of each culture condition. B) Overlaid histograms demonstrating the 

population shift between culture conditions. Samples were acquired on the LSR Foretessa and analysed 

using FlowJo 10.8.1. 
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Figure 4.11: Percent positive and Geometric Mean Fluorescence intensity of alpha SMA and GFAP 
in mono- and co-culture conditions. 

A-D) Percent positive cells and Geometric Mean Fluorescence Intensity (MFI) of alpha SMA (A, C) and 

GFAP (B, D) in quiescent and activated PSCs when cultured alone (empty bars) or in direct contact (filled 

bars) with NK cells. Samples were acquired on the LSR Fortessa and analysed using FlowJo (10.8.1) and 

GraphPad (9.0.0). Statistical analysis was carried out using One-Way ANOVA with Šídák’s Post Hoc 

analysis; * p<0.05. Each biological replicate consisted of one technical replicate for each culture 

condition. 
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Taken together these results suggest a dynamic interplay between these two cell types and 

necessitate further investigation into their interaction. 

4.6.3 Spectral Flow cytometry  

Initial receptor/phenotypic assay results suggested a dynamic interplay between NK cells and 

PSCs. To further explore this interaction, we employed spectral flow cytometry. The 

development of spectral flow cytometry has provided a flexibility that conventional flow 

cytometry does not, allowing the development of multicolour panels as well as the 

assessment of rare populations within small sample sizes. Moreover, with Full Spectrum Flow 

cytometry (FSFC) systems using avalanche photo diodes to capture narrower bandwidths, 

electronic noise is reduced, generating high resolution between cellular populations.271 Thus, 

we assessed multi-fluor panels using the FSFC Cytek Aurora 5-Laser system (Cytek 

Biosciences) to facilitate greater characterisation of the changes induced in NK/PSCs by co-

culture conditions. 

4.6.3.1 PSC phenotypic changes in response to co-culture 

 

To comprehensively assess phenotypic changes in PSC in response to NK cell co-culture, we 

contemporaneously used direct co-culture (Figure 4.12) alongside co-culture separated by 

0.4µM Transwell™ inserts to prevent heterotypic cell-cell contact (Figure 4.13). We also 

utilised NK conditioned media onto aPSC/qPSC (Figure 4.14) (Appendix 3).  

We demonstrate stellate cell polarisation to a myofibroblastic activation state88 in response 

to direct contact with NK cells (Figure 4.12A), as assessed by alpha SMA abundance (geometric 

MFI), irrespective of previous activation status (aPSC or qPSC), a fact not observed in 

Transwell™ separated co-culture (Figure 4.13A) or conditioned media (Figure 4.14A). 

Similarly, only the NK cells’ direct co-culture was found to induce global upregulation of 
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CD105 expression in PSCs (Figure 4.12B) but not the other conditions (Figure 4.13B, Figure 

4.14B). Finally, aPSCs but not qPSCs demonstrate an increase in podoplanin expression in 

response to direct co-culture with NK cells (Figure 4.12E), but not in other conditions (Figure 

4.13E, Figure 4.14E). These phenotypic changes are summarised in Figure 4.15. 
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Figure 4.12: The presence of NK cells encourages a myofibroblastic phenotype in both quiescent 
and activated PSCs. 

A-E) Geometric Mean Fluorescence Intensity (MFI) of alpha SMA (A), CD105 (B), Periostin (C), Myosin-

11 (D), and Podoplanin (E) in quiescent and activated PSCs when cultured alone (empty bars) or in 

direct contact (filled bars) with NK cells. Data were analysed using One-Way ANOVA with Šídák’s 

multiple comparisons analysis. Parametric data are displayed as Mean +/- SEM. ns- non-significant; 

*p<0.05; **p<0.01; ****p<0.0001. 
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Figure 4.13: PSC marker expression following 24h culture with NK cells separated by 0.4µm 
Transwell inserts. 

A-E) Geometric Mean Fluorescence Intensity of alpha SMA (A), CD105 (B), Periostin (C), Myosin-11 (D), 

and Podoplanin (E) expression in PSCs cultured alone (empty bars) or with NK cells separated by a 

0.4µm Transwell insert (filled bars). Data were analysed using One-Way ANOVA with Šídák’s multiple 

comparisons (A, B, D) or Kruskal-Wallis analysis with Dunn’s post hoc (C, E). Parametric data are 

displayed as Mean +/- SEM whilst non-parametric data are represented via media +/- inter-quartile 

range. *p<0.05; **p<0.01; ***p<0.001; ***p<0.0001.  
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Figure 4.14: PSC marker expression following 24h culture in NK conditioned media. 

A-E) Geometric Mean Fluorescence Intensity of alpha SMA (A), CD105 (B), Periostin (C), Myosin-11 (D), 

and Podoplanin (E) expression in PSCs cultured in alpha MEM (empty bars), or NK conditioned media 

(filled bars). Data were analysed using One-Way ANOVA with Šídák’s multiple comparisons (A, E) or 

Kruskal-Wallis analysis with Dunn’s post hoc (B-D). ns- non-significant. CM – Conditioned Media. 
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Figure 4.15: Schematic summary of the changes in qPSCs and aPSCs invoked by direct co-culture 
with NK cells. 

Quiescent PSCs demonstrate upregulation of alpha SMA and CD105, whilst activated PSCs 

demonstrate an increase in both podoplanin and CD105 expression, as well as an increase in alpha 

SMA fibres. 
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4.6.3.2 NK Receptor and functional marker expression in response to co-culture  

 

We next looked to assess changes in surface NK cell receptor expression (Figure 4.16) 

(Appendix 4) in response to PSC direct co-culture, TranswellTM separated co-culture and PSC 

conditioned media. Upon PSC education we demonstrate upregulation of TIM3 in response 

to co-culture with both qPSC and aPSCs (receptor per cell (geometric MFI) and at the 

population level (% positive)), but a differential increase in NKG2A expression per cell in 

response to qPSC but not aPSC (Figure 4.16A, Figure 4.17A). Other activating/ inhibitory 

receptor abundance remains unchanged. This trend in TIM3 expression is also observed in 

TranswellTM co-culture conditions as well as conditioned media (Figure 4.16B, C). Thus, it is 

likely that TIM3, but not NKG2A expression is regulated by PSC secreted factors such as IL-

12/15/18 as previously described.272 It is noteworthy that whilst NKG2D expression does not 

increase on a per cell basis in response to direct co-culture (although an upregulation is 

observed at the population level (Figure 4.17B)), an increase is observed in TranswellTM 

separated culture and conditioned media, thus this may also be due to cytokine 

stimulation.273 Though NK cells exhibit reduced degranulation following qPSC education 

(Figure 4.6C), intracellular staining reveals an upregulation of granzyme B in qPSC educated 

NK cells suggesting that, although not efficacious, NK cells may be primed for cytotoxicity in 

response to PSCs education (Figure 4.16A). Furthermore, a significant upregulation in perforin 

expression is evident in aPSC educated NK cells (direct co-culture; Figure 4.16A) as well as in 

response to qPSC conditioned media (Figure 4.16C), further suggesting NK cell priming.274  
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Figure 4.16: PSCs influence receptor expression on natural killer cells. 

A) Fold change in geometric mean fluorescence intensity in NK cells + qPSCs/aPSCs vs NK cells alone 

following 24h co-culture. Data were analysed using One-Way ANOVA with Šídák’s multiple 

comparisons (NKG2D, NKp30, NKp46, NKG2A, LAG3, TIM3, Granzyme B) or Kruskal-Wallis analysis with 

Dunn’s post hoc (Perforin). B) Fold change in geometric mean fluorescence intensity in NK cells + 

qPSCs/aPSCs vs NK cells alone following 24h culture separated by TranswellTM inserts. Data were 

analysed using One-Way ANOVA with Šídák’s multiple comparisons (NKG2D, NKp30, NKp46, NKG2A, 

TIM3, Granzyme B, Perforin) or Kruskal-Wallis analysis with Dunn’s post hoc (LAG3). C) Fold change in 

geometric mean fluorescence intensity in NK cells cultured in qPSCs/aPSCs conditioned media vs NK 

cells cultured in alpha MEM (24h). Data were analysed using One-Way ANOVA with Šídák’s multiple 

comparisons (NKG2D, NKp30, NKp46, NKG2A, TIM3, Granzyme B, Perforin) or Kruskal-Wallis analysis 

with Dunn’s post hoc (LAG3). *p<0.05; **p<0.01; ***p<0.001; ***p<0.0001. 
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Figure 4.17: NK marker expression at the population level in response to direct culture. 

A) TIM3 expression on NK cells (% positive) in response to direct culture with qPSC/aPSC. Data were 

analysed using One-Way ANOVA with Šídák’s multiple comparisons B) NKG2D expression on NK cells 

(% positive) in response to direct culture with qPSC/aPSC. Data were analysed using One-Way ANOVA 

with Šídák’s multiple comparisons. *p<0.05; ***p<0.001; ***p<0.0001. 
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4.6.4 Luminex Analysis 
 

To investigate if there were any changes in the secretome in response to direct/TranswellTM 

NK-PSC co-culture we utilised the Luminex 65-plex Immune Monitoring ProcartaPlexTM Panel 

(ThermoFisher Scientific, Inc.; conducted by Veonice Au, Institute of Molecular and Cell 

Biology, A*STAR).  

We identified upregulation of IFN-γ, CXCL9, CXCL10 and CXCL11, amongst others, in both 

quiescent and activated PSCs in direct co-culture with NK cells (Figure 4.18A; Appendix 5, 

Appendix 6, Appendix 7), but to a much-reduced extent in Transwell™ separated co-culture 

(Figure 4.18B), highlighting the importance of proximity in NK-PSC interactions.  

Taken together out results demonstrate a reciprocal interaction between NK cells and 

activated/quiescent PSC in terms of phenotypic changes in both PSC and NK cells, as well as 

functional changes within NK cells which may, in turn, influence NK cell mediated cancer cell 

cytotoxicity (Figure 4.6, Figure 4.7). These direct-contact induced changes are represented 

schematically in Figure 4.19. 
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Figure 4.18: Chemokines and Cytokines up and down regulated in response to Direct and 
TranswellTM culture. 

A) Heatmap of cytokines and chemokines of interest observed in direct co-culture conditions. Analytes 

were measured using 65-plex Luminex assay. Observed values were Log10 + 1 transformed and 

heatmaps created using R (4.0). Highly abundant analytes are displayed in red, whilst those with lesser 

abundance are displayed in blue. B) Heatmap of cytokines and chemokines of interest observed in 

TranswellTM conditions. Analytes were measured and presented as above. C-F) Abundance of 

Interferon-γ (C), CXCL9 (D), CXCL10 (E) and CXCL11 (F) secreted in mono- and co-culture of NK and PSCs 

in direct contact and TranswellTM conditions. Analyte concentrations are displayed as picograms per 

mL. Data were analysed using One-Way ANOVA with Šídák’s multiple comparisons analysis (C) or 

Kruskal-Wallis analysis with Dunn’s Post Hoc tests (D-F). For each biological replicate, one of three 

technical replicates was analysed. The Luminex ELISA assay was conducted by Veonice Au. 
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Figure 4.19: Schematic summary of the changes in NK cells invoked by qPSC/ aPSCs direct co-
culture. 

Direct contact with quiescent PSCs results in upregulation of IFN-γ, CXCL9, CXCL10 and CXCL11 

cytokines/chemokines, as well as an increase in TIM3, NKG2A and perforin, whilst NK cells cultured 

with aPSCs demonstrate upregulation of IFN-γ and related chemokines, TIM3 and granzyme B. 
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4.7 Proteomics  

Since we demonstrated distinct changes in NK/PSC phenotype in response to direct co-

culture, we next wanted to determine if this interaction regulated intracellular protein 

expression and/or invoked modulation of biological pathways in both NK cells and PSCs. In 

order to achieve this, we utilised cell-type specific mass spectrometry. Following 24h direct 

co-culture, NK cells, qPSCs and aPSCs were prepared (cells lysed, proteins extracted and 

peptides created and linearised) and maintained separately, allowing assessment of the 

distinct proteomic landscape of each cell type following co-culture. As mono-cultures of naïve 

NK, qPSC and aPSC were not included in the experiment, down- and up- regulated proteins 

(Figure 4.20C, D) and alterations in biological pathways (Figure 4.21;Figure 4.22) are displayed 

as ‘diseased’ (aPSC) vs ‘healthy’ (qPSC) conditions. 

Significant differences in protein expression were observed in both qPSCs, aPSCs and NK cells 

in response to co-culture (Figure 4.20; Appendix 8). Moreover, activated PSCs were found to 

induce differential protein expression in NK cells when compared to qPSC. These changes 

involved multiple cellular pathways including biosynthesis, protein folding, sorting and 

vesicular transport (Figure 4.21). Reciprocally, NK cells induced differential protein changes in 

activated versus quiescent PSCs such that changes in key pathways, including lipid and steroid 

metabolism, glycolysis and spliceosome function were altered (Figure 4.22A, D). We explored 

this further by looking at specific gene expression changes between normal pancreatic tissue 

and pancreatic ductal adenocarcinoma. Importantly, we identify similar down/upregulation 

in corresponding genes such as PSAT1 (SERC) and HNRNPK (HNRPK) (Figure 4.22B, E) which 

has a prognostic impact (Figure 4.22F, G).275  
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Taken together these results highlight a significant bi-directional relationship between NK 

cells and PSCs in the context of PDAC and provide a firm platform on which further 

mechanistic studies can be based. 
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Figure 4.20: NK cells and qPSCs/aPSCs exhibit differentially expressed proteins. 

A-B) Heatmaps of differentially expressed proteins in NK cells cultured with qPSC/aPSC (A) and 

qPSC/aPSCs cultured with NK cells (B). NK cells, qPSC and aPSCs were maintained as separate cell 

populations following co-culture to ensure the proteome of individual cell types could be assessed. The 

median Z-Score calculated from n=3 biological replicates (each consisting of one technical replicate) 

was used to plot the heatmaps. Upregulated proteins are shown in red; downregulated proteins are 

show in blue. C-D) Volcano plots of proteins differentially expressed in NK cells cultured with aPSCs vs 

qPSCs (C) and aPSCs cultured with NK cells vs qPSCs cultured with NK cells. T-tests were used to identify 

statistical significance between ‘diseased’ (aPSC) and ‘healthy’ (qPSC) conditions. Upregulated proteins 

are highlighted in red; downregulated proteins are highlighted in blue. Dr Parthiban Periasamy carried 

out the initial data alignment and clean up, and provided the R code for the plotting of the heatmaps. 
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Figure 4.21: Biological Processes down- and up- regulated in NK cells cultured with aPSCs vs those 

cultured with qPSCs 

A-B) Biological Processes down- (A) and up- (B) regulated in NK cells cultured with aPSCs vs those 

cultured with qPSCs. Down- and up- regulated proteins were identified using T-tests (‘diseased’ (aPSC) 

vs ‘healthy’ (qPSC)) and protein maps created using KEGG pathway gene classifications and 

Proteomaps software.250 Protein abundance is demonstrated through polygon area, with proteins 

housed in larger polygons demonstrating greater abundance. Functionally related proteins are 

clustered into coloured groups. 
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Figure 4.22: Biological Processes down- and up- regulated in qPSCs and aPSCs cultured with NK 
cells 

A-B) Biological Processes down- (A) and up- (B) regulated in aPSCs cultured with NK cells vs qPSCs 

cultured with NK cells. Significantly down- and up- regulated proteins were identified using T-tests 

(‘diseased’ (aPSC) vs ‘healthy’ (qPSC)) and protein maps created using KEGG pathway gene 

classifications and Proteomaps software.250 Example proteins explored in publicly available RNA-Seq 

data sets are highlighted in red. C-D) RNA expression of example proteins assessed in TCGA and GTEx 

datasets between normal and PDAC tissues (downregulated; PSAT1; C and upregulated; HNRNPK; D). 

E-F) Survival analysis of PDAC patients based on the RNA expression of example proteins identified in 

the TCGA/GTEx datasets. RNA-sequencing data was analysed using the online web server, GEPIA (Gene 

Expression Profiling and Interactive Analysis). 
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Chapter 5 - Results 3 – Ex Vivo Optimisations 
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5.1 Introduction 
 

The advent of multiplex immunohistochemistry (mIHC) has revolutionised classical IHC. 

Whilst long recognised as the ‘gold standard’ of tissue pathology diagnosis, IHC exhibits 

several limitations, most notably, the opportunity to label only one marker per tissue section 

(detailed review in Reference 265).276, 277 As such, there has been increasing demand for more 

advanced techniques to facilitate multi-marker staining and gain important diagnostic and 

prognostic information from patient samples which is often lost with single marker 

labelling.277 With the ability to detect multiple markers on a single tissue section, mIHC 

overcomes this limitation and affords researchers and clinicians the opportunity to assess 

cellular phenotypes, as well as visualise both cellular location and cell-cell interactions.278, 279 

In addition, this multi-parameter data can be reproducibly quantified, allowing effective 

investigation of specific antigens of interest and spatial relationships. Thus, mIHC has been 

increasingly implemented in both the research and clinical settings277, demonstrating its 

important role in translational oncology research.278, 280  

We developed three mIHC panels for the investigation of NK-CAF interactions in patient 

samples. In this chapter, we report the ex vivo optimisations and troubleshooting 

undertaken to prepare for the staining of patient TMA slides.  

5.2 Immunofluorescent staining  
 

In order to assess the location of and interaction between NK cells and PSC/CAFs in PDAC 

tissue, we looked to optimise immunofluorescent staining of NK cells in formalin fixed, 

paraffin embedded tissue samples.  
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5.2.1 Antibody titration 

 

To facilitate visualisation of NK cells within pancreatic cancer tissues, antibodies for the NK 

markers CD56, NKG2D and NKG2A were titrated using control tissues. Initial titration results 

for all markers demonstrated high background fluorescence and poor signal: noise ratio 

(Figure 5.1). 
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Figure 5.1: Immunofluorescent antibody titration of anti-CD56, anti-NKG2D and anti-NKG2A 
antibodies in human spleen tissue. 

Antibodies were diluted 1:100, 1:250, 1:500 and 1:1000. An isotype control (1:100) is shown in the first 

panel. Images were acquired on the LSM710 laser scanning confocal microscope. Magnification x40. 

Scale Bars = 50μm. 
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5.2.2 Background Troubleshooting 

 

We hypothesised that the high background staining observed may be a result of secondary 

antibody dilution or ineffective blocking of non-specific staining. As such, we trialled different 

dilutions of secondary antibodies, as well as a variety of blocking agents. 

Secondary antibody dilution demonstrated little impact on background fluorescence levels 

(Figure 5.2). Moreover, high background fluorescence was observed in all blocking conditions 

tested (Figure 5.3). No true staining for CD56, NKG2D or NKG2A was evident in any condition 

tested (Figure 5.2 and Figure 5.3). 

  



272 
 

 

 

Figure 5.2: Troubleshooting immunofluorescent staining of human spleen tissue. 

Anti-CD56, anti-NKG2D and anti-NKG2A were diluted 1:100. Secondary antibodies were titrated 1:400 

and 1:1000. These conditions were tested with two blocking agents: 5% goat serum and 3% BSA. A 

secondary only control is shown in the first panel. Images were acquired on the LSM710 laser scanning 

confocal microscope. Magnification x40. Scale Bars = 50μm. 
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Figure 5.3: Immunofluorescent staining of human spleen tissue with different blocking agents. 

Spleen tissues were subjected to five blocking conditions: No blocking, 1% BSA, 5% BSA, 5% goat serum 

and 5% horse serum. No primary antibodies were used to determine the background staining 

generated with each blocking condition. Images were acquired on the LSM710 laser scanning confocal 

microscope. Magnification x40. Scale Bars = 50μm. 
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5.2.3 Antibody titration using a different immunofluorescent protocol 
 

We next trialled a different immunofluorescent staining protocol to determine if positive 

signal could be achieved in control tissues. 

This protocol delivered cleaner staining with a greater signal to noise ratio. Whilst no positive 

staining was evident for CD56 or NKG2D (Figure 5.4A, B), positive staining for NKG2A was 

identified at all antibody dilutions tested (Figure 5.4C).  
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Figure 5.4: Immunofluorescent staining of human spleen tissue using a new protocol. 

Antibodies were titrated at the following dilutions: A) Anti-CD56; 1:50, 1:100, 1:200; B) Anti-NKG2D; 

1:100, 1:200, 1:500. C) Anti-NKG2A; 1:100, 1:250, 1:500. All antibodies are shown with an isotype and 

secondary only control. Images were acquired on the NanozoomerS60 slide scanner (Hamamatsu). 

Slides scanned with 20x magnification lens. Scale bars = 100μm. 
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5.3 Immunohistochemical Evaluation of Antibody signal 
 

As high background remained a persistent issue with fluorescent staining, we employed 

immunohistochemistry (IHC) to evaluate antibody signal. 

The DAKO CD56 antibody generates positive signal with both microwave and pressure cooker 

antigen retrieval in human tonsil tissue. Some positive staining was observed for CD56 

(abcam) at dilutions of 1:500 and 1:750, however the high background staining observed 

confounds these results. Dilutions of 1:100 and 1:500 yielded positive staining for NKG2A in 

both spleen and tonsil tissue (with high background), however no positive signal was 

observed for NKG2D (Figure 5.5).  
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Figure 5.5: Immunohistochemical evaluation of antibody signal strength. 

A) Titration of anti-CD56 (Abcam) in human tonsil tissue (1:500, 1:750, 1:1000, 1:500). Antigen 

retrieval was achieved using citrate buffer (pH 6.0) with either microwave or pressure cooker heating. 

The anti-CD56 antibody from DAKO serves as a positive control (top). B) Titration of anti NKG2D (1:25, 

1:50, 1:100) and NKG2A (1:100, 1:500 and 1:1000) antibodies in human spleen and tonsil tissues. 

Microwave antigen retrieval was used in this protocol. All slides were imaged on the Nanozoomer210 

Brightfield Slide scanner. Slides scanned with 40x magnification lens. Scale Bars = 250μm. 
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Following identification of positive signal using the CD56 antibody from DAKO, we employed 

a modified staining protocol to carry out antibody titration. 

The DAKO CD56 antibody generated greatest signal at a 1:50 dilution with pressure cooker 

antigen retrieval (Figure 5.6). Thus, this antibody dilution and antigen retrieval method was 

chosen to be used for all future manual staining.  
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Figure 5.6: Titration of CD56 antibody from DAKO in human spleen tissue. 

Antibodies were titrated at 1:50, 1:100 and 1:200. Slides with no primary antibody serve as negative 

controls (top). Heat induced antigen retrieval was carried out using either microwave or pressure 

cooker heating with citrate (pH 6.0) antigen retrieval buffer. Slides were scanned on the 

Nanozoomer210 Brightfield slide scanner using the x40 magnification lens. Scale Bar = 250μm. 

  



280 
 

5.4 IHC Optimisations for multiplex immunohistochemistry 
 

To facilitate the staining of multiple NK and PSC/CAF markers in patient TMA sections, and 

thus allow comprehensive assessment of the interaction between NK-PSC/CAF in patient 

samples, multiplex immunohistochemistry was employed. Ahead of running mIHC on 

pancreas cancer sections, several antibodies within the designed panels required 

optimisation. IHC optimisation images for periostin (Figure 5.7; Appendix 9, Appendix 10), 

myosin -11 (Figure 5.8), CD105 (Figure 5.9) and NKp46 (Figure 5.10) are shown below. Each 

antibody was optimised for dilution and antigen retrieval method. 

It was concluded that the subsequent dilutions/concentrations and epitope retrieval 

conditions would be used for multiplexed staining: periostin – 1: 1500, ER1; myosin-11 – 

1.25μg/mL, ER2; CD105 – 1: 1400, ER2; and NKp46 1: 1000, ER2. 
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Figure 5.7: Periostin antibody optimisation. 

A) Immunohistochemical staining of Periostin (ab215199, Abcam) was carried out on colon, placenta, 

and stomach positive control tissue. Each dilution was tested using two epitope retrieval conditions 

ER1 (pH 6.0 citrate-based antigen retrieval) or ER2 (pH 9.0 Tris-based antigen retrieval). Slides were 

stained using the Leica Bond Max automated staining system. Following staining, slides were 

dehydrated and mounted with glass coverslips using Dibutylphthalate Polystyrene Xylene (DPX). B) IHC 

staining of periostin on normal pancreas tissue (1: 1000, 1: 1500, 1: 3000). All slides were imaged using 

the Olympus CKX53 inverted light microscope and Olympus EP50 camera at magnification x4. Scale 

bars=200μm were added using ImageJ software. The optimal staining conditions for Periostin were 

determined to be ER1, dilution 1:1500. 
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Figure 5.8: Myosin-11 antibody optimisation 

A) Immunohistochemical staining of Myosin-11 (NBP2-44533, Novus Biologicals) was carried out on 

breast, prostate and skeletal muscle positive control tissue. Each dilution was tested using two epitope 

retrieval conditions ER1 (pH 6.0 citrate-based antigen retrieval) or ER2 (pH 9.0 Tris-based antigen 

retrieval). Slides were stained using the Leica Bond Max automated staining system. Following 

staining, slides were dehydrated and mounted as described. Slides were imaged using the Olympus 

CKX53 inverted light microscope and Olympus EP50 camera at magnification x4. Scale bars=200μm 

were added using ImageJ software. B) Trial of the optimised dilution of 1.25μg/mL, ER2 on control 

sections and normal pancreas tissue. Slides were imaged as described. 
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Figure 5.9: CD105 antibody optimisation 

A) Immunohistochemical staining of CD105 (14606, Cell Signaling Technology) on Kidney, Placenta and 

Tonsil positive control tissue. Each dilution was tested using two epitope retrieval conditions ER1 (pH 

6.0 citrate-based antigen retrieval) or ER2 (pH 9.0 Tris-based antigen retrieval). Slides were stained 

using the Leica Bond Max automated staining system. Following staining, slides were dehydrated and 

mounted with glass coverslips using Dibutylphthalate Polystyrene Xylene (DPX). Slides were imaged 

using the Olympus CKX53 inverted light microscope and Olympus EP50 camera at magnification x4. 

Scale bars=200μm were added using ImageJ software. B) Immunohistochemical staining of CD105 on 

control slides at two final dilutions. C) IHC staining of CD105 on normal pancreas tissue using the 

optimised dilution and antigen retrieval condition. 
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Figure 5.10: NKp46 Antibody optimisation. 

Immunohistochemical staining of NKp46 (ab244703, Abcam) on human spleen positive control tissue. 

Each dilution was tested using two epitope retrieval conditions ER1 (pH 6.0 citrate-based antigen 

retrieval) or ER2 (pH 9.0 Tris-based antigen retrieval). Slides were stained using the Leica Bond Max 

automated staining system. Following staining, slides were dehydrated and mounted as described and 

imaged using the Olympus CKX53 inverted light microscope and Olympus EP50 camera at 

magnification x4. Scale bars=200μm were added using ImageJ software. The optimal staining 

conditions for NKp46 were determined to be ER2, dilution 1:1000. 
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5.5 mIHC full panel trials 
 

We next sought to run trial mIHC staining for each of the panels designed to ensure that each 

marker could be clearly identified within pancreas tissue. Trial images were unmixed using 

the triple negative breast cancer library as creation of the pancreas library slides had not been 

finalised. It is perhaps prudent to note that due to the light staining intensity of NKG2D 

previously noted by the lab, panel 2 was trialled on tonsil and pancreas cancer tissue to ensure 

a positive control was present. 

We determined that the staining order and antibody intensities for Panels 1 (Figure 5.11) and 

3 (Figure 5.13) yielded positive results for all the markers of interest. As such, these panels 

were taken forward for patient TMA staining. However, for panel 2, very few NKG2D+ cells 

were observable within tonsil tissue, with little to no positive stain being identified with PDAC 

samples (Figure 5.12).  
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Figure 5.11: mIHC images of Panel 1 trial staining. 

A) Representative image of Panel 1 staining on normal pancreas tissue. B) Representative image of 

Panel 1 staining on pancreatic cancer tissue. DAPI – blue; alpha SMA – magenta; podoplanin – green; 

periostin – yellow; myosin-11 – orange; CD105 – cyan; cytokeratin/EpCAM – red. Slides were imaged 

using the Vectra imaging system. Images were spectrally unmixed using a triple negative breast cancer 

library and inForm software. Images were generated using HALO 3.0 software. Scale bar =100μm. 
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Figure 5.12: mIHC images of Panel 2 trial staining. 

 A) Representative image of Panel 2 staining on tonsil tissue. B) Representative image of Panel 2 

staining on pancreatic cancer tissue. DAPI – blue; CD45 – orange; CD56 – green; NKG2D – Magenta; 

NKp46 – cyan; Vimentin – yellow; cytokeratin/EpCAM – red. Slides were imaged using the Vectra 

imaging system. Images were spectrally unmixed using a triple negative breast cancer library and 

inForm software. Images were generated using HALO 3.0. Scale bar =100μm. 
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Figure 5.13: mIHC images of Panel 3 trial staining. 

A) Representative image of Panel 3 staining on normal pancreas tissue. B) Representative image of 

Panel 3 staining on pancreatic cancer tissue. DAPI – blue; vimentin – green; CD45 – orange; CD56 – 

yellow; NKG2A – cyan; LAG-3 – magenta; cytokeratin/EpCAM – red. Slides were imaged using the 

Vectra Polaris imaging system. Images were spectrally unmixed using a triple negative breast cancer 

library and inForm software. Images were generated using HALO 3.0. Scale bar =100μm. 
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5.5.1 NKG2D Troubleshooting 

To address the lack of NKG2D staining observed during multiplex immunohistochemical 

staining, we ran further optimisations for incubation length for the NKG2D antibody (Figure 

5.14).  
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Figure 5.14: NKG2D incubation optimisation. 

A) IHC staining of NKG2D (NB100-65956, Novus Biologicals) (1:75) on tonsil positive control tissue using 

either ER1 (pH6.0 citrate based) or ER2 (pH 9.0 Tris-based) antigen retrieval. The optimal staining 

condition was determined to be 1:75, ER2. B) IHC staining of NKG2D (1: 75, ER2) on tonsil tissue 

following different length incubations. Slides were incubated for either 1h, 2h (2x 1h), 1h incubation 

followed by a blocking step and then a further 1h incubation (2h total), or 1.5h split into 2x 45min 

incubations. All slides were imaged on the Zeiss AxioScan. Scale bars were added using Zen Lite (Zeiss). 

Scale bars =100μm. 
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The optimal NKG2D incubation length was determined to be 1.5h, with staining divided into 

two incubations of 45 min in order to achieve the desired incubation length without risking 

the slide drying out.  

Following NKG2D optimisation, a trial round of mIHC staining for panel 2 was completed 

(Figure 5.15). Clear positive populations of all cell markers could be identified and 

consequently this staining protocol was used to stain PDAC TMA sections.  

  



292 
 

 

 

Figure 5.15: mIHC images of Panel 2 trial staining – modified NKG2D incubation. 

A) Representative image of Panel 2 staining on normal pancreas tissue. B) Representative image of 

Panel 2 staining pancreatic cancer tissue. DAPI – blue; CD45 – orange; CD56 – yellow; NKG2D – cyan; 

NKp46 – magenta; vimentin – green; cytokeratin/EpCAM – red. Slides were imaged using the Vectra 

Polaris imaging system. Images were spectrally unmixed using a pancreas library and inForm software. 

Images were generated using HALO 3.0. Scale bar =100μm. 
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Chapter 6 - Results 4 – Ex Vivo Experiments 
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6.1 Introduction  
 

Cellular localisation within the tumour microenvironment has long been recognised to play a 

crucial role in patient prognosis.61, 281, 282 However, the prognostic value of single cell infiltrate 

is often variable and inconsistent, with much dependency on the experience of the observer. 

Moreover, the semi-quantitative cellular assessment achieved with this method provides only 

rudimentary cell count estimates.283 Thus, the technical and analytical limitations of classical 

IHC staining methods are yet to fully address the complex interactions of immune, stromal 

and tumour cells within the context of cancer.284  

Multiplex IHC facilitates quantitative assessment of immune infiltrate within tumoural tissue 

whilst preserving tissue architecture.285 Moreover, with the ability to stain multiple markers 

on a single slide, cellular phenotype can be assessed.286 The availability of post-acquisition 

analysis tools such as HALO (Indica Labs) and QuPath287 facilitate further exploration of the 

unique cell-cell interactions observed within patient samples, allowing spatial as well as 

phenotypic analysis.241, 277 

Previously we have shown that NK cells and PSCs exhibit a distinct bi-directional interaction 

in vitro. In this chapter, we investigate the spatial interaction of NK and PSC/CAFs in PDAC 

patient samples through the use of mIHC and post-acquisition tools. 

6.2 Multiplex Immunohistochemical analysis of PDAC samples  
 

To assess the location of and interaction between NK and CAFs in PDAC, multiplex 

immunohistochemical analysis of tissue microarray (TMA) slides containing samples from 

patients with PDAC and chronic pancreatitis as well as adjacent normal tissue was carried out 

(Appendix 11). An overview of patient clinical data is outlined in Table 6.1.  
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Unfortunately, during the creation of the TMA sections the cores for two PDAC patients were 

lost. Consequently, the number of PDAC patients included within the TMA slides is stated as 

98 and not 100 (as included in the clinical data table). All clinical data for these patients were 

unknown. A summary of the patient samples included in the TMA slides are outlined in Table 

6.2 and Table 6.3.  
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Table 6.1: Clinical details of patient samples included within TMA blocks. 
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Table 6.2: Details of tissue types included within TMA slides. 
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Table 6.3: Sources of normal adjacent tissue included within TMA slides. 
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Following successful trial runs of each mIHC panel on normal and malignant pancreas (Section 

5.5), 7 TMA slides were stained for each multiplex panel (Figure 6.1, Figure 6.2, Appendix 12, 

Appendix 13, Appendix 14). The resultant scoring data was processed and concordance across 

panels was established (Appendix 15). 
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Figure 6.1: Representative image of CAF staining in PDAC. 

Samples were stained for alpha SMA –magenta; periostin – yellow; myosin-11 – orange; podoplanin- 

- green; CD105 – cyan; CK/EpCAM – red using the Opal TSA system (Akoya Biosciences). Nuclei are 

stained with DAPI – blue. Slides were scanned using the Vectra Polaris (Akoya bioscience). Images were 

created with HALO software (3.4). Scale bars = 100µm. 
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Figure 6.2: Representative images of NK cell staining in PDAC. 

A) Representative image of panel 2 staining (NK activating receptors) on PDAC patient tissue. CD45 – 

orange; CD56 – yellow; NKG2D – cyan; NKp46 – magenta; Vimentin – green; CK/EpCAM – red. Nuclei 

are stained with DAPI – blue. B) Representative image of panel 3 (NK inhibitory receptors) on PDAC 

patient tissue. CD45 – orange; CD56 – yellow; NKG2A – cyan; LAG3 – magenta; Vimentin – green; 

CK/EpCAM – red. Nuclei are stained with DAPI – blue. Patient TMA samples were stained using the 

Opal TSA system and scanned using the Vectra Polaris (Akoya Biosciences). Images were created with 

HALO software (3.4). Scale bars = 100µm. 
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We identified significant inter-tumoural heterogeneity in CAF marker expression as previously 

described (Figure 6.3).140 Furthermore, we also report distinct NK phenotypic heterogeneity 

between patients (Figure 6.4, Appendix 16). 
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Figure 6.3: Cancer associated fibroblast marker expression across patients. 

Expression of CAF markers identified using multiplex immunohistochemical analysis of patient TMA 

sections. Expression is shown as a percentage of total (DAPI+) cell number. Please note some cells may 

express more than one marker, resulting in >100% cells. 
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Figure 6.4: NK cell marker expression across patients. 

Expression of NK cell markers identified using multiplex immunohistochemical analysis of patient TMA 

sections. Marker expression is shown as a percentage of total (DAPI+) cell number.  
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6.2.1 Immune cell infiltrate in PDAC 
 

To further investigate NK heterogeneity in PDAC, we sought to determine the impact of NK 

immune cell infiltrate on short and long survivorship (Figure 6.5 and Figure 6.6).  

Patient dichotomisation at 30 months overall survival provided two distinct subgroups (‘short’ 

and ‘long’ survivors) which could be used to assess the impact of immune cell infiltrate on 

patient prognosis (Figure 6.5).  
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Figure 6.5: Survival analysis of short and long survivors. 

Kaplan Meier survival analysis of 64 PDAC patients dichotomised into short (n=48) and long (n=16) 

survivors (cut-off = 30 months). Statistical significance was identified using the Log-Rank test. Data 

were analysed using GraphPad Prism (9.0).  
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We did not identify any significant difference in NK cell infiltrate (CD45+CD56+) nor any 

difference in individual NK subsets (CD45+CD56+NKG2D+, CD45+CD56+NKG2A+, 

CD45+CD56+NKp46+, CD45+CD56+LAG3+) between short and long survivors (Figure 6.6).  
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Figure 6.6: NK immune cell infiltrate in short and long survivors. 

A-E) Violin plots of percent positive cells for CD45+CD56+ (A), CD45+CD56+NKG2D+ (B) 

CD45+CD56+NKG2A+ (C), CD45+CD56+NKp46+ (D) and CD45+CD56+LAG3+ (E) infiltrate in short (n=48) vs 

long (n=16) survivors. Data are shown as a percentage of total cells. Data were analysed using Mann-

Whitney U-tests. 
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6.2.2 The importance of immune cell proximity to CAFs in PDAC 
 

As we found direct contact to be necessary for the majority of functional and phenotypic 

changes identified between NK cells and PSCs in vitro we next looked to determine the impact 

of NK cell proximity to CAF cells (within PDAC tissue) on patient survival (Figure 6.7 and Figure 

6.8). 

Representative images depicting cellular proximity of NK cells and CAFs in PDAC are shown in 

Figure 6.7. 
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Figure 6.7: Proximity of NK cells and CAFs in PDAC. 

A-B) Representative images of CD45+CD56+NKG2D+ (A) and CD45+CD56+NKG2A+ (B) cells in PDAC, and 

their proximity to Vimentin+ cells. Concentric circles were added using ImageJ software and are shown 

at 10μm intervals. Scale bars = 10μm.  
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Interestingly, we show that long survivors demonstrate greater spatial separation between 

NK cells and CAFs than do short survivors (Figure 6.8A). At the NK subset level, NKG2D+, but 

not NKp46+/LAG3+, cells were found to be at greater distance to CAF cells in long survivors 

(Figure 6.8B, D, E), whilst NKG2A+ NK cells were absent in long survivors (Figure 6.8C). Thus 

we suggest that it is proximity, and not total NK immune infiltrate, which impacts patient 

prognosis (Figure 6E). Taken together, these results suggest that NK cells may be less 

susceptible to CAF education (as previously shown) at greater distances, and thus are more 

functionally active.  
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Figure 6.8: Violin plots showing results of proximity analysis between NK and CAF cells in PDAC. 

A-E) Violin plots showing results of proximity analysis between CD45+CD56+ (A), CD45+CD56+NKG2D+ 

(B), CD45+CD56+NKG2A+ (C), CD45+CD56+NKp46+ (D) and CD45+CD56+LAG3+ (E) cells with Vimentin+ 

cells in short (n=48) and long (n=16) survivors. Data were analysed using the proximity analysis tool 

within the spatial analysis module from HALO (Indica Labs). Statistical analysis was carried out using 

Mann-Whitney U-tests. **p<0.01; ***p<0.001; ns-not significant.  
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To further validate these findings, we investigated the association between NK cell 

infiltrate/CAF marker expression and short survivorship through odds ratio analysis 

(conducted by Dr. Jiangfeng Ye, Institute of Molecular and Cell Biology, A*STAR).  

We demonstrate that the percentage of cell infiltrate alone does not impact the risk of short 

survivorship (Figure 6.9A), highlighting the importance of cellular proximity in PDAC.  

Interestingly, patients with high alpha SMA expression (myofibroblasts) were found to have 

greater odds of short survivorship, supporting previous work.129, 288 Similarly, patients 

expressing high levels of periostin expression were also seen to have increased risk of poor 

overall survival as previously suggested140, however this does not reach significance (Figure 

6.9B). 
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Figure 6.9: Risk of short survival associated with immune cell infiltrate and CAF marker expression. 

A-B) Odds ratios and confidence intervals were calculated for the risk of short survival based on 

immune cell infiltrate (A) or CAF marker expression (B). Significant risk was identified if p<0.05. Analysis 

carried out by Dr. Jiangfeng Ye.  
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6.2.3 CAF subtypes in PDAC 
 

To further characterise the independent role of CAFs in PDAC we carried out Kaplan Meier 

survival analysis based on high or low expression of previously defined CAF markers140, 145 

(Figure 6.10).  

We note no significant difference in overall survival between high and low expression of any 

CAF marker, however we do observe a trend in periostin expression which suggests high 

expression is correlated with worse overall survival (Figure 6.10A). This is further supported 

by CAF subtype analysis (Figure 6.10E), although this again does not reach significance. 
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Figure 6.10: Survival analysis based on CAF marker expression. 

A-F) Kaplan Meier curves depicting patient overall survival dichotomised by high or low expression of 

Periostin (A), Myosin-11 (B), Podoplanin (C), CD105 (D), or CAF subtype (E, F). Statistical significance 

was identified using the Log-Rank test.  
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6.2.4 Correlation between NK cell infiltrate and CAFs in Short/ Long survivors  
 

We next wanted to assess the potential impact of CAF subtype/marker expression on NK cell 

infiltration in short and long survivors. To assess this interaction we employed correlation 

analysis.  

We demonstrate a significant negative correlation between Alpha SMA+ CAFs and 

CD45+CD56+/CD45+CD56+NKG2D+ NK cell infiltrate in short survivors (Figure 6.11A). 

Moreover, short survivors also demonstrate positive correlation between podoplanin/CD105 

and LAG3+ NK cells (Figure 6.11B). Taken together these finding support the notion that close 

proximity to CAF cells may result in NK education and decreased functional efficacy.  
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Figure 6.11: Correlation matrices between cancer associated fibroblast (CAF) markers and NK cells 
in PDAC. 

A-B) Correlation between cancer associated fibroblast (CAF) markers and NK cells expressing activating 

(A) or inhibitory (B) receptors in short (n=48)/long (n=16) survivors. Spearman’s Rank correlation 

analysis was run, and R values used to plot heatmaps. Boxes highlighted in bold denote statistical 

significance. *p<0.05; **p<0.01. 
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My results demonstrate reciprocal changes in NK cells and PSC/CAF upon co-culture which is 

dependent on PSC activation to CAF. Thus, the co-localisation of specific CAF sub-types with 

NK cells expressing activating/inhibitory receptors in human pancreatic cancer tissues may 

have functional significance. I draw on contemporaneous investigations from other fields to 

compare and contrast my findings, assess limitations of my work and discover future 

directions of investigations. 

7.1 PSC activation confers protection from NK cell lysis whilst qPSC education 

impairs NK cytotoxicity  

Retinoic acid (RA) signalling, directly and indirectly (via stromal cells), modulates NK functional 

efficacy through both activating and inhibitory roles.289 Using an in vitro model of murine 

hepatic stellate cells (HSC) Radaeva et al. demonstrated increased susceptibility of early 

activated HSC (4- and 7- days culture) to NK induced lysis. This was found to be a result of HSC 

upregulation of retinoic acid early inducible gene 1 (RAE-1).290 Analogous to UL16 binding 

proteins (ULBP) identified in humans, RAE-1 is a ligand for the activating receptor NKG2D, 

which upon activation, stimulates NK induced cellular lysis.291 Whilst expressed at low levels 

in quiescent HSCs, RAE-1 expression changed significantly during HSC activation, with early 

activated cells expressing high levels of the receptor, and fully activated HSC (21-days culture) 

demonstrating receptor loss. Importantly, loss of RAE-1 expression in fully activated HSC was 

shown to confer protection from NK cell lysis.290 Similarly, our results suggest that PSC 

activation may confer protection against NK cell lysis. Importantly, retinoic acid promotes the 

expression of RA-inducible genes, a process which has been shown to be regulated by 

CRABP2.292 Expression of CRABP2 was shown to be lower in activated pancreatic stellate cells 

(PDAC), when compared with quiescent cells (normal pancreas)293, correlating with NK-ligand 

expression. In a study of renal cell carcinoma, CRABP2 expression was demonstrated to be 
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prognostic. Specifically, high expression of CRABP2 was found to correlate with unfavourable 

survival. Within this risk group, numbers of activated NK cells (as well as Treg, T helper and 

M0 macrophages) were significantly upregulated. Analysis of immune modulators and 

exhaustion markers demonstrated significant upregulation of these factors within the 

unfavourable risk group suggesting an exhausted and immunosuppressive phenotype.294 

Thus, CRABP2 may also play a role in regulating the immune landscape in cancer, although 

the direct interaction between CRABP2 and NK cells remains to be elucidated.  

Similarly, Fu et al. note that liver resident Kuffper cells were able to regulate NK cell activity 

via NKG2D/RAE-1 signalling in murine models of Primary Biliary Cholangitis.295 NK activation 

via this pathway was shown to result in increased IFN-γ secretion (which was suggested to 

target biliary epithelial cells) and target cell killing, resulting in biliary inflammation, a hallmark 

of this disease.295 

In patient derived hepatocellular carcinoma cells, upregulation of the NKG2D ligands MICA 

and MICB was seen in response to ATRA treatment. This upregulation resulted in increased 

engagement of NK cells and subsequent IFN-γ release as well as target cell lysis, 

demonstrating stroma-independent engagement of NK cells against cancer cells.296  

Conversely, upon activation, pancreatic stellate cells have been found to secrete a 

compendium of cytokines and chemokines including, IL-1β, IL-6 and TNF-α.297 Of particular 

note is their secretion of IL-6. Huang et al. identified impaired NK function in pancreatic cancer 

as a result of TGF-β induced IL-6 production by cancer associated fibroblasts.298 Similarly, 

patient derived NK cell function was found to be reduced in response to TGF-β release from 

activated HSCs.299 Thus, activated PSC secretion of immunosuppressive cytokines may 

contribute to the protection afforded to activated PSCs observed within our study.  
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Others have identified a significant direct effect of all-trans retinoic acid on NK cell function. 

A metabolite of vitamin A, ATRA is an immunomodulatory hormone. Li et al. determined a 

significant dose response between ATRA and NK cell function. Specifically, ATRA was found 

to inhibit IFN-γ production and the gene expression of granzyme b and the activating receptor 

NKp46. Additionally, ATRA suppressed NF-κB activity as well as preventing degradation of 

IκBα. This demonstrates a wide range of functional suppression in response to retinoic acid. 

Interesting, despite its effect on function, ATRA was not found to impair NK proliferation.300 

This is consistent with the work of Gunayadin et al. In a study of acne vulgaris patients, a 

condition in which NK cell infiltrate has been correlated with disease severity, treatment with 

the retinoic acid derived Isotretinoin was not found to reduce the percentage nor absolute 

number of NK cells within patients.301 Additional work demonstrated that ATRA increased the 

expression of the microRNA miR-23a, a negative regulator of cathepsin C, which has been 

shown to have a key role in the post-translational modification of granzyme transcripts. 

Consequently, NK cells with increased miR-23a expression were shown to have reduced 

functional efficacy. It was suggested that the increased expression of miRNAs may be a result 

of impaired NF-κB signalling.302 These findings are consistent with our work which 

demonstrates a significant reduction in NK cell cytotoxicity in response to culture with 

quiescent but not activated PSC. Dunham et al. demonstrated that HSC were able to 

metabolise retinol into all-trans retinoic acid upon early activation. It was further suggested 

that HSC release of the newly converted ATRA induced Treg differentiation in CD4+ T cells.303 

Thus, as qPSCs are key stores of retinol88, we hypothesise that the NK cellular dysfunction 

observed in this work may be a result of qPSC paracrine release of retinoic acid.292 304 Further 

work is needed to validate this hypothesis, as the underlying mechanisms of retinol paracrine 

signalling remain unclear.305 Our findings contrast the work of Huang et al. who determined 
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that education by activated PSC, but not normal PSC reduced expression of the NK cell 

functional markers, CD107a/b, IFN-γ and granzyme B. We suggest that the difference 

observed may be a result of methodology. Huang et al. measured total expression of 

functional markers through intracellular flow cytometric analysis, while we employed 

functional assays. In order to measure degranulation, CD107a/b expression must be detected 

at the cell surface.255 

7.1.1 3D in vitro models of NK cell function  
 

The development of 3D culture models has furthered our understanding of the intricate 

spatial relationship between various cell types. Employing a tumour immune 

microenvironment (TIME)-on-a-chip model of PDAC, Kim et al. report a significant reduction 

in NK-mediated cancer-cell specific cytotoxicity. The observed NK cell dysfunction was 

suggested to be in response to secreted cytokines from activated PSCs.306 Importantly, this 

assay maintained PSCs within a separate chamber from tumoural and NK cells, but allowed 

media exchange between compartments. Conversely, once seeded, NK cells were free to 

migrate, infiltrate and interact with tumoural organoids for 48h. Increased cytokine 

expression in the supernatant of tumour/NK cell cultures further suggested that interaction 

with tumoural cells may also contribute to NK cell dysfunction. This model allows the 

exploration of specific mechanisms underlying NK dysfunction and could be applied to further 

investigate the impact of ATRA-induced PSC quiescence on NK cell function.306 

With increasing need to understand the mechanisms of immunosuppression, several 3D in 

vitro models have been developed for the study of NK cells.307 Early models included spinner 

cultures in which tumour cells were cultured in spinner flasks at constant stirring rates, 

encouraging cellular aggregation and preventing cell adhesion to culture flasks.307 These 
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models were then used to assess immune infiltration and in situ tumour cytotoxicity.308 

Despite the cost-effective and scalable nature of this model, its use has greatly reduced due 

to several key limitations including the reliance of spheroid formation on cellular collision and 

the variable size of spheres created within the method.307  

Liquid overlay techniques utilise plate coating to prevent the adhesion of cells to culture 

plastic and to stimulate the formation of spheroid models. Typically, plate coating with 

agarose or poly-HEMA has been used to generate these spheroid models.307 Ivascu et al. 

demonstrated the production of spheroids within a 24h period following cell seeding and 

centrifugation. Furthermore, they show that addition of basement membrane extract 

(Matrigel) aided the development of compact spheroids of homogenous size within 96-well 

plates.309 Similarly, Giannattasio et al. report the development of solid state spheroids 48h 

after cell seeding when using an agarose base. Interestingly, basement membrane extract was 

not added to these cultures demonstrating the ability of some tumour and immune cells to 

form spheroid models without additional matrix proteins.310 

The hanging drop model has become an increasingly popular method to create spheroid 

cultures. Initial models based on the development of embryoid bodies311 seeded multiple cell 

types within 15-25μL of desired media before plate inversion. These ‘drops’ were then 

cultured for several days in which cells aggregated in the base of the droplet, facilitating 

spheroid formation.312 More recently, hanging drop cultures have been supplemented with 

methylcellulose, which offers a semi-solid matrix to better mimic in vivo extracellular 

conditions.313 Using this method, Lanuza et al. demonstrated the ability of allogenic activated 

NK cells to kill colorectal cancer (CRC) cells within the 3D setting. Furthermore, it was shown 

that cell death was not observed at low density NK infiltration, whilst high density infiltration 
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of activated NK cells efficiently killed CRC cells.314 Importantly, this method has also been used 

to study PSC invasion. Murray et al. demonstrated that PKN2 knockdown reduced PSC led 

cancer invasion.315 Whilst Coetzee et al. identified that FGFR1 was necessary for stellate cell 

led cancer invasion.105 Thus, this model may prove beneficial to the 3D study of NK-PSC-cancer 

cell interactions in vitro. 

Finally, scaffold-based spheroid cultures attempt to mimic the extracellular-like matrix 

condition observed in cancer. Typically hydrogel based, including Matrigel and collagen type-

I hydrogels, scaffold based spheroid cultures are biologically relevant to study NK 

transmigration and infiltration.307 Marella et al. employed an alginate hydrogel to study the 

impact of IFN-γ on anti-tumour activity of NK cells in neuroblastoma. Through the use of this 

model they found an increase in tumoural NK ligands including HLA-1 molecules and PD-L 

checkpoint ligands which conferred protection from NK cell attack.316 Additionally, employing 

a collagen based spheroid model, Ayuso et al. demonstrated NK92 migration towards 3D 

breast cancer spheroids and identified tumour infiltration within several hours.317 

Interestingly, Ayuso et al. also demonstrate that infiltrated NK cells retain their cytotoxic 

capabilities suggesting that NK exhaustion is not an immediate process.317  

Future work investigating the interaction between NK and qPSC/aPSC would benefit from 3D 

validation of 2D proof of concept assays (performed by me) in the presence of ubiquitous 

extra-cellular matrix proteins, which are abundantly present in human PDAC tissues. This 

would facilitate further understanding of the spatial interactions and effect of ECM induced 

modulation in this bi-/tri- directional relationship.  
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7.2 NK cells modulate PSC phenotype  

A diverse range of molecular mechanisms have been identified in the activation of pancreatic 

stellate cells including, cytokines and transcription factors, non-coding RNAs, hyperglycaemia 

and multiple signalling pathways (MAPK, Rho/ROCK, NF-κB, AKT, JAK/STAT, Hedgehog).318 

TGF-β is a potent cytokine involved in fibrosis.318 Secreted as the large latency complex, 

containing latency associated peptide (LAP) and latent TGF-β binding protein (LTBP), TGF-β is 

stored in the extracellular matrix and requires activation via cellular mechanisms. Specifically, 

LAP interacts with the integrin αvβ5 (amongst others), allowing it to attach to cells whilst 

being maintained within extracellular stores. Importantly, cells can exert tension on the 

latency protein via this integrin link causing conformational changes and the release of TGF-

β.319 Fibronectin has also been shown to release TGF-β through binding with the LTBP. Cellular 

elasticity, ECM stiffness and mechanical cues were also found to be crucial to the cellular 

tension applied to the latent TGF-β.320 Importantly, ATRA treatment was shown to 

downregulate cellular release of TGF-β through the modulation of myosin contractility and 

β1 integrins.320 This prevented TGF-β acting in an autocrine fashion and potentiating PSC 

activation.  

Active TGF-β binds to TGF-β receptor II which phosphorylates TGF-β receptor I. This activated 

receptor then phosphorylates Smad2 and Smad3 which in turn bind to Smad4 and translocate 

to the nucleus. Once inside the nucleus the Smad complex activates the transcription of target 

genes.321 TGF-β signalling has been shown to stimulate alpha SMA production in a dose 

dependent manner and increase collagen synthesis, key markers of PSC activation.322 

NF-κβ signalling has also been found to play a crucial role in fibrosis.318 Tumour necrosis 

factor-α (TNF-α) has been shown to be an activator of the NF-κβ signalling pathway. 
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Specifically, TNF-α binds to its receptor TNFR1 or TNFR2. TNFR1 then binds to TRADD, 

initiating the formation of the signalling complex, complex I. The binding of TRADD is followed 

by the interaction of multiple downstream signalling molecules including TNFR associated 

factor 2 (or 5), cellular inhibitor of apoptosis protein 1 or 2, receptor interacting 

serine/threonine protein kinase 1 and the linear ubiquitin chain assembly complex. Activation 

and association of this pathway stimulates the activation of NF-κβ signalling, as well as MAPK 

activation. Similarly, TNFR2 binds to TRAF which then activates the downstream complex I 

signalling pathway, as well as NF-κβ, MAPK and AKT signalling.323 PSCs activated by the NF-κB 

pathway have been shown to induce the production of the pro-inflammatory and pro-fibrotic 

factors CCL2, IL-6 and IL-8,324, 325 thus highlighting the role of NF-κB in PSC driven fibrosis.318 

Hedgehog signalling plays a critical role in multiple biological processes. In pancreatic stellate 

cells, Hedgehog has been shown to regulate proliferation and invasion. Indian Hedgehog (Ihh) 

facilitates PSC migration through stimulating chemotaxis and chemical activation, as well as 

facilitating degradation of the basement membrane via MMP-1 to promote cellular 

movement.318 Sonic Hedgehog (Shh) can activate quiescent PSCs to become activated, 

stimulate growth and facilitate their invasion.326 Importantly, several factors have been 

shown to stimulate Hedgehog activation. In zebrafish models, treatment with retinoic acid 

was found to stimulate ectopic Shh expression. Moreover, Chang et al. also demonstrated 

that the Shh promoter could be regulated by retinoic acid receptors in response to ATRA.327 

Additionally, using an IFN-γ expressing mouse model to study cerebellar dysplasia, Wang et 

al. determined that mice expressing IFN-γ had significantly increased RNA levels of Shh, Gli-1 

and the signalling product Shh precursor protein when compared to non-IFN-γ expressing 

mice.328 Non-canonical signalling of the hedgehog pathway via direct interaction with Gli 

family members has also been shown to be activated downstream of TGF-β, KRAS and Wnt/β-
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catenin signalling.329 Furthermore, Wang et al. also note non-canonical activation of 

Hedgehog via TNF-α and IL-1β. TNF-α and IL-1β were found to transcriptionally upregulate 

expression of Gli-1 via NF-κB signalling. This upregulation was found to increase Gli-1 nuclear 

protein expression and facilitate invasion, migration, and drugs resistance within the context 

of PDAC.330 

We suggest that NK release of cytokines such as TNF-α and IFN-γ in response to direct contact 

with PSCs may activate NF-κB and/or non-canonical Hedgehog signalling resulting in a 

myofibroblastic shift. Steele et al. also suggest a myofibroblastic shift in PSCs following 

hedgehog activation. Analysis of scRNA-Seq revealed an enrichment of hedgehog target 

genes including GLI1 in myofibroblasts when compared to iCAFs.331 Moreover, KPC murine 

models further revealed significantly high GLI expression in alpha SMA+ cells when compared 

to alpha SMA- cells.331 

CD105+ cells display a tumour permissive phenotype and express upregulation of the Acta2 

gene suggesting a myofibroblastic phenotype145, consistent with the findings we present in 

this work. Additionally, CD105+ cells were shown to demonstrate an increase in TGF-β 

signalling mRNAs when compared to CD105- cells (although only Smad3 was significantly 

upregulated) suggesting activation via the TGF-β pathway. Interestingly, CD105- cells were 

shown to express higher levels of ezrin when compared to CD105+ cells, although the 

expression was non-uniform. This was evidenced to demonstrate CAF similarity to 

mesothelial cells.145 Previous work has established a significant role for ezrin in the 

maintenance of cellular shape in rat derived fibroblasts. However, in transformed cells, ezrin 

was found to be significantly upregulated and hyperphosphorylated. Furthermore, increased 

ezrin protein concentration at the leading edge of fibroblasts suggested a role in cellular 
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motility and oncogenic transformation.332 Our proteomic analysis demonstrated an increase 

in ezrin expression in aPSCs cultured with NK cells (vs qPSC + NK cells), suggesting that aPSC 

may express a more oncogenic phenotype when cultured with NK cells than do qPSC.  

Podoplanin has been used as a pan-CAF marker, with its gene expression being associated 

with the general fibroblast phenotype.145 Despite this classification however, podoplanin+ 

CAFs have been found to display significant prognostic impact in several cancer types. In a 

meta-analysis of lung cancer patients, podoplanin+ CAF infiltration significantly reduced 

overall survival, progression- and disease-free survival. Moreover, high densities of 

podoplanin+ CAFs correlated with pleural, vascular and lymphatic invasion and lymph node 

metastasis.333 Similarly, node negative, hormone receptor+/HER2- breast cancer patients 

were found to demonstrate a similar correlation between podoplanin expression and worse 

disease-free and disease-specific survival. Although only expressed in 16% of patient samples, 

high podoplanin expression was associated with higher Ki67 labelling and greater stromal 

tumour infiltrating lymphocytes.334 In PDAC however, the prognostic impact of podoplanin 

remains unclear. Several studies have reported a correlation between podoplanin and worse 

prognosis. Hirayama et al. demonstrate patients with high podoplanin showed significantly 

worse disease-free and disease-specific survival.335 Similarly, Croft et al. note high expression 

of podoplanin at the transcriptional level was associated with poor clinical outcome.336 

Conversely, work by Neuzillet et al. demonstrated podoplanin expression to be associated 

with better clinical outcome. Moreover, of the four CAF subtypes identified, CAFs expressing 

podoplanin were found to correlate with the best overall prognosis.140  

Interestingly, Hirayama et al. note that podoplanin+ cells identified within their study 

expressed alpha SMA suggesting activated PSC origin.335 We demonstrate a significant 
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increase in podoplanin expression in aPSCs, but not qPSCs in response to culture with NK cells. 

Moreover, podoplanin has been demonstrated to further enhance alpha SMA expression and 

promote activation of PSCs which may account for differences observed between activated 

and quiescent PSCs.337 Podoplanin expression has further been demonstrated at the invasive 

front of cervical squamous cell carcinoma, and murine models of cervical cancer. Gene 

expression profiling in association with laser capture microscopy revealed an upregulation of 

interferon response genes in podoplanin positive cells. Furthermore, the expression of 

podoplanin was found to be stimulated by IFN-γ, TNF-α and TGF-β.338 Thus, we suggest that 

NK secretion of IFN-γ/TNF-α in response to cell-cell interaction may account for the 

upregulation in podoplanin expression observed in PSC/CAF in my experiments.339, 340 

7.3 PSCs reciprocally modulate NK phenotype and functional markers 

Much work has investigated the role of NK cell receptors in cellular efficacy and response to 

treatment. NKG2D is an important activating receptor on both NK and T cells and has been 

shown to be crucial to the formation of the immunological synapse between effector and 

malignant cells.341 Moreover, its expression has been demonstrated to correlate with 

improved disease free and overall survival in pancreatic cancer.342, 343 Conversely, the 

inhibitory receptors NKG2A and TIM3 have both been shown to play a significant role in 

tumour escape from immune surveillance.344, 345 In addition, NKG2A has been suggested as a 

marker of NK cell exhaustion.183 Thus, NK receptors as well as functional protein expression 

may play a key role in describing the efficacy or dysfunction of NK cells in malignancy.  

Importantly, modulation of NK cell receptor expression has been demonstrated in response 

to tumoural cells. In colorectal cancer, tumour infiltrating NK cells were shown to have 

significantly reduced surface expression of NKG2D, NKp30 and NKp46 when compared to 
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peripheral blood NK cells, suggesting an altered phenotype within this population. It was 

further determined that CRC tumour cells were responsible for educating the NK cells and for 

the altered phenotype observed.346 Additionally, in hepatocellular carcinoma, TIM-3 

expression on NK cells was found to be significantly greater within tumoural tissue when 

compared to paratumoural tissues, suggesting that tumoural cells/TME may play a role in NK 

receptor modulation.347 Consistently, in murine and in vitro models of lung cancer, NKG2A 

expression was found to be significantly increased within tumoural tissue when compared to 

the control. Furthermore, the expression of NKG2A was greatest in the highly-metastatic 

model of lung cancer, suggesting that this inhibitory receptor may play a role in metastasis.348 

This was further suggested by Liu et al. Malignant cells were found to upregulate HLA-E, the 

ligand for NKG2A, on circulating PDAC tumour cells in order to evade immune detection. 

Distinct micro-environmental cues may therefore be responsible for the crucial and dynamic 

relationship involved in NK-target interactions in different disease conditions.344 

We demonstrate a significant increase in the inhibitory/exhaustion markers NKG2A and TIM3 

in co-culture with qPSC. This finding is consistent with the decreased cell lysis observed 

against BxPC3 cell lines, and to a lesser extent, MiaPaca2 and Capan2 cells. Similar NK 

dysfunction in response to increased TIM-3 and NKG2A expression has been demonstrated in 

oesophageal349 and hepatocellular carcinoma.183 Thus we suggest that PSCs may play a 

regulatory role in NK cell function through the upregulation of inhibitory receptor expression. 

Importantly, the changes identified in TIM3 were displayed in direct contact, TranswellTM and 

conditioned media experiments, suggesting that TIM3 modulation by PSCs may be achieved 

via secreted factors. We also highlight an increase in the percentage of NKG2D+ cells at the 

population, but not individual cell level. Despite its known role in NK cell functionality, recent 

work has demonstrated an inverse relationship between NKG2D expression on tumour 
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infiltrating NK cells and degranulation. It was suggested that chronic stimulation of NK cells 

by tumour cell surface expression of MICA may be responsible for the dysfunction caused.350 

Thus, further work is needed to fully elucidate the precise mechanism and role of increased 

NKG2D expression in response to co-culture with PSCs. 

7.4 Co-culture secreted factors 

Regarded as a cornerstone of cancer progression, the JAK/STAT pathway has been shown to 

facilitate tumour development as both an intrinsic driver of cancer growth and metastasis, as 

well as through modulation of immunosurveilance.351 Regulation of the JAK/STAT signalling 

pathway by IFN-γ has been well documented.352 While earlier mathematical models 

suggested antifibrotic effects of IFN-γ/STAT1 signalling on PSCs,353 recent studies have 

suggested that JAK/STAT engagement leads to PSC proliferation, activation and fibrosis.318 

Additionally, in regards to NK cell functional efficacy, IFN-γ activation of JAK1, JAK2 and STAT1 

was found to upregulate the expression of PD-L1, reducing NK lysis of tumoural cells, 

mediating escape from immunosurveillance.354 We demonstrated upregulation of IFN-γ and 

related chemokines in response to direct (but not TranswellTM) co-culture, suggesting that the 

JAK/STAT signalling pathway may be involved in the phenotypic changes observed. 

Fibroblast growth factor (FGF) signalling is a critical pathway involved in tumour-stroma 

crosstalk.355 In health, FGF signalling plays a crucial role in the development and homeostasis 

of multiple cell types. However, aberrant expression/control of this pathway has been 

demonstrated to play a key role in multiple malignancies including glioblastoma, breast, 

bladder, prostate and pancreatic cancers.356 Thus, targeting of the FGF signalling pathway is 

becoming an increasingly attractive therapeutic target.355 Acting via autocrine and paracrine 

routes, FGF2 release from tumour, stromal and endothelial cells has been found to contribute 
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to cancer progression.357 Coleman et al. demonstrated that nuclear translocation of FGF 

receptor 1 (FGFR1) and FGF2 was necessary for maintaining stellate cell proliferation. 

Furthermore, blockade of FGFR1, and subsequently FGF2, nuclear translocation prevented 

PSC invasion in organotypic models.103 This suggests a crucial role for PSC induced FGF2 

signalling in the progression of pancreatic cancer. Interestingly, FGF2 has demonstrated both 

pro- and anti-fibrotic effects in HSC. FGFR1 inhibition was shown to suppress HSC growth by 

regulating cell cycle proteins, suggesting a pro-fibrotic role for FGF2.358 Conversely, murine 

FGF2 knockout models of hepatic injury demonstrated that upon injury, the level of matrix-

collagen derived from HSCs was significantly reduced despite a normal increase in alpha SMA 

(suggesting HSC migration). These results suggest that FGF2 may have an anti-fibrotic effect 

in liver injury.359 Interestingly, in hepatocellular carcinoma, FGF2 has been shown to 

upregulate expression of the NKG2D ligands MICA/B, increasing malignant cell susceptibility 

to NK- induced lysis.360 Furthermore, Lewis et al. demonstrated that FGF2 was a potent 

stimulator of IFN-γ release by NK cells.361 We note dramatic upregulation of FGF2 in response 

to direct, but not TranswellTM co-culture, suggesting that direct cell-cell interaction may 

induce activation of this signalling pathway leading to distinct phenotypic changes in both PSC 

and NK cells.  

In summary, our results demonstrate a reciprocal interaction between NK cells and 

qPSC/aPSCs, resulting in phenotypic changes in both cell types and functional alterations 

within NK cells. These changes may, in turn, affect NK cell-mediated cancer cell cytotoxicity. 

7.5 qPSC/aPSC and NK cells demonstrate a significant bi-directional relationship at 

the proteomic level 

With the advent of multi-omics data, significant progress has been made in understanding 

cellular changes at the proteomic and transcriptional level. The use of mass-spectrometry 
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within the proteomic field has allowed the possibility to characterise and quantify the protein 

signature of desired samples, as well as the ability to investigate complex interactions within 

a biological sample.362, 363 Moreover, through utilising a global proteomic approach, protein 

detection is not limited by hypothesis, allowing visualisation of the total proteome and direct 

measurement of cellular protein content.362, 363 Whilst several limitations exist within the field 

of proteomics, including incomplete cellular lysis, sample contamination and membrane 

protein solubility, the well-established methods for sample preparation and a diverse array 

of databases to characterise peptide origins post-analysis render proteomics a fast and 

sensitive technology which holds great potential for both fundamental and clinical 

research.363, 364 

Employing bottom-up global proteomic analysis, we demonstrate significant changes in the 

key functional pathways including biosynthesis, protein folding, sorting and vesicular 

transport in NK cells, and lipid and steroid metabolism, glycolysis and spliceosome function in 

PSCs as a result of co-culture. Similarly, Poznanski et al. demonstrated significant proteomic 

changes between peripheral blood NK cells (low cytotoxicity) and expanded NK cells (highly 

cytotoxic) following culture within the ascites-TME in ovarian cancer models. Of note, 

significant changes in biosynthesis pathways were observed within this model. Importantly, 

it was suggested that the tumour microenvironment may play a crucial role in regulating 

cellular proteome changes365, validating the changes we observed in NK and PSCs following 

their interaction.  

We further investigated this interaction through the analysis of publicly available RNA-seq 

datasets. We identified similar downregulation/upregulation in corresponding genes within 

PSCs, including phosphoserine aminotransferase 1 (PSAT1, SERC) and heterogeneous nuclear 
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ribonucleoprotein K (HNRNPK, HNRPK) which was shown to have a prognostic impact.366 

Specifically, patients with high HNRNPK expression were found to have significantly reduced 

overall survival than did patients with low expression. This finding was consistent with 

HNRNPK’s observed role in the hnRNPK/miR-223/FBXW7 feedback cascade which was found 

to facilitate pancreatic cancer cell growth and invasion.367 These examples serve to emphasise 

that post-translational modification may impact functional activity in these interactions, 

rather than at transcription or translational levels.368 Additionally, activation of the hippo 

signalling pathway via the hnRNPK-YAP1 axis has been shown to promote pancreatic cancer 

progression.369 Ren et al. demonstrated that HNRNPK translocated to the nucleus of PDAC 

cells following interaction with SGLT2. Within the nucleus, HNRNPK induced YAP1 expression 

by acting as a transcription factor. This increased expression of YAP resulted in upregulation 

of CTGF and CYR61 (via hippo signalling), stimulating cancer cell proliferation and invasion.369 

These results suggest that the protumoural roles of HNRNPK are not limited to tumour cells, 

but may also be induced in stromal cells by NK-PSC interaction.  

Chimeric antigen receptor (CAR)-NK cells are receiving increasing interest as therapeutic tools 

in the treatment of multiple malignancies.370 Li et al. report the development of Robo-1-

specific CAR-NK cells. An initial case report (PDAC with liver metastasis) noted that the 

therapy resulted in no significant adverse effects. The patient also demonstrated lesion 

control within five months, with overall survival of 8 months.371 A further Phase I/II study 

(NCT03941457) is currently underway to observe the occurrence of adverse events, although 

the status is unknown.372 Importantly, we identified the expression of Robo-1 in both 

quiescent and activated PSCs, thus CAR-NK therapies may be key to targeting not only 

tumoural cells, but also PSCs via cellular immunotherapies. Similarly, two early phase I trials 

(NCT05194709 and NCT05137275) are recruiting for the use of 5T4 CAR-NK cells in advanced 



336 
 

solid cancers and locally advanced and/or metastatic solid tumours (NSCLC, breast, CRC, 

mesothelioma and other tumours with high expression of 5T4).373, 374 5T4 is a trophoblast 

glycoprotein which is expressed in a wide variety of cancers. In murine models, 

overexpression of 5T4 has been associated with downregulation of E-cadherin, a key protein 

in epithelial to mesenchymal transition. Additionally, Wnt-β catenin signalling was also 

demonstrated to be modulated by 5T4 through its binding to the co-receptor LRP6, 

preventing internalisation. This in turn repressed activation of the canonical signalling 

pathway. Importantly however, 5T4 has also been shown to stimulate non-canonical Wnt 

pathway activation which has been linked to cellular motility.375 Our proteomic analysis 

identified the presence of 5T4 within both qPSC and aPSCs following co-culture with NK cells, 

further highlighting the potential of these novel therapeutics in the targeting of both tumour 

and stromal cells in solid malignancies.  

Previously, we demonstrated NK ability to target and lyse qPSC and aPSC in a contact 

dependent manner (Figure 4.6A, B; Figure 4.7A). Similarly, Van Audenaerde et al. 

demonstrated enhanced NK cytolytic capacity towards PSCs following IL-15 stimulation.232 In 

a first-in human trial, Shan et al. utilised IL-15/4-1BBL stimulated donor derived NK cells for 

the treatment of ultra-high-risk solid tumours (paediatric sarcomas). Activated NK cells were 

delivered to patients following nonmyeloablative, MHC-matched, T-cell depleted peripheral 

blood stem cell transplantation. Unfortunately, five out of the nine enrolled patients 

demonstrated acute graft versus host disease (GVHD) following activated NK cell transplant. 

Grade 4 GVHD was observed in three patients. It was concluded that NK cell transplant may 

stimulate subclinical T-cell alloreactivity, resulting in the toxicities observed.376 Thus, whilst 

allogeneic transfer of stimulated NK cells could be employed to target stellate cells in PDAC, 
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care must be taken to fully understand the potential reactivity between NK cells and other 

stromal/immune cells in order to minimise adverse events. 

Multiple trials of NK cell-based therapies are currently ongoing both as monotherapy and in 

combination with additional biological agents and/or drug therapies (Table 7.1). 

From the breadth of malignancies targetable, the scope and potential of NK cell therapies is 

beginning to come to light. This emphasises the increasing importance of understanding the 

biological interactions within disease in order to fully exploit therapeutic potential. 
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Table 7.1: Clinical Trials involving NK cell therapies (clinicaltrials.gov).
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7.6 Prognostic implications of NK cell infiltrate and proximity to CAFs in PDAC 

7.6.1 Absolute NK cell infiltrate does not confer prognostic impact 

NK cell infiltrate in PDAC has been shown to correlate with patient outcome. Previous work 

by Hoshikawa et al, identified that the percentage of NK cells within both the tumour and 

peripheral blood of PDAC patients correlated with progression free survival.219 Davis et al. 

also note improved overall survival in patients with higher absolute NK cells numbers.221 

Similarly, Ogobuiro et al. identified significant enrichment in NK cell signatures (as well as 

CD8+ T cells, monocytes and M2 macrophages) in patients with young onset pancreatic cancer 

(YOPC) when compared to average onset (AOPC) cohorts. As YOPC is associated with 

significantly greater overall survival (when compared to AOPC), it was suggested that the 

increased immune signature may play a role in the differential clinicopathological outcomes 

between the two cohorts.377 Additionally, murine models of pancreatic cancer revealed that 

NK cells were required for a gemcitabine induced antitumor response following tumour 

resection.378 Despite this positive correlation between NK cell number and patient outcome, 

Jun et al. suggested that it is the functional state of NK cells, and not total cell number, which 

is an important prognostic indicator.222 Furthermore, in a multi-omics study of pancreatic 

cancer, Yousuf et al. identified significantly greater proportions of NK cells within short term 

survivors (IQR: 7-9 months) when compared with long-term survivors (IQR:45-57). This was 

also true for B-cells, NKT-cells and alternatively activated macrophages. The lower survival 

observed within this cohort was determined to be in line with the immunosuppressive nature 

of these cells as identified by scRNA-seq analysis.379 Consistently, whilst we note the 

importance of absolute NK cell infiltrate, we did not identify any prognostic relationship 

between NK cell number and patient overall survival.  
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7.6.2 NK proximity to CAFs demonstrates prognostic significance and may be used for 

patient stratification  

The dynamic interactions between immune, malignant and stromal cells play a crucial role in 

determining the effectiveness of immunotherapies.380 Thus, development of clear patient 

stratification may lead to improved patient care and therapeutic strategies.381 In a study of 

gastric cancer, Li et al. note that fibroblasts, NK cells and endothelial cells were the most 

robust markers of prognosis. As such, these cellular markers were used to stratify patients 

into four distinct subgroups: NKLow/StromaLow, NKLow/StromaHigh, NKHigh/StromaLow, 

NKHigh/StromaHigh. This patient stratification was found to demonstrate significant prognostic 

impact, with NKHigh/StromaLow patients demonstrating the best overall survival. Consequently, 

it was suggested that improved risk stratification may guide personalised therapies.382 

Similarly, a prediction signature based on NK cell marker genes demonstrated clear prognostic 

implications for low-risk and high-risk scores in lung adenocarcinoma patients. Specifically, 

patients with low-risk scores were found to exhibit abundant immune cell infiltration. 

Moreover, immunotherapy response rate was considerably higher in low-risk score patients 

when compared to the high-risk cohort, demonstrating the therapeutic significance of NK-cell 

based patient stratification.383 Similarly, NK-related genes identified in the TCGA-PAAD 

database generated three stable clusters with distinct characteristics for patient stratification. 

Survival analysis revealed favourable prognosis in cluster 3, whilst cluster 1 had poorer 

prognosis. Importantly, immune cell infiltrate was seen to differ between clusters, with 

cluster 3 demonstrating a significantly higher immune score than did other clusters. Cluster 3 

was also found to have a greater response to IFN-γ and increased cytolytic activity. Finally, 

the greatest expression of the immune checkpoint related genes PD-1 and CTLA-4 was 

observed in cluster 3, suggesting that this group may respond best to immune checkpoint 
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blockade. Thus the potential for patient stratification using NK-related genes in PDAC can be 

clearly observed.384 These results in combination with the prognostic impact of PSC/CAFs 

previously identified140 suggest that NK-PSC/CAF interaction may hold important prognostic 

potential.  

To further investigate the role of NK-PSC/CAF interaction in patient outcome, we studied the 

proximity between these two cell types within PDAC samples. Importantly, NK cell proximity 

to tumour cells has been shown to have prognostic significance in various cancer types such 

as metastatic melanoma385, breast cancer386 and PDAC.222 Mi et al. recently report the 

importance of spatial proximity of adaptive immune cell infiltrate in short and long term 

survivors in PDAC, providing a precedent for the potential role innate immune cell proximity 

may play in prognosis.387 Väyrynen et al. similarly determined longer cancer specific survival 

in patients expressing greater proximity between T- and NKT- cells and tumour cells in 

patients with colorectal cancer.388 In addition, spatial analysis revealed closer proximity of NK 

cells to tumoural cells in PD-1 treatment responders than in non-responders, revealing a 

prognostic role for NK cell proximity in malignant melanoma.385 Our findings expand on this 

foundation and highlight the significance of cellular proximity in the PDAC tumour 

microenvironment. We demonstrate that patients with greater distance between 

CD45+CD56+/CD45+CD56+NKG2D+ NK cells and CAFs (Vimentin+ cells) exhibit longer overall 

survival. These findings highlight the role of NK cell proximity to CAFs in patient overall 

survival and suggest the potential for patient stratification. 

7.7 Limitations 

There are several limitations associated with this study which should be considered. Firstly, 

due to experimental design, baseline proteomic levels were not assessed for NK, qPSC or aPSC 
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alone, thus the data presented are relative changes between ‘healthy’ (qPSC) and ‘diseased' 

(aPSC) conditions. As such, this must be taken into consideration when reviewing the results. 

Secondly, we note that the in vitro work displayed herein has been conducted in 2D culture. 

As this study was a proof of principle, future works including 3D models would be useful to 

demonstrate the spatial interaction between NK and PSC. Finally, mIHC analysis of PDAC 

samples was conducted using tissue microarray sections. Whilst it could be argued that whole 

tissue slides may provide a more comprehensive overview, we have demonstrated tumoural 

heterogeneity in both CAF and NK cell infiltrate. Furthermore, the use of TMA sections has 

allowed us to include 64 PDAC patients within the study in a timely manner, providing a 

synopsis of the interplay of NK and PSCs within PDAC. Additionally, with a median of 3 cores 

analysed per patient, we present good tissue coverage overall, and suggest that this validates 

the use of TMA within the current work.  

7.8 Future directions  

This study provides a firm observational foundation of the bidirectional interplay between NK 

and PSCs in the context of PDAC, however further work is needed to fully explore the 

mechanistic underpinning of this dynamic interaction. Specifically, employing 3D 

organotypic/spheroid models would provide more in-depth analysis of the spatial cross-talk 

between NK and PSCs in vitro, facilitating investigation of specific spatial cell-cell interactions. 

Recent work employing 3D models of PDAC (established using poly-HEMA coated plates) 

revealed that targeting periostin expression within PSCs resulted in an increase in NK-cell 

cytotoxicity against pancreatic cancer cells and PSCs.389 This provides an important 

foundation on which to further explore NK-PSC/CAF interactions within the 3D in vitro setting. 

Furthermore, within this study, NK activity was measured using the CD107 degranulation 

assay, validating the use of this assay in spheroid cultures for future work. In addition, further 
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exploration of our initial proteomic results and their continued validation through phospho-

proteomic analysis would facilitate a deeper understanding of the underlying mechanisms 

involved within this interaction. Through greater mechanistic understanding we may be able 

to suggest potential biological pathways which may be harnessed for the treatment of PDAC. 

Several clinical trials are currently ongoing (Section 7.5) targeting markers which were also 

identified within our proteomic data. This demonstrates the potential to harness NK-PSC 

interaction in the clinical setting. Thus, further work to validate targets in in vivo models is of 

great importance. Several pre-clinical trials are underway to activate both the innate and 

adaptive immune response in PDAC. Using KPC mouse models, Piper et al. demonstrate a 

systemic increase in NK cells following treatment with a murine PD-1 targeted-IL2 variant 

antibody complex.390 Similarly, in orthotopic mouse models of oral squamous cell carcinoma 

and PDAC, sequential therapy with supercharged NK cells followed by chemotherapy or anti-

PD-1 treatment resulted in significantly decreased tumour size and enhanced NK cell 

function.391 In addition to harnessing NK cell function, PKT murine models have demonstrated 

efficacy of MEK and STAT3 inhibitors in pancreatic cancer. Furthermore, this inhibition was 

shown to attenuate both myCAFs and iCAFs within the tumour whilst enriching for 

Ly6a/CD34-expressing CAFs which display a mesenchymal stem-cell like phenotype, 

demonstrating the ability to induce CAF plasticity within PDAC. Moreover, combination of 

these treatments with PD-1 immunotherapy significantly improved T-cell cytotoxicity and led 

to a reduction in tumour volume.392 Thus through employing sequential therapies in the form 

of CAF targeting and NK cell stimulation or transfer, we may be able to further harness this 

unique interaction within in vivo models of PDAC. Finally, plans to complete 40-plex mIHC 

using COMET (Lunaphore Technologies, Switzerland) will provide more in-depth analysis of 
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the spatial interaction between NK and PSC/CAF subtypes within PDAC, as well as their 

relevance within the larger immune landscape. 

7.9 Conclusions 

PDAC is a disease with dismal prognosis. Despite increasing interest in targeting PSCs and the 

potential role for NK cells as therapies, little remains known about the interaction between 

these two players. We demonstrate for the first time to our knowledge, a significant 

bidirectional relationship between NK cells and PSCs in the context of PDAC.  

We show a propensity for NK cells to target and lyse both qPSC and aPSC in a contact 

dependent manner. Furthermore, we demonstrate that qPSC education modulates NK 

functional efficacy against pancreatic cancer cell lines.  

We identify significant phenotypic changes in response to co-culture. PSCs demonstrate an 

increase in alpha SMA, suggesting that NK cells induce a myofibroblastic shift within PSCs in a 

direct contact dependent manner. Moreover, increase in inhibitory receptor expression in NK 

cells correlated with reduced functional efficacy. We further demonstrated the bi-

directionality of this relationship through global proteomic analysis.  

Despite the prognostic significance of total NK cell infiltrate demonstrated previously, we 

show that NK proximity to CAFs, and not total NK cell infiltrate is correlated with improved 

overall survival in PDAC patients. Consequently, we suggest that the spatial biology of stromal 

cells may play a prognostic role in PDAC and may potentially be used as a tool for patient 

stratification.  
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Additional work is needed to further explore the complexities of NK-PSC/CAF interactions and 

to greater understand the mechanistic underpinnings of this key cellular relationship in order 

to fully harness its therapeutic potential.  
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CD107 Degranulation Assay 

1) Label FACS tubes 

2) Harvest, count & resuspend PBMCs @ 5x106/ml in RPMI+10%FCS 

3) Harvest, count & resuspend target cell lines @ 5x106/ml in cell line-specific media 

4) Add 300µl of RPMI+10%FCS to each tube 

5) Add 100µl of PBMCs (i.e. 5x105 cells) to appropriate tubes 

6) Add 100µl of target cells (i.e. at a 1:1 ratio with effectors) to appropriate tubes 

7) Cover tubes loosely with Parafilm & incubate for 1hr at 37°C 

8) Make up master-mix (in RPMI+10%FCS) of brefeldin A and antibodies, allowing for 100µl to 

be added to all tubes: 

  

5µl of CD107a-FITC / tube 

5µl of CD107b-FITC / tube 

Brefeldin A at 1:1000 dilution / tube (0.5 µl) 

3µl of CD3-PerCP / tube 

2µl of CD56-PE / tube 

 

1) Add 100µl of master-mix to tubes  

2) Cover tubes loosely with Parafilm and return to incubator for 3-4hr 

  

After incubation: 

 Add 2 ml FACS buffer to each tube & spin (400 g, 5min, acc 9, brake 9) 

1) Discard supernatant  

Fix cells in 150µl 1% PFA, cover with foil & keep at 4°C until data acquisition 

 

Appendix 1: CD107 degranulation assay protocol provided by the Samson Lab. 

 



382 
 

 

Appendix 2: Gating strategy for CD107 degranulation assays. 

Cells were gated on single cells and live cells before identifying cells positive for CD45. CD56+ cells were 

identified from the CD45+ population before gating CD107a/b+ cells from the CD56+ pool. 

 

 

 

 

 

 



383 
 

 

 

Appendix 3: Gating strategy for flow cytometric analysis of PSC markers in response to co-culture 
with NK cells. 

PSCs were identified from their forward/side scatter profile. Doublets were then excluded, and live cells 

identified from the single cell gate. Individual PSC markers (alpha SMA, periostin, myosin-11, 

podoplanin and CD105) were then gated from the live cell population. 
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Appendix 4: Gating strategy for flow cytometric analysis of NK cell markers in response to co-

culture with quiescent or activated PSCs. 

NK cells were gated based on the forward/side scatter profile. Doublets were excluded and live cells 

identified from the single cell population. CD45 was then used to identify lymphocytes and from this 

population CD56+ cells were identified. All subsequent markers were gated from the CD45+CD56+ 

population.  
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Appendix 5: FGF2 expression in response to Direct and TranswellTM culture. 

Abundance of FGF2 secreted in mono- and co-culture of NK and PSCs in direct contact and TranswellTM 

conditions. Analyte concentrations are displayed as picograms per mL. Data were analysed using 

Kruskal-Wallis analysis with Dunn’s Post Hoc tests. 
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Appendix 6: Concentrations of secreted cytokines and chemokines identified in direct and 
TranswellTM co-culture. 

Mean observed concentration for each analyte is depicted as pg/mL. Analytes identified as out of range 

are represented as the highest/lowest observed value for the analyte. Data for direct contact co-culture 

are shaded in white, whilst those for TranswellTM separated assays are shaded in grey. 
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Appendix 7: Fold change in analyte concentration (identified by Luminex multiplex ELISA) 
observed between TranswellTM separated and direct co-culture conditions. 
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Appendix 8: Top upregulated and downregulated proteins in PSCs and NK cells in response to co-
culture. 

A). Top five upregulated and downregulated proteins in qPSC/aPSCs following 24h culture with NK 

cells. B). Top five upregulated and downregulated proteins in NK cells following 24h culture with 

qPSC/aPSCs. Data were analysed using unpaired T-tests. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001. 
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Appendix 9: Initial antibody titrations for periostin using a second antibody clone. 

Immunohistochemical staining of Periostin (MA5-26675, ThermoFisher) was carried out on colon, placenta, and stomach positive control tissue. Each dilution 

was tested using two epitope retrieval conditions ER1 (pH 6.0 citrate-based antigen retrieval) or ER2 (pH 9.0 Tris-based antigen retrieval). Slides were stained 

using the Leica Bond Max automated staining system. Following staining, slides were dehydrated and mounted with glass coverslips using Dibutylphthalate 

Polystyrene Xylene (DPX). All slides were imaged using the Olympus CKX53 inverted light microscope and Olympus EP50 camera at magnification x4. Scale 

bars=200μm were added using ImageJ software.  
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Appendix 10: Additional antibody titration for periostin (second clone). 

Immunohistochemical staining of Periostin (MA5-26675, ThermoFisher) was carried out on colon, placenta, and stomach positive control tissue. Each dilution 

was tested using two epitope retrieval conditions ER1 (pH 6.0 citrate-based antigen retrieval) or ER2 (pH 9.0 Tris-based antigen retrieval). Slides were stained 

using the Leica Bond Max automated staining system. Following staining, slides were dehydrated and mounted as described. All slides were imaged using the 

Olympus CKX53 inverted light microscope and Olympus EP50 camera at magnification x4. Scale bars=200μm were added using ImageJ software. It was 

concluded that this antibody would not be used for further staining as greater signal to noise ratio was achieved using the alternative periostin clone 

(ab215199, Abcam). 
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Appendix 11: Number of cores analysable for each patient. 

A-C) The number of cores analysable for patients with a final diagnosis of normal (A), chronic 

pancreatitis (B) or PDAC (C) following mIHC staining. These numbers take into account cores removed 

due to lack of concordance across panels.  
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Appendix 12: Representative images of Panel 1 staining with HALO scoring masks. 

A-B) Representative images of CAF staining in patient PDAC sections. Samples were stained for alpha 

SMA –magenta; periostin – yellow; myosin-11 – orange; podoplanin- - green; CD105 – cyan; CK/EpCAM 

– red using the Opal TSA system (Akoya Biosciences). Nuclei are stained with DAPI – blue. Slides were 

imaged using the Vectra Polaris (Akoya bioscience). Images were created with HALO software (3.4). 

Scoring masks for each marker are displayed below the tissue section. Scale bars = 100µm. 
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Appendix 13: Representative images of Panel 2 staining with scoring masks. 

A-B) Representative image of panel 2 (NK activating receptors) on TMA samples. CD45 – orange; CD56 

– yellow; NKG2D – cyan; NKp46 – magenta; Vimentin – green; CK/EpCAM – red. Nuclei are stained 

with DAPI – blue. Patient TMA samples were stained using the Opal TSA system and scanned using the 

Vectra Polaris (Akoya Biosciences). Images were created with HALO software (3.4). Scoring masks for 

each marker are displayed below the tissue section. Arrows indicate examples of CD45+CD56+NKG2D+ 

(A) and CD45+CD56+NKp46+ (B) cells. Scale bars = 100µm. 
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Appendix 14: Representative images of Panel 3 staining on TMA sections with scoring masks. 

A-B) Representative image of panel 3 (NK inhibitory receptors) on TMA Sections. CD45 – orange; CD56 

– yellow; NKG2A – cyan; LAG3 – magenta; Vimentin – green; CK/EpCAM – red. Nuclei are stained with 

DAPI – blue. Patient TMA samples were stained using the Opal TSA system and scanned using the 

Vectra Polaris (Akoya Biosciences). Images were created with HALO software (3.4). Scoring masks for 

each marker are displayed below the tissue section. Arrows indicate examples of CD45+CD56+NKG2A+ 

(A) and CD45+CD56+LAG+ (B) cells. Scale bars = 100µm. 
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Appendix 15: Comparison of lineage markers between panels 2 and 3. 

A-D) The expression of CD45+ (A), CD45+CD56+ (B), Vimentin+ (C) and CK/EpCAM+ (D) cells observed per 

patient in mIHC staining panels 2 and 3. Data were analysed using Mann Whitney U Tests. *p<0.05. 

Whilst there was some variation in CD45+ cells observed between panels 2 and 3 it was concluded that 

the concordance across panels was acceptable to proceed with downstream proximity and survival 

analysis.  



396 
 

 

 

Appendix 16: Kaplan Meier survival analysis dichotomised by high and low expression of NK cell 
markers. 

A-E) Kaplan Meier Survival curves based on high or low expression of CD45+CD56+ (A), 

CD45+CD56+NKG2D+(B), CD45+CD56+NKp46+(C), CD45+CD56+NKG2A+(D), CD45+CD56+LAG3+(E). 

Significance was identified using the Log-Rank test. Due to the low percentage of immune infiltrate for 

CD45+CD56+NKp46+, CD45+CD56+NKG2A+ and CD45+CD56+LAG3+ subsets, the number of patients at 

risk differs greatly between ‘high’ and ‘low’ expression groups. This must be considered when reviewing 

the significance in overall survival identified in the CD45+CD56+NKp46+ subset. 


