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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is a major clinical challenge due 

to late diagnosis, high metastatic potential, and resistance to conventional 

therapies. This thesis explores novel immunotherapeutic strategies aimed 

at improving outcomes in PDAC.  

 

First, a multiparametric flow cytometry panel was developed to 

comprehensively profile immune alterations in pancreatic tumours and 

systemic compartments in a mouse model of disease. Using this and other 

tools, a subset of natural killer (NK) cells expressing markers of tissue 

retention was identified in mice receiving multimodal therapy; this subset 

might support anti-tumour immunity indirectly through T cell modulation. 

Subsequently, another combination regimen was investigated, comprising 

focal adhesion kinase (FAK) inhibition and T cell immunoreceptor with Ig and 

ITIM domains (TIGIT) blockade, which demonstrated trends towards 

enhanced survival and tumour control. Additionally, an in vitro protocol was 

established to generate cytotoxic NK cells expressing tissue retention 

markers, which successfully homed to pancreatic tissue in vivo, providing a 

potential strategy for adoptive NK cell transfer in pre-invasive or early-stage 

PDAC. Finally, using a different mouse model of disease with slower tumour 

development revealed progressive accumulation of innate and adaptive 

lymphocytes during early tumourigenesis. Collectively, these findings 

provide preliminary support for two conceptual shifts in PDAC 

immunotherapy that may inform future clinical studies: one towards NK-cell 

based therapies, and another towards early/preventative interventions. 
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Chapter 1 

 

Introduction 

 

1.1  

Pancreatic cancer 

1.1.1 Classification 

Pancreatic cancer is a highly heterogeneous disease that encompasses a 

spectrum of malignant neoplasms arising from both the exocrine and 

endocrine components of the pancreas. The vast majority of cases 

(approximately 90%) are pancreatic ductal adenocarcinomas (PDACs), 

which originate from the exocrine epithelium of the pancreatic ducts 

(Kamisawa et al. 2016). PDAC (often referred to simply as pancreatic 

cancer) is an invasive carcinoma with irregular glandular architecture, 

characterised by a propensity for early invasion and frequent vascular or 

perineural invasion. Based on the degree of glandular differentiation, PDAC 

is commonly graded as well- (G1), moderately- (G2), or poorly-differentiated 

(G3) (Garcia et al. 2013).  

 

An inconspicuous proportion of cases of pancreatic cancer are caused by 

pancreatic neuroendocrine tumours (pNETs) (Halfdanarson et al. 2008). 

These neoplasms arise from the endocrine islets of Langerhans and 

therefore secrete hormones such as insulin, glucagon, and somatostatin. 

These neoplasms are biologically and clinically distinct from PDAC, often 

displaying a more indolent course, though aggressive variants exist. 
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Whereas most pNETs develop sporadically, several hereditary cancer 

syndromes have been described that predispose to their development, 

including Multiple Endocrine Neoplasia type 1, von Hippel-Lindau disease, 

neurofibromatosis type 1, and tuberous sclerosis (Falconi et al. 2016). 

 

Other, rarer exocrine malignancies exist, including the cystic tumours of the 

pancreas, a group that comprise both benign and malignant entities 

(Karoumpalis and Christodoulou 2016). The presence of cystic pancreatic 

lesions has also been associated with hereditary cancer syndromes. 

 

1.1.2 Aetiology and epidemiology 

Pancreatic cancer is one of the deadliest malignancies worldwide, with a  

5-year overall survival rate of less than 10% and a median survival of 

approximately 4 months (Rawla et al. 2019). Global incidence is estimated 

at around 495,000 new cases per year,  corresponding to roughly 2.6% of all 

cancers, while mortality approaches 466,000 deaths per year, highlighting 

the exceptionally high fatality rate of this disease (Sung et al. 2021). These 

figures are expected to rise, with pancreatic cancer projected to become the 

second deadliest malignancy by 2030, after lung cancer (Rahib et al. 2014).  

 

The disease predominantly affects individuals over 65 years of age, with a 

median age at diagnosis of 70 years, and shows a mild male predominance 

(Ilic and Ilic 2016). Cigarette smoking remains the single most important 

modifiable risk factor, accounting for about 20-25% of cases and conferring 

a 2- to 3-fold increase in risk compared to non-smokers (Bosetti et al. 2012). 
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Excess alcohol consumption, obesity, and diets rich in processed meats 

and saturated fats have all been linked to an increased risk, likely through 

metabolic and inflammatory mechanisms (Genkinger et al. 2015; Naudin et 

al. 2025). The long-held belief that consumption of dairy products could 

increase risk has been disproven (Genkinger et al. 2014). 

 

Chronic pancreatitis has been extensively studied as a predisposing 

condition for pancreatic cancer, and specifically for PDAC (Lowenfels et al. 

1993). Multiple longitudinal cohort studies and meta-analyses have shown 

that individuals with chronic pancreatitis have a lifetime risk that is markedly 

increased (estimated between 5- and 20-fold higher than the general 

population), depending on duration and genetic predisposition (Krejs 2010; 

Kirkegård et al. 2017). The proposed mechanisms include nonspecific 

chronic inflammatory stress and repeated epithelial injury promoting 

neoplastic transformation of ductal cells. Acute pancreatitis has also been 

linked to PDAC; however, in patients with acute pancreatitis, the risk of 

pancreatic cancer peaks within the first 2 months following symptom onset, 

likely reflecting cases in which pancreatitis represents an early 

manifestation of an underlying early tumour. Thereafter, the risk declines 

progressively and approaches that of the general population approximately 

10 years after diagnosis (Sadr-Azodi et al. 2018). 

 

The relationship between diabetes mellitus and pancreatic cancer has long 

been controversial. In early reports, diabetes and impaired glucose 

tolerance were observed in 75% of patients with PDAC (Permert et al. 1993). 
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It is now accepted that, on the one hand, new-onset diabetes frequently 

represents a signpost of an early, occult pancreatic tumour, especially in 

adults  older than 50 (Andersen et al. 2017; Khalaf and Ali 2022); on the other 

hand, long-standing type-2 diabetes is an ascertained risk factor conferring 

a nearly 2-fold increased risk, likely stemming from chronic inflammatory 

and metabolic derangements in the pancreas (Song et al. 2015). 

 

Approximately 5-10% of all pancreatic cancers are hereditary. Germline 

mutations in BRCA2, BRCA1, PALB2, ATM, CDKN2A, MLH1, MSH2, MSH6, 

and STK11 contribute to familial predisposition and account for the 

increased risk observed in syndromes such as Peutz–Jeghers and Lynch 

(Kastrinos et al. 2009; Korsse et al. 2013). Carriers of these mutations have 

gene-dependent lifetime risks in the range of 10-20%, which can rise when 

combined with environmental risk factors such as smoking or obesity. 

 

1.1.3 Current standard of care 

There are four recognised classes of PDAC, including resectable, borderline 

resectable, locally advanced/unresectable, and metastatic disease (Callery 

et al. 2009) (Figure 1.1). 
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Figure 1.1 – PDAC classification based on resectability criteria  
Resectability criteria introduced by the National Comprehensive Cancer Network 

(NCCN) guidelines (version 2.2024) and later updated by Callery et al. Reproduced with 
permission from Stoop et al., Lancet, 2025 (Figure 1) – Licence Number 6140790078935. 

 

About 60% of cases are already metastatic at presentation (L. Huang et al. 

2019), with only a minority of patients (approximately 15-20%) presenting 

with resectable tumours at diagnosis, largely due to the combination of 

three factors: (I) the absence of an effective screening programme, (II) the 

lack of sensitive and specific biomarkers for early detection, and (III) the 

slow and insidious development of symptoms, a consequence of the 

pancreas’ deep retroperitoneal location. Early manifestations such as 

weight loss, abdominal or back pain, new-onset diabetes, or 

neuropsychiatric symptoms are vague and rarely lead to prompt diagnosis 

(Figure 1.2). More recognisable symptoms like jaundice usually indicate 

involvement of the biliary tract and therefore locally advanced disease. 
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Figure 1.2 – PDAC symptoms by district involved 
Blue: upper gastrointestinal tract; green: lower gastrointestinal tract; indigo: systemic 
manifestations. Reproduced with permission from Stoop et al., Lancet, 2025 (Figure 3) – 
Licence Number 6140790078935. 

 

For resectable PDAC, surgical resection with curative intent remains the 

mainstay of treatment (T. Conroy et al. 2023), typically via 

pancreatoduodenectomy (also known as Whipple procedure) for cancer of 

the head, or distal pancreatectomy for cancer of the neck or tail. Surgery is 

invariably followed by adjuvant chemotherapy, which consists of 

FOLFIRINOX (5-fluorouracil, leucovorin, irinotecan, oxaliplatin) for fit 

patients, and gemcitabine/capecitabine for older/unfit patients (Figure 1.3). 
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Figure 1.3 - Treatment for local and locoregional pancreatic cancer 
European Society for Medical Oncology (ESMO) Clinical Practice Guidelines. Orange: 
surgery; blue: systemic anticancer therapy; green: combination of treatments; white: 
other aspects of management. 5-FU, 5-fluorouracil; CA 19-9, carbohydrate antigen 19-
9; ChT, chemotherapy; CRT, chemoradiotherapy; ECOG, Eastern Cooperative Oncology 
Group; FOLFIRINOX, leucovorin–5-fluorouracil–irinotecan–oxaliplatin; GN, 
gemcitabine–nab-paclitaxel; LV, leucovorin; MCBS, ESMO-Magnitude of Clinical Benefit 
Scale; MDTB, multidisciplinary tumour board; mFOLFIRINOX, modified FOLFIRINOX; PC, 
pancreatic cancer; PD, progressive disease; PS, performance status; R0, no tumour at 
the margin. Reproduced with permission from Conroy et al., Annals of Oncology, 2023 
(Figure 2) – Licence Number 6141360176423. 
 

In borderline resectable cases, i.e., those patients where vascular 

involvement precludes upfront surgery, neoadjuvant chemotherapy 

(commonly FOLFIRINOX or gemcitabine/nab-paclitaxel) is employed to 

downstage the tumour, followed by surgery as above in patients who 

respond well to treatment. For locally advanced (unresectable) or 

metastatic PDAC, treatment is palliative, with systemic chemotherapy 
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(FOLFIRINOX or gemcitabine plus nab-paclitaxel) aimed at prolonging 

survival and maintaining quality of life (Figure 1.4). Chemoradiation and 

enrolment in clinical trials are also options that may be offered to selected 

patients. 

 

 

Figure 1.4 – Treatment for advanced or metastatic pancreatic cancer 
European Society for Medical Oncology (ESMO) Clinical Practice Guidelines. Blue: 
systemic anticancer therapy; white: other aspects of management. 5-FU, 5-fluorouracil; 
ECOG, Eastern Cooperative Oncology Group; FOLFIRINOX, leucovorin–5-fluorouracil–
irinotecan–oxaliplatin; GN, gemcitabine–nab-paclitaxel; KPS, Karnofsky performance 
status; MCBS, ESMO-Magnitude of Clinical Benefit Scale; LV, leucovorin; mFOLFOX6, 
modified leucovorin–5-fluorouracil–oxaliplatin; OFF, oxaliplatin–fluorouracil–
leucovorin; PC, pancreatic cancer; PS, performance status; ULN, upper limit of 
normal. Reproduced with permission from Conroy et al., Annals of Oncology, 2023 
(Figure 3) – Licence Number 6141360176423. 
 

1.1.4 Immunotherapy 

In the context of cancer, immunotherapy refers to the use of therapeutic 

agents that enhance or restore the immune system’s capacity to recognise 

and eliminate malignant cells. Unlike conventional cytotoxic therapies that 

directly (and often non-selectively) block cancer proliferation, 
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immunotherapies modulate cellular and/or soluble components of the 

immune response to cancer cells. 

 

Immune checkpoint inhibition is an immunotherapeutic strategy that 

releases inhibitory brakes on anti-tumour immune responses by blocking 

receptor–ligand interactions that normally restrain immune effector cells 

(Pardoll 2012). These receptors are expressed on a variety of immune 

cells—notably, but not exclusively, CD8⁺ T cells, CD4⁺ T cells, and natural 

killer (NK) cells—and engage ligands expressed on tumour cells and stromal 

cells. When engaged, these interactions dampen effector cell activity, 

thereby blunting anti-tumour immunity.  

 

Checkpoint inhibitors currently in clinical use are monoclonal antibodies 

targeting either checkpoint receptors, such as nivolumab (Brahmer et al. 

2012) and pembrolizumab (Reck et al. 2016), which target Programmed 

death protein 1 (PD-1), and ipilimumab (Hodi et al. 2010), which targets 

Cytotoxic T-lymphocyte antigen 4 (CTLA-4), or their ligands, such as 

atezolizumab (Rittmeyer et al. 2017) and durvalumab (Antonia et al. 2017), 

which target Programmed death ligand 1 (PD-L1). Additional inhibitory 

receptors, including T cell immunoreceptor with Ig and ITIM domains  (TIGIT) 

and T cell immunoglobulin and mucin-domain containing-3 (TIM-3), are 

under active clinical investigation as targets for checkpoint blockade (Cho 

et al. 2022; Gutierrez et al. 2025). 
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The only approved immune checkpoint inhibitor for PDAC is the anti–PD-1 

antibody pembrolizumab, which may be offered exclusively to patients with 

metastatic, microsatellite instability-high (MSI-H) or mismatch repair–

deficient (dMMR) cancer (less than 1% of cases), and only as a second- or 

later line of therapy (Figure 1.5). In all other settings, both single- (Royal et 

al. 2010; Brahmer et al. 2012; Herbst et al. 2014) and dual (O’Reilly et al. 

2019) checkpoint blockade have invariably led to failure of obtaining 

objective responses. 

 

Combining immune checkpoint blockade with other therapies (such as 

neoadjuvant chemotherapy, transforming growth factor β, TGF-β, inhibition, 

or stroma-targeted approaches) has produced objective responses of only 

5-20% and a median overall survival rate of less than 9 months (Aglietta et 

al. 2014; Weiss et al. 2017; Melisi et al. 2019; Kamath et al. 2020; Wang-

Gillam et al. 2022). Some trials were discontinued due to lack of clinical 

benefit (Zhen et al. 2022; Renouf et al. 2022). Comparable response rates 

were registered in trials of immune checkpoint blockade combined with 

radiotherapy (Xie et al. 2020; Parikh et al. 2021).  
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Figure 1.5 – Treatment options for pancreatic cancer patients with metastatic 
disease and actionable genomic alterations 
Blue: systemic anticancer therapy; white: other aspects of management. ChT, 
chemotherapy; dMMR, mismatch repair deficient; MCBS, ESMO-Magnitude of Clinical 

Benefit Scale; MSI-H, microsatellite instability-high; m, mutated; PC, pancreatic cancer. 
Reproduced with permission from Conroy et al., Annals of Oncology, 2023 (Figure 4) – 

Licence Number 6141360176423. 

 

Cancer vaccines represent another paradigm of immunotherapy. Akin to 

vaccines for infectious diseases, cancer vaccines work by specifically 

inducing or enhancing tumour-specific CD8⁺ T cell responses through the 

presentation of antigens to the immune system (Saxena et al. 2021). Tumour 

antigens may be either normal peptide sequences that are abnormally 

expressed or overexpressed in tumours, or neoantigens, i.e., novel peptide 

sequences generated as a result of somatic mutations and therefore absent 

from normal tissues (Z. Hu et al. 2018). Vaccination relies on antigen 

presentation by dendritic cells, which process antigens and present 

antigenic peptides to naïve CD8⁺ T cells, resulting in the formation of 

effector and long-lived, tumour-specific memory T cells (J. Banchereau and 

Steinman 1998). Vaccine strategies include peptide-based vaccines, which 
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deliver immunogenic peptides derived from tumour antigens (Schneble et 

al. 2014); nucleic acid vaccines (DNA or RNA), which encode tumour 

antigens for in situ expression (Weber et al. 2024); vector-based vaccines, 

which rely on viral delivery of tumour antigens (Gatti‐Mays et al. 2020); and 

dendritic cell vaccines, in which patient-derived dendritic cells are loaded 

with tumour antigens ex vivo before reinfusion (Kantoff et al. 2010). 

 

In PDAC, the GVAX therapeutic vaccine was tested, in which granulocyte-

monocyte colony-stimulating factor (GM-CSF) secretion by irradiated 

allogeneic pancreatic cancer cells promotes recruitment of dendritic cells 

and CD8⁺ T cell responses against tumour-associated antigens, including 

mesothelin (Jaffee et al. 2001). Whereas initial testing in the adjuvant setting 

in patients with resectable pancreatic cancer yielded overall survival of up 

to 24 months (Eric et al. 2011), subsequent trials in patients with advanced 

disease produced much more disappointing results (Le et al. 2019).  

 

More recently, a much more promising individualised neoantigen vaccine 

with mRNA–lipoplex nanoparticles has received particular attention as, 

when combined with adjuvant atezolizumab and FOLFIRINOX, it was able to 

prevent recurrences in half of the enrolled patients at a median extended 

follow-up of 3.2 years after surgical resection. Importantly, in responders  

(n = 8), the expansion of neoantigen-specific CD8⁺ T cells was observed with 

an average estimated lifespan of 7.7 years (range 1.5 to roughly 100 years), 

and some clones were predicted to have lifespans that may outlive hosts 

(Sethna et al. 2025). 
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A third immunotherapeutic strategy is adoptive cell transfer, which refers to 

the infusion of autologous or allogeneic effector cells after ex vivo 

expansion, activation, and, frequently, genetic manipulation to enhance 

functionality or overcome inhibitory signals (Rosenberg et al. 2008; 

Laskowski et al. 2022). The fundamental principle of adoptive cell transfer is 

to provide a large quantity of tumour-reactive immune cells capable of 

mediating tumour destruction. While this approach has been evaluated in 

PDAC both preclinically (S. Hu et al. 2019; Biegert et al. 2025; Dai et al. 2025) 

and clinically (Beatty et al. 2017; Yang Liu et al. 2020; Arya et al. 2024), the 

results have generally not been promising (Aznar et al. 2025), and, to the 

present date, no cellular immunotherapies are approved for PDAC. 

 

There are several reasons why immunotherapy in PDAC has not gained the 

same momentum as in other malignancies (Hodi et al. 2010; Robert et al. 

2015; Reck et al. 2016; Neelapu et al. 2017; Maude et al. 2018). Firstly, 

compared with cancers such as melanoma or lung cancer, which are 

characterised by a high tumour mutational burden and consequently 

produce a high number of neoantigens to elicit efficient CD8⁺ T cell 

responses, the prevalence of somatic mutations in PDAC is considerably 

lower and comparable to that of paediatric malignancies (Figure 1.6).  
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Figure 1.6 – Prevalence of somatic mutations across cancer types 
Every dot represents a sample whereas the red horizontal lines are the median numbers 
of mutations in the respective cancer types. The vertical axis (log scaled) shows the 

number of mutations per megabase whereas the different cancer types are ordered on 
the horizontal axis based on their median numbers of somatic mutations. Reproduced 

with permission from Alexandrov et al., Nature, 2013 (Figure 1) – Licence Number 

6140880663561. 

 

Studies have consistently shown that vast majority of pancreatic tumours 

exhibit what can be defined as an immune-excluded or immune-desert 

phenotype, with only a small minority classified as immune-inflamed (Mi et 

al. 2022). This terminology refers to the framework proposed by Chen and 

Mellman, which links the type and spatial distribution of immune cells (and 

CD4/CD8⁺ T cells in particular) within the tumour microenvironment (TME) 

to the probability of immunotherapy success (D. S. Chen and Mellman 

2017). In a recent study, 9.9% of PDAC samples were classified as immune-

inflamed, 85.2% as immune-excluded, and 4.9% as immune-desert (Kim et 

al. 2025). In addition to the paucity of T cells, loss of expression of MHC 

class I and other proteins of the antigen-presenting machinery are well-

documented phenomena in PDAC (Pandha et al. 2007; Yamamoto et al. 

2020), further contributing to the lack of effective immune responses. 
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Secondly, while effector T cells are scarce, regulatory T cells (Tregs) and 

myeloid-derived suppressor cells (MDSCs) are abundant, creating a 

profoundly immunosuppressive TME, which inhibits activation and effector 

functions of those few T cells that are able to infiltrate it (Hiraoka et al. 2006; 

Pylayeva-Gupta et al. 2012; Trovato et al. 2019). Both these subsets have 

been shown to negatively correlate with survival in large meta-analyses (Ai 

et al. 2018; Camerlingo 2022). A similar negative correlation has also been 

observed for immunosuppressive tumour-associated macrophages (Yu et 

al. 2019), whose density increases with progression to invasive cancer 

(Clark et al. 2007). The role of other cell types in PDAC development and 

resistance to immunotherapy is comparatively less well studied. B cells, for 

example, have only recently been shown to act as professional APCs in 

pancreatic cancer (Sivakumar et al. 2021), but their numbers in the TME 

remain generally low.  

 

Finally, pancreatic cancer is characterised by the densest stroma of all solid 

cancers, with up to 90% of the tumour volume being composed of the so-

called desmoplastic reaction (Phillips 2012): activated myofibroblasts, 

extracellular matrix proteins, and collagen fibres, which create a physical 

barrier to lymphocyte infiltration and hinder immune cell trafficking into the 

tumour core (Bolm et al. 2017) (Figure 1.7). 
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Figure 1.7 – Macroscopic and microscopic appearance of PDAC 
Left: because of the high inherent invasiveness and extensive desmoplasia, 
adenocarcinomas of the pancreas appear macroscopically as hard, grey-white, poorly 

defined masses. Right: histologically, poorly-defined glandular structures can be seen 

embedded by the surrounding desmoplastic stroma. Reproduced with permission from 
Robbins and Cotran Pathologic Basis of Disease, 9th Edition, Kumar, Abbas, Aster 

(Chapter 19 - The pancreas, Figure 19-13) – Licence Number 1668326-1. 

 

Therapeutic strategies that target the highly desmoplastic stroma can be 

broadly classified into two categories (Polani et al. 2021): approaches aimed 

at actively degrading already established stroma, such as the use of 

collagenases (Zinger et al. 2019) or hyaluronidases (Zhen et al. 2022b), and 

approaches designed to prevent the formation of new stroma, such as 

inhibitors of focal adhesion kinase (FAK), which prevent extracellular matrix 

(ECM) deposition by cancer-associated fibroblasts (CAFs) (Zaghdoudi et al. 

2020). It should be noted that, given the expression of FAK on other cell 

types—including myeloid cells and tumour cells themselves—disruption of 

FAK signalling exerts multiple effects beyond ECM deposition. These 

broader effects are discussed in greater detail in Chapter 5. 

 

In summary, three factors (low antigenicity, profound immunosuppression, 

and stromal desmoplasia) explain why immunotherapy has, so far, shown 

limited success in PDAC, and why novel approaches are needed.  
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1.2 

Mouse models of Pancreatic Ductal Adenocarcinoma (PDAC) 

1.2.1 Genetically engineered mouse models 

Mouse models continue to be essential in immuno-oncology research for 

their capacity to accurately mimic the complex interplay between tumours 

and the immune system. Generally speaking, mouse models include 

chemically induced models, patient-derived xenografts (PDXs), genetically 

engineered mouse models (GEMMs), and syngeneic implantation models. 

In models of chemical induction, a carcinogen is administered to the animal 

to initiate tumourigenesis. While PDAC has successfully been induced in 

the Syrian hamster using a single administration of the mutagen 

N-nitrosobis(2-oxopropyl)amine (Pour et al. 1977), efforts to replicate PDAC 

development in mice or rats has been unsuccessful so far, likely as a result 

of differences in expression of drug-metabolising enzymes across the three 

species (Ulrich et al. 2002). PDXs, created by transplanting human tumour 

tissue into immunodeficient mice, preserve key genomic and structural 

characteristics of the original tumour, enabling investigations into patient-

specific drug responses and molecular targets (Yihan Liu et al. 2023). 

However, the lack of an intact immune system in recipient mice enormously 

restricts their use for studying anti-tumour immunity (Pham et al. 2021). As 

a consequence, neither chemically induced models nor PDXs are widely 

employed for studies in immunity to pancreatic cancer.  
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GEMMs offer the ability to examine the interactions between immune and 

cancer cells all the way from tumour initiation to progression and 

metastasis, establishing them as a cornerstone of immuno-oncology 

research (Kersten et al. 2017). Amongst GEMMs that faithfully recapitulate 

the development of pancreatic cancer in humans, the Pdx-1-Cre; 

LSL-KrasG12D/+ GEMM (Hingorani et al. 2003) exploits Cre recombinase to 

conditionally express KrasG12D, found in over 90% of all pancreatic 

malignancies (Hilgers and Kern 1999; Almoguera et al. 1988; X. Wang et al. 

2011). This model (also known as the KC model) is characterised by an age-

dependent increase in lesion progression and allows the monitoring of 

precursor lesions, known in humans as pancreatic intraepithelial 

neoplasias (PanINs). The time to invasive cancer development is 

approximately 9-12 months, and median survival is 16 months. The two 

main limitations of this model are its relatively long latency for lesion 

development, which makes long-term studies necessary, and the fact that 

animals occasionally develop additional tumours, including 

mucocutaneous papillomas and hyperplastic polyps of the duodenum. 

 

Two years after the description of the KC GEMM, Hingorani et al. developed 

a subsequent model with concomitant expression of Trp53R172H and KrasG12D 

(Hingorani et al. 2005). The generation of this model was similar to that of 

the KC GEMM: activation of both oncogenic Kras and Tp53 was restricted to 

the pancreas through cross-breeding with Pdx-1-Cre transgenic mice. The 

LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre  model (also known as KPC) better 

recapitulates the invasive and widely metastatic phenotype of human 
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disease, where TP53 mutation is a late event in tumourigenesis, found in 

around 75% of malignancies (Figure 1.8). Here, the time to tumour 

development is approximately 2 months, and overall survival is 5-6 months. 

Some KPC mice, too, can develop extra-pancreatic papillomas. 

 

 

Figure 1.8 – Kras and Trp53 mutations in pancreatic tumourigenesis  
Top: schematic representation of normal exocrine pancreas cells, transitioning from left 
to right into increasingly dysplastic PanIN and PDAC. In addition to visible abnormalities 
including papillary morphology, loss of polarity, nuclear atypia, intraluminal budding, 
and stromal invasion, PanIN-to-PDAC progression in mice and humans is associated 
with accumulation of genetic lesions including activation of Kras and loss of tumour 
suppressor genes including Cdkn2a, Trp53, Smad4, and Brca2. Bottom: haematoxylin-
and-eosin–stained sections of mouse pancreata of indicated genotypes, illustrating 
normal acinar (ac) and duct (du) cells as well as an early-stage PanIN lesion and 
advanced PDAC. PanIN: pancreatic intraepithelial neoplasia; PDAC: pancreatic ductal 
adenocarcinoma. Freely adapted with permission from Murtaugh et al., Toxicology 
Pathology, 2013 (Figure 1) – Licence Number 6140960640309. 
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1.2.2 Tumour implantation models 

In contrast to GEMMs, where tumours develop spontaneously as a result of 

defined driver mutations, syngeneic implantation models necessitate the 

introduction of cancer cells into immunocompetent mice. These models 

present some advantages over GEMMs, providing reproducible, highly 

standardised platforms with a much shorter latency for tumour formation. 

This facilitates mechanistic studies of anti-cancer immunity and 

assessment of therapeutic interventions (including immunotherapeutic 

interventions). Their reproducibility and the possibility to interrogate anti-

tumour immune responses in immunocompetent hosts have led to their 

widespread use in immuno-oncology research. 

 

Tumour cells can be administered either orthotopically (i.e., into the tissue 

of origin of the implanted cell line), or subcutaneously, into the flank of the 

animal (Qiu and Su 2013). For pancreatic cancer, orthotopic implantation 

typically occurs in the tail of the pancreas. The procedure is technically 

demanding, requiring a laparotomy and fine manual technique. Potential 

complications include haemorrhage, infection, and unintended spread of 

tumour cells within the peritoneal cavity. Although rare, tumour engraftment 

may occasionally fail, owing to insufficient cell numbers, poor viability, or 

rapid immune-mediated clearance. Additionally, monitoring tumour growth 

is more challenging, as calliper measurements are poorly suited to the 

measurement of intraabdominal tumours, and serial imaging, such as 

ultrasound or magnetic resonance imaging, is required. Nevertheless, 

orthotopic models are preferred when studying the TME because they retain 
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the features of tumours arising in their native anatomical context, including 

infiltration by immune populations with tissue-specific tropism, which may 

be absent or reduced in subcutaneous sites (Guerin et al. 2020). Orthotopic 

pancreatic tumours also metastasise in a pattern resembling human 

disease (Killion et al., 1998), enabling the study of immune composition and 

response to therapy in metastatic settings (Hiroshima et al. 2016; 

Fernandez et al. 2023). 

 

Subcutaneous implantation, on the other hand, involves injecting a 

syngeneic cancer cell line into the flank. These tumours more poorly 

recapitulate human disease, particularly in terms of TME composition and 

metastatic behaviour. However, subcutaneous models offer practical 

advantages: they are technically straightforward, requiring only a simple 

injection, and tumour growth can be monitored easily using callipers. 

Despite their limitations, these models are widely employed because they 

provide a reproducible and accessible platform for evaluating immune 

responses in vivo, complementing orthotopic and GEMM approaches. 

 

In pancreatic cancer, orthotopic and subcutaneous tumour models exhibit 

different composition, growth kinetics, and response to therapy, including 

chemotherapy (Erstad et al. 2018), further highlighting the need to carefully 

select the most appropriate model for the research question to be 

addressed. 
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1.3 

Natural killer (NK) cells 

1.5.1 NK cells in mice and humans 

NK cells were first described in 1975 as cytotoxic lymphocytes that kill 

tumour cells without prior sensitisation (Kiessling, Klein, and Wigzell 1975; 

Kiessling, Klein, Pross, et al. 1975; Herberman et al. 1975). Since their 

discovery, NK cells have traditionally been defined in humans as 

CD3⁻CD19⁻CD56+ lymphocytes, with the CD56dimCD16+ subset making up 

90% of circulating NK cells, and the CD56brightCD16⁻/dim comprising the 

remaining 10% (Lanier et al. 1986). This phenotypic dichotomy was later 

demonstrated to reflect functional heterogeneity amongst NK cells, with 

CD56bright NK cells being more proficient producers of immunoregulatory 

cytokines, in contrast to the predominantly cytotoxic CD56dim subset (M. A. 

Cooper et al. 2001). 

 

Because mouse NK cells do not express CD56, comparable murine subsets 

have been difficult to identify. In mice, NK cells can be detected using 

NK1.1, Natural Killer Protein 46 (NKp46), or CD49b (Cossarizza et al. 2021). 

NK1.1, encoded by Klrb1c,  is expressed in C57BL/6J but not in BALB/c mice 

(Appasamy et al. 1996); its closest human ortholog, CD161 (encoded by 

KLRB1), shares 46% amino acid sequence homology with NK1.1, is only 

expressed on a fraction of NK cells and T cells, and, contrary to NK1.1, acts 

as an inhibitory receptor (Lanier et al. 1994). NKp46, encoded by Ncr1, is 

considered a better cross-species NK marker, as it is expressed in most 

mouse strains, in humans, and other mammals (Walzer, Bléry, et al. 2007); 
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however, its expression is not restricted to NK cells and subsets of NKp46+ 

T and innate lymphoid cells (ILCs) have been described in mice and humans 

(Walzer, Bléry, et al. 2007; Walzer, Jaeger, et al. 2007). CD49b (encoded by 

Itga2) is another suitable marker, typically used in NK1.1⁻ mouse strains 

(Arase et al. 2001). 

 

1.5.2 Circulating and tissue-resident NK cells 

Whereas NK cells were first described as circulating lymphocytes, tissue-

resident subsets of NK cells have been described in a number of organs in 

both humans and mice. Tissue-resident NK (trNK) cells were first described 

in the mouse liver as CD49a+ cells (Peng et al. 2013). Liver trNK cells were 

proven to be tissue-resident through elegant parabiosis experiments and 

shown to differ phenotypically from their circulating counterparts in the 

liver, spleen, and bone marrow, being larger, more granular, and more 

immature (CD27+CD11blow). While conventional (circulating) NK cells at 

these sites expressed CD49b but lacked expression of CD49a, liver trNK 

cells expressed CD49a but lacked expression of CD49b. In addition, liver 

trNK cells expressed high levels of CD69, CXCR6, CXCR3, and LAG-3, and 

low levels of Eomes (Peng et al. 2013).   

 

Similar subsets of trNK cells expressing CD49a and/or CD69 were 

subsequently described in the mouse skin, kidney, and uterus; these cells 

were also shown to be non-recirculating through parabiosis experiments 

(Sojka et al. 2014; Victorino et al. 2015). As a result, CD49a and CD69 have 

been widely used as markers of tissue residency. CD49a (also known as 
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integrin α1β1) binds to collagen type IV (and, to a lesser extent, collagen type 

I, III, and VI) in the basement membrane, providing physical anchorage to NK 

cells (A. I. Roberts et al. 1999). In contrast, CD69 promotes tissue retention 

by antagonising sphingosine-1-phosphate receptor–mediated migration 

towards blood or lymph. Sphingosine-1-phosphate-receptor 1 (S1PR1) is 

expressed on lymphocytes and promotes tissue egress following a 

sphingosine-1-phosphate gradient; CD69 physically associates with S1PR1 

and promotes its internalisation and degradation, thereby blocking tissue 

egress (Shiow et al. 2006). 

 

Around the same time that trNK cells were being characterised, tissue-

resident populations of other lymphocytes, including CD8⁺ T cells and type 

1 innate lymphoid cells (ILC1s), were also described and found to express 

the residency marker CD103 (Gebhardt et al. 2009; Mackay et al. 2012; 

Fuchs et al. 2013). CD103 (also known as integrin αEβ7) binds E-cadherin at 

epithelial sites (Cepek et al. 1994), anchoring NK cells and other 

lymphocytes in place, and is preferentially expressed by intraepithelial 

lymphocytes in the skin and gastrointestinal tract (Pauls et al. 2001; Mueller 

and Mackay 2016; Hoffmann and Schön 2021). As a result, CD103 has also 

been widely used as a marker of tissue residency. 

 

CD69 expression was shown to be dispensable for the establishment and 

maintenance of tissue residency in certain contexts, at least for CD8⁺ T cells 

(Walsh et al. 2019). Moreover, CD69 is transiently upregulated on circulating 

T and NK cells following activation (Santis et al. 1992; Borrego et al. 1993), 
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which may confound its interpretation as a marker of tissue residency. This 

underscores the importance of distinguishing between a tissue-resident 

phenotype and true tissue residency: although techniques such as flow 

cytometry can detect surface expression of traditional tissue residency 

markers (e.g., CD69, CD49a, and CD103), definitive verification that these 

cells do not recirculate requires parabiosis studies or newer approaches, 

such as in vivo CD45 labelling (Anderson et al. 2014). 

 

Following the initial reports in mice, NK cells expressing markers of tissue 

residency have been identified in multiple human solid organs, including the 

lung (Carrega et al. 2008; Marquardt et al. 2015; G. E. Cooper et al. 2018; 

Marquardt et al. 2019; Brownlie et al. 2021), skin (Torcellan et al. 2024), liver 

(Lunemann et al. 2017), uterus (Manaster et al. 2008), and intestine 

(Sagebiel et al. 2019). Certain phenotypic and transcriptional programmes 

appear to be conserved across tissues (Tang et al. 2023); for example, trNK 

cells at most human sites are predominantly CD56bright (Niehrs et al. 2025). 

However, other phenotypic and functional features are shaped by local 

environmental cues (Figure 1.9). For instance, liver trNK cells express the 

chemokine receptor CXCR6, which mediates migration to and retention 

within hepatic sinusoids in response to CXCL16 expressed by endothelial 

cells (Hudspeth et al. 2016), whereas CXCR6 expression is comparatively 

lower in trNK populations from other tissues (Dogra et al. 2020). As another 

example, uterine NK cells, first identified in the murine decidua (Croy et al. 

1985), are distinctly cytokine-producing and uniquely participate in spiral 

artery remodelling and placental development (Moffett and Colucci 2014). 
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Figure 1.9 – Human NK cell phenotype across different sites 
NK cells across tissues express variable levels of the lineage-defining surface markers 
CD56 and CD16. Within NK cells, trNK cells exhibit site-specific differences in the 
expression of canonical tissue-residency markers, including CD69, CD49a, CD103, and 
CXCR6. Reproduced with permission from Dogra et al., Cell, 2020 (Graphical abstract) – 
Licence Number 6217771117860. 

 

1.5.3 NK cells in cancer immunity 

NK cells detect and eliminate transformed cells through a balance of 

activating and inhibitory signals (Long 1999; Lanier 2005). Tumour cells 

often upregulate stress-induced ligands such as MHC class I polypeptide–

related sequence A and B (MICA/B) in humans, or Retinoic acid early 

transcript 1 (RAE-1) in mice, which engage activating receptors on NK cells, 
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including NKG2D (Raulet 2003). In parallel, inhibitory receptors depend on 

self MHC class I (MHC-I) expression to prevent autoreactivity: in humans, 

KIRs (killer-cell immunoglobulin-like receptors) recognise classical Human 

Leukocyte Antigen (HLA) molecules (HLA-A/B/C) expressed on all nucleated 

cells (Vilches and Parham 2002), whereas in mice, Ly49 receptors serve a 

similar role (Karlhofer et al. 1992). According to the “missing-self” 

hypothesis (Ljunggren and Kärre 1990; Höglund et al. 1997), loss or 

downregulation of MHC-I on tumour cells removes inhibitory signals, tilting 

the balance towards activation. NK cells’ unique capacity to recognise and 

kill tumour cells independently of classical MHC I presentation makes them 

an attractive therapeutic tool, especially for cancers that evade CD8⁺ T cell 

surveillance by downregulating MHC-I (Morvan and Lanier 2016).  

 

Other immune checkpoint receptors, such as T cell immunoreceptor with 

immunoglobulin and immunoreceptor tyrosine-based inhibitory motif 

domains (TIGIT), can similarly restrain NK cell function upon binding to other 

molecules whose expression is generally low in healthy tissues but can be 

upregulated by stress, DNA damage, or inflammatory cytokines, such as the 

poliovirus receptor (PVR, also known as CD155) (Stanietsky et al. 2009). Of 

note, some ligands can engage receptors with opposing functions; for 

example, PVR/CD155 binds both the inhibitory receptor TIGIT and the 

activating receptor DNAX Accessory Molecule-1 (DNAM-1, also known as 

CD226) (Bottino et al. 2003). 
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Figure 1.10 – NK cell activating and inhibitory receptors 
Receptor–ligand interactions that activate (green) or inhibit (red) NK cell responses 

against tumour cells and other cells, or that can either activate or inhibit NK cells 

depending on the specific family member or the context (blue) are shown. Some ligands 
bind to both inhibitory and activating receptors on NK cells, as indicated. Key cytokine 

receptors are also depicted. The receptors for different IL-2 family cytokines consist of 
multiple chains, of which one (the common γ-chain) is a shared signalling component. 

Hu indicates human only and m indicates mouse only. KIR: killer immunoglobulin-like 
receptor; TIGIT: T cell immunoreceptor with immunoglobulin and immunoreceptor 

tyrosine-based inhibitory motif domains. Reproduced with permission from Wolf et al., 

Nature Reviews Immunology, 2023 (Figure 1) – Licence Number 6220131330976. 

 

Once activated, NK cells kill target cells primarily through two effector 

molecules: perforin, which forms pores in the target cell membrane, and 

granzymes, serine proteases that enter through these pores to induce 

apoptosis (Shi et al. 1992; Nakajima et al. 1995). A specific form of granule-

mediated cytotoxicity is antibody-dependent cellular cytotoxicity (ADCC).  
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In this process, NK cells expressing CD16 (FcγRIIIa) bind the Fc portion of 

naturally occurring or therapeutic IgG antibodies coating antigens on the 

surface of a transformed (tumour) cell, triggering NK cell activation and 

degranulation (Kay et al. 1977). Another, complementary mechanism by 

which NK cells participate in tumour surveillance is the induction of 

apoptosis through death receptor pathways. This is because NK cells 

express Fas ligand (FasL) and TNF-related apoptosis-inducing ligand 

(TRAIL), which bind to Fas (also known as CD95) and DR4/DR5 receptors on 

target cells, respectively (Medvedev et al. 1997; Smyth et al. 2001). 

Engagement of these receptors triggers caspase activation and 

programmed cell death, providing an alternative mechanism to eliminate 

tumour or stressed cells. 

 

Beyond direct cytotoxicity, NK cells contribute to anti-tumour immunity 

through immunomodulatory cytokine and chemokine production (Wolf et 

al. 2023). They secrete IFN-γ, which enhances MHC expression on tumour 

and stromal cells, promotes type 1 immune responses, and activates 

macrophages and dendritic cells (Street et al. 2001; Loza et al. 2002). 

NK-derived tumour necrosis factor α (TNF-α) and GM-CSF can further shape 

myeloid cell function within the TME (Jewett et al. 1996; Smyth et al. 2001; 

Zhang et al. 2007; Cui et al. 2025). Chemokines such as C–C motif 

chemokine ligand 3 (CCL3), C–C motif chemokine ligand 4 (CCL4), CCL5, 

and XCL1 produced by NK cells can recruit dendritic cells and effector T 

cells to tumours, amplifying adaptive anti-cancer responses (Robertson 

2002; Böttcher et al. 2018; K. C. Barry et al. 2018; Kirchhammer et al. 2022). 
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For NK cells to exert their cytotoxic or immunomodulatory functions, they 

must remain functionally competent within the TME. However, upon entry 

into the TME, NK cells progressively lose effector functions and adopt a 

distinct hypofunctional state and a phenotype partly associated with tissue 

residency (Dean et al. 2024). This functional impairment (variably referred to 

as NK cell exhaustion or dysfunction) has been described across multiple 

cancer types (Carrega et al. 2008; C. Sun et al. 2015; Mele et al. 2022; Xu et 

al. 2025; Slattery et al. 2025) and may result from exposure to both soluble 

and cell-associated suppressive factors, including TGF-β, indoleamine 2,3-

dioxygenase (IDO), IL-10, prostaglandin E2, adenosine, and reactive oxygen 

species produced by tumour cells and stromal components, particularly 

myeloid cells and regulatory T cells (Jia et al. 2023).  

 

Importantly, this dysfunctional programme has been reported to develop 

rapidly and to be uncoupled from the upregulation of classical checkpoint 

receptors (Pouxvielh et al. 2024). As disease progresses, intratumoral NK 

cells swiftly lose the capacity to contribute effectively to anti-tumour 

responses and become dispensable for tumour control; however, this 

impairment appears to be at least in part reversible following administration 

of NK-supporting cytokines such as interleukin 15 (IL-15) (Dean et al. 2024). 

 

1.5.4 NK cells in PDAC 

NK cells are typically scarce in the normal pancreas in murine models, 

representing approximately 2% of all lymphocytes (Brauner et al. 2010). 

Much of the current understanding of pancreatic NK cells derives from 
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studies in non-obese diabetic (NOD) mice, which are prone to develop 

autoimmune diabetes due to immune-mediated destruction of the islets of 

Langerhans (Serreze and Leiter 1994). In NOD mice, NK cells predominantly 

infiltrate the exocrine pancreas and can be detected in the endocrine 

compartment well before disease onset and prior to overt T cell infiltration 

of the islets (Brauner et al. 2010). NK cells may be recruited to the pancreas 

by chemokines such as CXC motif chemokine ligand 10 (CXCL10), a ligand 

for CXC motif chemokine receptor 3 (CXCR3), and C–C motif chemokine 

ligand 5 (CCL5), a ligand for C–C motif chemokine receptor 5 (CCR5), which 

can be produced by multiple cell types including pancreatic β-cells (Alba et 

al. 2008). Within the pancreatic microenvironment, NK cells can recognise 

activating ligands on β-cells via NKp46, contributing to β-cell destruction 

(Gur et al. 2010). 

 

Compared with splenic NK cells, pancreatic NK cells in NOD mice exhibit a 

higher proliferative rate and increased expression of the activation markers 

CD69 and CD25, as well as the inhibitory receptors PD-1 and killer cell 

lectin-like receptor subfamily G member 1 (KLRG-1) (Brauner et al. 2010). 

However, at later stages of disease progression, these cells become 

hyporesponsive upon stimulation. This hyporesponsive phenotype 

observed during diabetes development may be at least in part driven by 

sustained interactions between NK cell receptors and their ligands 

expressed on pancreatic β-cells. For example, engagement of NKG2D by its 

ligands, such as Rae-1 expressed on β-cells, has been reported to induce 

downregulation of NKG2D and functionally dampen NK cell activity, 
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potentially limiting excessive autoimmunity (Ogasawara et al. 2004). 

Furthermore, interaction of PD-1 on pancreatic NK cells with PD-1 ligands 

expressed within inflamed islets may further restrain NK cell effector 

function (Ansari et al. 2003). 

 

Interestingly, NK cells are present in the pancreas of C57BL/6 mice at 

proportions comparable to those observed in NOD mice, indicating that 

pancreatic recruitment can occur even in the absence of overt or sustained 

inflammation. However, compared with NK cells in NOD mice, pancreatic 

NK cells in C57BL/6 mice exhibit lower baseline proliferation and reduced 

expression of the activation markers NKG2D and CD69 (Brauner et al. 2010). 

 

The role of NK cells in the development of PDAC has been comparatively 

understudied, with only a limited number of reports addressing this 

question. Peripheral blood NK cells from patients with PDAC are 

predominantly  CD56dimCD16⁺ and display marked downregulation of 

activating receptors such as NKG2D and NKp30 compared with healthy 

donors (Marcon et al. 2020). In addition, these cells exhibit reduced 

cytotoxic activity and diminished IFN-γ production, while producing 

elevated levels of IL-10, an immunoregulatory cytokine that is increased in 

the blood of PDAC patients. 

 

Within the PDAC TME, NK cells are largely excluded, representing 

approximately 3% of total cells in one study (Marcon et al. 2020) and less 

than 1% of all lymphocytes in another (Lim et al. 2019). Tumour-infiltrating 
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NK cells are predominantly CD56dimCD16⁻ and display marked suppression 

of activating receptors, including CD16, DNAM-1, and NKp30 (Marcon et al. 

2020). PDAC tissues, on the other hand, display significant upregulation of 

ligands for NKG2D as well as the TIGIT and DNAM-1 ligand PVR, the latter 

increased by up to 18-fold compared with normal pancreas (Marcon et al. 

2020). Notably, NK cells from patients with PDAC exhibit minimal 

cytotoxicity against primary PDAC cells or pancreatic cancer cell lines; 

however, their cytotoxic function can be restored, at least in part, following 

ex vivo expansion and stimulation (Lim et al. 2019). 
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1.4 

Rationale for present studies 

The current standard-of-care treatment for PDAC depends on both disease 

stage and patient fitness. In the minority of patients who present with limited 

tumour burden and are deemed sufficiently fit, aggressive, multi-agent 

chemotherapy is administered, often in combination with surgical 

resection. Patients with reduced fitness may receive modified or lower-

intensity chemotherapy protocols tailored to balance efficacy with 

tolerability. However, the overwhelming majority of patients present with 

advanced or metastatic disease and are too frail to undergo any systemic 

chemotherapy. These patients are managed with best supportive care 

alone. The resultant prognosis in PDAC remains extremely poor, with a 

median overall survival of approximately 4 months from the time of 

diagnosis. 

 

Given the recent surge of immunotherapeutic approaches over the past two 

decades and the remarkable clinical success achieved in other 

malignancies, it remains unclear whether such strategies can provide 

meaningful therapeutic benefit in PDAC, and this warrants further 

investigation. As PDAC is a malignancy characterised by low neoantigen 

production and reduced expression of MHC class I, baseline antigen-

specific CD8⁺ T cell responses are unlikely to confer substantial benefit in 

this context. To date, only one study aimed at enhancing antigen-specific 

CD8⁺ T cell responses has reported encouraging results in humans, with 

unprecedented progression-free survival (PFS) and overall survival (OS) not 
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reached at a median follow-up of 3.2 years. However, this approach relied 

on an individualised neoantigen vaccine, and therefore the scalability of this 

and similar approaches is drastically limited by practical considerations 

such as cost and manufacturing complexity; moreover, only a subset of 

treated patients (8 individuals) demonstrated a measurable response. 

 

In light of these considerations, NK cell–based immunotherapies represent 

a promising alternative as a novel immunotherapeutic strategy for PDAC. 

Unlike CD8⁺ T cells, NK cells can mount anti-tumour responses 

independently of neoantigen burden and MHC class I expression. In 

addition, ligands for NK cell activating receptors are detectable within the 

pancreas even prior to overt tumour development, suggesting that this axis 

may be exploitable at relatively early stages of disease evolution. While it is 

well established that NK cells across a number of tumour types, including 

PDAC, can acquire a functionally impaired and poorly cytotoxic phenotype 

in the TME, these studies have primarily defined dysfunction in terms of 

diminished cytotoxicity, whereas other functions of NK cells (e.g., 

immunoregulation) have been comparatively less well explored. It is 

therefore plausible that, within the TME, NK cells may not simply undergo a 

global loss of function but rather a redirection or reprogramming of their 

function. Furthermore, multiple studies have demonstrated that this partial 

functional impairment is, at least to some extent, reversible following 

exposure to NK-supporting cytokines, indicating that a range of therapeutic 

strategies may be leveraged to restore or reinvigorate NK cell activity. 
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1.5 

Aims and hypotheses 

Aim 1 

Develop a tool for analysing immune responses in murine models of 

PDAC, applicable at baseline or following therapeutic interventions. 

Underlying hypothesis: A comprehensive flow cytometry panel can be 

designed to enumerate all major immune cell populations involved in 

anti-tumour responses in murine models of disease, both in the TME and 

at distant sites, revealing that more cell types than previously recognised 

contribute to immunity to PDAC. 

 

Aim 2 

Use the tools developed in Aim 1, and their adaptations, to characterise 

the phenotype of a previously described NK cell population in the KPC 

orthotopic model of PDAC. 

Underlying hypothesis: The NK cell subset found to correlate with 

survival corresponds to pancreatic tissue-resident NK cells with an 

immunoregulatory role; preliminary immunophenotyping will provide a 

foundation for future studies on their ontogeny and function. 

 

Aim 3 

Use the tools developed in Aim 1, and their adaptations, to characterise 

the immune response in the KPC orthotopic model of PDAC following 

treatment with a novel therapeutic combination including immune 

checkpoint inhibition and stroma-targeted therapy. 
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Underlying hypothesis: Disruption of physical barriers in the TME via FAK 

inhibition allows increased immune cell (including tissue-resident NK 

cell) infiltration; when coupled with TIGIT blockade, this can enhance 

anti-tumour immunity. 

 

Aim 4 

Develop and optimise a protocol for generating NK cells with a hybrid 

phenotype combining cytotoxicity and tissue retention, for potential 

translational applications. 

Underlying hypothesis: Ex vivo exposure of donor PBMC-derived NK cells 

to cytokines that promote tissue retention, alongside cytokines that 

proliferation, activation, and cytotoxicity, can generate NK cells capable 

of localising to the TME and mounting effective anti-tumour responses. 

 
Aim 5 

Quantify infiltration of innate and adaptive immune cells in the pancreas 

during disease progression in the aging KC mouse model, reflecting 

immune dynamics over time. 

Underlying hypothesis: Early KRAS-driven precursor lesions in the 

pancreas initiate antigen-specific responses by B and T cells; innate 

cells, including NK cells, act as first responders to malignantly 

transformed cells before the transition to invasive cancer. 
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Chapter 2 

 

Materials and methods 

 

2.1  

Materials 

All reagents used in the experiments presented in this thesis are listed in 

Table 2.1 below. Methods are reported below in the order in which they 

appear in the main text. Unless otherwise specified, all cell lines were 

obtained from the laboratory of Eric O’Neill. 

 

REAGENT SUPPLIER IDENTIFIER 
BSA Sigma-Aldrich A2514 
Collagen type I (human) Sigma-Aldrich CC050 
Collagenase, type II  Gibco 17101015 
Collagenase, type IV Gibco 17104019 
DMEM Gibco 21969-035 
DNase I Roche 10104159001 
EDTA Sigma-Aldrich E4884 
FBS, heat-inactivated Sigma-Aldrich F9665-500ML 
Ficoll-Paque PREMIUM 1.084 Cytiva 17544602 
Formalin (10% neutral buffered)  Sigma-Aldrich  HT501128 
HBBS Gibco 14025092 
L-Glutamine Gibco 25030-024 
Lymphoprep STEMCELL Technologies 18060 
Matrigel membrane matrix Corning 356231 
NK MACS Miltenyi Biotec 130-114-429 
PBS Gibco 14190144 
Penicillin-Streptomycin Gibco 15140-122 
Red blood cell lysis buffer BioLegend 420301 
RPMI Gibco 21875034 
Sodium azide Sigma-Aldrich S2002 
Trypsin-EDTA Sigma-Aldrich T4049 
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IL-12 (human) BioLegend 573004 
IL-15 (human) BioLegend 570304 
IL-15 (mouse) BioLegend 566302 
IL-18 (human) BioLegend 592104 
IL-2 (human) BioLegend 589104 
IL-21 (human) BioLegend 571206 
TGF-β1 (human) BioLegend 781802 
TGF-β1 (mouse) BioLegend 763102 
      
CD3 EasySep selection kit STEMCELL Technologies 17851 
CD14 EasySep selection kit STEMCELL Technologies 17858 
CD19 EasySep selection kit STEMCELL Technologies 17854 
CD56 EasySep selection Kit STEMCELL Technologies 17855 
Human NK cell EasySep selection kit STEMCELL Technologies 17955 
Mouse NK cell EasySep selection kit STEMCELL Technologies 19855 
      
Brefeldin A Thermo Fisher 00-4506-51 
Fc block (human) BD Biosciences 564219 
Fc block (mouse) BD Biosciences 553141 
FoxP3 Fixation/Permeabilisation 
Buffer Thermo Fisher 00-5523-00 

LIVE/DEAD Fixable Blue Thermo Fisher L34962 
Monensin Thermo Fisher 00-4505-51 
Super Bright Staining Buffer Thermo Fisher SB-4401-42 
UltraComp Spectral Unmixing Beads Thermo Fisher U20250 
      
CD3 BUV395 Thermo Fisher 363-0032-82 
CD4 BUV496 Thermo Fisher 364-0042-82 
CD8α BUV805 Thermo Fisher 368-0081-82 
CD11b BUV737 Thermo Fisher 367-0112-82 
CD11b BV570 BioLegend 101233 
CD11c BUV615 Thermo Fisher 366-0114-82 
CD19 BV750 BioLegend 115561 
CD19 APC-Fire810 BioLegend 115578 
CD44 BV510 BioLegend 103044 
CD45 AF532 Thermo Fisher 58-0451-82 
CD49a PE-Vio770 Miltenyi Biotec 130-123-892 
CD62L SB702 Thermo Fisher 67-0621-82 
CD69 BUV737 Thermo Fisher 367-0691-82 
CD86 BV785 BioLegend 105043 
CD103 SB600 Thermo Fisher 63-1031-82 
CXCR3 BUV563 BD Biosciences 741438 
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CXCR6 APC-Cy7 BioLegend 115578 
CXCR6 BV711 BioLegend 151111 
DNAM-1 PE BioLegend 128806 
Eomes PE-Cy5 Thermo Fisher 15-4875-82 
F4/80 BUV563 Thermo Fisher 365-4801-82 
FoxP3 PE-Cy5.5 Thermo Fisher 15-4875-82 
Granzyme A APC Thermo Fisher 17-5831-82 
Granzyme B VioB515 Miltenyi Biotec 130-130-543 
I-A/I-E AF700 BioLegend 107622 
Ki-67 BUV661 Thermo Fisher 376-5698-82 
KLRG-1 PE-Fire810 BioLegend 138437 
Ly6C APC-Cy7 BioLegend 128026 
Ly6G PE-Cy5 BioLegend 127672 
NK1.1 SB436 Thermo Fisher 62-5941-82 
NKG2A PerCP-eF710 Thermo Fisher 46-5897-82 
NKG2D PE-eF610 Thermo Fisher 61-5882-82 
NKp46 SB645 Thermo Fisher 64-3351-82 
SIRPα PE-Dazzle594 BioLegend 144015 
TIM-3 BV785 BioLegend 119725 
TIGIT BV480 Thermo Fisher 414-9501-82 
XCR1 APC Miltenyi Biotec 130-111-373 
γδ TCR PerCP-eF710 Thermo Fisher 46-5711-82 
   
CD3 Pacific Blue BioLegend 300431 
CD103 PE-Cy7 BioLegend 350212 
CD16 BV480 Thermo Fisher 414-0168-42 
CD16 FITC BioLegend 302006 
CD3 BUV563 Thermo Fisher 365-0038-42 
CD49a APC BioLegend 328314 
CD56 APC-Cy7 BioLegend 318332 
CD57 Pacific Blue BioLegend 359608 
CX3CR1 BV510 BioLegend 341622 
CXCR3 PerCP-Fire806 BioLegend 353772 
CXCR6 PE BioLegend 356004 
DNAM-1 BV785 BioLegend 338322 
EOMES PE-eF610 Thermo Fisher 61-4877-42 
Granzyme B VioB515 Miltenyi Biotec 130-130-543 
Granzyme K PerCP-eF710 Thermo Fisher 46-8897-42 
HLA-A/B/C APC BioLegend 311410 
Ki-67 BUV737 Thermo Fisher 367-5698-82 
NKG2C BV421 BioLegend 375014 
NKG2C PE-Vio615 Miltenyi Biotec 130-123-037 
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NKG2D BV605 BioLegend 320832 
NKp46 PE-Cy5 BioLegend 331952 
PD-1 SB702 Thermo Fisher 67-2799-42 
TIGIT NovaFluor Red700 Thermo Fisher H011T03R03A 
TIM-3 SB645 Thermo Fisher 64-3109-42 
   
CD8α unconjugated Cell Signaling Technology 98941S 
CD11c unconjugated Abcam ab219799 
CD19 unconjugated Cell Signaling Technology 90176T 
CD103 unconjugated Thermo Fisher 14-1031-81 
E-cadherin unconjugated Cell Signaling Technology 3195 
NK1.1 unconjugated Thermo Fisher MA1-70100 
NK1.1 unconjugated Abcam ab234107 
   
Caerulein Sigma-Aldrich C9026 
CFSE Thermo Fisher C34554 
Defactinib Selleckchem PF-04554878 
DMSO Sigma-Aldrich D4540 
Enrofloxacin 2.5% oral solution Bayer 04007221019251 
IVISense680 Revvity NEV12000 
Maraviroc Bio-Techne 3756 
PEG300 Sigma-Aldrich 1546423 
Protamine sulphate Sigma-Aldrich PP3369-10G 
RetroNectin Takara Bio T100A 
Tween80 Sigma-Aldrich P6474 
Ultra-LEAF anti–PD-1 BioLegend 135247 
Ultra-LEAF anti–TIGIT BioLegend 156108 
XCL1 ELISA Kit Thermo Fisher EMXCL1 

 

Table 2.1 – Reagents used in the experiments presented in this thesis 

 

2.2 

Methods 

2.2.1 – Cell culture 

KPC-F, MIA PaCa-2, A549 and RKO cells were cultured in DMEM 

supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 

U/mL penicillin, 100 µg/mL streptomycin, and maintained at 37°C, 5% CO₂. 
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Cells were split and medium was changed upon reaching 80-90% 

confluence. Primary NK cells were cultured in RPMI supplemented with 10% 

human AB serum, 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 1% non-essential amino acids, 1 mM sodium pyruvate, and 

10 mM HEPES buffer, or in NK MACS basal medium supplemented with NK 

MACS supplement and 10% human AB serum, and maintained at 37°C and 

5% CO₂. Cells were split and half of the medium was replenished with fresh 

cytokines every 2–3 days. 

 

2.2.2 – Syngeneic cell line orthotopic implantation 

Female C57BL/6J mice (8 weeks) were purchased from Charles River 

Laboratories and maintained in accordance with the UK Animal Law 

(Scientific Procedures Act 1986; PPL: PP6460882). NKPCB-NBC12.1F  

(KPC-F) cells, derived from a KPC mouse (LSL-KrasG12D/+;LSL-

Trp53R172H/+;Pdx-1-Cre) were injected into the tail of the pancreas via 

laparotomy, as previously reported (Valenzano et al. 2024).  

 

2.2.3 – In vivo treatments 

Treatments were initiated once tumours reached predefined volumes and 

continued until the study endpoint, which varied between chapters.  

In Chapter 3, no treatment was administered; mice were culled 14 days after 

tumours reached 50–100 mm³ (corresponding to a small palpable nodule by 

abdominal palpation). In Chapter 4, treatment began when tumours 

reached 50–100 mm³ (as determined by abdominal palpation) and 

continued for 14 days. Mice were culled upon reaching the predefined 
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humane endpoint of showing obvious signs of sickness or distress. Mice 

were irradiated according to a fractionated protocol (3×6 Gy) using the small 

animal radiation research platform (SARRP). Computed tomography (CT) 

guidance was used to define tumour outlines prior to irradiation. Maraviroc 

was administered intraperitoneally (10 mg/kg in PBS) on alternate days; and 

Ultra-LEAF anti–PD-1 was administered intraperitoneally (5mg/kg in PBS) on 

alternate days. In Chapter 5, for the survival cohort, treatment started at  

50–100 mm³ (determined by abdominal palpation) and continued until the 

predefined humane endpoint of showing obvious signs of sickness or 

distress; in the immune profiling cohort, treatment began at 30–60 mm³ 

(corresponding to a small palpable grain by abdominal palpation) and 

continued until day 14, when mice were euthanised. Defactinib was 

administered intraperitoneally (12.5 mg/kg in 2% DMSO + 50% PEG300 + 8% 

Tween80 + 40% ddH2O) on alternate days; and the Ultra-LEAF anti–TIGIT 

antibody was administered intraperitoneally (10 mg/kg in PBS) biweekly.  

 

2.2.4 – Tissue collection and sample preparation 

Mice were euthanised by approved Schedule 1 methods. Blood was 

collected via cardiac puncture under anaesthesia using EDTA-coated 25-

gauge syringes. After 1:1 dilution in PBS, red blood cells (RBCs) were 

removed with a commercial RBC lysis buffer containing ammonium 

chloride. Cells were washed, counted, and stained for flow cytometric 

analysis. Tumours, livers, and spleens were harvested in RPMI and kept on 

ice. Tumours and livers were dissociated mechanically with scissors and 

enzymatically by incubating them in HBBS with Collagenase II 100 IU/mL 
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and Collagenase IV 100 IU/mL and DNase I 1 mg/mL at 37°C for 30 minutes 

with continuous mixing (600 rpm). The digested fraction was washed with 

cold RPMI supplemented with 10% FBS, filtered through 70-μm and 40-μm 

strainers, centrifuged at 300 × g for 5 minutes, and resuspended in PBS. The 

cell suspensions were then carefully overlaid onto Ficoll-Paque PREMIUM 

1.084 and centrifuged at 400 × g for 30 minutes without breaks. The low-

density cell fraction thus obtained was washed, counted, and stained for 

flow cytometric analysis. Spleens were dissociated mechanically with 

scissors and filtered through 70-μm and 40-μm strainers, counted, and the 

resultant cell suspension stained for flow cytometric analysis. 

 

2.2.5 – Staining for flow cytometry 

A detailed protocol is available elsewhere (Valenzano et al. 2024). Briefly, a 

single-cell suspension of murine or human cells was prepared, and up to 

5×10⁵ cells were seeded into a 96-well U-bottom plate. Cells were 

incubated with LIVE/DEAD Blue viability dye (diluted 1:1000 in PBS) for 30 

minutes at 4 °C, washed (300 × g, 3 minutes), and incubated with murine or 

human FcR Blocking Reagent in staining buffer (PBS supplemented with 5% 

FBS, 0.1% w/v sodium azide, and 1 mM EDTA) for 5 minutes. Without further 

washing, surface antibodies and Super Bright Complete staining buffer were 

added and incubated for 25 minutes at 4 °C, protected from light. Cells were 

then washed (300 × g, 3 minutes) and fixed/permeabilised using the FOXP3 

Fixation and Permeabilisation Kit prior to intracellular staining, when 

applicable, for 30 minutes at 4 °C, protected from light. Following 

incubation, cells were washed, resuspended in staining buffer, and 
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acquired on a Cytek Aurora 4L (UV–V–B–R) using the SpectroFlo software 

(v2, Cytek Biosciences). When intracellular staining for chemokines or 

effector molecules was performed, monensin and brefeldin A were added 

at each incubation step. 

 

2.2.6 – ELISA  

XCL1 ELISA was performed according to the manufacturer’s instructions. 

Briefly, plasma was obtained from mouse blood after density gradient 

centrifugation and stored at -80 °C until further analysis. Upon thawing, 

samples were diluted 1:1 in PBS and processed: samples and standards 

were added to pre-coated wells, incubated with the detection antibody and 

streptavidin–horseradish peroxidase (HRP), washed, and developed with 

TMB substrate. Absorbance was read at 450 nm using a microplate reader, 

and XCL1 concentrations were calculated from the standard curve. 

 

2.2.7 – In vitro generation of NK cells for cancer immunotherapy  

Mouse splenocytes were isolated as described above, enriched for NK cells 

using a negative selection kit (EasySep), and cultured with IL-15 (10 ng/mL), 

with or without TGF-β (2 ng/mL) for 48 hours. Human peripheral blood 

mononuclear cells (PBMCs) were isolated from healthy donor blood cones 

(under ethical approvals HTA REC 19/LO/1848 and R83151/RE001) using 

Lymphoprep-based centrifugation. In the initial screening phase of Chapter 

6, PBMCs were enriched for NK cells using a CD56 positive selection kit 

(EasySep), seeded at 0.5–1×10⁶ cells/mL in primary NK cell culture medium, 

and cultured with the following cytokine combinations: IL-15  (2 ng/mL) for 
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7 days; TGF-β (2 ng/mL) for 7 days; IL-15 (2 ng/mL) for 5 days plus TGF-β  

(2 ng/mL on days 3-5, and 5 ng/mL on days 6-7); IL-15 (2 ng/mL) for 5 days 

plus IL-21 (50 ng/mL) on day 3 and TGF-β (5 ng/mL) on days 6-7; IL-15  

(2 ng/mL for 5 days, except for 10 ng/mL on day 3)  plus IL-12 (10 ng/mL) and 

IL-18 (50 ng/mL) on day 3, and TGF-β (5 ng/mL) on days 6-7. Cells were 

washed after exposure to IL-21, IL-12, and IL-18. In the optimised protocol 

of Chapter 6, PBMCs were enriched for NK cells either by using a CD56 

negative selection kit or by sequentially removing CD3-, CD19-, and CD14-

expressing cells from the PBMC mixture using dedicated positive selection 

kits (EasySep). The remaining NK-enriched PBMCs were seeded in gas-

permeable plates at 0.5–1×10⁶ cells/mL and cultured with primary NK cell 

culture medium supplemented with IL-2 (1000 IU/mL) for 14 days and  

IL-15 (2 ng/mL) added biweekly. Starting on day 15, cells were washed and 

cultured with IL-21 (25 ng/mL) and IL-15 (25 ng/mL) for 16 hours, washed 

again, and maintained in culture with IL-2 (100 IU/mL) and IL-15 (2 ng/mL) 

for 3 days, before repeating this cycle three times (four IL-21 pulses in total). 

On the final IL-21 pulse, the IL-21 concentration was increased to 50 ng/mL, 

with or without TGF-β (5 ng/mL). For one donor, half of the cells were 

cultured in a plate coated with collagen type I (20 μg/mL) starting on day 15.  

 

2.2.8 – Cancer cell line transduction 

MIA PaCa-2, A549, and RKO cells were seeded in T125 flasks and allowed to 

adhere. Upon reaching 60–75% confluence, mCherry-encoding lentiviral 

vectors were added. These vectors were packaged in HEK293T cells using 

the pMDG VSV-G envelope plasmid (Addgene #187440), the p8.91 
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packaging plasmid (Addgene #187441) and a custom-made transfer 

plasmid (with SFFV promoter). Lentiviral supernatant was kindly provided by  

Ben Futcher (Department of Oncology, University of Oxford). After an 

overnight incubation, cells were washed once with culture medium, and 

fresh lentiviral supernatant was added for an additional 24 hours. 

Transduced cells were then washed, harvested, and sorted for mCherry 

expression using a FACSAria cell sorter. 

 

2.2.9 – Cytotoxicity assay 

For the K562 cytotoxicity assay, 25,000 K562 cells were labelled with 

carboxyfluorescein succinimidyl ester (CFSE) and seeded into 96-well  

U-bottom plates, after which NK cells were added at the indicated effector-

to-target (E:T) ratios and co-cultured for 4-6 hours. No additional cytokines 

were added during the co-culture period. For assays against solid tumour 

cell lines (previously transduced with mCherry), 25,000 target cells were 

seeded into 96-well flat-bottom plates and allowed to adhere for 16 hours 

before addition of NK cells at the respective E:T ratios, followed by a 6-hour 

co-culture. No additional cytokines were added during the co-culture 

period. After incubation, cells were washed, resuspended in PBS, and 

stained with LIVE/DEAD Blue Viability dye for 30 minutes at 4 °C. Samples 

were then washed and immediately acquired, unfixed, on a Cytek Aurora  

4L (UV–V–B–R) flow cytometre. A separate well containing target cells only 

was used to determine spontaneous cell death, which was subtracted from 

the percentage of CFSE⁺ or mCherry⁺ dead cells to calculate specific lysis. 
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2.2.10 – MIA PaCa-2 orthotopic implantation 

Female Rag2/IL2RG double-knockout (R2G2) mice (8 weeks) were 

purchased from Inotiv (formerly Envigo) and maintained in accordance with 

the UK Animal Law (Scientific Procedures Act 1986, PPL: PP6460882).  

5×105 MIA PaCa2 cells were injected into the tail of the pancreas via 

laparotomy, akin to the syngeneic KPC-F cell line. Enrofloxacin oral 2.5% 

was added to drinking water from 2 days prior to surgery to 5 days after 

surgery. Mice were palpated biweekly for signs of tumour engraftment. 

 

2.2.11 – Chronic pancreatitis induction 

Caerulein was administered via intraperitoneal injection at 50 µg/kg hourly, 

for a total of eight doses per day, twice per week, for four weeks. This was 

followed by a single intraperitoneal administration of caerulein at 200 µg/kg, 

twice per week, for an additional four weeks, according to established 

protocols (Leal and Liby 2018; Minaga et al. 2022). 

 

2.2.12 – Adoptive transfer of in vitro-generated NK cells  

For initial testing of NK cell migration to epithelial sites in vivo, 2×10⁶ NK cells 

obtained at the end of the optimised 28-day expansion and stimulation 

protocol (including IL-15, IL-21, and TGF-β exposure) were injected into a 

non-tumour-bearing R2G2 mouse. Complexes of recombinant human IL-15 

and IL-15 receptor α–Fc, prepared by incubating equimolar amounts of both 

at 37 °C for 1 hour, were administered intraperitoneally at 2 µg IL-15 per 

mouse 30 minutes after the NK cell injection. After 48 hours, blood, spleen, 

lung, liver, and intestine samples were collected for flow cytometric 
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analyses. Blood, spleen, and liver samples were processed as described 

above for C57BL/6 mice. Lung and intestine samples were processed as for 

liver samples. Both lungs and the small and large intestines were collected 

and processed. 

 

2.2.13 – Labelling in vitro-generated NK cells for in vivo tracking 

For in vivo tracking, NK cells were pre-labelled with the IVISense680 tracker 

dye following the manufacturer’s protocol. Briefly, cells were washed, 

resuspended in PBS, and incubated 1:1 with reconstituted IVISense680 for 

20 minutes, followed by three washes. Labelled cells (2×10⁶) were injected 

into one control and one caerulein-treated mouse. Complexes of 

recombinant human IL-15 and IL-15 receptor α–Fc were prepared and 

administered as above. Images were acquired using the IVIS Spectrum In 

Vivo Imaging System at the Oxford Centre for Advanced Preclinical Imaging. 

 

2.2.14 – NK cell transduction 

A 96-well U-bottom plate was coated overnight at 4 °C with RetroNectin  

(25 µg/mL). The following day, the coating solution was removed, and wells 

were washed once with 2% BSA in PBS. Subsequently, ZsGreen- or 

ZsGreen–luciferase–encoding lentiviral vectors were added at varying 

concentrations (% v/v in NK MACS medium). These vectors were packaged 

in HEK293T cells using the BaEV (baboon endogenous virus) envelope 

backbone previously described by others (Colamartino et al. 2019), the 

psPAX2 packaging plasmid (Addgene #12260), and a ZsGreen-luciferase 

transfer plasmid (Addgene #39196) or ZsGreen transfer plasmid (Addgene 
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#18121). Lentiviral supernatant was kindly provided by Berna Bou Tayeh 

(Ludwig Institute for Cancer Research, Oxford). Plates were centrifuged at 

2000 × g for 2 hours at 37 °C to facilitate virus binding. NK cells, preactivated 

for 6 hours with IL-2 (1000 IU/mL) and IL-15 (10 ng/mL), were counted, 

resuspended at 1×10⁶ cells/mL in NK MACS medium, and 100 µL were 

added to each well. Protamine sulphate (10 µg/mL) was added, and cells 

were subjected to spinoculation at 1000 × g for 90 min, with no brake, before 

transfer into an incubator at 37°C and 5% CO₂. After 24 hours, the medium 

was supplemented with fresh IL-2 (1000 IU/mL) and IL-15 (10 ng/mL), and 

cultures were maintained for an additional 48 hours before checking for 

transduction efficiency with flow cytometry. 

 

2.2.15 – Multiplex immunofluorescence  

Multiplex immunofluorescence staining was performed on 4-µm formalin-

fixed, paraffin-embedded (FFPE) sections by the Translation Histopathology 

Laboratory (THL, Oxford Cancer Centre). Sections were stained using the 

OPAL protocol (AKYOA Biosciences) on a Leica BOND Auto-Stainer (Leica, 

Microsystems). Six consecutive staining cycles were performed using the 

following antibody-Opal fluorophore pairings: E-Cadherin-Opal780 

(magenta), CD19-Opal520 (green), CD8α-Opal690 (red), NK1.1-Opal620 

(orange), CD11c-Opal480 (cyan), CD103-Opal570 (yellow) and DAPI (blue). 

Batched multispectral images were fused in the HALO AI Software to 

produce reconstructed whole tissue images. The regions of interest within 

each section were outlined, annotated, and analysed. 
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2.2.16 – Tissue immunohistochemistry 

NK1.1 staining was performed by the THL. Briefly, antigen retrieval was 

carried out in citrate buffer using a pressure cooker. Samples were cooled 

to 80 °C, then placed on ice for 1 hour before washing, blocking, and 

incubation with primary antibody overnight at 4 °C in a moist chamber. After 

washing, slides were incubated with secondary antibody for 30 minutes at 

room temperature. Signal was developed using DAB substrate and 

counterstained with Gill’s haematoxylin for 20 seconds. Slides were 

washed, dehydrated, cleared, mounted, and scanned. 

 

2.2.17 – Sample size determination and statistical analysis  

Based on the ARRIVE 2.0 guidelines (Percie du Sert et al. 2020), 6–8 mice per 

group would have been required to achieve adequate statistical power in 

survival and immune phenotyping studies, after accounting for expected 

attrition (e.g., failure of orthotopic tumour engraftment). In the experiments 

presented in this thesis, smaller group sizes (n = 3–4 per group) were used 

due to logistical and resource constraints. Because underpowered studies 

are primarily at risk of type II error but may still detect statistically significant 

effects when effect sizes are large, formal statistical testing was not 

excluded entirely. Non-parametric tests were used, under the assumption 

that normality could not be reliably assessed with such small sample sizes. 

Statistical analyses were performed for unpaired comparisons with n > 3 per 

group, and were not conducted for unpaired comparisons with n ≤ 3 or for 

paired comparisons with n ≤ 4, as non-parametric tests cannot achieve 

statistical significance in these circumstances, irrespective of effect size. 
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2.2.18 – Data analysis  

SpectroFloTM v2.2 software (Cytek Biosciences) was used for panel design. 

Flow cytometry data was analysed using FlowJo software v10.1. FlowSOM 

was run using four metaclusters, a number selected a priori to reflect the 

expected major NK cell phenotypic subgroups (CD103⁺CD49a⁺, CD103⁺, 

CD49a⁺, and CD103⁻CD49a⁻), and because higher cluster numbers did not 

yield additional clusters discernible by visual inspection. FlowSOM 

clustering was performed on concatenated samples from the same tissue 

type using t-SNE–reduced data generated in FlowJo with default parameters 

(including distance metrics). The HALO AI Software v3.6.4134.137 was used 

for analysis of multiplex immunofluorescence data.  
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Chapter 3 

 

3. Design and optimisation of a spectral flow cytometry 

panel for comprehensive immune profiling in mouse models of 

PDAC 

 

3.1  

Introduction 

Flow cytometry and immunology have developed in such close synergy that 

the relationship between the two has been described as a “marriage” 

(Cossarizza et al. 2021). This technique enables multiparametric, single-cell 

resolution analysis of immune cells circulating in the blood, residing in 

lymphoid organs, and infiltrating into tumours. Two types of flow cytometry 

can be employed in immunological research: conventional and spectral.  

 

Conventional flow cytometry detects fluorescence at specific wavelengths 

using individual detectors, which limits the number of fluorochromes that 

can be used simultaneously due to the spectral overlap among similar 

fluorochromes (De Rosa et al. 2001). In contrast, spectral flow cytometry 

captures fluorescence emission across the entire spectrum using an array 

of detectors, which enables the simultaneous detection of up to 50 

fluorochromes in a single panel (Park et al. 2024; Konecny et al. 2024).  

 

Numerous flow cytometry panels have been developed for immuno-

oncology research; however, most exhibit one or more of three key 
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limitations. First, the vast majority are designed for human studies, with 

significantly fewer tailored to characterising immune responses in murine 

models. While human-focussed panels are essential (e.g., for evaluating 

immune cell dynamics in patients before and after immunotherapy), their 

utility becomes limited when the goal is to investigate tumour immunity in 

preclinical models. Because mechanistic insights into tumour–immune 

interactions are still largely derived from animal studies, it is imperative that 

dedicated tools for immune profiling in mice are established.  

 

Second, most panels focus on characterising specific leukocyte subsets, 

such as T cells (Natalini et al. 2021; Buus et al. 2019) or antigen-presenting 

cells (DiPiazza et al. 2019), failing to enable extensive, pan-immune 

profiling. These subset-specific panels are useful for researchers interested 

in particular aspects of the anti-tumour immune response; however, they 

are poorly suited to capturing the full picture of tumour immunity, which is 

now understood to involve a far more complex and heterogeneous interplay 

of immune cell populations than previously appreciated, as extensively 

reviewed elsewhere (de Visser and Joyce 2023).  

 

Third, murine panels developed to date have been optimised using blood 

cells, splenocytes, or thymocytes (Mincham et al. 2021; Kare et al. 2023), 

rather than tumour-infiltrating immune cells. Whereas circulating and 

lymphoid-resident leukocytes are useful for assessing systemic immune 

responses to cancer, they should not be used as surrogates for the local 

immune response within the TME. This is because immune cells do not 
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merely transit through the TME en route to or from the circulation or 

lymphoid tissues; instead, they acquire distinct transcriptional, phenotypic, 

and functional states after exposure to metabolic, cellular, and molecular 

cues in the TME. These differences have been clearly documented in a 

variety of mouse and human tumours (Quinn et al. 2003; Ling et al. 2007; 

Chaturvedi et al. 2014; Casanova-Acebes et al. 2021). In addition, immune 

cell subsets capable of establishing long-term residency in peripheral 

tissues have been described, that differ from their circulating counterparts 

(D. Masopust et al. 2001; David Masopust et al. 2010; Boyman et al. 2004; 

Sojka et al. 2014; Mackay et al. 2012; Peng et al. 2013). Although these 

populations are not tumour-specific and can be found under both 

homeostatic and other pathological conditions, their existence further 

highlights the importance of analysing tissue- and tumour-specific immune 

cells to accurately characterise local tumour immunity. 

 

3.2 

Aims 

To design and optimise a spectral flow cytometry panel that addresses three 

key limitations of existing panels, specifically: 

I. Enables profiling of tumour immunity in murine cancer models; 

II. Allows comprehensive identification of all major immune populations 

involved in tumour immunity, spanning both myeloid and lymphoid 

lineages, as well as innate and adaptive compartments; 

III. Incorporates markers of tissue residency and is optimised using 

immune cells isolated directly from the tumour. 
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3.3 

Results 

3.3.1 Marker identification 

The initial step in panel design involved identifying suitable markers to 

define all populations and subsets of interest. This selection was guided by 

an extensive review of the literature.  Inclusion of a marker in the panel was 

contingent on meeting two criteria: its ability to define the population of 

interest (either alone or in combination with other markers), and its 

expression in the C57BL/6J mouse strain. The choice of some markers was 

relatively straightforward, including: CD19 for B cells (Liechti and Roederer 

2019), CD3 for T cells with FoxP3 for the Treg subset and CD44/CD62L for 

the naïve, central memory (TCM), and effector memory (TEM) subsets (Natalini 

et al. 2021), γδ TCR for γδ T cells (Buus et al. 2019), and CD11b alongside 

F4/80 for macrophages (Z. Liu et al. 2020). Certain populations required 

more careful consideration; these are discussed below.  

 

NK cells 

As discussed in the main Introduction, NK cells are defined as 

CD3⁻CD19⁻CD56+ lymphocytes in humans and as NK1.1+, NKp46+, or 

CD49b+ lymphocytes in mice. To identify the most suitable NK cell lineage 

marker for inclusion in the panel, a pilot study was conducted in which the 

expression of three candidate markers—NK1.1, NKp46, and CD49b—was 

analysed by flow cytometry in the blood, spleen, liver, and tumours of 

C57BL/6J mice bearing orthotopic pancreatic tumours (Figure 3.1A). The 

degree of overlap among these markers at each anatomical site is shown in 
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(Figure 3.1B), where counts represent the number of cells expressing a 

given marker among 1,000 CD3⁻CD19⁻ live CD45+ cells. Notably, expression 

patterns varied across tissues, and a substantial number of cells expressed 

only one or two of the three markers. Based on this observation, a metric of 

marker specificity was introduced, defined as the ratio between the number 

of triple-positive (NK1.1⁺NKp46⁺CD49b⁺) cells and the total number of cells 

positive for the marker of interest at each site. This approach was based on 

the observation that bone marrow NK cells are more likely to co-express all 

three markers, whereas cells expressing only one or two markers represent 

other innate populations, such as NK cell progenitors or immature NK cells 

(Ma et al. 2022) or ILCs, as initial reports described these cells as NKp46⁺ 

(type 3 ILCs, or ILC3s) (Sanos et al. 2009) or NK1.1⁺NKp46⁺ (ILC1s) (Fuchs 

et al. 2013). 

 

Although a Friedman test would have been appropriate for comparing the 

three candidate markers with larger sample sizes, formal statistical analysis 

was not performed due to the limited sample size (n = 3), which would 

render such comparisons underpowered. Instead, the median marker 

specificity was assessed. NK1.1 displayed the higher median marker 

specificity across three of four tissues (liver, spleen, and blood); in the 

tumour, the specificity of the three selected markers was comparable 

(median: 72.0% for NK1.1, 74.5% for NKp46 and 73.9% for CD49b). As a 

result, NK1.1 was chosen as the NK-defining marker for the panel  

(Figure 3.1C).  
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Figure 3.1 – Selection of a specific NK cell lineage marker  
A. Gating strategy used to quantify lineage marker expression in live CD45⁺CD3⁻CD19⁻ 
cells from the blood, spleen, liver, and tumour of C57BL/6J mice with orthotopically 
implanted pancreatic tumours (KPC-F). Representative dot plots shown for one 
representative animal (liver). 
B. Venn diagrams illustrating the overlap in expression of NK1.1, NKp46, and CD49b 
within each tissue. Numbers indicate the mean counts of marker-positive events among 
1,000 live CD45⁺CD3⁻CD19⁻ cells. 
C. Relative specificity of each marker, defined as the percentage of triple-positive 
(NK1.1⁺NKp46⁺CD49b⁺) cells among all cells positive for the marker of interest, for each 
anatomical compartment. Median and range shown. 
 

Tissue resident lymphocytes 

The concept of tissue residency was discussed extensively in the main 

Introduction relative to NK cells. The cell surface proteins that are 

traditionally employed as surrogates for tissue residency in NK cells can 

also be employed to define resident subsets of other lymphocytes. For 

example, human skin CD8⁺ tissue-resident memory T cells (TRM) develop in 

response to TGF-β and IL-15 and are CD69⁺CD103⁺, with some co-

expressing CD49a (Mackay et al. 2015). Interestingly, TRM cells developing 

independently of TGF-β and lacking CD103 expression have been reported 

in some tissues, including the intestine of mice (Bergsbaken and Bevan 

2015). As CD69 is transiently upregulated on circulating T and NK cells 

following activation (Santis et al. 1992; Borrego et al. 1993), it was excluded 

from the panel. On the other hand, CD49a and CD103 were deemed more 

reliable markers of tissue residency in both CD8⁺ T and NK cells.  
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ILC1s 

Around the same period that trNK cells were first characterised, ILC1s were 

identified as a largely overlapping tissue-resident subset (Fuchs et al. 2013; 

Bernink et al. 2013). The nomenclature distinguishing conventional NK cells, 

trNK cells, and ILC1s is in constant evolution, and the overlap among these 

entities hard to dissect, as extensively reviewed elsewhere (Diefenbach et 

al. 2014; Serafini et al. 2015). However, previous studies have consistently 

shown that ILC1s also express NK1.1 and are inherently tissue-resident, as 

supported by the expression of CD49a (Bernink et al. 2013) and CD103 

(Fuchs et al. 2013). Accordingly, these markers used to characterise trNK 

cells were also used to identify ILC1s in this panel, designating them as an 

overlapping rather than a distinct subset from trNK cells. 

 

Myeloid-derived suppressor cells 

Myeloid cells represent an important component of the TME, especially in 

solid tumours with poor lymphocytic infiltration (Engblom et al. 2016; S. T. 

Barry et al. 2023; Goswami et al. 2023). Within myeloid cells, neutrophils 

were defined in this panel as CD3⁻CD19⁻Ly6G⁺Ly6C⁺/⁻ cells and monocytes 

as CD3⁻CD19⁻Ly6G⁻Ly6C⁺ cells (Rose et al. 2012). Subsets of neutrophils 

and monocytes with suppressive functions (also known as 

polymorphonuclear- and monocytic myeloid-derived suppressor cells, 

PMN-MDSCs and M-MDSCs, respectively) have been described in the 

context of tumours, and the standardisation of their nomenclature is 

thoroughly discussed elsewhere (Bronte et al. 2016). According to these 

recommendations, functional assays are essential for the designation of 
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cells as MDSCs. Because this panel only identifies cells based on 

phenotype, cells identified using this panel should simply be termed 

neutrophils / monocytes (and their subsets, cells with a PMN-MDSC / M-

MDSC phenotype, respectively). 

 

Macrophage and dendritic cell subsets 

Markers were included in the panel to enable the classification of 

conventional dendritic cell (cDC) subsets. Within cDCs (CD11c⁺I-A/I-E⁺), 

XCR1⁺ type 1 cDCs (cDC1s) and SIRPα⁺ type 2 cDCs (cDC2s) were 

classified, following established guidelines for the flow cytometric analysis 

of dendritic cells from murine non-lymphoid tissues (DiPiazza et al. 2019; 

Probst et al. 2023). Similarly, macrophage subsets were distinguished using 

established polarisation markers, with classically activated M1 

macrophages expressing CD86 and alternatively activated M2 

macrophages expressing Arginase-1 (Liyuan Liu et al. 2022). It is important 

to note that these markers are not expressed in a mutually exclusive 

fashion; in fact, both macrophages and dendritic cells are increasingly 

understood as existing along a phenotypic continuum rather than discrete 

states. As such, while the panel supports basic characterisation of these 

populations, studies requiring in-depth analysis of the role of tumour-

associated macrophages or dendritic cells in tumour immunity would 

necessitate the inclusion of additional markers. A summary of the 

populations of interest and corresponding markers is provided in Table 3.1. 
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Table 3.1 – Cell identification table and selected markers  

 

 

3.3.2 Assignment of fluorochromes to markers  

The markers identified in 3.3.1 were grouped according to their expected 

antigen density (high, medium, low, or variable/unknown) based on a review 

of the relevant literature. As the primary goal of this panel was to enumerate 

immune cell populations rather than to characterise their function, 

POPULATIONS IDENTIFYING MARKERS

Live Leukocytes DCM- CD45+

B cells DCM- CD45+ CD3- CD19+

αβ T cells DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1-

CD4+ T DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4+ CD8-

Tregs DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4+ CD8- FoxP3+

CD4+ Tnaïve DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4+ CD8- FoxP3- CD44- CD62L+

CD4+ TEM DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4+ CD8- FoxP3- CD44+ CD62L-

CD4+ TCM DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4+ CD8- FoxP3- CD44+ CD62L+

CD8+ T DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4- CD8+

CD8+ Tnaïve DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4- CD8+ CD44- CD62L+

CD8+ TEM DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4- CD8+ CD44+ CD62L-

CD8+ TCM DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4- CD8+ CD44+ CD62L+

CD8+ TRM DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1- CD4- CD8+ CD103+ CD49a+

γδ T cells DCM- CD45+ CD3+ CD19- γδ TCR+ NK1.1-

NKT cells DCM- CD45+ CD3+ CD19- γδ TCR- NK1.1+

Neutrophils DCM- CD45+ CD3- CD19- Ly6C- Ly6G+

Monocytes DCM- CD45+ CD3- CD19- Ly6C+ Ly6G-

Macrophages DCM- CD45+ CD3- CD19- Ly6C- Ly6G- CD11b+ F4/80+

M1 macrophages DCM- CD45+ CD3- CD19- Ly6C- Ly6G- CD11b+ F4/80+ CD86+ Arg-1-

M2 macrophages DCM- CD45+ CD3- CD19- Ly6C- Ly6G- CD11b+ F4/80+ CD86+/- Arg-1+

cDCs DCM- CD45+ CD3- CD19- Ly6C- Ly6G- I/A-I/E+ CD11c+

cDC1 DCM- CD45+ CD3- CD19- Ly6C- Ly6G- I/A-I/E+ CD11c+ XCR1+ SIRPα-

cDC2 DCM- CD45+ CD3- CD19- Ly6C- Ly6G- I/A-I/E+ CD11c+ XCR1- SIRPα+

NK cells DCM- CD45+ CD3- CD19- Ly6C- Ly6G- I/A-I/E+/- CD11c+/- NK1.1+

trNK/ILC1 DCM- CD45+ CD3- CD19- Ly6C- Ly6G- I/A-I/E+/- CD11c+/- NK1.1+ CD103+ CD49a+
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activation status, or migratory behaviour, markers related to those aspects 

were not included at this stage. Consequently, the majority of the selected 

markers represent lineage-defining antigens that are typically expressed at 

high surface densities. 

 

A list of commercially available fluorochrome-conjugated antibodies for 

each marker was then compiled after interrogating the dedicated search 

engine FluoroFinder. Overall, 47 potential fluorochromes were identified 

and grouped into five categories using investigator-defined thresholds 

based on stain index data provided by the cytometre manufacturer (Figure 

3.2). As discussed below, the stain index measures how well a dye 

distinguishes positive from negative populations, with higher values 

indicating increased brightness. 
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Figure 3.2 – Stain index ranking of 47 potential fluorochromes  
Fluorochromes were categorised by brightness according to investigator-defined 
thresholds based on stain index values: very dim (0–50), dim (51–100), intermediate 
(101–150), bright (151–190), and very bright (191–250). 
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Multiple fluorochrome configurations were evaluated, and each candidate 

panel was assessed using two key metrics: the Similarity Index (SI) and the 

Complexity Index (CI). The Similarity Index quantifies spectral overlap 

between pairs of fluorochromes, ranging from 0 (completely distinct) to 1 

(identical). The Complexity Index, instead, reflects the overall capacity of 

the panel to resolve multiple fluorochromes at the same time in a process 

known as spectral unmixing. In general, pairs with an SI exceeding 0.98 are 

considered difficult to distinguish reliably and are, therefore, avoided. 

Combinations of fluorochromes with spectral signatures as different as 

possible from each other were identified, so as to minimise the SI between 

any given pair and, as a result, reduce the overall CI of the panel. After 

several iterations, the combination of fluorochromes shown in Figure 3.3A 

was chosen, with an overall CI of 4.88. Other, suboptimal configurations 

tested displayed a CI as high as 40 (not shown). 

 

Once a list of definitive fluorochromes was outlined, each antigen was 

assigned to a fluorochrome according to its expression level and the relative 

brightness of the fluorochrome, following two principles: 

1. Antigens with limited options in terms of commercially available 

conjugates (such as Arginase-1 and XCR1) were prioritised in the 

assignment process, while those with broader fluorochrome 

availability (such CD4 and CD8α) were allocated later. 

2. Brighter fluorochromes were preferentially reserved for the few 

targets with moderate or variable expression, whereas dimmer 
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fluorochromes were paired with highly expressed markers, following 

good practice in panel design (Cossarizza et al. 2021).  

 

In addition to these rules, the Stain Index Reduction (SIR) Matrix, also known 

as Cross-Stain Index Matrix (Figure 3.3B), was used to evaluate signal 

spread between fluorochromes with similar emission spectra. The SIR 

matrix  helps quantify how fluorescence spillover from one dye affects 

detection of another dye, thereby measuring the likelihood of spreading 

error. Fluorophore pairs with high SIR values were assigned to antigens that 

are not co-expressed or to markers used to exclude populations that were 

not of interest (e.g., the viability dye for dead cells), following good practice 

in panel design as above. 
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A

BUV395 1.00

LIVE DEAD Blue 0.60 1.00

BUV496 0.27 0.57 1.00

BUV563 0.09 0.15 0.39 1.00

BUV615 0.06 0.08 0.15 0.40 1.00

BUV737 0.04 0.04 0.03 0.02 0.15 1.00

BUV805 0.16 0.15 0.09 0.04 0.08 0.41 1.00

Super Bright 436 0.08 0.29 0.12 0.02 0.02 0.01 0.02 1.00

BV510 0.09 0.24 0.57 0.32 0.21 0.03 0.04 0.22 1.00

Super Bright 600 0.02 0.05 0.09 0.16 0.44 0.06 0.03 0.13 0.44 1.00

Super Bright 702 0.02 0.05 0.03 0.02 0.10 0.39 0.11 0.17 0.10 0.21 1.00

BV785 0.01 0.03 0.02 0.01 0.04 0.23 0.25 0.10 0.05 0.09 0.42 1.00

Vio B515 0.01 0.01 0.09 0.06 0.01 0.00 0.00 0.00 0.02 0.01 0.00 0.00 1.00

Alexa Fluor 532 0.05 0.09 0.16 0.30 0.08 0.02 0.02 0.02 0.11 0.08 0.02 0.02 0.44 1.00

PE 0.01 0.02 0.08 0.35 0.15 0.01 0.01 0.01 0.20 0.24 0.01 0.01 0.10 0.62 1.00

PE-Dazzle 594 0.01 0.02 0.04 0.15 0.21 0.04 0.01 0.01 0.11 0.33 0.05 0.02 0.05 0.38 0.51 1.00

PE-Cy5 0.00 0.01 0.01 0.03 0.08 0.16 0.02 0.00 0.02 0.10 0.21 0.04 0.01 0.10 0.12 0.43 1.00

PerCP-eFluor 710 0.01 0.02 0.02 0.02 0.08 0.39 0.08 0.00 0.04 0.12 0.61 0.26 0.00 0.04 0.04 0.20 0.53 1.00

PE-Vio 770 0.00 0.00 0.01 0.01 0.02 0.21 0.12 0.00 0.01 0.03 0.13 0.29 0.00 0.03 0.02 0.06 0.15 0.38 1.00

APC 0.00 0.01 0.01 0.01 0.05 0.20 0.03 0.00 0.02 0.08 0.32 0.04 0.00 0.01 0.01 0.03 0.39 0.21 0.03 1.00

Alexa Fluor 700 0.01 0.03 0.02 0.01 0.03 0.48 0.08 0.00 0.02 0.03 0.57 0.11 0.00 0.01 0.00 0.01 0.21 0.42 0.08 0.44 1.00

APC-Cy7 0.01 0.01 0.01 0.01 0.01 0.31 0.21 0.00 0.01 0.01 0.25 0.24 0.00 0.00 0.00 0.00 0.08 0.18 0.19 0.19 0.39 1.00

APC-Fire 810 0.01 0.02 0.02 0.01 0.02 0.21 0.27 0.00 0.02 0.02 0.18 0.22 0.00 0.01 0.00 0.01 0.08 0.15 0.15 0.18 0.27 0.68 1.00

B
U

V
39

5

LI
V

E 
D

EA
D

 B
lu

e

B
U

V
49

6

B
U

V
56

3

B
U

V
61

5

B
U

V
73

7

B
U

V
80

5

Su
pe

r B
rig

ht
 4

36

B
V

51
0

Su
pe

r B
rig

ht
 6

00

Su
pe

r B
rig

ht
 7

02

B
V

78
5

V
io

 B
51

5

A
le

xa
 F

lu
or

 5
32

P
E

P
E-

D
az

zl
e 

59
4

P
E-

C
y5

P
er

C
P

-e
Fl

uo
r 7

10

P
E-

V
io

 7
70

A
P

C

A
le

xa
 F

lu
or

 7
00

A
P

C
-C

y7

A
P

C
-F

ire
 8

10

B

B
U

V
39

5

LI
V

E 
D

EA
D

 B
lu

e

B
U

V
49

6

B
U

V
56

3

B
U

V
61

5

B
U

V
73

7

B
U

V
80

5

Su
pe

r B
rig

ht
 4

36

B
V

51
0

Su
pe

r B
rig

ht
 6

00

Su
pe

r B
rig

ht
 7

02

B
V

78
5

V
io

 B
51

5

A
le

xa
 F

lu
or

 5
32

P
E

P
E-

D
az

zl
e 

59
4

P
E-

C
y5

P
er

C
P

-e
Fl

uo
r 7

10

P
E-

V
io

 7
70

A
P

C

A
le

xa
 F

lu
or

 7
00

A
P

C
-C

y7

A
P

C
-F

ire
 8

10

BUV395 19 2 2 11 2 4

LIVE DEAD Blue 84 62 22 5 84 48 5 26 38 21 7 56 10

BUV496 20 24 7 9 17

BUV563 16 38 6 10 42 48 14

BUV615 11 19 39 33 59 19 6 4 17 2

BUV737 2 8 75 1 28 36 4 54 32 59 35 30

BUV805 10 14 19 4 13 14 4 30

Super Bright 436 19 1 2 6 15 4 4

BV510 41 33 10 18 19 2 8 1

Super Bright 600 19 15 63 8 9 7 32 12 8 10

Super Bright 702 16 1 56 43 28 10 53 4 6 49 22 21

BV785 19 45 72 5 18 4 12 28

Vio B515 3 1 83 63 35 30

Alexa Fluor 532 19 3 1 12 14 8

PE 36 19 10 13 7 10 33 53 19 22 2

PE-Dazzle 594 19 6 47 54 28 3 8 27 54 48 12 21

PE-Cy5 12 30 30 7 46 18 21 5 17 69 49 73 18 19 16

PerCP-eFluor 710 16 3 52 34 7 65 43 4 30 62 6 41 20 21

PE-Vio 770 17 55 6 56 8 47 41

APC 9 18 22 11 3 21 5 5 26 23 21

Alexa Fluor 700 14 1 2 21 4 10 14

APC-Cy7 14 4 41 5 17 53 60

APC-Fire 810 16 41 11 37 4 6 28

Complexity Index: 4.88
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Figure 3.3 – Metrics for panel assessment – SI, CI, and SIR matrix 
A. SI and overall CI for the fluorochromes in the definitive panel. The highest SI in the 
panel was 0.68, with a resultant overall CI of 4.88.  
B. SIR Matrix for the definitive panel. The SIR matrix assesses the degree of spreading 
error (or spillover) between two dyes with similar emissions.  

 

A few notable exceptions were made to the rules outlined above: 

- APC-Fire 810, a bright fluorochrome, was assigned to CD19 despite 

its high antigen density on B cells, in order to achieve a balanced 

distribution of markers across the spectrum. Assigning all primary 

antigens to dim fluorochromes would have created an imbalance 

between channels primarily detecting dim fluorochromes (UV-V 

regions) and those primarily detecting brighter ones (B-R regions). 

- PE-Cy5, another bright fluorochrome, was paired with Ly6G, an 

antigen highly expressed on neutrophils. This decision was based on 

the fact that PE-Cy5 introduces significant spread into PerCP-

eFluor710 and APC, which were assigned to γδ TCR and XCR1, 

respectively. As these three markers are not co-expressed, this 

configuration helps preserve the resolution of low-intensity signals 

while minimising spillover errors, as discussed above. 

- BUV737 was assigned to CD11b (Integrin alpha M), variably expressed 

on myeloid cells, cDC2s, and NK cells. The main spreading concerns 

involved BUV805 (assigned to CD8α to avoid co-expression) and Alexa 

Fluor 700 (assigned to I-A/I-E, the murine Major Histocompatibility 

Complex, MHC, Class II). Although CD11b and I-A/I-E can be co-

expressed on M1 macrophages and cDC2s, initial testing of the panel 

showed clear separation of I-A/I-E⁺ cells from negatives (not shown). 
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- VioB515, the brightest fluorochrome in the panel, was assigned to 

FoxP3, a canonical marker of Tregs. While VioB515 can cause 

spillover into Alexa Fluor 532, the low abundance of Tregs within the 

total CD45⁺ population rendered this spillover a largely theoretical 

concern. 

 

Lastly, LIVE/DEAD Blue Fixable Viability Dye was selected as the dead cell 

marker because it resulted in a lower overall complexity index when 

compared to other alternatives (4.88 vs 9.14 for Zombie Near InfraRed and 

11.65 for LIVE/DEAD Yellow) and because, when tested, provided a clear 

separation between positive (dead) and negative (live) cells. Throughout this 

thesis, LIVE DEAD Blue was used as the viability dye for the majority of 

experiments, and any exceptions to this are explicitly indicated. 

 

A summary of the definitive fluorochrome-marker allocations is provided in 

Table 3.2. The distribution of fluorochromes across the spectrum is shown 

in Figure 3.4, alongside the cytometre (Cytek Aurora 4-Laser 16UV-16V-

14B-8R) configuration and acquisition settings used for all runs. 
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Table 3.2 – Fluorochrome-marker allocations in the definitive panel  

 

Specificity Fluorochrome Clone Purpose

Dead Cells LIVE/DEAD Blue NA Dead cell marker

CD45 Alexa Fluor 532 30-F11 Pan-leukocyte marker

CD19 APC-Fire810 6D5 B cell lineage

CD3 BUV395 17A2 T and NKT cell lineage

CD4 BUV496 RM4-5 T cell subset

CD8α BUV805 53-6.7 T cell subset

FoxP3 Vio B515 REA788 T cell subset

CD44 BV510 IM7 T cell subset

CD62L Super Bright 702 MEL-14 T cell subset

γδ TCR PerCP-eF710 eBioGL3 T cell subset

CD103 Super Bright 600 2E7 T and NK/ILC1 cell subset

CD49a PE-Vio770 REA493 T and NK/ILC1 cell subset

NK1.1 Super Bright 436 PK136 NK and NKT cell lineage

Ly6G PE-Cy5 1A8 Neutrophil lineage

Ly6C APC-Cy7 HK1.4 Monocyte lineage

CD11b BUV737 M1/70 Macrophage lineage

F4/80 BUV563 BM8 Macrophage lineage

CD86 BV785 GL-1 Macrophage subset

Arginase-1 PE W21047I Macrophage subset

CD11c BUV615 N418 Conventional dendritic cell lineage

I-A/I-E Alexa Fluor 700 M5/114.15.2 Conventional dendritic cell lineage

SIRPα PE-Dazzle594 P84 Conventional dendritic cell subset

XCR-1 APC REA707 Conventional dendritic cell subset
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Laser
(Solid
state)

Channel
Fluorochrome 

with peak 
emission

Center
Wavelength 

(nm)

Bandwidth 
(nm)

Wavelength 
Start 
(nm)

Wavelength 
End 
(nm)

Detector 
Gain 

(Cytek Settings)
UV1 - 373 15 365 380 975
UV2 BUV395 388 15 380 395 194
UV3 - 428 15 420 435 400
UV4 - 443 15 436 451 481
UV5 - 458 15 451 466 379
UV6 LIVE/DEAD Blue 473 15 466 481 314
UV7 BUV496 514 28 500 528 369
UV8 - 542 28 528 556 324
UV9 BUV563 582 31 566 597 388

UV10 BUV615 613 31 597 628 221
UV11 - 664 27 651 678 339
UV12 - 692 28 678 706 291
UV13 - 720 29 706 735 442
UV14 BUV737 750 30 735 765 870
UV15 - 780 30 765 795 521
UV16 BUV805 812 34 795 829 743

V1 - 428 15 420 435 205
V2 Super Bright 436 443 15 436 451 252
V3 - 458 15 451 466 238
V4 - 473 15 466 481 176
V5 - 508 20 498 518 253
V6 - 525 17 516 533 190
V7 BV510 542 17 533 550 285
V8 - 581 19 571 590 379
V9 - 598 20 588 608 360

V10 Super Bright 600 615 20 605 625 311
V11 - 664 27 651 678 281
V12 - 692 28 678 706 225
V13 Super Bright 702 720 29 706 735 256
V14 - 750 30 735 765 301
V15 BV785 780 30 765 795 389
V16 - 812 34 795 829 318
B1 Vio B515 508 20 498 518 622
B2 - 525 17 516 533 377
B3 Alexa Fluor 532 542 17 533 550 340
B4 PE 581 19 571 590 323
B5 - 598 20 588 608 268
B6 PE-Dazzle 594 615 20 605 625 214
B7 - 661 17 653 670 483
B8 PE-Cy5 679 18 670 688 327
B9 - 697 19 688 707 501

B10 PerCP-eFluor 710 717 20 707 727 447
B11 - 738 21 728 479 315
B12 - 760 23 749 772 311
B13 PE-Vio 770 783 23 772 795 412
B14 - 812 34 795 829 539
R1 APC 661 17 653 670 243
R2 - 679 18 670 688 251
R3 - 697 19 688 707 316
R4 Alexa Fluor 700 717 20 707 727 325
R5 - 738 21 728 749 197
R6 - 760 23 749 772 202
R7 APC-Cy7 783 23 772 795 321
R8 APC-Fire 810 812 34 795 829 208

Ultraviolet
355 nm
20 mW

Violet
405 nm
100 mW

Blue
488 nm
50 mW

Red
640 nm
80 mW
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Figure 3.4 – Configuration and settings of the Cytek Aurora 4-Laser  
Lasers and filter configurations and detector gains were set according to manufacturer’s 
standards (Cytek Assay Settings). For each laser type, the wavelength and power are 
shown. Fluorochromes are shown next to the channel detecting the relative peak 
fluorescent emission. Only the three scatter channels (FSC, SSC, and SSC-B) were 
adjusted at every run so as to ensure that cells were on scale, and typically as follows: 
FSC: 100 – SSC: 300 – SSC-B: 150. 

 

3.3.3 Reagent titrations 

Antibody titration is an absolute requirement for the development of a 

successful flow cytometry panel, since high titres can lead to increased 

background (due to non-specific binding) and issues with spillover, whereas 

low titres can cause under-detection (Ferrer-Font et al. 2021). Therefore, 

following reagent acquisition, each antibody was titrated individually to 

determine its optimal working concentration. Titrations were performed on 

live splenocytes isolated from wild-type C57BL/6J mice, with the exception 

of NK1.1 Super Bright 436 and γδ TCR PerCP-eFluor710, which were titrated 

using liver cells due to the lower expression of these markers in the spleen.  

 

The optimal antibody concentration was determined through a combination 

of visual assessment (Figure 3.5A,D) and stain index analysis (Figure 

3.5B,C). For each reagent, the stain index at a given concentration was 

calculated using FlowJo’s built-in Stain Index plugin, which determines its 

value based on the following formula: 

 

Stain Index = MFIpositive−MFInegative 

2×SDnegative 

MFI: Mean fluorescence intensity; SD: Standard deviation 
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A relative stain index was then calculated for each concentration, expressed 

as a percentage of the maximal stain index observed across all tested 

concentrations. This metric was used to guide reagent selection: if a lower 

concentration yielded a relative stain index ≥60% and showed comparable 

(or superior) performance upon visual inspection, the lower concentration 

was selected for inclusion in the panel (Figure 3.5E). The 60% threshold was 

chosen empirically to balance signal intensity with reagent conservation. 

 

A summary of the titrations for all reagents in the panel, including 

concatenated dot plots for the visual assessment of positive and negative 

populations at varying concentrations, along with the rationale for the 

selected optimal concentration, is presented in Supplementary Figure 9.1. 
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Figure 3.5 – Titration of LIVE/DEAD Blue  
A. Separation of positive and negative populations across a range of reagent dilutions. 

The fixable viability dye (LIVE/DEAD Blue) is shown as a representative example of the 
titration strategy applied to all reagents in the panel. Percentages of negative and 
positive populations are indicated in the top left and right corners, respectively. 

B. Mean fluorescence intensity (MFI) of the positive (red) and negative (blue) 
populations across dilutions. 

C. Stain index calculated at each dilution. 
D. Concatenated dot plots illustrating population resolution and smearing across 

dilutions. The selected dilution is highlighted in yellow. 
E. Relative stain index across dilutions, with rationale for the selection of a dilution 

yielding a stain index below the maximum stain index. The selected dilution is 
highlighted in yellow. Blue colour scale corresponds to stain index values (lighter: 
lower; darker: higher). Red-to-green colour scale corresponds to relative stain index 
values (red: lower; green: higher). 
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3.3.4 Reference controls  

Good reference controls are crucial for successful unmixing. Two types of 

controls were used during the optimisation of the panel: unstained controls 

and single-colour controls. 

 

Unstained controls were included in every run to enable autofluorescence 

extraction. To account for tissue-specific differences in baseline 

fluorescence, unstained controls were matched to the anatomical origin of 

the experimental samples (Figure 3.6A). 

 

Single-colour controls were acquired for all reagents in the panel in order to 

generate the reference spectra of all fluorochromes. Best practice dictates 

that single-stained beads, single-stained cells, or a combination of both can 

be used as reference controls in a spectral flow cytometry panel but that, 

whenever feasible, reference controls should match the biological nature of 

the experimental samples, i.e., cells should be used for cell-based assays 

(Ferrer-Font et al. 2021; Cossarizza et al. 2021). Another essential 

requirement for a single-colour control to be used as reference is that it 

must exhibit a positive population with fluorescence intensity exceeding 

that of the positive population of a matched multi-colour experimental 

sample. Accordingly, both single-stained beads and cells were evaluated 

for each marker in this panel. For most markers, splenocytes from wild-type 

C57BL/6J mice were used, with the exception of PE-Cy5, where RBC-lysed 

blood cells were used, and Super Bright 436 and PerCP-eF710, where liver 

cells were used, due to the low frequency of Ly6G+, NK1.1+ , and γδ TCR+ 
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cells in the spleen, respectively. For five markers, single-stained cells met 

the fluorescence intensity criterion above and were therefore used as 

spectral references for unmixing (Figure 3.6B). For all remaining markers, 

beads were used as reference controls. 

 

Of note, reference controls for viability dyes are commonly prepared by 

staining a sample containing dead cells, under the assumption that dead 

cells will take up the dye and constitute the positive population, and the 

remaining cells will not, constituting the negative population. However, as 

dead and live cells exhibit distinct autofluorescence, the reference control 

for the LIVE/DEAD Blue viability dye was generated by heat-killing 

splenocytes at 70 °C for 45 minutes, dividing the cells into two aliquots (one 

stained with the viability dye, the other unstained) and acquiring the control 

in a single tube after recombining the two halves. This ensured that both 

positive and negative populations shared identical autofluorescence.  
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Figure 3.6 – Reference unstained and single-colour controls  
A. Emission spectra of tissue-specific, unstained single-cell suspensions. 
B. Overlay of positive and negative populations in single-colour reference controls and 
the matched multi-colour experimental sample for the five reagents where cell-based 
controls were used (left). Emission spectra of the same reagents (right), and comparison 
to the standard profiles provided by the cytometre manufacturer (bottom right panel). 

 

 

3.3.5 Gating strategy 

A gating strategy was established (Figure 3.7). Fluorescence Minus One 

(FMO) controls, typically used to define thresholds between negative and 

positive populations by omitting one fluorochrome-conjugated antibody at 

a time, were not employed, as visual inspection alone was sufficient to 

reliably set all gates for the populations of interest. Importantly, cells were 

deliberately classified based solely on marker expression rather than 

forward- and side-scatter properties. This approach was adopted because 

intratumoural leukocytes invariably displayed considerable heterogeneity 

in size and granularity compared with cells from the blood or spleen, and 

deviated from the historical classification based on FSC-A/SSC-A gating for 

lymphocytes, monocytes, and granulocytes (Loken et al. 1990). For 

example, smaller, poorly granular cells occasionally expressed neutrophil 

markers, whereas larger cells expressed T- or B-cell markers (data not 

shown). Consequently, classification based exclusively on marker 

expression was considered more reliable. 
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Figure 3.7 – Gating strategy  
Tumour cells from a representative treatment-naïve, pancreatic tumour–bearing 
C57BL/6 mouse are shown. Tregs: Regulatory T cells; TCM: Central memory T cells; TEM: 
Effector memory T cells; TRM: Tissue-resident memory T cells; cDCs: Conventional 
dendritic cells; cDC1: Type 1 conventional dendritic cells; cDC2: Type 2 conventional 
dendritic cells; NK: Natural killer; trNK: Tissue-resident NK cells; ILC1: Type 1 innate 
lymphoid cells. 
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3.3.6 Tissue processing protocol development 

While panel design often presumes the availability of a ready-to-stain cell 

suspension, the preparatory steps leading to the isolation of viable, single-

cell suspensions are equally critical to the success of flow cytometric 

analyses. While optimised protocols exist for isolating specific immune 

populations, such as T cells from the blood, spleen, or intestinal lamina 

propria (Cossarizza et al. 2021), the broad scope of this panel necessitated 

the development of a protocol capable of recovering a wide range of 

leukocyte subsets from the TME. In addition, although the primary objective 

was to assess local immune responses within the TME, systemic immunity 

was also of interest and, accordingly, site-specific adaptations of the 

protocol for single cell suspension preparation were developed for blood 

and spleen (Figure 3.8). The liver was also included as a site of analysis, 

given its role as common site of metastasis in gastrointestinal malignancies 

(Manfredi et al. 2006; Ryan et al. 2014) and large reservoir of NK cells in mice 

and humans (J. Wang et al. 2012; Sender et al. 2023). 
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Figure 3.8 – Site-specific adaptations of the protocol 
 

 

In initial protocol testing for tissue processing, tumours were harvested 

from C57BL/6J mice bearing orthotopic pancreatic tumours (KPC-F), 

mechanically dissociated with scissors, and digested with a collagenase-

containing cocktail. The resulting suspensions were filtered through 70-μm 

and 40-μm cell strainers to remove debris and large aggregates, and then 

stained for flow cytometric analysis. Under these conditions, viability was 

consistently below 20%, largely due to enrichment of dead, CD45⁻ non-

immune cells in the suspension (Figure 3.9A). To address this and optimise 

cell recovery, a density-gradient centrifugation step was added after 

filtration in an exploratory pilot study (n = 3), yielding two distinct cell 

fractions: low-density and high-density cells. The rationale for this was the 
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hypothesis that dead epithelial cell fragments, debris, and small aggregates 

would pellet with the high-density fraction, thereby enriching for live CD45+ 

cells in the low-density fraction. These two were stained in parallel, and the 

proportions of live CD45+ singlets and total events were quantified by flow 

cytometry to evaluate whether this step could improve sample purity. An 

analogous protocol was applied to liver tissue from the same mice, in light 

of the liver’s structural similarity to tumours as a solid organ with a complex 

epithelial and stromal architecture.  
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Figure 3.9 – Effect of density-based centrifugation on sample purity 
A. Percentage of live and dead cells, alongside CD45+ cell fraction, in a tumour from an 
early iteration of the sample processing protocol. The viability dye used in initial 
iterations differed from the one used in later iterations (Zombie NIR vs LIVE/DEAD Blue). 
Live (median, % of singlets): 14.3 (9.5 – 18.8); CD45+ (median, % of live): 64.9 (54.7 – 86.5) 
B. Low-density cell fraction (green arrow and box) of a tumour sample after density-
gradient based centrifugation of a dissociated, digested, and strained tumour cell 
suspension (left); examples of gating strategy for singlets, live and CD45+ cells (right). 
C. High-density cell fraction (orange arrow and box) of a tumour sample after density-
gradient centrifugation of a dissociated, digested, and strained tumour cell suspension 
(left); examples of gating strategy for singlets, live and CD45+ cells (right). 
D. Percentage of live CD45+ singlets (left) and total events (right) in the high- and low-
density cell fractions of digested tumours after density gradient-based centrifugation.  
E. Percentage of live CD45+ singlets (left) and total events (right) in the high- and low-
density cell fractions of digested livers after density gradient-based centrifugation.  

 

 

While a Wilcoxon matched-pairs test would have been appropriate for 

comparing these two groups in case of a larger dataset, the limited sample 

size prevented meaningful statistical analyses. Therefore, comparisons 

between the two groups were made descriptively by comparing their 

medians. The low-density cell fraction was found to contain higher numbers 

of live CD45+ singlets than the high-density cell fraction, both in tumour 

(median: 76.10% vs 14.40%; Figure 3.9B,D) and liver samples (median: 

93.70% vs 34.60%; Figure 3.9C,E). Based on these findings, the density-

gradient centrifugation step was incorporated into the standard processing 

protocol of tumour and liver samples. 

 

The incorporation of this step, along with progressive refinement of the 

protocol (such as minimising cellular stress by reducing enzymatic 

digestion times and maintaining samples on ice throughout processing) 
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resulted in cell viability and CD45⁺ cell recovery rates in tumour and liver 

samples that were broadly similar to those observed in other anatomical 

sites, as determined by comparing medians of each group (n = 3, Figure 

3.10). Cell viability exhibited limited variability across tissues (median: 

tumour 84.7%, liver 94.2%, spleen 91.1%, blood 80.2%; all within 9% of the 

mean across sites). Similarly, CD45+ cell recovery rates were above 80% in 

all examined compartments. 
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Figure 3.10 – Viability and CD45⁺ fraction following protocol refinement  
A. Live and live CD45+ cells in tumour, liver, spleen, and blood samples of one 
representative animal. 
B. Percentage of live cells in the four examined districts. Median and range shown. 
C. Percentage of live CD45+ cells in the four examined districts. Median and range shown. 
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3.3.7 Panel application and validation 

To verify the panel’s efficacy in enumerating all major leukocyte populations 

involved in tumour immunity, these populations were quantified in the 

tumour, spleen, liver, and blood of a small number of mice (n = 3) bearing 

orthotopically implanted pancreatic tumours at baseline (i.e., untreated). 

Because the primary objective at this stage was to confirm identification of 

all major subsets using the gating strategy described above, no formal 

statistical analyses were performed; instead, data were evaluated 

descriptively through median values and comparisons with established 

ranges reported in the literature. The predominant populations within the 

TME of treatment-naïve mice were macrophages (median: 32.1%), 

neutrophils (median: 29.0%), and monocytes (median: 12.3%) (Figure 

3.11A), consistent with the known immunosuppressive milieu of pancreatic 

cancer (Feig et al. 2012; Steele et al. 2020; Fernandez et al. 2023). B cells 

constituted the dominant cell type in the other examined tissues, and the 

remaining immune cell subsets aligned with published data on immune 

composition of mouse blood (J. Chen and Harrison 2002), spleen (Niemi et 

al. 2020), and liver (P. Huang et al. 2025) in the setting of cancer. 
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Figure 3.11 – Baseline immune landscape in C57BL/6J mice harbouring 
orthotopically implanted pancreatic tumours 
A. Bar charts showing the percentage of each immune cell population in the tumour, 
liver, spleen, and blood of untreated C57BL/6J mice with orthotopically implanted 
pancreatic tumours (n = 3 per group). Median and range shown. 
B. CD103 and CD49a expression in CD8⁺ T cells (left) and NK cells (right) from the tumour 
of one representative animal.  
C. CD103 and CD49a expression in CD8⁺ T cells (left) and NK cells (right) from the blood 
of one representative animal. 
D. CD49a (left) and dual CD49a/CD103 expression (right) in CD8⁺ T cells from the four 
examined tissues (expressed as percentages of total CD8⁺ T). Median and range shown. 
Median CD103 expression (% of CD8⁺ T): tumour 9.3 (5 – 14.7), liver 52.1 (46.4 – 64.2), 
spleen 68.5 (65.8 – 80), blood: 63.3 (53.1 – 78.6). 
E. CD49a (left) and dual CD49a/CD103 expression (right) in NK cells from the four 
examined tissues (expressed as percentage of total NK cells). Median and range shown. 
 

 

To verify that the two markers of tissue residency identified cells within 

tissues, the proportions of cells expressing CD49a, CD103, or both were 

quantified across the four analysed compartments in CD8⁺ T cells and NK 

cells. CD49a was found to be more specific for tissue localisation, being 

expressed on a substantial fraction of cells at epithelial sites (tumour and 

liver) and on a small minority of cells in non-epithelial sites (blood and 

spleen, Figure 3.11B-E). A similar pattern was observed for cells expressing 

both CD49a and CD103. Across all four compartments, CD49a expression 

was maximum in the tumour, with up to 42.0% of CD8⁺ T cells and 53.5% of 

NK cells expressing this marker alone. In contrast, CD103 expression alone 

was detected on more than 50% of liver CD8⁺ T cells and more than 60% of 

blood and spleen CD8⁺ T cells, and approximately 10% of tumour CD8⁺ T 

cells. Among NK cells, on the other hand, expression of CD103 alone was 

comparatively rare (median between 1% and 5% across all compartments). 
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3.3.8 Ungated cells 

Approximately 5–10% of CD45⁺ cells remained ungated across all tissues. 

To further characterise these cells, the expression of all markers included in 

the panel was assessed. Ungated cells were negative for all markers, with 

the exception of some subsets expressing CD11b or CD86 (and a minority 

expressing both, Figure 3.12A).  

 

In the blood, over 70% of ungated cells expressed the pan-myeloid marker 

CD11b alone (Figure 3.12B). Based on this phenotype, these cells were 

hypothesised to represent immature myeloid precursors. To test this, CD45 

expression was measured on these cells, as such precursors are known to 

express dimmer levels of CD45  (van Lochem et al. 2004). CD45 

fluorescence intensity per ungated blood cell was the lowest, at nearly one-

third of that observed in ungated tumour cells and approximately half that 

of ungated liver cells (Figure 3.12D), supporting the hypothesis that these 

blood cells might be immature myeloid precursors. More broadly, CD45 MFI 

was the lowest across the totality of blood CD45+ cells, when compared to 

CD45+ from other compartments (Figure 3.12E), consistent with an overall 

systemic shift in haematopoiesis towards immature myeloid lineages. 
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Figure 3.12 – Characterisation of ungated cells  
A. CD11b and CD86 expression in ungated cells from the liver (top left), spleen (top right), 
blood (bottom left), and tumour (bottom right) of one representative animal. 
B. Percentage of CD11b+CD86⁻ ungated cells in the four examined districts (n = 3). 
Median and range shown. 
C. Percentage of CD11b⁻CD86+ ungated cells in the four examined districts (n = 3). 
Median and range shown. 
D. CD45 MFI of ungated cells. Median and range shown. 
E. CD45 MFI of all CD45+ cells (left). Median and range shown. Staggered histograms of 
CD45 fluorescence intensity in the four examined tissues from one representative 
animal (right). 
F. Dot plot showing tumour cDC subsets from one representative animal (left), and 
percentage of cDC1s and cDC2s as a fraction of total cDCs (right, n = 3) 
G. Dot plot showing tumour-associated macrophage subsets from one representative 
animal (left), and percentage of M1 and M2 macrophages as a fraction of total 
macrophages (right, n = 3). 

  

 

While the phenotype of ungated cells in the blood aligned with that of 

immature myeloid precursors, the majority of ungated cells in the tumour 

were CD11b⁻CD86⁺ (Figure 3.12C), suggesting a lymphoid origin. This 

phenotype is compatible with type 2 or type 3 innate lymphoid cells (ILC2s 

and ILC3s, respectively), both of which are known to express CD86 in certain 

contexts (Oliphant et al. 2014; von Burg et al. 2014; Lehmann et al. 2020). To 

investigate this possibility indirectly, it was hypothesised that the presence 

of ILC2s would be associated with a type 2  immune response in the TME. 

The TME exhibited features of a type 2 immune profile, including an 

increased proportion of cDC2s relative to cDC1s (approximately 2:1), and a 

predominance of M2-polarised macrophages relative to M1 macrophages 

(approximately 3:1, Figure 3.12F,G), supporting this hypothesis. 
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Ungated cells in the spleen and liver were largely CD86⁻CD11b⁻ (median: 

48.9% and 44.7%, respectively) and expressed intermediate levels of CD45 

(Figure 3.12E), likely representing other mature, innate cell subsets. 

 

3.4 

Discussion 

As immuno-oncology continues to advance, better tools are required to 

characterise the immune system’s contribution to tumour initiation and 

progression. In this chapter, a 23-colour spectral flow cytometry panel was 

developed and optimised for comprehensive immune profiling in an 

orthotopic mouse model of PDAC, enabling parallel interrogation of the 

TME, blood, spleen, and liver. At the time these experiments were 

performed, no optimised flow cytometry panel existed to comprehensively 

enumerate myeloid and lymphoid, as well as circulating and resident, 

immune cell subsets involved in tumour immunity in murine models of 

cancer. Since then, a more extensive, optimised panel has been developed 

with a similar objective (Kare et al. 2023).  

 

Particular attention was devoted to each stage of panel design and sample 

preparation, including strategic marker selection for accurate population 

identification, and optimisation of steps propaedeutic to and preceding 

single-cell suspension staining and analysis. Three candidate markers 

(NK1.1, CD49b, and NKp46) were evaluated for their ability to identify NK 

cells across the four anatomical districts of interest. Although early reports 

of liver-resident NK cells identified them as CD49b⁻ (Peng et al. 2013), a high 
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proportion of CD19⁻CD3⁻ liver cells in this model expressed CD49b. The 

degree of overlap among NK1.1, CD49b, and NKp46 varied substantially 

among tissues. Consequently, marker specificity was assessed, based on 

existing evidence that cells co-expressing all three markers represent 

mature NK cells, and NK1.1 emerged a more specific NK lineage marker.  

 

Tissue-resident subsets of CD8⁺ T and NK cells have been described, with 

an extensive body of evidence supporting the use of CD49a and CD103 to 

discriminate circulating from tissue-associated subsets. Pilot testing on a 

small number of animals suggested that CD103 alone was insufficient to 

distinguish tissue-localised from circulating NK and CD8⁺ T cells in this 

mouse model of pancreatic cancer, as high CD103 expression was also 

observed in non-epithelial compartments, including the blood. In contrast, 

CD49a, either alone or co-expressed with CD103, appeared to be a more 

reliable discriminator of tissue-associated lymphocytes. Whether CD103⁺ 

blood lymphocytes represent intermediate states in the transition to a 

CD49a⁺CD103⁺ phenotype is difficult to determine based on flow cytometry 

alone and more reliable techniques (e.g., pseudotime trajectory analysis) 

would be better suited to infer their developmental path. However, the 

higher proportion of CD49a⁺ cells at epithelial sites suggests that 

acquisition of a double-positive phenotype is more likely to occur via a 

CD49a⁺ single-positive stage than through a CD103⁺ stage. Notably, 

circulating CD103⁺ CD8⁺ T cells have been identified in multiple human 

cancer types in humans, and their presence has been associated with 

improved patient survival (Nose et al. 2023; Lian Liu et al. 2024).  
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While the panel is capable of identifying NK cells and bona fide tissue-

resident NK cells, the latter designation should be used with great caution. 

As flow cytometry only provides a single time-point assessment, indicating 

the presence of cells within a tissue but not confirming long-term residency, 

terms such as tissue-associated or tissue-localised are preferable. 

Alternatively, these cells should simply be named based on phenotype (e.g., 

NK1.1⁺CD49a⁺CD103⁺ cells). 

 

Tissue-resident subsets of ILCs have also been identified and shown to 

display remarkable plasticity, with subsets capable of interconverting into 

one another (Colonna 2018). To complicate this matter further, NK cells 

themselves can undergo conversion into ILC1s when exposed to 

appropriate stimuli, such as TGF-β within the TME (V. S. Cortez et al. 2016, 

2017; Gao et al. 2017). Distinguishing trNK cells from ILC1s is inherently 

challenging because both subsets share many surface markers, and the 

markers used to define them can vary with tissue context and activation 

state, leading to an overlap between these populations that is increasingly 

recognised in the field (Spits et al. 2016; Hashemi and Malarkannan 2020; 

Sudan et al. 2024). More in-depth techniques such as single-cell RNA 

sequencing and transcriptomic profiling are better suited to dissect the 

relationships between them (Sparano et al. 2024; Torcellan et al. 2024). In 

future adaptations of this flow cytometry panel where discriminating 

between trNK cells and ILC1s may be critical, emerging strategies rely on 

the inclusion of additional markers, such as CD127, Hobit, and Eomes 

(Gordon et al. 2012; Daussy et al. 2014; Klose et al. 2014; Allan et al. 2017).  
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Sample processing was optimised by incorporating a density-gradient 

separation step to improve cell purity. While this approach results in the 

loss of granulocytes from the blood of both mice and humans under 

physiological conditions, this was not a limitation in the present model. In 

the setting of cancer, neutrophils reduce their granule content, acquiring a 

less dense, immature phenotype (Bronte et al. 2016), and enabling their 

recovery in the low-density cell fraction. In fact, neutrophils were the second 

most abundant population in the TME, followed by monocytes. This 

observation is consistent with the well-established myeloid-dominated 

PDAC TME (Khaled et al. 2014; Trovato et al. 2019). While these populations 

likely correspond to PMN- and M-MDSCs, definitive classification would 

require functional assays to demonstrate suppressive capacity, in line with 

current recommendations. Further evidence of the immunosuppressive 

nature of the TME was provided by the predominance of M2 macrophages. 

In macrophages, Arginase-1 and CD86 were not expressed in a mutually 

exclusive fashion, resulting in a less stringent definition of M2 macrophages 

as macrophages expressing Arginase-1, irrespective of CD86 expression. 

These cells dominated the TME of our PDAC model, congruently with 

evidence from the literature (Zhu et al. 2014, 2017; Yang et al. 2021).  

 

By employing the gating strategy defined during panel design, a small 

fraction of cells remained unclassified. The reduced CD45 fluorescence 

intensity observed in such unclassified cells in the blood of tumour-bearing 

mice is consistent with a bias in haematopoiesis towards immature myeloid 

populations, a pattern that has been documented in cancer for many 
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decades (Robinson 1974). Solid tumours secrete factors that drive 

myelopoiesis and contribute to the establishment of a myeloid-rich 

suppressive milieu (Youn et al. 2008; Casbon et al. 2015; Veglia et al. 2021). 

The lower CD45 expression per blood cell (including unclassified cells) may 

reflect immature myeloid populations newly released from the bone marrow 

into circulation. Within the TME, on the other hand, unclassified cells may 

represent ILC2s, as these cells lacked all lineage markers while expressing 

CD86. While there cannot be any definitive conclusion regarding the identity 

of these cells, the predominance of a type 2 immune profile in the TME 

described above is in line with an ILC2-orchestrated response. In future 

adaptations of this flow cytometry panel, the inclusion of the surface 

markers ST2 (also known as IL-33 receptor) and NKp46, and the 

transcription factors GATA3 and RORγt would allow the identification of 

ILC2s and ILC3s, too (V. Cortez et al. 2015; Mincham and Snelgrove 2023).  

 

Overall, this panel successfully addressed the main limitations of existing 

panels: it was optimised using tumours and validated for the analysis of 

immune cells in the TME, circulation, and epithelial and lymphoid organs. It 

enabled comprehensive immune profiling across a wide range of leukocytes 

(including tissue-associated lymphocytes), leaving out only a small minority 

of cells, whose identity could nonetheless be hypothesised through indirect 

assessment. Although not discussed in this chapter, the panel was also 

used for subcutaneous tumours, demonstrating its versatility across 

different tumour models. Since its development, the panel has been made 

openly accessible for other researchers (Valenzano et al. 2024). 
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Chapter 4 

 

Phenotypic characterisation of a novel NK cell subset 

emerging in the KPC orthotopic model of PDAC following 

combined immunotherapy and radiotherapy 

 

4.1 

Introduction 

As discussed in the main introduction, the success of immunotherapy in 

pancreatic ductal adenocarcinoma (PDAC) has been limited. Multimodal 

approaches may act synergistically and offer better tumour control; for 

example, radiotherapy combined with PD-L1 blockade significantly 

enhanced tumour immunity in an orthotopic PDAC model (Azad et al. 2017). 

 

Previous work from our laboratory tested the efficacy of combining 

radiotherapy, the CCR5 inhibitor Maraviroc, and an inhibitory antibody 

against PD-1 in promoting tumour control in the KPC orthotopic model of 

PDAC (Go, Demetriou, Hughes, et al. 2024). Radiotherapy was included 

because, as extensively reviewed elsewhere, it has the potential to reduce 

tumour burden and increase tumour immunogenicity (Demaria et al. 2015; 

Y. Wang et al. 2018; McLaughlin et al. 2020). CCR5 inhibition was selected 

based on a randomised phase II trial from our group and collaborators, 

which had identified low baseline serum levels of CCL5—the main ligand for 

CCR5—as an independent predictor of prolonged survival in patients with 

locally advanced pancreatic cancer treated with chemoradiation 
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(Willenbrock et al. 2021). In addition, disruption of the CCL5–CCR5 axis had 

been shown to impair migration and invasion of pancreatic cancer cell lines 

in 3D in vitro assays (Singh et al. 2018), substantiating this as a promising 

approach. Finally, PD-1 blockade was included since, despite the low T cell 

infiltration in PDAC (Muller et al. 2022; Goulart et al. 2021), it could release 

inhibitory signalling on the few tumour-infiltrating CD8⁺ T cells (Tumeh et al. 

2014). 

 

A few key findings emerged from preliminary testing of this multimodal 

treatment regimen. Firstly, irradiation (hereafter: IR) was essential for 

tumour control: whereas single-agent therapy and the dual combination of 

the CCR5 inhibitor Maraviroc (hereafter: CCR5i) with anti–PD-1 (hereafter: 

aPD1) only achieved limited control, adding IR to any monotherapy or to the 

CCR5i + aPD1 combination reduced tumour volumes more markedly 

(Figure 4.1A). Secondly, the triple combination (IR + CCR5i + aPD1) 

produced the broadest effects on tumour control: in addition to reducing 

tumour volume, it also caused a significant reduction in the number of cells 

expressing mutant p53 (Figure 4.1B), a significant increase in necrotic areas 

(Figure 4.1C), and the highest rates of CD8⁺ T cell and NK cell infiltration 

(Figure 4.1D). Thirdly, all treatment groups, including the triple 

combination, showed substantial inter-animal variation, with a 

combination of responders and non-responders; CD8⁺ T cells and NK cells 

were seen in greater abundance in responders (Figure 4.1E).  

 

 



 
 

100 
 

Lastly, when animals from all treatment groups were pooled, CD8⁺ T cells 

and a subset of NK cells lacking expression of Natural Killer Group 2, 

member D (NKG2D⁻ NK cells) correlated negatively with E-cadherin-

expressing cells (a surrogate for tumour control) (Figure 4.1F). 
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Figure 4.1 – Evidence from prior work and foundation of current study 
Freely adapted from Go, Demetriou, Valenzano, et al., eLife, 2024 (Figures 3, 4, S4) and 
reproduced under the terms of the Creative Commons Attribution License (CC BY). 
A. Tumour volumes as measured by MRI and growth curves of individual treatment 
groups are plotted. Mean growth curves and standard deviation are depicted in bold (with 
IR: solid line; without IR: dashed line). Individual mice growth curves are shaded. 
B. Histograms showing the number of cells expressing mutant p53 per mm2, as 
determined by immunohistochemistry. Loss of mutant p53⁺-expressing cells was used 
as a measure of tumour control. 
C. Histograms showing the percentage of necrotic areas per tumour section, as 
determined by haematoxylin and eosin (H&E) staining. Extent of necrotic areas was used 
as a measure of tumour control.   
D. Percentage of NK cells (DAPI⁺NK1.1⁺, red) and CD8⁺ T cells (DAPI⁺NK1.1⁻CD8⁺, 
yellow), as determined by multiplex tissue immunofluorescence of tumour slices and 
HALO automated image analysis and cell classifying software.  
Significance was tested using two-way ANOVA with Tukey multiple comparison (blue 
significance lines), or one-way ANOVA with Tukey multiple comparison (yellow 
significance lines) using a p<0.05. 
E. Spatial plots of individual cells produced by the HALO automated image analysis and 
cell classifying software for two representative tumour slices (non-responder: left; 
responder: right). The classification of responders and non-responders to treatment was 
based on loss of E-cadherin staining. 
F. Correlation of CD8⁺ T cells and NKG2D⁻ NK cells with E-cadherin-expressing cells, 
after pooling animals from all groups (n = 3 per group) together (* denotes a censored 
non-responder). 

 

Since only a single marker, NKG2D, was examined in prior work, the identity 

of the NK cell subset that correlated positively with tumour control (as per 

the surrogates indicated above) remained largely obscure. The only existing 

knowledge on this subset was that these cells, counterintuitively, lacked 

(rather than expressed), a key activating receptor. This intriguing 

observation prompted a more in-depth investigation on their phenotype, 

aimed at better understanding the nature of this subset seemingly driving 

tumour control.  
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Additionally, these cells were first observed in tumour samples, but no other 

tissues were examined. Therefore, it remained unclear whether their 

presence reflected a tumour-specific immune response, or a more 

generalised, systemic feature of tumour immunity. 

 

4.2 

Aims 

To better characterise the phenotype and localisation of a novel NK cell 

subset that was first described in a murine orthotopic implantation model 

of PDAC after treatment with IR + CCR5i + aPD1. 

 

4.3 

Results 

4.3.1 The IR + CCR5i + aPD1 combination causes the accumulation 

of tumour-infiltrating lymphocytes 

A small study was conducted to replicate the emergence of the previously 

identified NKG2D⁻ NK cell subset. To maximise enrichment for this subset, 

the treatment regimen was deliberately modified from the one in the original 

study (Go et al. 2024). In the original study, treatment was administered over 

one week (including three irradiations, 3×4 Gy), followed by a prolonged 

wash-out period. In contrast, in this study, a 14-day treatment regimen was 

followed (including three irradiations, 3×6 Gy), with a shorter wash-out 

period, as mice were humanely culled upon showing early signs of distress. 

Upon culling, not only the tumour, but also the spleen, liver, and blood were 

collected for flow cytometric analyses. Since the emergence of this subset 
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had already been established in the triple combination treatment arm 

(IR + CCR5i + aPD1), only this group was tested, alongside a parallel control 

arm that received no irradiation and vehicles for the two immunotherapy 

drugs. As this study focussed exclusively on NK cells, a modified version of 

the flow cytometry panel presented in Chapter 3 was used, incorporating a 

small set of ten NK cell markers, and omitting markers to identify most other 

populations. 
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Figure 4.2 – Relative abundance of major lymphocyte subsets 
A. Dot plots from one representative treated mouse outlining the gating strategy used for 
the identification of B, T, NKT, and NK cells in the four examined compartments, arranged 
into columns.  
B. Percentage of tumour, liver, spleen, and circulating B cells (as a fraction of live, CD45+ 
cells). Median and range shown. 
C. Percentage of tumour, liver, spleen, and circulating T cells (as a fraction of live, CD45+ 
cells). Median and range shown. 
D. Percentage of tumour, liver, spleen, and circulating NKT cells (as a fraction of live, 
CD45+ cells). Median and range shown. 
E. Percentage of tumour, liver, spleen, and circulating NK cells (as a fraction of live, 
CD45+ cells). Median and range shown. 
All comparisons for groups with n > 3 were performed using a two-tailed Mann–Whitney 
test; *p<0.05. 
 
 

The median proportions of B, T, NKT, and NK cells isolated from tumours in 

the triple combination group were significantly higher than those in the 

control group. After treatment, a 6-fold increase in B cells could be detected 

(Figure 4.2A), alongside a 2-fold increase in T cells (Figure 4.2B), and a 

nearly 4-fold increase in NKT cells (Figure 4.2C). The subset that 

experienced the greatest increase with treatment were NK cells (median: 

2.1% in controls vs 14.3% in treated mice, Figure 4.2D). Of note, NK cells 

constituted more than 20% of all circulating leukocytes (CD45⁺ cells) in one 

treated animal, in stark contrast to controls, where NK cells represented a 

maximum of only 3.6% of circulating leukocytes. NKT cells also appeared at 

higher proportions in the blood of treated mice, rising from being virtually 

undetectable to accounting for approximately 1% of all circulating 

leukocytes. Substantial inter-animal variability was observed in liver and 

spleen samples; however, median T, NK, and NKT cell frequencies appeared 

numerically higher in treated mice in both compartments. 
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4.3.2 The IR + CCR5i + aPD1 combination alters the proportion of NK 

cells expressing CD103 and CD49a in the tumour and blood  

Given that the population of NKG2D⁻ cells was first observed in an epithelial 

solid tumour, it was hypothesised that they could represent tissue-

associated NK cells. Therefore, the proportions of cells expressing CD49a, 

CD103, or both were analysed in the tumours of treated and control mice 

(Figure 4.3A,F). In the treatment group, a relative decrease in CD49a⁺ NK 

cells was observed, paralleled by a significant increase in CD103⁺ and 

CD103⁺CD49a⁺ NK cells (Figure 4.3B-E), with the latter constituting more 

than half of all NK cells in some mice. In control mice, blood NK cells almost 

invariably expressed neither of the two tissue-associated markers, whereas 

in treated mice, CD103⁺, CD49a⁺, and CD103⁺CD49a⁺ NK cells were all 

detected in the blood, with CD103⁺CD49a⁺ NK cells accounting for nearly 

half of all circulating NK cells in one animal (Figure 4.3A,C). In the liver and 

spleen, greater heterogeneity was observed in the relative proportions of the 

four subsets; CD103⁺CD49a⁺ NK cells notably made up a considerable 

fraction of NK cells in the spleen of treated mice (median: 1.3% in controls 

vs 15.0% in the treatment group).  

 

The expression patterns of tissue-associated markers on T cells differed 

substantially from those described for NK cells, with a considerable fraction 

of T cells expressing CD103⁺ alone in both treated mice and controls across 

the four examined tissues (Supplementary Figure 9.2). In T cells, 

concomitant expression of CD103 and CD49a was largely confined to cells 

in the TME, irrespective of treatment. 
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Figure 4.3 – Expression of CD103 and CD49a on NK cells  
A. Dot plots from one representative treated mouse outlining the gating strategy used to 
define the four subsets of NK cells in the four examined districts. 
B. Percentage of tumour, liver, spleen, and circulating CD103⁺ NK cells (as a fraction of 
total NK cells). Median and range shown. 
C. Percentage of tumour, liver, spleen, and circulating CD103⁺CD49a⁺ NK cells (as a 
fraction of total NK cells). Median and range shown. 
D. Percentage of tumour, liver, spleen, and circulating CD103⁻CD49a⁻ NK cells (as a 
fraction of total NK cells). Median and range shown. 
E. Percentage of tumour, liver, spleen, and circulating CD49a⁺ NK cells (as a fraction of 
total NK cells). Median and range shown. 
F. Composition of the NK cell gate, based on median expression of CD103 and CD49a on 
NK cells, in control (upper row) or treated animals (lower row). 
All comparisons for groups with n > 3 were performed using a two-tailed Mann–Whitney 
test; *p<0.05. 
 

 

4.3.3 The IR + CCR5i + aPD1 combination expands certain NK cell 

subsets within the tumour and blood immune compartments 

While the proportions of the four subsets within the NK cell gate are 

informative of their relative prevalence, they do not indicate whether the 

overall abundance of each subset differs between conditions. For this kind 

of comparison, absolute counts per unit of tumour volume (or mass) are 

typically employed. However, the primary aim of this study was the 

phenotypic characterisation of an immune population rather than the 

quantitative assessment of immune infiltration or treatment efficacy. As a 

result, tumour volume or mass measurements were not incorporated into 

the experimental design, and the proportion of each subset relative to the 

total immune compartment (CD45⁺ cells) was used as a surrogate measure 

of relative abundance (Figure 4.4). 
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In the tumour immune microenvironment, the proportions of CD103⁺, 

double-positive, and double-negative NK cells rose significantly with 

treatment, with double-positive NK cells exhibiting the most pronounced 

increase, from being nearly absent in untreated mice to accounting for 6% 

of all immune cells in treated mice. The abundance of CD49a⁺ NK cells was 

approximately the same in both groups (median: 0.7% of CD45⁺ cells in the 

control group vs 0.9% of CD45⁺ cells in the treatment group).  

 

In the blood of treated mice, the CD49a⁺ and CD103⁺CD49a⁺ NK cell 

fractions emerged after treatment, being virtually undetectable in controls. 

An apparent increase in CD49a⁺, double-positive, and double-negative NK 

cells was noted in the immune cellularity of liver and spleen in treated mice.  

 

The expression patterns observed for NK cells within the totality of immune 

cells in the TME were mirrored by T cells, with the proportions of CD103⁺, 

double-positive, and double-negative T cells rising significantly following 

treatment, and the proportion of CD49a⁺ T cells remaining comparable 

between treatment and control groups. For T cells, however, the 

CD103⁻CD49a⁻ subset was the most abundant across all four tissues 

(Supplementary Figure 9.3). 
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Figure 4.4 – Expression of CD103 and CD49a on CD45⁺ cells  
A. Percentage of CD103⁺ cells, CD49a⁺ cells, and CD103⁺CD49a⁺ cells (including both 
NK and T cells) within the totality of CD45⁺ cells in one representative animal.  
To calculate the percentage of each NK cell subset specifically, the gating strategy 
presented in Figures 4.2 and 4.3 was used.  
B. Percentage of tumour, liver, spleen, and circulating CD103⁺ NK cells (as a fraction of 
CD45⁺ cells). Median and range shown. 
C. Percentage of tumour, liver, spleen, and circulating CD103⁺CD49a⁺ NK cells (as a 
fraction of CD45⁺ cells). Median and range shown. 
D. Percentage of tumour, liver, spleen, and circulating CD103⁻CD49a⁻ NK cells (as a 
fraction of CD45⁺ cells). Median and range shown. 
E. Percentage of tumour, liver, spleen, and circulating CD49a⁺ NK cells (as a fraction of 
CD45⁺ cells). Median and range shown. 
F. Composition of the CD45⁺ gate, based on median expression of CD103 and CD49a on 
NK cells, in control (upper row) or treated animals (lower row). 
All comparisons for groups with n > 3 were performed using a two-tailed Mann–Whitney 
test; *p<0.05. 

 

 

4.3.4 Tumour NK cells in treated mice can be classified into two 

clusters, one expressing  CD103 and CD49a, and the other 

expressing NKp46 and NKG2D 

Based on the above findings, it was hypothesised that the CD103⁺CD49a⁺ 

NK subset could correspond to the NKG2D⁻ NK population in the original 

study, since both were preferentially expanded following treatment with 

IR + CCR5i + aPD1. To test this, FlowSOM clustering (Van Gassen et al. 2015) 

was applied as an unsupervised approach to classify NK cells from tumours 

of treated mice using eight additional markers, including NKG2D (Figure 

4.5A,B). This analysis provided two crucial insights: first, the near totality of 

NK cells in the TME of treated mice segregated into two dominant clusters: 

Cluster 1 (comprising 70.4% of all NK cells and 97.8% of double positives) 

and Cluster 3 (comprising 28.3% of all NK cells and 99.3% of double 
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negatives). The other two minor clusters collectively comprised the 

remaining 1.3% of all NK cells (Figure 4.5C,D). Second, the dichotomy 

between these two dominant clusters was dependent not only on the 

expression of the tissue-localisation markers CD103 and CD49a, but also 

on broader phenotypic differences. On this basis, further phenotypic 

characterisation and comparisons were restricted to these two biologically 

distinct populations. Of note, NK cells identified by manual gating as 

CD103⁺ mapped almost exclusively to FlowSOM Cluster 1. In contrast, 

CD49a⁺ NK cells were distributed across the two major clusters, with over 

70% falling within Cluster 1 and the remainder predominantly assigned to 

Cluster 3. 
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Figure 4.5 – NK cell characterisation in the tumour of treated mice 
A. t-SNE dimensionality reduction of concatenated NK cells from tumours of mice in the 
IR + CCR5i + aPD1 group (n = 4, total 40,000 cells). Four self-organising clusters were 
identified using the FlowSOM plugin in FlowJo. 
B. Heatmap of relative scaled marker expression in the four FlowSOM clusters identified 
in A. The dendrogram on the side indicates similarity between clusters. 
C. Overlay of the four NK cell subsets defined by manual CD103/CD49a gating onto the 
same t-SNE map shown in A. 
D. Degree of overlap between FlowSOM clusters and the four manually gated subsets. 
The table is read by rows: of the cells in the indicated subset, the percentage that falls 
into each FlowSOM cluster is shown. 
E. Expression of NKG2D, NKp46, NKG2A, TIM-3, TIGIT, CXCR6, CXCR3, and CD69 on 
CD103⁻CD49a⁻ and CD103⁺CD49a⁺ tumour NK cells. Expression on tumour T cells is 
shown for comparison to the right of the dashed line and was used to assist in gate 
definition. All markers are plotted against CD3 (Y axis). ▲: culled 1-2 days post-
treatment; ●: culled 5-6 days post-treatment. 
 

 

Due to the small sample size (n = 4) and the limited power of a Wilcoxon 

matched-pairs test for very small datasets, formal statistical comparisons 

were not performed. Comparisons between CD103⁺CD49a⁺ and 

CD103⁻CD49a⁻ NK cells are therefore presented descriptively using 

medians (Figure 4.5E).  CD103⁺CD49a⁺ NK cells were largely negative for 

NKG2D (median: 0.6% vs 13.0% of double-negatives) and NKp46 (median: 

1.9% vs 87.3% of double-negatives) and expressed higher levels of the 

inhibitory receptor T cell immunoglobulin and mucin-domain containing-3, 

TIM-3 (median: 30.0% vs 0.3% of double-negatives), suggesting an overall 

more inhibited phenotype. The slightly lower CD69 expression by the same 

cells (median: 7.9% vs 11.6% of double-negatives) partly supports this 

interpretation. An exception, however, was Natural Killer Group 2, member 

A (NKG2A), which was expressed at lower levels in double positives than in 

double negatives (median: 1.9% vs 29.5%). 
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Considerable inter-animal variability was observed for the inhibitory 

receptor T cell immunoreceptor with Ig and ITIM domains (TIGIT) and the 

chemokine receptor CXC motif chemokine receptor 6 (CXCR6). To 

investigate the reason for this heterogeneity, the washout period for each 

mouse was examined. The two mice with lower TIGIT and CXCR6 expression 

had a longer washout (culled 5–6 days post-treatment), whereas the two 

mice with higher expression were culled 1–2 days post-treatment. This 

expression pattern was also mirrored in tumour T cells for the same markers 

(data not shown). CXC motif chemokine receptor 3 (CXCR3) was expressed 

at low levels by all NK cells and seemed unaffected by washout duration. 

 

4.3.5 Blood and splenic NK cells recapitulate tumour NK cell 

clusters, while liver NK cells form a distinct CD49a⁺ subset 

Having established that the intratumoural NKG2D⁻ NK cell subset induced 

by the IR + CCR5i + aPD1 combination in prior work likely corresponded to 

CD103⁺CD49a⁺ cells with reduced expression of NKG2D and NKp46, it 

remained to be determined whether CD103⁺CD49a⁺ NK cells detected at 

other sites represented the same subset. As a distinct CD103⁺CD49a⁺ 

population was detected in the circulation of treated mice but not controls, 

FlowSOM clustering was applied to blood NK cells from treated animals 

(Figure 4.6A,B). As in the tumour, the vast majority of circulating NK cells 

segregated into two dominant clusters: Cluster 1 (48.8% of NK cells, 

including 99.7% of double-positive cells), and Cluster 4 (51.9% of NK cells, 

including 89.5% of double-negative cells). The remaining two clusters 

collectively accounted for only 1.3% of NK cells (Figure 4.6C,D). 
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Figure 4.6 – NK cell characterisation in the blood of treated mice 
A. t-SNE dimensionality reduction of concatenated NK cells from blood of mice in the IR 
+ CCR5i + aPD1 group (n = 4, total 27,496 cells). Four self-organising clusters were 
identified using the FlowSOM plugin in FlowJo. 
B. Heatmap of relative scaled marker expression in the four FlowSOM clusters identified 
in A. The dendrogram on the side indicates similarity between clusters. 
C. Overlay of the four NK cell subsets defined by manual CD103/CD49a gating onto the 
same t-SNE map shown in A. 
D. Degree of overlap between FlowSOM clusters and the four manually gated subsets. 
The table is read by rows: of the cells in the indicated subset, the percentage that falls 
into each FlowSOM cluster is shown. 
E. Expression of NKG2D, NKp46, NKG2A, TIM-3, TIGIT, CXCR6, CXCR3, and CD69 on 
CD103⁻CD49a⁻ and CD103⁺CD49a⁺ blood NK cells. Expression on blood T cells is shown 
for comparison to the right of the dashed line and was used to assist in gate definition. 
All markers are plotted against CD3. ▲: culled 1-2 days post-treatment; ●: culled 5-6 
days post-treatment.  

 

 

Single-positive subsets defined by manual gating were again distributed 

across the two dominant clusters in the same pattern as in the tumour: 

CD103⁺ cells mapping almost entirely to Cluster 1, and CD49a⁺ cells split 

between Clusters 1 and 4, with a predominance in the latter. Because these 

two clusters together encompassed virtually all circulating NK cells and 

largely corresponded to the double-positive and double-negative subsets, 

phenotypic analyses were restricted to these two biologically distinct 

populations, as above.  

 

No formal statistical analyses were performed and comparisons between 

CD103⁺CD49a⁺ and CD103⁻CD49a⁻ NK cells are presented descriptively, 

with medians, as above. Overall, double positive cells largely recapitulated 

the phenotype of double positive cells in the tumour, with lack of expression 

of the activating receptors NKG2D and NKp46, and the inhibitory receptor 
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NKG2A (Figure 4.6E). NKG2D, however, was expressed by a higher number 

of double-negative cells in the blood than in the tumour (median: 43.0% of 

blood NK cells vs 13.0% of tumour NK cells). As in the tumour, double-

positive NK cells in the blood appeared less likely to be activated overall 

(median CD69 expression: 3.7% vs 12.9% double-negative cells), possibly 

also as a result of higher TIM-3 expression (median: 42.85% vs 1.2% double-

negative cells). As in the tumour, TIGIT and CXCR6 expression was variable, 

and higher on the two mice culled immediately after treatment (a trend 

observed on blood T cells, too). Whereas CXCR3 was expressed only by a 

minority of NK cells in both blood and tumour, a median of over 20% of 

circulating T cells expressed this chemokine receptor in treated mice.  

 

The same analysis was performed on splenic and hepatic NK cells from 

treated animals. In the spleen, FlowSOM identified two dominant clusters 

that together encompassed nearly all NK cells: one largely corresponding to 

CD103⁺CD49a⁺ cells and the other to CD103⁻CD49a⁻ cells (Figure 4.7A-D).  
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Figure 4.7 – NK cell characterisation in the spleen of treated mice 
A. t-SNE dimensionality reduction of concatenated NK cells from spleens of mice in the 
IR + CCR5i + aPD1 group (n = 4, total 37,000 cells). Four self-organising clusters were 
identified using the FlowSOM plugin in FlowJo. 
B. Heatmap of relative scaled marker expression in the four FlowSOM clusters identified 
in A. The dendrogram on the side indicates similarity between clusters. 
C. Overlay of the four NK cell subsets defined by manual CD103/CD49a gating onto the 
same t-SNE map shown in A. 
D. Degree of overlap between FlowSOM clusters and the four manually gated subsets. 
The table is read by rows: of the cells in the indicated subset, the percentage that falls 
into each FlowSOM cluster is shown. 
E. Expression of NKG2D, NKp46, NKG2A, TIM-3, TIGIT, CXCR6, CXCR3, and CD69 on 
CD103⁻CD49a⁻ and CD103⁺CD49a⁺ spleen NK cells. ▲: culled 1-2 days post-treatment; 
●: culled 5-6 days post-treatment.  

 

 

As observed in blood and tumour samples, CD103⁺ NK cells were almost 

exclusively assigned to the double-positive cluster, whereas CD49a⁺ NK 

cells preferentially segregated with the double-negative cluster. The 

phenotypic profile closely mirrored that of tumour-infiltrating and 

circulating CD103⁺CD49a⁺ NK cells, characterised by absence of NKG2D, 

NKp46, and NKG2A, reduced CD69 expression, and increased TIGIT and 

TIM-3 expression (Figure 4.7E). Few NK cells expressed CXCR3 or CXCR6 

(median <5% in both double-positive and double-negative subsets for both 

markers). By contrast, nearly 25% of T cells expressed CXCR3, consistent 

with findings in blood (not shown). 

 

The liver represented an exception. As anticipated from the quantitative 

shifts described in Figure 4.3, the dominant FlowSOM clusters consisted of 

double-negative and CD49a⁺ single-positive NK cells, rather than double-

positive cells (Figure 4.8A-D).  



 
 

123 
 

 
CD103

-

CD49a
-

CD103
-

CD49a
+

0

10

20

30

40

50
TIGIT

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
-

CD49a
+

0

20

40

60

80

100
CXCR6

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
-

CD49a
+

0

10

20

30

40
CXCR3

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
-

CD49a
+

0

20

40

60

80

100
NKG2A

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
-

CD49a
+

0

1

2

3

4

5
TIM-3

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

A

t-SNE1

t-SNE1

t-
SN

E2
t-

SN
E2

C

Cluster 1
Cluster 2
Cluster 3
Cluster 4

CD103⁺CD49a⁺
CD103⁺

CD103⁻CD49a⁻
CD49a⁺

B

E

0 100

D

Cluster 1 Cluster 2 Cluster 3 Cluster 4

CD103⁺CD49a⁺ 97.8 0.76 0.43 0.98

CD103⁺ 93.9 2.66 3.45 0

CD103⁻CD49a⁻ 0.73 0 99.3 0

CD49a⁺ 28.4 0 71.8 0

0 1000

Liver NK cells

Liver NK cells

Cluster 1 Cluster 2 Cluster 3 Cluster 4

CD103⁺CD49a⁺ 0.4 3.4 1.3 94.9

CD103⁺ 27.9 0 0.9 71.2

CD103⁻CD49a⁻ 98.6 0.8 0.1 0.5

CD49a⁺ 7.0 85.6 4.3 3.1

CD103
-

CD49a
-

CD103
-

CD49a
+

0

5

10

15
NKG2D

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
-

CD49a
+

0

20

40

60

80

100
NKp46

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

CD103
-

CD49a
-

CD103
+

CD49a
+

0

20

40

60
CD69

P
e

rc
e

n
ta

g
e

 o
f 

s
u

b
s

e
t

-



 
 

124 
 

Figure 4.8 – NK cell characterisation in the liver of treated mice 
A. t-SNE dimensionality reduction of concatenated NK cells from livers of mice in the IR 
+ CCR5i + aPD1 group (n = 3, total 55,778 cells). Four self-organising clusters were 
identified using the FlowSOM plugin in FlowJo. 
B. Heatmap of relative scaled marker expression in the four FlowSOM clusters identified 
in A. The dendrogram on the side indicates similarity between clusters. 
C. Overlay of the four NK cell subsets defined by manual CD103/CD49a gating onto the 
same t-SNE map shown in A. 
D. Degree of overlap between FlowSOM clusters and the four manually gated subsets. 
The table is read by rows: of the cells in the indicated subset, the percentage that falls 
into each FlowSOM cluster is shown. 
E. Expression of NKG2D, NKp46, NKG2A, TIM-3, TIGIT, CXCR6, CXCR3, and CD69 on 
CD103⁻CD49a⁻ and CD49a⁺ liver NK cells. ▲: culled 1-2 days post-treatment; ●: culled 
5-6 days post-treatment.  

 

 

Liver CD103⁺ NK cells predominantly co-clustered with double-positive 

cells within a minor, separate population (3.0% of hepatic NK cells). Given 

that CD49a⁺ cells in the liver formed a major distinct cluster, subsequent 

analyses focussed on comparisons between this subset and the double-

negative population. CD49a⁺ NK cells (as well as CD49a⁺ T cells, not shown) 

displayed markedly elevated expression of CD69 and CXCR6, and up to 40% 

also expressed CXCR3, a marker not expressed by NK cells with tissue-

localisation markers at other sites (Figure 4.8E). Both CD49a⁺ and double-

negative NK cells expressed NKp46 at high levels, although expression was 

greater among double negatives (median: 99.0% vs. 82.6% of double-

negative cells). By contrast, inhibitory receptors including NKG2A, TIM-3, 

and TIGIT were more abundantly expressed on CD49a⁺ NK cells. 
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4.3.6 The presence of CD103⁺CD49a⁺NKG2D⁻ NK cells in tumours 

may correlate with tumour control through an NK–cDC1–CD8⁺ 

T cell axis 

The previously described NK cell subset correlating with better tumour 

control matches NK cells with reduced expression of activating receptors 

(NKG2D, NKp46), increased expression of inhibitory receptors (TIM-3, 

TIGIT), and a less activated phenotype overall. In an attempt to gain clarity 

on this seemingly paradoxical correlation, two publicly available single-cell 

RNA sequencing (scRNA-seq) datasets of NK cells from human pancreatic 

cancer (Peng et al. 2019; Steele et al. 2020) were examined by other 

members of the research group. In the Steele dataset (51,561 cells), three 

NK subpopulations were identified (Figure 4.9A): a tissue-associated, 

exhausted cluster (Cluster 1) and two non-tissue-associated, cytotoxic 

clusters (Clusters 2 and 3). The transcriptomic profile of Cluster 1 closely 

matched the murine CD103⁺CD49a⁺ NK subset, and additionally included 

XCL1 and XCL2 expression, chemokines known to attract cDC1s, which 

present antigens to CD8⁺ T cells (Go et al. 2024). 

 

In the original study by Go et al., correlation analyses showed that the 

abundance of the NKG2D⁻ NK subset was associated with CD8⁺ T cell 

frequencies in tumours of mice (Figure 4.9B), and that its human 

counterpart associated with CD8⁺ T cells in human pancreatic tumours only 

when a high cDC1 signature was present (Figure 4.9C). A working model 

was therefore proposed in which CD103⁺CD49a⁺NKG2D⁻ NK cells act in an 

immunoregulatory capacity, promoting CD8⁺ T cell responses indirectly via 
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XCL1/2-mediated recruitment of cDC1s (Figure 4.9E). This model would 

explain, at least in part, the improved tumour control observed in the original 

study, and the prolonged survival in patients with pancreatic cancer 

exhibiting a high NK–Cluster 1 signature (Figure 4.9D). 

 

As a preliminary and purely exploratory assessment of the proposed model, 

XCL1 concentrations were measured in the plasma from mice in the study 

presented in this chapter. XCL1 was detectable in 75% of treated animals 

and undetectable in all untreated controls (n = 4 for both groups, Figure 

4.9F). 
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Figure 4.9 – Proposed working model: CD103⁺CD49a⁺ NK cells as immune regulators 
(A-E) Freely adapted from Go, Demetriou, Valenzano, et al., eLife, 2024 (Figures 5-7) and 
reproduced under the terms of the Creative Commons Attribution License (CC BY).  
(F) Generated from data produced in this study. 
A. Dot plot (scaled) showing the different gene expression programmes across the three 
NK clusters in the Steele dataset. 
B. Correlation of NKG2D⁻ NK cells (CD3⁻NK1.1⁺NKG2D⁻) with CD8⁺ T cells (CD3⁺CD8⁺) 
calculated on sections of tumours from treated mice in the original study by Go et al., as 
determined by the HALO automated image analysis and cell classifying software. R2 and 
p-values indicate positive correlation across all tumours (grey, n = 15) or samples limited 
to mock, IR+CCR5i, and IR+CCR5i+αPD1 combinations (red, n = 9).  
C. Correlation of NKG2D⁻ NK (NK Cluster 1) signature with CD8A in bulk RNA-sequencing 
data from the pancreatic adenocarcinoma (PAAD) cohort of the TCGA (The Cancer 
Genome Atlas)  based on strength of cDC1 signature stratified by quartiles. 
D. Kaplan-Meier survival curves of patients in the PAAD-TCGA cohort, stratified based on 
expression of the NK Cluster 1 signature. 
E. Proposed working model in which CD103⁺CD49a⁺ NK cells attract cDC1s to tumours, 
thereby facilitating tumour-specific CD8⁺ T cell responses. 
F. XCL1 plasma concentration (measured by ELISA) in control and treated mice from the 
study presented in this chapter. Dashed line: detection threshold (40 pg/mL). Samples 
for which concentrations fell below the detection threshold were plotted at 0. 

 

4.4 

Discussion 

The work presented in this chapter aimed to characterise a novel NK cell 

subset that accumulated in pancreatic tumours of mice treated with a 

multimodal regimen comprising radiotherapy and dual immunotherapy. 

This subset had been identified in previous work from our laboratory and 

shown to correlate with tumour control.  

 

Before delving into the interpretation of the data presented in this chapter, 

four key limitations must be acknowledged. Firstly, the experiments in this 

chapter were underpowered to reliably detect treatment effects, and formal 
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statistical analyses could only be conducted for some comparisons (see 

Methods for more details). Consequently, results should be interpreted with 

great caution, as indicative of trends, and further validation is required 

before any definitive conclusions may be drawn. Secondly, treatment 

initiation was based on tumour palpation, using established tumour size 

ranges from prior experience with this model. However, because exact 

tumour volumes were not measured, some inter-mouse variability in size at 

treatment onset cannot be excluded. Thirdly, the treatment schedule 

differed slightly from that described in the original study, limiting direct 

comparisons. Specifically, a higher fractionated irradiation dose was 

administered with the expectation that it might improve survival, and a 

shorter washout period was used prior to culling to facilitate detection of 

treatment-induced immune alterations. Lastly, because the study endpoint 

was defined by the humane endpoint (signs of sickness or distress), mice 

were culled at variable times following treatment. This variability 

complicates data interpretation, and repeating the study with a predefined 

culling time would improve consistency and facilitate comparison across 

samples. 

 

With these caveats in mind, a population of NK cells co-expressing two key 

markers of tissue localisation (CD103 and CD49a) was observed in the 

tumours of treated mice. This is the first report of NK cells bearing markers 

typically associated with tissue residency in pancreatic tumours. Although 

absolute counts per gram of tissue were not measured, the relative 

abundance of these cells increased in treated tumours both within NK cells 
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(at the expense of NK subsets expressing either marker alone or neither), 

and within the total leukocyte pool. The effects of treatment were broader 

than simply promoting intratumoural accumulation of the double positive 

NK cell population. In fact, CD103⁺ and CD103⁻CD49a⁻ NK cells, as well as 

B, T, and NKT cells all rose significantly with treatment, resulting in the 

lymphocyte fraction (the sum of the B, T, NK, and NKT cells) rising 4-fold. 

While originally described in the tumours of treated mice, NK cells 

expressing both markers of tissue localisation were also detected in the 

blood of treated mice. This demonstrates that, although expressing markers 

of tissue localisation (and, therefore, in spite of their capacity and 

propensity to localise to sites rich in E-cadherin and collagen IV), these cells 

leave their homing tissues, at least transiently, to recirculate in the blood. 

This further reinforces the notion that phenotype alone is insufficient to 

label a cell as tissue-resident, as presented in main Introduction.  

 

Unsupervised clustering of NK cells in treated mice revealed several crucial 

insights. Irrespective of the abundance of CD103⁺CD49a⁺ NK cells in a given 

tissue, this subset (found to varying degrees in the tumour, blood, and 

spleen of treated animals) seemed to represent the same cellular identity. 

This suggests that the development and/or maintenance of this subset is 

only in part dependent on tissue-specific cues, as the overall phenotype 

was largely maintained across the three tissues. At these three sites, this 

phenotype was characterised by lack of expression of NKG2D, NKp46, and 

NKG2A, and moderate expression of TIM-3. 

 



 
 

131 
 

CXCR6 and TIGIT showed time-dependent expression on CD103⁺CD49a⁺ NK 

cells after treatment. Both markers were highest in animals culled soon 

after treatment, with CXCR6 detected at lower levels in mice with a longer 

washout likely due to downregulation upon entry into the TME. A high TIGIT 

expression was expected on double-positive NK cells in tumours 

irrespective of washout, in line with a recent study elegantly demonstrating 

that NK cells upregulate genes leading to suppression within 24 hours from 

ingress into tumours (Dean et al. 2024). However, surprisingly, this this was 

not the case in this study, highlighting the need for more detailed analyses 

(e.g., pseudotime trajectory) to resolve the dynamics of marker regulation. 

Interestingly, CXCR3 was expressed on very few circulating and splenic NK 

cells, but on approximately 25% of circulating and splenic T cells, 

suggesting a different role for this chemokine receptor in innate and 

adaptive lymphocytes. 

 

The liver of treated mice was virtually devoid of CD103⁺CD49a⁺ NK cells. 

Instead, two NK cell subsets were found: double-negative NK cells and 

CD49a⁺ NK cells. The CD49a⁺ population displayed a phenotype largely 

distinct from the double-positive population observed at other sites, and 

instead resembling liver-resident NK cells described in the literature (Peng 

et al. 2013). This subset was characterised by high expression of CD69, 

CXCR6, and NKp46, and moderate expression of TIGIT, CXCR3, and NKG2A. 

The high expression of CD69 on liver CD49a⁺ NK cells, compared with its 

near absence on double-positive cells in the tumour, supports the fact that 

markers used to define tissue localisation vary across tissues. Liver CD49a⁺ 
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NK cells appeared largely unaffected by the duration of washout, as their 

phenotype was consistent across all examined mice, suggesting a relatively 

stable population. Indeed, the population most substantially enriched after 

treatment in the liver was the double-negative NK cell subset, rather than 

the CD49a⁺ subset. 

 

In Chapter 3, it was speculated that CD103⁺ NK cells were unlikely to 

represent a transitional state towards the acquisition of a double-positive 

state by conventional (double-negative) NK cells, in light of the observation 

that many tissue NK cells expressed CD49a, whereas CD103⁺ cells were 

also found at high proportions in non-epithelial sites, including the blood. 

Interestingly, unsupervised clustering provided evidence to the contrary, as 

it consistently assigned the vast majority of manually defined CD103⁺ cells 

to the same cluster as CD103⁺CD49a⁺ NK cells, suggesting that these two 

populations are in fact more similar than previously presumed. On the other 

hand, CD49a⁺ were invariably distributed between double-positive and 

double-negative clusters, with a preference for the latter (except for the 

liver, as already discussed), suggesting a closer resemblance to circulating 

NK cells. 

 

Because the aim of this chapter was to merely characterise this novel 

subset in terms of phenotype, the questions as to how CD103⁺CD49a⁺ NK 

cells accumulate in tumours and correlate with positive outcomes despite 

their inhibited phenotype remain largely unresolved. Go et al. have 

proposed a model in which these cells recruit cDC1 to tumours, thereby 
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promoting antigen-specific T cell responses. However, this hypothesis was 

primarily based on correlations from human data and has not yet been 

mechanistically demonstrated in the context of pancreatic cancer. An NK–

cDC1 axis has been proven to exist in other cancers (Böttcher et al. 2018; 

Kirchhammer et al. 2022), supporting the plausibility of such a model.  

 

Providing evidence for the proposed NK–cDC1–CD8⁺ T cell axis would 

require extensive in vivo validation and a considerably more comprehensive 

investigation, which was beyond the scope of this chapter (and of this DPhil 

thesis altogether). First, because XCL1 can be produced not only by NK cells 

but also by other lymphocyte populations—including activated CD8⁺ T cells 

and CD4⁺ T cells (Dorner et al. 2002; Kroczek and Henn 2012)—, it would be 

essential to demonstrate that NK cells represent a major source of XCL1 in 

this setting. This could be achieved by detecting XCL1 production at the 

protein level in NK cells by intracellular flow cytometry, or by assessing Xcl1 

transcript expression in sorted NK cells using RNA sequencing or 

quantitative PCR. Second, as XCL1 is proposed to recruit cDC1s through 

XCR1 signalling, the accumulation of NK cells with immunoregulatory 

features should be accompanied by enhanced XCR1⁺ cDC1 accumulation 

in the tumour and/or tumour-draining lymph nodes. This could be 

evaluated, for example, by measuring absolute numbers of XCR1⁺ cDC1s 

using flow cytometry or immunohistochemistry. Third, because cDC1s are 

specialised in cross-presentation of exogenous antigens to CD8⁺ T cells, 

recruitment of this subset would be expected to promote the priming and 

activation of tumour-specific CD8⁺ T cells. This could be assessed by 
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quantifying CD8⁺ T cells expressing markers of activation or effector 

differentiation in tumours or tumour-draining lymph nodes. Antigen-specific 

priming could also be tested more directly using the OT-I TCR transgenic 

mouse model (Clarke et al. 2000). If all of the above were demonstrated to 

be true, then the abundance of XCL1⁺ NK cells, XCR1⁺ cDC1s, and activated 

CD8⁺ T cells would be expected to correlate positively with direct measures 

of tumour control, such as tumour volume reduction or improved survival, 

rather than with indirect surrogates alone. A stronger demonstration of 

causality would then require perturbation of individual components of the 

axis. For example, selective depletion (Yamazaki et al. 2013) or constitutive 

loss (Hildner et al. 2008) of cDC1s would be expected to impair tumour 

control if the pathway were functionally relevant. Similarly, depletion of 

CD8⁺ T cells (Kruisbeek 2001) should attenuate any survival or tumour 

growth benefit mediated by the proposed axis. Complementary mechanistic 

insight could also be obtained from in vitro co-culture systems involving 

sorted tissue-resident NK cells, cDC1s, and antigen-specific CD8⁺ T cells, 

or from cytotoxicity assays involving CD8⁺ T cells and tumour cells. Given 

the complexity of the proposed model, XCL1 concentrations in plasma 

cannot provide adequate mechanistic insight into this axis. Such 

measurements do not identify the cellular source of the chemokine, its site 

of production, or whether its presence is linked to cDC1 recruitment or CD8⁺ 

T cell activation. Consequently, the plasma XCL1 data presented above 

should be interpreted as exploratory and, at best, hypothesis-generating 

observations rather than evidence for the proposed axis. 
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Lastly, it should be reiterated that, both in the original study by Go et al. and 

in the present work, NK cells were defined solely on the basis of NK1.1 

expression. As already discussed extensively in the main Introduction, 

murine NK cells, and the tissue-associated/resident subsets in particular, 

share several features with ILC1s, making the distinction between the two 

blurred. The salivary glands provide an exemplar of this concept, as they are 

the closest embryological, histological, and functional homologue of the 

exocrine pancreas. Salivary gland NK cells were initially described in mice 

as a hyporesponsive CD69⁺ subset, with lower NKp46 expression than 

splenic NK cells, and simply termed salivary gland NK cells (Tessmer et al. 

2011). This subset was shown to develop independently of Nfil3, a 

transcription factor required for conventional (circulating) NK cell 

development (Cortez et al. 2014). The same group subsequently 

demonstrated that cells in this subset depended on TGF-β signalling (which 

downregulates Eomes and induces CD103 and CD49a expression), leading 

to their reclassification as a distinct ILC subset with features intermediate 

between ILC1s and NK cells (Cortez et al. 2016). Notably, these salivary 

gland ILCs expressed both T-bet and Eomes, like conventional NK cells; 

however, unlike NK cells or ILC1s, they were able to develop in the absence 

of both transcription factors. Parabiosis experiments further established 

that they were largely tissue-resident and not replenished from the 

circulation. More recently, the same group reclassified this subset once 

again as trNK cells and, rather confusingly, went on to show that their 

maintenance depends on TGF-β produced by NKp46⁺ ILC1s (Sparano et al. 

2025). Thus, the very same population, described by the same group, has 
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undergone continuous redefinition over time. Importantly, the authors 

describe an Eomes⁺CD49a⁺ population in the pancreas with similar traits to 

salivary gland trNK cells. However, while salivary glands trNK cells express 

CD69 (Cortez 2014, 2016), the tumour subset described in this chapter 

mostly lacked CD69 expression. Moreover, trNK cells can be detected in 

salivary glands as early as 1.5 weeks of age (Sparano et al. 2025), clearly a 

different context to an implanted tumour.  

 

Whereas distinguishing trNK cells from ILC1s remains challenging in mice, 

XCL1-secreting subsets have been clearly identified in humans within 

CD56⁺ NK cells, by us (Go et al. 2024) and others (Rebuffet et al. 2024). 

Because the proposed mechanism for the contribution of 

NK1.1⁺CD103⁺CD49a⁺ cells to tumour control was the secretion of XCL1, 

these cells were designated as NK cells in the present study. Existing 

literature in mice, too, supports a role for NK cells (not ILC1s) in cDC1 

recruitment to tumours and promotion of cDC1-CD8 interactions (Böttcher 

et al. 2018; K. C. Barry et al. 2018; Kirchhammer et al. 2022). In contrast to 

some of these studies, cells in this study were not termed “trNK”, but more 

cautiously “CD103⁺CD49a⁺ NK cells”, as they were also observed in the 

circulation. 
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Chapter 5 

 

Preliminary evaluation of a novel combination of FAK and TIGIT 

inhibition in the KPC orthotopic model of PDAC 

 

Introduction 

Chapter 4 described a treatment regimen that promotes adaptive anti-

tumour responses by expanding an NK cell population with tissue-

associated markers and potential immunoregulatory features. While 

certainly a promising approach, the fact that radiotherapy is currently 

indicated for only a minority of pancreatic cancer patients (Conroy et al. 

2023) limits its translational potential.  

 

Although the triple combination of radiotherapy, CCR5 inhibition, and PD-1 

blockade expanded CD103⁺CD49a⁺ NK cells, similar tissue-associated NK 

populations have been reported in multiple cancer types even in the 

absence of therapy (H. Sun et al. 2019; Moreno-Nieves et al. 2021; Brownlie 

et al. 2021), suggesting that this subset is not uniquely induced by this 

regimen. These observations imply that alternative strategies could be used 

to facilitate lymphocyte (including CD103⁺CD49a⁺ NK cell) infiltration into 

pancreatic tumours, without relying on radiotherapy. 

 

Given several reports that focal adhesion kinase (FAK) inhibition could 

enhance lymphocyte infiltration in mouse models of cancer (Serrels et al. 

2015; Jiang et al. 2016a), the FAK inhibitor Defactinib (hereafter: FAKi) was 
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chosen as a promising candidate. FAK is expressed by tumour cells (and is 

overexpressed in human PDAC) (Jiang et al. 2016a), as well as stromal cells, 

including myeloid suppressor cells (Davidson et al. 2022) and Tregs (Serrels 

et al. 2015). Importantly, FAK is also expressed by cancer-associated 

fibroblasts (CAFs) in pancreatic cancer, where it mediates a positive 

feedback loop: increased extracellular matrix (ECM) deposition by CAFs 

causes desmoplasia, which in turn promotes FAK activation in CAFs and 

tumour cells (via integrin engagement), enhancing proliferation and invasion 

(Zaghdoudi et al. 2020) (Figure 5.1). Pharmacological blockade of FAK has, 

therefore, the potential to: (I) limit tumour cell survival, proliferation and 

invasion, (II) reduce fibrosis and desmoplastic barriers that impede immune 

cell access, and (III) relieve immune suppression to permit greater effector 

cell function. 
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Figure 5.1 – Schematic of FAK signalling 
Binding of integrins to proteins in the ECM promotes FAK activation, which triggers 
downstream pathways involved in cell proliferation, invasion, and migration. For 
simplicity, direct translocation of FAK to the nucleus is not depicted. PI3K: 
phosphatidylinositol 3-kinase; Akt: protein kinase B; ERK: extracellular signal-regulated 
kinase; MAPK: mitogen-activated protein kinase. Created with BioRender. 

 

To augment the potential efficacy of FAK inhibition, this was tested in 

combination with a blocking antibody targeting TIGIT (hereafter: aTIGIT), as 

this checkpoint receptor (rather than PD-1) was shown to define exhaustion 

in CD8⁺ T cells in patients with PDAC (Steele et al. 2020), and its expression 

was detected on a broad array of lymphocytes in both humans and mice 

(Freed-Pastor et al. 2021; Peng et al. 2022; Heiduk et al. 2023).  

 

5.2 

Aims 

To test the efficacy of a novel combination of FAK and TIGIT blockade in the 

KPC orthotopic model of PDAC. 

 

5.3 

Results 

5.3.1 An increase in median survival and immune cell density is 

observed in mice treated with FAKi and FAKi + aTIGIT  

A study was conducted to determine how effective the combination of FAK 

and TIGIT inhibition was with respect to FAKi alone or no treatment (n = 5 per 

group). Mice were randomised into three groups upon detection of a 

palpable tumour, which corresponds to an estimated volume of 

approximately 50–100 mm³ based on prior experience and published 
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measurements from our laboratory. The endpoint for this cohort was 

survival. Median survival differed among the three groups (15 days in 

controls vs 19 days in the FAKi group, and 22 days in the FAKi + aTIGIT group); 

however, the overall comparison among survival curves did not reach 

statistical significance (p = 0.08) (Figure 5.2A). 
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Figure 5.2 – Survival, tumour burden, and immune cell infiltration 
A. Kaplan-Meier survival curves of mice in the survival cohort (n = 5 per group). Overall 
and pairwise comparisons were non-significant (log-rank test). 
B. Left: tumour weight of mice in the immune profiling cohort (n = 3 per group) on the day 
of culling (D14). Right: representative images of tumours harvested on D14. Image 
outlines match the colour scheme used throughout the chapter. 
C. Immune (live CD45+) cell infiltration into tumours of mice in the immune profiling 
cohort. Figures refer to counts (×104) per gram of tumour. 
D. Updates in gating strategy from the strategy presented in Chapter 3. PMN: 
polymorphonuclear myeloid-derived suppressor cells; ILC1: type 1 innate lymphoid 
cells; NK: natural killer cells. 
E. Cell density of each immune cell subset for mice in the immune profiling cohort. 
Figures refer to counts (×104) per gram of tumour. Throughout this chapter, CD4⁺ T cells 
are defined as CD4+FoxP3⁻ T cells; Tregs are instead defined as CD4+FoxP3+ T cells. 

 

Because treatment was based on immunotherapy and another drug known 

to promote, amongst other effects, immune cell infiltration, a second small 

study was conducted (n = 3 per group). In this experiment, treatment was 

initiated earlier (30–60 mm³), and all mice were culled at day 14 (D14) from 

the start of treatment to assess the local and systemic immune responses 

(i.e., tumour and blood immune composition). Mice in the two studies are 

hereafter referred to as the survival cohort and the immune profiling cohort. 

This second, immune-focussed study was necessary because survival 

studies capture mice at various and often advanced disease stages, 

whereas performing immune profiling at a fixed timepoint avoids 

confounding from variable tumour burden and late-stage systemic immune 

perturbations (e.g., the left skew in myelopoiesis), thereby allowing clearer 

interpretation of treatment-induced immune effects. 

 

 

 



 
 

143 
 

As the small sample size in the immune profiling cohort prevented formal 

statistical analyses, medians were used for all comparisons, as in the 

previous chapters. Whereas considerable variation was observed, tumours 

were largest in controls and smallest in the combination group, suggestive 

of better local tumour control with treatment (median tumour weight: 0.33 g 

in controls vs 0.26 g in the FAKi group, and 0.23 g in the FAKi + aTIGIT group) 

(Figure 5.2B). In mice from the immune profiling cohort, more immune cells 

infiltrated tumours with treatment, peaking in the combined blockade group 

(median CD45+ cell count ×10⁴/g tumour: 9.9 in controls vs 16.7 in the FAKi 

group, and 30.7 in the FAKi + aTIGIT group) (Figure 5.2C).  

 

In order to understand which immune populations were contributing to the 

longer median survival and reduction in median tumour size, the absolute 

counts of all major immune cell populations per gram of tumour were 

analysed. This metric was prioritised because absolute cell numbers more 

directly reflect the magnitude of immune infiltration and, as a consequence, 

are more likely to correlate with treatment-induced changes in tumour 

control. Relative changes (i.e., the frequency of each subset within CD45⁺ 

cells) are shown in Supplementary Figure 9.4, as they were not the primary 

endpoint for the immune profiling cohort but could nonetheless provide 

complementary information on composition shifts in the immune infiltrate. 

In addition, relative changes occurring within each subset (e.g., the fraction 

of CD8⁺ T cells expressing a given marker) are discussed below when 

relevant to the interpretation of treatment effects. 
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An updated flow cytometry panel with a revised gating strategy was used for 

immune cell enumeration (Figure 5.2D). While still acknowledging that 

functional assays remain the gold standard for their classification, the 

CD11b⁺ subset of neutrophils was classified as PMN-MDSCs, as the simple 

designation as neutrophils was thought to overlook their suppressive 

potential. NK1.1⁺ cells were separated into NK cells (Eomes⁺) and ILC1s 

(Eomes⁻). Most cells left ungated expressed CD11b, likely comprising 

monocytes (including M-MDSCs) and immature myeloid precursors. 

However, since Ly6C was not included in the panel, these cells were 

collectively classified as other myeloid. 

 

Dual treatment increased the absolute abundance of key anti-tumour 

subsets, with median CD8⁺ T cell counts per unit weight rising nearly 10-

fold, CD4⁺ T (i.e., CD4+FoxP3⁻) cells 4-fold, and dendritic cell counts 

doubling with respect to controls (Figure 5.2E). However, treatment effects 

were not limited to tumour-controlling populations: median counts of 

tumour-promoting subsets such as Tregs and PMN-MDSCs more than 

doubled in the combination group relative to controls. For NK cells, B cells, 

and macrophages, the addition of TIGIT blockade did not seem to benefit 

tumour infiltration; in fact, the median cell counts per tumour weight were 

lower than in the FAKi monotherapy group. 
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5.3.2 Tumour control in the FAKi and FAKi + aTIGIT groups may be 

driven, at least in part, by CD8⁺ T cell responses  

Absolute cell counts alone could not fully explain the apparent 

improvement in tumour control observed with treatment, because 

increases were observed not only in tumour-countering subsets but also in 

immunosuppressive populations, such as Tregs. To assess the net balance 

between tumour-promoting and tumour-suppressing T cells in the TME, the 

tumour Teff/Treg ratio was analysed. This ratio, widely used as a measure of 

the balance between tumour suppression and promotion within the T cell 

compartment (Roychoudhuri et al. 2015), increased with treatment and was 

highest in the combination group, with approximately 6 effector T cells per 

Treg (as opposed to approximately 3 in the control group) (Figure 5.3A).  
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Figure 5.3 – CD8⁺ T cells may play a role in local tumour immunity 

A. Left: Teff:Treg ratio in the immune profiling cohort (n = 3 per group). Teff corresponds to 
the sum of CD4⁺ T (i.e., CD4+FoxP3⁻) and CD8⁺ T cells. Right: representative dot plots 
showing the percentage of Tregs within total T cells in the TME. 
B. Left: percentage of intratumoural CD103⁺ cDCs. Right: representative dot plots 
showing the percentage of CD103⁺ cDCs within total tumour cDCs. 
C. Cell density of CD69⁺ (left) and Ki-67⁺ (right) CD8⁺ T cells in the tumour. 
D. Percentage (left) and absolute density (right) of DNAM-1⁺ CD8⁺ T cells in the tumour. 
E. Left: cell density of tumour GzmB⁺ CD8  T cells. Right: representative dot plots showing 
the highest fraction of GzmB⁺ CD8⁺ T cells in the three groups. 
F. Cell density of GzmA⁺ CD8⁺ T cells in the tumour. 
G. Cell density of intratumoural CD8⁺ T cells expressing the inhibitory receptors TIM-3 
(left), KLRG-1 (middle), and TIGIT (right). 
H. Left: percentage of tumour CD103⁺CD49a⁺ CD8  T cells. Right: representative dot 
plots showing the percentage of CD103⁺CD49a⁺ CD8⁺ T cells in the three groups. 
Density figures refer to counts (×103) per gram of tumour. 
 

Similarly, the proportion of CD103⁺ cDCs (that is, the subset specialised in 

cross-presenting antigens to CD8⁺ T cells), was also increased by 

treatment, being highest in the combination group. In the FAKi + aTIGIT 

group, up to 46.8% of cDCs in the tumour and 36.4% of cDCs in the blood 

were capable of antigen cross-presentation, compared with a maximum of 

28.0% of tumour cDCs and 19.3% of blood cDCs in controls (Figure 5.3B, 

Supplementary Figure 9.5A).  
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To provide indirect support for the hypothesis that FAKi facilitated CD8⁺ T 

cell ingress into the tumour and TIGIT blockade further unleashed anti-

tumour T cell activity, counts of recently activated (CD69⁺) and actively 

proliferating (Ki-67⁺) CD8⁺ T cells were used as indirect proxies of T cell 

disinhibition. These counts reached their highest levels in the combination 

group (Figure 5.3C). Furthermore, the highest counts of CD8⁺ T cells 

expressing the effector molecules granzyme A (GzmA, Figure 5.3F) and 

granzyme B (GzmB, Figure 5.3E) were observed in mice receiving dual 

treatment (median GzmB+ CD8⁺ T cell count ×103/g tumour: 0.2 in controls 

vs 0.3 in the FAKi group, and 0.6 in the FAKi + aTIGIT group), consistent with 

higher cytotoxic capacity. CD8⁺ T cells expressing the costimulatory 

receptor DNAM-1 (Gilfillan et al. 2008) and the exhaustion markers TIM-3, 

TIGIT, and KLRG-1, were also more numerous in mice treated with the 

combination regimen (Figure 5.3D,G). Overall, these data suggest that 

CD8⁺ T cells may be implicated in tumour control by direct cytotoxicity, 

especially in the FAKi + aTIGIT treatment arm.  

 

It should be noted that, for the majority of the above markers, there was little 

variation in the proportion of marker-positive CD8⁺ T cells across the three 

groups, and increases in absolute counts were largely a consequence of the 

absolute increase in CD8⁺ T cell influx into the tumour. For example, the 

median CD69 expression was 11.7% in controls vs 12.1% in the FAKi + 

aTIGIT group, and the median Ki-67 expression 41.6% in controls vs 39.1% 

in the FAKi + aTIGIT group. For other markers, such as DNAM-1, the increase 

in absolute counts reflected a parallel increase in proportion of marker-
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positive cells (median: 59.7% of CD8⁺ T cells in controls vs 78.1% in the FAKi 

group, and 78.3% in the FAKi + aTIGIT group). For yet other markers, such as 

KLRG-1, an overall increase in absolute count was observed despite a 

reduction in proportion of marker-positive cells (median: 16.9% of CD8⁺ T 

cells in controls vs 7.2% in the FAKi group, and 6.7% in the FAKi + aTIGIT 

group). Of note, while a considerable fraction of CD8⁺ T cells expressed the 

exhaustion marker TIM-3 (with a median expression of approximately 50% 

across all three groups), only an inconspicuous minority of CD8⁺ T cells 

expressed TIGIT (median: 1.0% of CD8⁺ T cells in controls vs 0.6% in the FAKi 

group, and 1.4% in the FAKi + aTIGIT group). Lastly, the fraction of CD8⁺ T 

cells expressing both markers of tissue retention (CD103 and CD49a) was 

higher in the FAKi + aTIGIT group than in the FAKi and control groups (Figure 

5.3H). 

 

6 CD4⁺ T cells and B cells may also participate in tumour control in 

the FAKi and FAKi + aTIGIT groups 

To determine whether CD8⁺ T cells were acting alone or in concert with other 

lymphocytes, CD4⁺ T cells and B cells were analysed next. Analogously to 

CD8⁺ T cells, the density of Ki-67⁺ CD4⁺ T cells in the tumour increased with 

treatment, and was greatest for mice receiving combination therapy 

(median Ki-67+ CD4⁺ T cell count ×103/g tumour: 0.5 in controls vs 0.7 in the 

FAKi group, and 2.1 in the FAKi + aTIGIT group) (Figure 5.4A). Median counts 

of CD69⁺, TIM-3⁺, TIGIT⁺, and KLRG-1⁺ CD4⁺ T cells were also highest in the 

same group (Figure 5.4B,C). As for CD8⁺ T cells, the fraction of CD4⁺ T cells 

expressing activation and exhaustion markers did not differ dramatically 
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among the three groups and the increase in density for each marker 

stemmed from the absolute increase in CD4⁺ T cells per gram of tumour. 

Only a minority of CD4⁺ T cells expressed the exhaustion marker TIGIT, 

detected on a median of 3.7% of cells in controls vs 4.1% in the FAKi group, 

and 2.5% in the FAKi + aTIGIT group. The expression of TIM-3 and KLRG-1 

was comparably higher, at approximately 5-10% across the three groups. 

 

As both cDC2s (here defined as CD11b⁺CD103⁻ cDCs) and M1 

macrophages (here defined loosely as I-A/I-E⁺ macrophages) can present 

antigens to CD4⁺ T cells, resulting in their activation and proliferation, the 

density of these two cell types in the tumour was evaluated. Both cell types 

were more prevalent in the tumours of treated mice (Figure 5.4D,E), with the 

count of cDC2s only exhibiting a marginal rise (median ×103/g tumour: 0.8 in 

controls vs 0.9 in the FAKi group, and 1.0 in the FAKi + aTIGIT group), and the 

count of M1 macrophages more than doubling with dual treatment (median 

×10⁴/g tumour: 1.7 in controls vs 3.5 in the FAKi group, and 4.1 in the FAKi + 

aTIGIT group). 

 

The proportion of proliferating (Ki-67⁺) B cells also increased with treatment, 

showing a 50% rise in FAKi-treated mice and a 2-fold increase in mice 

receiving combination therapy (Figure 5.4F). On the other hand, only a small 

fraction of B cells expressed the activation marker CD69 (median: 4.0% of B 

cells in controls vs 1.6% in the FAKi group, and 5.1% in the FAKi + aTIGIT 

group). 
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Figure 5.4 – CD4⁺ T and B cells may play a role in local tumour immunity 
A. Left: cell density of Ki-67⁺ (right) CD4⁺ T cells in the tumour. Right: representative plots 
showing the percentage of Ki-67⁺ CD4⁺ T cells within CD4⁺ T cells in the three groups. 

B. Cell density of CD69⁺ CD4⁺ T cells in the tumour. 
C. Cell density of intratumoural CD4⁺ T cells expressing the inhibitory receptors TIM-3 
(left), TIGIT (middle), and KLRG-1 (right). 
D. Left: cell density of cDC2s (CD11b⁺CD103⁻ cDCs) in the tumour. Right: representative 
dot plots showing the percentage of cDC2s within cDCs in the three groups. 
E. Left: cell density of M1 (I-A/I-E⁺) macrophages in the tumour. Right: representative dot 
plots showing the percentage of M1 macrophages within macrophages. 
F. Left: percentage of intratumoural Ki-67⁺ B cells. Right: representative dot plots 
showing the percentage of Ki-67⁺ B cells within B cells. 

 

7 Dual treatment led to the accumulation of recently activated, 

proliferating Tregs with a terminally differentiated phenotype 

Having established that FoxP3⁻ CD4⁺ T and CD8⁺ T cells collectively 

outnumbered Tregs, the analysis next focussed on whether, despite their 

lower abundance, the activation profile of Tregs changed with treatment.  

 

Tumours from mice in the FAKi + aTIGIT arm exhibited the highest density of 

recently activated (CD69⁺) and proliferating (Ki-67⁺) Tregs (Figure 5.5A,B). 

FAKi monotherapy reduced the proportion of activated Tregs relative to 

controls, whereas the addition of aTIGIT appeared to bring this proportion 

back to values near those observed in controls (median CD69 expression: 

38.7% of Tregs in controls, 24.7% in the FAKi group, and 32.4% in the FAKi + 

aTIGIT group). The median expression of Ki-67 was instead comparable 

across the three groups, with approximately 45% of Tregs actively 

proliferating. 
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Figure 5.5 – Tregs characterisation in tumours 
A. Left: cell density of CD69⁺ Tregs in the tumour. Right: representative contour plots 
showing the percentage of Tregs expressing CD69. 
B. Left: cell density of Ki-67⁺ Tregs in the tumour. Right: representative dot plots showing 
the percentage of Tregs expressing Ki-67. 
C. Left: cell density of TIM-3⁺ Tregs in the tumour. Right: representative contour plots 
showing the percentage of Tregs expressing TIM-3. 
D. Left: cell density of KLRG-1⁺ Tregs in the tumour. Right: representative dot plots 
showing the percentage of Tregs expressing KLRG-1. 
E. Left: cell density of TIGIT⁺ Tregs in the tumour. Right: representative contour plots 
showing the percentage of Tregs expressing TIGIT. 

 

Across all treatment groups, approximately 20% and 70% of Tregs 

expressed the terminal differentiation markers TIM-3 and KLRG1, 

respectively (Figure 5.5C,D). In contrast, TIGIT expression was 

comparatively low (median TIGIT expression: 2.0% of Tregs in controls vs 

6.9% in the FAKi group, and 1.5% in the FAKi + aTIGIT group, Figure 5.5E).  

 

8 CD103⁻CD49a⁻ NK cells predominate in tumours, with treatment-

dependent differences in the densities of NK cells expressing 

activating and inhibitory receptors, and effector markers 

NK cells are also potential targets of aTIGIT, as they, too, express this 

receptor. While treatment with FAKi resulted in increased NK cell infiltration 

compared to controls (median ×10⁴/g tumour: 0.1 in controls vs 0.4 in the 

FAKi group), the addition of aTIGIT to FAKi led to a slight reduction in NK cell 

abundance in the TME, both in terms of relative frequency (Supplementary 

Figure 9.4B) and absolute cell density (Figure 5.2E).  
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To determine whether tumour-infiltrating NK cells had a tissue-associated 

phenotype, the expression of CD103 and CD49a was assessed. Most NK 

cells across all three groups were conventional (CD103⁻CD49a⁻) NK cells 

(Figure 5.6B, top panel). The higher NK cell density observed with FAKi 

therapy was primarily due to the accumulation of double negative NK cells 

(Figure 5.6A), whereas the addition of aTIGIT led to a relative enrichment for 

CD49a⁺ cells (median: 25.2% of total NK cells in controls vs 26.2% in the 

FAKi group, and 40.2% in the FAKi + aTIGIT group). While dual treatment was 

associated with the highest density of double positive cells (Figure 5.6C), 

the latter only accounted for about 0.1% of all immune cells in the TME 

(median: 0.05% of CD45⁺ cells in controls vs 0.07% in the FAKi group, and 

0.11% in the FAKi + aTIGIT group, Figure 5.6B, bottom).  

 

A similar pattern was also observed in the blood. The vast majority of 

circulating NK cells displayed a CD103⁻CD49a⁻ phenotype in both treated 

and control mice, with treatment leading to a modest increase in the 

fraction of CD49a⁺ cells (median: 1.0% of total NK cells in controls vs 8.3% 

in the FAKi group, and 12.6% in the FAKi + aTIGIT group). Double positive NK 

cells remained an inconspicuous minority. These data are summarised in 

Supplementary Figure 9.5B, which also captures the relative changes 

observed in the blood for all the remaining major immune cell subsets. 
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To evaluate whether NK cell activity was unleashed by TIGIT blockade, 

overall NK cell phenotype was examined in the three groups. As some 

markers were expressed at low levels on NK cells, fluorescence minus one 

(FMO) controls were used to assist threshold definition, as shown in 

Supplementary Figure 9.6. 



 
 

157 
 

 

Control FAKi FAKi
aTIGIT

0.0

0.5

1.0

1.5

2.0

NKp46+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

D
Control

NKG2A

N
K1

.1

FAKi

NKG2A

N
K1

.1

FAKi + aTIGIT

NKG2A

N
K1

.1

Control FAKi FAKi
aTIGIT

0.00

0.05

0.10

0.15

0.20

TIGIT+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0.0

0.5

1.0

1.5

2.0

KLRG-1+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0.0

0.1

0.2

0.3

0.4

CD69+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0.0

0.5

1.0

1.5

2.0

Ki-67+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

NKG2A⁺
47.2

NKG2A⁺
41.7

NKG2A⁺
44.1

Control FAKi FAKi
aTIGIT

0

1

2

3

NKG2A+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0.0

0.1

0.2

0.3

0.4

0.5

NKG2D+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0

1

2

3

DNAM-1+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

A

C

1% 1% 1%Control FAKi FAKi
aTIGIT

0

1

2

3

4

5

CD103-CD49a- NK
C

o
u

n
t 

(×
1

0
3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r
Control FAKi FAKi + aTIGIT

CD103+CD49a+

CD49a+

CD103+

CD103-CD49a-

CD103+CD49a+

CD49a+

CD103+

CD103-CD49a-

CD103+CD49a+

CD49a+

CD103+

CD103-CD49a-

CD103+CD49a+

CD49a+

CD103+

CD103-CD49a-

CD103+CD49a+ NK

CD49a+ NK

CD103+ NK

CD103-CD49a- NK

Other

CD103+CD49a+ NK

CD49a+ NK

CD103+ NK

CD103-CD49a- NK

Other

B

Control

CD49a

C
D

10
3

FAKi

CD49a

C
D

10
3

FAKi + aTIGIT

CD49a

C
D

10
3

16.52.7

38.8 42.8

5.01.6

67.2 26.2

2.42.7

69.8 25.1

Control FAKi FAKi
aTIGIT

0.0

0.2

0.4

0.6

CD103+CD49a+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

Control FAKi FAKi
aTIGIT

0.00

0.05

0.10

0.15

0.20

TIM-3+ NK

C
o

u
n

t 
(×

1
0

3
) 

p
e

r 
g

ra
m

 o
f 

tu
m

o
u

r

NKG2A⁺
61.8



 
 

158 
 

 
Figure 5.6 – NK cells may play a role in local tumour immunity 
A. Cell density of CD103⁻CD49a⁻ NK cells in the tumour.  
B. Top row: pie charts showing the composition of the NK cell gate, based on median 
expression of CD103 and CD49a. Bottom row: composition of the CD45⁺ cell gate, based 
on median expression of CD103 and CD49a on NK cells. For the bottom panel, one pie 
chart represents 1% of intratumoural CD45⁺ cells. 
C. Left: cell density of CD103⁺CD49a⁺ NK cells in the tumour. Right: representative dot 
plots showing the percentage of NK cells expressing CD103 and/or CD49a. 
D. Cell density of intratumoural NK cells expressing CD69, Ki-67, the activating receptors 
NKG2D and NKp46, the inhibitory receptors NKG2A, TIGIT, TIM-3, and KLRG-1, and the 
chemokine receptor CXCR6. NKG2A is shown at the top alongside representative 
contour plots as an example of threshold definition. 
E. Left: cell density of GzmA⁺ NK cells in the tumour. Right: representative dot plots 
showing the percentage of NK cells expressing GzmA. 
F. Left: cell density of GzmB⁺ NK cells in the tumour. Right: representative dot plots 
showing the percentage of NK cells expressing GzmB. 

 

Overall, dual treatment resulted in the highest density of recently activated 

(CD69⁺) and proliferating (Ki-67⁺) NK cells (Figure 5.6D). The highest counts 

of NK cells expressing the activating receptor NKG2D as well as the 

inhibitory receptors TIM-3 and TIGIT were also identified in the same group.  

FAKi monotherapy, on the other hand, was associated with the highest 
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counts of NK cells expressing the activating receptors NKp46 and DNAM-1, 

the inhibitory receptors KLRG-1 and NKG2A, as well as GzmA and GzmB. 

These two effector molecules were expressed by approximately half of all 

NK cells across the three groups (Figure 5.6E,F), suggesting that, 

irrespective of treatment, NK cells may contribute to tumour control at least 

in part through direct cytotoxicity.  

 

Only two markers showed substantial differences in median expression 

across the three groups when comparing medians: NKG2A, which appeared 

to be reduced by treatment (median: 61.8% of NK cells in controls vs 41.7% 

in the FAKi group, and 44.1% in the FAKi + aTIGIT group), and DNAM-1, which 

conversely appeared to be augmented by treatment (median: 26.1% of NK 

cells in controls vs 46.3% in the FAKi group, and 39.2% in the FAKi + aTIGIT 

group). The relative expression of the other markers was comparable across 

treated mice and controls.  

 

As with CD4⁺ T cells, CD8⁺ T cells, and Tregs, only a minority of NK cells 

expressed TIGIT (median: 3.3% of NK cells in controls vs 2.3% in the FAKi 

group, and 3.9% in the FAKi + aTIGIT group). Expression of TIM-3 was also in 

the same range, whereas expression of KLRG-1 was comparably higher and 

above 30%. 
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5.4 

Discussion 

In this chapter, a novel drug combination was tested in the KPC orthotopic 

mouse model of pancreatic cancer. The combination of FAKi inhibition and 

TIGIT blockade has previously been tested only once, in an immunodeficient 

mouse model of human high-grade serous ovarian cancer (Ozmadenci et al. 

2022); however, a different inhibitor, dosage, and administration route were 

employed, limiting the possibility of direct comparisons.  

 

Two chief limitations of the present study must be acknowledged. Firstly, 

the small sample sizes prevented formal statistical analyses; therefore, the 

presented data can only be interpreted as indicative of patterns or trends, 

with further validation needed to draw conclusions. Secondly, treatment 

initiation in both the survival and immune profiling cohorts was 

standardised according to tumour palpation criteria, informed by prior 

experience with the same model. Because individual tumour volumes were 

not quantified, some variability in tumour size at the time of treatment 

initiation may have been present. 

 

With these limitations in mind, treatment was associated with a trend 

towards prolonged survival, with a median survival for mice treated with 

FAKi alone nearly 30% higher than that of control mice, and a median 

survival for mice treated with both FAKi and aTIGIT nearly 50% higher. 

Treatment appeared to improve local tumour control, as median tumour 

size decreased with FAKi monotherapy, and reached the lowest value in the 
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dual treatment arm. While survival and tumour size were recorded in 

separate cohorts, these findings are consistent with the idea that survival in 

control mice may have been poorer due to larger primary tumours, whereas 

treated mice may have survived longer due to reduced tumour burden.  

 

In an attempt to identify immune populations potentially contributing to 

tumour control, the density of all major subsets was calculated as the 

number of cells per gram of tumour. The rationale for this approach was that 

populations likely responsible for the treatment effects should vary with 

treatment (e.g., tumour-promoting populations would be expected to 

decrease, whereas tumour-suppressing populations would be expected to 

expand). Functional validation through larger mechanistic studies would be 

required to establish a causal link between a given subset and the effects of 

treatment; however, as this was an exploratory study, quantitative changes 

in cell density provided useful exploratory insights as a starting point. 

 

It is important to note that for some populations (e.g., CD8⁺ T cells), 

increases in cell density within the tumour reflected proportional 

enrichment within CD45⁺ cells (in other words, the subset was both more 

abundant in absolute terms, and more represented within the tumour 

immune infiltrate). For others (e.g., PMN-MDSCs), the absolute count per 

gram only increased because overall CD45⁺ infiltration increased, while the 

relative abundance within CD45⁺ cells remained unchanged or even 

decreased. This highlights the importance of considering absolute numbers 

alongside relative frequencies when interpreting immune infiltration data. 
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Previous studies have suggested that FAK inhibition may enhance immune 

cell infiltration through extracellular matrix remodelling. Consistent with 

this notion, tumours from Defactinib-treated mice exhibited a higher overall 

density of immune cell than controls. In line with previous reports describing 

a decrease in the myeloid component of the immune infiltrate in pancreatic 

cancer models after FAKi (Stokes et al. 2011; Jiang et al. 2016; Canel et al. 

2020), the relative abundance of PMN-MDSCs, macrophages, and other 

myeloid cells within CD45⁺ cells all decreased with FAKi monotherapy. 

However, whereas previous studies reported decreases of up to 50%, only 

a 10% reduction was observed for each subset in the present study. This 

difference in the magnitude of effect may be related to the use of different 

models (KPC orthotopic in the present study vs KPC genetically engineered, 

other orthotopic lines, and subcutaneous models in the other studies) and 

to the use of different inhibitors (Defactinib in the present study vs VS-4718, 

PF-562271, and BI-853520 in the other studies), which vary in potency, 

binding affinity, and relative selectivity for the FAK1 and FAK2 kinases.  

 

Similarly, while some reports have indicated that FAK inhibition alone 

markedly increases intratumoural T cell infiltration, those studies relied on 

genetic ablation (Serrels et al. 2015) or gene silencing through shRNA (Jiang 

et al. 2016). In contrast, in the present study, pharmacological inhibition 

with a small-molecule FAK inhibitor only resulted in a modest rise in the 

median proportion of intratumoural CD4 and CD8⁺ T cells among CD45⁺ 

cells (by approximately 12% and 14%, respectively), consistent with another 

report employing small-molecule inhibition (Canel et al. 2020). This 
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discrepancy likely reflects differences between sustained protein loss and 

partial, reversible enzymatic inhibition. 

 

Coupling FAK inhibition with TIGIT blockade affected immune cell infiltration 

in a number of ways. CD4 and CD8⁺ T cells exhibited the most pronounced 

changes in tumour infiltration, with their cell density rising nearly 4-fold and 

10-fold, respectively, with dual treatment compared with controls. In both 

cases, the absolute increase mirrored an increase in relative proportions 

among CD45⁺ cells. For both subsets, TIGIT blockade was essential for the 

enrichment, as absolute counts in the FAKi monotherapy group were only 

marginally different from those in controls. While the addition of TIGIT 

blockade seemed to be critical for CD4 and CD8⁺ T cell accumulation, it did 

not seem to impact their activation or proliferation: the median fractions of 

CD4 and CD8⁺ T cells expressing markers of recent activation or active 

proliferation were comparable among mice in the three groups. 

Nevertheless, the highest density of recently activated and actively 

proliferating CD4 and CD8⁺ T cells was observed in the FAKi + aTIGIT group, 

suggesting that a higher number of effector T cells may be actively engaging 

in anti-tumour responses in this group.  

 

The reason behind the higher abundance of effector T cells observed in 

tumours from mice treated with FAKi + aTIGIT despite similar proliferation 

and activation rates to the FAKi and control groups remains unclear, 

especially in light of the very low TIGIT expression (less than 5% of CD4 and 

CD8⁺ T cells). Factors such as prolonged survival, enhanced recruitment, or 
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increased retention (or a combination of these mechanisms) might explain 

the observed phenomenon. Although neither of these mechanisms was 

investigated in depth, a larger fraction of CD8⁺ T cells in the FAKi + aTIGIT 

group co-expressed markers of tissue retention (CD49a and CD103). 

Whereas a direct role for TIGIT in regulating tissue migration or retention has 

not been established in the literature, TIGIT blockade might have plausibly 

prolonged CD8⁺ T cell survival, allowing sufficient time for the upregulation 

of retention markers and accumulation within the TME. 

 

Whereas only a small fraction of CD8⁺ T cells expressed TIGIT, more than 

half of CD8⁺ T cells in control mice expressed DNAM-1 (a co-stimulatory 

receptor that binds to the same ligand, PVR), with the proportion rising to 

nearly 80% in both the FAKi and FAKi + aTIGIT groups. In the dual treatment 

arm, the density of DNAM⁺ CD8⁺ T cells was approximately 10-fold higher 

than in controls and FAKi-treated mice, suggesting that this subset might 

have specifically contributed to tumour control. 

 

CD4⁺ T cells mount antigen-specific responses to peptides presented on 

MHC class II molecules and provide critical help for multiple aspects of 

CD8⁺ T cell immunity (Speiser et al. 2023). Conversely, CD8⁺ T cells mount 

antigen specific responses to peptides presented on MHC class I molecules 

(Giles et al. 2023). Dendritic cells are the most efficient APCs; they prime 

naïve T cells resulting in the formation of effector and memory T cells 

(Banchereau and Steinman 1998; Banchereau et al. 2000). Amongst 

dendritic cells, cDC2s predominantly present exogenous antigens on MHC 
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class II molecules, priming CD4⁺ T cells, and cDC1s predominantly present 

endogenous antigens on MHC class I molecules, priming CD8⁺ T cells 

(Guermonprez et al. 2002). Exogenous antigens (e.g., tumour antigens 

derived from apoptotic cells) may also be internalised by cDC1s and 

presented on MHC class I molecules, in a process known as antigen cross-

presentation (Joffre et al. 2012; Luri-Rey et al. 2025). In mice, CD103⁺ cDC1s 

have been identified as the most efficient subset capable of antigen 

cross-presentation to CD8⁺ T cells and are required for effective CD8⁺ T-cell 

responses in both infection and tumour settings (del Rio et al. 2007; Bedoui 

et al. 2009; Jelinek et al. 2011; Salmon et al. 2016; E. W. Roberts et al. 2016). 

The fraction CD103⁺ cDC1s increased with treatment, reaching a maximum 

in the dual treatment arm (both in the tumour and the blood), and resulting 

in the highest density of intratumoural CD103⁺ cDCs in the same group. 

Although the relative fraction of the near-specular cDC2 subset inevitably 

decreased with treatment, the absolute number of cDC2s increased 

slightly, with negligible difference between the FAKi and FAKi + aTIGIT arms.  

 

While cDCs efficiently prime naïve T cells, macrophages can serve as APCs 

for activated or memory CD4⁺ T cells in peripheral tissues due to their 

expression of MHC class II (Roche and Furuta 2015; DeNardo and Ruffell 

2019). Both the relative fraction and the absolute density of I-A/I-E+ 

macrophages rose with treatment, peaking in the dual treatment group. This 

indicates that not only effector T cells but also cDCs and macrophages 

increased with treatment, providing a mechanistic foundation for the high 

counts of activated and proliferating cells described above. 
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After antigen presentation and activation, CD8⁺ T cells kill tumour cells by 

releasing granzymes, serine proteases that cause apoptosis upon 

internalisation by the target cell (Jenne and Tschopp 1988). Across all 

treatment groups, a median of approximately 4-5% of CD8⁺ T cells 

expressed GzmA, and 15-20% expressed GzmB. The density of GzmA⁺ and 

GzmB⁺ CD8⁺ T cells was higher in treated mice than in controls, peaking in 

the combination treatment arm, further supporting the notion that CD8⁺ T 

cells in the tumour may be engaging in cytotoxic anti-tumour responses.  

 

Importantly, a considerable fraction of CD8⁺ T cells expressed TIM-3 and 

KLRG-1, suggesting that although these cells may actively participate in 

anti-tumour responses, they also exhibit features of terminal differentiation 

and/or functional exhaustion (Joshi et al. 2007; Sakuishi et al. 2010; Dolina 

et al. 2021). This is a common occurrence in the TME and typically a 

response to chronic stimulation (Sakuishi et al. 2010; Zeng et al. 2024).  

 

Tregs express both FAK1/2 (Serrels et al. 2015) and TIGIT (Joller et al. 2011; 

Steele et al. 2020); therefore, FAKi and aTIGIT can have opposing effects: 

while FAKi can reduce Treg activity and survival, aTIGIT may enhance their 

immunosuppressive potential. As expected, FAKi alone produced a 20% 

reduction in the relative abundance of Tregs among CD45⁺ cells compared 

to controls, accompanied by a considerable reduction in activation, as 

measured by CD69 expression. Despite the low expression of TIGIT on Tregs, 

the addition of aTIGIT to FAKi reverted these changes, with the median 

fraction of Tregs amongst CD45⁺ cells returning to control levels, and the 
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fraction of CD69⁺ Tregs remaining similar (38% in controls vs 35% in the FAKi 

+ aTIGIT group). The majority of Tregs in all groups expressed KLRG-1, a 

marker previously associated with high immunosuppressive capacity 

(Adeegbe et al. 2018), with the highest density of KLRG1⁺ Tregs observed in 

the dual treatment arm. However, as the ratio of effector T cells to Tregs in 

this group was very skewed towards effector T cells, it is likely that Tregs, 

albeit highly immunosuppressive, did not prevent effective antitumour 

immunity. 

 

Previous studies on FAK inhibition focussed on immunosuppressive cells 

(as they express FAK at high levels), and on how reducing their numbers or 

function could enhance CD8⁺ T cell activity. However, little was known 

about the effects of FAK inhibition on NK cells. Surprisingly, the density of 

intratumoural NK cells nearly quadrupled with FAKi monotherapy. Perhaps 

even more surprisingly, the addition of TIGIT blockade did not further 

increase NK cell numbers; instead, it reduced the median fraction of NK 

cells among CD45⁺ cells in the TME, and consequently, the overall 

intratumoural NK cell density. As discussed for T cells above, activation and 

proliferation rates remained nearly identical across the three groups, 

suggesting that the accumulation seen with treatment (particularly with 

FAKi monotherapy) may result from other factors. For example, NK cells in 

the FAKi monotherapy group exhibited the highest expression of the 

activating receptor DNAM-1 and the lowest expression of the inhibitory 

receptor NKG2A. Thus, even if differences in activation or proliferation were 

not detected, NK cells may have maintained a less exhausted/dysfunctional 
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phenotype, allowing greater persistence in the tumour. Neither treatment 

appeared to affect the production of cytotoxic effector molecules, as the 

fractions of GzmA⁺ and GzmB⁺ NK cells remained comparable across all 

groups. 

 

To summarise, this chapter examined a combination of TIGIT blockade and 

FAK inhibition. TIGIT was selected as a checkpoint inhibitor because of its 

reported expression in PDAC (Steele et al. 2020; Heiduk et al. 2023) and 

because of studies showing that TIGIT inhibition can promote tumour 

control (Freed-Pastor et al. 2021; Peng et al. 2022). Based on the 

experiments presented in this chapter, this combination appeared to 

provide a survival advantage and enhance tumour control, primarily through 

greater immune cell infiltration. An apparent paradox of this study is that 

TIGIT blockade was associated with measurable changes despite very low 

baseline TIGIT expression (1–5% of CD4⁺ and CD8⁺ T cells, Tregs, and NK 

cells across all experimental groups). As neither activation nor proliferation 

differed substantially across treatment groups in these populations, it is 

difficult to speculate what might have contributed to the observed effects, 

apart from the potential explanations discussed above for T cells (prolonged 

survival, enhanced recruitment, or increased retention).  

 

Future studies investigating this regimen as a potential therapeutic strategy 

for PDAC would benefit from the following crucial refinements: (I) 

sufficiently large sample sizes to enable formal statistical analyses and 

generate robust evidence; (II) assessment of tumour-intrinsic and stromal 
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FAK levels, since low expression can result in low treatment efficacy; (III) 

comprehensive assessment of baseline expression of immune checkpoint 

receptors (e.g., PD-1, CTLA-4, TIGIT, TIM-3) and their corresponding ligands 

(e.g., PD-L1, PD-L2, CD80, CD86, PVR, galectin-9) on tumour, immune, and 

other stromal cells, to inform the selection of the immune checkpoint 

strategy most likely to produce clinical benefit; (IV) the design of 

combination strategies that more selectively target tumour-controlling 

populations, without simultaneously expanding tumour-promoting immune 

subsets. 

 

Although the present regimen was hypothesised to enrich for tissue-

associated NK cells expressing CD103 and CD49a, this subset was largely 

absent from the TME of treated mice, suggesting that alternative 

approaches (such as the modality described in Chapter 4) may be more 

effective for promoting this population.  
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Chapter 6 

 

In vitro generation of cytotoxic NK cells expressing tissue-

retention markers for cancer immunotherapy  

 

6.1 

Introduction 

Chapter 4 demonstrated that a multimodal therapeutic regimen comprising 

radiotherapy, CCR5 antagonism, and PD-1 blockade led to the 

accumulation of a subset of NK cells expressing markers typically 

associated with tissue localisation/retention in a mouse PDAC model. This 

subset was particularly enriched in responders to therapy. Even more 

notably, compiling a corresponding human tissue-associated NK cell gene 

signature and subsequently interrogating the Cancer Genome Atlas (TCGA) 

cohort revealed a significant positive association between this signature 

and survival across multiple cancer types (Figure 6.1). These observations 

suggest that tissue-associated NK cells may represent a promising 

foundation for the development of next-generation immunotherapies. 
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Figure 6.1 - Correlation between human tissue-associated NK cell gene signature 
and survival in a variety of solid cancers 
Reproduced with permission from Go, Demetriou, Valenzano, et al., eLife, 2024 (Figure 
8) under the terms of the Creative Commons Attribution License (CC BY). 
An enrichment score of the signature was first calculated per patient sample in the TCGA 
RNA-sequencing dataset using the Gene Set Variation Analysis (GSVA) method. A cut-off 
value was then determined using the maximally selected rank statistics (max-stat R 
package) method to divide patients into “high” and “low”. 

 

 

 



 
 

172 
 

Chapter 5 examined whether modulation of tumour–stroma interactions 

through pharmacological inhibition of FAK could enhance the infiltration of 

this and other lymphocyte subsets into tumours and thereby potentiate anti-

cancer immune responses. FAK inhibition resulted in an increased 

abundance of several immune cell populations within the tumour 

microenvironment; however, this did not extend specifically to the tissue-

associated (CD103⁺CD49a⁺) NK cell subset. 

 

In pursuit of a therapeutic strategy capable of promoting tumour infiltration 

by tissue-associated NK cells, an alternative approach is explored in this 

chapter, whereby peripheral blood NK cells are isolated and induced to 

acquire a tissue-associated (CD103⁺CD49a⁺) phenotype in vitro prior to 

adoptive transfer into mice. Given that intratumoural NK cells often display 

reduced cytotoxicity or functionality (Carrega et al. 2008; Marcon et al. 2020; 

Zecca et al. 2021; Go et al. 2024), efforts were directed towards generating 

a hybrid NK cell phenotype that maintained cytotoxic capacity while 

expressing markers of tissue localisation. 

 

6.2 

Aims 

To establish an in vitro approach for the generation of NK cells displaying 

both cytotoxic activity and a tissue-associated phenotype, enabling tumour 

localisation and retention for application in cancer immunotherapy. 
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6.3 

Results 

6.3.1 IL-15 and TGF-β cooperate to induce expression of CD103 and 

CD49a on NK1.1⁺ splenocytes from C57BL/6J mice  

As a proof-of-concept experiment to test whether a tissue-resident (or 

tissue-associated) phenotype could be induced in vitro, splenocytes from 

non-tumour-bearing C57BL/6J mice were enriched for NK1.1⁺ cells by 

magnetic-bead positive selection and cultured for 48 hours with either IL-15 

alone or IL-15 plus TGF-β (Figure 6.2A). These cytokines were selected 

because of their known role in promoting CD103 and CD49a expression, as 

extensively discussed in Chapter 3. Freshly isolated, NK1.1-enriched 

splenocytes were included as unstimulated, negative controls.  

 

The vast majority of unstimulated NK cells expressed neither marker of 

tissue retention, with approximately 10% expressing either CD49a or CD103 

and a median of less than 1% co-expressing both (Figure 6.2B). Culture with 

IL-15 alone led to a 4-fold increase in the CD49a⁺ fraction, with the 

remaining cells being almost exclusively double negatives. In contrast, 

combined stimulation with IL-15 and TGF-β resulted in a dominant CD49a⁺ 

subset (median: 67.3% of total NK cells) and a marked expansion of the 

CD103⁺CD49a⁺ population (median: 0.8% in unstimulated, 0.6% in IL-15, 

and 6.4% in IL-15 + TGF-β). The CD103⁺CD49a⁻ subset was present to 

varying degrees in unstimulated NK cells, but nearly absent in both culture 

conditions (Figure 6.2C).  
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To assess whether the different culture conditions impacted cell viability, 

the viability of the enriched cell culture was analysed next. Median overall 

viability decreased slightly upon IL-15 stimulation and further with the 

addition of TGF-β (by approximately 6% and 17%, respectively, compared 

with unstimulated controls); however, these differences were not 

statistically significant (Figure 6.2D). 
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Figure 6.2 – Effect of IL-15 and TGF-β on mouse splenocytes 
A. Schematic of the experimental workflow. Splenocytes isolated from C57BL/6J mice 
underwent magnetic-bead negative selection to enrich for NK cells and were cultured for 
48 hours under different conditions prior to flow cytometric analysis. 
B. Left: representative dot plots showing the percentage of NK cells (live NK1.1⁺ cells) 
expressing CD103 and CD49a. Right: pie charts showing the composition of the NK cell 
gate, based on median expression of CD103 and CD49a. 
C. Percentage of NK cells expressing each of the four subsets shown in (B) after 
CD103/CD49a biaxial gating. 
D. Left: percentage of live cells. Right: representative dot plots showing the percentage 
of live cells within singlets. 
All comparisons were performed using a Friedman test; *p<0.05; **p<0.01. 

 

6.3.2 A cytokine cocktail containing TGF-β, IL-15, and IL-21 

promotes expansion of CD103⁺CD49a⁺ NK cells from healthy 

donor peripheral blood mononuclear cells (PBMCs) 

The proof-of-concept study with mouse splenocytes demonstrated that the 

combination of IL-15 and TGF-β could, albeit modestly, promote the 

expansion of the double-positive (CD103⁺CD49a⁺) NK cell subset in mice. 

As the overarching aim of the experiments presented in this chapter was to 

design a novel immunotherapy approach with potential translational 

relevance to humans, a similar proof-of-concept study was performed using 

human samples. 

 

PBMCs from healthy donors were isolated by density-gradient 

centrifugation, and CD56⁺ cells were enriched through magnetic bead-

based negative selection (Figure 6.3A). A range of cytokine cocktails was 

tested in an initial screening with a small number of donors (n = 3). A detailed 

description of the stimulation protocol is provided in the Methods section. 

Briefly, for conditions including TGF-β, cells were exposed to TGF-β during 
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the final 48 hours of a 7-day culture period, except for the TGF-β-alone 

control, in which cells were cultured with TGF-β for the entire duration.  

Interleukin 21 (IL-21) was included due to its well-established role in 

enhancing NK cell cytotoxicity (Skak et al. 2008), while interleukin 12 (IL-12) 

and interleukin 18 (IL-18) were tested in combination with IL-15 because of 

their ability to cooperatively drive a cytokine-induced memory-like (CIML) 

NK cell phenotype (M. A. Cooper et al. 2009). In line with previous studies on 

in vitro NK cell polarisation, exposure to IL-21 and to IL-12/IL-18 occurred as 

a short pulse of 16–24 hours, preceding the final exposure to TGF-β. 

 

Culturing NK cells with TGF-β alone or IL-15 alone led to a moderate 

expansion of the tissue-associated (i.e., CD103⁺CD49a⁺) subset, with 

median frequencies of approximately 20% and 30%, respectively (Figure 

6.3C). The combination of TGF-β and IL-15 markedly increased the 

expansion, reaching a median of approximately 70% double-positive NK 

cells. Adding IL-21 further increased the median proportion to 75.1%, 

whereas stimulation with a CIML-based cocktail slightly reduced it to 

65.2%. Double-negative NK cells remained a minority across all conditions, 

except for TGF-β alone, where over one third lacked both tissue-retention 

markers (Figure 6.3B). The largest fraction of CD49a⁺ NK cells was observed 

with IL-15 stimulation, while CD103⁺CD49a⁻ NK cells remained negligible in 

most conditions, except for TGF-β alone, where they reached a median of 

7.5% of total NK cells. 
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In addition to promoting the biggest enrichment for double positives, IL-21 

also produced the strongest per-cell expression of both tissue-retention 

markers on these cells, as indicated by highest median MFI among the 

conditions tested (Figure 6.3D,E). 
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Figure 6.3 – Generating CD103⁺CD49a⁺ NK cells from PBMCs in vitro: original 
protocol overview 
A. Schematic of the experimental workflow. PBMCs isolated from healthy donors 
underwent magnetic-bead positive selection to enrich for CD56⁺ cells, and then cultured 
for 7 days under different cytokine conditions prior to flow cytometric analysis. 
B. Top: representative dot plots showing the percentage of NK cells (CD56⁺CD3⁻ live 
cells) expressing CD103 and/or CD49a. Bottom: composition of the NK cell gate, based 
on median expression of CD103 and CD49a. 
C. Percentage of CD103⁺CD49a⁺ NK cells. 
D. CD103 MFI on CD103⁺CD49a⁺ NK cells. 
E. CD49a MFI on CD103⁺CD49a⁺ NK cells. 
 

6.3.3 Different stimulation conditions differentially affect the 

viability and NK cell proportion of the enriched cell culture 

The proportion of live cells in the enriched NK cell culture was next 

evaluated to determine how each condition affected viability. Continuous 

exposure to TGF-β alone was most detrimental, with only approximately half 

of the cells remaining viable after 7 days (Figure 6.4A,C). The use of IL-15 

markedly improved viability, peaking in the IL-15 + TGF-β condition (median: 

80.0%). Among IL-15 –containing stimulations, the CIML-inspired cocktail 

supported viability least effectively, with a median live cell fraction of only 

57.2%. 

 

The different stimulations also influenced the overall NK cell yield. Magnetic 

bead-based enrichment did not completely remove non-NK populations; as 

a result, some contaminating cells remained and expanded during the 7-day 

culture period. Variable proportions of T cells (CD3⁺CD56⁻) and NKT cells 

(CD3⁺CD56⁺) were detected at the end (Figure 6.4B). In all conditions 

except TGF-β alone, NK cells (CD56⁺CD3⁻) remained the predominant 
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population, whereas contaminating subsets represented only a minority 

(Figure 6.4D). In contrast, continuous exposure to TGF-β appeared to favour 

the expansion of T and NKT cells (median: 40.2% and 7.9% of live cells, 

respectively), with substantial inter-donor variability. TGF-β not only 

resulted in the lowest proportion of NK cells but was also associated with 

reduced CD56 expression on these cells (Figure 6.4E).  
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Figure 6.4 – Original protocol: viability and NK cell yield 
A. Representative dot plots showing the percentage of live cells (as a fraction of singlets).  
B. Representative dot plots showing the percentage of NK cells (CD56⁺CD3⁻) as a 
fraction of live cells. 
Bottom: pie charts showing the composition of the NK cell gate, based on median 
expression of CD103 and CD49a. 
C. Percentage of live cells (as a fraction of singlets) after the 7-day culture period. 
D. Percentage of NK cells (CD56⁺CD3⁻) as a fraction of live cells. 
E. CD56 MFI on NK cells. 
 
 

6.3.4 Different stimulation conditions differentially affect the 

phenotype and cytotoxic capacity of NK cells 

After being stimulated, NK cells did not neatly segregate into the canonical 

peripheral blood subsets (immunoregulatory CD56brightCD16⁻ and cytotoxic 

CD56dimCD16⁺) described by Lanier et al. in 1986. Instead, populations with 

intermediate phenotypes emerged,  to varying degrees. In most conditions, 

the majority of NK cells were CD56brightCD16⁻ (Figure 6.5A). The only 

exception was continuous TGF-β exposure, which preferentially expanded 

the CD56dimCD16⁺ subset. A considerable fraction of cells cultured with  

IL-15 expressed both high levels of CD56 and CD16 (median CD56brightCD16⁺ 

fraction: 18.6%). 

 

Although the expression of CD56 and/or CD16 can be suggestive of 

cytotoxic potential, accurate assessment of NK cell killing capacity requires 

functional cytotoxicity assays. To evaluate whether different stimulation 

conditions conferred cytotoxic capacity alongside the acquisition of a 

tissue-associated phenotype, pre-stimulated, NK-enriched PBMCs were 

co-cultured with K562 target cells. Cells stimulated with IL-15 alone 

exhibited the highest killing efficiency across all effector-to-target (E:T) 
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ratios tested. The presence of TGF-β markedly reduced cytotoxicity in all 

other conditions, with continuous exposure to TGF-β resulting in nearly 

absent target cell death. However, inclusion of IL-21 restored killing 

capacity to levels comparable to those observed with IL-15 alone, 

particularly at higher E:T ratios (Figure 6.5B,D). CIML-stimulated cells 

displayed comparatively low killing activity, and, although a greater fraction 

expressed Natural Killer Group 2, member C (NKG2C), the overall frequency 

remained low, representing less than 5% of total NK cells (Figure 6.5C,E).  
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Figure 6.5 – Original protocol: phenotype and cytotoxicity 
A. Top: representative dot plots showing the percentage of NK cells expressing CD16 and 
high or low-to-intermediate levels of CD56 (CD56bright and CD56dim, respectively). Bottom: 
composition of the NK cell gate, based on median expression of CD56 and CD16. 
B. Percentage of dead (viability dye⁺) K562 cells after 4 hours of co-culture with NK-
enriched PBMCs stimulated with the indicated conditions and at the specified E:T ratios. 
NK-enriched PBMCs were used without further purification, thus including non-NK cell 
contaminants. Cell death was quantified by flow cytometry and normalised to 
spontaneous cell death in a well containing target cells alone (not shown). For all E:T 
ratios except 10:1, n = 3; for 10:1, n = 2. Median shown, with no error bars. 
C. Percentage of NKG2C⁺ NK cells (as a fraction of total NK cells).  
D. Representative dot plots showing the percentage of dead (viability dye⁺) K562. 
K562 were labelled with CFSE prior to the co-culture, and only CFSE⁺ cells (K562) are 
shown. 
E. Representative dot plots showing the percentage of NKG2C⁺ NK cells. 
  

6.3.5 Protocol optimisation results in greater viability, NK cell yield, 

and CD103⁺CD49a⁺ subset expansion 

As the IL-21–containing cocktail produced the greatest expansion of tissue-

associated NK cells while maintaining cytotoxicity rates comparable to 

those observed in the absence of TGF-β, it was selected for further 

optimisation. The stimulation protocol was refined so as to increase 

viability, NK cell yield, and cytotoxic capacity with a view to subsequent 

adoptive transfer experiments. A final protocol was developed, comprising 

an initial 14-day expansion phase with high-dose IL-2, followed by a 14-day 

stimulation period including IL-15 and multiple IL-21 short pulses, with or 

without a final exposure to TGF-β (see Figure 6.6A and Methods for more 

details). In remainder of this chapter, the conditions with and without  

TGF-β are compared, using the post-expansion but pre-stimulation (i.e., IL-

2 only) condition as a control. As only a small number of samples (n = 3) were 

tested due to resource availability, comparisons are made using medians.  
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Figure 6.6 – Optimised protocol: viability and NK cell yield  
A. Schematic of the experimental workflow. Following PBMC isolation from n = 3 healthy 
donors, CD56⁺ cells were enriched using a negative selection kit or removing CD3⁺, 
CD19⁺, and CD14⁺ cells using positive selection kits. The resultant cell mixture was then 
cultured for 28 days prior to flow cytometric analysis, with an initial 14-day expansion 
phase with high-dose IL-2 followed by a stimulation phase with IL-15 and pulses of IL-21. 
B. Left: percentage of live cells (as a fraction of singlets). Right: representative dot plots 
showing the percentage of live cells.  
C. Left: percentage of NK cells (CD56⁺CD3⁻) as a fraction of live cells. Right: 

representative dot plots showing the percentage of NK cells. 
D. Top: percentage of CD103⁺CD49a⁺ NK cells and representative dot plots showing the 
percentage of NK cells expressing CD103 and CD49a. Bottom: composition of the NK 
cell gate, based on median expression of CD103 and CD49a. 

 

The stimulation phase of the protocol, with or without brief exposure to  

TGF-β, did not appear to affect cell viability, as the median percentage of live 

cells at the end of the 14-day (IL-2 only) or 28-day period was close to 90% 

across all three groups. In fact, median viability was higher in TGF-β–

exposed cells than in those cultured without it, although the difference was 

only a few percentage points (Figure 6.6B). NK cell yield (the fraction of 

CD56⁺CD3⁻ cells) varied substantially among donors (Supplementary 

Figure 9.7B). Nonetheless, the median NK cell fraction was comparable 

across all three conditions, at approximately 80% (Figure 6.6C). 

 

Regarding the expression of the tissue retention markers CD103 and CD49a, 

the NK cell gate composition was virtually dichotomous across all three 

conditions (Figure 6.6D). IL-2–expanded NK cells were either double 

negatives or CD49a⁺ (medians: 45.9% and 54.0%, respectively); NK cells 

stimulated with IL-21 but without TGF-β were predominantly CD49a⁺, with a 

minority of double negatives (medians: 91.4% and 8.6%, respectively); and 
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NK cells stimulated with IL-21 and TGF-β were mainly double positives, with 

a smaller CD49a⁺ fraction (medians: 81.0% and 18.7%, respectively). For 

one donor, cells were cultured in parallel with and without collagen I (a 

ligand for CD49a); however, this did not appear to influence the distribution 

of subsets within the CD103 vs CD49a gate (Supplementary Figure 9.7A). 

 

6.3.6 The addition of TGF-β only affects expression of a few 

activating or inhibitory receptors, whereas others remain 

unaffected  

To evaluate how stimulation with or without TGF-β influenced NK cell 

phenotype, a focussed analysis using a dedicated 16-marker panel was 

conducted. Most markers showed a clear separation between positive and 

negative populations. For markers where separation was less obvious by 

visual inspection, positivity thresholds were defined using either 

fluorescence minus one (FMO) controls (Figure 6.7A) or internal controls, 

such as the T cell gate representing marker-negative cells (Figure 6.7B). 
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Figure 6.7 – Optimised protocol: activating and inhibitory receptors 
A. Representative dot plots of markers for which FMO controls (top row) were used to set 
a positivity threshold. The corresponding full stain samples are shown in the bottom row.  
B. Representative dot plots of markers for which T cells (CD3⁺CD56⁻) were used as 

internal controls to define positive thresholds. For the two markers shown, expression is 
displayed after gating on all cells (including T cells; left) or on NK cells only (right). 

C. Percentage of NK cells expressing the activating receptors NKG2D, NKp46, DNAM-1, 

and NKG2C, the inhibitory receptors TIGIT, TIM-3, and PD-1, and Ki-67. CD57 is shown at 
the top alongside representative dot plots as an example of threshold definition. 

 

Amongst activating receptors, only NKG2D expression was considerably 

affected by the inclusion of TGF-β in the stimulation protocol (Figure 6.7C), 

as the median fraction of NK cells expressing this marker was approximately 

half in the TGF-β condition compared with the condition without TGF-β 

(medians: 32.8% and 60.9%, respectively). Nevertheless, the proportion of 

NKG2D⁺ cells remained higher than in IL-2-expanded cells (median: 12.3%). 

For DNAM-1, a slight reduction was observed with TGF-β, although 

expression levels were still substantially higher than in IL-2–expanded cells 

across both conditions (medians: 16.9% for IL-2, 79.6% for IL-15 + IL-21, and 

70.1% for IL-15 + IL-21 + TGF-β). For NKp46 and NKG2C, hardly any 

difference was detected in marker expression with or without TGF-β. At the 

end of the 14/28-day protocol, one donor displayed over 90% NKG2C⁺ NK 

cells (a proportion unaffected by stimulation condition). Of these, up to 

25.1% co-expressed CD57. The median proportion of proliferating NK cells 

also remained unaffected by TGF-β addition, and was 50% higher in both IL-

21-contatining conditions than in IL-2–expanded cells. 
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As for inhibitory receptors, expression of both PD-1 and TIM-3 was slightly 

higher with the addition of TGF-β, although the median fraction of NK cells 

expressing these markers remained below 5% of the total in both 

conditions. Nearly all NK cells stimulated with IL-21 (with or without TGF-β) 

upregulated TIGIT, and the proportion of TIGIT⁺ cells also approached 90% 

in IL-2–expanded NK cells. 

 

6.3.7 The addition of TGF-β has minimal impact on the cytotoxic and 

migratory capacity of stimulated NK cells 

To assess whether stimulated NK cells could potentially be recruited to the 

tumour site in subsequent adoptive transfer experiments, the chemokine 

receptor profile of stimulated cells was examined. Both IL-21-containing 

stimulation conditions increased the median proportion of cells expressing 

the three chemokine receptors analysed (CXCR3, CXCR6, and CX3C motif 

chemokine receptor 1, CX3CR1). CXCR6 was the only receptor whose 

expression was marginally reduced by TGF-β exposure (Figure 6.8A); the 

fraction of CXCR6⁺ cells remained, however, substantially higher than in IL-

2-expanded cells, where CXCR6 expression was virtually absent (median: 

0.9% for IL-2 vs 37.7% for IL-15 + IL-21, and 33.0% for IL-15 + IL-21 + TGF-β). 

TGF-β seemed to have no effect on CXCR3 or CX3CR1, with the stimulation 

protocol producing  approximately 90% positive cells for both receptors. 
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Figure 6.8 – Optimised protocol: migration capacity and cytotoxicity 
A. Top: representative contour plots showing the percentage of CXCR3⁺ NK cells among 
total NK cells. The plot on the left (grey outline) shows how the T cell gate was used to 
assist in threshold definition. Bottom: percentage of NK cells expressing the chemokine 
receptors CXCR3, CXCR6, and CX3CR1. 
B. Percentage of NK cells expressing key molecules involved in cytotoxic activity. 
C. Top: percentage of dead (viability dye⁺) MIA PaCa-2, A549, and RKO cells after 6 hours 
of co-culture with NK-enriched PBMCs stimulated with the indicated conditions and at 
the specified effector-to-target (E:T) ratios. NK-enriched PBMCs were used without 
further purification, i.e., including non-NK contaminants. Each line represents an 
individual biological replicate (n = 3). Bottom: cell death was quantified by flow cytometry 
and normalised to spontaneous cell death in target cells alone (left, grey outline). Target 
cells were transduced with mCherry prior to the co-culture; only mCherry⁺ cells are 
shown.  

 

Cytotoxic function was next evaluated to determine whether, upon 

recruitment to the tumour site, NK cells would effectively kill tumour cells. 

Cells stimulated with IL-21 expressed high levels of GzmB and granzyme K 

(GzmK), with median fractions of positive cells approaching 100% and 90%, 

respectively, irrespective of TGF-β exposure (Figure 6.8B). Similarly, CD16 

expression was observed in approximately 75% of cells irrespective of TGF-

β treatment, although IL-2-expanded cells displayed an even higher 

proportion of CD16⁺ cells (median: 87.9%). In contrast, expression of the 

transcription factor EOMES declined with TGF-β, but remained higher than 

in IL-2–expanded cells (median: 35.3% for IL-2 vs 60.2% for IL-15 + IL-21, and 

49.4% for IL-15 + IL-21 + TGF-β). 

 

As this protocol was developed with a view to using NK cells for solid cancer 

immunotherapy, cytotoxicity was tested in vitro against pancreas  

(MIA PaCa-2), lung (A549), and colon (RKO) cancer cell lines, rather than 

K562. Unlike K562, these lines express high levels of HLA class I 
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(Supplementary Figure 9.7D) , which can engage inhibitory KIRs on NK cells 

and generally renders them less susceptible to NK cell-mediated killing, 

although the degree of inhibition depends on the specific KIR–HLA ligand 

interactions present in both the NK cell population and the target cell line 

(Purdy and Campbell 2009; Yokoyama et al. 2010). 

 

Remarkable heterogeneity was observed in the rates of killing both across 

cell lines and, for each cell line, amongst donors (Figure 6.8C). When 

comparing median killing rates, TGF-β–exposed NK cells outperformed non-

exposed cells at two of three E:T ratios across all three cell lines, although 

in some cases the difference was less than 1%. For the donor who exhibited 

the highest killing rates across all three cell lines, the difference between 

TGF-β–exposed and non-exposed NK cells was negligible for RKO and A549 

(only a few percentage points at all E:T ratios), but more pronounced for MIA 

PaCa-2 (up to 30% lower in TGF-β–exposed cells).  

 

To investigate why one donor showed efficient killing whereas the other two 

did not, the hypothesis that a high fraction of non-NK contaminants reduced 

target cell killing was assessed. The NK cell fraction (CD56⁺CD3⁻), shown in 

Figure 6.6C, correlated with killing rates. Pooling data from all donors and 

all E:T ratios, the NK cell fraction at the end of the 28-day protocol correlated 

with the proportion of killed target cells (Supplementary Figure 9.7C). This 

was true for all three target cell lines, suggesting that the considerably lower 

killing observed in two of the three donors might be, at least in part, due to 

the presence of non-NK cells in the co-cultures. 
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6.3.8 In vitro generated, tissue-associated NK cells may localise to 

the pancreas of mice with cancer-predisposing conditions 

Having established that the 28-day stimulation protocol expands human 

blood NK cells and induces a tissue-associated phenotype 

(CD103⁺CD49a⁺) while preserving cytotoxic and migratory capacity in vitro, 

the next step was to assess whether these cells maintained these properties 

in vivo. As an initial proof-of-concept to determine whether TGF-β–exposed 

NK cells were capable of trafficking to, and being retained within, non-

lymphoid tissues (an essential prerequisite for their prospective use in 

cancer immunotherapy), they were intravenously administered to an 

immunodeficient, non-tumour-bearing Rag2/IL2RG double-knockout 

(hereafter: R2G2) mouse (n = 1). At 48 hours post-injection, donor cells were 

detected in epithelial tissues and in the spleen but were absent from blood 

(Figure 6.9A), indicating efficient extravasation and tissue retention in vivo. 

 

To test the anti-tumour activity of these cells against pancreatic cancer, MIA 

PaCa-2 cells were injected orthotopically in a small cohort (n = 6) of R2G2 

mice, with the aim of adoptively transferring in-vitro–generated NK cells 

upon tumour development. Orthotopic engraftment, however, failed, and 

tumours did not develop.  

 

As preliminary observations from one mouse had indicated that NK cells 

could home to epithelial tissues even in the absence of a tumour (Figure 

6.9A), the question then arose as to whether this property could be exploited 

for cancer immunotherapy in a preventative or precancerous setting. To 
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explore this possibility, caerulein was repeatedly administered to one R2G2 

mouse over 8 weeks, following established protocols for chemical induction 

of chronic pancreatitis in mice (Leal and Liby 2018; Minaga et al. 2022).  

A second animal received vehicle (PBS) as a control (n = 1 per group). 

Chronic pancreatitis is the main predisposing condition for pancreatic 

cancer (Lowenfels et al. 1993; Malka et al. 2002). At the end of the induction 

period, donor NK cells, expanded and stimulated for 28 days with a terminal 

TGF-β pulse to induce CD103 and CD49a expression, were labelled with a 

commercially available tracker dye (IVISense680) (Peterson 2023) 

(Supplementary Figure 9.7E) and injected intravenously into both mice. 
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Figure 6.9 – Optimised protocol: in vivo localisation and monitoring 
A. CD56 expression in the blood, lung, intestine, spleen, and liver of n = 1 R2G2 mouse, 
after excluding cell debris and aggregates with forward and side scatter (FSC and SSC). 
The Y axis was set to unit area to account for differences in cell number among samples. 
Dotted line indicates threshold for positivity. 
B. Quantification of fluorescence in a region of interest (ROI) drawn onto the pancreas of 
a mouse treated with caerulein and a control mouse (n = 1 per group) 48 hours post-
injection of in vitro–generated NK cells. Signal was recorded in the near-infrared channel, 
compatible with IVISense680.  
C. Immunohistochemical staining of pancreatic sections from the mice shown in (B).  
Top row: collagen I; bottom row: CD103. Arrow indicates CD103⁺ cells. 
D. Haematoxylin and eosin staining of pancreatic sections from the mice shown in (B). 
E. Percentage of marker⁺ area in the pancreatic sections in shown in (C). 
F. Transduction efficiency and viability of IL-2–expanded NK cells transduced with a 
luciferase-containing viral vector (n = 3 per group). Median is shown, with no error bars. 
The X axis indicates the concentration of viral particles relative to NK cells (% v/v). 
Positivity threshold was set using ZsGreen-transduced cells as a reference as better 
separation was observed for these cells (top right, in green). 
 

Epifluorescence in the pancreas region from the pancreatitis mouse was 

50% higher than in the control mouse 48 hours post-injection, suggestive of 

increased NK cell localisation (Figure 6.9B). However, as epifluorescence 

imaging is only semi-quantitative and some background signal was 

observed in both mice, definitive assessment was performed by post-

mortem histological analysis. Examination of pancreatic sections revealed 

that a greater area of pancreas was occupied by stroma/extracellular 

matrix, which was observed both in standard haematoxylin and eosin 

staining (Figure 6.9D) and immunohistochemistry for collagen I (Figure 

6.9C, top row). In the inflamed pancreas, not only could a higher number of 

CD103⁺ cells be detected compared with the healthy control (Figure 6.9E), 

but they seemed to co-localise with collagen-dense regions by visual 

inspection (Figure 6.9C, bottom row). 
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The limitations of short-term, semi-quantitative fluorescence imaging were 

apparent in this small experiment, highlighting the need for improved in vivo 

monitoring methods that allow assessment of NK cell localisation without 

animal sacrifice in future studies of adoptive cancer immunotherapy. In a 

final, small proof-of-concept experiment (n = 3), IL-2–expanded NK cells 

were transduced to stably express luciferase. Among the virus 

concentrations tested (Figure 6.9F), 60% v/v provided the optimal 

compromise between transduction efficiency (median: 65.3%) and cell 

viability (median: 83.8%). At higher virus concentrations, efficiency as high 

as 90% could be achieved, although at the cost of reduced viability. 

  

6.4  

Discussion 

Current evidence supports both a positive association between tissue-

associated NK cells and tumour control and their functional impairment 

within the tumour microenvironment. In this chapter, a protocol was 

established for generating NK cells expressing key tissue-retention markers 

while preserving functionality and cytotoxicity, with potential application in 

cancer immunotherapy. Except for the initial mouse experiments, very small 

sample sizes were used. Therefore, the findings presented should be 

considered exploratory, and any inferences should be made with caution. 

 

After demonstrating that conventional CD103⁻CD49a⁻ NK cells could be 

induced to express one or both tissue-retention markers in mice, several 

cytokine combinations were screened for their ability to promote expansion 
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of the corresponding subset starting from human PBMCs. Initial screening 

indicated that IL-15 + IL-21 with a terminal brief exposure to TGF-β produced 

the largest proportion of CD103⁺CD49a⁺ NK cells (approaching 80% of total 

NK cells) while maintaining cytotoxicity comparable to that of NK cells 

cultured with IL-15 alone. Because viability, NK cell yield, and cytotoxic 

capacity at the end of the 7-day stimulation were only modest, the protocol 

for generation of tissue-associated NK cells was further optimised. 

 

The initial, shorter protocol was adapted to include a 14-day expansion 

phase with high-dose IL-2 and maintenance-dose IL-15, and a 14-day 

stimulation phase with high-dose IL-15 and IL-21 (with or without a brief final 

exposure to TGF-β). Despite the inclusion of TGF-β, NK cell viability 

remained above 90% for all three donors tested, indicating that short-term 

TGF-β exposure does not compromise viability. Continuous TGF-β exposure 

for one week in the original screening, instead, had reduced viability to 

approximately 50%. The addition of TGF-β also resulted in a CD103⁺CD49a⁺ 

fraction of up to 93.5% of total NK cells, suggesting that nearly all NK cells 

generated using this protocol could potentially be retained in tissues. 

 

The median NK cell yield showed marked interindividual variability. This was 

irrespective of TGF-β, and most likely stemmed from a combination of 

several factors, including a lower NK cell percentage in the blood of donors 

or occasional deviations from the manufacturer’s instructions due to 

limited reagent availability. The degree of sample purity appeared to 

influence the cytotoxic capacity of NK cells in an in vitro assay against three 
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solid cancer cell lines. The lower cytotoxicity observed in cultures of cells 

from the two donors with suboptimal NK cell enrichment was, at least in 

part, attributable to a lower proportion of NK cells (or rather, a higher 

proportion of contaminating T/NKT cells). It is plausible that T cell 

contaminants were not only acting as inert bystanders in the culture (as T 

cells require antigen presentation and co-stimulation for activation and 

killing), but may have competed with NK cells for cytokines in the 

stimulation phase of the protocol, thereby further reducing the cytotoxic 

potential of those NK cells that survived to the end of the protocol. This 

underscores the importance of employing high-standard, GMP-compliant 

isolation platforms such as the CliniMACS (Miltenyi Biotec) or equivalent 

magnetic separation systems in potential future translational applications. 

Despite this, the cytotoxicity observed in the donor samples with near 

exclusive NK cell presence remained notable, and was comparable to, and 

in fact higher than, that achieved in other well-established NK cell 

stimulation protocols (Tarannum et al. 2024). It should be noted that other 

factors may have significantly influenced cytotoxicity in these experiments, 

and may impact the efficacy of NK cell–based therapies in future 

applications. For example, NK cell donors express diverse KIR repertoires 

and tumour cell lines express distinct KIR ligands, reflecting differences in 

both KIR gene content and HLA class I expression (Parham and Moffett 

2013), which can influence the balance of inhibitory and activating signals 

and ultimately affect NK cell cytotoxicity (Purdy and Campbell 2009). 
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Most markers exhibited comparable expression between TGF-β–exposed 

and non-exposed NK cells, indicating that a brief terminal incubation is 

sufficient to induce a CD103⁺CD49a⁺ phenotype with minimal impact on 

activation status, checkpoint receptor and chemokine receptor profiles, 

proliferation, or cytotoxicity. Expression of only a few markers, including the 

transcription factor EOMES (which governs NK cell differentiation and 

effector function) and the activating receptor NKG2D, was moderately 

reduced following TGF-β incubation. Apart from these, moderate-to-high 

expression of key receptors and effector molecules involved in activation 

and cytotoxicity was observed (e.g., DNAM-1, NKp46, NKG2C, CD16, GzmB, 

and GzmK), indicating that, despite TGF-β exposure, these NK cells retained 

strong functional capacity. Notably, while CXCR6 is the chemokine receptor 

most frequently implicated in gastrointestinal malignancies such as 

pancreatic and hepatic cancer (Hudspeth et al. 2016; Lesch et al. 2021), the 

concomitant expression of additional chemokine receptors suggests that 

NK cells generated using this protocol may also be suitable for 

immunotherapy of other solid tumours. 

 

The key experiment needed to assess the in vivo anti-tumour efficacy of the 

in vitro–generated NK cells could not be completed as MIA PaCa-2 cells 

failed to engraft after orthotopic implantation into n = 6 R2G2 mice.  

Importantly, subcutaneous implantation of the same cell line in the same 

mice was successful, suggesting that the failure was related to the 

orthotopic implantation procedure itself rather than to the host or the cell 

line. This undoubtedly represents the major limitation of the present study: 
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while the phenotype and in vitro activity of the generated NK cells provide 

some indication of their potential performance in vivo, several factors are 

known to limit the effectiveness of adoptive cell therapies. These include 

efficient migration to the tumour site, retention within the TME, and 

avoidance of inhibitory signals (Laskowski et al. 2022). Therefore, future 

experiments to determine whether these challenges can be overcome and 

whether the NK cells can achieve tumour control in vivo are essential. 

 

Almost serendipitously, the failure of tumour engraftment in the current 

study redirected the focus towards a perhaps more intriguing possibility. 

The findings presented above raise the question of whether NK cells could 

home to, and populate, sites of potential tumour formation even before 

tumourigenesis occurs, as observed here, albeit for only one mouse, in the 

context of chronic pancreatitis. If future studies confirmed that in vitro–

generated NK cells can (I) home to tissues, (II) persist long-term, and (III) 

retain functionality in vivo, a new paradigm for cancer prevention would be 

conceivable whereby (repeated) NK cell administration could pre-emptively 

arm tissues with a first line of defence against developing tumours. It should 

be emphasised again that the little evidence gathered in the present study 

is, at best, hypothesis-generating, and any suggestion of a paradigm shift 

toward NK cell adoptive transfer in a preventative setting remains highly 

speculative. Validating all three parts of this potential paradigm shift 

(homing, persistence, and functionality) will require much more extensive 

and rigorous testing in models of cancer predisposing conditions (such as 

chronic pancreatitis) or precancerous conditions (such as the KC model). 
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Non-invasive methods for tracking adoptively transferred NK cells in vivo are 

essential for such future studies. The feasibility of transducing NK cells with 

luciferase was evaluated here as a method that enables long-term 

monitoring and is compatible with bioluminescence imaging systems. 

Transduction was performed after the IL-2 expansion phase, as NK cells are 

more susceptible to viral uptake during active proliferation (Allan et al. 

2021). This would allow the 14-day cytokine stimulation phase (as 

configured in the present study or with further adaptations in future studies) 

to occur on already transduced cells. 

 

Further adaptations of the protocol described in this chapter could be 

introduced depending on specific research objectives and questions. For 

example, NK cells could be virally transduced with genes in addition to or in 

place of luciferase to modulate phenotype and/or function, drastically 

expanding the applicability of this immunotherapy approach. 
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Chapter 7 

 

Longitudinal profiling of innate and adaptive immune cells 

during pancreatic tumourigenesis in the KC model of PDAC 

 

7.1  

Introduction 

Building on the hypothesis that NK cells may populate sites of incipient 

tumourigenesis even before the development of overt cancer, the next 

logical step was to investigate whether the frequency of these cells (and 

other immune populations) change during the earliest stages of pancreatic 

tumour development. To this end, the well-established Pdx-1-Cre;LSL-

KrasG12D/+ (KC) mouse model was employed, because, as discussed in the 

main Introduction, it accurately recapitulates the sequential progression 

from low- to high-grade PanINs and ultimately to invasive PDAC over the 

course of 12 months. This model therefore provides an appropriate system 

to examine the dynamics of NK cell abundance across evolving disease 

stages, alongside broader changes in the immune landscape 

accompanying the PanIN-to-PDAC transition. 

 

7.2 

Aims 

To determine whether the abundance of key players in anti-tumour 

immunity changes with the transition from precursor lesions (PanINs) to 

overt cancer (PDAC) in the KC mouse model of pancreatic tumourigenesis. 
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7.3 

Results 

7.3.1 – NK cells 

Formalin-fixed, paraffin-embedded slices of pancreata from wild-type 

C57BL/6J (control) and KC mice were kindly donated by Paul Miller (Ludwig 

Institute for Cancer Research, Oxford), and stained by the Translational 

Histopathology Laboratory (THL, Oxford Cancer Centre, Oxford). Initially, a 

six-colour immunofluorescence panel was designed in collaboration with 

the THL to identify innate and adaptive lymphocytes, and in particular NK 

cells expressing the tissue-retention marker CD103 (NK1.1⁺CD103⁺ cells). 

This would have enabled assessment of whether these cells act as early 

responders at sites of PanIN formation. However, a number of technical 

issues prevented this. A first NK1.1 antibody failed to bind cells and 

precipitated as amorphous extracellular aggregates (not shown). A second 

NK1.1 antibody consistently detected bona fide NK cells by 

immunohistochemistry (IHC) in pancreatic and control spleen sections, but 

failed to do so when adjacent sections from the same samples were stained 

with all antibodies of the multiplex immunofluorescence panel (not shown). 

It is unclear whether steric hindrance prevented binding in the context of 

multiplex immunofluorescence, as changing the staining order (Syed et al. 

2019) did not yield satisfactory staining (not shown). Consequently, NK1.1 

was excluded from the multiplex panel, and NK1.1⁺ cells were analysed 

independently on adjacent sections by IHC alone, precluding assessment 

as to whether they exhibited a tissue-associated (CD103⁺) phenotype. 
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Despite numerous rounds of optimisation, some non-specific NK1.1 

background staining was observed (especially, but not exclusively, in the 

islets of Langerhans, which are known to show marked artefactual positivity 

in IHC due to strong nonspecific IgG binding) (Baskin 2015). As a result, bona 

fide NK cells (NK1.1⁺) were identified by setting a very high threshold for 

positivity in the cell-identification software (HALO) and, among highly 

positive cells, further confirmed based on a combination of morphology and 

location (Figure 7.1A).  

 

NK cells were completely absent from the pancreas of control mice at 3 and 

6 months of age, and only appeared in negligible proportions in the pancreas 

of control mice at 9 months of age. In KC mice, on the other hand, NK cells 

could be detected starting at 6 months of age, and, at 9 months, were found 

at significantly higher proportions than in controls (Figure 7.1B). Apart from 

very rare exceptions, NK cells localised to the stroma between glands, 

rather than as intraepithelial lymphocytes. 
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Figure 7.1 – NK cells in the pancreas of ageing KC mice 
A. Representative NK1.1 IHC staining in control and KC mice at 3, 6, and 9 months of age. 
Black arrows indicate NK cells (NK1.1⁺).  
B. Counts of NK cells (NK1.1⁺) in control and KC mice at 3, 6, and 9 months. Statistical 
significance was assessed using a two-tailed Mann–Whitney U test.  
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7.3.2 – CD8⁺ T cells 

To determine whether only innate or adaptive lymphocytes, too, 

accumulate in the pancreas of KC mice during disease progression, the 

proportion of CD8⁺ T cells and B cells was analysed next. In control mice, 

bona fide CD8⁺ T cell (DAPI⁺CD8α⁺) counts remained modest (<100 

cells/cm²) throughout the observation period, and even appeared to show a 

slight decline over time (median in controls: 92.6 cells/cm² at 3 months, 

77.4 cells/cm² at 6, and 74.2 cells/cm² at 9). In contrast, KC mice displayed 

a marked and progressive increase in CD8⁺ T cell density in the pancreas, 

with values consistently and substantially higher than those observed in 

controls at all three timepoints (Figure 7.2). 
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Figure 7.2 – CD8⁺ T cells in the pancreas of ageing KC mice 

A. Representative CD8α immunofluorescence staining in control and KC mice at 3, 6, 
and 9 months of age. Blue: DAPI. Red: CD8α. White arrows indicate CD8⁺ T cells 
(DAPI⁺CD8α⁺).  
B. Counts of CD8⁺ T cells (DAPI⁺CD8α⁺) in control and KC mice at 3, 6, and 9 months. 
Statistical significance was assessed using a two-tailed Mann–Whitney U test. 
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7.3.3 – B cells 

The proportion of bona fide B cells (DAPI⁺CD19⁺) remained relatively stable 

over time in control mice (median between 140 and 240 cells/cm² across 

the three timepoints). In KC mice, instead, while B cell counts were 

comparable to controls at 3 months, their number increased markedly with 

disease progression, reaching levels approximately 5-fold higher than in 

controls at 9 months (Figure 7.3). 

 

 
Control KC

0

1000

2000

3000

4000

9 months

B
 c

e
ll

s
/c

m
2

✱

Control KC

0

100

200

300

3 months

B
 c

e
ll

s
/c

m
2

Control KC

0

500

1000

1500

6 months

B
 c

e
ll

/c
m

2

A
3 months 6 months 9 months

C
on

tr
ol

KC

B
3 months 6 months 9 months

DAPICD19



 
 

211 
 

Figure 7.3 – B cells in the pancreas of ageing KC mice 

A. Representative CD19 immunofluorescence staining in control and KC mice at 3, 6, and 
9 months of age. Blue: DAPI. Green: CD19. White arrows indicate B cells (DAPI⁺CD19⁺).  
B. Counts of B cells (DAPI⁺CD19⁺) in control and KC mice at 3, 6, and 9 months. 
Statistical significance was assessed using a two-tailed Mann–Whitney U test. 

 

7.3.4 – Type 1 conventional dendritic cells  

As CD8⁺ T cells showed both the most pronounced increase over time and 

the greatest difference compared with controls, it was hypothesised that 

they might be responding to tumour neoantigens arising before 

development of overt PDAC. Supporting this hypothesis, bona fide cDC1s 

(DAPI⁺CD11c⁺CD103⁺) were detected at very low proportions in control 

mice, with their numbers increasing markedly over time in KC mice (Figure 

7.4). 
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Figure 7.4 – cDC1s in the pancreas of ageing KC mice 

A. Representative CD11c/CD103 immunofluorescence staining in control and KC mice 
at 3, 6, and 9 months of age. Blue: DAPI. Cyan: CD11c. Yellow: CD103. White arrows 
indicate cDC1s (DAPI⁺CD11c⁺CD103⁺).  
B. Counts of cDC1s (DAPI⁺CD11c⁺CD103⁺) in control and KC mice at 3, 6, and 9 months. 
Statistical significance was assessed using a two-tailed Mann–Whitney U test. 
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7.3.5 – Overall immune infiltrate  

Having established that all immune cell subsets analysed increased in 

density with age (and thus with disease progression), a qualitative 

assessment was next performed to evaluate potential localisation patterns 

within the pancreas. Although not formally quantified, visual inspection 

revealed three recurring features: (I) immune cells, irrespective of subtype, 

predominantly occupied stromal-rich areas between glands; (II) clusters of 

immune cells were occasionally observed in proximity to large blood 

vessels; and (III) most notably, immune cells were frequently located near 

PanINs (Figure 7.5). 

`  

Figure 7.5 – Overall infiltration in the pancreas of ageing KC mice 
Based on visual inspection, immune cells predominantly localise within the stroma, close to 
PanINs or blood vessels in the pancreas of KC mice. Representative multiplex 
immunofluorescence staining in control and KC mice at 3, 6, and 9 months of age. Blue: 
DAPI. Red: CD8α. Green: CD19. Cyan: CD11c. Yellow: CD103. Magenta: E-cadherin. 
White arrows indicate PanINs. White dashed outline indicate stroma amidst glands.  
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7.4 

Discussion 

While the immune landscape of PDAC has been extensively characterised, 

very little is known about the immune context of PanINs and how it evolves 

during the transition from preinvasive lesions to overt adenocarcinoma. 

Most studies have focussed on the TME at the end stage, whereas early 

events shaping immune infiltration remain poorly defined. At the time the 

analyses presented in this chapter were performed, evidence existed for 

both humans and mice that immune infiltration in the pancreas begins at 

the PanIN stage (Hiraoka et al. 2006; Clark et al. 2007; McAllister et al. 2014; 

Liou et al. 2017). These previous reports described early infiltration of these 

lesions by Tregs and MDSCs accompanied by effector T cell exclusion. 

 

In line with these reports, the present data suggest that multiple immune 

populations (namely, NK cells, B cells, CD8⁺ T cells, and cDC1s) may 

accumulate progressively in the pancreas of KC mice as PanINs develop 

and expand. This would imply that immune recruitment accompanies, 

rather than follows, neoplastic transformation. Importantly, when assessed 

descriptively by inspection, immune cells appeared to localise to stromal-

rich regions and in proximity to PanINs or blood vessels, in agreement with 

previous reports (Clark et al. 2007; Kiemen et al. 2024), suggesting that the 

immune compartment may become spatially organised even before 

invasive disease emerges.  
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Unlike previous reports, CD8⁺ T cell counts were found to increase over 

time. In fact, amongst the populations analysed, CD8⁺ T cells displayed the 

most pronounced increase with disease progression. One possible 

explanation is that previous analyses compared immune infiltrates 

(including CD8⁺ T cells) between healthy tissue, PanINs, and PDAC within 

the same pancreas of KC mice, whereas the present study quantified 

immune cells across entire pancreatic sections from control and KC mice 

at different stages of development, providing a more global estimate. 

Moreover, a recent preprint reported that immune infiltration around PanINs 

is highly heterogeneous, featuring alternating immune “hot” and “cold” 

regions that can vary over tens of micrometres, which could also account 

for differences in observed cell densities (Kiemen et al. 2024).  

 

The co-occurrence of CD103⁺CD11c⁺ cells (here classified as type 1, cross-

presenting dendritic cells) and CD8⁺ T cells in KC pancreata could be weakly 

suggestive of early immune engagement at sites of neoplasia, although it 

does not necessarily imply productive antigen-specific priming or 

activation, and may very well represent coincidental, nonspecific 

accumulation. Further characterisation of T cell activation states and/or 

analysis of pancreatic-draining lymph nodes would be required to add 

clarity on this point.  

 

To the best of current knowledge, this is the first time NK cells are reported 

to increase in abundance over the course of PanIN progression. It must be 

acknowledged that, although great attention was devoted to correctly 
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identifying NK cells, the analysis of NK cell frequencies should nevertheless 

be interpreted with caution. Because of the very high background staining 

across the near totality of sections, the automated cell identification 

software was less reliable at discriminating bona fide NK cells from noise; 

therefore, NK1.1⁺ cells were identified manually by visually inspecting entire 

sections—a process that is highly investigator-dependent and potentially 

subject to bias. Analyses repeated using larger sample sizes, better sample 

quality, and improved staining technique would help provide more definitive 

insights. Based on the current data, NK cells were largely absent in wild-type 

pancreata and appeared only at later stages in KC mice, suggesting that 

innate lymphocyte recruitment may occur later than the recruitment of 

cytotoxic T cells. What exactly would promote NK cell recruitment in the 

pancreas of KC mice remains an open (and highly compelling) question. NK 

cell counts remained the least conspicuous across the examined immune 

populations, consistent with previous reports indicating that NK cells are 

often excluded from, or functionally impaired within, pancreatic neoplasias 

(Marcon et al. 2020).  

 

At 3 months, there was no statistically significant difference between the 

B cell content of pancreata from control and KC mice, consistent with 

previous reports describing comparable B cell frequencies between PanINs 

and healthy pancreas (Clark et al. 2007). Although data on B cell clustering 

were not formally quantified and therefore not shown in the Results section, 

B cells were occasionally found in small clusters, suggestive of very 

primordial tertiary lymphoid structure (TLS) formation, which has been 
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documented both in PDAC (Spear et al. 2019) and, more recently, even at 

pre-invasive stages (Lyman et al. 2025). In the present analysis, B cell 

density in KC mice increased at 6 and 9 months (and was greater than in 

controls). Although it could be intuitive to interpret this as an anti-tumour 

response, the functional significance of this increase is impossible to 

determine with these data alone, and B cells may in fact be bystanders, 

participating in non-specific inflammatory responses, as discussed for 

CD8⁺ T cells above. Interestingly, while some reports linked B cells and TLS 

to improved immune surveillance in PDAC (Kinker et al. 2023), others have 

shown that B cells can themselves promote pancreatic tumourigenesis 

(Pylayeva-Gupta et al. 2012). 

 

Overall, these data suggest that the immune microenvironment of the 

pancreas in the KC mouse model evolves dynamically during PanIN 

development, featuring a progressive enrichment of both innate and 

adaptive populations and a defined spatial distribution surrounding 

stromal-rich and perivascular regions. Although this infiltration could 

indicate early immune responses to neoplastic cells, the ultimate failure to 

prevent tumour progression implies that such responses are either 

insufficient or rapidly suppressed by the prominent immunosuppressive 

TME. Further characterisation of all immune cell phenotypes and functions 

and a more precise assessment of the relationship between cell types and 

evolving PanIN stages will be critical to understanding how early immune 

surveillance is subverted during pancreatic tumourigenesis. 
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Chapter 8 

 

General discussion and future directions 

 

The overarching goal of the work presented in this thesis was the 

development of novel immunotherapeutic strategies for PDAC, as this 

remains a major unmet clinical need. Despite decades of research, PDAC 

still carries an extremely poor prognosis. Current first-line therapies are still 

long-standing regimens, such as gemcitabine (first introduced in 1997) 

(Burris et al. 1997) or FOLFIRINOX (introduced in 2011) (Conroy et al. 2011), 

and have only marginally improved survival, highlighting the urgent need for 

innovative approaches. 

 

Recent evidence has shown that, even in the context of PDAC’s low inherent 

immunogenicity, it is possible to harness the immune system (and, 

specifically, CD8⁺ T cell responses) to achieve durable anti-tumour 

responses (Sethna et al. 2025). This suggests that a paradigm shift towards 

immunotherapy-based treatments may be feasible, possibly in 

combination with conventional cytotoxic regimens that remain the current 

standard of care. 

 

Given the lack of alternative platforms that faithfully recapitulate the 

complex interplay between tumour development and anti-tumour 

immunity, in vivo mouse models continue to represent an indispensable 

tool in immuno-oncology research, including for PDAC. For this reason, in 

Chapter 3, a multiparametric flow cytometry panel was designed for the 
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comprehensive analysis of immune alterations occurring both in pancreatic 

tumours and in systemic compartments. The rationale was that the design 

of novel therapies requires a deep understanding of the immune landscape 

of pancreatic cancer, both in baseline conditions and under therapeutic 

perturbations. While this panel filled some important gaps, for the sake of 

transparency, it should be acknowledged that another, more extensive flow 

cytometry panel has been made publicly available around the same time, 

with a similar aim of investigating anti-tumour responses both locally and 

systemically in mouse models of cancer (Kare et al. 2023). The two can be 

regarded as complementary tools: the panel by Kare et al. may be employed 

when detailed subset-level information across all or nearly all immune 

populations is required, whereas the smaller panel presented in Chapter 3 

is more suitable when a cytometre with fewer detection channels is 

available, or when flexibility is needed to add additional fluorochromes to 

investigate additional parameters beyond the core set. 

 

In Chapter 4, one such panel adaptation was employed to characterise an 

NK cell subset identified in a preclinical study combining the CCR5 inhibitor 

Maraviroc, an anti–PD-1 antibody, and radiotherapy. These NK cells 

expressed canonical markers of tissue residency yet were also detectable 

in circulation (and in one mouse, at high frequency). This is in stark contrast 

to the initial descriptions of tissue-resident cells as non-recirculating in 

parabiosis experiments (Peng et al. 2013), and highlights how, phenotypic 

analyses (e.g., flow cytometry) and cell behaviour assessments (e.g., 

parabiosis experiments) should be used as complementary, rather than 

alternative, approaches to demonstrate tissue residency. Integrating 

mouse and human data led to the hypothesis that this NK subset may act as 
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an immunoregulatory population, indirectly supporting anti-tumour 

immunity by enhancing antigen-specific T cell responses rather than 

through direct cytotoxicity. Although definitive validation of this model 

through large-scale preclinical studies is still required, the finding that a 

tissue-resident NK cell signature in human PDAC correlates with improved 

survival suggests that immunotherapeutic strategies that promote 

responses by NK cells (and not necessarily CD8⁺ T cells only), may represent 

a promising avenue for future research. 

 

In Chapter 5, a different combination therapy was investigated, comprising 

the FAK inhibitor Defactinib, aimed at modulating the dense PDAC stroma, 

and an anti–TIGIT antibody, expected to unleash both T and NK cell activity. 

In light of the limited sample size, no conclusive evidence on therapeutic 

efficacy could be drawn, but the data indicated improved tumour control 

and survival trends, as well as enhanced immune cell infiltration. In line with 

previous reports,  Defactinib alone sufficed to enhance immune cell influx 

into tumours. Rather surprisingly, however, the addition of TIGIT blockade 

further increased overall immune infiltration and density, despite a low 

baseline expression of TIGIT among T and NK cells, and despite activation, 

proliferation, and effector function markers being largely comparable 

between treatments. As already discussed above, TIGIT blockade may have 

acted in more subtle, circuitous ways, likely skewing survival, retention, and 

potentially even recruitment of various immune cell subsets into tumours. 

 

In Chapter 6, an alternative strategy was explored to increase the density of 

tissue-resident–like NK cells within tumours. A protocol for in vitro 

stimulation and polarisation was developed to generate NK cells that 
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retained cytotoxic potential while acquiring tissue localisation markers, 

thus aiming to avoid the inhibitory phenotype typically induced by TGF-β in 

the tumour microenvironment (Lee et al. 2004; Viel et al. 2016; Zhao et al. 

2019). The rationale for this line of work was that NK cells capable of 

localising to the tumour while maintaining cytotoxic function could be 

particularly valuable in pancreatic cancer immunotherapy, given the very 

low neoantigen load and the resultant limited and often ineffective T cell 

infiltration observed in PDAC. The protocol successfully generated cytotoxic 

NK cells co-expressing CD103 and CD49a. Upon in vivo transfer, these cells 

were found at epithelial sites, and notably within the pancreas of a mouse 

with chemically induced chronic pancreatitis—the most common 

predisposing condition for PDAC. Although these observations are based on 

a single mouse, and therefore provide extremely limited (if any) evidence, 

they raise the question of whether adoptive transfer of cytotoxic NK cells 

with tissue-resident traits might be considered in pre-invasive or early 

cancer settings, an approach that remains highly speculative and requires 

rigorous validation. Autologous NK cell adoptive transfer after in vitro 

expansion and stimulation has shown therapeutic potential in 

haematological malignancies (Torelli et al. 2022), but application to solid 

tumours in an advanced disease setting have proven no clinical benefit 

(Sakamoto et al. 2015).  

 

Finally, in Chapter 7, following this conceptual shift from overt disease to 

pre-invasive stages, the role of NK and other immune populations was 

investigated in the early phases of pancreatic tumourigenesis using a 

genetically engineered mouse model. Both innate and adaptive 

lymphocytes were found to progressively accumulate in the pancreas of KC, 
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but not control, mice as disease developed. Although preliminary, these 

findings highlight the potential for immune surveillance even at pre-invasive 

stages, suggesting that immunotherapeutic interventions might also be 

effective before full tumour establishment. 

 

Overall, while still acknowledging the many limitations of the studies 

presented in this thesis, the data presented here provide hypothesis-

generating evidence supporting two important conceptual shifts for 

pancreatic cancer immunotherapy: (I) a shift from leveraging exclusively on 

CD8⁺ T cells to potentially exploiting innate lymphocytes such as NK cells; 

and (II) a shift from targeting exclusively advanced disease to emphasising 

the importance of preventative, early-stage interventions. Future work 

aimed at translating these strategies into clinically applicable protocols, 

particularly in pre-invasive or high-risk individuals, may offer a novel avenue 

to improve outcomes in a malignancy whose outlook remains dismal. 
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Supplementary Figure 9.1 – Reagent titration 
All reagents used in the definitive panel are shown in alphanumerical order. Titrations 
were performed on live singlets after splenocytes from wild type C57BL/6J mice were Fc-
blocked, fixed, and permeabilised, unless stated otherwise.  
A. Concatenated dot plots for the visual assessment of the positive and negative 
populations at different concentrations are shown for each reagent. Y axis: fluorescence 
intensity; X axis: nanograms of reagents used to stain 106 cells in 100 μL of staining buffer; 
yellow highlight: selected concentration.  
B. For each reagent, the stain index for each tested concentration is shown, alongside 
the relative stain index (i.e., the ratio of stain index to maximal stain index, expressed as 
a percentage). When a different concentration was chosen to the one resulting in the 
highest stain index, the reason is clarified. Selected dilution is highlighted in yellow. Blue 
colour scale corresponds to stain index values (lighter: lower; darker: higher). Red-to-
green colour scale corresponds to relative stain index values (red: lower; green: higher). 
*Titration performed on live, Fc-blocked, fixed and permeabilised liver low-density cell 
fraction from wild type C57BL/6J mice  
˟Titration performed on live, Fc-blocked, fixed and permeabilised splenocytes from wild 
type C57BL/6J mice, after pre-gating on CD11b+ cells.  
ˆTitration performed on live, Fc-blocked, fixed and permeabilised splenocytes from wild 
type C57BL/6J mice, after pre-gating on I-A/I-E+ cells. 
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Supplementary Figure 9.2 – CD103 and CD49a expression on T cells 
A. Dot plots from one representative treated mouse outlining the gating strategy used to 
define the four subsets of T cells (CD3⁺NK1.1⁻) in the four examined districts. 
B. Percentage of tumour, liver, spleen, and circulating CD103⁺ T cells (as a fraction of 
total T cells). Median and range shown. 
C. Percentage of tumour, liver, spleen, and circulating CD103⁺CD49a⁺ T cells (as a 
fraction of total T cells). Median and range shown. 
D. Percentage of tumour, liver, spleen, and circulating CD103⁻CD49a⁻ T cells (as a 
fraction of total T cells). Median and range shown. 
E. Percentage of tumour, liver, spleen, and circulating CD49a⁺ T cells (as a fraction of 
total T cells). Median and range shown. 
F. Composition of the T cell gate, based on median expression of CD103 and CD49a in 
control (upper row) or treated animals (lower row). 
All comparisons for groups with n > 3 were performed using a two-tailed Mann–Whitney 
test; *p<0.05. 
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Supplementary Figure 9.3 – CD103 and CD49a expression on T cells relative to the 
overall immune cell infiltrate 
A. Percentage of tumour, liver, spleen, and circulating CD103⁺ T cells (as a fraction of 
CD45⁺ cells). Median and range shown. 
B. Percentage of tumour, liver, spleen, and circulating CD103⁺CD49a⁺ T cells (as a 
fraction of CD45⁺ cells). Median and range shown. 
C. Percentage of tumour, liver, spleen, and circulating CD103⁻CD49a⁻ T cells (as a 
fraction of CD45⁺ cells). Median and range shown. 
D. Percentage of tumour, liver, spleen, and circulating CD49a⁺ T cells (as a fraction of 
CD45⁺ cells). Median and range shown. 
E. Composition of the CD45⁺ gate, based on median expression of CD103 and CD49a on 
T cells, in control (upper row) or treated animals (lower row). 
All comparisons (n > 3) were performed using a two-tailed Mann–Whitney test; *p<0.05. 
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Supplementary Figure 9.4 – Relative abundance of major tumour leukocyte 
populations 
A. Left: percentage of CD8⁺ T cells (top) and PMN-MDSCs (bottom) in the TME. Right: 
representative dot plots showing the percentage of CD8⁺ T cells and PMN-MDSCs within 
total CD45⁺ cells. 
B. Relative abundance of each immune cell population in the tumour of mice in the 
control, FAKi, and FAKi + aTIGIT groups of the immune profiling cohort (n = 3 per group). 
Median and range shown. 
C. Relative abundance of each immune cell population in (B), grouped by treatment for 
ease of comparison. Median and range shown. 
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Supplementary Figure 9.5 – Relative abundance of major blood leukocyte 
populations 
A. Left: percentage of CD103⁺ cDCs in the blood. Right: representative dot plots showing 
the percentage of CD103⁺ cDCs within total blood cDCs. 
B. Left: representative dot plots showing the percentage of circulating NK cells 
expressing CD103 and/or CD49a. Right: Composition of the NK cell gate, based on 
median expression of CD103 and CD49a. 
C. Relative abundance of each immune cell population in the blood of mice in the 
control, FAKi, and FAKi + aTIGIT groups of the immune profiling cohort (n = 3 per group). 
Median and range shown. 
D. Relative abundance of each immune cell population in (C), grouped by treatment for 
ease of comparison. Median and range shown. 
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Supplementary Figure 9.6 – Threshold definition for gates in Chapter 5 
A. Representative dot plots of tumour NK and CD8⁺ T cells, and splenocytes from 
tumour-bearing mice cultured for 18 hours with IL-15 10 ng/mL. Splenocytes were 
stained with all dyes in the panel (Full stain) or all dyes except the one for which a 
threshold needed outlining (FMO controls). For splenocytes, pre-gating on NK1.1⁺ or 
CD3⁺ cells using a Boolean “OR” gate was applied to display only T and NK cells. 
B. For other markers in the panel (e.g., KLRG-1), FMO controls were not needed, as 
separation became apparent with side-by-side comparisons of different subsets of 
marker-expressing cells (e.g., NK cells, CD8 and CD4⁺ T cells, and Tregs). 
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Supplementary Figure 9.7 – Generating CD103⁺CD49a⁺ NK cells from PBMCs in vitro: 
factors influencing phenotype and cytotoxicity and in vivo monitoring 
A. Representative dot plots showing NK cells from one donor (n = 1) cultured in an 
uncoated (left) or collagen-coated (right) plate during the 28-day stimulation protocol. 
B. Representative dot plots of the NK cell (CD56⁺CD3⁻) fraction from one donor at 
baseline (Day 0) and after expansion and stimulation (Day 28). NK cell fractions from two 
additional donors with suboptimal yield are shown on the right for comparison. 
C. Correlation between the NK cell (CD56⁺CD3⁻) fraction and the percentage of dead 
target cells in the in vitro cytotoxicity assay against three solid cancer cell lines. Data 
from all donors (n = 3) and all tested E:T ratios were pooled for the IL-15 + IL-21 (indigo) 
and IL-15 + IL-21 + TGF-β (pale blue) conditions. 
D. HLA-ABC expression in the three solid cancer cell lines compared with the leukaemia 
cell line K562 (n = 1 per cell line). 
E. TGF-β–exposed NK cells stimulated as per protocol were labelled with a fluorescent 
cell tracking dye compatible with IVIS in vivo (n = 1) prior to injection into R2G2 mice. 
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