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Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a 1-year 

survival rate of 5.6% and a 10-year survival rate of <1%. In Scotland, 3 in 5 

people with pancreatic cancer are diagnosed at late-stage metastatic disease, 

and surgical resection remains the only effective cure for patients with non-

metastatic disease. Given late-stage diagnosis and low rates of surgical 

resection, understanding the mechanisms of metastatic disease is of the utmost 

importance. In breast cancer, IL-17A+ gamma delta (γδ) T cells are potently pro-

metastatic and drive myeloid cell expansion which impairs anti-metastatic CD8+ 

T cells. In PDAC, IL-17A has been implicated in early-stage PDAC progression, 

and γδ T cells have been shown to be abundant in human PDAC. Therefore, I 

sought to understand the role of γδ T cells in PDAC metastasis, and if they can 

promote metastasis in a similar manner as seen in breast cancer. 

Using spontaneous KrasG12D;Trp53R172H;Pdx1-Cre (KPC) mice, I have phenotyped 

γδ T cells in mouse PDAC and assessed their role in PDAC tumourigenesis and 

metastasis. In short, IL-17A+ γδ T cells are significantly infiltrated into PDAC 

tumours, and Vγ6+ γδ T cells (considered IL-17A-producers) are expanded in KPC 

spleen. Crucially, the absence of γδ T cells in KPC mice leads to a two-fold 

reduction in the incidence of spontaneous liver metastasis. Contrasting with 

breast cancer, γδ T cells do not mediate crosstalk with neutrophils by systemic 

cytokine production, but instead communicate locally with tumour-associated 

macrophages within the PDAC TME. Furthermore, γδ T cells promote the 

expansion of the embryonic-derived (tissue-resident) macrophage compartment, 

which have greater pro-tumour function than monocyte-derived macrophages.  

These results reveal that tumour-infiltrated γδ T cells in PDAC display a pro-

tumour phenotype, and that γδ T cells are indispensable for metastatic 

dissemination. They also reveal a novel phenotype where γδ T cells mediate 

crosstalk with macrophages specifically within the primary PDAC tumour. Further 

work is required to understand the mechanism of this crosstalk, but these 

findings may have important implications for the identification of future targets 

of anti-metastatic therapies. 
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Chapter 1 Introduction. 

1.1 Development of PDAC. 

1.1.1  Overview of PDAC. 

Pancreatic cancer is an umbrella term that describes endocrine and exocrine 

malignancies. Endocrine malignancies, defined as pancreatic neuroendocrine 

tumours (PNETs), develop following transformation and aberrant growth of 

hormone-producing islet cells, and account for less than 5% of overall pancreatic 

cancer cases. The commonest pathology is pancreatic ductal adenocarcinoma 

(PDAC), an exocrine malignancy that accounts for nearly 90% of all pancreatic 

cancer cases. (Rawla et al., 2019) Currently in Scotland, patients diagnosed with 

PDAC have a survival rate of just 5.6%, and a 10-year survival rate <1%. PDAC 

commonly develops asymptomatically, with clinical symptoms presenting often 

only when a patient has progressed to metastatic disease — in Scotland, 3 in 5 

people are diagnosed with late-stage disease. These dismal survival rates have 

barely changed since the 1970s and are even more concerning when one 

considers PDAC incidence rates — increased by 17% between 1993-2017 in the 

UK, and projected to increase by 6% between 2014-2035. (Smittenaar et al., 

2016)  This trend is not UK-restricted, as data from the US predicts that PDAC 

will become the second leading cause of cancer related mortality within the 

next decade. (Rahib et al., 2014) The deadly combination of low and static 

survival rates, the projected increases in incidence and mortality, and the 

prevalence of metastatic disease reinforces that PDAC is a cancer of severe 

unmet clinical need. Considering that surgical resection remains the only 

effective cure for PDAC, a greater understanding of PDAC biology is fundamental 

to improve early disease detection and develop anti-tumour therapies, with the 

aim of improving patient survival. 

1.1.2  Disease Classification. 

Precision medicine aims to improve patient survival by subtyping tumours based 

on distinct molecular signatures, which enables patient therapy stratification. 

Different cancer types are driven through a heterogenous mix of driver 

mutations, numerous subverted cellular programs, and the acquisition of 

additional mutations with disease progression, all of which contribute to disease 
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classification. Numerous in-depth studies have confirmed that the initiating 

mutation of oncogenic KRAS (>90%) along with TP53 (64%), SMAD4 (21%) and 

CDKN2A (17%) are the four major genetic changes observed in human PDAC, and 

drive progression from precursor lesions to invasive carcinoma. (Orth et al., 

2019, Biankin et al., 2012, Waters and Der, 2018) Despite the consensus 

surrounding PDAC driver mutations, a commonality in the classification of PDAC 

subtypes is lacking. The principle of PDAC molecular subtyping is to establish 

distinct classifications through the identification of molecular signatures and 

biological processes unique to each subset. Given that PDAC is driven by 

numerous oncogenes, somatic mutations and epigenetic changes, the mutational 

signatures of individual PDAC tumours are diverse. In lieu of such diversity, 

several studies have classified PDAC subtypes through various approaches, 

including global gene expression analysis, non-negative matrix factorisation 

(NMF) and whole genome/deep exome sequencing.(Collisson et al., 2011, Moffitt 

et al., 2015, Bailey et al., 2016)  

Firstly, Collinsson et al. utilised global gene expression analysis to define three 

subtypes: Classical, Quasimesenchymal and Exocrine-like.(Collisson et al., 2011) 

“Classical” subtypes had high expression of adhesion and epithelial-associated 

genes, higher GATA6 and KRAS expression and longer post-resection 

survival.(Collisson et al., 2011) Comparatively, “Quasimesenchymal” subtypes 

had higher expression of mesenchyme-associated genes, poorer post-resection 

survival and reduced GATA6 and KRAS expression.(Collisson et al., 2011) 

“Classical” and “Quasimesenchymal” cell lines also had greater sensitivity to 

erlotinib and gemcitabine treatment, respectively. The “Exocrine-like” subtype 

was less well-defined, simply identified as having elevated expression of tumour-

associated digestive enzyme genes.(Collisson et al., 2011) One caveat of this 

classification is the failure to separate tumour-derived signatures from stromal 

signatures in Exocrine-like subtypes.(Moffitt et al., 2015) Given that PDAC is 

dominated by a dense desmoplastic stroma, more recent subtyping focussed on 

distinguishing between the expression profiles of normal, PDAC and stromal 

tissues.(Moffitt et al., 2015) Using virtual micro-dissection with NMF, four 

distinct tumour- (Basal and Classical) and stroma-specific (Normal and 

Activated) subtypes were defined; tumour subsets are distinct from stromal 

subsets as the overexpression of stromal specific signatures was restricted to 
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CAFs and not tumour cells.(Moffitt et al., 2015) “Normal stroma” was associated 

with post-resection survival of 24 months, and increased expression of 

pancreatic stellate cell (PSC) markers; and “Activated stroma” had upregulated 

macrophage genes (ITCAM and CCL13/18), increased expression of MMP9 and FAP 

(fibroblast activation protein) and lower survival (15 months) compared to 

“Normal stroma”.(Moffitt et al., 2015) “Classical tumour” subtypes exhibited 

increased survival (19 months) when compared to “Basal tumour” subtypes (11 

months), and the majority of metastatic samples were classified as “Basal 

tumour” subtypes.(Moffitt et al., 2015) However, more recently the application 

of whole-genome and deep-exome sequencing has further characterised PDAC 

into four distinct groups – Squamous, Pancreatic Progenitor, Aberrantly 

Differentiated Endocrine Exocrine (ADEX) and Immunogenic.(Bailey et al., 2016) 

“Squamous” tumours have poor prognosis and are characterised by increased p53 

mutations, which confers more aggressive metastatic disease; expression of 

TP63DN which regulates epithelial cell plasticity and EMT; and increased 

protumour TGF-b and Wnt signalling.(Bailey et al., 2016, Morton et al., 2010) 

The “Pancreatic Progenitor” subtype is defined by transcription factors that 

determine pancreatic lineage. This includes PDX1, as all ductal, endocrine and 

exocrine cells derive from PDX1+ progenitors, and hepatocyte nuclear factor 

(HNF) transcription factors that define terminally differentiated pancreatic b 

cells.(Bailey et al., 2016) “ADEX” subtypes are a subclass of “Pancreatic 

Progenitors” as the expression profile identifies terminally differentiated 

pancreatic cells.(Bailey et al., 2016) “ADEX” tumours also exhibit both endocrine 

and exocrine lineages, whereas non-transformed pancreas expresses endocrine 

or exocrine.(Bailey et al., 2016) Finally, “Immunogenic” tumours are 

characterised by immune infiltrates — particularly pathways associated with B 

cell signalling, antigen presentation, CD4+/CD8+ T cells and TLR signalling.(Bailey 

et al., 2016)  

To summarise, classification of PDAC subtypes based on global RNA expression 

profiles reveals distinct subtypes, but the inclusion of stromal expression 

signatures provides greater clarity on the molecular composition of PDAC 

subtypes. The above classifications all identify subsets with poorer prognosis and 

show that inter-patient molecular heterogeneity is associated with differential 

therapy responses. Therefore, using subtype classification as part of a precision 
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medicine approach can help stratify patients to more tailored therapeutic 

regimens, but may also identify suitable candidates for clinical trial enrolment. 

However, there is a lack of consensus surrounding PDAC subtyping, owing to the 

degree of overlap between classifications — particularly between Bailey and 

Collisson subtypes.(Bailey et al., 2016) Thus, whilst the application of molecular 

subtyping has the potential for clear patient benefit, the clinical application is 

lacking due to the absence of consensus.  

1.1.3  Kras mutations. 

 The three RAS genes (HRAS, NRAS and KRAS) share homologous sequences 

and function, and are one of the most frequently mutated genes in cancer — 

occurring in roughly 27% of cancers.(Waters and Der, 2018) Of these, Kras is the 

predominant form and is particularly dominant in PDAC with roughly 92% of PDAC 

cases exhibiting Kras mutations.(Witkiewicz et al., 2015) In PDAC, the most 

frequent mutations occur at residue G12 (89%), which is a substitution point 

mutation from glycine (G), then to aspartate (D, 41%), valine (V, 34%) and 

arginine (R, 16%).(Witkiewicz et al., 2015) Homeostatic Ras protein is normally 

inactive and bound to GDP, but the activation of receptor tyrosine kinase leads 

to short-lived interactions between Ras-GTP which then subsequently drives a 

variety of intracellular signalling cascades.(Waters and Der, 2018) The point 

mutations described above results in permanent interactions between Kras-GTP, 

which causes constitutive overexpression of cellular pathways that drive 

proliferation. Given its near-universal expression within PDAC, including within 

early precursor lesions, Kras mutations are considered to be the initiating event 

of PDAC tumourigenesis.(Morris et al., 2010) However, despite the strong 

association of Kras with developed PDAC, evidence suggests ductal epithelial 

cells are refractory to oncogenic Kras alone, and that additional mutations 

including inflammatory stimuli are required to drive neoplastic lesion formation 

and subsequent PDAC development.(Ferreira et al., 2017, Brembeck et al., 2003, 

Kopp et al., 2012) 

1.1.4  P53 mutations. 

Mutations to tumour suppressor p53 are fundamental in enabling cancer cell 

proliferation, survival and metastatic spread; and with mutations occurring in 
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>50% of all human cancers, it is considered to be the most commonly mutated 

gene.(Perri et al., 2016) To summarise its broad function, p53 prevents the 

proliferation of damaged, stressed and transformed cells by directing repair 

mechanisms or apoptotic cell clearance.(Olovnikov et al., 2009) In PDAC, p53 

mutations are found in roughly 50-75% of cases, where missense gain-of-function 

mutations dominate and drive PDAC progression through the subversion of 

senescence.(Morton et al., 2010) Using in vivo modelling, it was found that KC 

mice (Pdx1-Cre-GFP; LSL-KrasG12D/+) readily develop premalignant PanIN lesions 

by 2 months, but do not progress to advanced PDAC. However, KPC mice (Pdx1-

Cre-GFP; LSL-KrasG12D;LSL-Trp53R172H/+) expressing a mutant copy of p53 rapidly 

progressed to PDAC — showing that mutant p53R172H drives tumourigenesis. 

(Morton et al., 2010) Whilst both KC and KPC mice express comparable levels of 

senescence-associated b-galactosidase and p21 in PanIN precursors, PDAC 

tumours from KPC mice had no observable b-galactosidase, low expression of 

p21 but high levels of p53 expression. This indicates that accumulated p53R172H 

mutations fail to activate p21, which subverts senescence mechanisms that 

would normally restrain PDAC progression.(Morton et al., 2010) Finally, it was 

found that KPC mice had increased metastatic incidence when compared to p53 

null LSL-Trp53loxP/+ (KPflC) mice — 65% and 0%, respectively.(Morton et al., 2010) 

Therefore, gain-of-function mutant p53 facilitates PDAC progression through 

subversion of senescence, and increases the metastatic potential of PDAC.  

Further studies have tried to elucidate the mechanisms of mutant p53-driven 

metastasis, with one notable example utilising RNA sequencing to 

transcriptionally profile KPC cells lines and identify downstream mediators of 

mutant P53.(Weissmueller et al., 2014) Following small hairpin RNA (shRNA) 

depletion of mutant p53 from KPC cells lines, differential gene expression 

analysis (DEGA) highlighted platelet-derived growth factor receptor b (PDGFRb), 

which regulates proliferation, survival and migration. WT p53 normally interacts 

with p63/73, which would repress PDGFRb. p73 overexpression in KPflC cell lines 

impairs PDGFRb activity through the formation of a complex with NF-Y, and 

mutant p53R172H interrupts the p73/NF-Y complex and abrogates repression of 

PDGFRb.(Weissmueller et al., 2014) Modulation of PDGFRb expression in KPC cell 

lines through shRNA significantly reduces metastatic colonisation, indicating that 

mutant p53 can modulate metastasis by impairing p73/NF-Y localisation, which 
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increases PDGFRb expression and PDAC cell invasiveness.(Weissmueller et al., 

2014) Thus, the acquisition of mutant p53, in addition to oncogenic Kras, is a 

fundamental driver of PDAC tumour progression and also underpins metastatic 

disease.  

1.1.5  Precursor Lesions. 

There has previously been conjecture within the literature as to the exact 

cellular origins of PDAC, but the name pancreatic ductal adenocarcinoma 

suggests it arises from ductal epithelial cells. This was postulated due to tumour 

architecture exhibiting morphological similarities to ducts, and the observation 

that pancreatic ductal hyperplasia, now referred to as neoplastic lesions, was 

found with increased incidence in patients with pancreatic cancer.(Hruban et 

al., 2000) These lesions can be separated into 3 categories: pancreatic 

intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm 

(IPMN) and mucinous cystic neoplasm (MCN), however, the focus here is on 

PanINs.(Hruban, 2008)  

PanIN lesions are the most well-known PDAC precursor lesion, and the 

development of PDAC through PanINs is a stepwise process characterised by the 

accumulation of genetic mutations through each developmental stage (Figure 

1-1). PanINs develop asymptomatically within the ductal epithelium and can be 

classed as low-grade (PanIN-1A/1B), intermediate grade (PanIN-2) and high-

grade (PanIN-3).(Hruban, 2008, Distler et al., 2014) Despite the abnormal 

morphological changes, PanIN lesions do not breach the basement membrane 

and are considered non-invasive precursors.(Hruban, 2008, Distler et al., 2014) 

PanIN1A lesions maintain a columnar morphology, but exhibit cellular 

elongation, cytoplasmic expansion, and a papillary growth pattern (finger-like 

projections). PanIN-1B lesions can be identified by the presence of invaginations. 

Genetic mutations associated with PanIN-1 lesions include the activation of 

oncogenic Kras, followed by inactivation of p16/CDKN2A — these initiate lesion 

formation and facilitates progression to PanIN-2, respectively.(Hruban, 2008, 

Distler et al., 2014) PanIN-2 lesions are characterised by invaginations and 

nuclear changes such as a loss of basal polarity and nuclear crowding due to p16 

inactivation. Finally, PanIN-3 lesions are characterised by severe nuclear atypia, 

identifiable mitosis, luminal budding and the loss of p53 and Smad4 tumour 
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suppressor genes.(Hruban, 2008, Distler et al., 2014) PanIN-3 lesions are the 

penultimate step prior to invasive carcinoma (PDAC), and have previously been 

described as carcinoma in situ. 
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Figure 1-1 PDAC develops sequentially through precursor PanIN lesions. 
Invasive PDAC develops through precursor PanIN lesions following transformation of pancreatic 
acinar cells through ADM. PanIN lesions are characterised by distinct morphological changes that 
are driven by the accumulation of genetic mutations in a stepwise manner – initially oncogenic 
Kras, followed by CDKN2A, p53 and SMAD4. Taken from Orth et al., 2019. 

1.1.6  Cellular Origin of PDAC 

Pancreatic tissue consists of 3 main components — acinar, ductal and islet cells. 

Acinar and ductal cells combine to form the exocrine compartment (85%) and 

islet cells form the endocrine compartment (15%) and produce insulin and 

glucagon.(Pandol, 2010) As the histological features of PDAC closely resemble 

ductal architecture, a ductal origin was initially proposed. Early genetically 

engineered mouse models (GEMMs) of pancreatic cancer, such as the Pdx1-Cre; 

LSL-KrasG12D (KC) mouse, were developed following the identification of 

transcription factors that direct pancreatic progenitor cell fate — expression of 

both Pdx1 (E8/8.5) and p48/Ptf1 (E9/9.5) induces development of mature 

pancreatic cells.(Jørgensen et al., 2007) The pancreas-specific expression of 

KrasG12D through Pdx1-Cre recombination led to precursor lesions that 

recapitulated PanINs seen in human disease, however, only 2/29 mice 

subsequently developed invasive and metastatic PDAC.(Hingorani et al., 2003) 

Despite the early (E8-9.5) expression of Pdx1-Cre in all pancreatic progenitor 

cells, the KC mouse alone is not sufficient to determine the cellular origin of 

PDAC, and subsequent models have been developed to address this shortcoming. 
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1.1.7  Ductal Origin of PDAC  

Whilst oncogenic Kras mutation is fundamental for PDAC initiation, there is 

evidence that ductal cells are refractory to KrasG12D alone, and that additional 

mutations are required for ductal cell progression to PDAC. Conditional 

expression of Kras through the cytokeratin-19 (Ck-19) promoter resulted in 

KrasG12D expression specifically within ductal epithelial cells.(Brembeck et al., 

2003) However, following duct-specific KrasG12D recombination there was 

increased NK cell-mediated lysis of transformed cells and upregulation of N-

cadherin in response to stress-associated morphogenesis — N-cadherin maintains 

cellular interactions and prevents ductal transformation to PanIN 

lesions.(Brembeck et al., 2003) Additionally, although KC mice exhibited PanINs 

similar to human disease, invasive carcinoma rarely develops and often there is 

no detectable carcinoma at 30 weeks, indicating ductal cells are refractory to 

KrasG12D mutations alone.(Hingorani et al., 2003, Aguirre et al., 2003) However, 

PanIN progression is characterised by the sequential acquisition of somatic 

mutations following KrasG12D mutation. The combination of KrasG12D with p16 

mutations (Pdx1-Cre; KrasG12D; Ink4a/Arfflo/lox) resulted in highly invasive 

tumours between 7-11 weeks; and combining KrasG12D with Smad4 mutation 

(Pdx1-Cre; KrasG12D; Smad4lox/lox) significantly increased the grade and size of 

PanIN lesions, increased tumour development and significantly reduced 

survival.(Aguirre et al., 2003, Bardeesy et al., 2006) In KPC mice (Pdx1-Cre; LSL-

KrasG12D;LSL-Trp53R172H) the addition of mutant p53R172H enables cells with 

oncogenic KrasG12D to overcome senescence mechanisms, and confers increased 

metastatic potential.(Morton et al., 2010) This cumulative evidence shows whilst 

ductal cells are indeed refractory to oncogenic KrasG12D alone, the accumulation 

of p16, Smad4 and p53R172H mutations enhances the formation of PanIN lesions, 

and promotes the development of invasive carcinoma from ductal cells. 

1.1.8  Acinar Origin of PDAC 

Despite the evidence that ductal cells can develop into PanIN lesions following 

KrasG12D initiation and additional mutations, there is strong evidence that acinar 

cells are more responsive to KrasG12D mutation. To address this, GEMMs with 

KrasG12D combined with deletion of tumour suppressor Fbw7 (Fbw7+/+) were 

conditionally expressed in either ductal or acinar cells using the cytokeratin-19 
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(CK-19-CreER) or elastase promoters (Ela1-CreERT2), respectively.(Ferreira et al., 

2017) In Ela1-CreERT2; KrasG12D; Fbw7+/+ (KFE) mice, it was found that they 

had a significantly higher number of PanIN lesions when compared to Ck19-CreER; 

KrasG12D; Fbw7+/+ (KFCk) mice. Furthermore, whilst KFCk mice were able to 

develop PDAC, they had no detectable PanIN lesions. PDAC was instead preceded 

by ductal cell expansion, loss of cellular polarity and cellular tufting. In 

comparison, KFE mice exhibited overt PanIN lesion development — suggesting 

that whilst acinar and ductal compartments are both capable of developing into 

PDAC, only acinar-specific KrasG12D mutation leads to PanIN precursor 

lesions.(Ferreira et al., 2017) A summary of acinar- and duct-derived PDAC 

development is shown in Figure 1-2. 

Additional evidence from Kopp et al. supports an acinar PDAC origin.(Kopp et 

al., 2012) Using Sox9-CreER; KrasG12D; R26RYFP mice, KrasG12D was recombined in 

ductal cells and tagged with a YFP promoter for lineage-tracing — Pft1a-CreER; 

KrasG12D;R26RYFP mice were also used for acinar compartment tracing.(Kopp et 

al., 2012) It was found that Sox9-CreER mice had largely normal histology and 

rarely developed into PanINs. Conversely, Ptf1a-CreER mice displayed 

considerable PanIN lesion development, 112-fold higher frequency than that of 

Sox9-CreER mice.(Kopp et al., 2012) The acinar origin was further investigated in 

two models of acinar-restricted tamoxifen-inducible GEMMs using the Elastase 

(KrasG12D; Ela-CreERT2Tg/+) and Mist1 (KrasG12D; Mist1CreERT2/+) promoters, and 60% 

of mice exhibited overt PanIN lesion formation 2 months post-induction followed 

by PDAC development.(Habbe et al., 2008) This shows that PDAC can arise from 

the acinar compartment, and that acinar cells have a greater propensity to 

develop into PanIN lesions than ductal cells. Additionally, this demonstrates that 

acinar cells exhibit a certain plasticity, and that KrasG12D mutation can induce 

acinar cells to acquire a ductal morphology — achieved through a process known 

as acinar-ductal metaplasia (ADM). 
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Figure 1-2 PanIN lesions arise from transformed acinar cells. 
Acinar cells receive oncogenic signals through KrasG12D mutations, undergo ADM and progress to 
PDAC through precursor PanIN lesions. Ductal-derived PDAC forms following oncogenic KrasG12D 
mutations which causes ductal cell proliferation, loss of cellular polarity and the eventual formation 
of ductal structures in a PanIN-independent manner. Taken from Ferreira et al., 2017. 

1.1.9  Acinar-Ductal Metaplasia. 

ADM is defined a physiological response of the pancreas to injury, whereby 

acinar cells revert to a progenitor state, adopt a ductal phenotype and undergo 

proliferation to aid in organ repair.(Storz, 2017) ADM is a crucial homeostatic 

process that serves to regenerate cell populations, and is characterised by the 

repression of acinar genes and the expression of ductal genes within the acinar 

compartment.(Shi et al., 2013) During homeostasis, ADM is reversible and self-

limiting; however, oncogenic Kras signalling through PI3K isoforms maintains 

acinar plasticity, prevents the re-differentiation of transformed acinar cells and 

leads to persistent and unresolving ADM.(Baer et al., 2014)  

1.1.10 Repression of acinar identity. 

Several transcription factors help to maintain acinar identity, but no individual 

transcription factor is a master regulator of lineage commitment. However, 

pancreas transcription factor 1 complex (Ptf1a) is considered crucial in 

maintaining acinar identity.(Campos et al., 2013) Normally, Ptf1a forms a 

complex with RBPJl, which interacts with GATA6 to maintain acinar identity, and 

loss of Ptf1a/GATA6 leads to persistent ADM characterised by extensive 

inflammatory macrophage infiltrate.(Martinelli et al., 2016) In PDAC, the 

induction of ADM in Ptf1a knockout (Ptf1a—/—) GEMMs sensitises cells to 

oncogenic Kras and leads to carcinoma development.(Krah et al., 2015) Another 

transcription factor that contributes to a loss of acinar identity is KLF4, which is 
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known to have roles in cellular differentiation, cell cycle, apoptosis and 

inflammation.(Ghaleb and Yang, 2017) Increased KLF4 expression is found in 

human and mouse PanIN cells, but not in normal pancreatic tissue, suggesting it 

plays a role in PanIN formation.(Wei et al., 2016) Using a ductal ligation assay to 

induce ADM, KLF4 was found to be significantly increased along with ductal 

marker cytokeratin-19 (CK-19), and the ablation of KLF4 is also sufficient to 

abrogate ADM, even in the presence of oncogenic Kras.(Wei et al., 2016) Further 

investigation revealed that oncogenic Kras drives KLF4 overexpression, leading 

to a downregulation of acinar gene Ptf1a and an upregulation of CK-19 ductal 

marker, resulting in the repression acinar identity.(Wei et al., 2016) 

1.1.11 Gain of ductal/progenitor identity. 

The repression of acinar genes is one aspect of ADM, the other being the 

induction of ductal genes such as Sox9 and hepatocyte nuclear factor 6 (HNF6). 

During embryogenesis, Sox9 maintains progenitor cell turnover, and lineage-

tracing experiments have shown Sox9+ pancreatic progenitors give rise to acinar 

and ductal cells.(Aguilar-Medina et al., 2019) However, Sox9 expression is 

restricted to ductal and centroacinar cells in adult pancreas, so the abundant 

Sox9 in PanIN lesions supported the ductal origin.(Aguilar-Medina et al., 2019) 

However, Sox9 expression in acinar-derived metaplastic ducts from Ela1-

CreERT2; KrasG12D mice indicates Sox9 drives ductal reprogramming during Kras-

driven ADM.(Morris et al., 2010) During ADM, and in the context of Kras 

activation, upregulation of Sox9 and CK-19 ductal markers are observed in 

metaplastic acinar cells, and has been shown to be downstream of HNF6.(Prévot 

et al., 2012) Over-expression of HNF6 with adenoviral transduction in acinar 

cells upregulates ductal genes (Sox9 and CK-19), and simultaneously represses 

acinar gene signatures such as Mist1, Ptf1a and amylase.(Prévot et al., 2012) 

This demonstrates that ADM is a multifaceted process reliant on several distinct 

mechanisms, and it is unlikely that an individual signal will be responsible for 

initiating ADM alone.  
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1.1.12 Chronic inflammation is driven by IL-1b, which also 
drives Neoplastic Development. 

Since ADM is a physiological response to intrinsic stress and damage, it is crucial 

that pancreatic inflammation is transient and self-limiting, as continued 

inflammatory insults will lead to permanent tissue dysregulation. In PDAC, 

chronic pancreatitis is a well-defined risk factor as it leads to unresolved and 

persistent ADM, which sensitise cells to oncogenic Kras mutations.(Marrache et 

al., 2008) One notable driver of chronic pancreatitis is the inflammatory 

cytokine IL-1b, with higher IL-1b associated with increased disease 

severity.(Marrache et al., 2008) When IL-1b overexpression is restricted to 

pancreatic acinar cells it leads to pancreas-specific cellular proliferation, 

apoptosis, fibrosis and persistent ADM.(Marrache et al., 2008) Chronic 

pancreatitis is not only crucial for maintaining persistent ADM, but also for the 

development of PanIN lesions and subsequent PDAC in adult mice.(Guerra et al., 

2007) Using an inducible mouse model (Kras+/LSLG12Vgeo;Elas-tTA/tetO-Cre), 

acinar-specific KrasG12V expression was controlled by a tet-off system, where 

doxycycline repression of KrasG12V enabled the temporal control of oncogenic 

recombination.(Guerra et al., 2007) In the absence of doxycycline, KrasG12V 

recombination is followed by ADM in late embryonic development, leading to 

extensive PanIN lesions and PDAC.(Guerra et al., 2007) However, the removal of 

doxycycline at 60 days of age (P60) did not lead to ADM or PanIN lesions, 

suggesting that oncogenic Kras alone is not sufficient facilitate ADM and PanINs 

in adult acinar cells.(Guerra et al., 2007) Given that chronic pancreatitis is a 

major risk factor in human disease, GEMMs can model this through treatment of 

low dose caerulein, which induces the secretion of exocrine enzymes to mediate 

chronic pancreatitis.(Willemer et al., 1992) Chronic treatment of low dose 

caerulein combined with the removal of doxycycline in P60 mice led to diffuse 

ADM, extensive high grade PanIN lesions and the development of invasive 

PDAC.(Guerra et al., 2007) This indicates that recombination of oncogenic Kras 

in adult acinar cells requires additional stimuli, such as IL-1b-mediated chronic 

pancreatitis, to form PanINs and subsequent PDAC. 
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1.1.13 Role of macrophages in ADM. 

Chronic pancreatitis is a key aspect of ADM, as it is characterised by an 

extensive immune infiltrate, notably macrophages. In caerulein-induced ADM, 

depletion of macrophages (by macrophage toxin gadolinium chloride 

hexahydrate) is sufficient to abrogate ADM formation, and culture of pancreatic 

acinar cells with macrophage-conditioned media (CM) increased ductal and 

reduced acinar gene expression — suggesting a central role for macrophages in 

ADM formation.(Liou et al., 2013) Further to this, cytokine profiling of 

macrophage CM found increased TNF and CCL5. Blocking of TNF and CCL5 in 

acinar cell and macrophage co-cultures represses ADM through the inhibition of 

NK-kB signalling and MMP-9 production in acinar cells. (Liou et al., 2013) 

Therefore, ADM can be initiated by macrophage activation, as macrophage-

derived products drive a loss of acinar cell identity and upregulate ADM-inducing 

factors. 

In addition to IL-1b and TNF-a, IL-6 has also been shown to be important in 

PDAC, as IL-6 correlates with poor prognosis and is increased in patients with 

metastatic disease compared to non-metastatic patients.(van Duijneveldt et al., 

2020) IL-6 is produced by numerous cell types, including macrophages, and 

binding of IL-6 to IL-6R leads to Jak2 signalling and phosphorylation of Stat3 

(pStat3), which drives anti-apoptotic mechanisms, increased proliferation and 

immune modulation.(van Duijneveldt et al., 2020) Normal pancreata do not 

exbibit pStat3, but it is present in high levels within human PDAC and PanIN 

lesions.(Lesina et al., 2011) Furthermore, in GEMMs that have pancreas-specific 

Stat3 inactivation (Ptf1a-Creex1;KrasG12D;Stat3Dpanc), the loss of pStat3 prevents 

the formation of PanIN lesions and results in higher levels of apoptosis.(Lesina et 

al., 2011) This indicates that pStat3 signalling contributes to early PDAC 

tumorigenesis by regulating proliferative and apoptotic mechanisms to drive 

PanIN progression. Conventionally, pStat3 activity is driven by Jak2 signalling 

following IL-6R binding its cognate ligand IL-6, with pStat3 activity controlled 

endogenously through the action of Socs3 inhibitor.(Wang and Sun, 2014) 

However, acinar cells do not express the IL-6R, with the activation of pStat3 

occurring through IL-6 trans-signalling. This is a process whereby IL-6 forms a 

complex with a soluble form of the IL-6R, which then induces pStat3 signalling 

within cells that do not express the IL-6R, such as acinar cells.(Lesina et al., 
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2011) The importance of IL-6 in PDAC is shown in Ptf1a-Creex1;KrasG12D;Il6—/— 

mice which have impaired IL-6 trans-signalling, resulting in fewer PanIN lesions 

and reduced lesion severity.(Lesina et al., 2011) Additionally, reconstitution of 

bone marrow from IL-6—/— donors in irradiated Ptf1a-Creex1;KrasG12D mice did not 

facilitate high grade PanIN development, unlike IL-6-competent donors which 

developed high grade PanINs.(Lesina et al., 2011) Finally, loss of pStat3 

regulator Socs3 in Ptf1a-Creex1;KrasG12D;SocsD/D  mice leads to accelerated PanIN 

development, indicating that loss of Stat3 regulation can also drive PDAC 

tumourigenesis.(Lesina et al., 2011)  Therefore, macrophage-derived IL-6 can 

mediate Stat3 signalling in acinar cells through IL-6 trans-signalling, which 

modulates acinar cell proliferation and apoptosis to drive PanIN development; 

additionally, the loss of Socs3-mediated Stat3 regulation can also drive PanIN 

development. This cumulative evidence shows that whilst macrophage-driven 

inflammation induces ADM, macrophage-derived products such as TNF-a and IL-6 

can also directly influence early PDAC tumourigenesis. 

1.1.14 Changes in macrophage polarisation facilitates PanIN 
development. 

Given the evidence that macrophages can establish ADM, the preceding step to 

precursor PanIN lesions, macrophages clearly play a central role in PDAC 

initiation and progression. When unresolving ADM occurs in the presence of 

KrasG12D mutations and chronic pancreatitis, macrophage behaviour can be 

subverted from inflammatory to a more pro-fibrotic state.(Xue et al., 2015) 

During chronic pancreatitis in mice, inflammatory cytokines such as IL-1b and IL-

6 become reduced and pro-fibrotic cytokines like TGF-b are increased.(Xue et 

al., 2015) This fluid nature is characteristic of macrophages, which are highly 

heterogeneous immune cells that can change their functionality based on signals 

from the local cytokine milieu. ADM initiation is driven by inflammatory 

macrophages, which are characterised through the production of cytokines such 

as IL-1b, TNF-a, and IFN-g; they are also identified through nitric oxide synthase 

(NOS) production and the promotion of inflammatory responses.(Lin et al., 2019) 

During tumour development, macrophages are re-polarised and acquire a 

tumour-associated macrophage (TAM) phenotype, which is highly 

immunosuppressive and enables metastatic growth through immune subversion 

and promotion of fibrosis.(Lin et al., 2019) TAMs are identifiable through the 
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production of anti-inflammatory cytokines such as IL-4, IL-10, IL-13 and TGF-b, 

and the expression of CD163, CD206 and Ym1.(Lin et al., 2019) Within human 

PanIN1/2 lesions, inflammatory macrophages (iNOS+) and TAMs (CD163+ or Ym1+) 

are found at a ratio of 1:2.(Liou et al., 2013) Furthermore, p48Cre; KrasG12D mice 

exhibited a 3-fold increase in Ym1+ TAMs in PanIN regions, with the dominant 

populations in regions of ADM was found to be iNOS+ inflammatory 

macrophages.(Liou et al., 2013) This demonstrates that inflammatory 

macrophages drive ADM establishment, but become repolarised to TAM 

phenotype either prior to, or following, PanIN development. 

1.1.15 PanINs subvert macrophage phenotype to facilitate 
outgrowth. 

In vitro studies have confirmed that peritoneal iNOS+ inflammatory macrophages 

can be re-polarised to a Ym1+ TAM phenotype by the presence of IL-4/IL-13 in 

culture.(Liou et al., 2017) Further to this, the presence of IL-13 within areas of 

murine ADM and PanINs indicates that the early preneoplastic microenvironment 

may be responsible for TAM polarisation.(Liou et al., 2017) Pancreatic stellate 

cells (PSCs) and CD4+ Th2 cells are known sources of IL-13, however, in situ 

hybridisation (ISH) revealed co-expression of IL-13 with DCLK1+ and a-tubulin+ 

tuft cells, also confirmed by flow cytometry of DCLK1 + tuft cells.(Liou et al., 

2017) Healthy murine pancreas is devoid of tuft cells; however, the presence of 

ADM and neoplasia mediates tuft cell formation where they play a role in tissue 

repair to maintain pancreatic homeostasis.(DelGiorno et al., 2020) The 

application of IL-13 neutralising antibody reduces macrophages in PanIN regions, 

specifically an 80% decrease in F4/80+Ym-1+ TAMs in PanIN1 regions, but no 

change to inflammatory F4/80+Stat1+ macrophages.(Liou et al., 2017) The 

reduction of TAMs also correlates with reduced fibrosis, along with reduced Ki67 

expression and pErk1/2, which are markers of proliferating PanIN lesions.(Liou et 

al., 2017) Therefore, macrophages initiate ADM and drive PanIN lesion 

formation, which leads to the activation of tuft cells in response to neoplastic 

transformation. The subsequent release of IL-13 from tuft cells within PanIN 

lesions then polarises macrophages to a TAM phenotype, which enhances stromal 

deposition, cellular proliferation and drives PanIN progression.(Liou et al., 2017)  
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The unresolving inflammation associated with neoplastic transformation is a 

major contributing factor to TAM polarisation in early tumourigenesis. However, 

cancer-associated inflammation is not comprised solely of a single macrophage 

phenotype — microarray data from various tumour types indicates that 

inflammatory macrophage (IL-1b, TNF-a, CXCL2 and Socs3) and TAM (Arginase 1) 

gene signatures are both present within tumours.(Kratochvill et al., 2015) TAMs 

eventually become the dominant population through disrupting a balance 

between inflammatory macrophage and TAM phenotype. Macrophage populations 

have differential signalling mechanisms and mediators; inflammatory 

macrophages signal through NF-kB which activates various effector genes such as 

TNF-a, and TAMs are driven by IL-4/IL-13 which activates Stat6 to upregulate 

TAM effector genes.(Liu et al., 2017, Biswas and Mantovani, 2010) When bone 

marrow-derived macrophages (BMDMs) were cultured with M-CSF and IL-13 with 

or without TNF-a, the presence TNF-a was found to repress TAM gene 

signatures.(Kratochvill et al., 2015) More specifically, inflammatory 

macrophage-derived TNF-a impairs IL-13-driven upregulation of TAM genes, 

acting as a negative regulator of TAM activity in early tumourigenesis. However, 

continued PanIN lesion expansion leads to increased production of IL-13, which 

overpowers the TNF-a-mediated repression and enables the expansion of TAM 

phenotypes in the TME. Thus, TAMs are a fundamental immune cell in the early 

PDAC TME, particularly for PanIN progression and the establishment of an 

immune-suppressive TME. 
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1.2  PDAC Tumour Microenvironment (TME). 

1.2.1  Cancer-associated fibroblasts (CAFs) play major roles within 
the PDAC TME. 

Despite the clear importance of macrophages in PDAC tumourigenesis, the PDAC 

TME is immune-quiescent, resulting from the immune-suppressive mechanisms 

that facilitate tumourigenesis. The outgrowth of PDAC is heavily reliant upon 

this suppressive TME, which also consists of a significant stromal compartment 

that drives a desmoplastic reaction characterised by overt fibrosis. As with 

tumour initiation, there is no single factor that solely maintains the TME; it is 

instead characterised by a complex network of immune-suppressive 

inflammatory infiltrate and cancer-associated fibroblasts (CAFs) which influence 

tumour growth, invasion and metastasis through a variety of mechanisms.(Bolm 

et al., 2017) 

CAFs can be generated from bone-marrow-derived mesenchymal stem cells 

(MSCs), pancreatic stellate cells (PSCs) and from the pancreas-resident fibroblast 

population. (Bolm et al., 2017) MSC-derived CAFs originate from bone marrow 

and differentiate into a-smooth muscle actin+ (αSMA) CAFs (myofibroblasts) 

through TGF-b-driven mechanisms.(Quante et al., 2011) MSC-derived CAFs also 

express pro-tumour IL-6 and CXCL12, which helps further recruit MSCs through 

CXCR4-dependent mechanisms.(Quante et al., 2011) In the context of PDAC, 

isolated cancer-associated MSCs (CA-MSC) were found to enhance PDAC cell 

invasive potential and proliferation in co-culture, and through CA-MSC 

conditioned media, wich suggests a secretory mechanism that drives PDAC 

proliferation.(Waghray et al., 2016) Compared to other CAF populations, CA-

MSCs isolated from human PDAC were found to exclusively produce granulocyte-

macrophage colony stimulating factor (GM-CSF), with cognate receptor 

expression also observed on CK-19+ PDAC cells in human PDAC.(Waghray et al., 

2016) GM-CSF knockout through shRNA in CA-MSCs abrogated the proliferation 

and invasion of PDAC cells, and the addition of exogenous GM-CSF restored PDAC 

proliferation.(Waghray et al., 2016) Thus, a component of the PDAC CAF 

population is capable of directly promoting PDAC cell proliferation and invasion 

through crosstalk mediated by CAF-derived GM-CSF.  
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Despite the evidence that CA-MSCs are capable of driving PDAC cell proliferation 

and invasive potential, the CAF subset that is regarded as providing the majority 

of the stromal reaction are PSC-derived.(Öhlund et al., 2014) During 

homeostasis, PSCs are considered to be quiescent cells, distinguishable through 

their stellate morphology, and are found throughout the exocrine pancreas in 

periductal and periacinar regions.(Awaji and Singh, 2019) Normal physiological 

function of PSCs is to maintain ECM homeostasis, and they become activated as 

part of the wound-healing response.(Ferdek and Jakubowska, 2017) PSCs can be 

activated by platelet-derived growth factor (PDGF) and TGF-b which leads to 

PSCs acquiring a myofibroblast phenotype, characterised through the expression 

of a-SMA.(Öhlund et al., 2014) a-SMA+ CAFs produce matrix metalloproteinases 

(MMPs) which are ECM-degrading products, along with fibronectin and collagen 

(type I, III and IV) to remodel the ECM — this forms the basis of the desmoplastic 

reaction.(Öhlund et al., 2014) During acute inflammation, the activation of 

apoptotic mechanisms within fibroblasts normally ensures this ECM remodelling 

is transient.(Öhlund et al., 2014) However, during the chronic inflammation 

associated with neoplastic transformation, fibroblast activation is maintained 

and leads to extensive fibrotic deposition.(Awaji and Singh, 2019) Thus, CAF 

populations within PDAC are highly heterogenous and have diverse functions 

which range from direct crosstalk, and the promotion of proliferation and cell 

invasion, or promoting the desmoplastic reaction through matrix remodelling and 

fibrotic deposition. 

The activation and reprogramming of PSCs to CAFs is driven by a multitude of 

soluble factors, notable examples include TGF-b, PDGF, IL-1 and IL-6 — all 

factors that are present within the early TME following neoplastic cell 

transformation.(Öhlund et al., 2014) The ability to respond to a diverse range of 

activating signals further indicates CAF plasticity, with the term “CAF” used as 

an umbrella term that belies the true population heterogeneity, which has been 

poorly studied and defined until recently. Within PDAC, there exists a variety of 

biomarkers that can identify CAFs; this includes a-SMA, fibroblast activation 

protein (FAP), podoplanin (PDPN) and PDGFRa/b — however, biomarker 

expression alone cannot identify PDAC CAF subpopulations.(Pereira et al., 2019) 

Instead, CAFs are defined through a variety of factors such as biomarker 

expression and spatial location within the PDAC TME (Figure 1-3). The 
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heterogeneity of PDAC CAFs was demonstrated through immunofluorescence 

staining of human PDAC CAFs, which revealed differential expression of a-SMA — 

a-SMAhigh FAP+ CAFs were found in close proximity to PDAC cells and were 

classed as myofibroblastic CAFS (myCAFs).(Öhlund et al., 2017) Co-culture of 

murine PSCs with KPC organoids confirmed that PSC-derived CAFs expressing 

high levels of a-SMA were found in close proximity to PDAC organoids.(Öhlund et 

al., 2017) Secretome analysis of the conditioned media from the co-culture 

revealed elevated expression of inflammatory cytokines, notably IL-6.(Öhlund et 

al., 2017) Trans-well cultures confirmed that PSCs were the source of IL-6, and 

produced other cytokines such as IL-11 and leukaemia inhibitory factor (LIF) in a 

paracrine signalling axis between KPC cells.(Öhlund et al., 2017) However, 

despite culturing of PSCs with organoid conditioned media establishing CAF 

phenotype (FAP+ and PDGFR+), the upregulation of IL-6, IL-11 and LIF RNA levels 

occurred with a reduction in a-SMA RNA and protein levels — indicating a loss of 

myofibroblastic CAF phenotype.(Öhlund et al., 2017) Based on this, two mutually 

exclusive CAF populations were defined; firstly, a-SMAhigh IL-6low myCAFs found 

proximally to PDAC cells; and secondly, more distally located a-SMAlow IL-6high 

CAFs that do not require direct cell-cell contact to mediate cytokine production 

— these were termed inflammatory CAFs (iCAFs) due to their ability to produce 

inflammatory cytokines.(Öhlund et al., 2017) Additionally, CAFs that express 

high MHC II in response to local IFN-γ can activate CD4+ T cell by TCR ligation 

and are termed antigen-presenting CAFs (apCAFs). These apCAFs can also 

convert to myCAFs under certain conditions, but for simplicity I will herein focus 

on myCAFs and iCAFs.(Elyada et al., 2019) Single cell RNA-sequencing confirms 

that myCAFs and iCAFs are two distinct populations, and are characterised by 

upregulated TGF-b and JAK/STAT signalling pathways, respectively.(Biffi et al., 

2019) Regarding iCAFs, IL-1a has been shown to drive the production of 

inflammatory factors such as IL-6 from CAFs, and IL-1a receptor (IL1R1) 

expression on CAFs confirms an ability to respond to NF-kB activating ligands 

such as IL-1a.(Tjomsland et al., 2011, Biffi et al., 2019) In both human and 

murine PSC culture, IL-1a leads to the upregulation of various inflammatory 

cytokines such as IL-1a, IL-6, LIF, CXCL1 and G-CSF at the expense of a-SMA 

expression and TGF-b signalling.(Biffi et al., 2019) Despite IL-1a driving 

inflammatory cytokine production, the action of LIF was found to be 
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indispensable for the activation of JAK/STAT signalling, and maintains the iCAF 

lineage in an autocrine manner — an illustration summarising iCAF and myCAF 

differentiation can be found below (Figure 1-3).(Biffi et al., 2019) Conversely, 

myCAFs are established through TGF-b signalling, which was found to impair 

iCAFs through the inhibition of JAK/STAT signalling through IL-1R 

downregulation.(Biffi et al., 2019) Thus, since both IL-1a and TGF-b drive iCAF 

and myCAF differentiation through antagonising signalling mechanisms, 

respectively, CAF lineage commitment is believed to be determined through the 

physical location within the TME. In summary, myCAFs are located proximally to 

PDAC cells, as PDAC-derived TGF-b establishes myCAF identity through 

antagonising IL-1a signalling; conversely, the more distally located CAFs respond 

to IL-1a signalling in the absence of TGF-b-mediated inhibition, and become 

iCAFs that produce a variety of inflammatory cytokines.(Biffi et al., 2019) 

 

Figure 1-3 CAF populations within the PDAC TME are heterogeneous. 
Tumour-secreted TGF-β acts on proximally located PSCs within the TME, leading to TGF-β 
signalling and repression of IL-1α signalling. TGF-β signalling directs myCAF differentiation, 
identifiable through expression of α-SMA and the production of collagen which contributes to the 
PDAC stromal reaction. Tumour-secreted IL-1α acts on more distal PSCs and mediates NF-κB 
signalling following IL-1R signalling. NF-κB signalling leads to production of LIF, which maintains 
iCAFs through an autocrine signalling loop that upregulates IL-1R expression. NF-κB also drives 
Jak/STAT signalling which establishes an inflammatory phenotype through the production of pro-
tumour mediators including IL-1α, IL-6, G-CSF and CXCL1. Finally, IFN-γ upregulates MHC II 
expression on PSCs to promote apCAF development, which increases CD69 expression on CD4+ 
T cells. Adapted from Biffi et al, 2018 & Elyada et al, 2019. 
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By understanding CAF heterogeneity, signalling and effector mechanisms, it is 

hoped that this will translate into potential for therapeutic exploitation. Current 

standard of care regimens such as gemcitabine are largely ineffective in PDAC, 

as the dense stromal compartment presents a barrier to agent delivery.(Dalin et 

al., 2019) Logically, it has previously been believed that depletion of the stromal 

compartment, particularly the collagen-producing a-SMA+ myofibroblasts 

(myCAFs), would enable improved delivery of chemotherapeutic agents and 

improve survival.(Özdemir et al., 2014) However, myofibroblast depletion in 

both early and late stage PDAC led to reduced survival, as undifferentiated 

tumours resulted in increased tumour invasion.(Özdemir et al., 2014) Further to 

this, loss of sonic hedgehog (Shh) in PDAC led to increased tumour aggressiveness 

and reduced survival, as Shh signalling promotes the desmoplastic 

reaction.(Rhim et al., 2014) However, it is hoped that a greater understanding of 

CAF heterogeneity and the underlying mechanisms will enable the development 

of more sophisticated therapeutic regimens. For example, in iCAF development 

IL-1a activates JAK/STAT signalling within PSCs which leads to LIF production 

which maintains iCAFs through autocrine signalling.(Biffi et al., 2019) However, 

LIF is a pleiotropic cytokine and binds to its cognate receptor on PDAC cells, 

leading to the activation of pro-tumour STAT3 signalling, which regulates 

proliferative and anti-apoptotic mechanisms.(Lesina et al., 2011) Genetic 

depletion of LIFR in KPC mice (Lifrflox/flox) was found to significantly increase 

survival, delay PanIN progression and reduce pro-tumour GM-CSF and CCL11.(Shi 

et al., 2019) Further to this, iCAF-derived IL-6 is also known to be pro-

tumourigenic through the direct induction of STAT3.(Lesina et al., 2011) 

Pharmacological inhibition of IL-6 through impaired mTOR signalling prevented 

CAF production of IL-6, compromising tumour growth and reduced PDAC 

chemoresistance.(Duluc et al., 2015) Finally, apCAFs are also found in the PDAC 

TME which respond to IFN-g, this upregulates STAT1 and MHC molecules, leading 

to increased CD69 expression on CD4+ T cells.(Elyada et al., 2019) Thus, a 

greater understanding of CAF heterogeneity will lead to tailored therapies that 

are more specific than complete CAF ablation, leading to improved therapies 

with fewer adverse effects.  
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1.2.2  Immune cells play a fundamental role in PDAC. 

The interplay between the immune system and cancer is a fundamental aspect 

of malignant disease, with the subversion of anti-tumour immune mechanisms 

central in driving tumour outgrowth. This is known as cancer immunoediting, 

which is defined by three stages; elimination, equilibrium and escape.(Dunn et 

al., 2004, Mittal et al., 2014) “Elimination” occurs when malignant 

transformation and inflammation recruit innate and adaptive immune cells to 

drive early anti-tumour responses.(Dunn et al., 2004, Mittal et al., 2014) 

Immune-mediated elimination is initially effective at restraining tumour growth, 

however, strong immune selection pressure drives the evolution of tumour cells 

that resist immune clearance — this state is defined as “Equilibrium”.(Dunn et 

al., 2004, Mittal et al., 2014) During equilibrium, development of an immune-

suppressive TME actively subverts anti-tumour responses through various 

mechanisms, and leads to the final “Escape” phase, which is characterised by 

tumour outgrowth and immune-suppression.(Dunn et al., 2004, Mittal et al., 

2014) In PDAC, TME development is characterised by a strong desmoplastic 

reaction, which restricts immune cell infiltration, drives chemoresistance and 

impairs anti-tumour immune responses.(Wachsmann et al., 2012) Thus, the 

impairment of anti-tumour immune responses is key in driving the growth, 

invasiveness and metastatic potential of PDAC cells.(Liu et al., 2019) One major 

characteristic of the PDAC TME is the immunosuppressive immune infiltrate, 

particularly myeloid cells, which play a central role in driving 

tumourigenesis.(Noy and Pollard, 2014) However, the general immune 

suppressive functions of myeloid cells are often attributed to myeloid-derived 

suppressor cells (MDSC), which have been shown to correlate with cancer stage 

and metastatic burden.(Diaz-Montero et al., 2009, Stromnes et al., 2014) Data 

from KPC mice further indicates that MDSCs are major component of the PDAC 

TME, drive immune suppression and are associated with metastasis.(Bayne et al., 

2012) However, the term MDSC encompasses a heterogenous population of 

myeloid cells that includes monocytes and neutrophils, which both have distinct 

pro-tumour functions within the PDAC TME, and their identification and 

biochemical function remain controversial.(Steele et al., 2016, Candido et al., 

2018, Zhu et al., 2017) Consequently, the functions of specific myeloid 

populations such as neutrophils and macrophages in PDAC will be discussed 

further. 
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1.2.3  Macrophages in PDAC. 

Macrophages are a major component of the PDAC TME and function as 

phagocytic cells of the innate immune system, and are important cytokine 

producing cells.(Arango Duque and Descoteaux, 2014) Macrophages are also 

highly plastic cells and have diverse effector functions that are polarised by the 

local cytokine milieu, promoting either pro-inflammatory or immune-regulatory 

functions.(Arango Duque and Descoteaux, 2014) In PDAC tumourigenesis, 

macrophage polarisation is subverted within the TME and establishes a TAM 

phenotype that is potently immunosuppressive.(Habtezion et al., 2016) The 

polarisation of TAMs is crucial for PDAC progression, as they are not only 

immune-suppressive, but drive early tumourigenesis, PDAC invasiveness, 

chemotherapy resistance and metastasis.(Lin et al., 2019, Liou et al., 2013, Liou 

et al., 2017, Céspedes et al., 2016, Nielsen et al., 2016, Ireland et al., 2016) 

1.2.4  TAM Polarisation in PDAC. 

As mentioned above, the plastic function of macrophages is shaped by the local 

cytokine milieu, which promotes the development of inflammatory or regulatory 

macrophage phenotypes.(Cui et al., 2016) Briefly, inflammatory macrophages 

derive from circulating monocytes and respond to IFN-g and inflammatory signals 

such as LPS.(Yang et al., 2020, Arango Duque and Descoteaux, 2014) Following 

activation, they produce IL-1b, IFN-g, TNF-a, and other cytokines such as IL-6 

and IL-23; they are also identifiable through surface expression of CD86, CD11b 

and CXCR3, and they clear infections through phagocytosis and the promotion of 

Th1 immune responses.(Yang et al., 2020, Arango Duque and Descoteaux, 2014) 

Conversely, pro-tumour TAMs respond to IL-4, IL-10, IL-13 and TGF-b, with 

macrophage colony stimulating factor (M-CSF) also implicated; TAMs are CD163+ 

and CD206+ and produce TGF-b, IL-10, matrix metalloproteinases (MMP) and 

chemoattractant molecules such as CCL2, CCL5 and VEGF (Figure 1-4).(Yang et 

al., 2020, Arango Duque and Descoteaux, 2014) This phenotypic switch is 

fundamental in PDAC tumourigenesis, and was primarily thought to be driven by 

the recruitment and polarisation of monocyte-derived macrophages. 

During normal physiological responses to pancreatic injury, inflammatory 

macrophages accumulate and exert pro-inflammatory function through 
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production of IL-1b, TNF-a and IL-6, facilitated through NF-kB signalling.(Liou et 

al., 2013) However, inflammatory responses are normally transient and self-

limiting, but the presence of chronic pancreatitis and oncogenic Kras signalling 

maintains continuous NF-kB expression in a positive feedback loop, contributing 

to unresolving inflammation.(Daniluk et al., 2012) As previously described, 

chronic pancreatitis is a major PDAC risk factor as it is dominated by immune-

regulatory phenotypes, particularly CD206+ macrophages expressing IL-10 and 

TGF-b.(Xue et al., 2015) During chronic pancreatitis, which can be considered 

the early TME, this re-polarisation of macrophages is directed by pancreatic 

stellate cells (PSC), which are proximally located to macrophages.(Xue et al., 

2015) PSC conditioned medium contains high levels of IL-4/13, and upregulates 

the expression of CD206 on bone marrow-derived macrophages (BMDM) along 

with the capacity to produce IL-10 and TGF-b.(Xue et al., 2015) TAM polarisation 

is further cemented through a positive feedback loop, as CD206+ TAMs 

upregulate IL-4Ra to become more responsive to IL-4/13, and the production of 

TGF-b along with platelet-derived growth factor (PDGF) increases the production 

of IL-4/13 from PSCs.(Xue et al., 2015) Additionally, IL-13 production from tuft 

cells in early PanIN lesions further contributes to the polarisation of TAMs, and 

cements the immunosuppressive nature of the early TME.  

The maintenance of these TAM populations was hypothesised to be through 

CCL2-mediated recruitment of monocyte-derived macrophages from bone 

marrow to the PDAC TME, as patients with high CCL2 have increased macrophage 

infiltration and reduced survival.(Sanford et al., 2013) Under homeostatic 

conditions, stromal cells express CXCL12 within the bone marrow, which binds to 

CXCR4 on monocytes acting as a retention signal.(Wang et al., 2009) Under 

inflammatory conditions, CCL2 upregulation activates CCR2 on bone marrow 

monocytes, and desensitises the CXCR4 retention signal, enabling the 

mobilisation of inflammatory monocytes.(Wang et al., 2009, Jung et al., 2015) 

CCL2 expression is attributable to a number of cancer-associated cells, including 

fibroblasts, cancer cells and myeloid cells.(Gschwandtner et al., 2019) Indeed, 

blockade of CCR2 signalling, although combined with CXCR2 blockade, has been 

shown to improve therapeutic responses in PDAC, suggesting monocyte 

mobilisation may be an important attribute of PDAC tumourigenesis.(Nywening 

et al., 2018) 
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Upon entry to the PDAC TME, monocytes must undergo differentiation to 

macrophages, which is thought to be driven by tumour-derived M-CSF, an 

important macrophage survival signal.(Hunter et al., 2009) M-CSF has also been 

demonstrated to upregulate macrophage characteristics associated with TAMs, 

such as expression of CD206 and IL-10 production; and also increases expression 

of tumour-associated genes such as CCL2 and TGF-b.(Svensson et al., 2011) The 

importance of TAM-associated M-CSF signalling has been demonstrated in a 

number of preclinical GEMMs, that show M-CSF/M-CSFR signalling is crucial for 

pro-tumour TAM activity in PDAC.(Zhu et al., 2014, Candido et al., 2018) 

Blockade of M-CSFR signalling using tyrosine kinase inhibitor (PLX3397) not only 

reduces F4/80+ macrophage infiltration in orthotopic PDAC models, but also 

leads to increased inflammatory gene expression (Ifng and Stat1), and increased 

expression genes associated with T cell recruitment (Cxcl10, Ccl3 and Ccl4) and 

cytotoxic lymphocyte (Infg, CD8a and Prf1) gene signatures.(Zhu et al., 2014) 

Additionally, the interruption of M-CSFR signalling led to increased death of 

CD206+ TAMS, reduced expression of immune-suppressive genes (Il10, Tgfb1, 

Arg1) and increased anti-tumour gene signatures — indicating that the M-CSF 

functions as a crucial regulator of pro-tumour TAM activity in PDAC.(Zhu et al., 

2014) Autochthonous KPC models more accurately recapitulate PDAC, and M-

CSFR blockade (AZD7507) in KPC mice further confirms reduced macrophage 

infiltration (Csf1r, Arg1 and Mrc1), enriched CTL gene signatures (Cd69, Cd8 and 

Gzma) and impaired collagen deposition and fibroblast activation.(Candido et 

al., 2018) Additionally, M-CSFR blockade reduced pro-tumour IL-6 and IL-10 

production, impaired PD-L1+ TAMs in the PDAC TME and led to reductions in 

tumour mass — confirming the central role of M-CSF in driving TAM 

activity.(Candido et al., 2018) Finally, M-CSF also influences PDAC subtype 

development, as M-CSFR blockade switches from poor prognosis squamous 

subtype to more favourable immunogenic and ADEX subtypes.(Candido et al., 

2018) Therefore, M-CSF not only plays a fundamental role in driving pro-tumour 

TAM activity in the PDAC TME, and but also contributes to the squamous subtype 

of human PDAC.(Candido et al., 2018, Bailey et al., 2016) Thus, the literature 

details that PDAC TAMs can be derived from bone marrow progenitors, and 

driven through inflammatory CCL2-mediated recruitment and that tumour-

derived M-CSF induces differentiation to protumour TAM phenotype. 
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1.2.5  Tissue-resident macrophages can promote PDAC 
tumourigenesis. 

There is evidence that suggesting that not only are monocyte-derived 

macrophages important for PDAC tumourigenesis, but that embryonic-derived 

macrophages are also important pro-tumour cells. Macrophages are 

heterogenous and can derive either from Flt3+ hematopoietic stem cell (HSC) 

progenitors during adult haematopoiesis, or from embryonic-derived 

macrophages where they persist as a self-renewing population.(Wynn et al., 

2013) Orthotopic transplantation of KPC cells into CCR2-deficient (CCR2—/—) mice 

reduces PDAC TAM populations by 50% but did not impact tumour growth — 

indicating that whilst monocyte-derived macrophages contribute to the TAM 

population, they might be dispensable in PDAC development.(Zhu et al., 2017) 

Using the FLt3-Cre+; LSL-YFP (Flt3-CreYFP) reporter mouse, lineage tracing 

revealed that YFP+ TAMs are defined as monocyte-derived and develop from HSC 

progenitors through FLt3 upregulation and express high levels of MHC II; 

conversely, embryonic-derived TAMS (YFP—) develop independently of Flt3+ HSC 

progenitors, and are distinct through lower expression of MHC II.(Zhu et al., 

2017) Treatment with anti-M-CSFR on E13 depleted embryonic-derived 

macrophages, significantly reduced TAM populations and delayed PDAC 

progression, illustrating MHC IIlo embryonic-derived TAMs drive PDAC progression 

when monocyte-derived TAMs are reduced.(Zhu et al., 2017) The delineation 

between the two macrophage populations has been previously demonstrated in 

the literature; with yolk-sac (embryonic) macrophages identified as F4/80bright, 

Flt3—, Cx3cr1+ and controlled by the transcription factor Maf; and HSC-derived 

macrophages identifiable through expression of Gata2 and Ccr2 which control 

monocyte differentiation and recruitment, respectively.(Schulz et al., 2012) 

However, CCR2—/— mice still retain some Ly6C+ monocytes in the circulation, and 

as CCR2 is required for 80-90% of macrophage infiltration from the periphery, 

some monocyte-derived macrophage populations remain.(Hsieh et al., 2014) 

Furthermore, the depletion of inflammatory monocytes by CCR2 inhibition (PF-

04136309) in orthotopic PDAC models demonstrates enhanced anti-tumour 

immunity and reduced metastatic dissemination; and high levels of CCR2/CCL2 

have poor prognosis in human patients following resection. (Sanford et al., 2013) 

Additionally, the role of bone marrow-derived macrophages is multi-faceted, as 

recent evidence has detailed they can promote PDAC cancer progression by 



42 

converting to cancer-associated fibroblast-like cells in response to conditioned 

media, which then leads to increased invasive potential of pancreatic cancer 

cells.(Iwamoto et al., 2021) Thus, PDAC TAM populations exhibit diverse 

ontogeny, and there is a greater appreciation of the pro-tumour function of 

TAMs derived from embryonic macrophage populations which can promote 

tumourigenesis through pro-fibrotic effector functions. However, the pro-tumour 

role of monocyte-derived macrophages also indicates a fundamental role in 

PDAC tumour progression, suggesting both TAM populations have non-redundant 

function in PDAC progression. 

1.2.6  TAMs have potent immune-suppressive function. 

TAMs develop in response to the immune-suppressive cytokine milieu and exert 

diverse effector functions that promote PDAC growth; this includes the 

production of immune-regulating cytokines such as IL-10 and TGF-b; driving 

angiogenesis and chemoresistance; and enhancing PDAC cell invasion and 

metastatic potential.(Smith et al., 2018, Mittal et al., 2015, McBride et al., 

2002, Linton et al., 2018, Xian et al., 2017, Nielsen et al., 2016)  

IL-10 is a pleiotropic cytokine produced by TAMs, and drives immune suppression 

through inhibition of costimulation, Treg recruitment and the impairment of 

APCs and CTLS and significantly correlates with poor survival in human 

PDAC.(Saraiva and O'Garra, 2010, Smith et al., 2018, Mittal et al., 2015, McBride 

et al., 2002, Candido et al., 2018, Poh and Ernst, 2021, Feng et al., 2018) In the 

absence of IL-10 signalling, CD80/86 costimulatory molecules bind to CD28 on T 

cells to augment TCR signalling.(Akdis et al., 2000) IL-10R signalling activates 

the tyrosine phosphatase SHP-1, which dephosphorylates CD28 and impairs 

costimulation to induce anergy, where T cells become functionally inert.(Taylor 

et al., 2007, Joss et al., 2000) Additionally, IL-10 can also directly impede CTL 

responses by impairing TCR/CD8 molecule co-localisation.(Smith et al., 2018) IL-

10R signalling activates STAT3, an immunoregulatory transcription factor, which 

activates Mgat5.(Smith et al., 2018) Mgat5 then restricts TCR clustering by 

binding Galectin (Gal3), impeding TCR/CD8 co-localisation and reducing the 

antigen sensitivity of CTLs.(Smith et al., 2018) IL-10R signalling has also been 

shown to impair IL-12 production in DCs, which negatively impacts on CTL 

responses in preclinical breast cancer models and also impairs the ability of APCs 
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to present antigen.(Ruffell et al., 2014, Mittal et al., 2015) DCs normally 

respond to type 1 IFN and upregulate MHC II and CD80/86 molecules to become 

fully licensed, which reduces the activation threshold of T cells.(Mittal et al., 

2015) IL-10R signalling in macrophages upregulates March-1, an E3 ubiquitin 

ligase, which increases lysosomal degradation of MHC II and CD80/86 and impairs 

macrophage antigen-presenting capacity.(Mittal et al., 2015) In DCs, IL-10 also 

impairs antigen presentation through March-1 independent pathways, as STAT3 

phosphorylation activates Socs3, a transcription factor that prevents NF-kB 

translocation in DCs, impairing Th1 differentiation and promoting autocrine IL-10 

secretion by DCs.(Schülke, 2018) Finally, IL-10 in the presence of TGF-b 

promotes FOXP3+ Treg differentiation through STAT3-dependent 

mechanisms.(Hsu et al., 2015) Thus, macrophage-derived IL-10 in PDAC TME is a 

potent immune-suppressive cytokine that inhibits APC presentation of cognate 

antigen, establishes T cell anergy through impaired costimulation, and directly 

impairs anti-tumour CTLs. 

In addition to IL-10, TAM-derived TGF-b can induce epithelial-mesenchymal 

transition (EMT), promote ECM remodelling, cancer stemness and contributes to 

chemotherapy resistance in PDAC.(Yamazaki et al., 2014, Zhang et al., 2019, 

Xian et al., 2017) TAMs are major sources of TGF-b in the PDAC TME, and 

expression of TGF-b negatively correlates with survival in late stage PDAC.(Poh 

and Ernst, 2021, Principe et al., 2016) Firstly, TGF-b enhances the invasive 

potential of PDAC cells through EMT; a process characterised through loss of 

cell-cell interactions, epithelial junction proteins and basal polarity.(Wang et 

al., 2017) Continuous TGF-b signalling also leads to Smad accumulation, which 

stimulates the release of ECM products such as collagen, and activates fibrosis-

associated genes within CAFs.(Ahmed et al., 2017) In addition, Smad-

independent TGF-b signalling activates PI3-K and mTOR signalling which drives 

cytoskeleton reorganisation to induce EMT.(Zhang et al., 2013) TGF-b signalling 

is also associated with increased tumour size, metastasis incidence and poor 

survival.(Yamazaki et al., 2014, Katsuno et al., 2013, Yeh et al., 2018) TGF-b 

also induces cancer cell stemness, specifically through CD51+ TAMs, and 

activates stemness-related transcripts within PDAC cancer cells.(Zhang et al., 

2019) Another function of TAM-derived TGF-b is the promotion of 

chemoresistance, as treatment of TAMs with simvastatin impairs TGF-b1 
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signalling and sensitises PDAC cells to gemcitabine.(Zhang et al., 2020a, Xian et 

al., 2017) Additionally, PDAC-derived exosomes can also drive the production of 

VEGF, IL-1b, IL-6, TNF-a and MMP9 from TAMs.(Linton et al., 2018) VEGF in 

particular is proangiogenic and contributes to chemoresistance through 

increasing TME interstitial fluid pressure.(Gremonprez et al., 2015) PDAC 

exosomes have also been implicated in the priming pre-metastatic niche (PMN) 

through metastasis-associated macrophages (MAM).(Costa-Silva et al., 2015, 

Nielsen et al., 2016) More specifically, PDAC exosome-educated Kupffer cells 

(KC) release TGF-b, which activates hepatic stellate cells (HSTC) and promotes 

fibronectin production, this enables metastasis-associated macrophage (MAM) 

accumulation and priming of the PMN.(Costa-Silva et al., 2015) MAMs in the 

PDAC PMN have greater expression of ECM proteases, particularly granulin, 

which leads to production of fibronectin and periostin by HSTCs, which drives 

pro-metastatic fibrosis.(Nielsen et al., 2016)  
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Figure 1-4 Pro-tumour TAMs have diverse function in PDAC. 
TAM polarisation occurs during chronic pancreatitis, which causes an accumulation of polarising 
cytokines IL-4, IL-13, IL-10 and TGF-β. High IL-1β activates PSCs to produce IL-4 and IL-13, and 
IL-13 is also produced by tuft cells in precursor PanIN lesions in early tumourigenesis. IL-10 and 
TGF-β increase in response to chronic inflammation and drive TAM polarisation and immune 
suppression. Pro-tumour TAM populations arise from embryonic-derived (tissue-resident) 
macrophages that are Flt3-independent and are F4/80hi, CD206+, CD163+, CXCR4+ and CX3CR1+. 
TAM populations are partly replenished through CCL2-mediated recruitment and differentiation of 
monocytes through M-CSF (CSF1). TAM-derived IL-6 directly promotes PDAC cell proliferation 
through phosphorylation of STAT3, and they also produce VEGF to promote angiogenesis. IL-10 
impairs DC antigen presentation and expression of CD28 costimulatory molecules to directly impair 
anti-tumour immunity, and synergises with TGF-β to promote development of FoxP3+ Tregs, which 
in turn produce TGF-β and IL-10 to suppress immune activity. 

1.2.7  Neutrophils in PDAC 

Despite macrophages being defined as the most dominant leukocyte population 

within the PDAC TME, neutrophils also play a crucial role. Under homeostatic 

conditions, excessive neutrophil mobilisation is controlled through retention 

signals such as CXCL12/CXCR4 signalling and integrin expression (VCAM-1) within 

bone marrow.(Eash et al., 2010, Coffelt et al., 2016) Whilst neutrophils are able 

to egress under homeostatic conditions, the chronic inflammation associated 

with tumourigenesis overrides neutrophil retention signals and results in 

neutrophilia; for example, granulocyte colony stimulating factor (G-CSF) actively 
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represses CXCL12 in bone marrow and CXCR4 expression on neutrophils, 

respectively.(Eash et al., 2010, Kim et al., 2006) Additionally, the CXCR4 

retention signal is also abrogated through peripheral expression of chemokine 

ligands CXCL1-3 and CXCL5-8, which bind to cognate receptors CXCR1 and CXCR2 

on neutrophils to promote egress.(Eash et al., 2010, Coffelt et al., 2016) These 

mechanisms are often subverted during oncogenesis and enable excessive 

neutrophil production, mobilisation and pro-tumourigenic polarisation. One of 

the most significant pro-tumour roles for neutrophils in tumourigenesis is in the 

metastatic cascade, with pro-metastatic function detailed in several cancer 

settings.(Coffelt et al., 2015, Steele et al., 2016, Cools-Lartigue et al., 2013) In 

the KEP (K14Cre;Cdh1F/F;Trp53F/F) mouse model of spontaneous breast cancer, 

TAM-derived IL-1b stimulates the production of IL-17 from γδ T cells, which 

leads to downstream production of G-CSF and the mobilisation of immature 

iNOS+ neutrophils, which results in suppression of CD8+ T cells and enables 

metastatic colonisation. (Coffelt et al., 2015) Expansion of neutrophils within 

the TME is often associated with undifferentiated tumours and poor prognosis in 

PDAC.(Reid et al., 2011) In particular, the over-expression of neutrophil 

chemoattractant CXCL5 correlates with poor survival, indicating that CXCR2-

mediated neutrophil recruitment is a tumour-promoting mechanism in PDAC.(Li 

et al., 2011a) 

1.2.8  CXCR2 drives tumour-promoting neutrophils in PDAC. 

Cumulative evidence within the literature implicates the CXCR2 axis as a driving 

force for tumourigenesis through several mechanisms, most notably the 

recruitment of pro-metastatic neutrophils that restrain effective infiltration of 

effector T cells into the TME. (Steele et al., 2016, Chao et al., 2016) In human 

PDAC, CXCR2 expression along with its ligands CXCL2/8 are upregulated 

compared to normal pancreas, with increased CXCL2/CXCR2 expression by MPO+ 

cells (neutrophils) correlating with poorer prognosis. (Steele et al., 2016) Thus, 

high CXCR2 expression is associated with poor prognosis, and therapeutic 

blockade has demonstrated augmentation of anti-tumour immunity. Additionally, 

PDAC cells are also capable of producing CXCL1/2 to mediate the crosstalk 

between PDAC cells and neutrophils within the TME, a crucial facet of PDAC 

tumourigenesis.(Steele et al., 2016, Nywening et al., 2018, Stromnes et al., 

2014) Thus, Steele et al. looked to determine the role of CXCR2 signalling in 
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spontaneous PDAC through CXCR2-deficient KPC mice (KPC;Cxcr2—/—).(Steele et 

al., 2016) Interestingly, KPC;Cxcr2—/— mice display no survival benefit; however, 

loss of infiltrating neutrophils confers an almost complete reduction in 

spontaneous metastases, reduced fibrotic reaction and increased CD3+ T cell 

infiltration — indicating a central role for CXCR2 in promoting metastasis and 

contributing to the immunosuppressive desmoplastic stroma in PDAC.(Steele et 

al., 2016) Pharmacological inhibition through CXCR2 inhibitors(CXCR2i) pepducin 

and AZ13381758 were successful at abrogating spontaneous metastases, but also 

conferred significant survival benefit.(Steele et al., 2016) Treatment of late-

stage palpable KPC tumours first with CXCR2i enabled greater T cell infiltration 

and was followed by anti-PD-1 therapy; this resulted in a sensitisation of late-

stage KPC mice to immunotherapy and a significant extension of survival of mice 

treated with combined CXCR2i and PD-1 therapy.(Steele et al., 2016) Given the 

high rates of metastatic disease within PDAC patients, further uncovering CXCR2 

function within the PDAC TME could potentially provide substantial clinical 

benefit. 

The immunosuppressive and pro-tumour function of TANs is further shown 

through TCGA analysis of human PDAC samples, which demonstrate that high 

TAN infiltration correlates with the squamous subtype and poor prognosis.(Chao 

et al., 2016, Bailey et al., 2016) Significantly high levels of CXCL5 and CXCR2 

transcripts specifically within PDAC cells were associated with TAN infiltration, 

and also correlated with oncogenic Kras expression.(Chao et al., 2016) 

Therefore, oncogenic Kras and CXCL5 expression within PDAC cells can promote 

crosstalk between PDAC cells and recruited TANs to drive tumourigenesis. (Chao 

et al., 2016) The subcutaneous implantation of KPC cells into Cxcr2—/— mice 

demonstrated significant impairments to tumour growth, but had no observable 

differences in F4/80+ TAM populations, CD31+ endothelial cells or FoxP3 Tregs, 

but instead exhibited increased memory (CD44hiCD62L+) and effector 

(CD44hiCD62L—) effector T cells in the PDAC TME. This demonstrates that 

PDAC/neutrophil crosstalk is mediated through CXCR2 and is an important aspect 

of the immunosuppressive TME in PDAC.(Chao et al., 2016) 
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1.2.9  CXCR2 exerts additional pro-tumour functions in PDAC. 

Whilst CXCR2 signalling drives primary tumour growth and metastatic 

dissemination in PDAC, CXCR2 signalling also directs tumour-stroma interactions 

which promotes angiogenesis, and enhances PDAC cell invasive and metastatic 

potential.(Saintigny et al., 2013, Ijichi et al., 2011, Matsuo et al., 2009a) 

Effective tumour-stromal crosstalk is crucial to PDAC tumourigenesis, and 

Ptf1aCre/+;KrasG12D;Tgfbr2flox/flox mice detailed how the secretion of CXCR2 

ligands maintain this synergistic relationship, as Ptf1aCre/+;KrasG12D promotes the 

formation of precursor PanIN lesions and the addition of Tgfbr2flox/flox drives 

invasive PDAC.(Ijichi et al., 2011) PanIN lesions with intact TGF-b signalling have 

relatively low expression of CXCR2 ligands; however, PDAC cells with mutated 

TGF-β secrete high levels of CXCL1 and CXCL5 which bind CXCR2 expressed on 

stromal fibroblasts.(Ijichi et al., 2011) More specifically, PDAC-derived CXCR2 

ligands upregulate the expression of connective tissue growth factor (CTGF) 

which strongly promotes fibrosis and is further augmented by TGF-b 

signalling.(Ijichi et al., 2011, Lipson et al., 2012) CXCR2 is also expressed on 

vascular endothelial cells, and production of CXCR2 ligands by PDAC cells 

promotes angiogenesis and confers increased invasive potential of vascular 

endothelial cells in vitro.(Matsuo et al., 2009b, Matsuo et al., 2009a) In 

Ptf1acre/+; LSL-KrasG12D; Tgfbr2flox/flox (PKF) mice, it was found that PDAC cell—

conditioned media (PKF CM) was capable of stimulating CXCL1, CXCL2 and CXCL3 

production by CAFs, and the invasion and migration of PDAC cells was 

significantly enhanced through the addition of CAF-CM — suggesting feedback 

loops of CXCR2 ligands within the TME between PDAC and stromal cells.(Sano et 

al., 2019) PKF;CXCR2+/— mice displayed no survival benefit but had significant 

reductions in CD31+ tumour microvessel density, further reinforcing the role the 

CXCR2 axis plays in promoting PDAC angiogenesis.(Sano et al., 2019) In summary, 

neutrophils play a fundamental role in PDAC by directly promoting 

tumourigenesis, contributing to the immunosuppressive TME and facilitating 

metastatic dissemination through the CXCR2 chemokine axis. However, CXCR2 

signalling has additional protumour mechanisms independent of neutrophils and 

can mediate tumour-stroma crosstalk, angiogenesis and contribute to the 

characteristic desmoplastic reaction. 
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1.2.10 NK cells in PDAC.  

Natural killer (NK) cells are another class of innate immune cells that have been 

implicated in cancer. More specifically, their potent cytotoxic mechanisms 

direct anti-tumour immune surveillance, and higher levels of NK cells are 

associated with reduced metastatic incidence in several human cancers.(López-

Soto et al., 2017) NK cells make up between 5-10% of peripheral blood 

mononuclear cells (PBMC), and respond rapidly to virally infected and 

transformed cells; human NK cells are CD3—CD16+CD56+ and sub-categorised into 

CD16brightCD56dim (cytotoxic) and CD16dimCD56bright (tissue-resident) subsets; 

murine NK cells are CD3—NKp46+/NK1.1+ and are divided into CD49a—DX5+ 

(circulating) and CD49a+DX5— (tissue-resident) subsets.(Wu et al., 2020, Jewett 

et al., 2020, Sojka et al., 2014) NK cell activity is tightly regulated by activating 

and inhibitory signals. To become activated, NK cells have natural cytotoxicity 

receptors (NCRs) such as NKp30/44/46, which direct NK cell-mediated lysis and 

the production of inflammatory cytokines.(Huntington et al., 2020, Kumar, 2018) 

Additionally, natural-killer group 2, member D (NKG2D) activates NK cells by 

binding to MICA, MICB and ULBP1-6 proteins that are upregulated during cell 

stress and transformation.(Huntington et al., 2020, Paul and Lal, 2017) Finally, 

NK cells also express DNAX accessory molecule-1 (DNAM-1), which binds to CD155 

on infected and transformed cells, and is an important costimulatory molecule 

that directs NK-mediated lysis.(Huntington et al., 2020, Kumar, 2018, Paul and 

Lal, 2017) With regard to NK cell inhibition, one of the major routes to NK cell 

control is through classical inhibitory receptors known as killer immunoglobulin-

like receptors (KIRs), which induce a strong inhibitory effect on NK cells by 

signalling through inhibitory ITIM motifs. An example includes the inhibitory KIRs 

KIR2DL1-3, which bind to MHC molecules (HLA-C) and prevent NK cell activation; 

however, the absence of MHC molecules enables NK cell activation through the 

concept of “missing self”, where stressed and virally infected cells downregulate 

MHC I expression to avoid CD8+ T cell-mediated cytotoxicity.(Miller, 2018) 

Another example of an MHC-associated inhibitory receptor expressed by NK cells 

is NKG2A/CD94, which binds to HLA-E to restrain NK cell activation. Finally, non-

MHC-related inhibitory receptors include T-cell Ig and ITIM domain (TIGIT), 

which actively competes with DMAN-1 to bind CD155, and programmed cell 

death-1 (PD-1) which bind to PD-L1 to restrain NK cells. (Huntington et al., 2020, 

Cao et al., 2020) NK cell activation can also be mediated through cytokine 
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signalling — specifically IL-12R, IL-15R, IL18R and IL-21R binding to cognate 

ligands.(Huntington et al., 2020) Thus, NK cell independence from antigen-

specific routes of activation is a crucial aspect of their anti-tumour function.  

1.2.11 Anti-tumour NK cell effector mechanisms. 

Once activated, the cytotoxic activity of NK cells is mediated by two distinct 

mechanisms — granule exocytosis of perforin and granzyme and the activation of 

death receptor pathways such as FasL and TRAIL.(Smyth et al., 2005) Granule 

exocytosis mediates apoptotic cell death, and is directed through cytotoxic 

granules which contain proteases and pore-forming proteins.(Prager and Watzl, 

2019) These granules maintain an acidic pH which restrains the activity of 

granzyme and perforin, and they become activated in neutral pH when released 

into the immune synapse following NK cell activation — perforin forms 

transmembrane channels that facilitates entry of granzymes such as Granzyme B 

and A which drive apoptosis.(Prager and Watzl, 2019) Activation of NK cells also 

induces expression of FasL on the surface of NK cells, which binds to Fas 

receptor (CD95) on target cells and results in the cleavage of caspase 8/10 — 

this drives apoptosis through loss of mitochondrial outer membrane 

potential.(Prager and Watzl, 2019) TRAIL-mediated cell death acts in a similar 

manner, with TRAIL expression on activated NK cells directing similar apoptotic 

mechanisms.(Prager and Watzl, 2019) 

1.2.12 NK cells are impaired in PDAC. 

Despite the importance of NK cell cytotoxic function, there is evidence that NK 

cell activity is impaired in PDAC. In PDAC patients, tumour-infiltrating NK cells 

have reduced activating receptors NKG2D and NKp30, impaired IFN-g production, 

and increased expression of anti-inflammatory IL-10 — suggesting a more 

regulatory NK phenotype in PDAC patients.(Marcon et al., 2020) Furthermore, NK 

cells make up a tiny proportion (0.3%) of the TIL population found in PDAC 

patients, when compared with other lymphocytes.(Lim et al., 2019) Expression 

of CXCR2 ligands is high in PDAC tissue but infiltrated NK cells were found to 

have reduced CXCR2 expression in PDAC patients, which indicates impaired NK 

cell recruitment.(Lim et al., 2019) Over-expression of CXCR2 in NK cells through 

CXCR2-expressing lentivirus rescues NK cell migrational capacity towards PDAC 
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cells; therefore, impaired NK cell trafficking in PDAC is attributable to reduced 

CXCR2 expression on NK cells.(Lim et al., 2019) In preclinical models of PDAC, 

NK cell cytotoxic capacity in KC mice mirrors NK cell impairment seen in obesity, 

a major PDAC risk factor.(Kaur et al., 2018) More specifically, pro-tumour IL-6 

from pancreatic adipose tissue synergises with NK-derived IL-6 to impair IFN-g 

production and cytotoxic function of NK cells. This functionally translates in to 

reduced tumour killing capacity, where NK cells are incapable of killing 

precursor PanIN lesions.(Kaur et al., 2018) Thus, despite anti-tumour function, 

NK cell activity is also subverted in PDAC with reduced cytotoxic capacity and 

cytokine production resulting in the growth of NK cell-resistant PDAC cells.  

1.2.13 Dendritic cells in PDAC. 

Although innate immune cell activity is a main feature of PDAC tumourigenesis, 

the subversion of adaptive immune responses by impairment of dendritic cells 

(DC) is also important. DCs can be split into three distinct categories: 

plasmacytoid DCs (pDC), monocyte-derived DCs (moDC) and conventional DCs 

(cDC).(Murphy, 2012) pDCs are located throughout the periphery and are major 

sources of type I interferon (IFN), and are crucial for the early detection of viral 

infections.(Gardner and Ruffell, 2016, Murphy, 2012) MoDCs form during 

inflammatory responses and are highly plastic cells that exert numerous effector 

functions in response to the diverse inflammatory milieu.(Gardner and Ruffell, 

2016) Finally, cDCs are the major DC subset that activates T cells, as they 

present exogenous and endogenous antigen on MHC I and II, respectively, to 

drive both CD4 and CD8 T cell activation.(Gardner and Ruffell, 2016) Until 

recently, the role of cDCs in cancer was largely unknown, however, the “Cancer 

Immunity Cycle” outlines the role of DCs in activating anti-tumour immunity 

(Figure 1-5).(Chen and Mellman, 2013) 
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Figure 1-5 The Cancer Immunity Cycle 
Adaptive anti-tumour immunity is established in a stepwise manner and is characterised through 
the priming and activation of anti-tumour T cells. Firstly, apoptosis and necrosis of cancer cells 
leads to the release of cancer antigens within the tumour TME. Cancer antigens are then 
processed by DCs within the TME, leading to DC maturation and licensing. DC licensing is 
characterised through the expression of MHC molecules; the upregulation of costimulatory 
molecules such as CD80/86 that provide additional signals to activate T cells; the production of T 
cell-stimulating cytokines such as IL-2/12; and finally, the upregulation of chemokine receptors 
such as CCR7 that direct DC trafficking to draining lymph nodes. This cycle activates anti-tumour 
immune responses and drives the expansion of cytolytic T cell populations. Taken from Chen and 
Mellman, 2013. 

To induce effector T cell responses, fully licensed DCs provide three distinct 

signals — activation, survival, and differentiation.(Murphy, 2012) Naïve CD4+ T 

cells are initially activated through the recognition of peptide/MHC complexes 

via the TCR, and costimulatory molecules on the surface of DCs provide 

additional stimuli for full activation. More specifically, CD80/86 (B7.1/7.2) 

molecules on DCs bind CD28 receptors on CD4+ T cells, which leads to the 

autocrine production of IL-2, a crucial survival signal that promotes 

proliferation.(Murphy, 2012) Following this, DC-derived cytokines direct the 

development of distinct helper T cell subsets, including TH1, TH2, TH17, T 

follicular helper (TFH) and also regulatory T cell (Treg) subsets — this 

differentiation signal provides context to help establish appropriate immune 

responses.(Murphy, 2012) More specifically, DC-derived IFN-g and IL-12 

encourages T-bet+ TH1 cells; IL-4 drives GATA3+ TH2 development; TGF-b, IL-6 

and IL-13 promote RORgt+ TH17 cells; and finally, TGF-b and IL-6 alone drive 

FOXP3+ Treg  and Bcl6+ TFH subsets, respectively.(Murphy, 2012) CD8+ CTLs require 

additional costimulation rather than a differentiation signal owing to their 

potent cytotoxicity — this often provided by CD4+ T cells which produce IL-2 or 

by increased costimulatory molecule expression on DCs.(Murphy, 2012) Thus, 

following recognition of endogenous cross-resented antigen by MHC I/CD8 TCR 
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complex, the additional stimuli from CD4+ T cells promotes CD8 CTL activation 

and subsequent differentiation. In the context of cancer, this is known as the 

“Cancer Immunity Cycle”, which details how DCs direct adaptive anti-tumour 

immunity.(Chen and Mellman, 2013) In short, TME-resident DCs can internalise 

cancer antigen following cancer cell apoptosis or necrosis. During 

internalisation, the TME inflammatory milieu promotes the upregulation of 

costimulatory molecules, antigen presenting machinery and chemokine 

receptors, known as DC licensing.(Chen and Mellman, 2013) Mature DCs then 

migrate to draining lymph nodes and present cancer-associated antigens to naïve 

T cells, induce T cell activation and establish anti-tumour immunity.(Chen and 

Mellman, 2013) Several tumour escape mechanisms subvert this cycle; firstly, 

tumours with low immunogenicity provide insufficient antigen for DCs; secondly, 

dense tumour stroma acts as a physical barrier for DC migration; impaired DC 

maturation leads to immune tolerance; and finally, immunosuppressive cytokines 

within the TME directly subvert anti-tumour immune responses.(Chen and 

Mellman, 2013) There is growing evidence that subversion of DC function, 

specifically antigen-presenting cDCs, is an important aspect of PDAC 

tumourigenesis. 

1.2.14 cDC paucity promotes immune dysfunction in PDAC. 

cDCs are highly specialised cells, and promote anti-tumour immune responses by 

transporting tumour antigen to draining lymph nodes and cross-presenting 

exogenous tumour antigen to activate CD8+ CTLs.(Gardner and Ruffell, 2016) 

cDCs can be further subclassified into two groups; cDC1s cross-present 

exogenous antigen on MHC I to activate CD8+ CTLs, they require IRF8, Batf3 and 

ID2 transcription factors for differentiation and express XCR1, CD103 and CD24; 

cDC2s activate CD4+ helper T cells through tumour antigen expression on MHC II, 

they rely on IRF4 and ZEB2 transcription factors for development and express 

CD172a.(Schlitzer et al., 2015, Noubade et al., 2019) Previously, lymphoid-

resident CD8a+cDC1s were defined as the cross-presenting DC population that 

activated anti-tumour CTLs, however, recent developments indicate that 

migratory CD103+ cDC1s are more important.(Salmon et al., 2016, Roberts et al., 

2016) Roberts et al first showed that CD103+ DCs are essential antigen trafficking 

cells, and prime anti-tumour CD8+ T cell responses in tumour settings through 

CCR7-dependent trafficking mechanisms.(Roberts et al., 2016) More specifically, 
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CD103+ cDC1s were the dominant antigen trafficking population throughout 

tumour development in B78ChOVA models (OVA expression with MCherry 

reporter), and formed longer interactions with OT-I T cells when compared to 

lymph node-resident CD8a DCs.(Roberts et al., 2016) Additionally, following 

antigen internalisation, migratory CD103+ DCs express significant levels of 

surface CCR7, revealing a CCR7-dependent trafficking mechanism following 

antigen internalisation.(Roberts et al., 2016) Further studies have shown that 

CD103+ cDC1s have intrinsic anti-tumour effect, as anti-PD-L1 therapy in B16 

transplantable models confers survival benefit, but the absence of Batf3 

transcription factor (Batf3—/—) abrogates the anti-tumour effect of anti-PD-

L1.(Salmon et al., 2016) The anti-tumour role of cDC1s only extends to the 

activation of CD8 CTLs in the tumour draining lymph node (dLN), and does not 

enhance their infiltration into tumours.(Salmon et al., 2016) Only combined 

therapy of anti-PD-L1 with FLT3 ligation and poly I:C, which mobilise DC 

precursors and upregulate costimulatory molecules, respectively, improved CTL 

infiltration.(Salmon et al., 2016) Thus, whilst migratory cDC1s can facilitate 

tumour antigen trafficking to tumour dLN, DC paucity, high checkpoint molecule 

expression and insufficient T cell activation in the TME significantly restrains 

anti-tumour immune responses. 

There is emerging evidence that dysfunctional DC activity contributes to the 

poor immune responses observed in PDAC.(Hegde et al., 2020, Meyer et al., 

2018, Lin et al., 2020) Murine PDAC tissue not only has fewer cDCs compared to 

KrasG12D;Trp53fl/fl;R26tm1 (KPL) model of lung adenocarcinoma, but they are also 

functionally impaired — CD103+CD24+ cDC1s are 10-fold fewer in premalignant 

KPC mice than KPL mice, and are 79-fold fewer in late stage disease.(Hegde et 

al., 2020) In KPC-OG mice (OVA and GFP expression), Flt3 ligation combined with 

CD40 agonist treatment increased MHC and CD80/86 expression, and also 

enhanced CTL infiltration and resulted in reduced GFP expression, indicating 

immune selection pressures associated with tumour clearance.(Hegde et al., 

2020) Therefore, KPC mice exhibit dysfunctional DCs that are insufficient to 

prime anti-tumour CD8+ responses. Evidence within the literature indicates that 

DC paucity could result from tumour-induced myelopoiesis, which promotes the 

expansion of immune-suppressive myeloid cells at the expense of cDC 

populations.(Meyer et al., 2018) In MMTV-PyMT and KPC GEMMs, pre-DC (FLT3+ 
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CD11c+) and cDC1 (FLT3+ CD11c+ MHC II+ CD24+) populations in bone marrow and 

blood were significantly reduced compared to WT control groups, due to 

upregulated monocyte genes at the expense of cDC (Irf8, Zbtb46 and Batf3) 

gene programs.(Meyer et al., 2018) Irf8 is a fundamental transcription factor 

that drives the commitment to cDC lineage and is also associated with patient 

outcome in PDAC patients — with reduced Irf8 expression correlating with 

increased cDC1 impairment and poorer prognosis.(Meyer et al., 2018) G-CSF has 

been shown to impair Irf8 expression through the upregulation of STAT3, which 

then leads to the expansion of granulocyte populations.(Netherby et al., 2017) 

Indeed, neutralisation of G-CSF in PyMT-B6 mice leads to restored Irf8 

expression, suggesting that G-CSF in tumour settings modulates Irf8 to expand 

granulocytes at the expense of cDC populations.(Meyer et al., 2018) DC 

dysfunction in early PDAC tumourigenesis has also been explored, and it was 

found that cDCs in PDAC have partial upregulation of costimulation markers.(Lin 

et al., 2020) Specifically, cDCs in PDAC have upregulated CD40 and CD86 

molecules but no changes were observed in CD80, MHC II and PD-L1 when 

compared to PanIN, indicating impaired CD8+ T cell priming.(Lin et al., 2020) 

Interestingly, it was found that depletion of IL-6, which is elevated in pancreatic 

neoplasia restored cDC1 numbers and further shows that chronic inflammation in  

early PDAC neoplasia can promote cDC paucity and contribute to impaired CTL 

responses.(Lin et al., 2020) 
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1.3 γδ T cells in cancer. 

1.3.1  Basic background of γδ T cells. 

γδ T cells are innate-like lymphocytes that are found in greater numbers at 

mucosal and epithelial sites.(Komori et al., 2006) Although considered an 

unconventional T cell, γδ T cells develop from the same precursor as 

conventional αβ T cells in the thymus.(Petrie et al., 1992) Gene rearrangement 

of β, γ and δ chains in double negative (DN) thymocytes determines T cell 

lineage commitment, as different TCR configurations give differential signal 

strengths and modulates levels of lineage-committing transcription factors (Id3) 

and E-proteins.(Hayes et al., 2010, Fahl et al., 2018) Strong signals from γδ TCRs 

induces high levels of Id3, strongly repressing E-proteins to commit to γδ 

lineage; weaker signals from αβ TCRs only mildly represses E-proteins due to 

lower Id3 levels and facilitates αβ lineage commitment.(Fahl et al., 2018, 

Lauritsen et al., 2009) Following commitment to the γδ lineage, γδ T cells can 

either acquire function in the periphery or exit the thymus with pre-defined 

effector function.(Parker and Ciofani, 2020) 

1.3.2  Development of γδ T cells and characterisation. 

In humans, γδ T cells can be classified into two distinct groups based on their δ 

chain usage — Vδ1 and Vδ2.(Wu et al., 2017, Vantourout and Hayday, 2013) Vδ1 

T cells also are identifiable through the expression of Vγ2/3/4/5/8 chains and 

are found in the periphery; Vδ2 T cells predominately express the Vγ9 chain and 

are circulating cells that can respond to phosphoantigens — human Vγ9δ2 cells 

respond to tumour antigen, display antigen presenting capacity and cytotoxic 

function and have been studied extensively for therapeutic exploitation.(Wu et 

al., 2017, Lawand et al., 2017) In mice, γδ T cells develop in a series of waves 

during embryogenesis; firstly, Vγ5+ DETCs appear at E13 and produce IFN-γ; Vγ6+ 

cells develop at E14 and are major sources of IL-17;  finally Vγ1+ and Vγ4+ cells 

emerge with pleiotropic cytokine function and produce IFN-γ, IL-17A, TNF and 

IL-4 (Figure 1-6).(Parker and Ciofani, 2020, Prinz et al., 2013, Silva-Santos et al., 

2015) However, murine γδ T cells can be further categorised based on surface 

marker expression, transcription factor expression and effector function — which 

is either pro- or anti-tumourigenic in the context of cancer.(Silva-Santos et al., 
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2015) Anti-tumour γδ T cells  are identifiable through CD27+, IL-2Rβ+, NK1.1+ and 

high CD45RB surface markers, the production of IFN-γ and through the 

expression of transcription factor T-bet; conversely, pro-tumour γδ T cells are 

CD27—, but express CCR6, low CD45RB, produce IL-17A and express the 

transcription factor RORgt.(Silva-Santos et al., 2015, Parker and Ciofani, 2020) A 

key feature of γδ T cells is their ability to become activated either through MHC-

independent routes such as cytokines within the local milieu, or in response to 

TCR stimulation and NKG2D ligation.(Silva-Santos et al., 2015) Elucidation of γδ 

T cell-activating ligands remains elusive, as the TCR antigen type remains 

unidentified, and TCR-antigen affinity is generally low which presents technical 

difficulties in ligand identification.(Deseke and Prinz, 2020) NKG2D, a stress-

associated receptor that responds to the upregulation of stress molecules in 

infected or transformed cells, plays a key role in innate tumour surveillance and 

is a major recognised route of γδ T cell activation.(Huntington et al., 2020, Paul 

and Lal, 2017) However, more appropriate in the context of cancer is the ability 

of γδ T cells to respond to local cytokine milieu. It has been well documented 

that protumour γδ T cells respond to IL-1β and IL-23 to upregulate IL-17A 

production; and anti-tumour γδ T cells upregulate IFN-γ and cytotoxic molecules 

following NKG2D ligation and also in response to local cytokines such as IL-2 and 

IL-15 independently of TCR stimulation.(Kong et al., 2009, Ribot et al., 2021) 



58 

 

Figure 1-6 γδ T cells arise in distinct developmental waves throughout embryogenesis. 
γδ T cells arise in developmental waves throughout embryogenesis, with each wave giving rise to 
distinct γδ T cell lineages that have different TCRs, effector function and tissue-homing properties. 
Firstly, Vγ5+ DETCs develop at E13 and specifically home to the skin, where they provide important 
barrier function through IFN-γ production. Next, Vγ6+ cells develop at roughly E16 where they 
colonise tissues in the uterus, lung, tongue adipose tissue and brain; they also produce IL-17A and 
are identifiable through CCR6 expression. Vγ4+ cells arise around E18 and exhibit polyfunctionality 
through production of IL-17A and IFN-γ, these cells home to lymphoid tissue, lungs, liver, and 
dermis. Finally, Vγ1+ cells develop peri-natally (from E20/birth) and are found in the liver, spleen, 
blood, and lymphoid tissue where they produce IL-17A and IFN-γ. Vγ7+ γδ T cells have not been 
included above, as they develop extra-thymically within the small intestine. Adapted from Prinz et 
al, 2013 and Ribot et al, 2021. 

1.3.3  Anti-tumour gd T cell function in cancer. 

The anti-tumour function of γδ T cells was first described by Hayday et al., who 

demonstrated that loss of γδ T cells results in increased incidence of cutaneous 

malignancy.(Girardi et al., 2001) This was due to the cytotoxic effector function 

initiated by NKG2D ligation on γδ T cells by NKG2D ligand Rae-1, which is a 

stress related MHC-I molecule upregulated during tumourigenesis.(Girardi et al., 

2001, Jung et al., 2012) This seminal study demonstrated that not only can γδ T 

cells exert protumour function, but that distinct tissue compartments may 

influence γδ T cell function due to the differential expression of NKG2D in 

different tissues.(Girardi et al., 2001) Further anti-tumour γδ function is 

observed in the transgenic adenocarcinoma of the mouse prostate (TRAMP) 

model, which mimics human prostate cancer through expression of SV40 Tag 

oncogene expression in the prostate epithelium.(Liu et al., 2008, Gelman, 2016) 
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TRAMP mice crossed with γδ T cell-deficient mice (TRAMP;TCRδ—/—) were found 

to have greater tumour burdens than TRAMP controls, indicating γδ T cells 

contribute to tumour immune surveillance in murine prostate cancer.(Liu et al., 

2008) Furthermore, subcutaneous injection of TRAMP cells was followed by 

adoptive transfer of expanded γδ T cells, which are cytolytic against TRAP cells 

in vitro. Adoptively transferred γδ T cells localise to tumour tissues, and mice 

treated with expanded γδ T cells exhibited lower tumour burdens than control 

mice.(Liu et al., 2008) This not only confirms anti-tumour γδ T cell function, but 

also highlights the therapeutic potential of adoptively transferred expanded 

anti-tumour γδ T cells.(Liu et al., 2008) γδ T cells in the periphery also have a 

predilection for IFN-γ production following TCR stimulation, further upregulated 

by the Th1-polarising cytokine IL-12.(Yin et al., 2002) Additionally, TCR 

signalling in the presence of IL-4, a Th2-polarising cytokine, also results in T-bet 

upregulation, indicating that γδ TCR stimulation promotes the development of 

anti-tumour IFN-γ+ γδ T cells.(Yin et al., 2002)  

As mentioned previously, the development of γδ T cell subsets in mice give rise 

to distinct subtypes with diverse cytokine production, for example Vγ1+ and Vγ4+ 

subsets are both capable of producing IFN-γ and IL-17.(Silva-Santos et al., 2015) 

However, activated Vγ4+ cells have been shown to have greater capacity for IFN-

γ production than Vγ1+ cells, and display cytotoxic capacity toward tumour cells 

in vitro, directed through TCR ligation.(He et al., 2010) Finally, in the murine 

B16 melanoma model, tumour-infiltrating Vγ4+
 cells express greater levels of 

perforin than Vγ1+ cells, indicating that Vγ4+ cells have protective capacity in 

preclinical mouse cancer models.(He et al., 2010) Human γδ T cells, specifically 

the cytotoxic Vγ9+Vδ2+ subset, direct Fas/FasL-mediated apoptosis and induce 

the expression of TRAIL receptors that can sensitise cancer cells to γδ T cell 

cytotoxicity — indicating that γδ T cells can exert tumour killing function 

through multiple  mechanisms.(Li et al., 2011b, Tawfik et al., 2019) Finally, 

there is evidence that γδ T cells direct tumour killing through antibody-

mediated cell-dependent cytotoxicity (ADCC), as using bi-specific antibodies to 

Vγ9 and Her2/neu (expressed on PDAC cells) enhances γδ T cell cytotoxicity 

towards PDAC cells.(Oberg et al., 2014) Thus, anti-tumour functions of γδ T cells 

are highly diverse and have been well-documented in a variety of different 

cancer settings (Figure 1-7) 
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Figure 1-7 γδ T cells have diverse anti-tumour functions. 
γδ T cells can exert anti-tumour functions through a variety of mechanisms. Activation through the 
TCR, by yet undefined ligands, mediates the upregulation of T-bet and drives INF-γ+ γδ T cell 
development. Expression of NKR ligands (MICA/B and Rae-1) to NKRs also activates anti-tumour 
γδ T cells and leads to IFN-γ production, which drives anti-tumour immunity through induction of 
Th1 immune responses and cytolytic NK cell development. Pro-tumour γδ T cell activation is 
augmented through the action of IL-15, IL-18 and IL-21, along with survival signal IL-2, which 
upregulate T-bet transcription factor. Pro-tumour γδ T cells also drive cancer cell apoptosis through 
FAS/FASL and TRAIL/TRAIL-R, and through the release of cytolytic granules that contain perforin 
and granzyme to induce apoptosis. Adapted from Silva-Santos et al, 2019. 

1.3.4  Pro-tumour gd T cell function in cancer. 

The pro-tumour function of γδ T cells has been studied in numerous preclinical 

cancer models, and they have hugely diverse effector functions that can shape 

the TME through a variety of mechanisms including immune suppression, 

facilitating angiogenesis, directly influencing tumour proliferation, and driving 

metastatic dissemination. However, as previously stated above, pro-tumour γδ T 
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cells are generally identified through surface markers (notably the absence of 

CD27) and TCR usage, but particularly through the production of pro-tumour IL-

17A (Figure 1-8).  

 

Figure 1-8 γδ T cells have potent pro-tumour mechanisms in a variety of cancer settings. 
Pro-tumour functions of γδ T cells are heterogenous, but centres on the production of IL-17A by 
RORγt+ γδ T cells. The presence of IL-1β, IL-6, IL-23 and IL-7 promote the expansion of IL-17A-
producing γδ T cells, with IL-7 also acting as a survival signal to promote γδ T cell proliferation. IL-
17A production directly induces cancer cell proliferation, impairs CXCL9/10-mediated recruitment 
of anti-tumour lymphocytes, but also upregulates tumour cell production of CXCR2 ligands to 
recruit pro-metastatic myeloid cells. γδ T cells also drive immune suppression through IL-10 
production and stimulate cancer cell proliferation through the production of IL-22 and amphiregulin 
(Areg). Production of IL-8 and VEGF also helps promote tumour growth and metastatic 
dissemination through angiogenesis. Adapted from Silva-Santos et al, 2019. 

In preclinical models of breast cancer, γδ T cells have been shown to have 

potent pro-tumour function by facilitating metastatic dissemination.(Coffelt et 

al., 2015) In K14cre;Cdh1F/F;Trp53F/F (KEP) mice, a model of spontaneous breast 

cancer, tumour-derived IL-1b activates Vγ4+CD27— γδ T cells to produce IL-

17A.(Coffelt et al., 2015) The production of IL-17A was found to regulate the 

expansion of immature immune-suppressive neutrophils that produced iNOS to 

facilitate metastatic dissemination through the inhibition of cytotoxic CD8+ T 

cells.(Coffelt et al., 2015) In other experimental metastasis models have 

confirmed IL-17A-producing Vγ6+ T cells as potent pro-metastatic cells that are 
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regulated through Type I IFNs — revealing that pro-tumour γδ T cells are a 

heterogenous population.(Patin et al., 2018) This is further highlighted through 

single cell analysis of γδ T cells in the breast cancer pre-metastatic niche (PMN), 

which reveals that γδ T cell populations become more diverse in response to 

tumours.(Edwards et al., 2021) In steady state, CD27— γδ T cells with enriched 

IL-17A signatures are found within a single cluster; whereas in response to 

tumour-derived IL-1β and IL-23, pro-tumour Vγ4+/6+ γδ T cells expand into seven 

clusters expressing genes associated with pro-tumour IL-17A+ γδ T cells.(Edwards 

et al., 2021) In human breast cancer, patients with high γδ T cell infiltration 

have poor survival, as high γδ T cell infiltration also correlates with advanced 

stage and lymph node metastasis.(Ma et al., 2012) Finally, despite human 

Vγ9Vδ+ γδ T cells not producing IL-17A, they are capable of driving 

tumourigenesis and subvert anti-tumour immunity through the production of IL-8 

and IL-10, respectively, further highlighting the central role of γδ T cells in 

breast cancer tumourigenesis.(Chabab et al., 2020) 

γδ T cells are found in greater numbers in mucosal sites — particularly within gut 

tissue.(Komori et al., 2006) This population of γδ T cells are called 

intraepithelial lymphocytes (IELs) and are generally regarded as tissue-resident 

cells that play a central role in maintaining barrier integrity and gut 

homeostasis.(Suzuki et al., 2020) As with breast cancer, the pro-tumour role of 

γδ T cells in CRC largely centres upon their capacity to produce IL-17A and 

modulate immune responses.(Suzuki et al., 2020) In murine CRC, driven through 

loss of APC (Cdx2-Cre;ApcF/Wt), impaired barrier integrity leads to IL-23 signalling 

driven by infiltrating myeloid cells, which upregulates IL-17A responses and 

results in reduced tumour growth.(Grivennikov et al., 2012) Additional studies 

using APCMin/+ mice crossed with IL-17A—/— mice demonstrate reduced IL-6, IL-23 

and IL-1β and also reduced tumour development, implicating IL-17A+ γδ T cells 

drive tumourigenesis.(Chae et al., 2010) IL-17RA signalling is shown to be crucial 

for early CRC tumourigenesis, as ablation of IL-17RA signalling leads to reduced 

proliferation of transformed cells and loss of pro-tumour STAT3 signalling in 

early lesion development.(Wang and Sun, 2014) Further research has shown that 

a major pro-tumour function of IL-17A signalling is through the impairment of 

anti-tumour immunity, as IL-17A signalling was found to inhibit CXCL9/10 from 

CRC cells, which negatively impacts the recruitment of CTLs to tumours.(Chen et 
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al., 2019b) In human CRC, Vδ1+CD27— cells are the dominant cell population 

compared to CD27+IFN-γ+ γδ T cells found in normal colorectal tissue, suggesting 

a phenotypic switch to pro-tumour.(Wu et al., 2014) This pro-tumour function is 

activated through IL-23, which promotes IL-17A production along with IL-8 and 

GM-CSF, which promote angiogenesis and myeloid cell expansion, 

respectively.(Wu et al., 2014) The dominant Vδ1 subtype also shows a significant 

proportion of CD39+FOXP3+ cells that have high levels of checkpoint molecules 

(CTLA-4/PD-1), suggesting a strong regulatory phenotype.(Hu et al., 2017) The 

regulatory phenotype is further indicated through production of IL-10, GM-CSF 

and TGF-β1; but is mainly exerted through the adenosine pathway where co-

expression of CD39 and CD73 enables the phosphoydrolysis of ATP to AMP, and 

then converts AMP to immune-suppressive adenosine.(Hu et al., 2017, Chabab et 

al., 2020) Tumour-infiltrating Vδ1+CD39+ γδ T cells also correlate with advanced 

CRC stage, tumour size and lymph node metastasis, so may be used as a 

prognostic indicator in CRC patients.(Hu et al., 2017)  

The heterogenous pro-tumour function of γδ T cells is further observed in HCC 

and ovarian cancer, which are driven by IL-17A-producing Vγ4+ and Vγ6+ γδ T 

cells, respectively.(Ma et al., 2014, Rei et al., 2014) In HCC, IL-17A-producing 

Vγ4+ T cells were not found to directly alter tumour cell proliferation, but 

instead reduce CD8+ memory cells, IFN-γ effector function and drive the 

production of CXCL5 by tumour cells to recruit pro-tumour immune-suppressive 

myeloid cells.(Ma et al., 2014) In preclinical ovarian models, tumour-derived IL-7 

promotes the expansion of Vγ6+IL-17-producing γδ T cells, which produce 

angiogenic factors (VEGFA and Ang-2) and recruit small peritoneal macrophages 

that drive angiogenesis and proliferation of cancer cells.(Rei et al., 2014, Chen 

et al., 2019a) This further reinforces that the crosstalk between γδ T cells and 

myeloid compartments are fundamental in driving a variety of tumour subtypes.  

In lung cancer, there is strong evidence to show that IL-22/IL-22R are 

overexpressed in lung cancer, exhibit immunomodulatory properties and directly 

enhance proliferation, migration, and invasion of NSCLC cells.(Bi et al., 2016) γδ 

T cells are found to be major sources of IL-22 in Kras-driven lung cancer, and IL-

22—/— mice demonstrate lower IL-17 and IL-6/STAT3 signalling, reduced Ki67 and 

EGR expression, and reduced lung lesions which further reinforces a central role 

for IL-22-producing γδ T cells in NSCLC.(Khosravi et al., 2018) Another route of 
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pro-tumour γδ T cell function is established through IL-1β and IL-23 signalling 

following loss of microbial homeostasis during neoplastic transformation, which 

leads to the expansion of tissue-resident RORγt+ Vγ6+CD27— γδ T cells.(Jin et al., 

2019) The expansion of a pro-tumour γδ T cell subset occurs with increased 

expression of neutrophil attractants (CXCL2 and G-CSF), increased IL-1R1 and IL-

23 to increase γδ T cell responsiveness and production of amphiregulin (Areg), 

which can drive tumour cell proliferation in a dose-dependent manner.(Jin et 

al., 2019) Therefore, microbiota-activated γδ T cells in lung can directly 

stimulate tumour cell proliferation, and can influence lung inflammation through 

pro-tumour myeloid cell recruitment.(Jin et al., 2019) 

Finally, despite being classified as an immunologically cold tumour, there is a 

growing appreciation of the role γδ T cells play in pancreatic cancer (PDAC), 

where they have been shown to play a pathogenic role in PDAC TME.(McAllister 

et al., 2014) In normal tissues, γδ T cells (RORγt+) are rarely found but increase 

roughly 50-fold in PanIN lesions — the expression of oncogenic Kras also drives IL-

17A production from γδ T cells.(McAllister et al., 2014) Pancreatic GEMMs with 

genetic ablation of IL-17A demonstrate reduced collagen deposition, a less 

aggressive stromal reaction and more normal histology when compared to IL-

17A+/+ mice — pharmacological inhibition of IL-17A results in reduction of PanIN 

lesions.(McAllister et al., 2014) Additionally loss of IL-17A expressions leads to 

reduced Il6 transcripts which indicates protumour function of IL-17A-producing 

γδ T cells in early pancreatic carcinoma.(McAllister et al., 2014) Further 

exploration has shown that IL-17A in early PanIN lesion development exerts the 

protumour function through the regulation of tuft cell development, and 

establishes stem cell marker upregulation in PanIN lesions to drive their 

development to invasive carcinoma.(Zhang et al., 2018) Mice overexpressing IL-

17A have more extensive PanIN lesions expressing the tuft cell marker DCLK-1, 

one of the major dysregulated genes associated with Embryonic Stem Cell 

signature expressed during blockade of IL-17A.(Zhang et al., 2018) Neutralisation 

of IL-17A signalling also impairs neutrophil recruitment to PDAC tumours, which 

is mediated through the upregulation of CXCR2 ligands from KPC cells leading to 

CD8+ impairment.(Zhang et al., 2020b) Chronic IL-17 signalling in PDAC mediates 

pancreatitis through peptidyl arginine deaminase type IV (Padi4) neutrophil 

aggregates, which also drives NETosis — a process whereby Padi4 promotes the 
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release of chromatin-rich neutrophil extracellular traps (NETs).(Zhang et al., 

2020b) Orthotopic KPC transplantation into Padi4—/— mice displayed greater 

sensitisation to anti-PD-1 therapy, demonstrating that IL-17-driven neutrophil 

recruitment in PDAC can contribute to chemotherapy resistance.(Zhang et al., 

2020b) In human PDAC, γδ T cells were found to constitute a large proportion of 

the TIL population, and in murine PDAC γδ T cells were found to be 

predominately Vγ4+ and produced pro-tumour cytokines such as IL-10 and IL-

17A.(Daley et al., 2016) γδ T cells are recruited to PDAC TME through CCR2, 

CCR5 and CCR6, but were not found to directly influence tumour cell growth; 

instead, higher levels of Galectin-9 and PD-L1 indicated immune checkpoint 

control, which translated into reduced tumour levels of IFN, TNF and reduced 

effector function from CTLs.(Daley et al., 2016) Thus, infiltrating γδ T cells in 

PDAC modulate anti-tumour immunity through checkpoint ligation. There is 

further evidence that human γδ T cells in PDAC also exert protumour functions, 

as they have been observed proximal to pancreatic stellate cells (PSCs), are 

associated with increased expression of ECM-related genes, and induce 

expression of protumour IL-6 from PSCs.(Seifert et al., 2020) Therefore, the 

protumour function in preclinical murine models confirms that subsets of γδ T 

cells are potent protumour cells that can exert their functions through a variety 

of mechanisms. Furthermore, these protumour mechanisms are often context-

dependent and have great potential for use in more tailored therapies. 
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1.3.5  Summary 

Thus, the evidence discussed above reveals the potent pro-tumour capabilities 

of γδ T cells in a variety of cancer settings. Most notably in breast cancer, where 

IL-17A+ γδ T cells promote G-CSF production, the expansion of immature and 

immune-suppressive neutrophils and this leads to the impairment of anti-

metastatic CD8+ T cells. Given the additional evidence that IL-17A delays 

precursor PanIN lesions; that γδ T cells promote PDAC tumourigenesis through 

impairment of anti-tumour immunity; and that neutrophil populations are 

potently pro-metastatic in PDAC; the role of γδ T cells in the PDAC metastatic 

cascade warrants further investigation, particularly the crosstalk with 

neutrophils. An illustrated summary of breast cancer metastatic cascade can be 

seen below, along with key papers that indicate a similar mechanism may be 

found in PDAC.  

 

Figure 1-9 Illustrated summary of the potential γδ T cell-driven metastatic cascade in PDAC. 
In breast cancer, γδ T cells drive a metastatic cascade through IL-17A, which expands immune-
suppressive and immature neutrophils to impair anti-metastatic CD8+ T cells. In PDAC, IL-17A has 
been shown to accelerate PanIN formation, and γδ T cells have been shown to impair anti-tumour 
CD4/CD8 T cells to restrain anti-tumour immunity; additionally, neutrophils have been 
demonstrated as potent pro-metastatic cells. This cumulative evidence suggests the crosstalk 
between γδ T cells and neutrophils may promote PDAC metastasis in a similar manner to breast 
cancer. 
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Aims and Hypothesis. 

I hypothesise that IL-17A+ γδ T cells play an important role in directing 

metastatic disease in murine PDAC. Evidence has shown that IL-17A+ γδ T cells 

drive breast cancer metastasis through neutrophil expansion and impairment of 

anti-metastatic CD8+ T cells. In PDAC, there is evidence that IL-17A signalling 

promotes PDAC progression, and γδ T cells constitute a major proportion of the 

tumour-infiltrating lymphocyte population. Additionally, given that neutrophils 

and macrophages are central for PDAC tumourigenesis and metastasis, I also 

hypothesise that γδ T cells direct metastasis by mediating crosstalk with pro-

tumour myeloid cells. These hypotheses will be tested through the following 

experimental aims: 

1. Determine if γδ T cells infiltrate the primary PDAC TME and metastatic 

niche, and then characterise their phenotype in both tissues. 

2. Determine whether the genetic ablation of γδ T cells in KPC tumour-

bearing mice affects PDAC progression and metastatic dissemination. 

3. Determine the impact of γδ T cells on the primary PDAC TME and in the 

metastatic niche. 

 



Chapter 2 Materials and Methods 

2.1 Mice. 

All animal experiments were performed under licenses issue by the UK Home 

Office under the Animals (Scientific Procedures) Act, 1986 and approved by the 

Animal Welfare and Ethical Review Board (AWERB). Mice were housed in 

individually ventilated cages (IVC) and has access to standard diet and water ad 

libitum. Mice were ear clipped to enable identification and provide tissue 

samples for genotyping through Transnetyx (Cordoba, TN, USA). Following 

genotyping, Pdx1Cre;KrasG12D;Trp53R172H (KPC) mice were identified, monitored 

three times weekly and culled once exhibiting symptoms that indicated humane 

clinical endpoint. Mice were maintained on C57BL/6 background, and both male 

and female tumour-bearing mice were used for experiments. 

2.1.1 KPC mice. 

Tumours in KPC mice are driven through the conditional expression of Lox-STOP-

Lox KrasG12D and Lox-STOP-Lox Trp53R172H, which are controlled through a Cre- 

recombinase (Pdx1-Cre). Expression of Pdx1-Cre results in the excision of Lox-

STOP-Lox sites and the expression of KrasG12D/+ and Trp53R172H/+ in a pancreas-

specific manner.(Hingorani et al., 2005) KPC mice faithfully recapitulate the 

progression, clinical manifestations, and histopathological features of human 

PDAC. KPC mice have no observable neoplasia at birth, by 6 weeks they develop 

non-invasive PanIN precursor lesions, and by 10 weeks they display full spectrum 

of PanIN lesions as well as locally invasive PDAC and desmoplastic stroma. 

Clinical manifestations indictive of human clinical endpoint include cancer-

associated cachexia, jaundice, ascites overt primary tumour growth and severe 

hunching. Finally, the KPC tumour microenvironment mirrors human PDAC with 

minimal vascularisation, extensive fibrosis, potent immune suppression, and 

metastatic dissemination to liver, lung and diaphragm. Metastatic incidence is 

observed in roughly 80% of KPC specimens on mixed background, but only around 

40% of KPC specimens on C57BL/6 background 
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2.1.2  γδ T cell-deficient KPC mice (KPC;Tcrd—/—). 

KPC mice were crossed with Tcrdtm1Mom mice. Mice homozygous for Tcrdtm1Mom 

are deficient for γδ T cells due to targeted knockout of the T cell receptor delta 

(Tcrd) chain but exhibit normal αβ (CD4+/CD8+) T cell populations. 

2.2 Fluorescence-activated cell sorting (FACS) 

2.2.1  Immune cell isolation from PDAC tissue. 

PDAC tissue was harvested from KPC and KPC;Tcrd—/— mice that had reached 

human clinical endpoint, and were collected in 1X phosphate-buffered saline 

(PBS), and were held on ice. Tumours were then manually chopped in Corning® 

100mm x 20mm petri dish using scalpel prior to enzymatic dissociation. Once 

homogenised, tumour tissue was transferred to gentleMACs C-tube (130-096-334, 

Miltenyi) containing 2.35mL RPMI 1640 or DMEM with 100µl Enzyme D, 50µl 

Enzyme R and 12.5µl Enzyme A. Manufacturer’s instructions were followed, and 

samples were dissociated using gentleMACs Octodissociator (Miltenyi) program 

“37_m_TDK_2” for tough tumour dissociation at 37℃. Following enzymatic 

dissociation, the suspension was transferred to 50mL falcon tube through a 70µM 

filter, and 2mL fetal calf serum (FCS) was pour over to neutralise enzyme 

activity. The suspension was then centrifuged at 1500rpm for 5 minutes at 4℃, 

and supernatant was discarded. Pellets were resuspended in 1X RBC lysis buffer 

(Invitrogen), vortexed and incubated at room temperature (RT) for 3 mins, then 

centrifuged at 1500rpm for 5 minutes at 4℃. 1X RBC Lysis buffer was prepared 

through dilution of 10X RBC Lysis Buffer in distilled water. Pellets were then 

resuspended in 1mL FACs buffer (1X PBS + 0.5% BSA) (A7906-100A, Sigma Aldrich) 

prior to Percoll centrifugation.  

2.2.2  Immune cell isolation from liver tissue. 

Liver tissue was harvested from KPC and KPC;Tcrd—/— mice that had reached 

human clinical endpoint, and were collected in 1X PBS, and were held on ice. 

Livers were transferred to gentleMACs C-tube containing 4.7mL DMEM with 200µl 

Enzyme D, 100µl Enzyme R and 20µl Enzyme A and were finely chopped using 

scissors prior to enzymatic dissociation. Manufacturer’s instructions were 

followed, and samples were dissociated at 37℃ by gentleMACs Octodissociator 
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along program “37_m_LIDK_1”. Following enzymatic dissociation, the suspension 

was transferred to 50mL falcon tube through a 70µm filter, and 2mL fetal calf 

serum (FCS) was pour over to neutralise enzyme activity. The suspension was 

then centrifuged at 1500rpm for 5 minutes at 4℃, and supernatant was 

discarded. Pellets were resuspended in 1X RBC lysis buffer, vortexed and 

incubated at room temperature (RT) for 3 mins, then centrifuged at 1500rpm for 

5 minutes at 4℃. An additional RBC lysis step was performed if required. Pellets 

were then resuspended in 1mL FACs buffer prior to Percoll centrifugation.  

2.2.3  Immune cell isolation from spleen tissue. 

Spleen tissue was harvested from KPC and KPC;Tcrd—/— mice that had reached 

human clinical endpoint, and were collected in 1X PBS, and were held on ice. 

Spleens were then mashed through 70µM filter into a 50mL Falcon tube, and 

10mL of FACS buffer was flushed through the filter. Samples were then 

centrifuged at 1500rpm for 5 minutes at 4℃, and supernatant was discarded. 

Pellets were resuspended in 1X RBC lysis buffer, vortexed and incubated at room 

temperature (RT) for 3 minutes, then centrifuged at 1500rpm for 5 minutes at 

4℃. An additional RBC lysis step was performed. Pellets were then resuspended 

in 1mL FACs buffer prior to counting via haemacytometer. 

2.2.4  Lymphocyte enrichment by percoll gradient centrifugation. 

15mL Falcon tubes were coated with 10% FCS in DMEM, this was to aid the 

formation of different density phases. Three different percoll concentrations 

were then made — 80%, 40% and 20%. PDAC and liver suspension were 

centrifuged at 1500rpm for 5 minutes at 4℃, supernatants were discarded, and 

pellets resuspended in 3mL 40% percoll. 10% FCS/DMEM was then replaced with 

3mL 80% percoll in the 15mL falcon tubes, and 3mL cell suspensions (in 40% 

percoll) was gently poured into falcon tube via the wall using a P1000 pipette. 

1mL of 20% percoll was then gently added on top of the 40% phase via the wall 

of the tube. Samples were then centrifuged at 1800rpm with no\lowest brake 

setting for 30 minutes at 21℃. Following centrifugation, all the 20% and half of 

the 40% phase was aspirated, and roughly 2mL of the 40/80% interphase was 

collected and transferred into a new 50mL falcon tube with an additional 8mL of 

FACS buffer. Samples were then centrifuged at 1800rpm for 5 minutes at room 
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temperature, and the supernatant was discarded. Cell pellets were then 

resuspended in 1mL FACS buffer prior to counting via hemacytometer.  

2.2.5  Isolation of immune cells from adipose tissue. 

Adipose tissue from subcutaneous (SubAT), epididymal (EpiAT) and brown (BrAT) 

adipose tissue were harvested from KPC and KPC;Tcrd—/— mice that had reached 

humane clinical endpoint. Fat tissue was dried on paper towel prior to recording 

weight, and were then transferred to 3mL of RPMI (Gibco) on ice. All adipose 

tissue was digested in 4mL of 1mg/mL Type II Collagenase (Worthington 

Biochem; Cat # LS00416) in RPMI (Gibco). Prior to dissociation, adipose tissue 

was finely chopped with scissors until homogenous, transferred to 4mL 1mg/mL 

collagenase II solution and then incubated at in a shaker at 37℃ for 25 minutes 

at 100rpm. Following incubation, samples were removed and stored on ice to 

neutralise collagenase II activity and were then filtered through 70µM mesh 

filter. Samples were then centrifuged at 300g for 5 minutes at 4℃, supernatant 

was discarded and pellet was resuspended in 200µl RPMI prior to counting via 

hemacytometer. 

2.2.6  Counting of immune cells for FACS staining.  

Cells were counted manually using “Neubauer Improved Brightline” 

haemocytometer. Aliquots of cell suspensions were diluted 1:10 (PDAC and liver) 

or 1:100 (spleen) in 0.4% Trypan Blue Stain (Gibco) and 10µL of diluted cell 

suspensions was used to count haemocytometer chamber. For optimal antibody 

staining I aimed to plate 2x106 cells for PDAC, spleen and liver.  
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2.3 Fluorescence-activated cell sorting (FACS) 

2.3.1  List of Antibodies 

Table 1 List of antibodies used in flow cytometric analysis. 
Marker Fluorochrome Clone Dilution (Stock) Manufacturer 
CD103 BV421 2E7 1:200 (0.2mg/ml) Biolegend 
CD11b Brilliant Violet 785 M1/70 1:800 (0.2mg/ml) eBioscience 
CD11b APC-eFluor780 M1/70 1:800 (0.2mg/ml) eBioscience 
CD11c PE N418 1:400 (0.2mg/ml) Biolegend 
CD11c APC-eFluor780 N418 1:200 (0.2mg/ml) Invitrogen 
CD19 APC-eFluor780 1D3 1:400 (0.2mg/ml) eBioscience 
CD19 FITC eBio1D3 1:800 (0.5mg/ml) eBioscience 
CD226 BV605 TX42.1 1:200 (0.2mg/ml) Biolegend 
CD24 BUV737 M1/69 1:200 (0.2mg/ml) BD Bioscience 
CD27 PE/Dazzle 594 LG.3A10 1:400 (0.2mg/ml) Biolegend 
CD3 BV650 17A2 1:100 (0.1mg/ml) Biolegend 
CD317 Pe-Cy7 eBio927 1:400 (0.2mg/ml) eBioscience 
CD3 FITC 145-2C11 1:100 (0.5mg/ml) eBioscience 
CD4 BV605 GK1.5 1:100 (0.2mg/ml) Biolegend 
CD4 APC-eFluor780 GK1.5 1:200 (0.2mg/ml) Invitrogen 
CD44 PerCP-Cy5.5 IM7 1:50 (0.2mg/ml) Biolegend 
CD45 BV605 30-F11 1:100 (0.1mg/ml) Biolegend 
CD49a BUV395 Ha31/8 1:100 (0.2mg/ml) BD 
CD64 Pe-Cy7 X54-5/7.1 1:50 (0.2mg/ml) Biolegend 
CD69 BV510 BV510 1:50 (0.1mg/ml) Biolegend 
CD8 BUV395 53-6.7 1:100 (0.2mg/ml) BD Bioscience 
CD8 APC-eFluor780 53-6.7 1:100 (0.2mg/ml) Invitrogen 
CD80 APC 16-10A1 1:50 (0.2mg/ml) eBioscience 
CD96  PE 3.3 1:50 (0.2mg/ml) Biolegend 
CX3CR1 Pe SA011F11 1:200 (0.2mg/ml) Biolegend 
CXCR4 AlexaFluor647 L276F12 1:50 (0.5mg/ml) Biolegend 
DX5 FITC DX5 1:200 (0.5mg/ml) Biolegend 
EpCAM/CD326 APC-eFluor780 G8.8 1:100 (0.2mg/ml) eBioscience 
F4/80 BV650 BM8 1:50 (0.2mg/ml) Biolegend 
γδTCR FITC GL3 1:200 (0.5mg/ml) eBioscience 
γδTCR PE GL3 1:100 (0.2mg/ml) Biolegend 
Granzyme B AlexaFluor-647 GB11 1:50 (0.2mg/ml) Biolegend 
IFN-γ PE-Cy7 XMG1.2 1:200 (0.2mg/ml) eBioscience 
IL-17A PE eBio17B7 1:100 (0.2mg/ml) eBioscience 
Ly6C PeDazzle HK1.4 1:200 (0.2mg/ml) Biolegend 
Ly6G BUV395 1A8 1:50 (0.2mg/ml) BD Bioscience 
MHCII PerCP-eFluor710 M5/114.15.2 1:100 (0.2mg/ml) eBioscience 
NK1.1 Brilliant Violet 421 PK136 1:50 (25µg/ml) Biolegend 
Ter-119 FITC TER-119 1:100 (0.5mg/ml) eBioscience 
TIGIT PerCP-eFluor710 GIGD7 1:200 (0.2mg/ml) eBioscience 
TruStain FcX (CD16/32) — 93 1:50 (0.5mg/ml) Biolegend 
TNF-α BV711 MP6-XT22 1:200 (0.2mg/ml) BD 
Viability Dye (Zombie Green)  — — 1:400 Biolegend 
Viability Dye (Zombie NIR) — — 1:400 Biolegend 
Vδ6.3 APC C504.17C 1:100 (0.2mg/ml) Biolegend 
Vγ1 PE 2.11 1:200 (0.2mg/ml) Biolegend 
Vγ2/4 PE-Cy7 UC3-10A6 1:100 (0.2mg/ml) eBioscience 
XCR1 BV421 ZET 1:200 (0.2mg/ml) Biolegend 
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2.3.2  Cytokine Stimulation 

Isolated immune cells from PDAC, liver and spleen were plated on 96 well V 

bottom plates (Thermo), centrifuged at 2000rpm for 2 minutes at 4℃	and then 

resuspended in 200µl of stimulation medium and incubated for 3 hours at 37℃. T 

cell stimulation medium consisted of 8% FCS (Gibco), 0.5% β-mercaptoethanol 

(Gibco), 1% penicillin/streptomycin (Sigma) in IMDM (Gibco). Cell Activation 

Cocktail (with Brefeldin A) was diluted 1:500 in T cell stimulation medium to 1X 

concentration. Cell Activation Cocktail (with Brefeldin A) (Biolegend) is a pre-

mixed solution containing PMA (phorbol 12-myristate-13-acetate), ionomycin and 

Brefeldin A. Cells are stimulated and activated by PMA/ionomycin to induce 

cytokine production and Brefeldin A inhibits protein transport in the Golgi 

apparatus to prevent cytokine secretion. The retention of cytokines then enables 

their detection by flow cytometry through intracellular staining with 

fluorophore-conjugated antibodies. 

2.3.3  Extracellular staining. 

Following cytokine stimulation, cells were centrifuged at 2000rpm for 2 minutes 

at 4℃ and washed in 100µl FACS buffer to remove cytokine stimulation cocktail. 

Cells were then centrifuged at 2000rpm for 2min at 4℃, then resuspended in 

50µL Fc Blocking Buffer, consisting of TruStain FcXTM (anti-mouse CD16/32) 

(Biolegend) diluted 1:50 in FACS Buffer. TruStain FcX (Fc Block) binds to murine 

CD16 and CD32, otherwise known as IgG Fc receptor III (FcR III) and FcR II, 

respectively, to prevent non-specific binding of fluorophore-conjugated 

antibodies to Fc regions. Cells were incubated with Fc blocking solution for 20 

minutes at 4℃, then 50µL of extracellular antibody mix was added and 

incubated for 30 minutes at 4℃. Stock solution of extracellular antibodies was 

created at 2X concentration in BD Brilliant Stain Buffer (BD). Cells were then 

centrifuged at 2000rpm for 2 minutes at 4℃, washed in 100µl FACS buffer, 

centrifuged at 2000rpm for 2 minutes at 4℃, washed in 1X PBS and centrifuged 

at 2000rpm for 2 minutes at 4℃. Cells were then resuspended in 100µL of 

appropriate live\dead marker (Zombie Green or Zombie NIR viability dye) 

(423112, 423106, Biolegend) and incubated for 20 minutes at 4℃. Live\dead 

marker does not permeate viable cell membranes, but dead cells with 

compromised membrane integrity are labelled. Viability dyes were diluted 
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1:1400 in PBS. Following incubation, cells were centrifuged at 2000rpm for 2 

minutes at 4℃, washed with FACS buffer, centrifuged at 2000rpm for 2 minutes 

at 4℃ and then resuspended in 100µL IC Fixation Buffer (Invitrogen) for 20 

minutes at 4℃.  

2.3.4  Intracellular Staining 

Following fixation incubation, cells were centrifuged at 2000rpm for 2 minutes 

at 4℃ and were resuspended in 100µL 1X Permeabilization Buffer (Invitrogen). 

1X permeabilization buffer was prepared through 10-fold dilution of 10X 

permeabilization buffer in distilled water. Cells were then centrifuged at 

2000rpm for 2 minutes at 4℃ and resuspended in 100µL of intracellular antibody 

mix. Intracellular antibody mix was prepared at 1X concentration in 

permeabilization buffer, and FMO controls were prepared for all intracellular 

stains. Cells were then incubated for 30 minutes at 4℃. Cells were then washed 

twice in FACS buffer, centrifuged at 2000rpm for 2 minutes at 4℃, and then 

resuspended in 100µL FACs buffer. Cells were then filtered into 5mL FACS tubes 

for acquisition. 

2.3.5  Acquisition and analysis 

Prior to acquisition, UltraComp eBeadsTM Compensation Beads (Invitrogen) were 

prepared. First, 50µL of FACS buffer was transferred to 1.4mL U-bottom FACSs 

tubes (Micronic), along with 1µL of antibody to create a single stain control. 

Compensation beads were vortexed for a 40 seconds, and 25µL of beads was 

added to each single stain antibody. Unstained beads were also prepared. 

Acquisition was then performed on LSRFortessaTM (BD Bioscience) using DIVA 

acquisition software, with data analysis performed with FlowJo software v9 

(FlowJo, LLC). 

2.4 Histology 

2.4.1  Immunohistochemistry staining 

Immunohistochemistry IHC) staining was performed in house by the CRUK 

Beatson Histology department. All haematoxylin & eosin (H&E), IHC, in situ 

hybridisation (ISH) and Pico-Sirius Red staining was performed on 4µm tissue 
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slices cut from formalin fixed paraffin embedded (FFPE) sections. Sections were 

mounted on blank slides and were placed in a 60℃ oven for 2 hours. Staining was 

then either performed on Agilent AutostainerLink48, Lecia Bond Rx Autostainer, 

or performed manually in the case of Pico-Sirius Red. All sections were finished 

by rinsing with tap water, dehydrated through 1x 1 minute bath in 70% ethanol, 

transferred to 100% ethanol for 2x 1 minutes, and finally to 3x 30 second Xylene 

baths. All stained sections had coverslips fixed in Xylene with DPX mountant 

(SEA-1300-00A, Cell Path). All IHC and Pico-Sirius Red staining were then 

scanned at x20 magnification and quantified on HALO Image Analysis software. 

Table 2 List of antibodies used in IHC staining. 
Antibody Clone Dilution Manufacturer Catalog # Secondary Ab 
αSMA 1A4 1:25,000 Sigma-Aldrich A2547 Mouse EnVision  
Caspase 3 ASP-175 1:500 Cell Signalling 9661 Rabbit EnVision 
CD3 SP7 1:100 Abcam ab16669 Rabbit Envision 
CD31 — 1:75 Abcam ab28364 Rabbit EnVision 
M-CSFR SP211 1:60 Abcam ab183316 Rabbit EnVision 
F4/80 CI:A3-1 1:100 Abcam ab6640 Rat ImmPRESS 
FOXP3 D608R 1:200 Cell Signalling 12653 Rabbit Envision 
Ki67 D3B5 1:1000 Cell Signalling 12202 Rabbit EnVision 
Ly6G IA8 1:60,000 BioXcell BE0075-1 Rat ImmPRESS 
NKp46/NCR1 — 1:200 R&D Systems af225 Goat ImmPRESS    
Podoplanin RTD4E10 1:4000 Abcam ab11936 anti-hamster 
pSMAD3 EP823Y 1:50 Abcam ab52903 Rabbit EnVision 

 

2.4.2  Agilent AutostainerLink48 

The following antibodies were stained on Agilent AutostainerLink48; αSMA 

(A2547, Sigma-Aldrich), CD31 (ab28364, Abcam), FOXP3 (12653, Cell Signalling), 

NKp46 (af225, R&D Systems) and Podoplanin (ab11936, Abcam). Sections were 

dewaxed by Agilent pre-treatment module and underwent heat-induced epitope 

retrieval (HIER). αSMA, FOXP3 and Podoplpanin sections underwent antigen 

retrieval using low pH target retrieval solution (TRS) (K8005, Agilent) and heated 

to 97℃ for 20 minutes; CD31 and NKp46 sections underwent antigen retrieval 

using high pH TRS (K8004, Agilent) and heated to 97℃ for 20 minutes. Following 

HIER, all sections were rinsed in flex wash buffer (K8007, Agilent), followed by 

peroxidase blocking (S2024, Agilent) for 5 minutes followed by flex buffer 

washing. Sections then underwent additional blocking steps for 20 minutes; 

αSMA with mouse Ig blocking kit (MKB-2213, Vector Labs), NKp46 with blocking 

serum in the Goat ImmPRESS kit (MP-7405, Vector Labs), and Podoplanin with 1% 
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normal rabbit serum (X0902, Agilent). Primary antibodies targeting αSMA, CD31, 

FOXP3, NKp46 and Podoplanin (optimised dilutions and relevant information can 

be found in Table 2) were then incubated for 35 minutes. Prior to addition of 

secondary antibody, sections were washed with flex wash buffer and then 

incubated with secondary antibodies for 30 minutes; αSMA with Mouse Envision 

(K4001, Agilent), CD31 with Rabbit Envision (K4003, Agilent), FOXP3 with Rabbit 

Envision (K4003, Agilent), NKp46 with anti-Goat ImmPRESS (MP-7405, Vector 

Labs) and Podoplanin with rabbit anti-hamster (18893, Invitrogen), and sections 

were then rinsed with flex wash buffer. Podoplanin underwent an additional 30 

minute incubation with Vector ABC kit (PK-4005, Vector Labs) as detailed in the 

manufacturer’s instructions. All sections were then applied with Liquid DAB 

(K3468, Agilent) for 10 minutes and were then washed in water and 

counterstained with haematoxylin z (CellPath, UK). 

2.4.3  Lecia Bond Rx Autostainer 

The following antibodies were stained on Lecia Bond Rx Autostainer; cleaved 

Caspase 3 (9661, Cell Signalling), CD3 (ab16669, Abcam), M-CSFR (ab18836, 

Abcam), F4/80 (ab6640, Abcam), Ki67 (12202, Cell Signalling), Ly6G (BE0075-1, 

BioXcell) and pSmad3 (ab52903, Abcam). All 4µM FFPE sections were dewaxed 

according to manufacturer’s instructions (AR9222, Leica). For antigen retrieval, 

sections to be stained for F4/80 were incubated in enzyme 1 solution at 37℃ for 

10 minutes, and sections for Caspase 3, CD3, M-CSFR, Ki67, Ly6G and pSMAD3 

were incubated in enzyme solution 2 (AR9640, Leica) for 20 minutes at 95℃. 

Sections were then washed with Leica wash buffer (AR9590, Leica) prior to 

peroxidase block using the Intense R kit (DS9263, Leica). F4/80 and Ly6G 

sections were incubated with blocking solution from Rat ImmPRESS kit (MP-7404, 

Wector Labs) for 20 minutes at room temperature. Sectons were then rinsed 

with wash buffer before application of primary antibodies targeting Caspase 3, 

CD3, M-CSFR, F4/80, Ki67, Ly6G and pSMAD3 (optimised dilutions and relevant 

information can be found in Table 2) and were incubated for 30 minutes. 

Following primary antibody incubation, sections were rinsed with wash buffer 

and secondary antibodies were applied and incubated for 30 minutes; Caspase 3, 

M-CSFR, Ki67 and pSMAD3 incubated with Rabbit EnVision (K4003, Agilent), and 

F4/80 and Ly6G sections were incubated with Rat ImmPRESS (MP-7404, Vector 

Labs). All sections were then rinsed with wash buffer, and applied with Liquid 
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DAB (K3468, Agilent) and counterstained with Haematoxylin from Intense R kit 

(DS9263, Leica). 

2.4.4  Haematoxylin & Eosin staining (H&E) 

All H&E staining was performed on Leica Autostainer (ST5020). 4µm sections 

were cut from FFPE blocks and were dewaxed with 3x5 minute washes in Xylene 

and followed by graded alcohol washes — 2x 3 minute washes in 100% alcohol 

and 1x 3 minute wash in 70% alcohol and then stained for 13 minutes with Haem 

Z (RBA-4201-00A, Cell Path). Sections were then rinsed with water, transferred 

to 1% acid alcohol, rinsed with water again before being transferred to Scott’s 

Tap Water Substitute, which applies a blue stain specifically to nuclear 

components such as chromatin. Sections were then rinsed with water and 

transferred to Putt’s Eosin solution for 3 minutes. Metastatic scoring was 

visualised through H&E and quantified based on the absence (NO) or presence 

(YES) of metastatic lesions and visualised as a % incidence. 

2.4.5  Pico-Sirius Red staining 

Staining for Pico-Sirius Red was performed manually. 4µm sections were cut 

from FFPE blocks and were dewaxed with 3x5 minute washes in Xylene and 

followed by graded alcohol washes — 2x 1 minute washes in 100% alcohol and 1x 

1 minute wash in 70% alcohol, and then rinsed in water for 5 minutes. Slides 

were then stained for 2 hours in Pico-Sirius Red solution. Working solution of 

Pico-Sirius Red contains equal volumes of 0.1% Direct red 80 in distilled water 

(Sigma Aldrich) and 0.1% Fast green in distilled water (Raymon A Lamb), this was 

then diluted 1:9 with Aqueous Picric acid solution (VWR). Pico-Sirius Red 

quantification was performed on the HALO® image analysis platform, where % 

positive stain was quantified on annotated tumour areas. 

2.4.6  RNAscope ISH 

RNAScope ISH targeting γδ T cell mRNA was performed using Mm-Trdc probe 

(449358) along with MmPPIB positive control (313918) and dapβ negative control 

(312038, Advanced Cell Diagnostics, Hayward, CA), using RNAScope 2.5 LS 

detection kit (Brown, 322100, Advanced Cell Diagnostics, Hayward, CA). 

Performed on Leica Bond Rx Autostainer as per manufacturer’s instructions. All 
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RNAscope ISH was quantified manually through randomly selected fields of view 

(FOV) at x2.5 magnification, and these were then quantified at x20 

magnification.  

2.5 Bulk RNA Sequencing (RNASeq) 

2.5.1  γδ T cell sorting protocol 

Immune cell isolation from spleen and liver tissue from WT and KPC mice and 

with liver tissue underwent percoll gradient centrifugation, as previously 

described. Spleen samples underwent an additional CD3 enrichment step using 

MojoSortTM Mouse CD3 Selection Kit (480100, Biolegend). MojoSortTM Buffer (5X) 

(480017, Biolegend) contains 5X PBS (ph7.2), 2.5% BSA and 10mM ethylene 

diamine tetra-acetic acid (EDTA) and was diluted to a working 1X solution by the 

addition of sterile distilled water. Spleen suspensions were resuspended in 100µL 

of 1X MojoSortTM Buffer for every 10x106 cells. 10µL of Biotin Antibody Cocktail 

was then added and incubated on ice for 15 minutes (scaled up appropriately if 

samples contained >10x106 cells). Samples were then vortexed briefly and 10µL 

of Streptavidin Nanobeads were added and incubated on ice for 15 minutes 

(scaled up appropriately if samples contained >10x106 cells). Following 

incubation, 1X MojoSortTM Buffer was added to make a final volume of 2.5mL and 

sample tubes were then place into MojoSortTM Magnet (480019, Biolegend) for 5 

minutes at room temperature. CD3— cells are magnetically labelled and so CD3+ 

cells remain in suspension. After 5 minutes, with the sample tube retained 

within the magnet, the liquid was poured out and CD3+ T cells were collected. 

Samples were then centrifuged at 2000rpm for 2 minutes at 4℃ and cell counts 

were repeated to obtain a suspension concentration for subsequent antibody 

staining.  

Staining was then performed in 5mL round bottom polystyrene tubes. Samples 

were centrifuged at 2000rpm for 2 minutes at 4℃, resuspended in 50µL Fc Block 

(50µl per 4x106 cells) and incubated for 20 minutes on ice. 50µl of 2X antibody 

mix with CD3 (FITC) and γδ TCR (PE) was then added, and cells were incubated 

for 30 minutes on ice. Samples were then centrifuged at 2000rpm for 2 min at 

4℃, washed with FACS Buffer and centrifuged at 2000rpm for 2 min at 4℃. 

Samples were then resuspended in an appropriate volume of FACS sorting buffer, 
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with a max concentration of 106 cells/mL. FACS Sorting Buffer contained 2% FCS, 

2.5% 1M HEPES and 0.4% 0.5M EDTA in 1X PBS. DAPI (422801, Biolegend) was used 

as a live/dead marker with 1µL (1mg/mL) added to samples immediately prior to 

sorting. Unstained cells, DAPI only cells and CD3 FMO and γδ TCR FMO on cells 

were also prepared, along with unstained compensation beads and single stain 

compensation beads (as previously described). Sorting was performed by Tom 

Gilbey (Y61, Flow Technician) on Aria Sorter Z6001 (BD Biosciences), and 

samples were collected in 300-500µL RLT buffer depending on starting 

concentration. 

2.5.2  RNA isolation from sorted γδ T cells 

Following sorting, collected cells in RLT buffer were processed the same day. 

RNA isolation was performed using the RNeasy® Micro Kit (74004, Qiagen), and 

was performed as per manufacturer’s instructions. Collected cells were lysed by 

vortexing in the collection liquid, and an equal volume of 70% ethanol was added 

to the lysate and mixed well by pipetting. Samples were then transferred to an 

RNeasy MinElute spin column placed in a 2mL collection tube. Samples were 

centrifuged at 8000g for 15 seconds, and the flow-through was discarded. 350µL 

of Buffer RW1 Wash Buffer was added to the MinElute spin column, samples were 

then centrifuged at 8000g for 15 seconds and the flow-through discarded. Each 

sample was then incubated with DNAse1 mix (10µL of DNase 1 stock solution was 

then added to 70µl of Buffer RDD) (79254Qiagen) for 15 minutes at room 

temperature. 350µl of Buffer RW1 was added to the MinElute spin column, and 

samples were centrifuged at 8000g for 15 seconds and the flow-through was 

discarded along with the collection tube. The MinElute columns containing 

sample material were then transferred to a new 2mL collection tube, and 500µL 

Buffer RPE was added to the spin column. Samples were then centrifuged at 

8000g for 15 seconds and the flow-through was discarded. 500µL of 80% ethanol 

was then added to the MinElute column, samples were centrifuged at 8000g for 2 

minutes and the flow-through and collection tube were discarded. RNeasy 

MinElute spin columns containing sample material were then transferred to a 

new 2mL collection tube and centrifuged at full speed (16,000g) for 5 minutes 

with the column lid open to dry the membrane. MinElute columns were then 

placed onto a 1.5mL RNase-free Eppendorf collection tube. 14µL of RNase-free 
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water was pipetted directly onto the MinElute column membrane and were 

centrifuged at full speed for 1 minute to elute the RNA. 

2.5.3  RNA isolation from PDAC tumour tissue 

KPC and KPC;Tcrd—/— mice were aged to humane clinical endpoint, and 2mm 

PDAC tumour pieces were snap frozen in RNAlater (R0901, Sigma Aldrich) and 

stored at -80℃. Prior to RNA extraction, tumour samples were removed from the 

-80℃ freezer and defrosted on ice. Tissue homogenisation was performed on 

Precellys Evolution Homogenizer (Bertin Technologies) at 4℃. PDAC tumour 

pieces were transferred to pre-cooled Precellys Hard Tissue Tubes (PHT) (CK28R, 

P000916-LYSK0-A) which contain ceramic beads for hard tissue dissociation. 

350µL RLT buffer was added to PHT tubes with tumour pieces and were 

transferred to Precellys Homogenizer. Tumour pieces were dissociated through 

“Hard” program at 5000rpm for 3x 20 seconds with 20 second pauses.  

RNA isolation was the performed using RNeasy® Mini Kit (7410, Qiagen). PHT 

tubes were first centrifuged at 13,000rpm for 3 minutes at 4℃, and RLT 

homogenate was transferred to Qiashredder columns (79654, Qiagen). Samples 

were centrifuged at 13,000rpm for 3 minutes at 4℃ and 70% ethanol was added 

to flow-through. The RLT homogenate/70% ethanol mixes were then transferred 

to RNeasy Spin Column and centrifuged at 13,000rpm for 1 minute at 4℃, and 

flow-through was discarded. RNeasy columns were then washed with 350µL RW1 

buffer, centrifuged at 13,000rpm for 1 minute at 4℃ and the flow-through was 

discarded. DNase 1 digestion was then performed on each column (10µL DNase 1 

and 70µl RDD buffer per column) (79254Qiagen) for 15 minutes at room 

temperature. Columns were then washed with 350µL RW1 buffer, centrifuged at 

13,000rpm for 1 minute at 4℃ and the flow-through was discarded. 500µL of RPE 

buffer was then added to columns, and samples were then centrifuged at 

13,000rpm for 2 minutes at 4℃. RNeasy columns were then transferred to a 

fresh 2mL collection tube and were centrifuged at 13,000rpm for 1 minute at 

4℃. RNeasy columns were then transferred to 1.5mL RNase-free Eppendorf 

tubes. Samples were then eluted in 350-500µL RNase-free water by 

centrifugation at 13,000rpm for 1 minute at 4℃. RNA quality and concentrations 

was measured on NanoDrop Spectrophotometer (ThermoFisher) 



81 
 
2.5.4  RNA sequencing 

All RNA sequencing was performed by William Clark at the CRUK Beatson 

Institute Molecular Technology Services. RNA quality was determined through 

Agilent 2200 Tapestation with RNA Screentape (Agilent, ThermoFisher). RNAseq 

libraries were generated as per manufacturer’s instructions using the TruSeq 

Stranded mRNA Library Prep Kit (20020594, Illumina). TruSeq library preparation 

used PolyA selection by OligodT coated beads to extract mRNA from 100ng of 

sample RNA, this was then followed by heat fragmentation to generate fragment 

sizes between 120-200 base pairs. cDNA synthesis was then performed using the 

SuperScript III Reverse Transcriptase kit (18080-044, Invitrogen) using random 

primers, which were then subjected to 13 cycles of PCR. RNAseq libraries were 

quantified using the Qubit v2.0 HS DNA assay (Q32854, Invitrogen), and libraries 

were then sequenced through 2x 36 cycle pair-end sequencing using the 

NextSeq500 sequencer (Illumina). 

2.5.5  Bioinformatics analysis. 

Data analysis was performed by Robin Shaw. Quality checks on raw RNA-Seq data 

files were performed using FastQC v0.11.7, FastP and FastQ Screen v0.12.0. 

RNA-Seq paired ends aligned to the GRCm38 version of the human genome and 

annotated using HiSat2 v2.1.0. Expression levels were analysed using HTSeq 

v0.9.1 and R environment v4.1 using packages from the Bioconductor data 

analysis suite. Differential gene expression analysis was based on negative 

binomial distribution with DESeq2 package v1.32.0. 

2.6 Luminex 

2.6.1 Serum preparation 

KPC and KPC;Tcrd—/— mice were aged to human clinical endpoint, and WT and 

Tcrd—/— age-matched controls were also sacrificed. Blood was harvested via 

cardiac puncture and transferred into 1.5mL Eppendorf tube, then allowed to 

coagulate at room temperature. Serum was separated by centrifugation at 

10,000rpm for 10 minutes at 4℃. Serum was then transferred to a new 1.5mL 

Eppendorf tube, snap frozen and stored at -80℃ until required.  
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2.6.2  Reagent preparation 

Luminex assay (LZSAMSM-34, R&D) was constructed to target 33 mouse 

chemokines and cytokines. Full list of targeted analytes are as follows: CCL2, 

CCL3, CCL4, CCL5, CCL7, CCL11, CCL12, CCL20, CCL21, CCL22, CXCL1, CXCL2, 

CXCL10, CXCL12, CXCL13, GM-CSF, IFN-γ, IL-1α, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, 

IL12p70, IL-13, IL-16, 1IL-17A, IL-17E, IL-27, IL-33, M-CSF and TNF-α. All reagents 

were brought to room temperature prior to use and prepared according to 

manufacturer’s instructions. Standard Cocktails were reconstituted as 

determined in the Certificate of Analysis with Calibrator Diluent RD6-52 and 

were gently agitated for 15 minutes on a plate shaker at room temperature. 

Standards A (1497050) and C (1487157) were reconstituted in 0.275mL; Standard 

B (149776) was reconstituted in 0.225mL; Standards D (1482316), E (1515954) 

and F (1528211) were reconstituted in 0.25mL, reconstituted in 0.25mL; and 

Standard K (1509513) was reconstituted in 0.2mL. 100µL of each Standard 

Cocktail was then combined with 300µL of Calibrator Diluent to create Standard 

1 with a total volume of 1000µL. A 3-fold serial dilution was then performed by 

the addition of 100µL of Standard 1 into 200µL of Standard 2, and repeated until 

Standard 6. 

Microparticle Cocktail was centrifuged at 1000g for 30 seconds and then gently 

vortexed to resuspend the microparticles. 500µL of the Microparticle Cocktail 

was then diluted in 5mL of Assay Diluent RD1W into a separate mixing bottle. 

Biotin-Antibody cocktail was centrifuged at 1000g for 30 seconds and then gently 

vortexed, and 500µl of Biotin-Antibody Cocktail was diluted in 5.0mL Assay 

Diluent RD1W. Streptavidin-PE was centrifuged at 1000g for 30 seconds and then 

gently vortexed, and 220µL Streptavidin-PE concentrate was diluted in 5.35mL 

Wash Buffer, all according to manufacturer’s instructions on the Certificate of 

Analysis. 

2.6.3  Assay procedure 

First, 50µL of each standard dilution (S1 à S6), 50µL of diluted serum and 50µL 

of calibrator diluent (blank) were added to the microplate, with all standards 

and serum samples plated in duplicate. The prepared Microparticle Cocktail was 

vortexed briefly, and 50µL was then added to the wells containing standards, 
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serum and blanks. This was then covered with a foil plate sealer and incubate 

for 2 hours at room temperature on a plate shaker set to 880rpm. The 

microplate was then secured into a magnetic 96 well separator, and liquid was 

removed after 1 minute. The microplate was then washed with 100µL of Wash 

Buffer in each well, allowed to sit for 1 minute and then the liquid was removed. 

Wash procedure was then repeated x2 times. The prepared Biotin-Antibody 

Cocktail was vortexed briefly, and 50µL was added to each well. Microplate was 

then sealed with a foil cover and incubated for 1 hour at room temperature on a 

plate shaker set to 800rpm. Wash procedure was then performed x3 times, as 

described above. The prepared Streptavidin-PE mix was vortexed briefly and 

50µL was added to each well, and the microplate was the sealed with a foil 

cover and incubated for 30 minutes at room temperature on a plate shaker set 

to 800rpm. Wash procedure was then performed x3 times, as described above. 

Microparticles within the wells were then resuspended in 100µL Wash Buffer and 

incubated for 2 minutes at room temperature on a plate shaker set to 800rpm.  

2.6.4  Luminex settings 

Acquisition of Luminex assay was performed on Luminex® 200 (Institute of 

Infection, Immunity and Inflammation, University of Glasgow), set to an 

instrument flow rate of 60µL/minute, sample volume of 50µL, and doublet 

discriminator gates were set to 8000 and 16,500. Microparticle regions were set 

for each target analyte: CCL2 (18), CCL3 (46), CCL4 (51), CCL5 (38), CCL7 (39), 

CCL11 (74), CCL12 (42), CCL20 (48), CCL21 (72), CCL22 (75), CXCL1 (13), CXCL2 

(20), CXCL10 (37), CXCL12 (54), CXCL13 (21), GM-CSF (12), IFN-γ (33), IL-1α (47), 

IL-2 (22), IL-3 (34), IL-4 (25), IL-5 (26), IL-6 (27), IL-10 (28), IL12p70 (15), IL-13 

(29), IL-16 (35), 1IL-17A (30), IL-17E (55), IL-27 (56), IL-33 (43), M-CSF (45) and 

TNF-α (14). The count per region was set to 50, and the MFI was the recorded 

for each analyte region in each well. Using the standard concentrations on the 

Certificate of Analysis, the concentrations of the 3-fold standard dilutions were 

calculated. The duplicate readings from each standard and samples were 

averaged and the MFI from blank wells then subtracted. Analyte concentrations 

were determined by extrapolation from standard curves and multiplied by the 

dilution factor. 
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2.7 Western Blot 

2.7.1  Protein extraction 

PDAC tumour pieces frozen in RNAlater (described previously) were removed 

from -80℃ freezer, thawed on ice and Precellys Evolution Homogenizer (Bertin 

Technologies) prepared as previously described. 1X Lysis Buffer was prepared 

using 100X HALTTM Protease and Phosphatase (1861281, Thermo Scientific), 100X 

0.5M EDTA (1861274, Thermo Scientific) and RIPA Buffer (89901, Thermo 

Scientific), and 200µl lysis buffer was added to PHT tube containing PDAC 

tumour tissue. Samples were then processed by Hard program at 5000rpm for 3x 

20 seconds with 20 second pauses. PHT tubes were then centrifuged at 4000rpm 

for 5 minutes at 4℃. Supernatants were then transferred to ice cold 1.5mL 

Eppendorf tubes. Debris was then removed through centrifugation at 13,000rpm 

for 30 minutes at 4℃, and supernatants were then collected in ice cold 1.5mL 

Eppendorf tubes and transferred to -80℃ freezer for storage.  

Extracted protein supernatants were then measured for protein levels by 

Microplate BCATM Protein Assay Kit (23252, ThermoFisher). BCA standards were 

prepared from 2mg/mL albumin standard (23209, Thermo Scientific) at the 

following concentrations: 2000µg/mL (neat); 1000µg/mL, 400µg/mL, 200µg/mL, 

100µg/mL and 80µg/mL and were loaded onto the 96 well plate (1825310, 

Thermo Scientific) along with neat protein samples and protein samples diluted 

1:5 and 1:10 in distilled water. BCA/Cu(II) sulphate solution was prepared by 

combining 5mL Solution A (BCA)(23221, Thermo Scientific) with 100µL Solution B 

(Cu(II) Sulphate Pentahydrate 4%w/v (1859078, Thermo Scientific). 200µL of 

BCA/Cu(II) Sulphate solution was then to each well, and incubated for 30 mins at 

37℃. Following incubation, plate was read on SpectraMax® ABS Plus with 

SoftMax Pro software to determine protein concentration. 

2.7.2  Western blot 

After determination of the protein concentration, 30µL of reaction mixture was 

prepared as follows: 20ng of protein sample in distilled water (19.5µl), 3µL 10X 

Sample Reducing Agent (B0009, Life Technologies) and 7.5µL 4X LDS Sample 

Buffer (B0007, Life Technologies). 1000mL of Running Buffer was then prepared 
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as follows: 950mL distilled water, 50mL 20X MES SDS Running Buffer (B0002, Life 

Technologies) and 2mL Antioxidant (BT0005, Invitrogen). Gel apparatus was 

prepared and filled with 800mL running buffer. Protein samples were retrieved 

from -80℃ freezer and placed in heat block for 10 minutes at 95℃, vortexed and 

then centrifuged briefly at 13,000rpm. 6µL of protein reference ladder (SM1163, 

ThermoFisher), 25µL of protein sample and 25µL of recombinant IL-33 (210-33, 

Peprotech) were loaded into a pre-cast gel (4-12% Bis-Tris Plus, NW04122BOX, 

Invitrogen), which was then run at 100V for 1hr 15 minutes. Samples were then 

transferred to iBlot 2 NC Mini Stacks (IB23002, Invitrogen) and placed in iBlot 2 

Gel Transfer Device (IB21001, Invitrogen) for membrane transfer. Membranes 

were then blocked with blocking buffer (1X TBST with 5% milk) and incubated for 

1hr at room temperature with gentle agitation. Membranes were then washed in 

TBST for 1x 15 minutes and 3x 5 minutes, and then incubated with goat anti-mIL-

33 primary antibody (AF3626, R&D Systems, 1:3000) and anti-mβ-actin (A5316, 

Sigma, 1:5000) overnight at 4℃ with gentle agitation. Membranes were then 

washed in TBST for 1x 15 minutes and 3x 5 minutes at room temperature, and 

then incubated with anti-goat HRP-linked secondary antibody (ab6741, abcam, 

1:20,000) or anti-mouse HRP-linked secondary antibody (12.2015, Cell Signalling, 

1:3000) for 1hr at room temperature with gentle agitation. Membranes were 

washed in TBST for 1x 20 minutes and 4x 5 minutes, transferred to Wahtmann 

paper and then coated in luminol solution (Reagent 1 – Peroxide solution, 

Reagent 2 – Luminol Enhancer Solution) (PierceTM ECL Western, 32209, Thermo 

Scientific). Membranes were then exposed on ChemiDoc Imager (Bio-Rad). 

Membranes were stripped with stripping buffer (10mL 1% SDS, 10mL 2M Glycine 

and 80mL distilled water) for 1 hour at room temperature with gentle agitation 

then rinsed 3x with TBST. Membranes were washed in TBST for 1x 15 minutes 

and 2x 5 minutes, and then blocked overnight in blocking buffer at 4℃.  

2.8 Statistics 

All statistical analyses were performed on GraphPad Prism (v9.0.2). For 

metastasis scoring, Fisher’s exact test was used. Fisher’s test is used to 

determine if the proportions of one variable are significantly different on the 

proportions of another variable. In this case, it was used to determine if the 

proportions of metastatic incidence in KPC mice are significantly different from 
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the proportions of metastatic incidence in KPC;Tcrd—/— mice. Power calculation 

was performed to determine appropriate sample size and was compared to 

previously published studies of metastasis incidence in spontaneous breast 

cancer models. It was determined that a minimum of 30 mice would be required 

in each cohort to reach statistical significance. To compare two groups the Mann 

Whitney test was used for a non-paired, non-parametric analysis. Non-paired due 

to the sample groups (ie KPC and KPC;Tcrd—/—) do not naturally pair together, 

and non-parametric owing to the small sample size and the abnormal 

distribution of the data. The Kruskal-Wallis test is an extension of the Mann-

Whitney test, as it performs non-paired and non-parametric analysis in more 

than two groups. Both Mann-Whitney and Kruskal-Wallis tests do not assume 

normal distribution. P values shown as * P < 0.05, ** P<0.01 and *** P<0.005. 



Chapter 3 Phenotyping γδ T cells in KPC mice. 

3.1 Introduction and Aim. 

Immune cell paucity is a defining characteristic of PDAC, but there is a growing 

appreciation that γδ T cells play an important role in driving tumourigenesis and 

subverting anti-tumour immunity. As previously mentioned, pro-tumour γδ T 

cells can be identified through surface marker expression (CCR6+CD27—) and TCR 

usage (Vγ4+/Vγ6+), but mainly through their expression of the pro-tumour 

cytokine IL-17A, which is demonstrated in various tumour settings.(Rei et al., 

2014) (Ma et al., 2014) (Coffelt et al., 2015) It has been shown that γδ T cells 

(RORγt+) are rarely observed in normal pancreas but are found to increase by 

roughly 50-fold in precursor PanIN lesions. (McAllister et al., 2014) Additionally, 

the expression of oncogenic KrasG12D leads to increased expression of IL-17A 

receptors (IL-17R) in PanINs, which sensitises them to IL-17A signalling, and the 

loss of IL-17A delays PanIN progression and reduces fibrosis.(McAllister et al., 

2014) In the Mist1CreERT2/+;LSL-KrasG12D (KCiMist1) model, the synergistic influence 

of KrasG12D and pancreatitis was found to increase the production of IL-17A from 

both CD4+ (Th17) and γδ T cells, but leaves anti-tumour IFN-γ and TNF-α 

production unchanged. (McAllister et al., 2014) Additionally, the production of 

IL-17A in the early TME has been found to promote stemness-related genes such 

as DCLK1 in PanIN lesions, associated with poorer prognosis in human PDAC 

patients. (Zhang et al., 2018) Given that γδ T cells are major sources of IL-17A 

and are significantly increased in early PDAC, this evidence suggests they may 

play an important role in driving early tumourigenesis. 

PDAC is considered an immunologically cold tumour, and very little is known 

about the pro-tumour functions of infiltrating γδ T cells despite their presence 

in early tumourigenesis. However, Daley et al. suggest that γδ T cells constitute 

a significant portion of the TIL population in human PDAC, making up an average 

of 40%. (Daley et al., 2016) Interestingly, PDAC-infiltrated Vγ4+ cells are 

enriched compared to the spleen; they produce significant levels of IL-10 and IL-

17A; and they display increased expression of CCR2, CCR5 and CCR6 which is 

indicative of pro-tumour function in mice. (Daley et al., 2016) The loss of γδ T 

cells in Pdx1-Cre;KrasG12D (KC) mice also reduced fibrosis, increased survival, and 

depletion of Vγ4 cells in orthotopic KPC mice was tumour-protective and 
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extended survival. (Daley et al., 2016) The protumour γδ T cell function in 

orthotopic KPC mice was mainly driven through the expression of exhaustion 

ligands PD-L1 and Galectin-9, which directly inhibited αβ T cell (CD4+/CD8+) 

activation through checkpoint ligation.(Daley et al., 2016) These findings 

indicate that PDAC-infiltrating γδ T cells have potent immune-suppressive 

function, contribute to tumourigenesis through promoting stromal deposition, 

and that deletion of γδ T cell populations may be beneficial. Finally, there is 

also evidence that tumour-infiltrating γδ T cells in human PDAC are located 

proximally to pancreatic stellate cells (PSCs) within the TME and drive the 

production of pro-tumour IL-6 from PSCs — mediating protumour function 

through cellular crosstalk within the stromal compartment. (Seifert et al., 2020) 

The above study by Daley et al. is one of the few examples within the literature 

of γδ T cell phenotyping in PDAC, however, there still exists a significant 

knowledge gap in the literature in both murine and human PDAC. Whilst 

informative, the study by Daley et al. has limitations, namely the use of 

different PDAC models. Firstly, the use of the KC model crossed with γδ-

deficient (Tcrδ—/—) mice; as the KC model has very long latency and does not 

always result in invasive PDAC when compared to the gold standard 

KPC.(Westphalen and Olive, 2012) Additionally, the use of orthotopic KPC 

models in place of spontaneous KPC mice is not a faithful recapitulation of 

human PDAC due to reduced tumour cell heterogeneity from in vitro passaging, 

and also the peri- and post-operative inflammatory insults that may alter 

immune responses. (Lee et al., 2016) Finally, given γδ T cell rarity, the finding 

that they constitute an average of 40% of the PDAC TILs is astonishingly high and 

deserves greater investigation.  

I aimed to address these shortcomings by phenotyping γδ T cells in spontaneous 

endpoint KPC mice, confirming their pro-tumour function and determining their 

infiltration at various timepoints, all of which will enhance our understanding of 

γδ T cell kinetics and phenotype in murine PDAC. 
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3.2 γδ T cell kinetics in PDAC progression. 

3.2.1  γδ T cells are abundant in late stage KPC PDAC tissue. 

In the first set of experiments, I set out to comprehensively define γδ T cell 

infiltration in normal pancreas tissue, PanIN lesions and advanced PDAC. The 

first step was to visualise γδ T cells in the primary tumour (PDAC), main 

metastatic site (liver) and in lymphoid organs (spleen), and to achieve this I 

utilised RNAscope targeting the γδ T cell receptor (TCR). RNAscope is a form of 

in situ hybridisation (ISH) that uses RNA-specific probes that bind target RNA, in 

this case the delta chain constant region (Trdc) of the γδ TCR. These probes 

then hybridise together and enable the amplification of RNA-specific signals with 

very little background contamination. When quantifying RNAScope by random 

fields of view (FOV), I found no observable evidence of γδ T cells in the pancreas 

of tumour-free mice but found them to be relatively abundant in endpoint PDAC 

tumours (Figure 3-1A). The opposite trend occurred in liver tissue, where there 

were fewer γδ T cells found in livers from KPC mice when compared to WT 

controls (Figure 3-1B). I initially hypothesised that γδ T cells might be migrating 

to initiate the formation of, or in response to, PDAC tumours. In support of this I 

found significantly fewer γδ T cells in the spleen of KPC mice compared to WT 

controls (Figure 3-1C). This early data suggests that γδ T cells may be migrating 

from the liver and exiting circulation into PDAC tissue in late stage KPC mice.  

3.2.2  γδ T cells accumulate in late-stage PDAC tissue, but not in 
early tumour progression. 

I next sought to determine the kinetics of γδ T cell infiltration throughout 

pancreatic tumour progression and performed additional Trdc RNAScope at 6wk 

and 10wk timepoints. In 6wk KPC mice, PanIN lesions are typically well 

established, and at 10 weeks advanced PanINs can be found — the 10wk 

timepoint can be regarded as the halfway stage based on median KPC survival of 

roughly 5 months. (Herreros-Villanueva et al., 2012) In 6-week pancreas, γδ T 

cells were not significantly infiltrated as observed in endpoint PDAC tissue 

(Figure 3-2A). Conversely, in 6wk KPC livers there is a similar reduction in γδ T 

cells that was observed in endpoint tissue (Figure 3-2B). Finally, no differences 

were observed in γδ populations in 6wk spleen compared to WT (Figure 3-2C). 

Results from 10wk RNAscope reveal a similar trend in all tissues, and so these 
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data suggest that γδ T cells do not infiltrate the PDAC TME until late stage 

tumourigenesis. Despite the decrease in 6wk KPC liver, I did not see a 

corresponding change in either spleen or pancreas, suggesting my hypothesis 

that γδ T cells migrate to PDAC tissue may not apply to early tumourigenesis. 

This reduction could also be due to increased cell death or reduced proliferation 

of local γδ T cell populations and requires further investigation. Regardless, 

these data show that γδ T cells infiltrate endpoint PDAC tissue but are not found 

at any significant levels in early stage tumourigenesis. 

 

Figure 3-1 γδ T cells infiltrate endpoint PDAC tissue, but not tumour-free pancreas. 
RNAScope in situ hybridisation (RNA-ISH) was performed to visualise and quantify γδ T cells 
within PDAC (A), liver (B) and spleen (C) tissue in clinical endpoint KPC mice and age-matched 
controls. RNAScope probes were specific for the delta chain constant region of the TCR. 
Representative images are shown at x20 magnification and subsequent quantification is also 
shown. γδ T cell numbers in WT (n=6) and KPC tumour-bearing mice (n=8) were obtained through 
random fields of view (FOV), and each data point represents the average of 6 FOVs per mouse. 
Scale bars represent 50µm. *** P < 0.005 determined by Mann-Whitney U-Test. 
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Figure 3-2 γδ T cells infiltrate KPC PDAC tumours in late stage tumourigenesis, and not 
during early-stage tumourigenesis. 
KPC mice were taken at 6 weeks (n=8), 10 weeks (n=5) and humane clinical endpoint (n=8). Trdc 
RNA-ISH was then performed in pancreas (A), liver (B) and spleen (C). WT mice (n=6) were age-
matched to clinical endpoint mice. γδ T cell numbers were obtained through random field of views 
(FOVs), and each data point represents the average of 6 FOVs per mouse. * P < 0.05 and ** P < 
0.01 as determined by Kruskal-Wallis test.  

3.3 Phenotyping of γδ T cells in KPC mice. 

3.3.1  Flow cytometry confirms γδ T cells infiltrate KPC PDAC 
tumours. 

Given the evidence in established literature that PDAC-infiltrated γδ T cells are 

sources of IL-17A, I aimed to confirm this in my spontaneous KPC model. To 

achieve this, I designed a flow cytometry panel that identified γδ T cells, and 

targeted IFN-γ, Granzyme B and IL-17A production through intracellular staining. 

The representative image below demonstrates the gating strategy I used to 

identify bulk γδ T cells, delineate pro- and anti-tumour subsets based on CD27 
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status, and their IL-17A/IFN-γ status (Figure 3-3A). Identification of bulk γδ T 

cells (CD3+γδ TCR+) by flow cytometry revealed that proportions of γδ T cells in 

PDAC tumours from KPC mice are increased compared to tumour free-pancreas, 

which corroborates my RNAScope data (Figure 3-1B). However, bulk γδ T cells 

remain unchanged in KPC liver and spleen when compared to WT controls (Figure 

3-3B). 

 

Figure 3-3 Flow cytometry confirms γδ T cells infiltrate endpoint PDAC tissue. 
KPC mice were aged to clinical endpoint, and γδ T cells were isolated from primary PDAC, liver 
and spleen. Representative image illustrating the gating strategy used to identify γδ T cells – bulk 
lymphocytes (1), doublet exclusion (2), dump channel exclusion (3) and CD3+ γδ TCR+ cells (4), 
followed by CD27 subset delineation and cytokine production (A). Quantification of bulk γδ T cell 
populations shown as a proportion of viable cells that are CD3+γδ TCR+ (B). * P < 0.05 determined 
by Mann-Whitney U-Test.  
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3.3.2  PDAC-infiltrated γδ T cells display a pro-tumour phenotype 
through IL-17A production.  

γδ T cells are a heterogenous population with different effector functions, and 

so I aimed to phenotype γδ T cells in PDAC, liver and spleen tissue to determine 

if a specific population is preferentially expanded in KPC mice. More specifically, 

I looked to assess the changes in anti-tumour (CD27+IFN-γ+) and pro-tumour 

(CD27—IL-17A+) γδ T cells, as CD27 status and production of IFN-γ and IL-17A 

delineates γδ T cells into two mutually exclusive populations. In PDAC tissue, I 

found a significant increase in IL-17A production by γδ T cells compared to WT 

pancreas, but IFN-γ production remained unchanged, suggesting a predominately 

pro-tumour function in PDAC tissue (Figure 3-4A). Given that pro-tumour γδ T 

cells are also defined as CD27—, I looked to determine if the CD27— γδ T cell 

subset expands in PDAC tissue from KPC mice. However, there was no 

corresponding expansion of the CD27— (pro-tumour) subset and the CD27+ (anti-

tumour) subset also remained unchanged in PDAC tissue, this finding was 

unexpected and cannot be explained by any current defined literature (Figure 

3-4A). In KPC livers, IL-17A production from γδ T cells was significantly reduced 

but IFN-γ production and the CD27 subsets remained unchanged compared to WT 

controls (Figure 3-4B). I also investigated γδ T cell phenotypes in spleen tissue to 

determine if the phenotype of circulating γδ T cells in KPC mice is different 

from primary PDAC tissue and the metastatic niche. I found that γδ T cells in the 

spleen of KPC mice had no changes to IL-17A production but produced 

significantly less IFN-γ compared to WT controls (Figure 3-4C). Unlike PDAC and 

liver tissue from KPC mice, the pro-tumour CD27— γδ T cells in the spleen from 

KPC mice significantly expands at the expense of the anti-tumour CD27+ 

population (Figure 3-4C). 

These data show that bulk γδ T cell populations in KPC PDAC tissue display a 

predominately pro-tumour function, owing to the significant production of IL-

17A. Conversely, the significant reduction of IL-17A production by γδ T cells in 

KPC liver tissue shows that γδ T cell phenotype within the metastatic niche of 

KPC mice is distinct from primary PDAC tissue. The reduction of IL-17A produced 

by liver γδ T cells indicates a less potent pro-tumour function; however, the lack 

of increased IFN-γ production by liver γδ T cells indicates this does not translate 

into enhanced anti-tumour function. To summarise, I have shown that γδ T cells 
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in primary PDAC and the liver metastatic niche of KPC mice have distinct 

phenotypes, demonstrated through differential production of IL-17A. The 

expansion of CD27— γδ T cells in KPC spleen indicates a systemic signal might be 

driving the expansion of circulating pro-tumour γδ T cells, but that an additional 

PDAC TME-specific signal is needed to elicit IL-17A production by γδ T cells 

following infiltration into the PDAC TME. 

 

Figure 3-4 γδ T cells in PDAC tissue display a pro-tumour IL-17A+ phenotype. 
KPC mice were aged to clinical endpoint and γδ T cells were isolated from PDAC, liver and spleen. 
Quantifications of PDAC-derived γδ T cell cytokine production (WT n=7, KPC n=5) along with 
CD27 subset proportions (WT n=6, KPC n=8) from PDAC tissue (A). Quantifications of liver-
derived γδ T cell cytokine production (WT n=10, KPC=11) and CD27 subset proportions (B). 
Quantifications of spleen-derived γδ T cell cytokine production and CD27 subset proportions (WT 
n=10, KPC n=9) (C). * P < 0.05 determined by Mann-Whitney U-Test. 
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3.3.3  The expansion of CD27— γδ T cells in KPC spleen is 
attributable to the Vγ6+Vδ6.3+ subset. 

Following my finding that circulating pro-tumour CD27— γδ T cells are 

significantly expanded in the spleen of KPC mice, I sought to further 

characterise γδ T cell phenotype in my KPC model and determine if this 

expansion is driven by a particular subset of γδ T cells. As previously mentioned, 

murine γδ T cells arise in developmental waves with divergent TCR γ chains, 

differential effector function and distinct tissue-homing capacity. (Parker and 

Ciofani, 2020) (Prinz et al., 2013) (Silva-Santos et al., 2015) To investigate this, I 

designed a flow cytometry panel that identified γδ T cells and further stratified 

them into distinct subgroups based on γ chain TCR usage (Figure 3-5). More 

specifically, I targeted the Vγ1+, Vγ4+ and Vγ6+ γδ T cell subsets, as the 

established literature identifies Vγ1+ and Vγ4+ cells as sources of IFN-γ, with 

Vγ4+ and Vγ6+ cells the main IL-17A producers. (Prinz et al., 2013) The 

anatomical locations also directed my focus towards these subsets; Vγ1+cells are 

found in the liver, spleen, lymphoid tissue and blood; Vγ4+ cells are found in 

liver, lungs, lymphoid tissue and dermis; and Vγ6+ cells are located in the 

uterus, liver, lungs and tongue. (Parker and Ciofani, 2020) I did not include the 

Vγ5+ or Vγ7+ subsets due to their specific anatomical locations in the skin and 

small intestine epithelium, respectively. (Parker and Ciofani, 2020) However, 

one technical limitation was a complete lack of available fluorophore conjugated 

anti-Vγ6 antibodies. Our lab has recently conjugated an anti-Vγ6 antibody from 

a hybridoma cell line, but this requires additional labelling with a conjugation 

kit and was not available when I designed this flow cytometry panel. As a result, 

I could only define the Vγ6+ γδ T cell population as Vγ1—/Vγ4—, however, given 

the distinct anatomical locations of the Vγ subsets and the clear distinction 

between Vγ1+ and Vγ4+ subsets, this was not considered a major obstacle. 

(Figure 3-5). Thus, I aimed to determine if a specific Vγ TCR subset is expanded 

in KPC mice, and to ascertain if the current literature regarding Vγ subset 

compartmentalisation is applicable to the KPC model. 

I also looked to investigate additional cytokines produced by γδ T cells in the 

KPC model, as I have already confirmed that γδ T cells are major sources of IL-

17A in the primary tumour (Figure 3-4A). Established literature has already 

detailed that γδ T cells exert pro-metastatic function by systemic IL-17A 
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production, leading to increased granulocyte-colony stimulating factor (G-CSF) 

expression and the expansion of immune-suppressive neutrophils that promote 

breast cancer metastasis.(Coffelt et al., 2015) Thus, I looked to determine if γδ 

T cells from KPC mice can produce cytokines that direct crosstalk between other 

innate immune cell populations, and so focussed on M-CSF and GM-CSF, which 

both drive the mobilisation and differentiation of innate immune cells from bone 

marrow. There is published evidence that γδ T cells expand in response to 

plasmodium infection and produce M-CSF to direct myeloid cell 

differentiation.(Mamedov et al., 2018) Furthermore, the production of M-CSF 

was found to occur in a TCR-restricted manner, with nearly 75% of expanded γδ 

T cells expressing the V-segment TRAV15N-1 (Vδ6.3+) during plasmodium 

infection. Finally, the expansion of Vδ6.3+ γδ T cells is also associated with 

significant expression of M-CSF by γδ T cells in the spleen (>90%) and in the 

liver.(Mamedov et al., 2018) Therefore, published data shows that γδ T cells can 

directly shape the myeloid compartment through the systemic production of M-

CSF. Thus, I aimed to determine if a particular subset of splenic γδ T cells is 

expanded in my KPC model, and if they can produce M-CSF or GM-CSF which may 

indicate γδ T cell-myeloid cell crosstalk. 
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Figure 3-5 γδ T cell subsets are primarily Vγ1+ or Vγ4+ in WT tissue. 
KPC mice were aged to clinical endpoint, but representative plots are of γδ T cells isolated from 
WT mice, which were aged alongside KPC mice. Representative image from WT liver illustrating 
the gating strategy used to identify γδ T cells – bulk lymphocytes (1), doublet exclusion (2), dump 
channel exclusion (3) and CD3+ γδ TCR+ cells (4), followed by identification of Vγ1+, Vγ4+ and 
Vδ6.3+ subsets, CD27 status and production of M-CSF (CSF1) and GM-CSF.  

The first step in assessing the TCR usage in KPC spleen was to confirm my 

previous observation that CD27— γδ T cells are expanded in the spleen of KPC 

mice (Figure 3-4C), which I was able to confirm (Figure 3-6A). Since γδ T cells 

produce significant levels of M-CSF during plasmodium infection, I then looked to 

see if bulk γδ T cells (CD3+γδ TCR+) from KPC spleen can produce M-CSF. I found 

no evidence of M-CSF production by splenic γδ T cells in either KPC mice or WT 

controls, but instead found that GM-CSF production in γδ T cells from KPC 

spleens is significantly increased compared to WT controls (Figure 3-6B). 

Additionally, I discovered that the Vγ1+ subset was significantly reduced and 

there was no change to the Vγ4+ subset in KPC spleen when compared to WT 

mice; however, the Vγ1—/Vγ4— subset was significantly increased along with the 
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Vδ6.3+ subset (Figure 3-6C). I then investigated if Vγ1+, Vγ4+, Vγ1—/Vγ4— and 

Vδ6.3+ subsets could produce M-CSF and GM-CSF. The production of M-CSF by 

bulk γδ T cells and individual subsets was negligible due to sub-optimal staining. 

However, I found that the Vγ1+ and Vγ4+ subsets displayed no significant 

production of GM-CSF, but that the Vγ1—/Vγ4— and Vδ6.3+ subsets in the spleen 

of KPC mice both produced significant levels of GM-CSF compared to WT controls 

(Figure 3-6D). Finally, I found that the expansion of the Vδ6.3+ subset associates 

with the Vγ1—/Vγ4— subset, but not the Vγ1+ or the Vγ4+ subsets (Figure 3-6E). 

To summarise, in KPC tumour-bearing mice, the Vγ6+Vδ6.3+ subset is 

significantly expanded in the spleen tissue compared to WT mice, and they 

produce significant levels of GM-CSF, an important granulocyte-stimulating 

cytokine. 

Finally, I also looked to further phenotype γδ T cell cells in the liver metastatic 

niche, so I performed identical analyses as above in the livers of endpoint KPC 

mice. In short, both CD27 subsets remained unchanged (Figure 3-7A) and I 

observed no significant production of M-CSF or GM-CSF by liver γδ T cells (Figure 

3-7B). Additionally, there was no expansion of any γ chain subset (Vγ1+, Vγ4+, 

Vγ1—/Vγ4—), the Vδ6.3+ subset (Figure 3-7C/E) or any change to subset-specific 

cytokine production (Figure 3-7D). These findings suggest that the expansion of 

the Vγ6+Vδ6.3+ subset is restricted to the spleen, and that tissue tropism may 

impact γδ T cell phenotype in KPC tumour-bearing mice. 
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Figure 3-6 Vγ6+Vδ6.3+ cells are expanded in KPC spleen and produce GM-CSF. 
KPC mice were aged to clinical endpoint and γδ T cells were isolated from spleen of KPC mice 
(n=5) and age-matched WT controls (n=5). Proportions of pro-tumour CD27— and anti-tumour 
CD27+ subsets from bulk γδ T cells (CD3+γδ TCR+) (A). Proportions of M-CSF+ and GM-CSF+ cells 
from bulk γδ T cells (B). Proportions of Vγ1+, Vγ4+, Vγ1—/Vγ4— and Vδ6.3+ subsets from bulk γδ T 
cells (C). Proportions of GM-CSF+ cells from Vγ1+, Vγ4+, Vγ1—/Vγ4— and Vδ6.3+ γδ T cells (D). 
Proportions of Vγ1+, Vγ4+ and Vγ1—/Vγ4— cells from Vδ6.3+ γδ T cells (E). * P < 0.05 ** P < 0.01 
determined by Mann-Whitney U-Test.  
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Figure 3-7 Vγ6+Vδ6.3+ cells are not expanded in KPC livers and do not produce GM-CSF. 
KPC mice were aged to clinical endpoint and γδ T cells were isolated from livers of KPC mice (n=5) 
and age-matched WT controls (n=5). Proportions of pro-tumour CD27— and anti-tumour CD27+ 
subsets from bulk γδ T cells (CD3+γδ TCR+) (A). Proportions of M-CSF+ and GM-CSF+ cells from 
bulk γδ T cells (B). Proportions of Vγ1+, Vγ4+, Vγ1—/Vγ4— and Vδ6.3+ subsets from bulk γδ T cells 
(C). Proportions of GM-CSF+ cells from Vγ1+, Vγ4+, Vγ1—/Vγ4— and Vδ6.3+ γδ T cells (D). 
Proportions of Vγ1+, Vγ4+ and Vγ1—/Vγ4— cells from Vδ6.3+ γδ T cells (E).  

3.4 Bulk RNA-seq analysis of γδ T cells from KPC tumour-bearing 
mice and WT mice. 

Phenotypic analysis by flow cytometry has revealed differential cytokine 

production by γδ T cells in different tissues; for example, γδ T cells from PDAC 

tissue produce significant levels of IL-17A, and Vγ6+ γδ T cells from spleen tissue 



101 

produce significant levels of GM-CSF. This heterogeneous function suggests that 

γδ T cells in KPC mice display tissue tropism and may direct different effector 

functions in a context- and tissue-dependent manner. To further phenotype γδ T 

cells in KPC mice, I utilised the Molecular Technology Service available at the 

Beatson Institute for Cancer Research to perform bulk RNA-Seq analysis on 

sorted γδ T cells to further elucidate their phenotype and cytokine production. 

Given I have shown that IL-17A-producing γδ T cells are found in the PDAC TME, I 

would ideally have performed bulk RNA-seq analysis on sorted γδ T cells from 

the PDAC TME. However, as shown by RNAScope field-of-view and flow 

cytometric analysis, the numbers of γδ T cells in WT pancreas is very low and 

therefore could not act as an adequate control population. Additionally, 

although γδ T cells do infiltrate primary PDAC tissue, they are still a minor 

component of the TME, and the methods of extraction used would not provide 

sufficient yield for effective bulk RNA-seq analysis. Therefore, I chose to sort γδ 

T cells from the liver and the spleen of WT and KPC tumour-bearing mice, with 

the aim of phenotyping γδ T cells in the main metastatic site (liver) and in 

secondary lymphoid organs (spleen). 

The gating strategy used to identify γδ T cells is shown below (Figure 3-8), 

where the aim was to sort γδ T cells based on their expression of CD3 (FITC, 

B530/30) and γδTCR (PE, YG582/15) and lack of DAPI (live/dead marker, 

V450/40) uptake. Prior to labelling with conjugated antibodies, the cell 

suspension for sorting underwent a purification step and was pre-treated with 

MojoSortTM Mouse CD3 Positive Selection Kit (Biolegend) to remove all CD3— cells 

from the suspension. The subsequent suspension was then used to isolate γδ T 

cells (CD3+γδTCR+), represented by the colour magenta in the P4 gate (Figure 

3-8D). The location of γδ T cells can be retrospectively view throughout the 

preceding gates, and as seen below, the gating inaccuracy in the doublet 

exclusion gate (FSC-W vs FSC-A) resulted in the inclusion of unwanted doublet 

populations in the analysis (Figure 3-8B). Differentially expressed gene analysis 

(DEGA) revealed this contamination is mostly from neutrophils, as Lcn2 

(lipocalin-2), Mpo (myeloperoxidase), Ngp (neutrophilic granule protein), S100a9 

and Padi4 (peptidyl arginine deaminase 4) are all genes strongly associated with 

neutrophil biology; the expression of Msr1 (macrophage scavenging receptor 1) 

also indicates contamination by macrophages (Figure 3-8E). Whilst this 
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contamination is not optimal, it could have arisen through a failure of the 

positive enrichment step for CD3+ cells. Additionally, it could have occurred 

through potential direct cell-cell interactions between γδ T cells and neutrophils 

to create doublet populations that would otherwise have been excluded by more 

accurate doublet gating. 

 

Figure 3-8 Inaccuracy of doublet exclusion gate resulted in contamination by myeloid cells.  
γδ T cells were isolated from single cell suspensions through the gating strategy shown above. 
DAPI live/dead marker was in the V450/40 channel, CD3+ cells were identified by FITC conjugated 
antibody in the B530/30 channel and γδTCR+ cells were identified by PE conjugated antibody in the 
YG582/15 channel. γδ T cells were sorted from SSC-A vs FSC-A plots (A), followed by doublet 
exclusion on FSC-W vs FSC-A plots (B), then dump channel exclusion on SSC-A vs V450/40 plots 
(DAPI) (C) and finally the selection of CD3+γδ TCR+ cells on B530/30 vs YG582/15 plots 
(D).Volcano plot illustrating the top 20 upregulated genes in γδ T cells sorted from KPC spleen 
compared to γδ T cells from WT spleen (E). Sorting performed by Tom Gilbey. 
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3.4.1  γδ T cells from KPC liver have few differentially expressed 
genes compared to γδ T cells from WT liver. 

Following the analysis of splenic γδ T cells, I looked to determine if there were 

any differentially expressed genes in γδ T cells from KPC tumour-bearing liver 

compared to WT liver. In doing so I aimed to identify potential gene candidates 

that may indicate a γδ T cell-derived product that may locally influence the 

development of metastatic lesions. Following sequencing, it was discovered that 

one of the γδ T cell RNA samples from KPC tumour-bearing liver had significantly 

lower read depth compared to the other 15 samples, and so was excluded from 

the analysis. I found that γδ T cells from KPC tumour-bearing liver display 13 

significantly upregulated genes when compared to γδ T cells from WT liver. 

These 13 genes include Fn1 (fibronectin-1), Igkv1-135, Thbs1 (thrombospondin-

1), Saa3 (serum amyloid A3), Vcan (versican), Bst1 (bone marrow stromal cell 

antigen 1), Arg1 (arginase 1), F13a1 (coagulation factor XIII), Ccl6, F10 

(coagulation factor X), Ccl9, Eps8 (epidermal growth factor receptor pathway 

substrate) and Gda (guanine deaminase) (Figure 3-9A). To better visualise 

hierarchical clustering and provide a clearer visualisation of differential gene 

expression between γδ T cells from WT and KPC-tumour-bearing spleen, I then 

used heatmaps to highlight the differentially expressed genes between the two 

cohorts (Figure 3-9B). Due to variable gene expression within the KPC samples, 

supervised analysis was performed to group WT γδ T cell and KPC γδ T cell 

samples together. However, as can be seen below the differentially expressed 

gene signatures appear to be driven by one KPC sample. Due to the exclusion of 

another KPC liver sample because of low read depth, significant variation 

between this sample and other KPC samples dominates the DEGA analysis. 
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Figure 3-9 γδ T cells from KPC tumour-bearing liver have 14 significant differentially 
expressed genes compared to γδ T cells from WT liver. 
γδ T cells from KPC (n=3) and WT (n=4) liver were sorted, and isolated RNA was sequenced. 
Unsupervised differentially expressed gene analysis (DEGA) was performed to identify differences 
in gene expression between γδ T cells from WT and KPC liver tissue. Annotated volcano plots 
showing all significantly differentially expressed genes in γδ T cells from KPC tumour-bearing liver 
(A). Heatmap plot to visualise hierarchical clustering and differential gene expression between γδ T 
cells from WT and KPC tumour-bearing liver (supervised analysis) (B). RNA sequencing performed 
by Billy Clarke and bioinformatics analysis was performed by Robin Shaw. 

3.4.2  γδ T cells from KPC tumour-bearing spleen form distinct 
clusters from γδ T cells in WT spleen. 

Given the extent of neutrophil contamination in the spleen tissue, and that the 

majority of the top 20 upregulated genes found in DEGA analysis are most likely 

neutrophil products, I looked to confirm if the upregulated genes observed in 

KPC liver γδ T cells (Figure 3-9) are also found in γδ T cells isolated from KPC 

spleen (Figure 3-10). Of the genes significantly increased in γδ T cells from KPC-
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tumour-bearing liver, Thbs1, Vcan, Gda, F10, Bst1, Ccl6, Saa3, Fn1 and Ccl9 

were also significantly upregulated in γδ T cells from KPC tumour-bearing spleen 

(Figure 3-10A). It should be noted that Cd27 (CD27) is one of the gene hits that is 

significantly downregulated in γδ T cells from KPC tumour-bearing spleen when 

compared to WT γδ T cells (Figure 3-10A). This matches with my flow cytometry 

data where CD27— γδ T cells expand in KPC spleen at the expense of the CD27+ 

γδ T cell subset (Figure 3-4C). Thus, the downregulation of Cd27 acts as an 

internal control and confirms that the changes in gene expression, unless 

directly linked to myeloid cell biology, are likely attributable to γδ T cells. As 

shown through heatmaps, the gene expression profile of γδ T cells from WT 

spleen are distinct from the profiles of γδ T cells from KPC-tumour-bearing 

spleen (Figure 3-10B). Gene expression levels within the KPC cohort also displays 

an inherent heterogeneity, but some of the most differentially expressed genes 

within the heatmaps analysis are neutrophil-associated genes, including Mmp9, 

Mpo and Clec5a (Figure 3-10B).  

To summarise, bulk RNAseq of sorted γδ T cells from both liver and spleen in 

KPC tumour-bearing mice have raised interesting results, particularly the 

expression of extracellular matrix-associated products (Thbs1, Vcan and Fn1) 

and chemokines (Ccl6 and Ccl9). However, the expression of numerous 

neutrophil-associated genes suggests significant myeloid cell contamination. 

Thus, the overtly expressed neutrophil genes may be concealing differentially 

expressed genes within γδ T cells, which would otherwise have potentially 

identified γδ T cell-derived products that would have further clarified their 

phenotype and function in KPC mice.  
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Figure 3-10 γδ T cells from KPC tumour-bearing spleen have distinct gene expression 
profiles when compared to γδ T cells from WT spleen. 
γδ T cells from KPC (n=4) and WT (n=4) and spleen were sorted, and isolated RNA was 
sequenced. Unsupervised differentially expressed gene analysis (DEGA) was performed to identify 
differences in gene expression between γδ T cells from WT and KPC spleen tissue. Top 
differentially expressed genes from liver analysis are highlighted in volcano plot of differentially 
expressed genes in spleen γδ T cells (A). Heatmap plot to visualise hierarchical clustering and 
differential gene expression between γδ T cells from WT and KPC tumour-bearing spleen (B). 
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3.5 Discussion. 

In this chapter, I aimed to confirm γδ T cell infiltration in PDAC tumours, 

determine γδ T cell kinetics throughout tumour progression, and phenotype γδ T 

cells in PDAC, liver and spleen tissue in KPC mice. 

Firstly, I found that γδ T cells are not present in WT pancreas but are 

significantly increased in endpoint PDAC tissue. This confirms the established 

literature that γδ T cells can infiltrate the PDAC TME in the KPC model. (Daley 

et al., 2016) One caveat of endpoint RNAScope is the inability to determine if γδ 

T cell infiltration results from a response to tumourigenesis, or directs early 

neoplastic transformation, as γδ T cells have been implicated in both early and 

late stage PDAC. (McAllister et al., 2014, Daley et al., 2016) By identifying γδ T 

cell infiltration into PDAC tumour tissue, my data confirms that γδ T cell kinetics 

are distinct from other cancer types, particularly breast cancer. In the KEP 

model of metastatic breast cancer, γδ T cells exert their function through the 

systemic production of IL-17A and do not infiltrate KEP tumours. (Coffelt et al., 

2015) Additionally, depletion of γδ T cells in early disease did not impact 

progression of KEP mice, suggesting a more important role in late-stage disease 

in breast cancer.(Coffelt et al., 2015) This contrasts to the literature 

surrounding PDAC, where the expansion of IL-17A+ CD4+ T cells and γδ T cells at 

9 weeks in KCiMist1 mice suggests that γδ IL-17A production is prevalent even in 

early stage PDAC.(McAllister et al., 2014) However, my preliminary findings show 

that γδ T cells are not significantly increased in 6wk or 10wk KPC pancreas, 

which suggests a more important role in late stage tumourigenesis. 

My phenotypic analysis of γδ T cells in KPC mice yielded very informative results 

that both support and contradict the current literature. Unlike in metastatic 

breast cancer, I have shown that γδ T cells infiltrate primary PDAC tissue and 

are significant sources of IL-17A, which corroborates established KPC data. 

(Daley et al., 2016) This shows that γδ T cell infiltration may subsequently drive 

effector functions in a TME specific manner, which contradicts the observations 

seen in breast cancer. I also found that PDAC-infiltrated γδ T cells are 

consistently <5% of the TILs, so my findings demonstrate that whilst they are 

capable of infiltrating PDAC tissue, γδ T cells remain a minor component of the 

TILs, similar to the the ID8 model of ovarian cancer and orthotopic KPC models. 
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(Rei et al., 2014, Daley et al., 2016) Furthermore, γδ T cells in orthotopic KPC 

models have previously been shown to produce IFN-γ, suggesting a highly 

heterogeneous population that can also promote Th1 function. (Daley et al., 

2016) My findings from the spontaneous KPC model shows no evidence of 

systemic, or PDAC-specific, IFN-γ production by γδ T cells. Finally, despite the 

lack of CD27— subset expansion in PDAC tissue, the significant production of IL-

17A by γδ T cells confirms γδ T cells display a strong pro-tumour phenotype in 

endpoint PDAC tissue. 

I have also shown that in KPC spleen, the expansion of the CD27— subset occurs 

concurrently with an expansion of the Vγ6+Vδ6.3+ subset, which also produces 

significant levels of GM-CSF. Current literature of Vγ6+ γδ T cells shows they are 

generally restricted to the uterus, lungs and tongue, produce IL-17A and IL-22, 

and have an invariant Vγ6+Vδ1+ TCR configuration.(Parker and Ciofani, 2020) 

Furthermore, Vγ6+ cells are rarely observed in the spleen under steady state 

conditions, and their development is restricted to the second embryonic wave 

after the Vγ5+ subset — unlike the Vγ4+ subset which is maintained throughout 

adult life.(Roark et al., 2004) (Parker and Ciofani, 2020) The restriction of the 

Vγ6+ subset to the second embryonic wave also means they are found less 

frequently Vγ4+ subset. (Parker and Ciofani, 2020) However, the Vγ6+Vδ1+ subset 

display a greater capacity for expansion than Vγ1+ and Vγ4+ subsets in response 

to inflammation. (Roark et al., 2004) More specifically, following listeria 

infection, Vγ6+Vδ1+ cells in liver and spleen increase 24-fold and 18-fold, 

respectively, showing that Vγ6+ γδ T cells can readily expand in response to an 

inflammatory insult. (Roark et al., 2004) My finding that Vγ6+ γδ T cells increase 

nearly 4-fold corroborates this data, and suggests that the presence of KPC 

tumours acts as an inflammatory insult to drive Vγ6+ cell expansion. I also show 

that the Vγ6+ subset expansion is associated with an expansion of the Vδ6.3+ 

subset in KPC spleen. During embryogenesis, the Vγ6+ subset normally has an 

invariant Vγ6+Vδ1+ configuration, with Vγ1+ cells normally expressing the Vδ6.3+ 

chain; and they are producers of IL-17A and IFN-γ, respectively.(Dalton et al., 

2004, Silva-Santos et al., 2015) My findings show that splenic γδ T cells in KPC 

mice undergo a phenotypic switch of the Vδ6.3+ TCR chain from the Vγ1+ subset 

to the Vγ6+. This switch also appears to be restricted to the spleen, as the liver 

γδ T cells remain unchanged in KPC mice. Due to the primary PDAC tissue being 
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used for other experiments at the time, I have been unable to perform this 

analysis in primary PDAC tissue, so cannot determine if this phenotypic switch is 

occurring within PDAC tissue. This would be very informative, as Daley et al. 

have shown that the Vγ4+ subset is the dominant γδ T cell subset in KPC mice.  

I also discovered that γδ T cells from KPC spleen are significant sources of GM-

CSF, an important granulocyte-stimulating cytokine. In experimental 

autoimmune encephalomyelitis (EAE), the production of IL-23 by DCs stimulates 

the production of GM-CSF from γδ T cells along with IL-17A, IL-21 and IL-22. 

(Malik et al., 2016) GM-CSF production by autoreactive RORγt+ T cells drives EAE 

disease severity through the activation of microglial cells, but also through the 

accumulation of peripheral macrophages. (Ponomarev et al., 2007, Codarri et 

al., 2011) In particular, CCR2+Ly6Chi monocytes in EAE are the main responders 

to γδ T cell-derived GM-CSF and are critical for driving EAE pathology. (Croxford 

et al., 2015) This has implications for my findings, as the expanded Vγ6+Vδ6.3+ 

γδ T cells in KPC spleen are significant sources of GM-CSF, and so may have the 

capacity to direct immune crosstalk to influence myeloid populations in PDAC. 

Finally, I performed bulk RNAseq on sorted γδ T cells from liver and spleen of 

WT and KPC tumour-bearing mice, with the aim of further elucidating the 

phenotype of γδ T cells in the metastatic niche and in secondary lymphoid 

organs, such as the spleen. I found that 13 genes were significantly upregulated 

in γδ T cells from KPC tumour bearing liver, and that 9 of these were also 

significantly upregulated in γδ T cells in KPC tumour-bearing spleen (Thbs1, 

Vcan, Gda, F10, Bst1, Ccl6, Saa3, Fn1 and Ccl9). Of these genes there a several 

that relate to extracellular matrix function (Thbs1, Vcan and Fn1), chemokine 

function (Ccl6 and Ccl9) and IL-17A biology (Saa3). Ccl9 may be of interest for 

future study, as the CCL9-CCR1 axis has been implicated in tumour invasion, 

where expression of CCL9 by tumour epithelial cells recruits CCR1+ immature 

myeloid cells to promote tumour invasion. (Kitamura et al., 2007) Additionally, 

disrupted CCL9-CCR1 signalling has also been shown to block metastatic 

dissemination and improve survival in mouse models of colorectal liver 

metastasis. (Kitamura et al., 2010) Thus, this indicates γδ T cells might produce 

chemokines associated with myeloid cell crosstalk, which may have implications 

in PDAC metastatic disease. 



Chapter 4 The role of γδ T cells in PDAC 
progression. 

4.1 Introduction and Aim. 

In this chapter, I aim to address the role of γδ T cells in early PDAC 

tumourigenesis, throughout PDAC progression and their role in metastatic 

disease. To better understand the role of γδ T cells it was important to explore 

all aspects of tumourigenesis, particularly the precursor PanIN stage, as IL-17A 

and γδ T cells have previously been implicated in early-stage disease. (McAllister 

et al., 2014, Zhang et al., 2018)  

During acute pancreatitis, IL-1β is released by damaged acinar cells to mediate 

the recruitment of macrophages and CD4+ T cells. CD4+ T cells then differentiate 

into IL-17A+ Th17 cells, which are the main source of IL-17A in acute pancreatitis 

along with Vγ4+ γδ T cells.(Hu et al., 2020) Similarly, following neoplastic 

transformation, which is driven by oncogenic Kras signalling in the presence of 

chronic pancreatitis, both CD4+ Th17 and γδ T cells produce IL-17A. (McAllister 

et al., 2014) IL-17A plays a central role in early tumourigenesis, as over-

expression of IL-17A dramatically accelerates ADM, PanIN formation and also 

enhances stromal deposition; and the loss of IL-17A through genetic depletion 

and pharmacological inhibition results in delayed PanIN formation and an 

impaired stromal reaction. Furthermore, the induction of oncogenic Kras 

signalling increases the expression of the IL-17 receptor (IL-17R) on PanIN 

epithelium, which is further augmented by chronic pancreatitis.(McAllister et 

al., 2014) Thus, the transformation of PanIN cells by Kras signalling upregulates 

IL-17R, which enhances their ability to respond to IL-17A. 

One of the major functional responses of PanIN lesions to IL-17R signalling is 

through the promotion of cancer cell stemness. This has previously been 

observed in other cancer models, where IL-17B produced by immune cells in 

gastric cancer promotes AKT\β-catenin signalling and cancer cell stemness.(Bie 

et al., 2016) In early pancreatic tumourigenesis, IL-17R signalling through NF-κB 

expands DCLK1+ tuft cells within the PanIN epithelium — DCLK1 is a marker for 

tuft cells but is also considered to be an embryonic stem cell (ESC) signature 

gene.(Zhang et al., 2018) Increased expression of ECS gene signatures indicates a 
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more stem cell-like population, which can confer greater capacity to initiate 

tumour formation and drive ADM progression to PanIN lesions, and then to fully 

invasive carcinoma. Pharmacological inhibition of IL-17A significantly reduces 

DCLK1+ cells within PanINs, indicating that IL-17A promotes a cancer stem cell 

gene signature. Therefore, the production of IL-17A in early neoplasia is pro-

tumourigenic, drives PanIN formation, contributes to stromal deposition and 

promotes cancer cell stemness in PDAC precursor lesions. 

The findings from McAllister et al. and Zhang et al. are important, as there are 

few studies that implicate IL-17A as a driver of early PDAC tumourigenesis. 

Additionally, McAllister et al. show that γδ T cells and CD4+ Th17 cells are major 

sources of IL-17A in early PDAC. Interestingly, in the Mist1CreERT2/+;LSL-KrasG12D 

(KCiMist1) model with chronic pancreatitis, although CD4+ Th17 cells are five times 

more abundant than γδ T cells, only 10% of CD4+ T cells produce IL-17A 

compared to 50% of γδ T cells. (McAllister et al., 2014) Given the differential 

secretion patterns and levels of infiltration between these cell populations, 

McAllister et al. concluded that IL-17A production by each cell type provide a 

similar contribution within the early TME. This suggests that between γδ T cells 

and CD4+ Th17 cells, there exists a possible redundancy in early PDAC, however, 

there is no current data confirming any synergism between CD4+ Th17 cells and 

IL-17A+ γδ T cells in PDAC. Most studies have therefore focussed on the function 

of IL-17A itself, opposed to determining if there is a dominant IL-17A-producing 

population that drives tumorigenesis. There exists some data from studies in 

viral pancreatitis showing that IL-23 production from DCs activates Vγ4+ γδ T 

cells to produce more IL-17A than CD4+ Th17 cells; and that specifically Vγ4+ γδ 

T cell-derived IL-17A is pathogenic and promotes pancreatitis through neutrophil 

influx. (Yan et al., 2019) Therefore, this evidence suggests that pancreatitis 

could be driven preferentially by IL-17A from γδ T cells, rather than Th17 cells 

in PDAC.  

Despite the well published pro-tumour function of IL-17A+ γδ T cells in numerous 

cancer settings, there have been very few studies that have investigated this in 

PDAC. Since the loss of IL-17A has been shown to impair the development of 

precursor PanIN lesions, I hypothesise that the loss of γδ T cells will lead to a 

delay in PanIN and PDAC progression, as Daley et al have shown that the loss of 

γδ T cells in KC mice (KC;Tcrδ—/—) delays PanIN progression, and also translates 
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into significantly increased survival. (Daley et al., 2016) However, the KC model 

displays a low frequency of penetrance from PanIN lesions to fully invasive 

carcinoma and metastatic disease.(Ariston Gabriel et al., 2020) Since the loss of 

γδ T cells has not been investigated in the gold standard spontaneous KPC 

model, one could argue that the impact of γδ T cell loss on PDAC progression 

and metastatic disease has not yet been properly investigated. However, the 

cumulative evidence within the literature surrounding γδ T cell function in early 

tumourigenesis suggests an important protumour function that may be central to 

the progression of metastatic PDAC.  

Thus, the aim of this chapter is to determine the role of γδ T cells in early 

tumourigenesis, determine their function in directing PDAC progression, and to 

ascertain if they play a role in driving metastatic disease in PDAC. 

4.2 Loss of γδ T cells in early tumourigenesis delays PanIN 
development at 6 weeks, but PanIN progression at 10 weeks is 
unchanged. 

The first step in determining the role of γδ T cells in PDAC was to investigate the 

impact of γδ T cell loss on precursor PanIN lesions. As previously mentioned, 

prior to the development of fully invasive carcinoma, PDAC develops from non-

invasive precursor lesions known as PanINs. PanIN lesions develop 

asymptomatically within the pancreatic epithelium and progress sequentially 

through distinct stages, with each PanIN stage identifiable through the 

acquisition of mutations and distinct histological changes. PanIN lesions are non-

invasive as they do not breach the basement membrane and can be separated 

into low (PanIN-1A/B) intermediate (PanIN-2) and high grade (PanIN-3) lesions 

(Figure 4-1). The morphological changes that identify each PanIN grade are as 

follows: PanIN-1A display expanded cytoplasm, cellular elongation, and basal 

polarity; PanIN-1B maintain the basal polarity but also display invaginations; 

PanIN-2 lose basal polarity, have clear invaginations and begin to show nuclear 

atypia such as nuclear crowding; finally, PanIN-3 lesions have severe nuclear 

atypia including nuclear crowding, mitosis and budding of proliferating cells into 

the lumen. (Hruban et al., 2000, Distler et al., 2014) PanIN-3 cells are regarded 

as carcinoma in situ as they are the preceding step to fully invasive carcinoma. 
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Figure 4-1 PanIN lesions develop sequentially with distinct histological features. 
Low grade lesions (PanIN-1A) are identifiable through cytoplasmic expansion, cellular elongation, 
papillary growth pattern and they maintain basal polarity (top left). PanIN-1B lesions are distinct 
from PanIN-1A due to the development of invaginations (top right). Intermediate grade (PanIN-2) 
lesions display invaginations along with a loss basal nuclear polarity and nuclear crowding (bottom 
left). High grade (PanIN-3) lesions are identifiable through luminal budding and the presence of 
cellular islands within the lumen (bottom right). Representative images of H&E staining of 6wk 
pancreas, PanIN-1A/B and PanIN-2 imaged at 20x magnification, with PanIN-3 imaged at 10x 
magnification, scale bar representing 100µm and 200µm, respectively. 

I then sought to quantify the number of PanIN lesions at different timepoints to 

determine if the absence of γδ T cells in KPC mice (KPC;Tcrd—/—) delays the 

development of PanINs. KPC and KPC;Tcrd—/— mice were aged to 6 weeks and 10 

weeks of age, and pancreas tissue was stained with haematoxylin and eosin 

(H&E) to visualise the cellular architecture — haematoxylin stains nuclear 

components and eosin stains the cytoplasm (Figure 4-1 & Figure 4-3A).(Fischer et 

al., 2008) KPC mice at 6 weeks are considered to have early-stage PanIN lesions, 

and KPC mice at 10 weeks have late-stage PanINs, so are ideal timepoints to 

assess early PDAC progression.(Keenan et al., 2014) In both 6wk and 10wk 

pancreas from KPC mice, I recorded the total number of PanIN lesions and sub-

categorised them based on their grade (PanIN-1/2/3). Firstly, I found that 

pancreas from 6wk KPC;Tcrd—/— mice had no significant differences in the 

number of low grade (PanIN-1) or high grade (PanIN-3) lesions when compared to 

KPC mice (Figure 4-2A). However, there was a significant reduction in the 

number of intermediate (PanIN-2) lesions in pancreas from 6wk KPC;Tcrd—/— 
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mice (Figure 4-2A). Furthermore, I also found there was a significant reduction 

in the total number of PanIN lesions in 6wk KPC;Tcrd—/— pancreas compared to 

6wk KPC mice (Figure 4-2B), which is attributable to the reduction in PanIN-2 

lesions. When the quantifications of the PanIN lesions are represented as 

proportions, the differences between KPC and KPC;Tcrd—/— pancreas at 6wk are 

more apparent, with the majority of PanIN lesions in 6wk KPC;Tcrd—/— pancreas 

consisting of PanIN-1 lesions compared to greater numbers of PanIN-2 and PanIN-

3 lesions found in 6wk KPC pancreas (Figure 4-2B). This data indicates that γδ T 

cells play an important role in promoting the progression of early stage PanIN 

lesions.  

 

 

Figure 4-2 Genetic ablation of γδ T cells delays the progression of early stage PanIN lesions 
in 6wk KPC;Tcrd—/— pancreas. 
KPC (n=8) and KPC;Tcrd—/— (n=6)mice were aged to 6 weeks, sacrificed and pancreas tissue was 
stained using H&E IHC. Quantification of low (PanIN-1A/B), intermediate (PanIN-2) and high grade 
(PanIN-3) lesions was performed, each data point represents the number of lesions from an 
individual mouse (A). The total number of PanIN lesions was quantified and is shown as the “total 
number of PanIN lesions per pancreas” and as a proportion (%) of PanIN grades, each dot 
represents an individual mouse (B). ** P < 0.01 and * P < 0.05 as determined by Mann-Whitney U-
Test. 
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Figure 4-3 Genetic ablation of γδ T cells does not delay the progression of late-stage PanIN 
lesions in 10wk KPC;Tcrd—/— pancreas. 
Representative images of H&E staining from 10wk pancreas, imaged at 10x magnification with 
scale bar representing 200µm (A). Quantification of low (PanIN-1A/B), intermediate (PanIN-2) and 
high grade (PanIN-3) lesions was performed in 10wk KPC (n=7) and KPC;Tcrd—/— (n=5) mice, 
each data point represents the number of lesions from an individual mouse (B). The total number of 
PanIN lesions was quantified and is shown as the “total number of PanIN lesions per pancreas”, 
and as a proportion (%) of PanIN grades, each dot represents an individual mouse (C).  

However, I found that 10wk KPC;Tcrd—/— pancreas displayed no delayed PanIN 

progression when compared to 10wk KPC mice, as there were no differences to 

individual PanIN grades or in the total number of PanIN lesions (Figure 4-3B/C). 

These data indicate that whilst loss of γδ T cells in early-stage (6wk) PanIN 

lesions is protective and delays progression, this benefit is largely lost by late-

stage (10wk) PanIN lesions. This indicates there is some redundancy within the 

early PDAC TME, and that PanIN progression in 10wk KPC;Tcrd—/— pancreas can 

be driven by another pro-tumour mechanism. 
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4.3 Genetic depletion of γδ T cells does not change KPC survival. 

Following on from my finding that the loss of γδ T cells specifically delays early-

stage (6wk) but not late-stage (10wk) PanIN lesion progression, the next step 

was to ascertain if the absence of γδ T cells impacts the survival of KPC mice. 

KPC mice reach clinical endpoint due to primary tumour growth, or through the 

development of off-target pathologies such as thymic lymphoma and lung 

fibrosis. I first examined PDAC-specific survival in KPC, KPC;Tcrd+/— and 

KPC;Tcrd—/— mice, and censored any cases where KPC mice reached humane 

clinical endpoint due to off-target pathologies. I found there were no significant 

changes to PDAC-specific survival regardless of γδ T cell status; KPC median 

survival was 150 days and KPC;Tcrd+/— and KPC;Tcrd—/— median survival were 161 

and 163 days, respectively (Figure 4-4A). When off-target pathologies were 

included in survival analysis, there were again no significant differences in 

survival between γδ T cell cohorts — the median survival of KPC mice was 125 

days and KPC;Tcrd+/— and KPC;Tcrd—/— median survival was 133 and 129 days, 

respectively (Figure 4-4B). These data indicate that loss of γδ T cells does not 

impact survival in KPC mice, and does not render them more susceptible to off-

target pathologies such as thymic lymphoma. 

Given that there was no survival benefit to KPC;Tcrd—/— mice, this suggests that 

progression of primary PDAC is not driven by γδ T cells in KPC mice. To confirm, 

I also assessed the pathological features of KPC and KPC;Tcrd—/— PDAC to 

determine if there were any differences regarding tumour differentiation status. 

I found no change in the differentiation status between KPC and KPC;Tcrd—/— 

PDAC tissue, with tumours from both cohorts exhibiting a range of 

differentiation states, and still demonstrating the ability to become well-

differentiated. (Figure 4-4C). Thus, whilst γδ T cell function may be redundant 

in early tumourigenesis; the absence of a survival benefit in KPC;Tcrd—/— mice; 

and the similar pathology between KPC and KPC;Tcrd—/— PDAC tissue indicates 

that γδ T cells do promote the progression of primary PDAC tumours. 
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Figure 4-4 Loss of γδ T cells does not extend the survival of KPC mice. 
Mice were aged to clinical endpoint and Kaplan-Meyer survival analysis was performed. PDAC-
specific survival was analysed in KPC (n=16) KPC;Tcrd+/— (n=27) and KPC—/— (n=21) mice, and 
median survival was determined — KPC (150 days), KPC;Tcrd+/— (161 days) and KPC;Tcrd—/— 
(163 days) (A).Overall survival of KPC (n=23), KPC;Tcrd+/— (n=45) and KPC—/— (n=44) was 
analysed to determine if loss of γδ T cells increased susceptibility to off-target effects (B). Tumour 
differentiation status of KPC and KPC;Tcrd—/— was compared, representative images of PDAC 
tumour from KPC (left) and KPC;Tcrd—/— (right), images are shown at 10x magnification with scale 
bar representing 200µm (C). 

4.4 The PDAC TME remains largely unchanged in the absence of 
γδ T cells throughout tumourigenesis. 

Following on from my discovery that late-stage PanIN progression, KPC survival 

and PDAC differentiation status are all unchanged in KPC;Tcrd—/— mice, I then 

looked to ascertain if there are any other changes to the TME during KPC;Tcrd—/— 

tumour development. To investigate this, immunohistochemistry (IHC) staining 

targeting Ki67, Sirius Red and Caspase 3 was performed on 6wk, 10wk and 

endpoint pancreas tissue from KPC and KPC;Tcrd—/— mice. This enabled me to 

investigate the impact of γδ T cell absence on cellular proliferation, collagen 

deposition and apoptosis in the TME throughout progression (Figure 4-5, Figure 

4-6 & Figure 4-7). 
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Figure 4-5 PDAC TME components are apparent with early-stage (6wk) PanIN lesions. 
Representative images of IHC staining in KPC and KPC;Tcrd—/— pancreas aged to 6wk. IHC 
staining was performed to target cellular proliferation (Ki67) (A), collagen deposition (Sirius Red) 
(B) and apoptosis (Caspase 3) (C). Representative images shown at 20x magnification with scale 
bar representing 100µm.  
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Figure 4-6 TME components become more prevalent in late-stage (10wk) PanIN lesions. 
Representative images of IHC staining in KPC and KPC;Tcrd—/— pancreas aged to 10wk. IHC 
staining was performed to target cellular proliferation (Ki67) (A), collagen deposition (Sirius Red) 
(B) and apoptosis (Caspase 3) (C). Sirius Red from KPC pancreas (B) imaged at 10x magnification 
with scale bar representing 200µm, all other images shown at 20x magnification with scale bar 
representing 100µm.  
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Figure 4-7 Endpoint PDAC TME has extensive collagen deposition, cellular proliferation and 
apoptotic cell death. 
Representative images of IHC staining in KPC and KPC;Tcrd—/— pancreas aged to humane clinical 
endpoint. IHC staining was performed to target cellular proliferation (Ki67) (A), collagen deposition 
(Sirius Red) (B) and apoptosis (Caspase 3) (C). Representative images shown at 10x magnification 
with scale bar representing 200µm.  

 I found no changes to Ki67 or Caspase 3 status in 6wk KPC;Tcrd—/— pancreas, 

indicating that γδ T cells do not direct cellular proliferation or apoptosis in 

early-stage PanINs, despite being implicated in their progression (Figure 4-8A). 

There was a significant reduction in Sirius Red staining, indicating a marked 

reduction in collagen deposition (Figure 4-8A), corroborating the reduction in 
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the total number of PanIN lesions in 6wk KPC;Tcrd—/— pancreas (Figure 4-2B), as 

PanIN lesion development accounts for the majority of collagen deposition in 

6wk pancreas. I found no changes to Ki67, Sirius Red and Caspase 3 staining in 

10wk KPC;Tcrd—/— pancreas, further confirming that the delay to PanIN 

progression is lost by late-stage (10wk) PanINs in KPC;Tcrd—/— mice (Figure 4-8B). 

Finally, endpoint PDAC from KPC;Tcrd—/— mice showed no changes to Ki67 or 

Sirius Red staining, indicating that γδ T cells do not impact on cellular 

proliferation or collagen deposition in late-stage PDAC (Figure 4-8C). 

Interestingly, there is a significant increase in Caspase 3 staining in endpoint 

KPC;Tcrd—/— PDAC, suggesting that γδ T cells may restrict apoptotic cell death 

(Figure 4-8C). This indicates a potential protumour function, but this does not 

translate into any significant survival benefit. To summarise, γδ T cells play an 

important role in directing early-stage PanIN progression, evident through the 

reduced total number of PanIN lesions and collagen deposition in 6wk KPC;Tcrd—

/— pancreas. However, this benefit is largely lost by late-stage (10wk) PanINs and 

in end-stage PDAC, where loss of γδ T cells is not associated with any significant 

changes to the TME, PDAC differentiation status or enhanced survival in KPC 

mice. Thus, γδ T cells do not play a significant role in the promotion of PDAC 

tumour progression. 
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Figure 4-8 Early-stage TME in KPC;Tcrd—/— mice display reduced collagen deposition, but 
the absence of γδ T cells does not significantly alter the TME through PDAC progression. 
KPC and KPC;Tcrd—/— mice were aged to 6wk (KPC n=7; KPC;Tcrd—/— n=6) (A), 10wk (KPC n=7; 
KPC;Tcrd—/— n=5) (B) and clinical endpoint (KPC n=10; KPC;Tcrd—/— n=10) (C), and IHC staining 
was performed targeting Ki67, Sirius Red and Caspase 3. Quantification was performed on HALO® 
image analysis platform and is shown as “% positive cells by area of tissue”. * P < 0.05 as 
determined by Mann-Whitney U-Test.  

4.5 Absence of γδ T cells in KPC mice reduces the incidence of 
spontaneous liver metastasis. 

Finally, in this chapter I aimed to determine the role of γδ T cells in PDAC 

metastasis. To achieve this, I aged KPC and KPC;Tcrd—/— mice to clinical 

endpoint, performed H&E staining on liver tissue and examined liver tissue 

sections for the presence of metastasis. KPC mice develop metastasis in a similar 

manner to human disease, with most common spread found within the liver and 

lungs. This KPC model has been maintained on a C57BL/6J background, which is 

more resistant to metastatic dissemination, as they elicit a strong Th1 response. 

(Song and Hwang, 2017) This includes higher NK cell activity, which are known to 
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be important anti-metastatic cells. (López-Soto et al., 2017) However, I was 

able to confirm that both KPC and KPC;Tcrd—/— cohorts were capable of 

developing overt metastatic liver lesions (Figure 4-9A/B). The scoring of 

metastatic incidence was based on the presence (YES) or absence (NO) of 

metastatic lesions, regardless of size or number. Whilst determining lesion size 

or the number of metastatic foci can more accurately reflect metastatic 

progression, this cannot be accurately determined without the use of serial 

sections — we deemed this was not in line with the 3Rs (replace, reduce and 

refine) and so employed the aforementioned scoring strategy. I discovered that 

KPC mice had a 38.46% incidence of spontaneous liver metastasis, but that 

KPC;Tcrd—/— mice had a significantly lower incidence rate, only 16.2% (Figure 

4-9C). These data indicate that γδ T cells play a crucial role in driving 

metastatic disease, and their absence results in a significantly lower metastatic 

burden. 
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Figure 4-9 Absence of γδ T cells in KPC mice significantly reduces the incidence of 
spontaneous liver metastasis. 
KPC (n=39) and KPC;Tcrd—/— (n=37) mice were aged to clinical endpoint and livers were stained 
through H&E IHC. Representative images of metastatic lesions from KPC (A) and KPC;Tcrd—/— (B) 
liver tissue — 2.5x magnification shown in top panel with insert shown below at 10x magnification, 
and scale bars represent 1,000 µm and 200µm, respectively. Metastatic scoring was based on the 
presence (YES) or absence (NO) of spontaneous metastatic lesions, and is shown as a percentage 
(%) incidence of metastatic lesions (C). * P < 0.05 as determined by Fisher’s exact test. 

4.6 Discussion. 

In this chapter I aimed to elucidate the role of γδ T cells in PDAC progression 

and investigated the impact of γδ T cell absence in KPC mice at various 

timepoints. Firstly, I found that loss of γδ T cells significantly delays early-stage 

PanIN lesion development at 6 weeks, specifically impairing the progression of 

intermediate grade PanIN-2 lesions. The delay in PanIN progression initially 

supported my hypothesis that γδ T cells play an important pro-tumour function 

in early tumourigenesis. Given that IL-17A, of which γδ T cells are major 
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sources, has been shown to promote PanIN progression in KCiMist1 mice; and loss 

of γδ T cells in KC;Tcrδ—/— mice significantly delays the progression of PanIN 

lesions, my data initially confirmed these findings from the literature.(McAllister 

et al., 2014, Daley et al., 2016) However, I found the delay in PanIN progression 

in 6wk KPC;Tcrd—/— pancreas is lost in 10wk KPC;Tcrd—/— mice. An explanation 

for this could be due to the existence of redundancy within the TME, as there is 

evidence from McAllister et al. that shows CD4+ Th17 cells are far more 

numerous within the early TME, and may contribute similar amounts of IL-17A to 

γδ T cells. (McAllister et al., 2014) Therefore, given that IL-17A is a major driver 

of PanIN lesions, and that γδ T cells are not the sole source of IL-17A within the 

TME, it is entirely possible that this niche has been filled by other pro-tumour IL-

17A-producing cells in the absence of γδ T cells.  

The next major finding of this chapter was the lack of any survival benefit in the 

KPC;Tcrd—/— mice. The most striking findings in the study conducted by Daley et 

al. demonstrated increased survival in spontaneous KC;Tcrδ—/— mice, and in 

orthotopic KPC tumours transplanted into γδ T cell-deficient hosts.(Daley et al., 

2016) In the KC;Tcrδ—/— model, this was also in conjunction with significantly 

delayed PanIN lesions, suggesting that γδ T cells play a central role in driving 

tumour progression in early- and late-stage PDAC.(Daley et al., 2016) As 

previously mentioned, the spontaneous KPC model is a more faithful 

recapitulation of human disease when compared to the spontaneous KC model. 

With the addition of Trp53R17H point mutation, KPC mice are more representative 

of human disease, as the expression of oncogenic KrasG12D alone often results in 

restricted tumour growth due to senescence and growth arrest.(Morton et al., 

2010) The addition of mutant p53R172H results in more rapid progression of PDAC 

where median onset is 130 days, contrasting with KC mice which develop PanIN 

lesions by 2 months but rarely develop carcinoma.(Morton et al., 2010) Crucially, 

mutant p53R172H results in frequent liver metastases, indicating that mutant p53 

in KPC mice drives invasive carcinoma by overcoming senescence and growth 

arrest, and also plays a fundamental role in promoting metastasis.(Morton et al., 

2010). Thus, the KPC model is an ideal GEMM to assess the impact of γδ loss 

more accurately in PDAC. However, my data contradicts the findings from Daley 

et al., as loss of γδ T cells in KPC mice does not significantly impact PDAC 

survival. It should be noted that the KPC;Tcrd—/—model is deficient for all γδ T 
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cells, meaning the pro-tumour (CD27—) IL-17-producing Vγ4+ and Vγ6+ cells, 

along with the anti-tumour (CD27+) IFN-γ-producing Vγ1+ cells, are all absent. 

Thus, the global deficiency of γδ T cells in the KPC;Tcrd—/— model is a blunt 

tool, and the loss of important anti-tumour cell populations may explain the lack 

of survival benefit. Daley et al. demonstrated that specific depletion of Vγ4+ 

cells provided significant protection, and so genetic ablation of specifically the 

IL-17-producing populations would be a more refined approach to determine the 

function of pro-tumour γδ T cells in the KPC model. 

Furthermore, there is evidence in the literature that confirms IL-17A production 

in PDAC is a crucial factor that determines survival in KPC mice. A recent study 

by Mucciolo et al shows that genetic ablation of IL-17A in the autochthonous KPC 

model (KPC;IL-17A—/—) was associated with a significant extension of survival, 

but also increased fibrotic deposition.(Mucciolo et al., 2021) This extension of 

survival matches with data from Daley et al., who show in orthotopic KPC 

models that depletion of Vγ4+ (IL-17A+) γδ T cells confers a significant survival 

benefit. (Daley et al., 2016) In KPC;IL-17A—/— mice, although the changes in 

survival were associated with increased deposition, the collagen fibres were 

found to be less compact and had reduced stiffness compared to KPC mice. 

(Mucciolo et al., 2021) The reduced collagen stiffness in KPC;IL-17A—/— mice was 

found to promote greater matrix remodelling and release of effector molecules 

such a IL-12 and IFN-γ by CAFs; and is also associated with increased 

inflammatory infiltrate with significantly fewer FOXP3+ Tregs and increased 

cytotoxic CD8+ T cells. (Mucciolo et al., 2021) Whilst the evidence from Daley et 

al. suggests that γδ T cells do contribute to the stromal reaction in KC;Tcrδ—/— 

mice, I found no evidence of this in KPC;Tcrd—/— mice as Sirius Red deposition is 

unchanged  in late-stage PDAC along with survival. Given these findings, I would 

conclude that the production of IL-17A by γδ T cells alone is insufficient to drive 

collagen deposition as observed in Mucciolo et al.; that the loss of the anti-

tumour IFN-γ+ γδ T cell population in KPC;Tcrd—/— mice may negate the 

beneficial impact of losing pro-tumour IL-17A+ γδ T cells; and that possible 

redundancy within the TME exists due to other cellular sources of IL-17A 

negating the loss of IL-17A+ γδ T cells. 

Finally, I discovered that the absence of γδ T cells in KPC mice reduces 

spontaneous metastatic incidence by >50% — 38.46% in KPC mice to 16.2% in 
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KPC;Tcrd—/— mice. Currently in the literature, there have been no studies that 

describe γδ T cells as drivers of metastasis in PDAC, so my study is the first to 

identify that γδ T cells are important drivers of PDAC metastatic disease. 

Furthermore, given that PanIN progression and PDAC-specific survival, are 

largely unchanged in KPC;Tcrd—/— mice, these data indicate that the promotion 

of PDAC metastasis is a distinct mechanism from those that direct primary 

tumour growth, and that γδ T cells play a more prominent role in directing 

metastatic disease.  

  



Chapter 5 The impact of γδ T cells in the tumour 
TME and metastatic niche. 

5.1 Introduction and Aim. 

The aim of this chapter is to further investigate the impact of γδ T cells in the 

primary tumour TME and in the liver metastatic niche. Thus far, I have 

demonstrated that pro-tumour IL-17A+ γδ T cells infiltrate primary PDAC tissue, 

and that the absence of γδ T cells reduces the incidence of spontaneous liver 

metastasis more than two-fold. However, the absence of γδ T cells does not 

confer a survival benefit in KPC;Tcrd—/— mice, and so γδ T cells therefore do not 

promote the progression of primary PDAC tumours. Instead, γδ T cells exert a 

clear pro-metastatic function either in a local manner within the metastatic 

niche, or distally within the primary PDAC tumour. Thus, the aim of this chapter 

is to investigate the impact of γδ T cells in the primary tumour and the 

metastatic niche, and to identify any potential pro-metastatic mechanisms that 

are directed through γδ T cells. 

The function of γδ T cells in different cancer settings is diverse with numerous 

effector mechanisms, but the pro-tumour function of γδ T cells centres around 

the production of IL-17A. (Rei et al., 2014, Coffelt et al., 2015, Daley et al., 

2016) However, IL-17A-producing γδ T cells are not simply pro-tumour cells, as 

they play an important role in a variety of immune settings; a notable example is 

their role in adipose tissue homeostasis where they are indispensable for the 

regulation of thermogenesis. (Kohlgruber et al., 2018) γδ T cells are enriched 

within adipose tissue and are primarily PLZF+CD27—, which is indicative of IL-17A 

production.(Kohlgruber et al., 2018) The function of IL-17A+ γδ T cells in adipose 

tissue is to regulate immune cell populations, initiated by IL-17A+ γδ T cells that 

promote the production of IL-33 from PDPN+ stromal cells; IL-33 binds to the ST2 

receptor on FOXP3+ Tregs and provides transcriptional stability and promotes 

their expansion within adipose tissue.(Kohlgruber et al., 2018) The loss of γδ T 

cells negatively impacts thermogenesis, as Vγ4/6—/— and IL-17A—/— mice display 

impaired body temperature regulation.(Kohlgruber et al., 2018) Thus, IL-17A+ γδ 

T cells not only drive tumourigenesis, but also have indispensable homeostatic 

function, further highlighting the diverse nature of γδ T cells. 



129 
 
Given the enrichment of CD27—IL-17A+ γδ T cells in adipose tissue and their non-

redundant function in thermogenesis, understanding how PDAC tumourigenesis 

affects their behaviour within this niche is important. In humans, cancer-

associated cachexia is a major disease co-morbidity, with 80% of PDAC patients 

suffering from cachexia, which is characterised by the progressive loss of muscle 

and adipose tissue mass.(Narasimhan et al., 2021) Additionally, cachexia is also 

characterised through systemic inflammation and significantly altered adipose 

tissue metabolism — adipose tissue wastage often precedes and is more 

pronounced than muscle wastage.(Henriques et al., 2018, Tsoli et al., 2016) 

Therefore, despite the regulatory role of IL-17A+ γδ T cells in homeostatic 

conditions, the systemic inflammation associated with PDAC tumourigenesis may 

alter the function of adipose tissue γδ T cells, disrupt their homeostatic function 

and contribute to cachexia.  

Another characteristic of PDAC biology is the immune-suppressive tumour 

microenvironment (TME), which restricts anti-tumour immune responses and is 

central to tumour outgrowth. The extensive desmoplastic stroma has resulted in 

PDAC tumours being described as immunologically cold, as the dense stroma acts 

as a barrier to infiltration of anti-tumour immune cells.(Wachsmann et al., 2012) 

Reductions in matrix stiffness enables greater inflammatory infiltrate into 

tumours that is characterised by increased CD8+ T cells, reduced Tregs and 

significantly increased survival. (Mucciolo et al., 2021) Furthermore, a study into 

the spatial distribution of TME components confirmed that CD8+ T cell proximity 

to cancer cells influences survival, but that CD8+ T cell proximity to components 

such as α-SMA+ fibroblasts and collagen does not directly associate with impaired 

CD8+ T cell function. (Carstens et al., 2017) Thus, whilst the barrier function of 

the PDAC TME is crucial to limit anti-tumour immune cell infiltration, it is not 

the only factor within the TME capable of subverting anti-tumour immunity. The 

description of PDAC tumours as immunologically cold is an oxymoron, as the TME 

is dominated by the presence of immune-suppressive cells, particularly myeloid 

cells such as macrophages (TAMs) and neutrophils, and also by cancer-associated 

fibroblasts (CAFs).(Candido et al., 2018, Steele et al., 2016, Öhlund et al., 2017) 

Neutrophil function is controlled through CXCR2 signalling, which regulates 

neutrophil migration, and is significantly increased in human PDAC and 
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associates with poor survival.(Reid et al., 2011) Furthermore, loss of neutrophil 

homing by genetic ablation (KPC;Cxcr2—/—) and pharmacological inhibition of 

CXCR2 significantly reduces metastasis and prolongs survival. (Steele et al., 

2016) The reduction of metastasis (50% in KPC to 5% in KPC;Cxcr2—/— mice) 

demonstrates the confounding nature of PDAC tumours, as crucial pro-metastatic 

functions are driven through infiltrated immune-suppressive myeloid cells. 

(Steele et al., 2016) γδ T cells significantly infiltrate PDAC tumours; but they 

also drive metastatic dissemination in breast cancer through expanding pro-

metastatic neutrophil populations. (Daley et al., 2016, Coffelt et al., 2015) 

Additionally, they also promote ovarian cancer tumourigenesis through 

mobilisation of macrophages.(Rei et al., 2014) Thus, in this chapter, I aim to 

investigate the cross-talk between γδ T cells and the myeloid compartment of 

the TME, and also determine if a γδ T cell-myeloid cell axis promotes PDAC 

metastatic disease.  

In addition to neutrophils, TAMs are another dominant myeloid cell population 

within PDAC, and are associated with increased metastasis and poor 

prognosis.(Kurahara et al., 2011) Inhibition of TAM populations through M-CSFR 

blockade leads to improved survival through reductions in primary tumour 

weight, reduced collagen deposition and α-SMA+ stromal cells; but loss of 

macrophages also enables greater production of IFN-γ, Granzyme B and perforin 

from CD8+ T cells. (Candido et al., 2018) Thus, TAMs are central to PDAC tumour 

growth, the subversion of anti-tumour cytolytic CD8+ T cells and they 

significantly contribute to the desmoplastic reaction. Despite this clear pro-

tumour function of PDAC TAMs, there remains a lack of consensus as to which 

macrophage population drives PDAC progression. Numerous sources within the 

literature point to monocyte-derived macrophages as the main drivers of PDAC 

tumourigenesis, particularly through CCR2-mediated monocyte recruitment 

followed by polarisation to TAM phenotype through M-CSF, IL-4, IL-10, IL-13 and 

TGF-β present within the PDAC TME. (Yang et al., 2020, Arango Duque and 

Descoteaux, 2014) However, Zhu et al. detail that orthotopic KPC 

transplantation into Ccr2—/— mice did not affect tumour growth; but instead the 

depletion of embryonic-derived (tissue-resident) macrophages preferentially 

promote PDAC tumourigenesis.(Zhu et al., 2017) Conversely, a recent paper has 

detailed that BRD4 expression by PDAC cells results in the production of CCL2 to 
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recruit TNF-α+ macrophages, which promote the development of the basal-like 

PDAC subtype associated with poorer prognosis.(Mengyu Tu, 2021) Thus, despite 

the consensus that PDAC TAMs are potently pro-tumour, there is contradicting 

evidence as to which population of macrophages are more important. Thus, in 

this chapter I will further investigate PDAC TAM populations, and specifically 

uncover if γδ T cells preferentially promote specific macrophage populations in 

murine PDAC. 

As mentioned above, there is also a growing appreciation of the heterogeneity of 

CAF sub-populations within the PDAC TME. Previously, it was thought that the 

activation of pancreatic stellate cells (PSCs) promotes a myofibroblastic 

phenotype through α-SMA upregulation, which associated with the production of 

ECM remodelling products such as collagen, fibronectin, and matrix 

metalloproteinases (MMPs).(Öhlund et al., 2014) Instead, CAFs can now be sub-

categorised into three distinct sub-populations with distinct effector functions; 

myofibroblastic CAFs (myCAFs), inflammatory CAFs (iCAFs) and antigen-

presenting CAFs (apCAFs). (Biffi et al., 2019, Elyada et al., 2019) More 

specifically, TGF-β signalling in the TME acts on PSCs close to PDAC cells which 

become collagen-producing  α-SMAhi IL-6lo myCAFs; IL-1α acts on more distal PSCs 

to become α-SMAlo IL-6hi iCAFs through NF-κB signalling, which produce 

inflammatory mediators such as IL-1α, IL-6, G-CSF and CXCL1; and finally IFN-γ 

promotes MHC IIhi apCAF formation which promote CD4+ T cell activation. (Biffi 

et al., 2019, Elyada et al., 2019) Given the heterogeneous function of CAF sub-

populations and their contribution to the TME, I aim to investigate the impact of 

γδ T cell absence on CAF populations, with the aim of identifying potential links 

to γδ T cells and the promotion of PDAC desmoplasia. 

The final aim of this chapter is to explore the influence that γδ T cells have on 

other immune cell populations within the primary tumour and metastatic niche. 

Pro-tumour γδ T cells exert heterogeneous effector functions, but this centres 

around the production of IL-17A. IL-17A+ γδ T cells promote expansion of 

immune-suppressive neutrophils to impair anti-metastatic CD8+ T cells in breast 

cancer; mobilise pro-tumour macrophages in ovarian cancer; and IL-17A 

signalling inhibits the CXCL9/10-mediated recruitment of anti-tumour CD8+ T 

cells in colorectal cancer. (Coffelt et al., 2015, Rei et al., 2014, Chen et al., 
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2019b) The protumour function of γδ T cells in PDAC is largely unknown; 

however, Daley et al. show that γδ T cells are pathogenic in PDAC as they impair 

CD4+/CD8+ T cells through immune checkpoint ligation.(Daley et al., 2016) More 

specifically, this function is driven through the Vγ4+ subset that produce 

significant levels of IL-17A and IL-10, both potent immune-suppressive cytokines, 

and that the presence of CD4+ and CD8+ T cells increases 10-fold in the absence 

of γδ T cells. Finally, tumour-infiltrating γδ T cells express high levels of PD-L1 

and Galectin-9, and pharmacological blockade of PD-L1 and Galectin-9 enhances 

the infiltration of activated (CD44+CD62L—) αβ T cells.(Daley et al., 2016) This 

evidence, in orthotopic KPC models, indicates that γδ T cells in murine PDAC 

may have potent immune-modulatory function and directly contribute to 

immune suppression. Therefore, in this chapter I aim to interrogate the ability 

of γδ T cells to influence immune cell activation in the PDAC TME and metastatic 

niche of KPC mice. 

To summarise, in this chapter I aim to determine the impact of γδ T cells on the 

primary tumour and metastatic niche. To achieve this, I will first determine if γδ 

T cells play a role in cancer cachexia and will assess their immune-modulating 

capabilities in adipose tissue. Secondly, I aim to investigate the immune-

modulating capacity of γδ T cells in primary tumour and metastatic niche 

through assessing immune cell activation states. Additionally, I will also address 

the impact of γδ T cell absence on components of the primary tumour and 

metastatic niche. Finally, I also aim to determine if γδ T cells can mediate 

crosstalk with pro-tumour myeloid cells in KPC mice. 
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5.2 Contribution of γδ T cells to cancer cachexia. 

Given the published evidence that IL-17A+CD27— γδ T cells have been shown to 

play a central role in the maintenance of adipose tissue homeostasis, I aimed to 

assess their role the adipose tissue of KPC mice and determine if they contribute 

to cachexia in KPC mice. I also investigated if the loss of γδ T cells in KPC;Tcrd—

/— adipose tissue leads to significant changes to other immune cell populations, 

given that γδ T cells promote Treg expansion. I investigated this in brown 

(BrAT), subcutaneous (SubAT) and epididymal (EpiAT) adipose tissue. BrAT plays 

a central role in murine thermogenesis and metabolism owing to the large 

proportion of mitochondria, and the loss of white adipose tissue deposits such as 

SubAT and EpiAT is a major aspect of cancer cachexia.(Han et al., 2018) 

Furthermore, IL-17A+ γδ T cells are significantly enriched in BrAT, SubAT and 

EpiAT compared to peripheral tissues, and so are ideal tissues to investigate γδ T 

cell function. (Kohlgruber et al., 2018)  

5.2.1  γδ T cells do not contribute to adipose tissue wastage in KPC 
mice. 

The first stage in investigating the role of γδ T cells in cancer cachexia was to 

compare the weights of SubAT, EpiAT and BrAT in KPC mice, and determine if 

the loss of γδ T cells impacts their weight at humane clinical endpoint. I found 

that SubAT weights from KPC and KPC;Tcrd—/— mice are significantly reduced 

compared to their respective controls, but that there is no significant difference 

between the weights of KPC and KPC;Tcrd—/— mice (Figure 5-1A). I observed a 

similar trend in EpiAT (Figure 5-1B), but there were no differences in BrAT 

weights in any cohorts (Figure 5-1C). However, the significant reductions in the 

SubAT and EpiAT depots in KPC and KPC;Tcrd—/—  mice confirms that cancer-

induced cachexia is a phenotype of KPC mice. However, the lack of any 

discernible difference between the weights of adipose tissue depots between 

KPC and KPC;Tcrd—/— mice indicates that γδ T cells do not contribute to 

cachexia, or at least the wasting of adipose tissue depots in KPC mice. 



134 
 

 

Figure 5-1 γδ T cells do not contribute to adipose tissue wastage in KPC mice. 
KPC (n=5) and KPC;Tcrd—/— (n=4) mice were aged to humane clinical endpoint and WT (n=8) and 
Tcrd—/— (n=7) mice were aged-matched to provide suitable controls, respectively. Adipose tissue 
was dissected and fat deposits from subcutaneous (SubAT) (A), epididymal (EpiAT) (B) and brown 
(BrAT) (C) adipose tissue were weighed. * P < 0.05 as determined by Mann-Whitney U-Test. 

 
5.2.2  Loss of γδ T cells does not change immune cell activation 

state in adipose tissue from KPC;Tcrd—/— mice. 

Despite the evidence showing that γδ T cells do not play a significant role in 

adipose tissue cachexia, I sought to further characterise their impact on other 

adipose tissue immune cells, as IL-17A+ γδ T cells have been shown to maintain 

certain immune cell niches in adipose tissue. (Kohlgruber et al., 2018) 

Therefore, I performed flow cytometry to phenotype the γδ T cell populations in 

adipose tissue; elucidate the effect of γδ T cell loss on the activation status of 

CD4+/CD8+ T cells and their cytokine production; and finally, determine the 

impact of γδ T cell loss on NK cell maturation and cytokine production in 

KPC;Tcrd—/— adipose tissue (Figure 5-2).  
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Figure 5-2 Adipose tissue contains significant populations of γδ T, αβ T and NK cells. 
Representative image of the gating strategy implemented to identify γδ T cells, CD4+/CD8+ T cells 
and NK cells, and to interrogate T cell activation status (CD44+CD69+), NK cell maturity 
(CD11b+CD27—) and cytokine production (IFN-γ, IL-17A and Granzyme B). Representative flow 
plots taken from KPC EpiAT. 

I observed no significant changes to any immune cell populations between KPC 

and KPC;Tcrd—/— mice or when compared to respective controls in EpiAT (Figure 

5-3). Firstly, bulk γδ T cells are not expanded in EpiAT from KPC mice compared 

to WT controls; they display no significant differences in the production of IL-

17A or IFN-γ; and there is no preferential expansion of either CD27— or CD27+ γδ 

T cell subsets (Figure 5-3A). Bulk CD4+ T cells (CD3+CD4+) are also unaffected by 

γδ T cell loss, with no significant changes to the production of IFN-γ and IL-17A 

or to their activation state (CD44+CD69+) (Figure 5-3B), a trend that is mirrored 

in the CD8+ T cell populations (Figure 5-3C). Finally, the bulk NK cell population 

in EpiAT also remained unchanged between the cohorts along with mature NK 

cell populations (Figure 5-3D). NK cells develop through a four-stage process 

which can be delineated through the two surface molecules CD27 and CD11b — 
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CD11bloCD27lo à CD11bloCD27hi àCD11bhiCD27hi à CD11bhiCD27lo. (Chiossone et 

al., 2009) I focussed upon the CD11bhiCD27lo (mature) NK cell subset, as they 

display greater cytotoxic function with increased Granzyme B and perforin gene 

signatures and higher capacity for inflammation induction. (Chiossone et al., 

2009) However, there was also no significant changes to the mature NK cell 

population or their production of IFN-γ or Granzyme B (Figure 5-3D).  

Similar to EpiAT, the γδ T cell populations remain largely unchanged in SubAT 

from KPC mice compared to WT controls, as there were no observable 

differences between bulk γδ T cells, IL-17A and IFN-γ production and CD27 

subset status (Figure 5-4A). As with EpiAT, bulk CD4+ T cells remained unchanged 

along with their cytokine production (IFN-γ and IL-17A); however, CD4+ 

activation state (CD44+CD69+) appeared to increase in KPC;Tcrd—/— SubAT when 

compared to KPC mice, but this did not achieve statistical significance (Figure 

5-4B). There was a similar trend in the CD8+ T cells, where bulk CD8+ T cells and 

their production of IFN-γ and Granzyme B remained unchanged; but CD8+ T cells 

from KPC;Tcrd—/— SubAT display a significantly increased activation state when 

compared to KPC mice (Figure 5-4C). Furthermore, bulk NK cells in SubAT 

remain unchanged in all cohorts; there is a near significant increase in mature 

(CD11b+CD27—) NK cells in KPC;Tcrd—/— SubAT, but this does not translate to any 

significant differences in cytokine production (Figure 5-4D). Finally, BrAT 

displays no significant differences to bulk γδ T cells or in their IL-17A and IFN-γ 

cytokine production, but there appears to be significantly increased CD27— and 

decreased CD27+ γδ T cells (Figure 5-5A). Similarly, BrAT from KPC;Tcrd—/— 

shows no changes to bulk CD4+/CD8+ T cell populations, their cytokine 

production or to their activation state (CD44+CD69+) (Figure 5-5B/C). Bulk NK 

cells and mature (CD11b+CD27—) NK cells also remain unchanged along with 

mature NK cell cytokine production (Figure 5-5D), further indicating that γδ T 

cells do not influence immune cell activation status in the adipose tissue niche. 
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Figure 5-3 CD4+/CD8+ T and NK cell populations are unaffected by the absence of γδ T cells 
in EpiAT from KPC;Tcrd—/— mice. 
EpiAT was harvested from KPC (n=6) and KPC;Tcrd—/— (n=5) mice aged to humane clinical 
endpoint, and EpiAT from also harvested from aged-matched WT (n=5) and Tcrd—/— (n=5) 
controls. Bulk γδ T cell (CD3+γδTCR+) populations were assessed along with IL-17A and IFN-γ 
production and CD27 subset expansion (A). Bulk CD4+ T cells were assessed along with IFN-γ and 
IL-17A production and activation state (CD44+CD69+) (B). Bulk CD8+ T cells were also assessed 
along with IFN-γ and Granzyme B production and activation state (CD44+CD69+) (C). Bulk NK cells 
(NK1.1+) cells were assessed along with CD11b+CD27— (mature) NK cells and mature NK cell 
cytokine production (IFN-γ and Granzyme B) (D). 
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Figure 5-4 CD8+ T cells are more activated in SubAT from KPC;Tcrd—/— mice, but other 
immune cell populations remain unchanged. 
SubAT was harvested from KPC (n=5) and KPC;Tcrd—/— (n=5) mice aged to humane clinical 
endpoint, and SubAT from also harvested from aged-matched WT (n=5) and Tcrd—/— (n=5) 
controls. Bulk γδ T cell (CD3+γδTCR+) populations were assessed along with IL-17A and IFN-γ 
production and CD27 subset expansion (A). Bulk CD4+ T cells were assessed along with IFN-γ and 
IL-17A production and activation state (CD44+CD69+) (B). Bulk CD8+ T cells were also assessed 
along with IFN-γ and Granzyme B production and activation state (CD44+CD69+) (C) Bulk NK cells 
(NK1.1+) cells were assessed along with CD11b+CD27— (mature) NK cells and mature NK cell 
cytokine production (IFN-γ and Granzyme B) (D). * P < 0.05 as determined by Kruskal-Wallis test. 
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Figure 5-5 CD27— γδ T cells are significantly expanded in BrAT in KPC mice. 
BrAT was harvested from KPC (n=6) and KPC;Tcrd—/— (n=5) mice aged to humane clinical 
endpoint, and BrAT from also harvested from aged-matched WT (n=5) and Tcrd—/— (n=5) controls. 
Bulk γδ T cell (CD3+γδTCR+) populations were assessed along with IL-17A and IFN-γ production 
and CD27 subset expansion (A). Bulk CD4+ T cells were assessed along with IFN-γ and IL-17A 
production and activation state (CD44+CD69+) (B). Bulk CD8+ T cells were also assessed along 
with IFN-γ and Granzyme B production and activation state (CD44+CD69+) (C) Bulk NK cells 
(NK1.1+) cells were assessed along with CD11b+CD27— (mature) NK cells and mature NK cell 
cytokine production (IFN-γ and Granzyme B) (D). * P < 0.05 as determined by Mann-Whitney test. 

Thus, other than significantly increased CD8+ T cell activation in SubAT in 

KPC;Tcrd—/— mice, the loss of γδ T cells does not appear to have an significant 

impact on immune cell populations in EpiAT, SubAT. Finally, BrAT from KPC mice 

has significantly increased CD27— γδ T cells compared to WT mice and indicates 

that pro-tumour γδ T cells may be enriched in BrAT, which could impact on BrAT 

metabolism. Overall, γδ T cells do not promote cancer-associated cachexia in 

KPC mice, and do not alter the activation state of major immune cell 

populations in adipose tissue. 
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5.3 The impact of γδ T cells on immune cell populations in KPC 

mice. 

5.3.1  γδ T cells do not enhance the activation state or cytokine 
production of CD4/CD8 T cells in KPC mice. 

I have previously shown that γδ T cells infiltrate KPC PDAC tissue and display a 

pro-tumour phenotype through the production of IL-17A. Given that published 

literature details the function of γδ T cells in orthotopic KPC models is immune-

suppressive and restrains αβ (CD4+/CD8+) T cell activation, I sought to 

investigate if γδ T cells exert similar control over αβ T cells and NK cells in 

autochthonous KPC mice. To investigate this, I performed flow cytometric 

analysis to identify CD4+ T cells, CD8+ T cells and NK cells (Figure 5-6). To 

determine the activation state of CD4+ and CD8+ T cells, I assessed the 

expression of CD44 and CD69, as the combined expression of these surface 

markers indicates an activated phenotype.(Lindell et al., 2006) I then also 

interrogated the cytokine production of CD4+ and CD8+ T cells and assessed the 

extent to which IFN-γ (CD4+/CD8+), IL-17A (CD4+) and Granzyme B (CD8+) were 

produced by these cells. Additionally, I also investigated NK cell maturation as 

previously described, and the cytokine production from mature NK cells. Finally, 

I then also looked to assess how the loss of γδ T cells would impact on the 

activation state of CD4/CD8 T cells and their cytokine production; and how the 

loss of γδ T cells impacted NK cell maturation and mature NK cell cytokine 

production. 
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Figure 5-6 CD4/CD8 T and NK cells are form distinct populations within peripheral tissues. 
Representative flow cytometry plots illustrating the gating strategy implemented to identify CD4+ T 
cells, CD8+ T cells and NK (NK1.1+) cells. Cytokine production of CD4+ (IFN-γ and IL-17A) and 
CD8+ (IFN-γ and Granzyme B) T cells and their activation state (CD44+CD69+) were assessed. 
Mature NK cells (NK1.1+CD11b+CD27—) and their cytokine production (IFN-γ and Granzyme B) 
were assessed. Representative plots obtained from KPC spleen. 

The first step in characterising the impact of γδ T cells on the activation state of 

immune cells was to investigate the primary PDAC tumour, as Daley et al. 

detailed that tumour-infiltrating γδ T cells in orthotopic KPC directly impair 

CD4+/CD8+ T cells via checkpoint receptor ligation. (Daley et al., 2016) In 

primary PDAC tissue, I found that KPC mice have no changes to bulk CD4+ T cells 

(Figure 5-7A), CD4+ T cell activation state (Figure 5-7B) or in the production of 

IFN-γ or IL-17A (Figure 5-7C) when compared to WT controls. I found identical 

findings in the CD8+ T cells, which had no changes to bulk CD8+ populations 

(Figure 5-7D), activation state (Figure 5-7E) or production of IFN-γ or Granzyme 

B (Figure 5-7F) compared to WT controls. When I assessed the impact of γδ T 

cells, I found no change to the activation state of CD4+/CD8+ T cells, and no 

differences in cytokine production between KPC and KPC;Tcrd—/— PDAC tissue. 

Thus, these data suggest that γδ T cells do not impact the activation state of αβ 

T cells in PDAC tumours of spontaneous KPC mice. 
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Figure 5-7 CD4+ and CD8+ T cell activation state in primary PDAC tissue is unaffected by the 
absence of γδ T cells in KPC;Tcrd—/— mice. 
KPC (n=5) and KPC;Tcrd—/— (n=5) mice were aged to humane clinical endpoint, with WT (n=5) and 
Tcrd—/—(n=4) aged matched controls taken. Primary PDAC or WT pancreas tissue was harvested 
and flow cytometry was performed on isolated immune cells. Bulk CD4+ T cell (A), activated CD4+ 
T cells (CD44+CD69+) (B) and production of IFN-γ and IL-17A from CD4+ T cells (C) was assessed. 
Bulk CD8+ T cell (D), activated CD8+ T cells (CD44+CD69+) (E) and production of IFN-γ and 
Granzyme B from CD8+ T cells (F) was assessed. 

Continuing on from this, I then assessed if γδ T cells played a role in restraining 

αβ T cell activity in the liver metastatic niche, as a greater level of T cell 

activation and anti-tumour cytokine production may explain the observed 

reduction of liver metastasis found in KPC;Tcrd—/— mice. However, I found 

identical results from the KPC PDAC tissue; bulk CD4+ T cells (Figure 5-8A), CD4+ 

T cell activation state (Figure 5-8B) and CD4+ T cell production of IFN-γ and IL-

17A (Figure 5-8C) were not significantly reduced in KPC mice compared to WT 
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mice, and was unaffected by the absence of γδ T cells. Similarly, bulk 

CD8+(Figure 5-8D), CD8+ T cell activation (Figure 5-8E) and CD8+ T cell 

production of IFN-γ and Granzyme B (Figure 5-8F) were not significantly 

impaired in KPC mice compared to WT mice, and were also unchanged by the 

loss of γδ T cells in KPC;Tcrd—/— mice.  

 

Figure 5-8 CD4+ and CD8+ T cell activation state is unaffected by the absence of γδ T cells in 
the liver metastatic niche of KPC;Tcrd—/— mice. 
KPC (n=9) and KPC;Tcrd—/— (n=11) mice were aged to humane clinical endpoint, with WT (n=7) 
and Tcrd—/—(n=10) aged matched controls taken. Liver tissue was harvested and flow cytometry 
was performed on isolated immune cells. Bulk CD4+ T cell (A), activated CD4+ T cells 
(CD44+CD69+) (B) and production of IFN-γ and IL-17A from CD4+ T cells (C) were assessed. Bulk 
CD8+ T cell (D), activated CD8+ T cells (CD44+CD69+) (E) and production of IFN-γ and Granzyme 
B from CD8+ T cells (F) were assessed. 
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Finally, I then determined whether γδ T cells influence populations of 

circulating CD4+ and CD8+ T cells in KPC spleen tissue, but I found no significant 

changes to CD4+ T cell activation state (Figure 5-9B) and no significant changes 

in IFN-γ and IL-17A cytokine production (Figure 5-9C) in CD4+ T cells in KPC 

spleen compared to WT controls. Interestingly, I observed a significant increase 

in the proportions of bulk CD4+ T cells in KPC;Tcrd—/— compared to KPC spleen 

(Figure 5-9A), but this did not translate into any significant changes to activation 

state or cytokine production. Finally, there were no changes to bulk CD8+ T cells 

(Figure 5-9D), CD8+ T cell activation state (Figure 5-9E) or CD8+ T cell cytokine 

production (Figure 5-9F) in KPC spleen compared to WT controls, and these were 

unaffected by the absence of γδ T cells. 

In summary, I aimed to determine the role of γδ T cells in controlling immune 

cell activation in autochthonous KPC mice. I found no evidence in PDAC, liver 

and spleen tissue that CD4+ or CD8+ T cells displayed increased activation or had 

any significant differences in cytokine production compared to WT controls. 

There was also no evidence of improved CD4+/CD8+ activation or cytokine 

production in PDAC, liver and spleen tissue of KPC;Tcrd—/— mice, suggesting that 

γδ T cells do not restrain αβ T cell activation in KPC mice, contrary to published 

evidence. Crucially, this also indicates the reduction in metastatic incidence is 

not due to changes in impaired anti-tumour cytolytic CD8+ T cells, as seen in 

breast cancer. 
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Figure 5-9 Bulk CD4+ T cells are significantly increased, but CD8+ T cells remain unchanged, 
in the absence of γδ T cells in KPC;Tcrd—/— spleens. 
KPC (n=8) and KPC;Tcrd—/— (n=9) mice were aged to humane clinical endpoint, with WT (n=7) and 
Tcrd—/—(n=8) aged matched controls taken. Spleen tissue was harvested, and flow cytometry was 
performed on isolated immune cells. Bulk CD4+ T cell (A), activated CD4+ T cells (CD44+CD69+) 
(B) and production of IFN-γ and IL-17A from CD4+ T cells (C) was assessed. Bulk CD8+ T cell (D), 
activated CD8+ T cells (CD44+CD69+) (E) and production of IFN-γ and Granzyme B from CD8+ T 
cells (F) was assessed. ** P < 0.01 as determined by Kruskal-Wallis Test. 

5.3.2  γδ T cells restrain the production of IFN-γ from mature 
(CD11b+CD27—) NK cells in KPC liver tissue. 

Following on from the finding that CD4+ and CD8+ T cells from KPC mice have no 

significant differences activation state or cytokine production when compared to 

WT controls, or in the absence of γδ T cells, I changed my focus towards NK cells 

which are another important immune cell with potent anti-metastatic 
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properties. In this instance, I aimed to determine if NK cells in KPC mice have 

impaired cytokine production compared to WT mice and if γδ T cells can 

influence their activity. Firstly, I found that NK cells in KPC PDAC tissue have no 

significant differences in bulk NK cells (NK1.1+), NK cell maturation state 

(CD11b+CD27—) or in IFN-γ and Granzyme B production (Figure 5-10A). Similarly, 

proportions of bulk and mature (CD11b+CD27—) NK cells in KPC liver remain 

unchanged compared to WT controls; however, IFN-γ and Granzyme B 

production in mature NK cells from KPC livers was significantly reduced 

compared to WT controls (Figure 5-10B). Furthermore, the absence of γδ T cells 

restored the IFN-γ producing capacity of mature NK cells in KPC;Tcrd—/— liver but 

not Granzyme B production (Figure 5-10B). Finally, I observed no impairment to 

bulk NK cells, NK cell maturation or cytokine production in KPC spleens 

compared to WT controls, and the absence of γδ T cells in KPC;Tcrd—/— spleen 

had no impact (Figure 5-10C). This increased IFN-γ production in mature NK cells 

from KPC;Tcrd—/— livers may indicate a possible anti-tumour mechanism that is 

suppressed by γδ T cells in KPC mice; as IFN-γ production by NK cell contributes 

to metastasis clearance through augmented NK cell activation and the induction 

of Th1 immunity. (Lin et al, 2021) Thus, the increased production of IFN-γ by NK 

cells in KPC;Tcrd—/— liver tissue indicates a potential link between γδ T cells and 

liver metastasis, but this requires further investigation to fully define this 

phenotype. Future areas of study could be focussed on FasL and TRAIL, which 

are expressed on the surface of NK cells and direct NK cell cytotoxicity through 

binding of their cognate receptor (Fas and TRAILR) on cancer cells to induce 

apoptosis. (Paul and Lal, 2017) Thus, the exploration of additional NK cell 

cytotoxic mechanisms is required to elucidate if liver NK cell dysfunction is a 

phenotype of KPC mice. 
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Figure 5-10 Loss of γδ T cells increases the production of IFN-γ from mature CD11b+CD27— 
NK cells, but not Granzyme B. 
KPC and KPC;Tcrd—/— mice were aged to humane clinical endpoint and PDAC, liver and spleen 
were harvested. Pancreas, liver and spleen tissue were also taken from age-matched controls. 
Bulk NK cells, mature (CD11b+CD27—) and mature NK cell cytokine production was assessed in 
PDAC (WT n=5, KPC n=6, Tcrd—/— n=4 and KPC;Tcrd—/— n=5) liver (WT n=7, KPC n=8, Tcrd—/— 
n=10 and KPC;Tcrd—/— n=12) and spleen (WT n=7, KPC n=8, Tcrd—/— n=8 and KPC;Tcrd—/— n=9). 
** P < 0.01 and * P < 0.05 as determined by Kruskal-Wallis Test.  

5.3.3  Liver NK cells can be further sub-categorised into tissue-
resident NK vs circulating NK cells. 

As previously described, NK cell activity is tightly regulated by a combination of 

activating and inhibitory receptors. Activating receptors include NKG2D which 

binds to MICA, MICB and ULBP1-6 proteins which are upregulated during cellular 

stress, and CD226 (DNAM-1) which binds to CD155.(Huntington et al., 2020, Paul 

and Lal, 2017, Kumar, 2018) Inhibitory receptors that restrain NK cell activity 

include T-cell Ig and ITIM domain (TIGIT) and CD96 (TACTILE). (Yin et al., 2018) 

Thus, NK cells can become activated through CD226 (DNAM-1) ligation upon 

binding to CD112 and CD155 ligands expressed on antigen-presenting cells or 
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transformed tumour cells.(Dougall et al., 2017) Inhibitory receptors TIGIT and 

CD96 also bind to CD112 and CD155, and directly compete with CD226 by binding 

to CD155 with higher affinity to impair NK cell activation. Given this 

information, I aimed to assess if the impaired IFN-γ production observed in NK 

cells in KPC mice is due to increased inhibitory receptor expression on NK cells. 

To investigate this, I designed a flow cytometry panel to identify the expression 

of inhibitory (TIGIT and CD96) and activating (CD226) receptors, and the 

production of IFN-γ, Granzyme B and TNF-α (Figure 5-11). Furthermore, murine 

NK cells can be sub-categorised into tissue-resident (CD49a+DX5—) and circulating 

NK cells (CD49a—DX5+), and so I aimed to assess if γδ T cells preferentially 

suppress or promote a specific population of NK cells (Figure 5-11).(Jewett et 

al., 2020, Sojka et al., 2014) 

5.3.4 Circulating NK cells may express higher levels of TIGIT 
inhibitory receptor in KPC;Tcrd—/— mice. 

First, I looked to find if either circulating (CD49a—DX5+) or tissue-resident 

(CD49a+DX5—) NK cells are preferentially expanded or suppressed in KPC mice, 

and looked to determine the impact that loss of γδ T cells has on both 

populations. I found that both circulating NK cells (Figure 5-12A) and tissue-

resident NK cells (Figure 5-12B) were not changed in KPC liver compared to WT 

controls, and the absence of γδ T cells in KPC;Tcrd—/— had no additional effect. I 

then looked to assess the expression profiles of activating (CD226) and inhibitory 

(CD96 and TIGIT) receptors within each population. In circulating NK cells, I 

observed very low expression of CD96 and found no observable differences 

between the experimental groups (Figure 5-12C); and CD226 expression appears 

lower in both the KPC and KPC;Tcrd—/— cohorts compared to respective controls, 

but there are no changes between KPC and KPC;Tcrd—/— mice (Figure 5-12C). 

Interestingly, there appears to be slightly higher expression of the inhibitory 

TIGIT receptor in circulating NK cells from KPC;Tcrd—/— liver, although the 

expression levels remain low (Figure 5-12C). Additionally, there appears to be no 

changes to IFN-γ and Granzyme B production between all experimental groups; 

however, expression of TNF-α may be increased in circulating NK cells from 

KPC;Tcrd—/— livers (Figure 5-12C). In tissue-resident NK cells, the expression of 

CD96, CD226 and TIGIT remains unchanged between KPC and KPC;Tcrd—/— 

groups, with similar trends observed in the production of IFN-γ and Granzyme B 
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(Figure 5-12D). Similar to circulating NK cells, tissue-resident NK cells may have 

higher expression of TNF-α in KPC;Tcrd—/— livers. However, more experimental 

repeats are required before meaningful conclusions can be drawn from this data.  

 

Figure 5-11 NK cells in the liver can be separated into tissue-resident (CD49a+DX5—) and 
circulating (CD49a—DX5+) populations. 
Illustration showing the representative gating strategy where viable (1) liver NK cells (CD3—NK1.1+ 
(2) were identified and sub-categorised into tissue-resident (CD49a+DX5-) and circulating (CD49a—

DX5+) populations (3). Both tissue-resident and circulating NK cells were then assessed for 
activating (CD226) and inhibitory (TIGIT and CD96) receptors and cytokine production (Granzyme 
B, IFN-γ and TNF-α). 
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Figure 5-12 Circulating NK cells may express higher levels of inhibitory receptor TIGIT in 
KPC;Tcrd—/— liver tissue. 
Liver tissue was obtained from KPC (n=4) and KPC;Tcrd—/— (n=2) mice that were aged to humane 
clinical endpoint, and liver tissue was harvested from age-matched WT (n=4) and Tcrd—/— (n=3) 
controls. Proportions of circulating (CD49a—DX5+) (A) and tissue resident (CD49a+DX5—) (B) cells 
from NK1.1+ cells. Expression of CD96, CD226 and TIGIT receptors and production of IFN-γ, 
Granzyme B and TNF-α on circulating NK cells (C). Expression of CD96, CD226 and TIGIT 
receptors and production of IFN-γ, Granzyme B and TNF-α on tissue-resident NK cells (D). 
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In summary, there are no significant changes to either circulating or tissue-

resident NK cells, and expression CD96 and CD226 remains unchanged by the 

absence of γδ T cells in KPC;Tcrd—/— livers. Tissue-resident NK cells display no 

changes to TIGIT expression in all cohorts. However, circulating NK cells in 

KPC;Tcrd—/— livers appear to express marginally higher TIGIT and potentially 

greater levels of TNF-a (Figure 5-12C). Higher levels of TIGIT would initially 

suggest that circulating NK cells are more inhibited in the absence of γδ T cells; 

however, the stable expression of IFN-γ, Granzyme B and the potential increase 

in TNF-α secretion suggests otherwise as TIGIT overexpression is normally 

associated with reduced IFN-γ and TNF-α production. (Meng et al 2020) Thus, 

whilst concrete conclusions cannot yet be drawn from this experiment, the 

potentially increased TIGIT expression may indicate a response to increased NK 

cell activation, as TIGIT also increases in response to NK cell activation as a self-

limiting step to prevent excessive activation.(Schorer et al., 2020, Yin et al., 

2018) 

5.3.5  Histological analysis of the liver metastatic niche indicates 
NK cells are reduced in KPC;Tcrd—/— liver tissue. 

To gain a greater idea of additional changes within the metastatic niche, 

extensive immunohistochemistry (IHC) staining was performed targeting 

lymphocytes, myeloid cells and other components associated with 

tumourigenesis. Following staining, all slides were assessed to ensure optimal 

staining and were then scanned for quantification on HALO® image analysis 

software. Firstly, I found that CD3 cells were not changed between KPC and 

KPC;Tcrd—/— livers (Figure 5-13), confirming my flow cytometry findings that 

proportions of CD4+ and CD8+ T cells were not changed in KPC;Tcrd—/— liver 

tissue (Figure 5-8A/D). I also found that F4/80+ macrophages and Ly6G+ 

neutrophils remained unchanged in KPC;Tcrd—/— livers (Figure 5-13). In 

metastatic breast cancer, pro-tumour IL-17A+ γδ T cells promote the expansion 

of immune-suppressive neutrophils that impair anti-metastatic CD8+ T cells. 

(Coffelt et al., 2015) These data suggests that although γδ T cells in KPC mice 

are pro-metastatic, they do not promote metastasis through neutrophil 

expansion or CD8+ T cell impairment in the liver metastatic niche.  Interestingly, 

I observed a significant reduction in NKp46 staining (NK cells) (Figure 5-13), 

which indicates that although there are fewer NK cells in KPC;Tcrd—/— liver 
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tissue, they produce more IFN-γ (Figure 5-10B), and so may have a greater anti-

metastatic capacity. Finally, I found no differences to Ki67, Caspase 3 and 

FOXP3 staining, suggesting that the loss of γδ T cells in the liver metastatic 

niche does not significantly impact on cellular proliferation, apoptotic cell death 

and regulatory T cell populations, respectively (Figure 5-14). 

 

Figure 5-13 IHC reveals NK cells are reduced in KPC;Tcrd—/— liver tissue. 
KPC (n=11) and KPC;Tcrd—/— (n=11) were aged to humane clinical endpoint, and IHC staining was 
performed on liver tissue. Representative images of staining for CD3+ (T cells), F4/80+ 
(macrophages), Ly6G+ (neutrophils) and NKp46+ (NK cells) are shown from KPC (left) and 
KPC;Tcrd—/— (middle), images taken at 20x magnification with scale bar representing 100µm. 
Quantifications of staining was performed on HALO® image analysis and are shown (right) as “% 
positive cells by area of tissue”. * P < 0.05 as determined by Mann-Whitney U-Test. 
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Figure 5-14 Apoptotic cell death and cellular proliferation are unchanged between KPC and 
KPC;Tcrd—/— liver tissue. 
KPC (n=11) and KPC;Tcrd—/— (n=11) were aged to humane clinical endpoint, and IHC staining was 
performed on liver tissue. Representative images of staining for Ki67 (proliferation), Caspase 3 
(apoptotic cell death) and FOXP3 (Tregs) are shown from KPC (left) and KPC;Tcrd—/— (middle), 
images taken at 20x magnification with scale bar representing 100µm. Quantifications of staining 
was performed on HALO® image analysis and are shown (right) as “% positive cells by area of 
tissue”.  
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5.4 The role of γδ T cells in the PDAC TME. 

5.4.1  The absence of γδ T cells reduces TAM populations and 
PDPN-expressing cells in KPC;Tcrd—/— PDAC tissue. 

I have shown by flow cytometry that γδ T cells do not affect the activation state 

of αβ T cells in KPC PDAC tissue, and so I looked to further assess the impact of 

γδ T cells on other components of the primary tumour TME. The PDAC TME 

consists of a dense fibrotic stroma controlled primarily by activated fibroblasts 

and other stromal cells, and infiltrated immune-suppressive cells such as Tregs, 

TAMs and pro-metastatic neutrophils that subvert anti-tumour functions and 

promote tumour progression. Thus, extensive IHC staining was performed on 

endpoint PDAC tissue of KPC and KPC;Tcrd—/— mice to gain a global 

understanding of the impact of γδ T cells on the metastatic niche. 

My focus was initially towards cell populations that are prevalent within the 

PDAC niche, and so performed IHC staining for T cells (CD3), Tregs (FOXP3), 

macrophages (F4/80) and neutrophils (Ly6G). In line with flow cytometry data, I 

observed no changes to CD3 staining which confirmed that γδ T cells do not 

control T cell infiltration into PDAC tissue (Figure 5-15). I also found there were 

no changes to Ly6G and FOXP3 staining in KPC;Tcrd—/— PDAC, showing that γδ T 

cells do not promote neutrophils and Tregs in the PDAC TME (Figure 5-15). 

Interestingly, I found a significant reduction in F4/80 staining in KPC;Tcrd—/— 

mice compared to KPC controls, indicating that γδ T cells promote PDAC TAM 

populations (Figure 5-15). When TAM populations are impaired in KPC mice with 

anti-M-CSFR (AZD7507), there is reduced Masson’s Trichrome staining (collagen 

deposition) and reductions in myofibroblasts (α-SMA), which indicates impaired 

tumour stroma following TAM inhibition. (Candido et al., 2018) However, despite 

the reductions in TAMs, there were no corresponding changes to Ki67 

(proliferation), α-SMA (myofibroblasts) or Sirius Red (collagen deposition), but 

there was higher Caspase 3 (apoptosis) expression in KPC;Tcrd—/— PDAC tissue 

(Figure 5-16). However, this was not combined with any additional markers, and 

so it cannot be attributed to either increased tumour cell death or to other 

populations within the TME. Thus, whilst the loss of γδ T cells significantly 

impacts TAM populations, this does not result in significant alterations to the 

stromal compartment in KPC;Tcrd—/— PDAC tissue. 
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Following on from the observation that F4/80+ macrophages are reduced in 

KPC;Tcrd—/— PDAC, I then looked to establish if this was also due to impaired M-

CSFR expression, which is expressed on monocytes and macrophages and has 

been described as an indispensable factor for TAM-mediated immune suppression 

within the PDAC TME.(Zhu et al., 2014) Interestingly, I found that M-CSFR 

expression was unchanged in KPC;Tcrd—/— PDAC tissue, suggesting that the 

reductions to TAM populations is not related to M-CSFR expression, which is 

expressed by both embryonic-derived and bone marrow-derived macrophages 

(Figure 5-17). I also looked to see if γδ T cell absence in KPC;Tcrd—/— PDAC 

influences the formation of blood vessels, so stained for CD31 which is a marker 

for vascular differentiation; however, CD31 was unaffected by the absence of γδ 

T cells in KPC;Tcrd—/— PDAC (Figure 5-17). Additionally, given the greater 

appreciation of CAF heterogeneity, I then look to determine the effect of γδ T 

cells on CAFs, and utilised podoplanin (PDPN) as a marker for CAFs. (Biffi et al., 

2019) I found that KPC;Tcrd—/— PDAC have significantly lower expression of 

PDPN, suggesting that γδ T cells promote CAF populations in PDAC (Figure 5-17). 

Finally, given that TGF-β signalling has been described as a major factor in the 

polarisation of TAMs, I stained for pSMAD3 which is an important mediator to 

TGF-β signalling, but I found no changes to pSMAD3 in KPC;Tcrd—/— PDAC.(Ahmed 

et al., 2017) In summary, the absence of γδ T cells leads to a significant 

reduction in the F4/80+ macrophages in the PDAC TME, but this is not associated 

with any changes to collagen deposition (Sirius Red) or to tumour cell 

proliferation (Ki67), which has previously been observed when PDAC TAMs are 

inhibited.(Candido et al., 2018) Additionally, whilst the loss of γδ T cells does 

not impact myofibroblasts (α-SMA), the reduction in PDPN expression suggests an 

impairment to other fibroblast populations in the absence of γδ T cells. 
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Figure 5-15 Absence of γδ T cells in KPC;Tcrd—/— PDAC tissue leads to a significant 
reduction in tumour-associated macrophage populations. 
KPC (n=10) and KPC;Tcrd—/— (n=10) were aged to humane clinical endpoint, and IHC staining was 
performed on PDAC tissue. Representative images of staining for CD3 (T cells), F4/80 
(macrophages) and Ly6G (neutrophils) and FOXP3 (Treg cells) (KPC n=8. KPC;Tcrd—/— n=6). 
Representative images shown from KPC (left) and KPC;Tcrd—/— (middle), images taken at 20x 
magnification and scale bar represent 100µm. Quantifications of staining was performed on HALO® 
image analysis, shown (right) as “% positive cells by area of tissue”. * P < 0.05 as determined by 
Mann-Whitney U-Test. 
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Figure 5-16 The absence of γδ T cells in KPC;Tcrd—/— PDAC tissue is associated with 
greater levels of apoptotic cell death. 
KPC (n=10) and KPC;Tcrd—/— (n=10) were aged to humane clinical endpoint, and IHC staining was 
performed on PDAC tissue. Representative images of staining for Ki67 (proliferation), α-SMA 
(myofibroblasts), Caspase 3 (apoptotic cell death) and Sirius Red (collagen deposition). 
Representative images shown from KPC (left) and KPC;Tcrd—/— (middle), images taken at 20x 
magnification and scale bars represent 100µm. Quantifications of staining was performed on 
HALO® image analysis, shown (right) as “% positive cells by area of tissue”. * P < 0.05 as 
determined by Mann-Whitney U-Test. 
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Figure 5-17 The absence of γδ T cells in KPC;Tcrd—/— PDAC tissue leads to significantly 
reduced expression of podoplanin (PDPN). 
KPC and KPC;Tcrd—/—  were aged to humane clinical endpoint, and IHC staining was performed 
on PDAC tissue. Representative images of staining for M-CSFR, CD31 (blood vessels), 
Podoplanin (PDPN), and pSMAD3 (TGF-β signalling). Representative images shown from KPC 
(left) and KPC;Tcrd—/— (middle), images taken at 20x magnification and scale bars represent 
100µm. Quantifications of staining was performed on HALO® image analysis, shown (right) as “% 
positive cells by area of tissue”. M-CSFR and pSMAD 3 KPC n=10 and KPC;Tcrd—/— n=10, CD31 
and PDPN KPC n=8 and KPC;Tcrd—/— n=6. * P < 0.05 as determined by Mann-Whitney U-Test. 
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5.4.2  The absence of γδ T cells only impairs TAM populations and 

PDPN+ cells in end-stage PDAC. 

I then sought to confirm if the reductions to F4/80+ macrophages and PDPN+ 

CAFs is restricted to end-stage PDAC, or if it occurs earlier in tumourigenesis. 

Therefore, I performed IHC staining for F4/80 and PDPN at 6-week and 10-week 

timepoints to understand the kinetics of these populations during PanIN 

progression and PDAC development. In early-stage (6wk) PanINs, both F4/80+ 

macrophages and PDPN+ CAFs are present within PanIN lesions (Figure 5-18A). 

However the absence of γδ T cells in 6wk KPC;Tcrd—/— pancreas does not 

significantly impact either F4/80+ macrophages or PDPN+ CAFs. As PanIN lesions 

progress to late-stage (10wk), greater levels of neoplastic transformation and 

stromal remodelling is also associated with increased infiltration of both F4/80+ 

macrophages and PDPN+ CAFs (Figure 5-18B). However, the absence of γδ T cells 

in 10wk KPC;Tcrd—/— pancreas does not impact on either F4/80+ macrophages or 

PDPN+ CAFs (Figure 5-18B) Therefore, as with the kinetics of γδ T cell infiltration 

throughout PDAC progression, the influence of γδ T cells on F4/80+ macrophages 

and PDPN+ CAFs appears to only become significant at late-stage PDAC.  
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Figure 5-18 The absence of γδ T cells in KPC;Tcrd—/— mice only impacts TAMs and PDPN+ 
cells in end-stage PDAC. 
KPC (n=7) and KPC;Tcrd—/— (n=6) mice were aged to 6 weeks (A), KPC (n=7) and KPC;Tcrd—/— 
(n=5/11) were aged to 10 weeks (B). IHC staining targeting F4/80 and PDPN was performed, with 
representative images shown from KPC (left) and KPC;Tcrd—/— (middle). 6-week images taken at 
20x magnification and scale bars represent 100µm. 10-week images taken at 10x magnification 
and scale bars represent 200µm. Quantifications of staining was performed on HALO® image 
analysis, shown (right) as “% positive cells by area of tissue”. 
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5.5 γδ T cell-myeloid crosstalk in the PDAC TME. 

5.5.1  Distinct myeloid cell lineages are identified in PDAC tissue 
through the expression of F4/80 and CD11c. 

Given that macrophages are a dominant cell type within the PDAC TME, and that 

loss of γδ T cells significantly reduces F4/80 staining in KPC;Tcrd—/— mice, I 

sought to further characterise the relationship between γδ T cells and PDAC 

TAMs. To achieve this, I adapted a flow cytometry panel previously described in 

the literature that was used to identify macrophages, monocytes, neutrophils, 

and dendritic cells (DCs). (Ruffell et al., 2014) The gating strategy (shown 

below) identified viable CD45+ cells that were also negative for CD3 and CD19 to 

exclude T cells and B cells, respectively. F4/80 and CD11c were utilised to 

identify three populations of cells that were F4/80—CD11c— 

(neutrophil/monocyte precursors), F4/80+CD11c— (macrophages) and F4/80—

CD11c+ (DC precursors) (Figure 5-19). The neutrophil/monocyte precursor 

(F4/80—CD11c—) was then further gated on CD11b, Ly6G and Ly6C to identify 

neutrophils (CD11b+Ly6G+) and monocytes (CD11b+Ly6G—Ly6C+). The DC precursor 

populations were then gated on MHC II expression, and further sub-categorised 

into CD11b+ DCs and CD103+ DCs, which induce CD4+ T cells through MHC II and 

facilitate the cross-presentation of exogenous antigen, respectively.(Mildner and 

Jung, 2014, Sánchez-Paulete et al., 2017) Macrophages were then assessed for 

Ly6C expression, further identified through expression of CD11b, and then 

delineated into F4/80+MHC IIlo and F4/80+MHC IIhi macrophages. 
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Figure 5-19 TAM populations in PDAC tissue are mainly F4/80+MHC IIlo embryonic-derived 
(tissue-resident) macrophages. 
Representative flow cytometry plots from PDAC tissue showing the gating strategy implemented to 
identify distinct myeloid cell populations. Viable CD45+ cells were gated on F4/80 and CD11c to 
delineate between macrophage (F4/80+CD11c—), DC (F4/80—CD11c+) and neutrophil/monocyte 
precursor populations (F4/80—CD11c—). Macrophages were further identified through CD11b+ 
expression, and sub-categorised into embryonic-derived (F4/80+MHC IIlo) and monocyte derived 
(F4/80+MHC IIhi) populations. Neutrophil/monocyte precursors (F4/80—CD11c—) were then gated 
on CD11b+ to identify neutrophils (CD11b+F4/80—Ly6G+) and monocytes (CD11b+F4/80—

Ly6C+Ly6G—). DC precursors (F4/80—CD11c+) were then further identified through MHC II 
expression and then sub-categorised into CD11b+ DCs (CD11c+MHC II+) and CD103+ DCs 
(CD11c+MHC II+).  
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5.5.2  γδ T cells preferentially promote embryonic-derived TAMs at 

the expense of monocyte-derived TAMs. 

Prior to investigating distinct myeloid cell populations, I first observed that the 

proportion of CD45+ cells in KPC;Tcrd—/— PDAC was not changed compared to KPC 

PDAC tissue (Figure 5-20A). Additionally, the proportions of neutrophils 

(Ly6G+CD11b+F4/80—) remained unchanged in KPC;Tcrd—/— PDAC (Figure 5-20B), 

which corroborates the IHC findings (Figure 5-15), and I found that monocytes 

(Ly6C+ Ly6G—CD11b+F4/80—) were significantly increased in KPC;Tcrd—/— PDAC 

(Figure 5-20C). I also observed a significant increase in the proportion of DCs 

(MHC II+CD11c+F4/80—) in KPC;Tcrd—/— PDAC (Figure 5-20D), however, CD103+ DCs 

and CD11b+ DCs were unchanged by the absence of γδ T cells (Figure 5-20E/F). I 

also found that the F4/80+CD11c— macrophage population was significantly 

reduced in the absence of γδ T cells (Figure 5-20G), further corroborating the 

findings from F4/80 IHC staining (Figure 15). There was also an increase in the 

Ly6C+ macrophage population (Figure 5-20H). The increase in both monocytes 

and the Ly6C+ macrophage population indicates a potential disruption of 

monocyte differentiation into macrophages, as Ly6C+MHC II monocytes normally 

progress to Ly6C—MHC II+ macrophages.(Desalegn and Pabst, 2019). Furthermore, 

I also confirmed that in KPC mice >90% of the macrophage population can be 

classed as F4/80+MHC IIlo, whereas F4/80+MHC IIhi TAMs account for less than 10% 

of TAMs (Figure 5-20I/J). In the absence of γδ T cells, MHC IIlo macrophages are 

significantly decreased in KPC;Tcrd—/— PDAC tissue, and MHC IIhi macrophages 

are significantly increased (Figure 5-20I/J). This data suggests that whilst γδ T 

cells may contribute to monocyte differentiation within the PDAC TME, γδ T 

cells also preferentially promote the MHC IIlo macrophage niche in KPC PDAC 

tumours. 
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Figure 5-20 Absence of γδ T cells in KPC;Tcrd—/— PDAC tissue leads to decreased 
embryonic-derived macrophages and increased monocyte-derived macrophages. 
KPC (n=5) and KPC;Tcrd—/— (n=4) mice were aged to humane clinical endpoint and flow 
cytometric analysis was performed. Proportion of viable CD45+ cells following dump channel 
(CD3+CD19+Ter-119+) exclusion (A). Proportions of Ly6G+ neutrophils from CD11b+F4/80—CD11c— 
cells (B). Proportions of Ly6C+ monocytes from Ly6G—CD11b+F4/80—CD11c— cells (C). 
Proportions of MHC II+ DCs from F4/80—CD11c+ cells (D). Proportions of CD103+ DCs from F4/80—

CD11c+ MHC II+ cells (E). Proportions of CD11b+ DCs from F4/80—CD11c+ MHC II+ cells (F). 
Proportions of macrophages (F4/80+CD11c—) from viable CD45+ cells (G). Proportions of Ly6C+ 
macrophages from F4/80+CD11c— cells (H). Proportions of embryonic-derived macrophages 
(F4/80+MHC IIlo) from CD11b+F4/80+ cells (I). Proportions of monocyte-derived macrophages 
(F4/80+MHC IIhi) from CD11b+F4/80+ cells (J). * P < 0.05 and determined by Mann-Whitey U Test. 



165 
 
5.5.3  Addition of CD64 helps delineate macrophages and DCs. 

One limitation of the gating strategy displayed above (Figure 5-19) was in 

distinguishing between the F4/80+ and CD11c+ populations, in particular the 

potential contamination of CD11b+ DCs in downstream macrophage populations. 

Therefore, I designed a new flow cytometry panel with the addition of CD64 

which has been shown to help distinguish between macrophages and CD11b+ DCs 

(Figure 5-21).(Tamoutounour et al., 2012) This new gating strategy focussed 

upon macrophage populations, and in particular the further classification of 

embryonic-derived macrophages. To further investigate the MHC IIlo macrophage 

compartment, I included additional markers such as CXCR4 and CX3CR1 

chemokine receptors, as these have been shown to be upregulated in MHC IIlo 

macrophages in the literature. (Zhu et al., 2017) I retained the markers for 

neutrophils and monocytes to act as internal controls which would enable 

comparison to previous flow cytometry analysis (Figure 5-19). Finally, since I 

observed a change in bulk DCs (MHC II+CD11c+) but not in CD11b+ or CD103+ DCs, I 

decided to focus on the conventional DC populations (cDC1 and cDC2), as there 

is published evidence that cDC paucity in PDAC is a major contributing factor to 

immune cell dysfunction. (Hegde et al., 2020) 
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Figure 5-21 Addition of CD64 distinguishes macrophage populations from DCs in PDAC. 
Representative flow cytometry plots from PDAC tissue showing the gating strategy implemented to 
further delineate TAM populations in PDAC. Viable CD45+ cells were the gated on F4/80 and CD64 
to first identify macrophages (F4/80+CD64+). F4/80—CD64— cells were then gated on CD11b to 
allow for identification of neutrophils (CD11b+F4/80—CD64—Ly6G+) and monocytes (CD11b+F4/80—

CD64—Ly6C+Ly6G—), or were gated on F4/80 against CD11c to identify DCs (CD11c+MHC II+). 
Conventional DCs (cDCs) were then subcategories into cDC1 (XCR1+CD24+) and cDC2 (XCR1—

CD24—) populations. F4/80+CD64+ cells where then gated on CD11b+ and embryonic-derived 
(F4/80+MHC IIlo) and monocyte derived (F4/80+MHC IIhi) populations were identified. Expression of 
CXCR4 and CX3CR1 on macrophages (F4/80+CD64+CD11b+) were also assessed. 
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5.5.4  F4/80+CD64+ macrophages appear reduced in KPC;Tcrd—/— 

PDAC, but chemokine receptors are not optimal markers of 
embryonic-derived TAMs. 

Firstly, the proportions of CD45+ cells and neutrophils were unchanged between 

KPC and KPC;Tcrd—/— PDAC (Figure 5-22A/B), corroborating my previous flow 

cytometry findings. However, monocytes (Figure 5-22C), MHC II+ DCs (Figure 

5-22D), cDC1s (Figure 5-22E) and in cDC2s (Figure 5-22F) were not changed in 

the absence of γδ T cells. There appears to be a reduction in the macrophage 

population (F4/80+CD64+) in KPC;Tcrd—/— PDAC (17%) compared to KPC PDAC 

(29%) (Figure 5-22G), however this does not reach statistical significance. 

Similarly, there was no statistically significant reduction in the MHC IIlo TAMs 

(Figure 5-22H) or any significant increase in the MHC IIhi macrophages 

(F4/80+MHC IIhi) (Figure 5-22I). MHC IIlo macrophages consisted of nearly 80% of 

the F4/80+CD64+CD11b+ macrophages (Figure 5-22H), comparable to the 90% 

observed in previous analysis of F4/80+CD11c—CD11b+ cells (Figure 5-20I); 

similarly the MHC IIhi macrophages identified from F4/80+CD64+CD11b+ 

macrophages made up 17% (Figure 5-22I) compared to the 7% of monocyte-

derived macrophages identified from F4/80+CD11c—CD11b+ cells (Figure 5-20J). 

Thus, the difference between the two analyses is roughly 10% in the KPC cohort, 

and less in the KPC;Tcrd—/— group, and indicates a similar trend in MHC IIlo 

macrophages across the two analyses. Finally, I found no differences between 

the expression of CXCR4 (Figure 5-22J) or CX3CR1 (Figure 5-22K) on macrophages 

(F4/80+CD64+), however, both appear to be increased in KPC;Tcrd—/— PDAC, 

which contradicts their use in the literature. (Zhu et al., 2017) Additionally, the 

lack of distinct CXCR4 and CX3CR1 populations requires the use of FMOs for each 

surface marker (Figure 5-21), further confirming their unsuitability as additional 

markers of MHC IIlo macrophages in flow cytometry. 
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Figure 5-22 F4/80+CD64+ TAMs may be reduced in KPC;Tcrd—/— PDAC, but chemokine 
receptors are not optimal markers for embryonic-derived TAMs. 
KPC (n=3) and KPC;Tcrd—/— (n=5) mice were aged to humane clinical endpoint and flow 
cytometric analysis was performed. Proportion of viable CD45+ cells following dump channel 
(CD3+CD19+Ter-119+) exclusion (A). Proportions of Ly6G+ neutrophils from CD11b+F4/80—CD64— 
cells (B). Proportions of Ly6C+ monocytes from Ly6G—CD11b+F4/80—CD64— cells (C). Proportions 
of MHC II+ DCs from F4/80—CD64—CD11c+ cells (D). Proportions of cDC1 cells (XCR1+CD24+) 
from F4/80—CD64—CD11c+MHC II+ cells (E). Proportions of cDC2 cells (XCR1—CD24—) from 
F4/80—CD64—CD11c+MHC II+ cells (F). Proportions of macrophages (F4/80+CD64+) from viable 
CD45+ cells (G). Proportions of embryonic-derived macrophages (F4/80+MHC IIlo) from 
CD11b+F4/80+ CD64+ cells (H). Proportions of monocyte-derived macrophages (F4/80+MHC IIhi) 
from CD11b+F4/80+CD64+ cells (I). Proportions of CXCR4+ cells from F4/80+CD64+CD11b+ cells 
(J). Proportions of CX3CR1+ cells from F4/80+CD64+CD11b+ cells (K). 
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5.6 γδ T cell-myeloid cell crosstalk signals. 

5.6.1  Absence of γδ T cells is associated with significant 
reductions of IFN-γ in KPC;Tcrd—/— serum. 

To further investigate the crosstalk between γδ T cells and TAMs in KPC mice, I 

performed extensive cytokine profiling using the Luminex Magnetic Bead Array, 

where KPC and KPC;Tcrd—/— serum was tested to determine the expression of 

systemic cytokine and chemokine signals. Serum samples were titrated and a 

dilution of 1:16 was determined to be the optimal dilution factor. However, 

following acquisition only 7/33 analytes returned results (data not shown). Given 

that only 7/33 analytes were recorded, I hypothesised that the majority of the 

remaining 26 analytes were either not expressed within the serum, or would be 

expressed at much lower levels. Thus, I repeated the Luminex assay a lower 

dilution factor (1:4) to determine if there were any changes to lowly expressed 

analytes in the absence of γδ T cells (Figure 5-23). With the lower dilution 

factor, a substantially greater number of analytes were recorded; these included 

CCL4, CCL5, CCL7, CCL11, CCL12, CCL21, CCL22, CXCL1, CXCL2, CXCL12, 

CXCL13, GM-CSF, M-CSF, IFN-γ, IL-17A, IL-1α, IL-6, IL-13 and IL-16 (Figure 5-23). 

However, there were no observable changes between any cohorts (WT, KPC, 

Tcrd—/—, KPC;Tcrd—/—) for CCL4, CCL5, CCL11, CCL21, CCL22, CXCL1, CXCL2, 

CXCL12, CXCL13, GM-CSF, M-CSF, IL-17A or IL-13A. Interestingly, I found that 

IFN-γ was significantly reduced in KPC;Tcrd—/— compared to KPC mice, but the 

levels of IFN-γ in KPC mice were not significantly different from WT controls 

(Figure 5-23). I also found that IL-6 was significantly increased in the serum of 

both KPC and KPC;Tcrd—/— mice compared to respective WT controls, but the 

absence of γδ T cells had no impact. The reduction in IFN-γ expression was 

unexpected, as I hypothesised that with reduced metastatic incidence in 

KPC;Tcrd—/— mice there may also be a corresponding increase in anti-metastatic 

IFN-γ expression. However, given the KPC;Tcrd—/— model is a global knockout of 

all γδ T cells (including IFN-γ+ γδ T cells), this may explain the reduction. In 

summary, my investigation into the changes in systemic chemokine\cytokine 

signals in KPC;Tcrd—/— yielded few significant results. However, these 

observations indicate that any cross-talk between γδ T cells and TAMs is 

occurring in a TME-specific manner, and that the promotion of metastasis is not 

mediated through the systemic signals from γδ T cells. 
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Figure 5-23 Loss of γδ T cells leads to significant reductions of IFN-γ in KPC;Tcrd—/— serum. 
KPC (n=8) and KPC;Tcrd—/— (n=8) mice were aged to clinical endpoint, and blood was harvested 
for serum preparation alongside corresponding WT (n=8) and Tcrd—/— (n=8) aged-matched 
controls. Samples were diluted 1:4 prior to plating and incubation with capture, biotinylated and 
then PE-Streptavidin antibodies. PE signal strength was determined on Luminex200 analyser to 
determine the concentration of selected analytes. * P < 0.05 as determined by Kruskal-Wallis Test.  
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5.6.2  Increased iCAF gene signatures suggests that γδ T cells 

suppress iCAF activity in the PDAC TME. 

Following on from the Luminex analysis, I hypothesised that the crosstalk 

between γδ T cells and macrophages, and potentially PDPN+ CAFs, is occurring 

through a TME-specific signal. Therefore, I again utilised the in-house Molecular 

Technology Services to perform bulk RNA-Seq analysis on PDAC tumour. KPC and 

KPC;Tcrd—/— mice were aged to humane clinical endpoint and tumour pieces 

were frozen in RNAlater, I then isolated the RNA and bulk RNA-Seq was 

performed by Billy Clark and bioinformatics analysis was undertaken by Robin 

Shaw. In this experiment I aimed to identify any differentially expressed genes 

that might indicate a connection between γδ T cells, macrophages and PDPN+ 

CAFs. The results from unsupervised differentially expressed gene analysis 

(DEGA) indicate that KPC and KPC;Tcrd—/— PDAC tissue have distinct gene 

expression patterns, as KPC and KPC;Tcrd—/— samples naturally cluster together 

(Figure 5-24). Surprisingly, of the significantly upregulated genes in KPC mice 

there were no indicators of enhanced macrophage activity compared to 

KPC;Tcrd—/— PDAC, other than expression of Cxcr3 (previously been implicated in 

tissue-resident PDAC TAMS) (Figure 5-24). (Zhu et al., 2017) Interestingly, in 

KPC;Tcrd—/— PDAC tissue, iCAF gene products (Il11, Ccl7, Ccl11 and Il33) are 

upregulated compared to KPC PDAC tissue (Figure 5-24). Thus, the heatmaps 

indicate that KPC and KPC;Tcrd—/— PDAC tissue have distinct expression patterns, 

but that iCAF populations may be suppressed by γδ T cells. 
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Figure 5-24 KPC;Tcrd—/— PDAC tissue has distinct expression profiles from KPC tissue, and 
have increased expression of iCAF genes. 
KPC (n=6) and KPC;Tcrd—/— (n=6) mice were aged to humane clinical endpoint, RNA was isolated 
from PDAC tumours and bulk RNA-Seq was performed by Billy Clark (Beatson Molecular 
Technology Services). Bioinformatics was then performed by Robin Shaw, and heatmaps were 
generated to visualise clustering of KPC and KPC;Tcrd—/— PDAC tissue, and also to visualise 
differential gene expression. 

To better visualise which genes are significantly altered in KPC;Tcrd—/— PDAC, 

volcano plots were generated from DEGA analysis results (Figure 5-25). The 

volcano plots confirmed that Il11, Ccl7, Ccl11 and Il33 are significantly increased 

in KPC;Tcrd—/— PDAC tissue, indicating that γδ T cells instead suppress the iCAF 
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population. Interestingly, Bst1 is significantly expressed in KPC PDAC tissue, 

which recapitulates the findings from previous bulk RNA-Seq showing Bst1 

expression in KPC-derived γδ T cells. Scart1 is expressed mainly on γδ T cells, 

and so its increased expression in KPC PDAC indicates that γδ T cell gene 

signatures are an important aspect of KPC PDAC TME (Figure 5-25). It should be 

noted that Tcrd and Trdv5 appear significantly expressed in KPC;Tcrd—/— mice 

(Figure 5-25), however, all mice were confirmed to be KPC;Tcrd—/—, and the high 

expression of Tcrd in KPC;Tcrd—/— PDAC is most likely due to the alignment of 

incomplete transcripts, leading to increased read counts. Thus, these data from 

bulk RNA-seq of PDAC tumours has revealed that γδ T cells do not promote the 

iCAF niche as initially hypothesised following PDPN IHC reduction, but instead 

appear to impair this population within the PDAC TME. 

 

Figure 5-25 Genes associated with iCAF identity are significantly increased in KPC;Tcrd—/— 
PDAC tissue compared to KPC PDAC. 
Unsupervised differentially expressed gene analysis (DEGA) was performed to identify top genes 
that were differentially expressed in KPC;Tcrd—/— PDAC tissue compared to KPC PDAC tissue. 
Volcano plots were used to visualise differential gene expression, with genes of interest 
highlighted. Bioinformatics performed by Robin Shaw. 
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To validate the findings from RNA-Seq, I then performed a western blot to 

determine the expression of IL-33 protein in KPC and KPC;Tcrd—/— PDAC tissue, 

which was shown in the RNA-Seq analysis to be upregulated in KPC;Tcrd—/— PDAC 

(Figure 5-25). Based on established literature, murine IL-33 can exist in WT and 

truncated forms with molecular weight of roughly 37kDA and 20kDA, 

respectively. (Travers et al., 2018) I performed a western blot to visualise IL-33 

protein expression and observed bands with a molecular weight roughly 35kDA, 

shown in the representative image of an IL-33 western blot (Figure 5-26A). This 

indicates that WT IL-33 is the main form expressed in KPC and KPC;Tcrd—/— PDAC 

tissue (Figure 5-26A). I then sought to quantify the relative optical density to 

establish if IL-33 protein expression was significantly different between KPC and 

KPC;Tcrd—/— PDAC tissue, and so stained for β-actin to serve as a protein loading 

control (Figure 5-26B). Using FIJI(ImageJ), I quantified the relative optical 

density of the bands by normalising IL-33 to β-actin pixel density, and found no 

significant differences in IL-33 protein expression in KPC;Tcrd—/— PDAC compared 

to KPC PDAC (Figure 5-26C). There appears a trend towards increased IL-33 in 

KPC;Tcrd—/— PDAC, but there is significant variation of IL-33 protein expression 

within the KPC group, with one notable outlier. This variation is most likely 

attributable to the method of tissue sampling, where random tumour pieces are 

collected and may result in tumour pieces that have vastly different tumour 

architecture. Although speculative and underpowered because of the variation, 

this data appears to corroborate the findings from RNA-Seq and indicates that IL-

33, which is a product produced by iCAFs, may be increased in KPC;Tcrd—/— PDAC 

tissue. Overall, the combined RNA-Seq and IL-33 western blot data confirms that 

instead of promoting iCAF populations in the PDAC TME, γδ T cells may suppress 

iCAF populations. 
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Figure 5-26 IL-33 protein is found at higher levels in KPC;Tcrd—/—, suggesting γδ T cells 
suppress rather than promote iCAF populations. 
KPC (n=5) (lanes 3-7) and KPC (n=4) (lanes 8-11) mice were aged to humane clinical endpoint, 
and PDAC tissue was snap frozen for protein lysates. Protein was extracted and western blot was 
performed with primary antibody targeting murine IL-33 (37kDA), recombinant murine IL-33 was 
included (lane 1) to act as a positive control (A). Loading control using primary antibody targeting 
murine β-actin (B). Quantifications of IL-33 protein expression normalised to β-actin loading control 
(C). 
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5.7 Discussion 

In this chapter I aimed to uncover the impact of γδ T cells on the primary 

tumour TME and in the metastatic niche. I also investigated the global effects 

that γδ T cells have in KPC mice through cytokine profiling as well as bulk RNA 

sequencing. 

Firstly, I assessed the function of γδ T cells within adipose tissue and 

investigated their role in promoting cancer-associated cachexia in KPC mice. To 

achieve this, I investigated if the absence of γδ T cells resulted in changes to the 

weight of adipose tissue depots, and if γδ T cell absence resulted in greater 

immune cell activation and cytokine production within adipose tissue. In short, I 

found that KPC and KPC;Tcrd—/—mice both display overt adipose tissue wastage 

when aged to clinical endpoint, but that the absence of γδ T cells did not 

reverse or delay adipose tissue wastage, and so concluded that γδ T cells do not 

contribute to cancer-associated cachexia. However, there are additional 

indicators of cachexia, including skeletal muscle and cardiac muscle mass 

compared to body weight, so I have not investigated all cachexia 

readouts.(Olson et al., 2021) The KPC model has been utilised in several studies 

in cancer-associated cachexia, but a recent study revealed a caveat within the 

model, which indicates they are not optimal for studying cachexia.(Parajuli et 

al., 2018, Petruzzelli et al., 2014) In short, KPC mice have significantly reduced 

body weight regardless of pathology stage (PanIN, early PDAC or late-stage 

PDAC), and have lower hind limb muscle (tibialis anterior, quadriceps and 

gastrocnemius) weight when compared to controls. (Talbert et al., 2019) 

Generation of the KrasG12D/+;Ptf1aER-Cre/+;Ptenf/f (KPP) mouse enabled the 

temporal control of oncogenic KrasG12D expression by utilising the tamoxifen-

inducible Cre recombinase system; and KPP mice develop cachexia and undergo 

progressive muscle wastage following tamoxifen induction but had no 

differences in body weight prior to induction compared to controls.(Talbert et 

al., 2019) Although not focussed on adipose tissue wastage, this study suggests 

that KPC mice are not ideal models of cachexia.  

Regarding the immune populations in adipose tissue, I found no significant 

differences to bulk γδ T cells, no changes to cytokine production, and no 

preferential expansion of pro- or anti-tumour γδ T cell subsets. Compared to 
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published literature I observed similar enrichment of γδ T cell populations in all 

adipose tissue depots, and so the chronic inflammatory insults associated with 

KPC tumourigenesis appear not to impact the adipose tissue-resident γδ T 

cells.(Kohlgruber et al., 2018) Given that γδ T cells have been shown to promote 

development of the Treg populations, I sought to confirm the impact of γδ T 

cells on other adipose tissue immune cells. However, I found no significant 

changes to the activation state, cytokine production, or proportions of CD4/CD8 

T cells, and no changes to NK cell maturation or cytokine production in the 

absence of γδ T cells. This is in line with published data, as the increase of 

adipose tissue γδ T cells with age is concomitant with Treg cells, but not CD4+ T 

cells, CD8+ T cells or NK cells. (Kohlgruber et al., 2018) Therefore, my findings 

combined with published data indicates that γδ T cells are dispensable for the 

progression of cancer-associated cachexia, and that γδ T cells do not exert a 

significant effect on the major immune cell populations within the adipose tissue 

niche, which is unaffected by tumourigenesis. 

Next, I assessed the impact of γδ T cells on immune cell populations in the 

primary tumour TME and in the metastatic niche. The rationale for this approach 

was due to previously published evidence that tumour-infiltrating γδ T cells in 

orthotopic KPC models directly restrain αβ T cell activation through Galectin-9 

and PD-L1 checkpoint ligation. (Daley et al., 2016) I have already confirmed that 

IL-17A+ γδ T cells are capable of infiltrating into autochthonous KPC tumours, 

albeit in fairly low numbers. However, in the absence of γδ T cells I found no 

significant differences to bulk proportions, activation state or cytokine 

production of CD4/CD8 T cells in primary PDAC tissue or liver metastatic niche. 

As previously mentioned, orthotopic KPC models have reduced tumour cell 

heterogeneity and surgery induces inflammatory insults that confer greater 

immune diversity during tumour development. (Lee et al, 2016) The models I 

have used are spontaneous and display greater immune exclusion and reduced 

immune activation — for example, IFN-γ production by γδ T cells in orthotopic 

KPC models is roughly 30%, whereas IFN-γ production from spontaneous KPC 

tumour-derived γδ T cells were on average <5%. (Daley et al., 2016) Therefore, 

the PDAC TME of spontaneous KPC mice is more representative of the immune-

suppressive environment in human PDAC, and so suggests that the directly 

immune-suppressive function of γδ T cells is less important in KPC mice than in 
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orthotopic models. In short, my data demonstrates that γδ T cells do not 

promote αβ T cell impairment, and their loss has no impact on the activation 

state or cytokine production of PDAC-infiltrated CD4+ and CD8+ T cells in KPC 

mice.  

Interestingly, I found there was impaired production of IFN-γ from mature 

(CD11b+CD27—) NK cells in KPC liver tissue, which was restored in the absence of 

γδ T cells. Additionally, I found that Granzyme B was also impaired in mature NK 

cells in KPC liver, but the absence of γδ T cells did not restore Granzyme B 

production, indicating a selective impairment of mature NK cell IFN-γ production 

by γδ T cells. This is similar to findings in PDAC patients, which show normal 

levels of circulating NK cells but have substantially impaired cytokine 

production, notably IFN-γ.(Marcon et al., 2020) Additionally, the impairment of 

IFN-γ in NK cells in gastric cancer has been associated with tumour size, tumour 

invasion and metastasis, which further indicates that impairment of IFN-γ+ NK 

cells may be central to PDAC metastatic disease. (Lee et al., 2017) I then 

investigated if this phenotype was due to a either tissue-resident or circulating 

NK cells, and if altered inhibitory receptor expression is responsible for this 

observed phenotype. In short, I found no significant differences between 

circulating and tissue-resident NK cells in KPC mice, and there were no 

significant differences in activating (CD226) or inhibitory (CD96 and TIGIT) 

receptors in either NK cell population. I also found no changes to cytokine (IFN-

γ, TNF-α or Granzyme B) production in the absence of γδ T cells. This suggests 

that the TIGIT/CD226 axis is not the driver of IFN-γ+ NK cell impairment, which 

is supported by the literature where CD226 (DNAM-1) is not impaired in PDAC 

patients. (Marcon et al., 2020) Binding of TIGIT to activating ligand CD155 has 

recently been implicated in PDAC, however, it appears to have more relevance 

in the context of CD155+ PDAC cells binding to TIGIT+ CD8+ T cells to restrain 

their activation and drive immune suppression. (Freed-Pastor et al., 2021) 

Interestingly, my findings indicate that NK cell-derived TNF-α should be further 

investigated, as the absence of γδ T cells in KPC;Tcrd—/— liver tissue may 

increase the production of TNF-α by both circulating (CD49a—DX5+) and tissue-

resident (CD49a+DX5—) NK cells. TNF-alpha has been shown to synergise with IFN-

γ to direct NK cell cytolytic killing, and so the TNF-α-producing capacity of 

mature (CD11b+CD27—) NK cells should also be revisited. (Wang et al., 2012)  
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To gain a more global understanding of the impact of γδ T cells on both the 

primary TME and metastatic niches, I utilised extensive IHC staining. To 

summarise, I found that the absence of γδ T cells leads to significantly reduced 

NKp46 (NK cells) in KPC;Tcrd—/— liver, significantly reduced F4/80+ 

(macrophages) cells and increased Caspase 3 (apoptosis) in KPC;Tcrd—/— PDAC 

tissue. The reduction of NK cells through IHC indicates that the loss of γδ T cells 

results in fewer NK cells infiltrating the metastatic niche, but they display 

greater anti-metastatic potential through significantly increased IFN-γ 

expression. Evidence in the literature demonstrates that human γδ T cells can 

upregulate the cytotoxic function of NK cells through direct contact and the 

provision of costimulatory signals via CD137/CD137L.(Maniar et al., 2010) Thus, 

the potential for direct cell-cell contact between γδ T cells is a possible area of 

future investigation, as my data indicates γδ T cells negatively regulate NK cell 

function. Finally, the reduction observed in NKp46 IHC may also be explained 

through NK cell location within the metastatic niche, as I observed a significant 

accumulation of NK cells within the metastatic lesions of KPC mice, with NK cells 

found throughout liver parenchyma to a lesser extent. Given the enrichment of 

NK cells within metastatic lesions, the significant reduction in metastatic 

incidence could explain the observations from NKp46 IHC, and so this connection 

requires further study. 

One major focus of this chapter was the investigation of γδ T cell/myeloid cell 

crosstalk within the primary tumour TME. I found that γδ T cells preferentially 

promote the expansion of F4/80+MHC IIlo TAMs, and I found that PDAC TAM 

populations in KPC mice consisted of >90% F4/80+MHC IIlo TAMs on average. 

F4/80+MHC IIlo TAMs and F4/80+MHC IIhi TAMS are more evenly balanced in 

orthotopic KPC models (46.4% and 53.6%, respectively), and so my findings 

indicate that F4/80+MHC IIlo TAMs are significantly more dominant in 

autochthonous KPC models. (Zhu et al., 2017) Depletion of F4/80+MHC IIlo 

(previously defined as embryonic-derived) macrophages has been shown to result 

in delayed tumour progression and reduced PDAC cell proliferation; embryonic-

derived TAMs also produce greater amounts of collagen and display higher 

expression of genes associated with ECM remodelling and pro-fibrotic responses 

within the PDAC TME.(Zhu et al., 2017) Despite reductions of F4/80+MHC IIlo 

TAMs in KPC;Tcrd—/— mice (92% to 68%), I observed no delay to tumour 
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progression, no reductions in PDAC cell proliferation, and no change to fibrosis 

within the PDAC TME. This indicates that whilst γδ T cells can contribute to the 

expansion of the F4/80+MHC IIlo TAM populations, they do not contribute to the 

stromal reaction. I then looked to elucidate the kinetics of TAMs in PDAC 

progression, and so assessed TAMs and PDPN+ CAF infiltration at 6wk and 10wk 

timepoints. However, I found no significant differences to these populations 

between KPC and KPC;Tcrd—/— mice. The lack of any change to PDAC progression 

and no significant differences to either TAMs or PDPN+ CAFs in early timepoints, 

suggests that the impact of γδ T cells on embryonic TAMs and PDPN+ CAFs is not 

significant until late-stage disease. Therefore, if γδ T cells are not important util 

late-stage disease, this may indicate a role in enhancing metastatic potential in 

established tumours. However, the lack of changes to tumour stroma, 

differentiation status and PDAC cell proliferation does not reveal an obvious 

mechanism that potentiates metastasis, and so the mechanism is currently 

undefined and requires further investigation. This could include strategies to 

determine if there is decreased EMT in KPC;Tcrd—/— PDAC tissue, if PDAC cells 

from KPC;Tcrd—/— mice have reduced invasive potential or through assessing if 

the number of circulating tumour cells is reduced in KPC;Tcrd—/— mice.  

Finally, I looked to further elucidate the connection between γδ T cells, TAMs 

and CAFs. I first investigated the systemic cytokine/chemokine signals within 

KPC and and KPC;Tcrd—/— serum, and then looked to identify differentially 

expressed genes through bulk RNA-Seq to gain an understanding of the 

differences between the TME of KPC and KPC;Tcrd—/— PDAC. There were no 

significant changes to any chemokine/cytokine signals between KPC and 

KPC;Tcrd—/— serum, which indicates that the observed changes to macrophages 

and PDPN+ CAFs are not driven by a systemic signal from γδ T cells. This further 

confirms that γδ T cells do not exert their pro-tumour function in a systemic 

manner in PDAC, unlike in breast cancer metastasis. Given the observed 

reduction in TAMs and PDPN+ CAFs in KPC;Tcrd—/— PDAC, and the lack of systemic 

chemokine/cytokine signals, I hypothesised that γδ T cells may promote TAMs 

and CAFs through a niche-specific signal. In human PDAC, γδ T cells have been 

observed proximal to PSCs, and high levels of γδ T cells are associated with 

increased expression of ECM-related genes and the production of pro-tumour IL-6 

from PSCs. (Seifert et al., 2020) Thus, I hypothesised that γδ T cells may 
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preferentially have an impact on iCAFs, which are the CAF subpopulation 

responsible for IL-6 production. (Biffi et al., 2019, Öhlund et al., 2017) 

Additional data from the literature further supported that the induction of IL-6 

from PSCs is attributable to iCAFs. Single cell transcriptomic analysis of tumour-

derived fibroblasts detailed that CAFs from mammary tumours can cluster into 

six different subtypes, with iCAFs identifiable through enrichment of Il33, Il6, 

Ccl7, Cxcl1 and Cxcl12 transcripts. iCAFs also had a strong association with 

surface markers PDPN and Thy1, indicating that iCAFs could be identified 

through expression of PDPN and IL-6 production. (Sebastian et al., 2020) 

Furthermore, IL-17A+ γδ T cells have been shown to mediate the production of 

IL-33 from PDPN+ stromal cells in adipose tissue. (Kohlgruber et al., 2018) 

Finally, IL-33 production from CAFs has been implicated in the polarisation of 

TAMs, which is followed by MMP9 production to aid in metastatic dissemination. 

(Andersson et al., 2018) Thus, I hypothesised that PDAC-infiltrating γδ T cells 

can preferentially promote iCAF populations to shape the TME inflammatory 

niche. However, from my bulk RNA-Seq data I found that gene expression of 

markers associated with iCAF behaviour (Ccl11, Il33, Il11 and Ccl7) were instead 

significantly upregulated in KPC;Tcrd—/— PDAC, proving my hypothesis to be 

incorrect. Additionally, IL-33 protein analysis by western blot further indicates 

that γδ T cells do not influence iCAFs, as IL-33 protein levels may increase in 

KPC;Tcrd—/— PDAC. Finally, additional evidence from the literature indicates that 

PDPN cannot be utilised as a standalone marker for iCAFs, as PDPN+ TAMs 

constitute roughly 30% of the TAM population in orthotopic 4T1 breast 

tumours.(Bieniasz-Krzywiec et al., 2019) Additionally, F4/80+MHC IIlo TAMs were 

found to be positive for PDPN, and F4/80+MHC IIhi TAMs were largely negative — 

suggesting that embryonic-derived TAMs may also be a significant PDPN+ 

population within PDAC tumours. Finally, deletion of PDPN in TAMs in orthotopic 

4T1 breast cancer models also impairs metastasis.(Bieniasz-Krzywiec et al., 

2019) To conclude, this evidence suggests that γδ T cells do not influence iCAF 

activity; and that future focus should instead be on the influence of γδ T cells on 

embryonic-derived (F4/80+MHC IIloPDPN+) TAMs, and on uncovering their role in 

metastatic dissemination. 

 



Chapter 6 Discussion 

6.1 Data Summary 

 have demonstrated that γδ T cells play a crucial role in metastatic 

dissemination in mouse PDAC, and their absence leads to a reduction in 

spontaneous liver metastasis incidence by more than 50%. The evidence I have 

shown suggests that this is not due to a delay in tumour progression, as γδ T 

cells display a redundant role in driving PanIN progression, and their absence in 

KPC;Tcrd—/— mice does not delay primary tumour progression or enhance 

survival. Within the metastatic niche, γδ T cells impair the production of IFN-γ 

from mature (CD11b+CD27—) NK cells, but whether this impairment is enough to 

enable metastatic colonisation has not yet been confirmed, and so requires 

further investigation. Previously in the literature, γδ T cells have directed pro-

metastatic mechanisms through the production of systemic cytokine signals, but 

my data does not support this. Instead, I have shown that γδ T cells exert pro-

tumour function in a TME-specific manner through the impairment of embryonic-

derived (F4/80+MHC IIlo) macrophages. Crucially, my data has been gathered 

from the gold standard autochthonous KPC mouse model and contradict findings 

from orthotopic KPC models. More specifically, I have demonstrated that IL-17A+ 

γδ T cells infiltrate the PDAC TME, but do not impact the activation state of 

intra-tumoural αβ T cells. These findings detail a novel crosstalk between γδ T 

cells and a specific population of TAMs; however, more investigation is required 

to elucidate the underlying mechanism facilitating this crosstalk and the role 

this plays in directing metastasis. 

6.2 Final Discussion 

6.2.1  Phenotyping γδ T cells in KPC mice. 

The first major finding of chapter 3 was that γδ T cells are capable of infiltrating 

into the PDAC tumour; although, this was not observed to any significant level 

until after 10 weeks. This was first observed through RNAscope analysis and 

further analysis via flow cytometry attributed this to a significant increase in the 

IL-17A+ γδ T cell population. Crucially, this finding confirmed that whilst γδ T 

cells are capable of infiltrating primary PDAC tissue, they constitute a small 

proportion of the CD3+ T cell population. In breast cancer, γδ T cells exert their 
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pro-metastatic function through the release of IL-17A, which mediates a 

systemic increase in G-CSF production to promote the expansion and polarisation 

of immune-suppressive neutrophils, which then suppress anti-metastatic CD8+ T 

cells to facilitate metastatic dissemination. (Coffelt et al., 2015) My findings 

indicate that the influence of γδ T cells in PDAC may be niche-specific owing to 

their infiltration, which is the opposite to what has been observed in breast 

cancer, where γδ T cell infiltration into tumour tissue is negligible.  

Whilst investigating Vγ chain usage in KPC mice, I observed a significant 

expansion of the Vγ6+Vδ6.3+ subset in the spleen of KPC mice, and that they 

produce significantly more GM-CSF than WT controls. GM-CSF is an important 

granulocyte-stimulating cytokine that correlates with increased infiltration of 

pro-tumour myeloid cells in human PDAC.(Saka et al., 2020) This presents a 

potentially unique phenotype, as the Vγ6+ subset normally pairs with Vδ1+ to 

produce IL-17A, and the Vγ1+ subset is normally associated with Vδ6.3+ and the 

production of IFN-γ. (Dalton et al., 2004, Silva-Santos et al., 2015) This 

phenotypic switch was only observed within KPC spleen and was not observed in 

KPC liver tissue, indicating that tissue-tropism within the KPC model may 

influence the expansion of specific Vγ subsets. Vγ subset domination is observed 

in other cancer GEMMs; in breast cancer the production of IL-17A is attributable 

to Vγ4+ γδ T cells, and in ovarian cancer the production of IL-17A within the 

tumour is attributable to CD27— Vγ6+ γδ T cells. (Coffelt et al., 2015, Rei et al., 

2014) Current evidence indicates that IL-17A production by γδ T cells in 

orthotopic KPC models is attributable to intra-tumoural Vγ4 cells, but no 

indication of the role of Vγ6+ γδ T cells. (Daley et al., 2016) Due to time 

constraints and restrictions resulting from the COVID-19 pandemic, I would have 

liked to confirm if the infiltration of γδ T cells in KPC tumours is due to either 

Vγ4+ or Vγ6+ cells, as the expansion of Vγ6+Vδ6.3+ cells in KPC spleen leads me 

to hypothesise that IL-17A+ Vγ6+ T cells would predominate within the PDAC 

TME. This could be studied in two ways; firstly, further phenotyping of γδ T cells 

from endpoint KPC PDAC tissue by flow cytometry would identify the dominant 

Vγ subset in KPC mice. Secondly, as seen in Daley et al., I could utilise a Vγ4 

depleting antibody in KPC mice to confirm if Vγ4+ γδ T cells were responsible for 

the production of IL-17A within the PDAC TME. (Daley et al., 2016) I would also 

have liked to confirm if GM-CSF production is also observed in PDAC-infiltrated 
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Vγ6+ γδ T cells. Recently, GM-CSF has been shown to be indispensable for the 

polarisation and maintenance of alveolar macrophages.(Draijer et al., 2019, 

McCowan et al., 2021) Additionally, tumour cell-derived GM-CSF has been shown 

to drive the recruitment of suppressive myeloid cells to PDAC TME, which in turn 

impairs anti-tumour immunity and enhances PDAC tumour growth, indicating a 

role for monocyte-derived macrophages in response to GM-CSF. (Bayne et al., 

2012) Thus, I would have looked to establish if a specific subset of γδ T cells 

(either Vγ4+ or Vγ6+) can produce GM-CSF within the PDAC TME, as the potential 

to shape the myeloid compartment may contribute to metastatic disease. 

Finally, evidence within the literature has demonstrated that PDAC-infiltrated 

γδ T cells are capable not only of producing pro-tumour IL-17A but also the 

potent immune-regulatory cytokine IL-10. To achieve this I would have further 

interrogated γδ T cell cytokine production in the TME by flow cytometry, in 

particular the production of immune-modulatory cytokines, as the presence of 

IL-10 is a well-documented aspect of the TME that drives polarisation of pro-

tumour TAMs. (Daley et al., 2016, Arango Duque and Descoteaux, 2014) 

To investigate the potential cytokines produced by γδ T cells in KPC mice, I 

sorted γδ T cells from liver and spleen tissue of WT and KPC tumour-bearing 

mice and employed bulk RNA-Seq. The technical limitations of isolating γδ T 

cells from KPC PDAC have been discussed, but the low number of γδ T cells that 

could be isolated from tumour-free pancreas and KPC tumours would have 

resulted in inefficient read counts. However, I found that γδ T cells in both KPC 

liver and spleen have significant expression of Ccl6 and Ccl9 genes, which recruit 

pro-tumour myeloid cells through CCR1 to promote tumour invasion and have 

also been implicated in metastatic dissemination of colorectal cancer. (Kitamura 

et al., 2007) Given more time, I would have validated these findings by flow 

cytometry, and looked to identify the production of CCL6/CCL9 by γδ T cells in 

the PDAC TME. The function of CCL6/CCL9 in KPC mice could also be assessed 

through blockade of CCR1 signalling to determine their impact on myeloid cell 

recruitment to the TME and if this influences metastasis. 

To summarise, in chapter 3 I have been able to determine that PDAC-infiltrating 

γδ T cells exhibit an immune-suppressive and pro-tumour phenotype through the 

expression of IL-17A in primary PDAC tissue. Additionally, I have shown that the 
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Vγ6+Vδ6.3+ population is expanded in the spleen of KPC mice. Further 

investigation is required to confirm Vγ chain subset expansion in PDAC tissue, 

determine the Vγ subset production of IL-17A and GM-CSF within the TME, and 

uncover if a specific Vγ chain subset contributes to tumour progression and 

metastasis. 

6.2.2  The role of γδ T cells in PDAC progression. 

In chapter 4 I was able to show that γδ T cells play a crucial role in PDAC 

metastasis, as KPC;Tcrd—/— mice have reduced metastatic incidence (16.2%) 

compared to KPC mice (38.46%) Additionally, I demonstrated that this reduction 

in metastasis was not due to delayed tumour progression, as the absence of γδ T 

cells did not significantly delay PanIN development or PDAC-specific survival of 

KPC;Tcrd—/—mice. Established literature has previously investigated the impact 

of γδ T cells in spontaneous KC;Tcrδ—/— mice and in orthotopic KPC models 

implanted into Tcrδ—/— hosts; both of which demonstrated that the absence of 

γδ T cells was conferred a significant survival benefit. (Daley et al., 2016) My 

evidence from this study contradicts the established literature and demonstrates 

that although γδ T cells play a significant role in metastatic disease, they are 

dispensable for primary tumour progression. There are several reasons that may 

explain my findings; firstly, the Tcrdtm1Mom targeted deletion results in the global 

loss of all γδ T cell populations. As previously described, γδ T cell subset 

classification reveals specific subsets that have differential γ chain usage and 

effector function. In short, Vγ5+ (DETCs) cells produce IFN-γ, Vγ6+ cells are 

major sources of IL-17A, Vγ4+ cells produce IL-17A and IFN-γ, and finally Vγ1+ 

cells produce IL-17A and IFN-γ. (Prinz et al., 2013, Ribot et al., 2021) Thus, 

although considered the gold standard PDAC GEMM, the KPC;Tcrd—/— model is 

less than optimal as it ablates both pro-tumour IL-17A+ and anti-tumour IFN-γ+ 

γδ T cells — and the loss of anti-tumour γδ T cells may negate any potential 

benefit when pro-tumour γδ T cells are absent. However, the KPC;Tcrd—/— model 

has still confirmed that γδ T cells are indispensable for metastatic 

dissemination, and that γδ T cells are the dominant IL-17A+ population in the 

PDAC TME. Previous studies have concluded that IL-17A production within the 

PDAC TME is contributed evenly from γδ T cells and CD4+ Th17 cells. McAllister 

et al. show that only 10% of CD4+ Th17 cells in the KCiMist1 model produce IL-17A, 

but that 50% of γδ T cells produce IL-17A, which balances out their differential 
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commonality within the TME.(McAllister et al., 2014) In the autochthonous KPC 

model, my findings are even more dramatic as I found that >20% of γδ T cells (3% 

of CD3+ T cells) are IL-17A+, contrasting to <1% of CD4+ T cells (40% of CD3+ T 

cells). However, in response to γδ T cell absence, the production of IL-17A from 

CD4+ Th17 cells does not change and suggests that Th17 cells do not fill the 

niche left behind by IL-17A+ γδ T cells.  

The global ablation of γδ T cells is a major caveat of this model and is too blunt 

a tool to determine if specifically, the pro-tumour IL-17A+ γδ T cells alone can 

drive metastasis. Therefore, given more time I would have investigated the 

impact of specific genetic ablation of the IL-17A+ γδ T cells, namely the Vγ4+ and 

Vγ6+ subsets. To explore this, I have crossed KPC mice with Vγ4/6—/— mice 

(provided by Rebecca O’Brien) which are currently ageing to determine if the 

loss of specifically the Vγ4/6 (IL-17A+) compartment will confer a survival 

benefit and reduce metastasis. Due to the COVID-19 pandemic, I was forced to 

maintain only breeding pairs for this colony and was unable to generate KPC 

tumour-bearing mice deficient for Vγ4/6 cells (KPC;Vγ4/6—/—) for a considerable 

period of time. My intention was to perform survival analysis, score for 

metastatic incidence, and determine how loss of the Vγ4/6 cells impacts both 

immune cell activation and the macrophage compartment. However, delays due 

to the impact of the pandemic meant I was unable to perform these 

experiments. This is a crucial aspect of PDAC biology that must be pursued 

further, as various studies have linked pro-tumour IL-17A function to Vγ4+ and 

Vγ6+ γδ T cells in breast/orthotopic KPC and ovarian cancer GEMMS, 

respectively. Therefore, elucidating if the PDAC-infiltrating IL-17A+ γδ T cells 

are dominated by a specific Vγ chain subset, and linking the pro-tumour subset 

to metastatic dissemination and myeloid cell crosstalk, is of utmost importance.  

6.2.3  The impact of γδ T cells in the primary tumour TME and the 
metastatic niche. 

In chapter 5 I sought to investigate the impact that γδ T cells have on the 

primary tumour TME and in the liver metastatic niche, with the aim of 

understanding γδ T cell-driven immune cell crosstalk and deciphering the γδ T 

cell driven mechanism that potentiates PDAC metastasis. 



187 
 
The first part of chapter 5 focused on the role of γδ T cells in cancer-associated 

cachexia, and if the presence of γδ T cells accelerates cachexia and alters the 

immune landscape within the adipose tissue niche. γδ T cells are enriched in 

adipose tissue and they promote the expansion of Tregs within the adipose tissue 

niche; therefore, I hypothesised that if γδ T cells promote cachexia in KPC mice, 

this may be due to alterations to activation state and cytokine production from 

adipose tissue immune cells.(Kohlgruber et al., 2018) My findings demonstrate 

that the absence of γδ T cells does not impact adipose tissue wastage in 

KPC;Tcrd—/— mice, and there are no significant alterations to immune cell 

populations in SubAT, EpiAT or BrAT in the absence of γδ T cells. One limitation 

to this approach was the restriction to adipose tissue, and it would have been 

interesting to explore other indicators of cachexia, such as hindlimb muscle 

(tibialis anterior, quadriceps and gastrocnemius) mass and cardiac muscle mass. 

(Talbert et al., 2019) Another route could have been to measure white adipose 

tissue browning; this is a process that occurs during the early stages of cachexia 

where brown adipose tissue deposits form in white adipose tissue and is driven 

through inflammatory IL-6. (Petruzzelli et al., 2014) This is identifiable through 

IHC staining for uncoupling protein 1 (UCP1), which drives a metabolic switch 

from energy storage to energy expenditure; this would explore a an early 

timepoint in cancer-associated cachexia and would determine if γδ T cells 

contribute to metabolic homeostasis in early KPC cachexia rather than end-stage 

tumourigenesis. Elucidating the underlying mechanisms of cachexia would 

benefit patients, as it is a major disease co-morbidity. Current therapies include 

pancreatic enzyme replacement therapy (PERT), which restores normal digestive 

function, enhances survival and alleviates symptoms associated with 

malnourishment and cachexia.(Trestini et al., 2021) However, PERT is not 

routinely prescribed to PDAC patients in the UK, so further elucidating the 

underlying mechanisms of PDAC cachexia would enable the development of new 

regimens that could supplement current therapies. (Landers et al., 2016) 

The next major aim of this project was to ascertain whether γδ T cells can 

influence the activation state of immune cells in KPC mice, after I confirmed IL-

17A+ γδ T cells infiltrate the PDAC TME. My findings are in direct contradiction to 

Daley et al., as the impact of γδ T cell absence did not change the activation 

state or cytokine production of intra-tumoural αβ T cells. (Daley et al., 2016) 
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The mechanism proposed by Daley et al. detailed that tumour-infiltrating γδ T 

cells mediated immune suppression through Galectin-9 and PD-L1 expression, 

which directly impaired the activation and anti-tumour function of CD4+/CD8+ T 

cells. Given the lack of any change to αβ T cells in KPC;Tcrd—/— mice, I did not 

assess the expression of checkpoint ligands, but in retrospect it would have been 

informative to establish if PDAC-infiltrated IL-17A+ γδ T cells expressed immune 

checkpoint ligands such as PD-L1, Galectin-9 or CTLA-4 in KPC mice.  

Compared to orthotopic KPC models, I observed similar proportions of bulk CD4+ 

and CD8+ T cells (60% and 20% of CD3+ cells, respectively) and similar levels of 

IFN-γ production from CD4+ and CD8+ T cells (roughly 10% and 20%, respectively) 

in my spontaneous KPC model. (Daley et al., 2016) This implies γδ T cells in 

spontaneous KPC mice have either distinct function or restrained activity 

compared to orthotopic models. This could be due to the spontaneous nature of 

the KPC model which strongly recapitulates the TME of human PDAC, in 

particular the evolution of immune escape variants and the progressive 

development of the dense desmoplastic stroma.(Westphalen and Olive, 2012) In 

comparison, orthotopic KPC mice have significantly reduced tumour 

heterogeneity due to in vitro passaging, and the combined impact of peri- and 

post-operative inflammatory insults may directly alter the ability of the immune 

system to mount an effective anti-tumour response following checkpoint 

blockade. (Lee et al., 2016) Alternatively, the suppression of αβ T cells may be 

driven through entirely different populations within the TME; for example, 

cancer-associated fibroblasts (CAFs) can upregulate immune checkpoint receptor 

on CD4+ and CD8+ T cells.(Ware et al., 2020) CAFs derived from human PDAC also 

demonstrate upregulated PD-L1, but preferentially upregulate checkpoint 

receptors on CD4+ and CD8+ T cells through soluble mediators such as 

prostaglandin E2 (PGE2) rather than through direct contact.(Gorchs et al., 2019) 

Given this information, the expression profiles of checkpoint receptors such as 

PD-1, CTLA-4 and TIM-3 on αβ T cells should be assessed, along with the 

corresponding ligands on CAFs. This would determine if αβ T cell activity in 

spontaneous KPC mice is restricted in a different manner than by γδ T cells, as 

seen in orthotopic models. 
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However, an interesting phenotype found by flow cytometry was the increased 

production of IFN-γ from mature (CD11b+CD27—) NK cells in liver tissue from 

KPC;Tcrd—/— mice. This indicates that γδ T cells can influence the production of 

anti-tumour cytokines from NK cells in the metastatic niche, however this was 

not due to a change in activating (CD226) or inhibitory (TIGIT and CD96) receptor 

expression, or through preferential expansion of circulating or tissue-resident NK 

cells by γδ T cells. Furthermore, IHC staining for NKp46 shows that NK cells are 

less abundant in the liver metastatic niche of KPC;Tcrd—/— mice. Therefore, 

despite being less numerous in the KPC;Tcrd—/— niche, NK cells appear to have 

greater potential for immune activation, which may promote the reduction in 

metastasis. Interestingly, I observed that NKp46 staining in liver tissue appeared 

enriched within metastatic lesions compared to liver parenchyma, and so the 

reductions in NKp46 staining may be explained through the corresponding 

reductions in metastasis incidence in KPC;Tcrd—/— mice. This data has not been 

shown as it is merely a recent observation that has not yet been quantified. 

Thus, NK cells may be important anti-metastatic cells in murine PDAC, owing to 

their increased IFN-γ production, enrichment in liver metastatic lesions, and 

their reduced frequency in KPC;Tcrd—/— that correlates with reduced metastasis. 

To confirm if the reduced metastasis in KPC;Tcrd—/— mice is driven through NK 

cells, KPC;Tcrd—/— could be treated with anti-NK1.1 antibody to selectively 

deplete NK cells once palpable tumours have been established. The impact of NK 

cell depletion could then be assessed through scoring of metastatic incidence 

once clinical endpoint has been reached, and then determine if metastatic 

incidence is restored to KPC levels. 

The most important finding of chapter 5 is the connection between γδ T cells 

and tumour-associated macrophages (TAMs). To summarise, reductions in F4/80 

IHC staining first indicated that TAMs are significantly reduced in KPC;Tcrd—/— 

PDAC TME, and was then confirmed by flow cytometry showing macrophages 

(F4/80+CD11c—) were significantly reduced. Additionally, there was also a 

significant increase in the number of Ly6C+ macrophages (F4/80+CD11c—) and 

monocytes (Ly6C+Ly6G—F4/80—CD11c—) in KPC;Tcrd—/— PDAC TME. This first 

indicated a potential impairment of monocyte differentiation in the absence of 

γδ T cells. Further exploration then revealed the majority of TAMs in KPC PDAC 

TME are classified as F4/80+MHC IIlo macrophages, with only a small proportion 
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of the TAM niche consisting of F4/80+MHC IIhi macrophages. Crucially, the 

absence of γδ T cells in KPC;Tcrd—/— PDAC significantly increases MHC IIhi 

macrophages at the expense of the MHC IIlo macrophage population — indicating 

that γδ T cells preferentially expand the MHC IIlo macrophage compartment in 

KPC PDAC. This finding is particularly significant, as it not only reinforces the 

established literature that macrophages are fundamental to PDAC 

tumourigenesis but that γδ T cells preferentially promote a subset of TAMs. The 

current literature has detailed that F4/80+MHC IIlo TAMs can develop from Flt3— 

precursors, potentially alluding to a connection between γδ T cells and what 

have been referred to as embryonic-derived TAMs. However, more investigation 

is needed to fully elucidate the true nature of the F4/80+MHC IIlo subset. 

To elucidate the potential connection between γδ T cells and monocyte-derived 

TAMs in PDAC, and how this promotes progression, I have crossed KPC;Tcrd—/— 

mice with mice deficient for chemokine receptors CCR1, CCR2, CCR3 and CCR5 

(iCCRs) (KPC;iCCR—/—). During inflammation, the induction of monocyte 

recruitment is controlled by the iCCRs, and deletion of the iCCRs results in 

significant reduction of Ly6C+CD11b+ circulating monocytes, and significantly 

impaired recruitment of monocytic cells during acute inflammation.(Dyer et al., 

2019) The initial aim is to age KPC mice that are deficient for both γδ T cells 

and circulating monocytes (KPC;Tcrd—/—;iCCR—/—), and determine the impact that 

combined loss of these two cell populations has in KPC mice. I hypothesise that 

KPC;Tcrd—/—;iCCR—/— mice will display similar phenotypes and survival to 

KPC;Tcrd—/— mice, as both orthotopic models and my findings show F4/80+MHC 

IIlo TAMs are important to PDAC progression.(Zhu et al., 2017) An additional 

route to investigating the macrophage compartment could be through a fate-

mapping approach, for example resident macrophages such as Kupffer cells, 

Langerhan’s cells and alveolar macrophages are derived from CX3CR1+Flt3— 

progenitors despite not expressing the chemokine receptor, and monocyte-

derived macrophages develop from CX3CR1—Flt3+ progenitors. (Yona et al, 2013)  

However, the loss of γδ T cells only reduces the proportion of MHC IIlo 

macrophages in the TME from 91% to 67%, so the niche is not completely ablated 

by the absence of γδ T cells. This suggests that MHC IIlo TAMs are at least partly 

maintained through some other signal within the TME. Additionally, despite MHC 
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IIlo TAMs having greater pro-fibrotic function and displaying increased expression 

of fibrosis-associated genes in the literature, I see no changes to the local TME in 

terms of collagen deposition or changes to α-SMA+ fibroblasts. (Zhu et al., 2017) 

Instead, I then hypothesised that γδ T cells may also influence the inflammatory 

niche through iCAF stimulation, as PDPN IHC was significantly reduced in 

KPC;Tcrd—/— PDAC. My reasoning behind iCAFs was thus; γδ T cells mediate IL-6 

production from PSCs and iCAFs are identifiable through IL-6 production along 

with IL-33, CCL7, CCL11 and CXCL1 and through surface expression of PDPN; 

also, IL-17A+ γδ T cells have been shown to promote IL-33 production from PDPN+ 

stromal cells in adipose tissue; and finally, IL-33 production has been implicated 

in TAM-driven metastasis. (Seifert et al., 2020, Sebastian et al., 2020, 

Kohlgruber et al., 2018, Andersson et al., 2018) However, my findings from 

RNAseq and western blot analysis revealed that iCAFs genes were significantly 

upregulated and IL-33 protein may even be increased in KPC;Tcrd—/— PDAC. 

Furthermore, MHC IIlo TAMs have been described as PDPN+ in 4T1 breast cancer 

models, which may explain the reduction in PDPN staining in KPC;Tcrd—/— PDAC. 

However, I would have liked to further investigate this to ascertain if PDPN+ 

TAMs exist in the KPC mice. This could be achieved initially through flow 

cytometry to identify F4/80+PDPN+ cells in the PDAC TME, and compare their 

presence between KPC and KPC;Tcrd—/— mice; or through immunofluorescence to 

visualise F4/80 and PDPN co-localisation within the PDAC TME. Further evidence 

has shown that fibroblasts in KPC mice are in part contributed by bone marrow-

derived cells, as KPC mice that undergo bone marrow engraftment with GFP+ 

cells display a significant proportion of GFP+α-SMA+ and GFP+PDPN+ cells in KPC 

pancreas.(Iwamoto et al., 2021, Watt and Morton, 2021) However, there was 

also evidence of GFP+ F4/80+PDPN+ cells in KPC pancreas, suggesting that MHC 

IIhi TAMs may also exhibit an F4/80+PDPN+ phenotype. (Iwamoto et al., 2021, 

Watt and Morton, 2021) Thus, the exact connection between CAFs and TAMs 

requires further investigation, as does identifying the expression of CAF markers 

by TAM populations. 

The importance of understanding the role of TAMs in PDAC tumourigenesis is 

reinforced when one considers the number of clinical trials that are currently 

underway to target TAM populations. One example is the inhibition of Bruton’s 

tyrosine kinase (BTK), which has gathered notice due to its promotion of pro-
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tumour macrophage function.(Weber et al., 2017) More specifically, the 

inhibition of BTK function by PCI32765 (Ibrutinib) in orthotopic PDAC models 

results in reduced TAM polarisation along with increased CD8+ T cell activity and 

suppressed PDAC tumour growth.(Gunderson et al., 2016) BTK inhibition has 

recently been tested in a phase III clinical trial, where BTK inhibitor in 

combination with nab-paclitaxel and gemcitabine standard of care regimens was 

compared against placebo with nab-paclitaxel and gemcitabine in metastatic 

PDAC (NCT02436668).(Duan and Luo, 2021) This trial was completed in 

December 2020, however there were no significant differences in overall survival 

between Ibrutinib and placebo groups, with a median survival of 9.7 and 10.8 

months and progression-free survival or 5.3 and 6 months, respectively. 

(Tempero et al., 2021) Other clinical trials are focussed on M-CSFR inhibition, 

which leads to reductions in established tumour and improves survival in 

spontaneous KPC mice and sensitises orthotopic mice to checkpoint blockade. 

(Candido et al., 2018, Zhu et al., 2014) In the clinic, M-CSFR inhibition 

(pexidartinib) in combination with anti-PD-L1 therapy (durvalumab) has been 

tested in an ongoing Phase I trial for advanced/metastatic PDAC (NCT02777710). 

(Benner et al., 2020) Finally, numerous Phase II clinical trials are ongoing to 

assess the impact of combination therapies with CCR2 inhibitors in pancreatic 

cancer (NCT3184870, NCT03496662 and NCT03767582), further reinforcing the 

current focus on targeting TAM populations in PDAC patients.   

6.2.4  Concluding remarks. 

To summarise, the data presented in this thesis has revealed that γδ T cells play 

a central role in PDAC metastasis, as their absence results in the reduction of 

metastatic incidence by over 50%. Additionally, I have identified a connection 

between γδ T cells and TAMs, more specifically the embryonic-derived TAM 

populations. These findings present a novel crosstalk between γδ T cells and 

TAMs in murine PDAC and is an interaction that may potentiate the metastatic 

potential of PDAC. However, further investigation is required to elucidate the 

underlying mechanism connecting γδ T cells and TAMs, and if this indeed 

promotes metastasis. Understanding the connection to macrophages is crucial, 

as there are numerous clinical trials trying to target TAMs to provide real clinical 

benefit to patients, and so further investigation into the mechanism is of the 

utmost importance.  
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