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Abstract 

Pancreatic Cancer is a disease of unmet clinical need with near uniform 

lethality. Genome sequencing of patient tumour samples has highlighted the 

transforming growth factor beta (TGFβ) signalling pathway to be one of the most 

dysregulated in pancreatic ductal adenocarcinoma (PDAC). TGFβ is proposed to 

drive tumour suppression through blockade of cell proliferation, while also 

having the capacity to induce epithelial mesenchymal transition (EMT) aiding 

cell escape and drug resistance. Further, it has potent effects as an immune 

suppressor and as an activator of fibroblasts, particularly pertinent in PDAC due 

to the abundance of cancer-associated fibroblast (CAF) infiltrate and 

extracellular matrix (ECM) deposition. Therefore, using a dual recombinase (DR) 

mouse model of PDAC I interrogated the function of TGFβ across multiple cell 

types at both tumour initiating time points and in established tumours. 

I have demonstrated that TGFβ is a potent tumour suppressor, with deletion of 

the essential receptor component Alk5 accelerating oncogenic KrasG12D-driven 

tumourigenesis in pre-neoplastic pancreatic lesions, with development of PDAC 

noted. This novel model develops only pancreatic tumours and replicates the 

stepwise acquisition of genetic permutations observed in the progression of 

human disease, through the tamoxifen-controlled deletion of Alk5 in adult 

pancreas tissue. Previous Alk5 deleted models developed squamous stomach and 

skin tumours complicating their use in studying PDAC.  

Altered biology was detected between the Alk5 deletion driven tumours 

compared to Pdx1-Flippase; FSF-KrasG12D/+; Trp53frt/+ (KPF) mouse tumours, 

highlighted through RNA sequencing of bulk tumour. Deletion of ALK5, or other 

components of the TGFβ signalling pathway, alongside oncogenic KRAS, is 

present in a large subset of PDAC patients, with the Alk5 depleted model 

potentially re-capitulating these tumours, thereby providing a pre-clinical model 

to test therapeutics. For instance, Gene Set Enrichment Analysis (GSEA) 

highlighted elevated p53 pathway enrichment and decreased enrichment of EMT 

genes in the Alk5 deleted model. Deletion of Alk5 in the cancer epithelium of 

established tumours in the KPF mice reduced the metastatic burden, although 

did not affect survival, with deletion of Tgfb1 showing similar findings. These 
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findings may be indicative of the pro-tumourigenic role of TGFβ signalling in 

EMT. 

Stromal targeted therapies have had mixed efficacy in PDAC, with pre-clinical 

findings failing to be translated into human trials. I show that depletion of Alk5 

or Tgfb1 across all CAFs, or in restricted population of myofibroblasts (myCAF) in 

established tumours does not affect survival. Although, deletion of Tgfb1 in the 

restricted myCAF population, but not across all fibroblasts, does alter the CAF 

population, reducing the abundance of myCAFs specifically. These findings 

indicated a dependence on fibroblast-derived, TGFβ mediated paracrine stromal 

crosstalk for maintaining myCAF populations in PDAC. 

Neutrophils have been shown to play a role in the metastatic cascade of PDAC, 

with depletion reducing metastatic burden. TGFβ has been proposed to polarize 

neutrophils to a tumour promoting phenotype. I therefore investigated the 

neutrophil specific deletion of Alk5, in the KPF mice, observing no change in 

survival, but with alterations in metastasis noted. Neutrophil maturity was 

decreased in Alk5 deleted neutrophils, although further experimentation is 

required to confirm and clarify the relevance of these findings.  

Collectively, my data has elucidated the dual role of TGFβ signalling in initiating 

and established tumour stages, while highlighting a stromal programming role of 

fibroblast produced TGFβ1 and implicating TGFβ signalling as a modulator of 

neutrophil maturity. 
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Chapter 1 Chapter 1 – Introduction 

1.1 The pancreas 

1.1.1 The normal pancreas structure and function 

The pancreas is an abdominal organ, which has essential functions in aiding 

digestion and modulating blood sugar levels. The pancreas has both exocrine and 

endocrine functions dictated by the acinar cell compartment and islets of 

Langerhans respectively, which form in a process known as branching 

morphogenesis (Sznurkowska et al., 2018) (Figure. 1). The acinar cells make up 

roughly 80% of the pancreas and are responsible for the production of digestive 

enzymes such as amylase, chymotrypsin, elastase, lipase and trypsin. These 

pancreatic juices drain, via intercalated ducts found in acinar beds, into the 

main pancreatic duct, which runs the length of the pancreas. These ducts are 

also responsible for the secretion of a buffer composed of water, bicarbonate 

and chloride. This main duct combines with the common bile duct at the 

ampulla of Vater and releases its contents into the duodenum (Campbell and 

Verbeke, 2013; Hezel et al., 2006). 

The islet of Langerhans contain alpha (α), beta (β), gamma (γ), delta (δ) and 

epsilon (ϵ) cells which produce glucagon, insulin, pancreatic polypeptide, 

somatostatin and ghrelin respectively. The central function of the islets is 

control of blood glycaemia through α-cell released glucagon and β-cell released 

insulin. Somatostatin works to regulate insulin, glucagon and ghrelin secretion, 

pancreatic polypeptide controls exocrine pancreas secretions and ghrelin is 

involved in inducing hunger (Xavier, 2018). 
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Figure 1 Histology of the mouse pancreas 
Representative image of an H&E stained slide of normal pancreatic tissue showing normal acinar 
tissue and an islet of Langerhans.  
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1.2 Pancreatic Cancer 

1.2.1 Subtypes of Pancreatic cancer 

There are multiple types of pancreatic cancer; however, the most common 

subtype is pancreatic ductal adenocarcinoma (PDAC), which accounts for 90% of 

cases. Cancer of the neuroendocrine lineage is the next most frequent observed 

in around 10% of cases (Kleeff et al., 2016). PDAC develops most commonly from 

pre-neoplastic lesions termed pancreatic intraepithelial neoplasia (PanIN), 

although it can also arise from intraductal papillary mucinous neoplasms (IPMNs) 

or mucinous cystic neoplasms (MCNs) (Hezel et al., 2006).  

1.2.2 Epidemiology of PDAC 

Pancreatic cancer is the 10th most common cancer in the UK; however, it is the 

5th most common cause of cancer related death, with near uniform lethality 

(CancerResearchUK). Around 20% of patients survive the first year post diagnosis, 

with a 5-year survival rate of around 8% (Rawla et al., 2019). Incidence of 

pancreatic cancer increases with age, with 47% of patients older than 75 years of 

age and males accounting for 51% of cases. Over the last 50 years, there has 

been very little improvement of long-term survival in pancreatic cancer yet 

incidence has increased and by 2030 PDAC is predicted to become the third 

leading cause of cancer related mortality (Ferlay et al., 2016).  

1.2.2.1 Non-Modifiable risk factors  

PDAC is slightly more prevalent within males (51% of cases) with a 1.8% (1 in 53) 

lifetime risk of pancreatic cancer diagnosis in males (meaning that 1 out of 53 

men will develop PDAC in their lifetime) and a 1.7% risk in females (1 in 57) 

(CancerResearchUK, 2018; Smittenaar et al., 2016), this is further supported by 

the SEER data set, which indicates a 1.7% lifetime risk of diagnosis with PC in the 

US (SEER, 2018). Younger female patients (<49 years of age) have a greater 5-

year survival than their male counterparts (26.3% vs 17.2%), with 71% of early 

onset pancreatic cancer being found in males (Ntala et al., 2018). An equivalent 

net survival of <10% was noted for all patients regardless of gender >49 years of 

age. Interestingly, elevated expression of X-linked genes was observed within 
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female patients, although the relevance of this requires further study (Principe 

and Rana, 2020).  

As alluded to above age has a major bearing on pancreatic cancer mortality, 

with 51% of deaths occurring in patients >75 years of age, with the peak in the 

85-89 age bracket. This is more likely due to the median age of diagnosis at 70 

years of age, with most cases diagnosed between 65-74 years of age (Principe 

and Rana, 2020) and PDAC occurring in less than 10% of patients under the age of 

50. One study noted no difference in survival between early and late onset 

patients (Ntala et al., 2018). However, in a larger data set the 5-year survival of 

20-40 year olds diagnosed with pancreatic cancer was 44.7% over 3 times greater 

than 5-year survival of patients >40 years of age (Wang et al., 2020). Patients 

diagnosed with later stages had worse prognosis with the 5-year survival of those 

at stage 1A 31.7% falling to 0.5% when diagnosed at stage IV (Bengtsson et al., 

2020).  

1.2.2.2 Familial disposition 

With late stage diagnosis of PDAC significantly worse for survival, active efforts 

to identify high-risk patients for routine screening could potentially increase 

early diagnosis and improve patient outcome (Klein, 2012). There was nearly a 

two-fold increase in risk of pancreatic cancer when there is a family history of 

the disease (Jacobs et al., 2010; Permuth-Wey and Egan, 2009). Chronic 

pancreatitis confers a 16-fold increase in risk of pancreatic cancer when 

followed up 2 years after exhibiting pancreatitis, with this risk falling to an 8-

fold risk when patients are followed 5 years on (Kirkegard et al., 2017). 

Hereditary pancreatitis specifically, caused by mutation of the PRSS1 gene, 

confers a 53-fold greater risk of developing pancreatic cancer in affected 

patients (Haddad et al., 2011). Mutations in BRAC1 and BRAC2 confer a 2 fold to 

9 fold risk respectively (Haddad et al., 2011) with Familial Atypical Multiple Mole 

Melanoma Syndrome (FAMMM) patients having a 34-fold increased risk of 

developing pancreatic cancer due to mutations in CDKN2A, a potent tumour 

suppressor frequently mutated in sporadic pancreatic cancer. 
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1.2.2.3 Modifiable risk factors 

Modifiable risk factors such as smoking have been attributed to 22% of 

pancreatic cancer cases (Brown et al., 2018) with risk correlating with higher 

daily cigarette consumption and duration of history of smoking. Cessation of 

smoking continued to show an increased risk 10 years after quitting, however by 

20 years the risk was no different from that of non-smokers (Bosetti et al., 

2012). Obesity was linked to 12% of cases with risk correlating with increased 

body mass index (Brown et al., 2018; Kyrgiou et al., 2017). Alcohol consumption 

of greater than 3 units per day also increased the risk of developing pancreatic 

cancer, with no risk for consumption below that level (Wang et al., 2016). 

Further, red meat consumption in males but not females was associated with 

increased risk of pancreatic cancer (Zhao et al., 2017).  

1.2.3 Therapeutic intervention in PDAC 

Although there are multiple treatment modalities for PDAC most are broadly 

ineffective at curing disease. Pancreatic cancer is commonly discovered 

following emergency presentation, in 46% of cases, with stage IV disease most 

frequently diagnosed (~50% of cases). Symptoms of pancreatic cancer are 

persistent abdominal or back pain, weight loss, indigestion with jaundice the 

most notable symptom (CancerResearchUK). In recent years there has been a 

drive to improve understanding of pancreatic cancer symptoms in order to 

promote early diagnosis with the aim of increasing long-term survival (PCUK). 

The most effective treatment strategy is surgical resection, termed a 

pancreaticoduodenectomy (Whipple procedure), which involves removal of the 

pancreatic head and duodenum, gallbladder and occasionally part of the 

stomach (Whipple et al., 1935). Surgical removal of the primary tumour has been 

shown to lead to a 5-year survival of 30% of when combined with gemcitabine 

and capecitabine adjuvant chemotherapy (Neoptolemos, 2018). However, 

surgery is available to only 15-20% of pancreatic cancer patients, those with non-

metastatic and/or non-locally-invasive disease and with no encasement of major 

vessels (Bockhorn et al., 2014), highlighting the benefits of detecting disease at 

an earlier stage. Although removal of the primary tumour improves outcomes, 

recurrence occurs in up to 80% of cases, often caused by metastasis to distal 
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sites or local reoccurrence (Moletta et al., 2019). Therefore, although the 

Whipple procedure is the best therapy for PDAC, it is by no means curative. 

Many patients also present with borderline resectable disease, which involves 

contact with major blood vessels making surgical intervention more complex 

(Isaji et al., 2018). Patients will often, therefore require neoadjuvant 

chemotherapy as either the sole treatment for the tumour or to attempt to 

reduce tumour mass to allow surgical removal of the primary tumour. The main 

drug combinations used as the standard for care in PDAC are Gemcitabine, 

Capecitabine, FOLFIRINOX and nAb-Paclitaxel. 

Gemcitabine is a nucleoside analogue that was shown to have a positive impact 

on reducing cancer cell growth in in vivo models (Hertel et al., 1990). It was the 

first drug to show efficacy in pancreatic cancer extending survival by 1 month 

while improving quality of life, when compared to 5-fluorouracil (Burris et al., 

1997), and consequently became the standard of care. Subsequently clinical 

trials have shown that the neoadjuvant combination of gemcitabine with 

capecitabine, which blocks DNA synthesis, improved survival in locally advanced 

and metastatic PDAC (median survival 6.2 vs 7.1 months) (Cunningham et al., 

2009). Further, adjuvant therapy of gemcitabine and capecitabine, following 

surgical resection, resulted in an improved median survival of 28 months when 

compared to 25.5 months of gemcitabine treatment alone (Neoptolemos et al., 

2017). 

A combination of folinic acid (FOL), 5-fluorouracil (F), irinotecan (IRIN) and 

oxaliplatin (OX), termed FOLFIRINOX, was shown in a clinical trial of metastatic 

pancreatic cancer to be superior to gemcitabine with a median survival of 11.1 

months versus 6.8 months with an improved quality of life at 6 months post 

treatment although with more associated toxicities (Conroy et al., 2011). It was 

therefore recommended as the first line therapy for metastatic disease although 

in younger healthier patients more capable of tolerating the side effects. 

Subsequently it was shown that FOLFIRINOX is also superior to gemcitabine alone 

as an adjuvant therapy following surgical resection (median overall survival 54.4 

months vs 35.0 months) (Conroy et al., 2018). 
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Albumin bound paclitaxel (nAb-Paclitaxel), a cytoskeletal targeted drug that 

blocks cell division, was shown to improve survival when used in combination 

with gemcitabine extending survival by roughly 2 months (Goldstein et al., 2015; 

Von Hoff et al., 2013). 

Overall, the approved frontline therapies are largely ineffective in terms of 

providing long-term survival, failing to provide curative therapy in the majority 

of cases or to combat metastatic disease effectively. The treatments covered 

above document over 20 years of research during which time survival in the UK 

has changed very little, yet understanding of the disease has continued to 

improve. Therefore, PDAC is described as a disease of unmet clinical need and 

many clinical trials and pre-clinical studies are ongoing to provide better 

therapeutic options. For instance, the Precision-Panc trial based in Glasgow 

provides an umbrella study, which involves stratified therapies using patient 

cancer genomics (Dreyer et al., 2020a). For example, research led work has 

highlighted a subset of PDAC patients, which could be responsive to DNA 

damaging therapy (Dreyer et al., 2021).  

Promising work from pre-clinical mouse model systems could also be developed 

into clinical trials, with macrophage depletion through Colony Stimulating Factor 

1 Receptor (CSF1R) (Candido et al., 2018) extending survival and CXC Chemokine 

receptor 2 (CXCR2) small molecule inhibition reducing metastatic burden (Steele 

et al., 2016).  

Stromal targeting presents another therapeutic avenue with promising results in 

mouse models of PDAC published (Olive et al., 2009), however, their promise 

failed to translate to patients (Kim et al., 2014; Van Cutsem et al., 2020). 

Subsequent modelling highlighted divergent functions of fibroblast populations 

(Lee et al., 2014; Oezdemir et al., 2014; Rhim et al., 2014), with further 

understanding required of the stromal composition in order to provide effective 

targets. This is discussed in more detail later in this chapter. 

1.2.4 Genetics of PDAC 

Pancreatic cancer progresses from pre-neoplastic lesions, most commonly from 

PanINs but also from IPMNs or MCNs. PanINs have been well characterised and 
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are graded through stages 1 to 3. PanIN-1 are characterised by columnar 

epithelial cells with basally orientated nuclei. Upon loss of their nuclear polarity 

and alterations in nuclear size, they can be classified as PanIN-2. The final step 

to PanIN-3 is defined by the formation of papillae bridging the lumen, 

cribriforming, and budding of cells into the lumen of the duct (Hruban et al., 

2008). 

The underlying genetic mutations which occur in PDAC have been well 

documented through multiple studies sequencing human tumour samples 

(Aguirre et al., 2017; Bailey et al., 2016; Collisson et al., 2011). The most 

common mutation occurring in over 95% of PDAC cases involves the oncogenic 

transformation of the KRAS gene, with tumour suppressors CDKN2A, TP53 and 

SMAD4, lost in ~95%, 50-75% and 50% of cases respectively, occurring next most 

frequently. There is also an array of low penetrance mutations in various other 

genes, with multiple signalling pathways dysregulated that are important for 

carcinogenesis (Collisson et al., 2019). It has been shown that PanINs acquired 

their genetic permutations in a stepwise manner. Oncogenic activation of KRAS 

occurs first driving development of PanIN-1, with p16 and p19, the protein 

encoded by CDKN2A, lost in early PanIN-1 and PanIN-2 lesions. The tumour 

suppressors TP53 and SMAD4 are then most frequently lost in late stage PanIN-3 

lesions (Feldmann et al., 2007). 

1.2.4.1 Oncogenic KRAS 

Normally RAS proteins cycle from an inactive, guanosine diphosphate (GDP) 

bound state, to an active, guanosine triphosphate (GTP) bound state, with the 

aid of guanine nucleotide exchange factors (GEFs) and GTPase activating 

proteins (GAPs) at each stage respectively. In its GDP bound state KRAS can be 

found in lipid rafts at the internal cellular membrane and upon receptor 

membrane activation GDP, via GEF activity, dissociates allowing for the binding 

of GTP, thereby activating KRAS (Feig, 1999).  

Point mutations in exon 2 (codon 12) are the most commonly detected in PDAC 

(70-95% of cases). The most frequent point mutations result in the conversion of 

wild-type glycine to either an aspartic acid (G12D), to valine (G12V) or arginine 

(G12R) in 40%, 33% and 15% of codon 12 mutated cases respectively. Other point 
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mutations can occur in codons 11, 13, 61 or 146 within the same exon, although 

at a less frequent rate. Although these mutations ultimately culminate in a more 

active KRAS protein they are not all made equal, with evidence suggesting that 

patients with G12D alterations have a worse survival than G12V or G12R, and 

that specific codon mutations may predict efficacy of treatment options or 

potential for KRAS inhibition (Canon et al., 2019; Haigis, 2017). 

The activated GTP bound form of KRAS has the potential to interact with over 80 

proteins, with the ultimate outcome resulting in a transformed cell with greater 

fitness for survival and proliferation. The most common downstream effectors 

are the RAF/MEK/ERK pathway, the PI3K/PTEN/AKT pathway and the RalGEFs 

(Figure 2). Rapidly accelerated fibrosarcoma (RAF) is recruited and activated by 

GTP bound KRAS, this results in phosphorylation of mitogen-activated protein 

kinase (MAPK) kinase (MEK) 1/2 which subsequently activates MEK-extracellular 

signal regulated kinase (ERK) 1/2. This culminates in an increase in proliferation 

and survival, thus boosting tumorigenesis (Pettazzoni et al., 2015). 

Phosphoinositide 3 kinase (PI3K) is activated by RAS driving phosphatidylinositol 

4,5-biphosphate (PIP2) to phosphatidylinositol 4,5-triphosphate (PIP3) which is 

then able to recruit, phosphorylate and activate protein kinase B (AKT). AKT is 

then able to stimulate mechanistic target of rapamycin (MTOR) signalling. 

Phosphatase and tensin homology (PTEN) is a negative regulator of this pathway 

via the dephosphorylation of PIP3 to PIP2, and has been shown to be a potent 

tumour suppressor (Kennedy et al., 2011; Ying et al., 2011). The Ral guanine 

nucleotide exchange factors (RalGEFs) are able to activate RalA and RalB. RalA 

has been shown to enhance anchorage independent growth and RalB is thought 

to be involved in metastasis (Buscail et al., 2020; Mann et al., 2016). 

Further, oncogenic KRAS has been shown to alter the tumour microenvironment. 

An oncogenic KrasG12D, under the control of doxycycline, in a mouse model of 

pancreatic cancer highlighted that continuous oncogenic stimulation was 

required for the maintenance of both PanIN lesions as well as for the recruited 

stromal infiltrate (Collins et al., 2012). Additionally, oncogenic Kras was shown 

to drive immunosuppression in a MYC and BRAF dependent manner thereby 

hindering anti-tumour immunity and facilitating immune evasion (Ischenko et 

al., 2021). 
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These selected examples highlight a picture of oncogenic transformed KRAS cells 

having an increased capacity for survival and enhanced proliferation. Although, 

it has been shown that elevated levels of RAS signalling can impose a senescence 

phenotype that would inhibit the progression from PanIN lesions to frank PDAC 

(Acosta et al., 2013; Morton et al., 2010). Therefore, additional mutations are 

required to overcome this senescence and drive PDAC formation. 
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Figure 2 Mutant KRAS signalling drives initiation and survival of PDAC 
Schematic outline of the KRAS signalling pathway with activation of downstream signalling 
components that drive initiation, maintenance and stromal recruitment in PDAC.  

1.2.4.2 Tumour suppressor CDKN2A 

CDKN2A is deleted or epigenetically silenced in roughly 80-95% of PDAC. Mouse 

modelling of Cdkn2a deletion has shown it was insufficient to drive PDAC on its 

own, but combined with oncogenic Kras, tumorigenesis was initiated (Aguirre et 

al., 2003). Within human disease, it is frequently lost during PanIN progression 

(Feldman, 2007). It encodes two proteins p16INK4A and p14ARF, both of which have 
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tumour suppressive function. Cyclin dependent kinase (CDK) 4 and CDK6 

phosphorylate retinoblastoma (RB), permitting progression into the S phase of 

the cell cycle; however, p16INK4A inhibits CDK4 and CDK6, thereby blocking cell 

cycle progression. Further, p14ARF is tumour suppressive through sequestration of 

the well-known p53 negative regulator mouse double minute 2 (MDM2) (Bardeesy 

and DePinho, 2002; Wu et al., 1993). 

1.2.4.3 Tumour suppressor P53 

TP53 is one of the most well-known and well-characterised tumour suppressor 

genes across all types of cancer. It is the most frequently mutated gene across 

all cancers and is mutated in ~42% of cases (Kandoth et al., 2013), and 

specifically in PDAC where it is mutated 50% of the time. Mutations in TP53 are 

detected from PanIN2 stages onwards in PDAC, highlighting the importance of 

losing functional p53 early in disease progression (Feldman, 2007). The p53 

protein is a central figure in maintaining cell fitness and is frequently termed 

the “guardian of the genome”. Activation of p53, by the stabilization of the 

protein, occurs following the detection of cellular stress such as DNA damage, 

hypoxia and oncogenic activation. In response to this stress, p53 is able to drive 

cell cycle arrest, promote DNA repair or even drive apoptotic cell death (Hafner 

et al., 2019). Within PDAC TP53 can be mutated or deleted, with mouse models 

showing mutation of Trp53 (Trp53R172H) combined with oncogenic Kras generates 

a more invasive and metastatic PDAC model than Trp53 deletion (Morton et al., 

2010). 

p53 controls the expression of many genes and has for instance been shown to 

increase the transcription of a non-canonical cyclin, Cyclin G1 (CCNG1) 

(Okamoto and Beach, 1994). CCNG1 was described as non-canonical as it does 

not oscillate with the cell cycle as other cell cyclin molecules do (Horne et al., 

1996). It was shown to interact with protein phosphatase 2A (PP2A) (Okamoto et 

al., 1996), with radiation of mouse embryonic fibroblasts (MEFs) increasing 

expression of CCNG1 via p53 transactivation and MEFs lacking CCNG1 being more 

sensitive to radiation (Kimura et al., 2001). Interestingly, overexpression of 

CCNG1 in p53 proficient human colorectal cancer cells increased cell growth, 

with elevated sensitivity to cisplatin (Smith et al., 1997). Subsequently, it was 

shown that a complex of PP2A and CCNG1 was able to dephosphorylate and 
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activate MDM2 (Kimura and Nojima, 2002). MDM2 has also been shown to be 

induced by p53 and acts as a negative regulator of P53 function (Barak et al., 

1993; Wu et al., 1993) by blocking both its transcriptional capability (Momand et 

al., 1992; Oliner et al., 1993) and marking it for degradation (Haupt et al., 

1997).  

1.2.4.4 Tumour suppressor SMAD4 

SMAD4 is a central mediator of the transforming growth factor beta (TGFβ) 

signalling family, which will be discussed further within this chapter. Upon 

activation of the TGFβ signalling pathway, intracellular SMAD4 is required for 

transcription of genes. Originally termed deleted in pancreatic cancer 4, SMAD4 

is mutated in ~50% of PDAC cases (Hahn et al., 1996). The TGF-β signalling 

pathway is responsible for inducing cell cycle arrest, growth suppression and 

senescence (Seoane et al., 2004; Seoane et al., 2001; Staller et al., 2001), 

therefore mutations in this signalling pathway, including receptors upstream of 

SMAD4, are common to overcome this tumour suppressor function. Loss of SMAD4 

IHC staining in patient biopsies is an indicator of the switch from benign 

pancreatic tissue to invasive carcinoma (McCarthy and Chetty, 2018). Mutations 

upstream of SMAD4 in TGFβ Receptor 1 (TGFBR1) and TGFBR2 are also prevalent 

in PDAC (Collisson et al., 2019), with mouse modelling of deletion of these TGFβ 

signalling components accelerating oncogenic Kras driven pancreatic cancer 

(Acosta et al., 2013; Bardeesy et al., 2006; Ijichi et al., 2006).  

1.2.4.5 Transcriptomic subtypes of pancreatic cancer 

Transcriptional analysis of PDAC patient samples has highlighted molecular 

subtypes of the disease. It was initially shown in a combined study of patient 

samples, with human and mouse cell lines, that three subsets of PDAC can be 

defined, as classical, quasimesenchymal and exocrine-like. Patients with 

classical subtype tumours had a better survival following tumour resection than 

patients with the quasimesenchymal subtype. Interestingly, cell lines classified 

as either classical or quasimesenchymal subtype, showed subtype-specific 

responses to gemcitabine, with the quasimesenchymal cell lines being more 

sensitive on average (Collisson et al., 2011). A virtual dissection of a PDAC gene 

expression microarray has digitally distinguished expression of tumour, stromal 
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and normal genes and has also elucidated tumour specific subtypes of PDAC. 

Tumour specific gene expression highlighted two PDAC subtypes, Classical and 

Basal-like, with patients stratified as Basal-like having poorer prognosis (Moffitt 

et al., 2015). With the Classical and Basal-like subtypes confirmed in RNA 

extracted from paraffin embedded PDAC patient tissue (Puleo et al., 2018). 

Further genomic analysis by Bailey et al., defined four subtypes of PDAC termed, 

squamous, pancreatic progenitor, immunogenic and aberrantly differentiated 

endocrine exocrine (ADEX), with ten signalling pathways, including TGFβ, with 

components frequently mutated. Squamous subtypes were characterised with 

inflammation, metabolic reprogramming, TGFβ signalling, hypoxia and MYC 

activation gene networks. Progenitor subtypes were enriched for pancreatic 

transcription factors, such as PDX1, with apomucins expressed preferentially in 

this subtype. The immunogenic subtype was similar to the pancreatic progenitor 

however, there was significant immune infiltration with elevated antigen 

processing, CD4+ T cells and CD8+ T cell pathways. The ADEX subtype had both 

exocrine and endocrine pathways upregulated. Patients characterised with the 

squamous subtype had the worse prognosis (Bailey et al., 2016). 

It has also been shown that high levels of SMAD4 and GATA6 mRNA associate with 

the classical subtype, with epigenetic silencing of GATA6, measured through 5 

methylcytosine (5mc), associated with the squamous subtype. Restoration of 

SMAD4 in tumour cells from Pdx1-Cre; LSL-KrasG12D; Ink4a/Arffl/fl; Smad4fl/fl mice 

caused a shift away from the squamous subtype, with SMAD4 shown to increase 

ten-eleven translocation 2 (TET2). TET2 hydroxylates 5mc to 5 

hydroxymethylcytosine (5hmc) thereby removing epigenetic silencing of GATA6 

with GATA6 5hmc associated with the classical subtype (Eyres et al., 2021). 

The capacity to stratify patients in this way can prove key to target therapy 

appropriately and to those patients predicted to be sensitive. 

1.3 Tumour stroma 

1.3.1 Fibroblasts 

A major feature of PDAC is the dense stromal reaction, which can compose up to 

90% of the whole tumour (McCarroll et al., 2014). An abundance of cancer-
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associated fibroblasts (CAFs) are observed within the PDAC TME and are major 

producers of the ECM. Over 90% of the ECM, composed predominantly of 

collagens, has been shown to be produced by stromal cells with the complexity 

of the ECM increasing throughout disease progression (Tian et al., 2019). CAFs 

were revealed to accumulate in early PanIN lesions, in a mouse modelling 

experiment using tetracycline inducible oncogenic Kras. Upon ‘switching off’ of 

oncogenic Kras, however, neoplastic regions and the stromal infiltrate would 

resolve (Collins et al., 2012), highlighting the intrinsic links between malignant 

transformation and fibroblast accumulation and reminiscent of the role of 

normal fibroblasts in wound healing (Dekoninck and Blanpain, 2019). 

Fibroblasts and CAFs have been shown in both 2D (Begum et al., 2019) and 3D 

spheroid cultures (Dominguez et al., 2020; Ohlund et al., 2017), to promote the 

proliferation of cancer cells. Orthotopic tumours exhibit elevated growth when 

co-injected with pancreatic stellate cells (PSCs, discussed below) (Bachem et 

al., 2005) or CAFs (Hwang et al., 2008), alongside increased ECM deposition and 

metastasis. They have been shown to participate in reciprocal crosstalk with 

tumour cells, with the Jørgensen lab highlighting that KrasG12D transformed cells 

regulate the PSC secretome through SHH signalling, which in turn resulted in 

elevated AKT activation in tumour cells through secreted IGF1 and GAS6 (Tape 

et al., 2016). Further, cancer cell conditioned media increased the production of 

ECM proteins by PSCs (Bachem et al., 2005), particularly pertinent given 

evidence showing this dense stroma can sequester therapeutic agents and limit 

drug penetrance (Jacobetz et al., 2013; Olive et al., 2009). Further, stimulation 

by factors such as PDGF (Apte et al., 1999) and TGFβ (Schneider et al., 2001; 

Shek et al., 2002) caused increased ECM production by CAFs. Additionally, CAF 

conditioned media was able to convey resistance to gemcitabine and radiation, 

while promoting proliferation and invasion of cancer cells (Hwang et al., 2008). 

PSC production of CXCL12, for instance, was shown to promote cancer cell 

invasion and proliferation through CXCR4 (Gao et al., 2010), with PSCs able to 

increase cancer cell epithelial-mesenchymal transition (EMT) (Kikuta et al., 

2010). 

Collectively these data suggest that PSCs have a generally pro-tumorigenic 

function in PDAC and prompted investigation of therapeutic intervention 
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directed towards CAFs and ECM products. For instance targeting of SHH, a driver 

of pancreatic desmoplasia (Bailey et al., 2008), was interrogated in mouse 

models of PDAC (Olive et al., 2009). This resulted in a depletion of stroma, with 

improved vascularisation, which enhanced intra-tumoural drug delivery 

culminating in extended survival in pre-clinical models. Further, elevated 

interstitial pressure resulting in the collapse of vasculature was shown to be 

driven by hyaluronan (Jacobetz et al., 2013), with enzymatic targeting of 

hyaluronan normalising interstitial pressure, improving microvasculature and 

enhancing the efficacy of gemcitabine in PDAC mouse models (Provenzano et al., 

2012). However, translation to the clinic of these two agents was disappointing 

with clinical trials discontinued. SHH inhibition decreased patient stromal 

content and downstream SHH targets, but was not more beneficial than 

gemcitabine alone (Kim et al., 2014), whilst hyaluronan depletion in 

combination with nAb Paclitxel and gemcitabine, in patients stratified by high 

hyaluronan levels, showed no additive benefit (Van Cutsem et al., 2020). 

Therefore, studies in pre-clinical models were undertaken to attempt to 

understand the reasons behind the failure of these promising therapies. Deletion 

of Shh in Ptf1a1-Cre; LSL-KrasG12D mice accelerated PanIN progression with 

elevated proliferation noted in these early lesions (Lee et al., 2014). Further, in 

both Ptf1a-Cre; LSL-KrasG12D; Trp53fl/+ (Lee et al., 2014) and Pdx1-Cre; LSL-

KrasG12D; Trp53fl/+ (Rhim et al., 2014) models of pancreatic cancer, epithelial 

driven deletion of Shh resulted in reduced survival, with SHH response genes 

decreased and the stroma depleted. Long-term pharmaceutical inhibition of SHH 

signalling also mirrored the findings in the genetic models, with survival 

significantly reduced, differing from the results shown in the first pre-clinical 

trial (Olive et al., 2009). Further, depletion of αSMA positive cells, in the Ptf1a-

Cre; LSL-KrasG12D; Tgfbr2fl/fl model resulted in decreased stromal content and 

collagen deposition culminating in reduced survival (Oezdemir et al., 2014). 

Poorly differentiated tumours were shown to predominate upon stromal 

ablation, with metastasis elevated. Vasculature was elevated in the SHH 

inhibited models, however, anti-VEGFR2 increased survival (Rhim et al., 2014). 

Collectively, these studies highlighted that the PDAC stroma can act to restrain 

tumour progression, through inhibiting growth and driving the formation of more 
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well differentiated tumours, although it should be noted that in the conditional 

models, Shh was deleted prior to PanIN formation. 

Clarity upon the function of PDAC stroma is required, as reports have conflicted 

as to its role in restricting or promoting tumour progression. Over recent years, 

advances have been made in examining intra and inter-tumoural heterogeneity 

of fibroblasts to address this issue. 

1.3.1.1 Source of cancer associated fibroblasts 

Within PDAC, the source of CAFs has yet to be fully clarified, although the 

current consensus proposes the activation and expansion of resident pancreatic 

stellate cell (PSCs) populations by factors released by neoplastic cells. The 

initial isolation of PSCs was from rat pancreas (Apte et al., 1998) before 

confirmation of their presence within the human pancreas (Vonlaufen et al., 

2010). They were described as having a polygonal or stellate shape in culture 

with lipid drops, which were positive for vitamin A. Within the pancreas, cells 

positive for the PSC markers, desmin and glial fibrillary acidic protein (GFAP), 

were found in periacinar regions, with the expression of these markers by PSC 

confirmed in vitro. However, prolonged culture resulted in loss of vitamin A-

containing lipid droplets and the acquisition of αSMA expression, which was not 

seen in tissue resident PSCs in the normal rat pancreas, denoting a loss of their 

quiescent state. This loss of quiescence has also been reported within PDAC, 

with staining of serial sections of human tumour tissue highlighting GFAP, desmin 

and αSMA positive cells embedded in a dense collagen matrix (Apte et al., 2004). 

It was shown that PSCs could produce collagen, laminin, fibronectin and 

hyaluronan while TGFβ stimulation increased PSC activation and collagen 

production (Apte et al., 1999; Lu et al., 2019). Further, in vitro culture with 

human PDAC cell line conditioned media enhanced production of ECM proteins, 

with neutralisation of TGFβ1 inhibiting this fibrotic response. Co-injection of 

PSCs alongside pancreatic cancer cell lines in xenograft models accelerated 

tumour growth (Bachem et al., 2005) further, emphasising the supportive role 

activated PSCs play in the developing tumour. 

CAFs have also been demonstrated to be derived from mesenchymal stem cells 

(MSCs), with a population expressing fibroblast specific markers αSMA, fibroblast 
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activation protein (FAP) and vimentin alongside MSC markers CD90, CD49a, CD44 

and CD73 (Waghray et al., 2016). Previous studies highlighted the presence of 

MSCs around the normal pancreatic ductal epithelium and within perivascular 

regions of the pancreas, which retained the capacity to differentiate into 

chondrocytes, adipocytes and osteoblasts (Crisan et al., 2008; Mathew et al., 

2016; Seeberger et al., 2006). The MSC derived CAFs had the capacity to secrete 

cytokines such as IL6, IL10, CXCL8 and TGFβ, but most intriguingly the authors 

demonstrated they were the exclusive producers of granulocyte macrophage 

colony stimulating factor (GM-CSF) which enhanced the invasion of cancer cells 

(Waghray et al., 2016). It was also shown that MSCs harvested from pancreatic 

tumours could enhance recruitment of macrophages and polarize them to an 

arginase1 and CD206 high alternatively activated state (Mathew et al., 2016). 

More recently, through transplantation of green fluorescent protein (GFP) 

positive bone marrow (BM) into an autochthonous model of PDAC, a population 

of BM derived CAF like cells has been discovered. This population was shown to 

be GFP, podoplanin and F4/80 positive, denoting BM origin as well as expressing 

known fibroblast and macrophage markers, and was retained when MSCs were 

depleted. These cells were able to produce multiple cytokines, for example, IL-6 

and IL-10, while in culture, and could be αSMA positive or negative. They were 

found positioned towards the invasive front within PDAC and could enhance cell 

invasion in vitro (Iwamoto et al., 2021). 

Compounding these studies was a recent publication that explored the 

differential expansion of pancreatic fibroblasts within the developing PDAC. The 

presence of both fibroblasts and PSCs (positive for lipid droplets) was noted in 

the normal pancreas while lineage tracing of Hoxb6 and Gli1 positive fibroblasts 

marked these distinct subsets throughout the parenchyma, or in perivascular 

regions, respectively. As the tumour progressed Gli1+ fibroblast populations 

expanded and contributed to the αSMA positive population of fibroblasts, 

whereas Hoxb6+ fibroblasts failed to contribute to the active CAF population. 

The authors also allude to further subpopulations, with Gli1+Hoxb6+ fibroblasts 

also failing to expand and CD105 expression observed on a subset of both Gli1+ 

and Hoxb6+ fibroblasts (Garcia et al., 2020). 
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Collectively, these studies highlight that within the normal pancreas there exists 

a heterogeneous population of fibroblasts, with some having the capacity for 

divergent expansion upon tumour development, alongside populations that can 

be derived from infiltrating cells. Recently, understanding of the stromal 

heterogeneity has been appreciated; however, clarity is still required to 

recognise how these populations may affect the developing TME.  

1.3.1.2 Fibroblast subtypes 

Studies have highlighted the existence of multiple subtype classifications within 

PDAC through sequencing of human samples, highlighting the existence of both 

low and high penetrance mutations (Aguirre et al., 2017; Bailey et al., 2016; 

Collisson et al., 2011). However, the predominant focus has been on sequencing 

of bulk tumours, therefore specific understanding of tumour-associated 

fibroblasts has been lacking. The existence of inter-tumoural heterogeneity was 

initially elucidated from work by Moffitt et al., via ‘virtual microdissection’. 

They divided bulk RNA sequencing data into stromal or cancer cell specific 

signatures via comparison to a stromal defining gene set. From this, they were 

able to highlight the existence of either an ‘activated’ or a ‘normal’ stroma, 

alongside a ‘classical’ or ‘basal-like’ tumour cell signature. Within the ‘normal’ 

stroma, there was enrichment of vimentin, desmin and αSMA, which denoted 

PSCs, whereas, the ‘activated’ stroma showed enrichment for ECM remodelling 

markers, such as matrix metalloproteinase 9 (MMP9) and MMP11, immune cell 

recruitment genes, CCL18 and CCL13, as well as FAP. There was no correlation 

between the cancer cell subtype and stromal cell subtype, however, regardless 

of cancer cell subtype the ‘activated’ stroma correlated with a poorer survival 

(Moffitt et al., 2015). Interestingly high levels of FAP have also been noted to 

correlate with poor patient survival (Cohen et al., 2008). 

Subsequently, the ‘classical’ and ‘basal-like’ cancer cell definitions were 

confirmed on RNA extracted from formalin-fixed paraffin embedded PDAC tissue 

with high tumour cellularity. However, when including samples with low tumour 

cellularity, three further subsets were identified based upon the TME derived 

signatures. The ‘immune-classical’ subtype had a signature denoting high 

infiltration of immune cells such as T cells, B cell and natural killer (NK) cells, 

but lacked fibroblast infiltration. The ‘desmoplastic’ and ‘stroma-activated’ 
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subtypes were both enriched for fibroblasts and endothelial cells but diverged on 

immune cell representation, with ‘stroma-activated’ demonstrating a low 

immune cell signature. The ‘pure basal-like’ subtypes, derived from the high 

cellularity cancer cell samples, marked patients with the worse prognosis (Puleo 

et al., 2018). 

Further heterogeneity of the stromal components was shown via RNA sequencing 

of laser capture micro-dissection of stromal regions of PDAC. The authors of this 

study defined stromal subtypes as ‘immune-rich’, with enrichment of chemokine 

signalling and haematopoietic lineage markers, or ‘ECM-rich’, with enrichment 

for collagens, integrin-1 signalling and factors associated with ECM organisation. 

The tumour epithelium in this study continued to be defined as ‘classical’ or 

‘basal-like’, with the ‘ECM-rich’ stroma shown to more frequently associate with 

the ‘basal-like’ epithelium which correlated with the worst survival of the 

combinations (Maurer et al., 2019). 

Collectively these findings demonstrate the heterogeneity present within the 

stromal infiltrate of PDAC and that bulk analysis of the stroma could predict 

patient prognosis. They highlight that stromal composition varies across PDAC 

patients; however, the limitations of these studies mean intra-tumoural 

variation could not be detected. Further, the utilisation of bulk RNA, either from 

the total tumour or from all stroma limits the ability to investigate CAF specific 

function. Consequently, multiple studies have utilised techniques such as in vitro 

CAF culturing, single cell RNA sequencing (scRNAseq) and cytometry by time of 

flight (CyTOF) to dissect CAF heterogeneity at population or single cell 

resolution. 

Sequencing of low passage in vitro cultured human PDAC derived CAFs revealed 

four distinct subpopulations, highlighting both inter and intra-tumoural 

heterogeneity. The authors were able to define specific markers for three of the 

subtypes, periostin for ‘A’, podoplanin for ‘B’ and myosin-11 for ‘C’. They noted 

spatially distinct staining, with periostin staining located at both the invasive 

edge and centre of tumours, whereas, only staining in the central regions of 

tumours was observed with podoplanin and myosin-11 (Neuzillet et al., 2019). 

Interestingly, a subsequent study demonstrated that podoplanin was a pan-

fibroblast maker (Elyada et al., 2019). Multiple CAF subtypes could be derived 
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from a single patient sample signifying intra-tumoural CAF heterogeneity within 

PDAC. Additionally, using their dominant subtype, patients could be stratified 

from analysis of bulk tumour sequencing data. Subtype ‘A’ was the most 

dominantly expressed across a PDAC cohort, was more proliferative and 

expressed less αSMA than other subtypes. Subtype ‘D’ denoted the poorest 

prognosis while subtype ‘C’ had the longest survival when stratified by gene 

expression signature. However, immunohistochemical analysis found that 

patients with high periostin and low myosin-11 and podoplanin expression 

(denoting subtype ‘A’) had shorter survival. Co-culture of these CAFs with 

pancreatic cell lines highlighted that subtype ‘A’ is less pro-tumourigenic, 

inducing less cancer cell invasion and proliferation while conveying less 

protection from gemcitabine. Intriguingly, stellate cell education by cancer cell 

conditioned media promoted an increase in subtypes ‘B’ and ‘C’ at the expense 

of ‘A’, the αSMA low population (Neuzillet et al., 2019). Other work, has shown 

that 2D culture of PSC drives towards a myofibroblastic αSMA high phenotype 

(Ohlund et al., 2017), indicating that care must be taken with culture conditions 

when investigating the biology of ex vivo CAFs. 

Work from the Tuveson lab has been particularly insightful into the intra-

tumoural heterogeneity of CAFs. Their work has documented the existence of 

three distinct subpopulations named ‘myCAFs’, ‘iCAFs’ and ‘apCAFs’, with initial 

organoid and in vivo work defining myofibroblasts (myCAFs) and inflammatory 

CAFs (iCAFs). The expression of αSMA was used to differentiate between the two 

populations, with ‘myCAFs’ expressing high αSMA and found proximal to cancer 

cells, whereas, ‘iCAFs’ had low αSMA expression and were observed distal to 

tumour cells. As their name suggests, iCAFs were found to secrete chemokines 

and cytokines such as CXCL1, CXCL2, LIF, IL-6 and IL-11, with myCAFs 

responsible for ECM deposition and expressing TGFβ response genes. The 

appropriate stimulation of PSCs in vitro could promote either subtype. For 

instance, iCAFs only required cancer cell conditioned media, whereas myCAFs 

required 2D culture or close contact with cancer cells in co-culture. However, 

most intriguing was the plasticity of the CAFs, which could be altered to either 

subtype by adjusting culture conditions (Ohlund et al., 2017). 
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The mechanisms dictating these subpopulations were found to be tumour 

secreted TGFβ and IL-1 driving myCAFs and iCAFs, respectively. TGFβ was 

shown, in vitro, to drive a myofibroblast phenotype in PSCs, with active TGFβ 

signalling through Smad2/3 shown in myCAFs in vivo. Stimulation of PSCs with 

IL1α induced an iCAF phenotype with upregulation of Il1a, Il6 and leukaemia 

inhibitory factor (Lif) at the expense of myCAF markers, Acta2 and Ctgf. 

Inhibition of JAK or deletion of STAT3 in PSCs abrogated the iCAF phenotype, 

with the authors concluding that signalling via IL-1 induces a JAK/STAT cascade 

to drive iCAF formation. Interestingly, the iCAF phenotype was inhibited by the 

TGFβ induced downregulation of IL1 receptor (IL1R1), pointing to TGFβ exerting 

dominant control over CAF identity (Tjomsland et al., 2016). The study also 

highlighted that inhibition of JAK/STAT signalling via use of JAK inhibitors caused 

an increase in the ‘myCAF’ subtype while decreasing the ‘iCAFs’, whereas, 

TGFBR inhibition does not affect the subtype composition, potentially due to the 

reduced proliferative capacity of ‘iCAFs’, but does reduce αSMA expression and 

collagen deposition. This raises the interesting potential of therapies either 

deliberately or non-intentionally skewing fibroblast composition (Biffi et al., 

2019). 

Through single cell RNA sequencing, of both human and mouse PDAC, the same 

lab confirmed the existence of both the myCAF and iCAF populations, while 

defining a new antigen presenting CAF (apCAF) population. The apCAFs were 

shown to express CD74 and MHCII and were capable of presenting the OVA 

antigen to OVA specific T cells resulting in increased T cell activation markers 

even though they lacked co-stimulatory molecules CD80, CD86 and CD40 found in 

professional antigen presenting cells (Elyada et al., 2019). Collectively, these 

experiments effectively illustrate intra-tumoural heterogeneity of CAFs, with 

both functional and spatial information aiding the conclusion that they represent 

bona fide CAF subpopulations. 

Additional studies utilising single cell sequencing have further confirmed intra-

tumoural heterogeneity. Sequencing of the normal pancreas, PanIN bearing 

pancreas, and PDAC from both the Pdx1Cre/+; KrasLSL-G12D/+; Trp53fl/fl (KPfl/flC) and 

Ptf1aCre/+; KrasLSL-G12D/+; Ink4afl/fl (KIC) models demonstrated the existence of 

three fibroblast populations. These populations were found in the normal 
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pancreas, before expanding in the PanIN-bearing pancreas, and finally 

converging into two populations within PDAC. It was noted that these 

populations mirrored ‘myCAFs’ and ‘iCAFs’ with ‘FB3’ expressing Acta2 and 

Tagln and ‘FB1’ expressing Pdgfrα and Il6. The ‘apCAF’ markers MHCII and CD74 

were not exclusive to either population but were enriched in the ‘FB3’ subset 

(Hosein et al., 2019). 

The ‘myCAF/iCAF’ classification was further confirmed by work from Steele et 

al., as they analysed a published scRNAseq data set from PDAC (Peng et al., 

2019). Intriguingly, the authors went on to highlight further subdivision, 

particularly of the ‘myCAF’ subtype, by showing enrichment of sonic hedgehog 

(SHH) signalling in some but not all ‘myCAFs’. Expression of Gli1, a SHH 

transcriptional target, was predominantly expressed in αSMA and podoplanin 

dual positive fibroblasts, representative of the ‘myCAFs’. Short-term inhibition 

of hedgehog signalling decreased Gli1 expression leading to a reduction in 

‘myCAFs’ while increasing ‘iCAFs’. This shift in CAF populations was also shown 

to inhibit cytotoxic T cell infiltration while promoting T regulatory cell 

accumulation in the tumour (Steele et al., 2021). 

Single cell sequencing of podoplanin and PDGFRα positive fibroblasts was 

performed by the Turley lab (Dominguez et al., 2020), highlighting fibroblast 

heterogeneity in the normal pancreas and within PDAC. Normal fibroblasts could 

be distinguished by their expression of dipeptidyl peptidase-4 (DPP4) and Ly6C or 

endoglin (CD105), with a CD105+ fibroblast population also shown to exist in the 

normal pancreas in a subsequent CyTOF study (Hutton et al., 2021). The CD105+ 

population was associated with higher expression of ECM structural proteins such 

as collagens, whereas the Ly6C+ population showed high expression of genes 

encoding proteins associated with ECM attachment. Interestingly, the authors 

suggest the normal fibroblasts give rise to two distinct CAF populations in 

tumours, which recapitulate the ‘myCAF’ and ‘iCAF’ subpopulations described 

previously, with the CD105+ fibroblasts giving rise to ‘myCAFs’, the Ly6C+ cells 

generating ‘iCAFs’, and TGFβ and IL1 dictating fate, respectively. The ‘myCAF’ 

population expanded and composed the majority of CAFs in the tumour with 

upregulation of a TGFβ induced gene Lrrc15 noted (Dominguez et al., 2020). 
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Continuing on the vein of CD105 expression, a recent study utilising CyTOF to 

examine the stromal component of PDAC highlighted two distinct fibroblast 

populations present within the normal and tumour tissue in both mouse and 

human. As described by Dominguez et al, the CD105+ population were most 

abundant with CD105- populations more proliferative. These populations 

appeared distinct from the ‘myCAF’ and ‘iCAF’ definitions, with variable 

expression of definitive markers, such as αSMA, across both the CD105+ and 

CD105- CAFs. However, CD105+ CAFs were enriched for TGFβ signalling with 

CD105- enriched for IL6, TNFα and JAK2 signalling. Interestingly, Lrrc15 and 

Dpp4 were not enriched in either population, but Ly6C was enriched in the 

CD105- cells. Under appropriate stimulation in vitro, either ‘myCAF’ or ‘iCAF’ 

genes could be elevated in both populations, however, Eng was only expressed in 

the CD105+ population and was unaffected by treatment, indicating a ‘locked’ 

state. The expression of ‘apCAF’ markers appears enriched within the CD105- 

population; however, stimulation with IFNγ could increase their expression in 

both populations, with inhibition observed following exposure to TGFβ1. 

Subcutaneous co-injection of PDAC cells lines with either CD105+, CD105- or a 

mixed population of fibroblasts highlighted that only CD105- fibroblasts 

restrained tumour growth and improved survival. The tumour restriction was 

mediated through the adaptive immune system and was lost in dendritic cell or 

immunodeficient mouse models. Deletion of CD105 in CD105+ fibroblasts could 

reduce the transcriptional response to TGFβ1 but did not replicate the tumour 

suppression noted in CD105- fibroblasts, indicating that CD105 is strong marker 

of distinct fibroblast populations, but its loss is not sufficient for conveying anti-

tumourigenic fibroblast function (Hutton et al., 2021). 

Combined, these studies effectively demonstrate both inter and intra tumour 

heterogeneity within fibroblast populations. The utilisation of multiple 

techniques is key in defining these populations. For example, the tissue 

dissociation required in single cell techniques could potentially affect the 

transcriptome, so validation and function data are necessary to verify 

discoveries. What is apparent throughout the publications is that there is still a 

lack of a consensus on bona fide markers to define set populations. Improving 

understanding of the complexity may allow new vulnerabilities to be exposed in 

patients. 
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1.3.1.3  Education of CAF influenced by PDAC genetics 

Further complexity is imbued by the impact that genetics of PDAC have on the 

TME. A stiffer fibrosis, including elevated fibronectin and tenascin C was found 

in SMAD4 deficient patients and this correlated with poorer survival. Mouse 

modelling with Tgfbr2 deficient PDAC models highlighted a similar ECM stiff 

phenotype in comparison to the KPC model. Mechanosignalling through increased 

β1 integrin and elevated pSTAT3 levels promoted this amplified tissue tension 

(Laklai et al., 2016).  

The loss of epithelial ROBO2 has been reported in PDAC to result in the 

upregulation of ROBO1 within the stroma, with mutations in ROBO pathway 

genes frequently observed in human disease (Biankin et al., 2012). The deletion 

of Robo2 in mouse pancreatic epithelium culminated in elevated expression of 

Wnt signalling genes, alongside increased Tgfb1 and Tgfbr2. In acute 

pancreatitis models, the epithelial deletion of Robo2 drove elevated fibrosis, 

collagen deposition, T cell accumulation and TGFβ signalling activation with 

increased pSMAD2 , a phenotype which could be reversed by TGFβR inhibition 

(Pinho et al., 2018). Interestingly ROBO1 expression in patients correlated with 

the Moffitt et al, ‘activated-stroma’ definition, which denotes poor prognosis 

(Moffitt et al., 2015).  

Differing mutations within the same gene also affected the biology of CAFs. For 

instance, CAFs derived from KPC tumours with Trp53R172H mutation created an 

environment that was more collagen dense than that created by their KPflC 

tumour counterparts. Further, KPC educated CAFs increased the invasion of KPflC 

cancer cells, which have reduced metastatic potential (Morton et al., 2010), by 

creation of a stiffer matrix and through secreted perlecan, which was elevated 

in the KPC CAFs and within the stroma of KPC tumours (Vennin et al., 2019). 

TNFα was shown to heighten KPflC educated CAF perlecan expression, which is 

interesting given the role of TNFα in driving the iCAF phenotype (Biffi et al., 

2019). More recently, gain of function p53 mutations were shown to correlate 

with elevated deposition of ECM thereby excluding cytotoxic CD8 T cells 

(Maddalena et al., 2021). Further, the ‘stroma-activated’ signature, described 

by Puleo et al, appears enriched in samples that are p53 mutated, which is 
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particularly interesting given this subtype was described as having a low immune 

signature (Puleo et al., 2018). 

This adds a layer of complexity to comprehending CAF subtypes with the 

predominance of work focussing on the KPC model, which reflects the p53 gain 

of function patient subtype. However, interrogation of KPC, KIC and KPfl/flC late 

stage tumours has reflected a similar clustering of CAFs as presented by the 

Tuveson lab (Elyada et al., 2019; Hosein et al., 2019) suggesting that the 

overarching classification of CAFs is not drastically affected by the genetics. It is 

still important to note that CAF subtypes across the full spectrum of PDAC 

genetic drivers has yet to be examined. 

1.3.1.4 Therapeutic intervention and CAFs 

Extensive work has been conducted to elucidate new targets for therapy in 

PDAC, give the failure of front line therapies. The exciting avenue of patient 

stratification may expose new vulnerabilities based on subsets of disease. The 

intriguing developments in the fibroblasts field could also provide new targets to 

either reprogram the TME or influence ‘bad’ or ‘good’ actors in disease. 

Early insights suggested that exclusion of chemotherapy in PDAC was caused by 

the dense fibrotic stroma and proposed depletion of ECM and/or CAFs as a 

potential treatment modality. Work on SHH pathway inhibition (Olive et al., 

2009), or hyaluronan depletion (Provenzano et al., 2012) showed promise in 

preclinical trials but failed to translate in patients (Kim et al., 2014; Van Cutsem 

et al., 2020), particularly disappointing in the hyaluronan depletion trial which 

made use of stratification to target patients with high hyaluronan. Subsequent 

work emphasised the tumour-restraining role of the stroma with αSMA+ cell 

depletion and chronic inhibition or epithelial deletion of SHH generating more 

poorly differentiated and aggressive tumours (Lee et al., 2014; Oezdemir et al., 

2014; Rhim et al., 2014). Intriguingly, undifferentiated tumours are more ‘basal-

like’, with this poor prognosis subtype shown to have improved survival when 

stroma signatures are present (Puleo et al., 2018). Further understanding of why 

the above-mentioned stromal depletion studies failed could be gleaned from the 

enrichment of SHH in a subset of ‘myCAFs’. SHH pathway inhibition was 

therefore predicted to predominantly affect this ‘myCAF’ subpopulation causing 
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an increased ‘iCAF’ to ‘myCAF’ ratio (Steele et al., 2021), with ‘iCAFs’ shown to 

secrete cachexia linked cytokines, such as IL-6 (Biffi et al., 2019), which are 

predictive of a worse survival (Rupert et al., 2021). Further, stromal specific 

blockade of TGFβR2 in mouse models culminated in reduced IL-6 with 

therapeutic benefit. Fibroblasts with high IL-6 were shown to express the most 

Tgfbr2, with non-canonical TGFβ signalling via JunD elevating IL-6 and LIF 

(Huang et al., 2019). Although the ‘iCAF’ phenotype was antagonised by TGFβ 

signalling, iCAFs also had elevated Tgfbr2 expression (Elyada et al., 2019). Thus, 

depletion of ‘myCAFs’ through SHH inhibition could promote the inappropriate 

stimulation of ‘iCAFs’ via TGFβ and the subsequent secretion of cytokines 

associated with poor prognosis. 

Therefore, alteration of CAF function may provide more promising results than 

total/subtype specific CAF ablation. For instance, KPC educated CAFs produce 

more perlecan, with CAF targeted deletion of perlecan in a co-transplanted 

orthotopic model improving sensitivity to a combination therapy of gemcitabine 

and abraxane (nab-Paclitaxel) (Vennin et al., 2019). However, conflicting results 

have been obtained when disrupting CAFs ability to produce collagen I. In a dual 

recombinase mouse model of PDAC, deletion of collagen I from αSMA+ 

fibroblasts, but not fibroblast specific protein 1 positive fibroblasts, accelerated 

tumourigenesis and the development of immune-suppressed poorly 

differentiated tumours (Chen et al., 2021). In contrast, Losartan, an angiotensin 

inhibitor, shown to inhibit collagen and TGFβ1 production by CAFs resulting in 

reduced fibrosis in tumour models and enhanced drug delivery (Chauhan et al., 

2013; Diop-Frimpong et al., 2011) show promise in a clinical trial (Murphy et al., 

2019). This provides an interesting insight into timing of intervention; tumours 

developing in collagen I deficient stroma show a worse prognosis, yet collagen I 

ablation in established tumours was beneficial. This is key factor to consider 

when developing pre-clinical mouse models.  

Further, front-line therapies have been shown to impact on the TME and the 

CAFs within. With CAFs already shown to enhance cancer cell resistance to 

gemcitabine (Hwang et al., 2008), conditioned media from gemcitabine-resistant 

cell lines stimulated altered CAF cytokine secretion, which could be mostly 

abrogated by TGFβ signalling inhibition. Additionally, long-term gemcitabine 
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treatment elevated immune checkpoint gene expression and TGFβ1 ligand 

availability in the TME, and generated CAFs resistant to gemcitabine. Treatment 

of pre-clinical models with a TGFβ receptor inhibitor in combination with anti-

PDL1 and gemcitabine improved survival (Principe et al., 2020). This could prove 

particularly interesting, with dual TGFβ inhibition and immunotherapy 

combinations synergising in other cancers (Mariathasan et al., 2018; Tauriello et 

al., 2018) and in a small population of PDAC patients (Strauss et al., 2018), and a 

TGFβR inhibitor in combination with gemcitabine providing a 1 month survival 

benefit in non-resectable patients (Melisi et al., 2018). Of further interest, given 

the alternate phenotype of CD105+ vs CD105- CAFs (Hutton et al., 2021), long 

term gemcitabine treated KPC tumours had elevated CD105, which did not occur 

in the cancer cell lines. 

Therefore, when conducting clinical trials, noting alterations to the TME, 

particularly within CAF populations, could prove beneficial, not only to 

understand the biology better but also to expose vulnerabilities that could 

indicate promising potential combinations or second line therapies. 

1.3.2 Immune cells 

A hallmark of PDAC is a restricted infiltration of the adaptive immune system but 

a relative abundance of innate immune cells, primarily with extensive 

macrophage penetrance, with this demonstrated within mouse models of PDAC 

(Lee et al., 2016). 

Significant macrophage infiltration in stromal regions of PDAC has been observed 

with alternately activated macrophages expressing high levels of CD206 

associated with worse patient outcomes (Vayrynen et al., 2021). Expansion of 

embryonically derived tissue resident macrophages shape the developing TME of 

PDAC by developing a pro-fibrotic phenotype and promoting PDAC progression 

(Zhu et al., 2017). Subsequently, macrophages positive for CSF1R were shown to 

be important for maintenance of PDAC in mouse models, by suppressing T cells 

and driving a squamous cancer subtype, with depletion of these macrophages 

extending survival in a genetically engineered mouse model (Candido et al., 

2018). 
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PDAC is generally poorly infiltrated by T cells, as a result of the 

immunosuppressive stroma (Vonderheide and Bear, 2020). Treg cells were 

shown, in patient samples, to reside in close proximity to tumours cells and 

persist through PanIN to PDAC stages, while CD8+ T cells were sparse. However, 

although elevated circulating Tregs correlates with poor survival in PDAC, 

depletion of Tregs in early disease states drives worsening of disease (Zhang et 

al., 2020). 

1.4 TGFβ signalling pathway 

1.4.1 The discovery and history of the TGFβ signalling pathway 

1.4.1.1 The discovery of the TGF-β ligands 

In 1978, work carried out in the Todaro lab discovered polypeptides, of three 

different weights secreted from Moloney murine sarcoma virus-transformed 

cells. Fibroblast assays using these polypeptides showed they were able to 

induce overgrowth in monolayers and anchorage independent growth in agar and 

they were subsequently termed sarcoma growth factors (SGFs) due to cancer 

transforming properties (Delarco and Todaro, 1978). Further work in 1980 

isolated peptides from transformed cells, which were shown to have similar 

transforming properties in fibroblast assays to SGFs, and these were termed 

transforming growth factors (TGFs) (Roberts et al., 1980; Todaro et al., 1980). 

Continued work on these peptides resulted in multiple publications in the early 

1980s which highlighted that these TGFs required de novo protein synthesis for 

their transforming properties (Ozanne et al., 1980), that they can be produced 

by non-neoplastic cells (Assoian et al., 1983; Roberts et al., 1981) and that they 

could be split into two independent fractions based on their requirement for 

epidermal growth factor (EGF) (Anzano et al., 1982b; Moses et al., 1981). These 

two fractions were termed TGFα and TGFβ, with TGFα shown to compete with 

EGF for EGF receptors, whereas TGFβ did not (Anzano et al., 1982a). 

Platelet derived TGFβ allowed for purification of larger quantities of the ligand, 

subsequently shown to exist as a dimer of two identical 12.5kDa subunits 

(Assoian et al., 1983). Cloning of the gene highlighted a pro-TGFβ structure, 

which requires cleavage to generate its mature form (Derynck et al., 1985). The 

defined crystal structure of TGFβ2 confirmed a disulphide bond between 
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residues 77 of each monomer linking them to form a dimeric structure (Daopin 

et al., 1992). It was subsequently shown that there are three isoforms of TGFβ 

found in mice and humans. 

1.4.1.2 Discovery of the TGF-β receptors 

Work by Massague et al. in 1982 revealed that labelled SGF bound to the EGF 

receptor as well as to an unknown 60kDa receptor, with binding blocked by 

excess TGF but not EGF (Massague et al., 1982). Research highlighted that the 

labelled TGFβ was bound to a receptor complex of 280kDa as well as a lower 

affinity receptor of 70kDa (Massague and Like, 1985). This receptor complex 

existed as an oligomer (Massague, 1985), with work from Tucker et al. and Frolik 

et al. confirming similar findings (Frolik et al., 1984; Tucker et al., 1984a). 

Significant time was spent identifying the structure of the TGF-β receptors with 

cloning of TGFβR2 revealing it was a serine/threonine kinase of roughly 60kDa 

with the capacity to auto-phosphorylate itself (Lin et al., 1992). TGFβR1, termed 

ALK5 henceforth, was also found to be a serine/threonine kinase with a similar 

structure to TGFβR2, with the receptors capable of forming a complex (Franzen 

et al., 1993). 

Work from Boyd et al., and Laiho et al., showed, via the development of cell 

lines resistant to the growth arresting effects of TGFβ1 and TGFβ2, that both 

ALK5 and TGFβR2 were required for sensitivity to TGFβ signalling (Boyd and 

Massague, 1989; Laiho et al., 1990). This was confirmed by Wrana et al, via 

transfection of TGFβR2 into the resistant cell lines. They showed TGFβ response 

only in the presence of ALK5 and that ALK5 was unable to bind a mutated 

TGFβR2, with the functional kinase domain of TGFβR2 required to propagate 

downstream signalling (Wrana et al., 1992). These data confirmed that TGFβR2 

and ALK5 form a complex upon ligand binding, and that kinase activity is 

required to initiate intracellular signalling cascades. 

Also highlighted in the tagged TGFβ studies was a larger molecule of 280kDa, 

which was shown to exist in greater abundance than the lower weight ALK5 or 

TGFβR2. Work showed that this type III receptor bound to TGFβ2 with greater 

affinity than TGFβ1, whereas, ALK5 and TGFβR2 bind with less affinity to TGFβ2 
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(Moustakas et al., 1993). TGFβR3 was cloned and shown to be a transmembrane 

protein, called betaglycan, with a short cytoplasmic tail, various sites for 

glycosylation, as well as sites for chondroitin sulphate and heparin sulphate 

binding and a cleavage site allowing for a soluble form of the protein to exist 

(Lopezcasillas et al., 1991). Interestingly, the sequence showed large areas of 

homology, in particular in the cytoplasmic and transmembrane regions, to the 

protein endoglin (Gougos and Letarte, 1990), which was subsequently shown to 

bind TGFβ1 and TGFβ2 (Cheifetz et al., 1992). This indicated that betaglycan 

and endoglin could support signalling via the recruitment of TGFβ to the 

receptor complex. 

1.4.2 The TGFβ signalling cascade 

1.4.2.1 Intracellular propagation of TGFβ signalling 

Following receptor ligation TGFβ signalling is propagated by intracellular 

receptor SMADs (R-SMAD), such as SMAD2 and SMAD3. SMAD Anchor for Receptor 

Activation (SARA) is able to bind both SMAD2 and SMAD3 and recruits SMAD2 to 

the TGFβR complex (Tsukazaki et al., 1998). ALK5 phosphorylation of SMAD2 

(pSMAD2) occurs at the receptor complex promoting release of pSMAD2 from 

SARA and subsequently a SMAD4:pSMAD2 complex forms (Abdollah et al., 1997). 

SMAD3 was also shown to be phosphorylated by the receptor complex (Liu et al., 

1997) and able to interact with SMAD4 (Wu et al., 1997). SMAD molecules are 

continuously shuttling from the cytoplasm to the nucleus (Pierreux et al., 2000) 

however, following TGFβ stimulation SMADs accumulate in the nucleus peaking 

at 45 minutes and are retained there for roughly 5 hours, with dephosphorylated 

R-SMADs dissociating from SMAD4 within the nucleus and shuttling back to the 

cytoplasm (Inman et al., 2002; Xu et al., 2002) (Figure 3). Additional binding 

partners, such as YAP/TAZ, enhance retention of SMADs in the nucleus with 

knockdown of YAP/TAZ or activation of the hippo pathway, which sequesters 

YAP/TAZ in the cytoplasm, increasing SMAD egress from the nucleus following 

TGFβ stimulation (Labibi et al., 2020). TAZ has been shown to be capable of 

binding phosphorylated SMAD2/3 in complex with SMAD4 upon TGFβ stimulation 

(Varelas et al., 2008). Furthermore, high density cell culturing, which activates 

the Hippo pathway, culminated in cytoplasmic sequestering of YAP/TAZ and 

decreased nuclear pSMAD2/3, thus inhibiting TGFβ signalling function (Varelas et 
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al., 2010), indicative of cross talk with additional signalling pathways affecting 

TGFβ signalling potential. Acute stimulation of cells with TGFβ results in rapid 

internalisation of the receptor molecules rendering cells refractory to 

subsequent stimulation for around 12-24 hours (Vizan et al., 2013). Within the 

nucleus, SMAD complexes bind motifs such as SMAD binding elements (SBEs) 

(Dennler et al., 1998; Jonk et al., 1998) with SMAD3 and an isoform of SMAD2 

able to directly bind DNA (Yagi et al., 1999), although with low affinity (Shi et 

al., 1998). Therefore, additional binding partners are recruited such as Foxh1 

(Chen et al., 1996) or c-Fos and c-Jun (Zhang et al., 1998) which expands TGFβ 

induced transcriptional control. The crystal structure of SMAD2 and SMAD3 

highlighted multiple hydrophobic patches which facilitate interactions with 

binding partners (Miyazono et al., 2018).  
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Figure 3 TGFβ signalling pathway 

Schematic outline of the TGFβ signalling pathway. 1) Latent TGFβ is released with the active dimer 
binding to TGFBR2 and ALK5 at the cell surface. 2) TGFβ-bound, constitutively phosphorylated 
TGFBR2 recruits, binds and phosphorylates ALK5. 3) The receptor complex propagates down-
stream signalling through the phosphorylation of SMAD2/3, at their C-termini, which forms a 
complex with SMAD4. SMAD molecules constantly shuttle between cytoplasm and nucleus in 
steady state, but upon the formation of the pSMAD2/3:SMAD4 complex SMADs are concentrated 
and retained in the nucleus for longer. In the nucleus the SMAD complex and additional binding 
partners can repress or induce gene expression depending on contextual cues. 4) SMAD2/3 are 
de-phosphorylated in the nucleus and return to the cytoplasm where they can undergo additional 
cycles of activating phosphorylation through the TGFβ receptor complex if ligand remains 
available.  
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1.4.2.2 TGFβ signalling control  

Control of TGFβ signalling involves multiple mechanisms. TGFβ is secreted in a 

latent bound form (Pircher et al., 1986). TGFβ is cleaved within the cell by 

furin, however, the latency associated protein remains non-covalently attached 

upon secretion, termed pro-TGFβ, retaining TGFβ in an inactive form (Gentry 

and Nash, 1990). This pro-TGFβ interacts with Latent TGFβ binding protein 

(LTBP) bound to the ECM and upon protein cleavage mature TGFβ can be 

released (Taipale et al., 1994). Upon application of force, TGFβ was also 

released in its mature form with this dependent upon LTBP binding to the ECM 

(Buscemi et al., 2011). Interestingly, recent work has suggest that latent TGFβ 

can be activated through αVβ8 integrin interaction which precludes the necessity 

for release of mature TGFβ (Campbell et al., 2020). This was dependent on 

LTBP1 (Annes et al., 2004), with GARP (glycoprotein A repetitions predominant), 

expressed on T regulatory cells (Tregs) facilitating presentation of LTBP bound 

TGFβ to the αvβ8 integrin thus driving immunosuppression (Lienart et al., 2018). 

Further, SMAD7 is an important protein in controlling active TGFβ signalling. It 

was shown to bind directly to ALK5 and thereby block interactions with SMAD2/3 

(Hayashi et al., 1997). Additionally, SMAD7 interacts with ubiquitin ligase Smurf2 

thereby recruiting it to the receptor complex targeting TGFβR for degradation 

(Kavsak et al., 2000). As well as inducing receptor degradation the SMAD7-

Smurf2 complex was able to cause proteasomal degradation of SARA (Wojtowicz 

et al., 2020). TGFβ controls its own signalling through induction of SMAD7 

(Huang et al., 2020). 

1.4.3 Functions of TGFβ in cancer 

1.4.3.1 Tumour suppressive function 

TGFβ has been convincingly shown to have cytostatic functions in cells (Tucker 

et al., 1984b), with cell lines resistant to TGFβ growth suppression lacking 

receptor expression (Laiho et al., 1990). TGFβ was shown to inhibit the ID 

(Inhibitors of differentiation) proteins, which drive proliferation and regulate 

cancer stem cells, through induction and formation of SMAD ATF3 complexes 

(Kang et al., 2003). For instance ID2 has been shown to override the tumour 

suppressive function of RB (Lasorella et al., 2014), with TGFβ shown to inhibit 
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ID2 expression and sustain this through induction of MAD expression which 

prevents MYC from binding to the ID2 promoter (Siegel et al., 2003). 

Interestingly, in TGFβ signalling proficient tumours, ID1 expression becomes 

uncoupled from TGFβ suppression and therefore sustained expression of ID1 can 

promote carcinogenesis (Huang et al., 2020). Further, TGFβ signalling has been 

shown to induce inhibitors of cyclin dependent kinases (CDK), thereby blocking 

cell cycle progression. TGFβ induced inhibition of Myc also culminates in reduced 

suppression of p21 and p15 (Staller et al., 2001), with p21 and p15 known CDK 

inhibitors. Additionally, SMADs binding with FoxO can induce expression of p21 

from the CDKN1A gene (Seoane et al., 2004) and p15 from the CDKN2B gene 

(Gomis et al., 2006). Following hepatic injury, elevated TGFβ ligand secretion 

can induce p21 senescence with the inhibition of TGFβ reducing measurable p21 

expression and observed to enhance tissue regeneration (Bird et al., 2018). 

Further, TGFβ signalling can induce apoptosis by driving expression of death-

associated protein kinase (Jang et al., 2002), as well as inducing pro-apoptotic 

Bim binding to Bcl-XL (Ohgushi et al., 2005).  

1.4.3.2 Epithelial mesenchymal transition in cancer 

TGFβ is often referred to as a double-edged sword due to having both tumour 

suppressive and tumour promoting activity. Epithelial mesenchymal transition 

(EMT) is the loss of epithelial cell polarity with the promotion of a mesenchymal 

phenotype, increasing cell invasiveness (Yang et al., 2020). EMT has been shown 

to be potently driven by TGFβ signalling, with TGFβ initially shown to promote 

EMT in heart endothelial cells (Potts and Runyan, 1989). Decreased expression of 

epithelial markers, E-cadherin and zonula-occludens 1 (ZO1), alongside 

increased mesenchymal markers, vimentin and fibronectin, and an altered 

cuboidal to spindle like cell morphology was shown following TGFβ stimulation of 

mammary epithelial cells, with this switch dependent on TGFβ receptor 

expression (Miettinen et al., 1994). A complex of SMAD3, SMAD4 and SNAIL1 was 

able to bind and repress genes important for maintaining epithelial phenotype, 

such as E-cadherin, claudin-3 and occludin (Vincent et al., 2009). TGFβR2 was 

further shown to bind and phosphorylate Par6, a protein important for epithelial 

polarity and tight junction formation, to induce EMT (Ozdamar et al., 2005).  
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The expression of mesenchymal markers SNAIL, TWIST and SLUG was noted in 

the majority of human pancreatic patient tissue (Hotz et al., 2007), with EMT 

shown to contribute to drug resistance in PDAC cell lines (Arumugam et al., 

2009). TGFβ driven EMT has also been shown to be important for metastasis of 

cancer cells (Oft et al., 1998), with Rhim et al, showing that mesenchymal 

marker expression could be observed in PanIN lesions, with cell dissemination 

preceding tumour development. The authors show that from PanIN II stage 

onwards, yellow fluorescent protein labelled KPC cells can be seen in the stroma 

with acquisition of fibroblast like morphology, suggesting invasion across the 

basement membrane. KPC cells were also detected in the circulating blood and 

as single cells in the liver, indicative of an invasive capacity of KPC cells 

preceding frank carcinoma development (Rhim et al., 2012). Although deletion 

of Twist or Snai1 in the KPC model had no impact on metastatic dissemination, 

the models were less resistant to gemcitabine therapy (Zheng et al., 2015).  

It has been suggested that lethal EMT can be driven through TGFβ signalling in a 

SMAD4 dependent manner, with Sox4 driving pro-apoptotic Bim (David et al., 

2016). However, it has been shown that RAS signalling cooperates with TGFβ 

through RAS responsive element binding protein 1 to bind to multiple genes 

involved in EMT such as Snai1, Twist1 and Zeb1 (Su et al., 2020). A combination 

of mutant p53 and RAS in combination with TGFβ signalling has been shown to 

form a mutant p53/p63/SMAD2 complex that increases metastasis (Adorno et al., 

2009). Further, stimulation of 3D organoid cultures of KrasG12D expressing 

pancreatic cells with TGFβ ligands induced a partial mesenchymal state with 

elevated mesenchymal gene expression and increased proliferation (Handler et 

al., 2018). Subsequent, in vitro studies have observed increased tube forming 

cell morphology following TGFβ stimulation of PDAC organoids, with elevated 

Snai1 and Cdh2 noted (Yamaguchi et al., 2019), while prolonged exposure to 

TGFβ promoted stable EMT, which increased drug resistance and enhanced cell 

stemness (Katsuno et al., 2019). 

1.4.3.3 Immune modulation of TGFβ  

TGFβ has also been highlighted as potent inhibitor of multiple cell types within 

the immune system (Batlle and Massague, 2019). For instance TGFβ was 

proposed to alter neutrophil activation (Fridlender et al., 2009), discussed in 
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more detail later in this chapter, as well as inhibiting natural killer (NK) cell 

function (Lazarova and Steinle, 2019). Macrophages are proposed to exist in a 

spectrum of polarized states with TGFβ signalling in part driving alternately 

activated macrophages which are tumour promoting (Orecchioni et al., 2019). 

TGFβ signalling in macrophages was shown to promote the expression of immune 

suppressive cytokines, such as IL-10, at the expense of inflammatory cytokines, 

IL-12 and TNFα through SNAIL mediated repression, while elevating expression of 

the alternately activated macrophage marker CD206 (Zhang et al., 2016). 

TGFβ can also drive the prototypical immunosuppressive T cell, the Treg (Zheng 

et al., 2002b), potentially through induction of the Treg canonical transcription 

factor, Foxp3 (Chen et al., 2003). TGFβ is also involved in the development of 

IL-17 producing T helper cells (Th17), through inhibition of SOCS3, thereby 

prolonging STAT3 activation (Qin et al., 2009). Further, T cell inhibition, 

particularly of cytotoxic CD8+ T cells has been shown. For instance, adoptive 

transfer of Alk5 deficient CD8+ T cells into KC mice reduces neoplastic burden 

with increased PanIN cell death observed (Principe et al., 2016). Whole body 

haploinsufficiency of Alk5 in the KC mouse model also decreased Treg 

infiltration, while elevating CD8 T cell infiltration and expression of cytotoxic 

granzyme (Principe et al., 2016). TGFβ signalling, has also been, shown to inhibit 

PD-L1 expression on cancer cells, however, therefore inhibition of signalling 

could enhance immunosuppression in some scenarios. Subsequently TGFβ 

inhibition was shown to synergise well with anti-PD1 treatment, with this 

observed across multiple mouse models of cancer (Mariathasan et al., 2018; 

Principe et al., 2019; Tauriello et al., 2018). 

1.5 Neutrophils  

1.5.1 Granulocytes 

Granulocytes are members of the innate immune system that are responsible for 

the initial response to injury and are named due to the presence of granules 

within their cytoplasm. The granulocyte family is composed of mast cells, 

basophils and eosinophils, which are derived from GATA1 positive granulocyte-

monocyte precursors, and neutrophils, which are derived from GATA1 negative 

granulocyte-monocyte precursors (Drissen et al., 2016). These cells develop in 
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the bone marrow in a process known as granulopoiesis before egressing into the 

blood and eliciting their response at distant tissue.  

Mast cells are generally only found in their mature state within the tissue, often 

at mucosal and epithelial barriers. At these sites, they are able to respond 

rapidly to antigens for instance by recognising pathogen-associated molecular 

patterns or, most commonly, through the adaptive immune arm, via crosslinking 

of FcϵRI, which binds IgE antibodies. Upon activation they degranulate, releasing 

their contents, which enhances the recruitment of T cells as well as increasing 

vascular permeability and mucous production, although they are predominantly 

known for their role in allergy causing bronchial constriction (Galli et al., 2020; 

Krystel-Whittemore et al., 2016). The role of mast cells in pancreatic cancer is 

unclear. The overexpression of Myc in pancreatic beta cells was shown to induce 

tumour formation in a mast cell dependent manner (Soucek et al., 2007); 

however, more recently in the dual recombinase KPF model mast cell depletion 

did not affect tumour development (Schonhuber et al., 2014).  

Similarly to mast cells, basophils are granulocytes that express FcϵRI with the 

capacity to release mediators such as histamine, granzyme B, TNFα, IL-6 and 

IL4, although they comprise less than 1% of human leukocytes (Marone et al., 

2020). Basophils are reported to circulate in the blood and enter tissues upon 

detection of inflammatory stimuli, although it has been shown that murine 

basophils are present in the lung in steady state and may differ in their function 

with the capacity to stimulate alternately activated alveolar macrophages 

(Cohen et al., 2018). It was shown that higher numbers of IL-4 secreting 

basophils in the tumour draining lymph nodes of PDAC patients associated with 

poor prognosis with implantation of orthotopic tumours derived from KPfl/flC cell 

lines in basophil deficient mice failing to grow (De Monte et al., 2016).  

Eosinophils are found in a low numbers in the circulation but are more numerous 

in tissue, with these numbers fluctuating depending on inflammatory stimulus. 

Eosinophils release their granules which contain cytokines such as IL-10, IL-13, 

IL-4, TNF and IFNγ, as well as eosinophil peroxidase and eosinophil cationic 

protein (Weller and Spencer, 2017). Eosinophils have been shown to have a 

mixed role in cancer with evidence supporting both a promoting and restraining 
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function. Interestingly, it has been shown that inflammatory activated 

eosinophils can promote CD8+ T cell influx in a solid tumour model while 

enhancing classical macrophage activation (Carretero et al., 2015). 

1.5.2 The normal function of neutrophils  

Neutrophils are an essential component of the innate immune system that 

respond rapidly to tissue damage with the aim of suppressing infection. 

Deficiencies or aberration of neutrophil function results in increased 

susceptibility to, and recurrence of bacterial and fungal infections (Lekstrom-

Himes and Gallin, 2000). One of the major functions of the bone marrow (BM) is 

myelopoiesis with haematopoietic stem cells (HSC) retained in a niche supported 

by osteoblasts and endothelial cells. A neutrophil unipotent progenitor was 

identified in both the mouse and human BM (Zhu et al., 2018) and neutrophils 

develop from progenitor cells through to eventual mature cells, which egress 

from the BM (Grieshaber-Bouyer et al., 2021). The differentiation of HSCs into 

neutrophils is controlled by transcription factors such as CCAAT enhancer binding 

protein (C/EBP)-α (Zhang et al., 1997) C/EBPϵ (Yamanaka et al., 1997) and PU.1 

(Satake et al., 2012), with the deletion of any of these resulting in a lack of 

mature neutrophils. These transcription factors control differentiation of the 

HSCs through myeloblast, promyelocyte, myelocyte and band cell stages before 

eventual development of polymorphonuclear granulocytes or neutrophils (Evrard 

et al., 2018). Egress from the BM is controlled by the differential expression of 

two chemokines receptors CXCR4 and CXCR2. Chemokine CXCL12, produced by 

reticular cells in the niche (Sugiyama et al., 2006), binds CXCR4 and retains stem 

cells within the BM, with deletion of either the receptor (Eash et al., 2009) or 

chemokine (Nagasawa et al., 1998) culminating in abrogated myelopoiesis and 

reduced egress of mature neutrophils. Within this niche endothelial cell 

production of stem cell factor (SCF), which binds c-KIT, is required to maintain 

the HSC pool (Ding et al., 2012). CXCL12 production in the BM niche (Semerad et 

al., 2005) and CXCR4 expression on neutrophils (Kim et al., 2006) was shown to 

be down regulated upon G-CSF (granulocyte colony-stimulating factor) 

stimulation, which can occur in stress conditions, including being released by 

PDAC cells (Pickup et al., 2017). Neutrophils isolated from human blood show 

high expression of CXCR2 and are chemoattracted through this receptor by 

CXCL1 and CXCL2 (Martin et al., 2003). Injection of G-CSF causes an increase in 
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blood levels of CXCL1, through thrombopoietin, subsequently promoting 

neutrophil mobilization from the BM (Kohler et al., 2011). Therefore, through 

CXCR2 signalling and the decrease in CXCR4 signalling mature neutrophils can 

egress from the BM into the blood. 

Once circulating in the blood, neutrophils are required to cross the vascular 

walls in order to access sites of damage or infection. Selectin binding between 

neutrophils and endothelial cells causes a ‘rolling’ phenotype, which allows a 

slowing of neutrophil movement in the blood in order to enhance transmigration 

across the endothelial walls by sensing further adherence molecules. 

Inflammatory stimulation of endothelial cells, through IL1 or tumour necrosis 

factor (TNF) (Bevilacqua et al., 1989), increases the expression of E selectin. L-

selectin (CD62L) on neutrophils was revealed to facilitate ‘rolling’ through 

binding to E-selectin (CD62E) on endothelial cells (Abbassi et al., 1993), with 

inhibition of CD62L reducing leukocyte rolling (Ley et al., 1991). 

Firm adhesion is then initiated through integrins α1β2 (CD49a/CD18), αLβ2 

(CD11a/CD18) and αMβ2 (CD11b/CD18) on neutrophils binding to intracellular 

adhesion molecules (ICAMs) on the endothelial cells. Neutrophils lacking, or with 

inhibited CD11b/CD18, exhibit reduced transmigration (Phillipson et al., 2006; 

Sumagin et al., 2010), with CD11a/CD18 also demonstrated to be important in 

transvasation (Hyun et al., 2019). The stimulation of endothelial cells by TNFα 

(Sumagin and Sarelius, 2006) or IFNγ (Sumagin et al., 2014) culminates in an 

upregulation of ICAM-1, with ICAM-1 and CD11a/CD18 co-located in ring 

structures during the transmigration of neutrophils (Shaw et al., 2004). 

Chemokine activation of G-protein coupled receptors such as CXCR2 by CXCL1 

promotes the arrest of neutrophils (Block et al., 2016) to further encourage 

neutrophil transvasation. CXCR2-deficient mice showed total ablation of 

neutrophil invasion into tissue, with inhibition of CXCL1 or CXCL2 partially re-

capitulating this finding (Girbl et al., 2018). 

Upon reaching the site of damage, neutrophils begin their task of dealing with 

the infection. They do this through multiple mechanisms. They are potent 

producers of further chemoattractants, such as CXCL1 and CXCL12, to recruit 

inflammatory cells. They also secrete cytokines to stimulate immune cells. Two 

neutrophil populations with opposing capacity to activate macrophages have 
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been described, with IL-10 or IL-12-producing neutrophils able to alternately 

activate or classically activate macrophage populations, respectively (Tsuda et 

al., 2004). Further, neutrophils contain multiple granules, which they acquire in 

stepwise fashion during their development (Bainton et al., 1971; Xie et al., 

2020). Primary granules (azurophilic), acquired at the promyelocytes stages, are 

the first obtained and contain proteins such as peroxidase, serine proteases, 

cathepsin G, defensins, neutrophil elastase and myeloperoxidases. Secondary 

granules (specific), containing lactoferrin, follow at the myelocytes stage, with 

tertiary (gelatinase) granules, which contain matrix metalloproteinases (MMPs), 

forming at late neutrophil stages (Cowland and Borregaard, 2016). Following 

neutrophil activation, the granules are secreted in reverse order, highlighting 

the potency of more mature neutrophils. Neutrophils are also able to extrude 

their cytoplasmic DNA and mitochondrial DNA (Lood et al., 2016) in a process 

known as NETosis, which acts as a neutrophil extracellular trap (NET) to bind 

and coat infectious organisms to mark them for degradation (Brinkmann et al., 

2004). 

Neutrophils are generally thought to have a short circulating half-life, although 

there have been variations reported as to the length of this. One study, utilising 

heavy water tracing, highlighted a half-life of around 5.4 days (Pillay et al., 

2010), however, subsequent studies, using stable isotopes, have determined it to 

be around 16 hours (Lahoz-Beneytez et al., 2016). Stimulation of cultured 

neutrophils with IL-1β, TNF-α, IFNγ, GM-CSF or G-CSF significantly extended 

their survival (Colotta et al., 1992), with tumour infiltrating neutrophils also 

highlighted to survival longer than their splenic equivalents (Sawanobori et al., 

2008). 

Evidence of neutrophil reverse trans-endothelial migration has also been shown 

(Woodfin et al., 2011), with movement from damaged tissue back into the blood 

stream observed, and thought to be caused by increased vascular leakiness 

(Owen-Woods et al., 2020) or downregulation of junctional adhesion molecule C 

(Woodfin et al., 2011). Further, there is evidence of these neutrophils reaching 

secondary organs and eliciting damage at those sites (Owen-Woods et al., 2020). 
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1.5.3  Neutrophil Maturity 

Increasing evidence has elucidated that neutrophils are a heterogeneous 

population. Single cell sequencing has highlighted that blood borne and splenic 

neutrophils could be split into three distinct populations, with elevated BM 

derived immature neutrophils populations found in the blood during infection 

(Xie et al., 2020). There is evidence that sterile inflammation also promoted an 

influx of more immature neutrophils into both the inflamed tissue and the blood 

(Grieshaber-Bouyer et al., 2021). 

There is evidence that chronic diseases, such as cancer, result in the increased 

release of immature neutrophils that are distinct from their mature counterparts 

(Figure 4). In a recent study, CyTOF was used to distinguish between markers 

expressed on proliferating and non-proliferating haematopoietic cells extracted 

from the BM. Proliferating neutrophils were shown to have increased expression 

of c-Kit and CXCR4, but decreased expression of CXCR2, CD62L and Ly6G. 

Furthermore, this study showed that CD11b+Gr-1+ neutrophils could be split into 

three populations, pre-neutrophils, immature neutrophils and mature 

neutrophils with distinct transcriptional profiles. Pre-neutrophils were defined 

by cKithiCXCR4hi
 expression, whereas, immature neutrophils were 

cKitloCXCR4loLy6glo/hiCXCR2lo, and mature neutrophils exhibited Ly6GhiCXCR2hi 

expression and were CD101 positive. Development through pre-neutrophil, 

immature and mature neutrophil stages was accompanied with a decrease in cell 

cycle and transcription/translation regulation alongside an increase in 

chemotaxis and response to microbial stimuli pathways denoting their reduced 

granule production but increased effector function (Evrard et al., 2018). In 

orthotopic PDAC transplant experiments, it was shown that mice with high 

tumour burden presented with more intra-tumoural and circulating immature 

neutrophils when compared to mice with low tumour burden, indicative of 

systemic effects influencing egress of less mature neutrophils from the BM 

(Evrard et al., 2018; Pickup et al., 2017). Further, increased neutrophil 

progenitor cells were found out with the BM in a subcutaneous melanoma model, 

with a tumour promoting function and expression of PD-L1 (Zhu et al., 2018). 

Interestingly, further functional changes in neutrophils have also been affected 

by maturity. For instance, NETosis is a function reserved for mature neutrophils, 
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as immature neutrophils isolated from acute myeloid leukaemia patients were 

unable to do so under stimulation (Lukasova et al., 2013). 

Previous studies have also delineated markers on neutrophils that are indicative 

of increased effector function. For example ICAM-1 expression on neutrophils 

highlighted a population with increased reactive oxygen species generation and 

phagocytic activity (Woodfin et al., 2016). A CD62Llo population, shown to 

increase in proportion following endotoxin exposure, had an altered proteome 

compared to both circulating mature and immature neutrophils, although more 

closely resembling the mature neutrophils (Tak et al., 2017). These CD62Llo 

neutrophils were able to inhibit T cell proliferation by release of H2O2 into the T-

cell-neutrophil immune synapse (Pillay et al., 2012). A cKIT+ population of 

neutrophils was also shown to expand with tumour growth in a mouse model of 

breast cancer, with loss of this population upon tumour resection (Coffelt et al., 

2015). This population also exhibited a role in metastasis (Kuonen et al., 2012), 

whilst displaying an altered metabolism, which allowed them to maintain T cell 

immune suppression through reactive oxygen species (Rice et al., 2018). 

Expression of cKIT was predominantly found on pre-neutrophils (Evrard et al., 

2018). Another marker thought to denote neutrophil maturity, although its full 

function has not yet been elucidated, is Ly6G. Monoclonal antibody blockade of 

Ly6G reduced neutrophil recruitment in an integrin β2 mediated manner (Wang 

et al., 2012), however, a subsequent report contradicted these findings, with 

neutrophil recruitment unchanged upon identical treatment (Yipp and Kubes, 

2013). Intriguingly, expression of Ly6G was shown to denote neutrophil maturity 

in a study of Streptococcus pneumonia infection, with the pathogen cleared by 

mature Ly6Ghi neutrophils, whilst, Ly6Gint splenic resident neutrophils proliferate 

to expand the mature neutrophil pool (Deniset et al., 2017). These studies 

collectively emphasise that neutrophils do not exist as a simple homogenous 

population. Delineation of neutrophils with an increased effector function is 

possible by examination of their surface marker expression and understanding 

the impact of this on disease states is key for elucidating the full role of 

neutrophils. 
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Figure 4 The systemic effects of cancer promotes the egress of immature neutrophils 
Schematic outline of the neutrophil maturation in the blood. Systemic stimulation caused by tumour 
presence increases the egress of immature neutrophils into the periphery. Markers shown which 
are proposed to distinguish between mature and immature neutrophils. 

 

1.5.4 Neutrophils in Cancer 

Transcriptionally, tumour associated neutrophils (TANs) have been found to be 

distinct from their naïve counterparts, with a reduction in peroxidase gene 

expression and granule proteins. However, they exhibit increased antigen 

presenting gene expression and inflammatory response genes such as TNFα and 

IL-1β. They also display elevated chemokine expression with T cell 

chemoattractants, CCL17, CXCL9, CXCL10 and CXCL16, neutrophil 

chemoattractants, CXCL1, CXCL2 and CCL3, B cell chemoattractant, CXCL13, and 

macrophage chemoattractants, CCL2, CXCL10 and CCL7, all being elevated 

(Fridlender et al., 2012), indicative of tumour site education or priming of 

neutrophil function. Further confirmation of tumour site education of 

neutrophils was demonstrated in tumour transplant models. Neutrophils were 

extracted from both early and late stage tumours with early stage TANs 

presenting with more H2O2, nitric oxide and TNFα, thereby having elevated 
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cytotoxic function. Depletion of neutrophils resulted in reduced tumour growth, 

but only when depleted from late stage tumours, denoting a switch from anti-

tumorigenic to pro-tumorigenic TANs through tumour education (Mishalian et al., 

2013). 

It has been demonstrated that neutrophils also have an important role in 

metastasis of multiple cancer types. Circulating cancer cells have been shown to 

cluster with pro-tumorigenic neutrophils in the blood, with those cancer cells 

exhibiting greater expression of cell cycle progression genes and able to better 

form metastasis than those clustered without neutrophils (Szczerba et al., 

2019). Neutrophils have been shown to be able to suppress natural killer cells 

(Spiegel et al., 2016), as well as T cells (Pillay et al., 2012; Zea et al., 2005) 

thereby suppressing immune mediated clearance of metastasis. Alongside this, 

contralateral subcutaneous injection of a tumour cell line, which induces blood 

neutrophilia, increased the metastatic capacity of a generally lowly metastatic 

cell line injected in the adjacent flank, with splenectomy or neutrophil 

depletion reducing the metastatic burden (Spiegel et al., 2016). Further, in 

breast cancer, a cascade involving γδ T cells and neutrophils was shown to 

promote metastasis. The production of IL-1β was found to stimulate IL-17 

production from γδ T cells, resulting in a systemic increase in G-CSF and 

elevated neutrophil numbers. The neutrophils were then polarized to a CD8 T 

cell suppressive state thereby facilitating metastasis. Depletion of γδ T cells, IL-

17, G-CSF or neutrophils works to abrogate this metastatic cascade (Coffelt et 

al., 2015). Elevated levels of the cKIT+ pro-metastatic neutrophils were also 

shown (Coffelt et al., 2015; Kuonen et al., 2012). IL-1β was also demonstrated to 

activate endothelial cells promoting cancer cell transvasation (Spiegel et al., 

2016). Within a metastatic model of colorectal cancer, neutrophils were also 

demonstrated to be key players in metastasis. Neutrophils were recruited to 

both the primary and metastatic site, and depletion of Ly6G+ neutrophils or 

disruption of their chemotaxis through small molecule inhibition of CXCR2, 

culminated in a significantly reduced metastatic burden. The authors also found 

elevated Tgfb2 expression at metastatic sites, therefore inhibition of Alk5, TGFβ 

ligand trapping, or deletion of Alk5 on neutrophils resulted in reduced 

metastasis with decreased neutrophil infiltration (Jackstadt et al., 2019). 
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PDAC cells were shown to express neutrophil chemoattractants CXCL1, CXCL2, 

CXCL5, CXCL8 alongside G-CSF, which is known to stimulate neutrophil egress 

from the BM (Ijichi et al., 2011; Nywening et al., 2018; Pickup et al., 2017; 

Steele et al., 2016). CXCR2+ neutrophils are also elevated in the circulating 

blood of PDAC patients, with higher levels indicative of worse prognosis 

(Nywening et al., 2018). Patients presenting with a high neutrophil to 

lymphocyte ratio, both pre-operatively and in the metastatic disease setting, 

generally have worse outcome (Nywening et al., 2018; Piciucchi et al., 2017). In 

the metastatic KPC mouse model of human PDAC depletion of Ly6G+ neutrophils, 

CXCR2 blockade or Cxcr2 deletion resulted in reduced metastasis. Interestingly 

CXCR2 inhibition in combination with gemcitabine extended survival in these 

pre-clinical models. However, CXCR2 inhibition synergised most effectively with 

anti-PD1, due to enhanced T cell infiltration in CXCR2 inhibitor treated mice, 

with the combination significantly prolonging survival (Steele et al., 2016). A 

subpopulation of P2RX1 positive neutrophils was also shown to exist in PDAC liver 

metastasis. They were associated with immunosuppression through expression of 

PD-L1 and elevated expression of pro-tumoural neutrophil markers (Wang et al., 

2021). Collectively, neutrophils are presented as bad actors in PDAC with their 

most prominent feature in enhancing metastasis. 

Contrastingly, a few publications have presented an anti-metastatic function of 

neutrophils. Elevated neutrophil numbers were shown in the lung 7 days post 

orthotopic implantation of 4T1 breast cancer cells, with depletion of neutrophils 

following implantation culminating in increased lung metastasis. Further, 4T1 

tumour educated neutrophils were able to inhibit lung metastasis in comparison 

to G-CSF stimulated neutrophils, in a tail vein injection metastatic model 

(Granot et al., 2011). Although this intriguingly pointed to an anti-metastatic 

function of neutrophils, tumours did still spontaneously metastasise to the lung 

in the presence of neutrophils. It is perhaps more likely that, as is shown by 

Mishalian et al, early neutrophils are anti-tumourigenic with prolonged exposure 

to tumour priming them to adopt a pro-tumourigenic role (Mishalian et al., 

2013). Therefore, early intervention as shown in the above study is more likely 

to deplete the pro-tumourigenic neutrophils. 
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TGFβ signalling has also been implicated to have a polarizing role on neutrophil 

function in cancer. Mice bearing transplanted lung cancer-derived tumours were 

treated with an ALK4/ALK5 inhibitor (SM16), resulting in elevated tumour 

neutrophil numbers which correlated with increased Cxcl2, Cxcl5, Ccl1 and Cxcl1 

expression in tumours, however, systemic neutrophils numbers were unchanged. 

The treatment culminated in a reduced tumour growth, which was lost upon 

neutrophil-specific depletion. Isolated neutrophils from the SM16-treated 

tumours were more cytotoxic in co-culture in comparison to their untreated 

counterparts. Expression of arginase, shown to suppress T cells (Zea et al., 

2005), was decreased in SM16-treated neutrophils, whereas TNFα and ICAM-1 

were elevated, with the later proven to be increased at the cell surface. The 

authors conclude that neutrophils can exists as either tumour promoting or 

tumour suppressive, with TGFβ signalling dictating fate (Fridlender et al., 2009). 

1.6  Mouse models of PDAC 

With pancreatic cancer being a uniformly lethal disease, effective models of the 

disease are required to understand progression and to develop effective 

therapeutic strategies. The understanding of the genetics of human disease has 

contributed to the development of mouse models, with models developed that 

can recapitulate the genetic permutations observed in patients, as well as the 

histopathology and even the metastatic nature of PDAC. 

1.6.1 KPC model 

The ‘gold standard’ model used to study PDAC is the KPC model. This model was 

reported in 2005 by the Tuveson lab and targets conditional oncogenic LSL-

KrasG12D and Trp53LSL-R172H/+ alleles specifically to cells of the pancreatic lineage 

through pancreatic and duodenal homeobox 1 (Pdx1)-driven CRE expression 

(Hingorani et al., 2005). Pdx1 is expressed from embryonic day 8.5 in mice and is 

essential for the development of the pancreas (Gu et al., 2003). CRE 

recombinase specifically excises LoxP sites in the genome, therefore, with Lox-

STOP-Lox (LSL) sites preceding the point mutated Kras and Trp53 genes in their 

endogenous loci expression was restricted to only CRE recombinase expressing 

cells. Within all other non-CRE recombinase expressing tissues heterozygous Kras 

and Trp53 expression was sufficient for their normal function. Within 1 year all 
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Pdx1-Cre; LSL-KrasG12D/+; LSL-Trp53R172H/+ (KPC) mice succumbed to invasive and 

metastatic PDAC with a median survival of 5 months. Interestingly, loss of 

heterozygosity of Trp53 was required for conversion of PanIN lesions to PDAC, 

with other major tumour suppressors remaining intact. Metastasis, as is also seen 

in the human disease, was found in both the liver and lungs. Histopathological 

analysis highlighted that KPC tumours could present with well or poorly 

differentiated tumours, further representative of human disease. Thus, this 

model effectively recapitulated the biology of human PDAC.  

Additionally, the KPC model is refractory to many of the frontline therapies used 

to treat human PDAC. For instance, xenograft or orthotopic transplantation 

models using PDAC cells lines have reduced growth upon gemcitabine treatment. 

However, the tumours from the autochthonous KPC mice were largely 

unaffected, mimicking the limited efficacy of gemcitabine in human patients 

(Burris et al., 1997; Olive et al., 2009). However, gemcitabine treatment of 

smaller mouse PDAC can provide therapeutic benefit, indicating the benefits of 

early disease diagnosis (Gopinathan et al., 2015).  

Prior to publication of the KPC mouse the Tuveson and DePinho labs both 

published a model with pancreas specific expression of KrasG12D driven by Pdx1-

Cre or a knock in Ptf1a-Cre (Ptf1a+/Cre) allele (KC). Both Pdx1 and Ptf1a are 

required for the development of the pancreas, with deletion of either resulting 

in failure to develop acinar cells and therefore the mice do not develop a 

pancreas, although islets still develop in Ptf1a null mice (Jonsson et al., 1994; 

Krapp et al., 1998). Pdx1 is expressed from embryonic day 8.5 (E8.5) in the 

posterior foregut and also the developing pancreatic buds and therefore 

expression can be found in the duodenum, stomach, bile duct and pancreatic 

tissue. Ptf1a expression is observed from E9.5 in the pancreas, but can also be 

detected in neural precursors (Burlison et al., 2008). These models displayed 

only pre-invasive neoplastic lesions with infrequent progression to frank PDAC. 

The models also effectively recapitulated the PanIN progression of human 

disease with higher grade PanINs observed more frequently as the mice age 

(Aguirre et al., 2003; Hingorani et al., 2003). Targeting of oncogenic Kras to the 

acinar cells in the adult pancreas, through Mist1 and Elastase driven tamoxifen 

inducible CRE-recombinase, has also been shown to driven PanIN development 
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but not invasive carcinoma in the absence of other mutations or inflammation 

(Habbe et al., 2008). Subsequently, a mouse model able to revert oncogenic Kras 

activation through a tetracycline-mediated on/off system was developed. Upon 

exposure to doxycycline, oncogenic Kras was ‘switched-on’ with PanIN lesions 

developing, however, upon doxycycline withdrawal, therefore ‘switching-off’ 

oncogenic Kras, these lesions resolve even in a Trp53+/- model. This study, 

highlighted that continued activation of oncogenic Kras is required throughout 

disease progression (Collins et al., 2012). 

Deletion, specifically within the adult pancreas has also been modelled, with a 

similar progression of disease noted. A Pdx1 driven tamoxifen inducible Cre-

recombinase allele was generated to facilitate lineage tracing of duct or islet 

cell progenitors (Gu et al., 2002). CRE recombinase bound to a modified 

oestrogen receptor (ERT) (Indra et al., 1999) facilitates sequestering of the 

recombinase to the cytoplasm, therefore, distant from its site of action 

(Danielian et al., 1998). ERT is exquisitely sensitive to tamoxifen but not natural 

oestrogen receptor ligands and upon tamoxifen stimulation the recombinase 

complex traffics to the nucleus and thereby recombines LoxP regions. Induction 

of KrasG12D within the adult pancreas produced PanINs similar to those in the 

non-inducible KC mouse (Jean-Paul et al., 2008). 

1.6.2 Modelling deletion of other tumour suppressors in PDAC 

With CDKN2A being silenced or mutated frequently in human PDAC (Aguirre et 

al., 2017; Bailey et al., 2016), mouse modelling was conducted to determine 

how deletion of this gene effects pancreatic cancer progression. Aguirre et al, 

showed that deletion of both CDKN2A protein products p16INK4A and p19ARF, via 

the CRE recombinase driven excision of lox flanked exon 2 and 3, alongside 

oncogenic Kras resulted in accelerated PanIN progression and development of 

PDAC. The pancreas specific deletion of Cdkn2a alone had no effect on 

pancreatic development, nor did it give rise to any neoplasms. These tumours 

presented with a well differentiated morphology with concomitant sarcomatoid 

regions (Aguirre et al., 2003).  
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1.6.3 TGFβ signalling deficient models  

With the TGF-β signalling pathway frequently altered in human PDAC, mouse 

modelling of disruption of the signalling pathway has also been examined. In 

back to back publications in 2006 deletion of Smad4 or TGFBR2 was shown to 

accelerate development of PDAC in the presence of oncogenic Kras. Bardeesy et 

al, showed that homozygous deletion of Smad4, via Pdx1-Cre or Ptf1a-Cre driven 

excision of lox flanked exons 8 and 9, had no effect on normal pancreatic 

development. However, when deletion was driven alongside KrasG12D/+ (KSC) 

mice rapidly developed PDAC with a survival range between 8 and 24 weeks of 

age (Bardeesy et al., 2006). Ijichi et al., showed a similarly rapidly accelerated 

tumourigenesis with a median survival of 59 days in a Ptf1a-Cre; KrasG12D/+; 

Tgfbr2lox/lox (KTC) mouse model (Ijichi et al., 2006). Although both models 

disrupted the TGF-β signalling pathway and emphasised its importance as a 

potent tumour suppressor with a quicker progression of disease in comparison to 

the KPC model, the disease progression differed. In the KSC mouse there was 

evidence of IPMN development alongside PanINs and subsequent progression to 

PDAC, whereas, the KTC showed progression through PanIN stages only, 

suggesting that abrogating the TGF-β signalling pathway on its own will differ 

from the disruption of both the BMP and TGF-β signalling pathways, which occurs 

in Smad4 knockouts. 

Although at end-point tumours are grossly and histologically similar to the PDACs 

noted in the KPC model, there is less metastasis in the KSC and KTC model. This 

may be due to the large burden of the primary tumour resulting in clinical end-

points before metastatic seeding can take hold, and in fact, the longest-lived 

KTC do present with liver metastasis. 

Interestingly, in a model of oncogenic Kras, under the control of the Elastase 

promoter, crossed with mice with whole body haploinsufficiency of Alk5, only 

50% of mice presented with pancreatic lesions while 100% of the Alk5 wild-type 

mice develop PanINs. The authors, however, show that lesions in the 

haploinsufficient model are larger, although less abundant (Adrian et al., 2009). 

Subsequent follow up in this model confirmed these findings with the authors 

further elucidating that heterozygous deletion of Alk5 within the epithelial cells 

accelerated transformation with increased fibroblast infiltration and 
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desmoplasia (Principe et al., 2016). A Pdx1-Cre; LSL-KrasG12D; Alk5fl/fl model 

resulted in pancreatic tumour formation, however, this was accompanied by 

both squamous stomach and skin tumours, complicating the ability to study 

pancreatic cancer (Acosta et al., 2013). The KSC model also developed stomach 

tumours (Bardeesy et al., 2006). Collectively, these studies highlight the 

discrepancy between epithelial specific and stroma TGFβ signalling, while 

providing further proof that TGFβ signalling is a potent tumour suppressor during 

disease initiation. 

Together these mouse models highlight that oncogenic KRAS is required but 

insufficient to drive PDAC on its own, with additional mutations in tumour 

suppressor genes necessary for disease progression. This corresponds effectively 

with human data, in which oncogenic KRAS is present in 95% of cases but 

additional mutations in tumour suppressor genes occur frequently. Loss of the 

three major tumour suppressor genes, Cdkn2a, Trp53 and Smad4, accelerated 

PDAC progression in mouse models when compared to oncogenic KRAS on its own 

and faithfully recapitulate the human disease. 

1.6.4 The KPF mouse model  

More recently, the Saur lab developed a dual recombinase mouse model of 

PDAC. They employed Pdx1 promoter driven expression of Flippase (Pdx1-Flp) 

recombinase, which is able to recombine Frt sites within the genome. To drive 

PDAC development they designed an allele of oncogenic Kras gene preceded by 

an FRT-STOP-FRT site (KrasFSF-G12D/+) and crossed this model with mice bearing a 

heterozygous deleted Trp53 gene, via the flanking of exon the gene with FRT 

sites. They showed that similar to the KC model the KF (Pdx1-Flp; KrasFSF-G12D/+) 

mice develop pre-neoplastic PanINs and eventual frank PDAC over a similar time-

period with a median survival of 401 days. The addition of the heterozygous 

deletion of Trp53 in the KPF model (Pdx1-Flp; KrasFSF-G12D/+; Tp53Frt/+) 

accelerates disease progression with a median survival of 183 days, again 

broadly similar to the KPC mouse. Histopathological analysis shows that tumours 

and pre-neoplastic lesions are similar in both the Flippase and CRE recombinase 

driven models. Further, the KPF model develops metastasis to similar sites and 

at a similar frequency to the gold standard KPC mouse model (Schonhuber et al., 

2014). 
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The advantage of using Pdx1-Flp was the capacity develop a dual recombinase 

mouse model via concomitant expression of CRE recombinase. The Saur lab 

employed a tamoxifen inducible CRE recombinase in the Rosa26 locus preceded 

by a FSF site (FSF-CreERT2), therefore, targeting expression of CreERT2 to only the 

Pdx1-Flp expressing cells. Alternatively, they could express Cre under the 

control of a different promoter; in this study, they used Cpa promoter, 

expressed in mast cells. The expression of the CRE-recombinase allows for the 

recombination of LoxP sites and therefore, with different promoters to drive CRE 

expression, genes can be controlled spatially. When employing a tamoxifen 

inducible CRE recombinase the timing of gene alteration can also be controlled, 

ultimately allowing for the spatial and or temporal control of gene expression 

within PDAC (Schonhuber et al., 2014). 

Subsequently the KPF model has been used to examine fibroblasts specific 

ablation of genes in the developing PDAC. For instance, Chen et al, utilised an 

Acta2a driven Cre recombinase to excise the Collagen I gene from αSMA+ 

fibroblasts, thereby spatially controlling specific genetic permutations (Chen et 

al., 2021). Further, tracing of fibroblast populations within PDAC was possible in 

the KPF model. Tamoxifen inducible Cre recombinase was expressed from the 

Gli1 or Hoxb6 locus, alongside a conditional LSL-fluorescent protein in the 

Rosa26 locus. Upon tamoxifen treatment, the fluorescent protein was expressed 

and therefore the Gli1+ or Hoxb6+ fibroblast populations could be tracked at 

different stages of PDAC tumorigenesis (Garcia et al., 2020). 
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Aims of Thesis 

I aim to develop a new model of TGFβ signalling deficient driven PDAC that 

better recapitulates the progression of human disease, using a dual recombines 

mouse model.  

I aim to assess the biology of this model in comparison to standard genetically 

engineered mouse model of PDAC to elucidate new potential therapeutic 

targets. Further, I aim to understand the ‘doubled-edged sword’ function of 

TGFβ signalling as both a tumour suppressor and tumour promoter at different 

stages in carcinogenesis. 

To determine the importance of TGFβ signalling and ligand production in a 

restricted and pan-fibroblast population of CAFs within the dual recombinase 

mouse model of PDAC. 

To provide insight into the predicted suppressive function of TGFβ signalling on 

the neutrophil population in a dual recombinase mouse model of PDAC.  
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Chapter 2 Materials and Methods 

2.1 Animal Work 

The completion of all animal experiments was conducted under the guidance of 

the UK Home Office regulations. Work was carried out under Project licence 

PP8411096 (March 2020-onwards) and 70/8375 (pre March 2020), and approved 

by the University of Glasgow Animal Welfare and Ethical Review Board. The 

mice, during mating and weaning, were housed in individually ventilated cages. 

They were provided, ad libitum, with irradiated diet and water in sterilised 

pouches. Mouse handling was conducted in laminar flow changing stations. 

Experiment mice were house in conventional caging. Environmental and 

behavioural enrichment were provided with tissue, fun tunnels, and nesting 

material. Mice of both sexes were used in all experiments. 

2.2 Genetically engineered mice 

2.2.1  Genotyping 

Genotyping was performed after weaning with excess tissue from ear notching 

sent to Transnetyx (Cordova, TN, USA) for DNA genotyping. Transnetyx utilise 

real time-PCR to detect specific allelic alterations.  

2.2.2 Clinical End-points 

Mice were monitored at least twice weekly and sacrificed upon observation of 

the stated symptoms.  

 Abdominal distension  

 Cachexia like loss of body conditioning 

 Reduced mobility and/or hunching  

 Jaundice 

 Paling of footpads  

 Diarrhoea 

 Slowed or accelerated respiration 
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Mice older than 1 year of age were also monitored thrice weekly and monitored 

for appearance and motility. Mice were sacrificed before 18 months of age. 

When sacrificing mice two schedule 1 methods were used: predominantly 

cervical dislocation of the neck followed by exsanguination of the femoral 

artery, or exposure to rising concentration of carbon dioxide followed by 

cervical dislocation. 

2.2.3 Post mortem dissection 

After euthanasia, mice were prepped for dissection with abdominal application 

of 70% ethanol. The peritoneum was opened and the organs inspected with 

abnormalities noted. Organs were removed with spleen, liver, lung and piece of 

PDAC or pancreas fixed in 10% neutral buffered formalin. A chunk of the tumour 

was cut into smaller pieces with half fresh frozen and half stored in RNAlater 

(ThermoFisher, #AM7021). A portion of tail was also fresh frozen. Blood sampling 

through cardiac puncture was taken prior to dissection from relevant mice, with 

blood transferred to heparin-coated tubes. Blood was processed by the ProCyte 

Haematology Analyser (IDEXX) to determine cellular populations or was utilised 

for downstream flow cytometry processes. 

2.2.4 The KPF model of spontaneous PDAC 

The KPF (Pdx1-Flp; FSF-KrasG12D/+; Trp53frt/+) mouse describe by Schonhuber et 

al. was maintained in house (Schonhuber et al., 2014). They were bred on a 

mixed background. The KF (Pdx1-Flp; FSF-KrasG12D/+) and KPF mice were used in 

ageing cohorts, with KF and Pdx1-Flp expressing mice used in time-point studies. 

2.2.4.1 Genetic Alleles 

The following alleles were crossed into the KPF mice; Alk5 (Larsson et al., 2001), 

Tgfb1 (Azhar et al., 2009), Gli1-CreERT (Ahn and Joyner, 2004), Col1a2-CreER 

(Zheng et al., 2002a) and Ly6G-Cre (Hasenberg et al., 2015).  

 

 



Chapter 2 75 
 

2.2.4.2 Cohorts 

Breeding of appropriate genotypes of these mice generated the cohorts shown in 

Table 1 

Table 1 Genetics of mouse models generated 

Tumour Initiation Abbreviations 

Pdx1-Flp; FSF-KrasG12D/+; FSF-CreER; Alk5fl/fl KAF 

Pdx1-Flp; FSF-KrasG12D/+; FSF-CreER; Tgfb1fl/fl KTF 

Pdx1-Flp; FSF-KrasG12D/+; FSF-CreER KF 

  

Established Tumour  

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; FSF-CreER KPF 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; FSF-CreER; Alk5fl/fl KPF; Alk5fl/fl 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; FSF-CreER; Tgfb1fl/fl KPF; Tgfb1fl/fl 

  

Fibroblast specific targeted deletion in established models  

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Gli-CreERT KPFG 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Gli-CreERT; Alk5fl/+ KPFG; Alk5fl/+ 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Gli-CreERT; Alk5fl/fl KPFG; Alk5fl/fl 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Gli-CreERT; Tgfb1fl/fl KPFG; Tgfb1fl/fl 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Col1a2-CreER KPFC 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Col1a2-CreER; Alk5fl/+ KPFC; Alk5fl/+ 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Col1a2-CreER; Alk5fl/fl KPFC; Alk5fl/fl 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Col1a2-CreER; Tgfb1fl/+ KPFC; Tgfb1fl/+ 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Col1a2-CreER; Tgfb1fl/fl KPFC; Tgfb1fl/fl 

  

Fibroblast specific targeted deletion in pre-neoplastic tissue   

Pdx1-Flp; FSF-KrasG12D/+; Gli-CreERT KFG 

Pdx1-Flp; FSF-KrasG12D/+; Gli-CreERT; Alk5fl/fl KFG; Alk5fl/fl 

Pdx1-Flp; FSF-KrasG12D/+; Gli-CreERT; Tgfb1fl/fl KFG; Tgfb1fl/fl 

Pdx1-Flp; FSF-KrasG12D/+; Col1a2-CreER KFC 

Pdx1-Flp; FSF-KrasG12D/+; Col1a2-CreER; Alk5fl/fl KFC; Alk5fl/fl 

Pdx1-Flp; FSF-KrasG12D/+; Col1a2-CreER; Tgfb1fl/fl KFC; Tgfb1fl/fl 

  

Neutrophil specific targeted deletion  

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Ly6G-Cre KPFL 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Ly6G-Cre; Alk5fl/+ KPFL; Alk5fl/+ 

Pdx1-Flp; FSF-KrasG12D/+;Trp53frt/+; Ly6G-Cre; Alk5fl/fl KPFL; Alk5fl/fl 

Pdx1-Flp; Ly6G-Cre  

Pdx1-Flp; Ly6G-Cre; Alk5fl/+  

Pdx1-Flp; Ly6G-Cre; Alk5fl/fl  

 

2.2.4.3 Established Tumour Experiments  

KPF mice of the relevant genetics were palpated weekly and upon detection of a 

palpable tumour, an ultrasound was conducted with the VisualSonics Vevo 3100 
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Preclinical Imaging System (FujiFilm) to confirm tumour presence. Mice were 

subsequently induced over 3 or 4 days with intraperitoneal injection depending 

on the model. These mice were monitored at least 3 times a week, with an 

ultrasound conducted weekly until clinical end-points were reached. 

2.2.4.4 Time-point Cohorts 

Mice of the relevant genetics were aged to appropriate time-point (generally 42 

days or 70 days). Mice were either euthanized and harvested at this stage or 

recombination was induced by tamoxifen induction. Following induction mice 

were monitored thrice weekly, undergoing routine palpation or ultrasound 

depending on the genetics and/or tumour detection. At clinical end-points or at 

time-points mice were euthanized and harvested. Time-point experiment layouts 

are shown in the relevant figures.  

2.2.4.5 Tamoxifen induction of gene deletion 

Tamoxifen (Merck Life Science UK Ltd, T5648) was prepared by dissolving 1g into 

10ml of 100% ethanol creating a 100mg/ml solution. Once fully dissolved this was 

diluted in either sunflower oil (Sigma, #S5007) or corn oil (Sigma, #C8267) to 

generate a 10mg/ml stock.  

Mice were either administered tamoxifen, via intraperitoneal injection, at 

defined time-points or upon confirmation of tumour presence but only once mice 

were at least 20 grams in weight. Models with epithelial-targeted gene deletion 

were administered tamoxifen in corn oil over three days with 2mg administered 

at each injection. Mice expressing Gli1-CreERT or Col1a2-CreER were administered 

tamoxifen in sunflower oil over 4 days with 3mg injected on day 1 and 2mg 

injected on the subsequent days. Dosage regimens are also specified in the 

relevant figures for each model.  

2.2.5 Imaging 

2.2.5.1 Ultrasound 

Using the Visualsonics Vevo 3100 imaging system (FujiFilms) mice were subjected 

to ultrasound pre-induction either to confirm normal non-transformed pancreas, 
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or to confirm tumour presence post palpable detection of PDAC. Follow up scans 

were performed weekly to measure tumour growth. In general, the protocol 

outline by, Goetze et al (Goetze et al., 2018) was used. In brief, mice were 

prepared with removal of abdominal fur with depilatory cream. Mice were 

anaesthetised in 0.2L/min medical air with 2% isoflurane in the induction 

chamber. Once under sedation the mice were transferred onto a heated table in 

supine position. Mice were maintained under sedation throughout the procedure 

through delivery of anaesthesia via a nose cone. The fore and hind paws of the 

mouse were adhered to the table at probes allowing ECG and respiration 

monitoring. Ultrasound gel was applied to the abdominal region and the 

transducer (MX550D, 40MHz, Axial resolution 40μm). The transducer was placed 

on the mouse abdomen under firm pressure and mice scanned from upper 

abdominal region to lower region on both the right and left side, with images 

saved. Upon detection of PDAC a three-dimensional scan was conducted. The 

transducer was moved to the centre of the tumour and an integrated motor 

assembly scanned between two user-defined points (top and bottom of tumour 

mass) taking multiple sequential images which generates a 3-dimensional image 

of the region. Mice were then carefully removed from the table and allowed to 

recover, scans took <10 minutes to complete.  

Ultrasound images were analysed with VevoLab software (Version 3.1.1 

VisualSonics). Three-dimensional images were generated using 3D mode. Using 

the 3D mode, borders were drawn around the tumour across multiple non-

sequential frames within the three-dimensional construct. The software was 

able to determine the tumour border for the intermittent frames automatically 

based on user-defined regions; however, all automatically determined borders 

were checked and corrected by myself. An area of total tumour volume was the 

output from this analysis.  

2.2.5.2 Xenogen in vivo imaging system (IVIS) 

The liver, pancreas, spleen and mammary fat pad were dissected and placed on 

a petri dish. The Xenogen in vivo imaging system (PerkinElmer) was used to 

measure tissue fluorescence. Tissues were placed inside the machine and 

excited at 465nm and 535nm, for GFP and Tomato, respectively. Background 

fluorescence was controlled for by mammary fat tissue. Tissue taken from a 



Chapter 2 78 
 
control mouse lacking the reporter construct was also used in all instances of 

imaging.  

2.3 Histology  

2.3.1 Tissue fixation  

Formalin fixed samples were transferred to 70% ethanol after >48hour fixation 

period and paraffin embedded by the CRUK Beatson histology department.  

2.3.2 Immunohistochemical staining 

Immunohistochemical (IHC) staining was conducted either by me or by the CRUK 

Beatson Histology department utilising standard histological techniques. 4μM 

tissue sections were cut from formalin fixed paraffin embedded tissue and 

mounted onto slides (blank slides).  

Slides were dewaxed with 3x5 minute washes in Xylene, followed by tissue 

rehydration with 2x3 minute washes in 100% alcohol followed by a 3 minute wash 

in 70% alcohol and then washed in water. Antigen retrieval was performed with 

10mM sodium citrate buffer pH6 with slides submerged in buffer and heated, in 

a pressure cooker in the microwave for 10 minutes at pressure. Slides were 

subsequently cooled for 30 minutes at room temperature and washed in 0.05% 

Tris-buffered saline with 0.05% Tween (TBS-T). 

Endogenous peroxidases were blocked through a 15-minute incubation with 3% 

hydrogen peroxide followed by 3x3 minutes wash in TBS-T. Incubation for 1 hour 

at room temperature with 5% normal serum (goat/rabbit) was performed to 

block tissue from non-specific antibody binding. 

Incubation with primary antibody diluted in 5% normal serum was performed 

overnight at 4oC in a humidified container. Slides were washed 3x3 minutes in 

TBS-T. Appropriate biotinylated secondary antibody from the Vectastain kit 

(VECTASTAIN® Elite ABC-HRP Kit, Peroxidase (Rabbit IgG) PK-6101, or Mouse IgG, 

PK-6102) was used diluted in 5% normal serum. Slides were incubated for 1 hour 

at room temperature with anti-rabbit/mouse biotinylated secondary antibody, 

depending on host species of primary antibody (1 drop secondary antibody into 
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10ml 5% serum). Slides were washed for 3x3 minutes in TBS-T before incubation 

with avidin/biotin complex (A and B reagents from the Vectastain kit), which 

was prepared 30 minutes before hand in TBS-T, for 1 hour at room temperature. 

Slides were washed for 3x3 minutes in TBS-T and positive staining visualised with 

3,3-diaminobenzidine (DAB) (Dako K3468), formulated with 1 drop of chromogen 

to 2mls of substrate. Slides were then washed in water to terminate the 

reaction. Leica ST5020 performed counterstaining, with Haematoxylin, before 

dehydrating and applying Dibutylphthalate Polystyrene Xylene (DPX) mounting 

medium and a coverslip. Alternately, coverslips were mounted using the Leica 

CV5030. 

There were some variations to the protocol for particular stains. F4/80 was 

antigen retrieved through proteinase K. Anti-Hamster biotinylated secondary 

(Invitrogen A18893) at 1:500 diluted in 5% rabbit serum was used in podoplanin 

staining. A list of antibodies used for IHC is shown in table 2. Sirius red staining 

was performed on dewaxed and rehydrated tissue sections, which were 

incubated for 2 hours in picrosirius red solution, formulated with 0.1% Direct red 

80 in distilled water and 0.1% Fast Green in distilled water, diluted 1:9 with 

aqueous picric acid. Slides were washed in distilled water and then dehydrated 

and mounted.  

Table 2 Antibodies used for IHC slide staining 

Protein Clone Concentration Supplier 

αSMA 1A4 1/25000 Sigma-Aldrich (a2547) 

Ck19 EPNCIR127B 1/1000 Abcam (ab133496) 

Cleaved Caspase 3 Asp175 1/500 Cell Signaling (#9661) 

CD3 SP7 1/100 Abcam (ab16669) 

CD8 4SM15 1/500 eBioscience (14-08-8-82) 

Ccng1 Polyclonal 1:1000 ThermoFisher (PA5-
92375) 

E-cadherin 36/E-
cadherin  

1/300 BD biosciences (610181) 

F4/80 CI:A3-1 1/200 Abcam (ab6640) 

Ki67 MIB-1 1/100 Dako (M7240) 

Ly6G 1A8 1/60,000 BioXcell (BE0075-1) 

MPO A0398 1/200 Dako (A0398) 

Podoplanin RTD4E10 1/1000 Abcam (ab11936) 

pSMAD3 EP823Y 1/40 Abcam (ab52903) 

p21 HUGO291 1/150 Abcam (ab107099) 

Vimentin D21H3 1/100 Cell Signalling (#5741) 

 



Chapter 2 80 
 

2.3.3 Scoring IHC 

IHC slides were visualised using the Olympus BX53 and images taken using 

Olympus SC100 camera with cellsans standard software. Field of view counts 

(CD3, CD8, MPO) were performed over 30 fields of view using the 40x objective. 

PanIN images were analysed using ImageJ (version 1.52) with positive and 

negatively stained cells counted in epithelial cells only using the Point Tool 

module (Ki67, p21, cleaved caspase 3, pSMAD3).  

Slides were digitally scanned using the Aperio AT2 slide scanner. The digital 

scans were analysed using Indica Labs HALO software (version 3.1). Different 

algorithms were used to analyse individual stains. For instance, diffuse stained 

slides such as F4/80, podoplanin, αSMA and Sirius red were analysed used the 

Area Quantification algorithm (version 2.17). Nuclear and cytoplasmic staining 

was quantified using the Cytonuclear algorithm (version 2.09). Annotations 

layers were drawn on the slide images to define regions of interest to be 

analysed, for instance bona fide tumour regions or PanIN regions. 

2.3.3.1 Islet cell area and transformed area analysis 

H&E stained slides of pancreatic tissue were digitalized. Using HALO software an 

annotation layer was drawn around the outer edges of the pancreas to define 

total pancreatic tissue area. Subsequent annotations were drawn around islet 

cell regions or transformed tissue regions specifically to define total islet area or 

totally transformed area. A percentage of islet area or transformed tissue area 

was calculated from these two measurements (Figure 5). 
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Figure 5 HALO software analysis of the proportion of islet area or transformed tissue area in 
the pancreas 

Using HALO software annotation layers were drawn around digitalised H&E stained tissue 
sections. The total pancreas area is outlined by a yellow annotation layer with transformed 
pancreatic tissue in green, with non-pancreatic tissue not annotated. 

2.3.3.2 Area quantification analysis  

Positive staining was defined based on the intensity of DAB (or picrosirius red 

stain), and the percentage of area positive staining was calculated for these 

stains. When histoscore (HS) was used, I defined thresholds for low, moderate 

and strong intensity of staining. HS was calculated via the following calculation 

(1x % area of low positive staining) + (2x % area of moderate positive staining) + 

(3x % area of strong positive staining). 

2.3.3.3 Cytonuclear quantification 

Cell count was defined based on haematoxylin intensity. Positive staining was 

defined by the intensity of either nuclear or cytoplasmic DAB. The percentage of 

positively stained cells was calculated by division of total positive cell numbers 

over total cell number. 

2.3.3.4 Metastasis scoring 

A single H&E stained slide, per mouse, of liver or lungs sections was viewed 

under the microscope. Presence of microscopic lesions of pancreatic origin with 

greater than 10 cells were counted as metastasis. The presence and number of 

metastases at each site was noted. 
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2.3.4 Immunofluorescence staining 

Blank slides were dewaxed, rehydrated, antigen retrieved and blocked as 

specified in the above IHC technique section. Slides were incubated overnight at 

4oC in a humidified container with primary antibodies αSMA, pSMAD3 and 

podoplanin at 1:10,000, 1:100 and 1:1000 respectively, diluted in 5% normal goat 

serum (Dako X0907). Slides were subsequently washed for 3x3 minutes in TBS-T. 

Slides were incubated for 1 hour at room temperature with fluorescent protein 

conjugated secondary antibodies at 1:500 dilution in 5% normal goat serum 

(Table 2). Slides were washed for 3x3 minutes in TBS-T. A single drop of DAPI 

mounting media (Abcam ab104139) was applied to the tissue before a coverslip 

was placed onto the slide. Coverslips were sealed (Biotium #23005) and stored at 

4oC in the dark until being imaged.  

Table 3 Fluorescent protein conjugated secondary antibodies 

Secondary Species Fluorescent 
protein 

Supplier 

Anti-Hamster Goat AF488 Abcam (ab173003) 

Anti-Mouse Goat AF647 Abcam (ab150115) 

Anti-Rabbit Goat AF594 Abcam (ab150088) 

 

2.3.4.1 Immunofluorescence imaging and analysis 

Stained slides were imaged on the Nikon A1R Z600 using NIS Elements AR 

(version 4.5) software. Lasers at 404nm, 488nm, 594nm and 647nm excited DAPI, 

AF488, AF594 and AF647 proteins respectively, with emission collected in filters 

450/50, 525/50, 595/50 and 700/75, for each fluorophore respectively. Single 

stained slides were used as controls in each experiment. I defined positive 

staining as any staining detected above background as defined from the single 

stained tissue sections. Laser power was limited to prevent saturation. Images 

were taken at 40x magnification. Images were analysed on ImageJ. Nuclear 

pSMAD3 positive and negative fibroblasts were counted across 5 40x images using 

the Point Tool module and the percentage of positive fibroblasts were calculated 

from the total counts. Fibroblasts were defined as both αSMA and podoplanin 

positive.  
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2.3.5 RNAscope 

RNAscope for mouse Alk5 (RNAscope LS 2.5 Probe-Mm-Tgfbr1, #406208) was 

performed using manufacturer’s instructions and performed on the Leica Bond 

RX autostainer.  

2.4 Flow cytometry  

Flow cytometry was used to analyse the expression of proteins on individual cell 

populations. The BD LSRFortessa Cell Analyzer was used with the following lasers 

355nm, 405nm, 488nm, 561nm and 641nm. BD FACSDiva Software was used 

during acquisition and FlowJo version 10.8 was used to analyse data.  

Fluorescence-activated cell sorting (FACS) was performed with assistance from 

University of Glasgow flow cytometry technicians. The BD FACSAria Fusion flow 

cytometer was used. 

2.4.1 Cell isolation  

Blood was sampled via cardiac puncture and stored in EDTA coated tubes until 

processing. The spleen, liver, lungs, and PDAC/pancreas were dissected and 

stored in PBS until processing.  

Red blood cell lysis of blood was performed using RBC lysis buffer (eBioscience 

00-4333-57). 50μl of blood per 1ml of RBC lysis buffer for 10 minutes was found 

to be optimal (data not shown). The reaction was stopped with volume-to-

volume (v/v) dilution with RPMI supplemented with 10% foetal bovine serum 

(FBS, Gibco #10270106) and 2mM EDTA (RPMI-FBS/EDTA). Cells were pelleted by 

centrifugation at 400 relative centrifugal force (RCF) for 5 minutes at 4oC. 

Pellets were re-suspended in PBS supplemented with 1% weight-to-volume 

bovine serum albumin (BSA: Sigma, #A7906) and 0.05% sodium azide (Thistle 

Scientific Ltd #40-2000-01), termed PBA. Cells were then passed through a 70μm 

nylon mesh.  

The spleen was mechanically dissociated through a 70μm nylon mesh into RBC 

lysis buffer for 10 minutes at room temperature. The reaction was terminated 
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through addition of v/v RPMI-FBS/EDTA and cells pelleted through centrifugation 

at 400 RCF. Cells were then re-suspended in PBA.  

The lungs were cut into small pieces and digested in RPMI supplemented with 5% 

v/v FBS and 2mM EDTA for 30 minutes at 37oC with continuous agitation. Cells 

were the passed through a 70μm nylon mesh filter and centrifuged at 400 RCF 

for 5 minutes. Cells were then re-suspended in PBA.  

From the liver 0.5 grams of tissue was processed. The liver was finely minced 

and dissociated with incubation in RMPI-FBS/EDTA supplemented with 1.2mg/ml 

Collagenase D (Roche, #70505525) and 1mg/ml DNase I (Roche, #104716728001), 

for 30 minutes at 37oC with continuous agitation. Cells were passed through a 

70μm nylon mesh filter and pelleted via centrifugation at 400 RCP for 5 minutes. 

Pellets were re-suspended in PBA.  

Tumour or pancreas was finely minced in ice cold RPMI. Chopped tissue was 

transferred to a gentleMACs C tube (Miltenyi Biotec, #130-093-237) with 2.35ml 

of RPMI supplemented with 100μl Enzyme D, 50μl Enzyme R and 12.5μl Enzyme A 

(Miltenyi Biotec, Tumour dissociation kit, Mouse, # 130-096-730). Tissue was 

dissociated with a gentleMACs Dissociator (Miltenyi Biotec), using the 

37C_m_TDK_2 program setting, for tough tissue, for 42 minutes. Dissociated 

tissue was filtered through a 70μm nylon filter before centrifuging at 400 RCF for 

5 minutes. Cells were re-suspended in RBC lysis buffer for 10 minutes with the 

reaction terminated with v/v PBA. Cells were pelleted by centrifugation at 400 

RCF and then re-suspended in PBA.  

2.4.2 Staining protocol  

For staining, cells from each sample were loaded into individual wells of a 96 

well v-bottom plate (Greiner Bio-One Ltd, #651180). The plate was centrifuged 

at 400 RCF for 5 minutes with the supernatant discarded. A volume of 50μl of 

Live/Dead marker zombie yellow (Biolegend, #423103), suspended at 1μl per 1ml 

PBS, was added to the well and the plate incubated for 15 minutes in the dark at 

4oC. All subsequent incubations were performed in the dark at 4oC. Cells were 

then pelleted by centrifugation at 400 RCF, supernatants discarded, and cells re-

suspended in PBA (washed in PBA). Cells were then incubated with anti-CD16/32 
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(Biolegend, #101320), to block Fc binding for 15 minutes. Cells were then 

washed in PBA, before incubation for 30 minutes with 50μl of antibody mix 

prepared in Brilliant Stain Buffer (BD, #563794).The antibodies used can be 

found in Table 4. For each staining panel fluorescence minus one (FMO) controls 

were used, in which the sample was stained for all fluorophores except one to 

determine the cut-off point between background and positive staining. Cells 

were then washed three times in PBA, before fixing (Invitrogen, IC fixation 

buffer, #00-8222-49). Cells were washed and stored in 175μl PBA for analysis. 

Compensation samples for each fluorophore were prepared with UltraComp 

eBeads (ThermoFisher, #01-2222-42) stained with a single fluorescently 

conjugated antibody.  

Table 4 Antibodies used for Neutrophil Flow Cytometry 

Antigen Clone Conjugated 
fluorophore 

Dilution Supplier 

Ter119 TER119 FITC 1/200 Biolegend 
(#116206) 

Siglec-F E50-2440 BB515 1/200 BD (#564514) 

Nkp46 29A1.4 FITC 1/200 Biolegend 
(#137606) 

CD115 
(CSF1R) 

AFS98 AF488 1/200 Biolegend 
(#135512) 

CD3 145-2C11 FITC 1/200 Biolegend 
(#100306) 

CD19 6D5 FITC 1/200 Biolegend 
(#115506) 

CD45 30-F11 BV650 1/200 Biolegend 
(#103151) 

CD11b M1/70 BV605 1/400 Biolegend 
(#101257) 

Ly6G 1A8 APC 1/400 Biolegend 
(#127614) 

ICAM-1 YN1/1.7.4 PerCP-Cy5.5 1/200 Biolegend 
(#116124) 

CD62L MEL-14 BUV395 1/200 BD (#740218) 

CD101 Moushi101 PE-Cy7 1/200 ThermoFisher 
(#25-1011-82) 

c-KIT 2B8 APC-Cy7 1/100 Biolegend 
(#105826) 

CXCR4 L276F12 BV421 1/100 Biolegend 
(#146511) 

CXCR2 SA045E1 PE 1/100 Biolegend 
(#149610) 
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2.5 Cell culture  

2.5.1 Murine pancreatic cancer cell lines  

2.5.1.1 Cell line preparation and maintenance 

Tumours were dissected and a 50μg piece minced in Dulbecco’s modified eagle 

medium (DMEM) (ThermoFisher, #21969035) supplemented with 10% FBS, 1% 

Penicillin/Streptomycin (ThermoFisher, #15140-122) and 2mM L-glutamine 

(ThermoFisher, #25030-024) (culture medium) in a laminar flow hood. The cell 

suspension was transferred to a T25 cell culture flask with 5ml culture medium 

supplemented with an additional 0.5ml FBS (20% total supplement). Cell lines 

were stored in humidified incubators maintained at 37oC with 5% CO2 

concentration. The media was changed twice weekly until cells were close to 

confluence. Upon confirmation that cells were confluent, they were passaged. 

Media was aspirated, cells washed with 5ml of PBS, and 10% trypsin (Gibco, 

#15090-046) applied for 5-10 minutes at 37oC. Cells were then washed off the 

surface with culture media and split into flasks at 1:10 dilution for further 

passage, or as required for further experiments. Established cell lines were 

maintained in T75 flasks in 15ml of culture media. Cells lines were initially 

passaged five times to favour ductal cells (Hingorani et al., 2005).  

2.5.1.2 Freezing down cell lines 

Following detachment via trypsin, cells were washed and suspended in freezing 

media (90% FBS: 10% DMSO). 1ml aliquots of suspended cells were transferred to 

Cryovials and slowly frozen down to -80oC. To re-establish cell lines the frozen 

cryovials were defrosted quickly at 37oC and re-suspended in culture media 

supplemented with an additional 10% FBS. 

2.5.1.3 Protein cell lysate preparation  

Media was removed and the cells washed twice with PBS. On ice, 250ul of RIPA 

lysis buffer was added to the cells and allowed to incubate for 10 minutes. Cells 

were scraped into the buffer and transferred into an Eppendorf tube. The 

protein was centrifuged for 15 minutes at 12,000 RPM at 4oC. The supernatant 

was collected and stored at -20oC for future use. RIPA buffer was formulated 
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with 50mM Tris (pH 7.4), 150mM NaCl, 1% Triton-X-100, 0.5% Deoxycholate and 

0.1% SDS in distilled water to make a 500ml solution. When required for lysis, 

2ml of this buffer was supplemented with 25μl 100mM Phenylmethylsulfonyl 

fluoride (PMSF), 2μl aprotinin, 2μl 0.5M NaF and 2μl 100mM Na3VO4 and used 

immediately. Protein lysate was also prepared from fresh frozen tumour samples 

through similar methods, although supplemented T-PER Tissue Protein Extraction 

Reagent (ThermoFisher, #78510) was used instead of RIPA buffer.  

2.5.1.4 Clonogenic Assay  

After cells had been trypsinised, a proportion was collected and counted using 

the CellDrop cell counter (DeNovix). Cells were stained for Trypan blue 0.4% 

(ThermoFisher, # T10282) at 1:1 volume after passage through a 21-gauge 

needle. A single cell suspension was generated to accommodate a seeding 

density of 400 cells per well in 3ml of culture media in 6-well plates. After 24, 

hours media was aspirated and cells were incubated with nutlin3a (Merck, 

#N6287) diluted in DMSO and culture media at various concentrations (range 

0.1μM – 10μM). DMSO only treated cells were used as controls. After 24 hours 

nutlin3a supplemented media was aspirated and cells washed gently with PBS 

before incubation for 5 days with 3ml of culture media. After 5 days, media was 

aspirated and cells washed gently with PBS. Cells were then fixed with 50% 

methanol for 10 minutes. Plates were then washed and allowed to dry overnight. 

Plates were incubated for 5-10 minutes with Crystal violet, with a thorough wash 

completed subsequently. Plates were left to dry overnight before scanning to 

digitalise the images. Digital images were scoring through manual counting with 

the imageJ Point Tool module counting all purple spots as individual colonies.  

2.6 Western Blot 

Protein concentration was determined use a Bicinchoninic acid (BCA) assay 

(ThermoFisher, Pierce BCA Protein Assay Kit, #23227). Protein samples were 

thawed on ice and diluted with RIPA buffer. Into a 96 well plate, 10μl of protein 

was added per well. Standards of known concentration of BSA were loaded (80, 

100, 200, 400, 1000, 2000 μg/ml) and RIPA buffer was loaded in triplicate as 

blank control. The developing solution was mixed at 50:1 ratio of Reagent A to 

Reagent B and 200μl was added to each well. The plate was incubated in the 
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dark at 37oC for 30 minutes. The absorbance was measured at 562nm and the 

protein concentration was calculated by plotting a standard curve of the 

absorbance of blank corrected BSA standards of known concentrations. From the 

standard curve, the concentration of protein was determined and used to 

standardize loading.  

Protein samples were prepared with running buffer (ThermoFisher, #NP0007), 

Sample reducing agent (ThermoFisher, #NP0004) and RIPA buffer before being 

heat blocked for 5 minutes at 95oC. Proteins were then loaded on a 4-12% bis-tris 

gel (ThermoFisher, #NP0323) submerged in MOPS SDS buffer (ThermoFisher, 

#NP0050) and run for 1 hour at 200 volts. The protein was then transferred onto 

a polyvinylidene fluoride (PVDF: GE Healthcare Life Sciences, #10600032) 

membrane with this membrane blocked for 30 minutes at room temperature in 

5% BSA. The membrane was then incubated overnight at 4oC with primary 

antibody (Mouse mAb p53, Cell Signalling, #2524 or Ccng1, Invitrogen, #PA5-

36050) at 1:1000 dilution in 5% BSA. The membrane was washed for 3x5 minutes 

in TBT-T and then incubated for 1 hour with secondary antibody (Anti-Mouse HRP 

linked, Cell signaling, #7076 or Anti-rabbit-HRP linked, Cell signaling, #7074) at 

1:10,000 dilution in 5% BSA. The membrane was then washed before incubation 

with enhanced chemiluminescent (ECL) horseradish peroxidase substrate 

(ThermoFisher, #34579) prepared by mixing equal concentrations of Stable 

Peroxide Solution and Luminol/Enhancer Solution. Staining was then visualised 

with the ChemiDoc (BioRad) system. Membranes were then stripped of 

antibodies with Reblot Plus Strong Antibody Stripping Solution (Millipore, #2504), 

before staining for loading control β-Actin (Sigma, #25441, 1:10,000 dilution), 

blotted as described above. 

2.7 RNA processing 

RNA was extracted either from RNAlater (Sigma, #R0901) preserved tumour 

pieces or from sorted cells. When extracting from the tumour the RNAlater 

preserved pieces were defrosted on ice with a single 2mm chunk of tissue 

removed for dissociation. Dissociation was performed in tubes containing 

ceramic beads (Hard Tissue homogenizing CK28, Precellys, #P000911-LYSK0-A) 

with 350μl of RLT buffer from the RNeasy Mini Kit (Qiagen, # 74104). The 

Precellys Tissue Homogeniser (Bertin Technologies) was used to dissociate tissue 
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at 4oC. When working with cells they were lysed in RLT buffer by passing through 

a 0.9mm syringe five times. V/V mixing of dissociated tissue with 70% ethanol 

was conducted. Subsequently this was transferred to an RNeasy spin column and 

centrifuged for 15s at 10,000 RPM with the flow through discarded. 700μl of 

Buffer RW1 was added to the RNeasy spin column before centrifugation for 15s 

at 10,000 RPM, discarding the flow through. 500μl of Buffer RPE was added to 

the spin column before centrifugation for 15s at 10,000 RPM, with this step 

repeated once more with a 2 minute long spin in the centrifuge with flow 

through discarded. RNeasy spin columns were then centrifuged for 1 minutes at 

10,000 RPM. 21μl of RNase free water was added to the RNeasy spin column, 

which was centrifuged for 1 minute at 10,000 RPM, with the elute collected. 

DNA contamination was removed using TURBO DNA-free kit (ThermoFisher, 

#AM1907). DNase Buffer and TURBO DNase was added to the RNA sample and 

incubated at 37oC for 30 minutes. DNase inactivating reagent was added and 

incubated for 5 minutes. Samples were centrifuged at 10,000 RPM for 1 and half 

minutes with the supernatant retained. Samples were stored at -80oC.  

RNA quality and quantity was determined using the NanoDrop 

Spectrophotometer (ThermoFisher). A measurement of A260/A280 determines 

contamination and a ratio of around 2.0 was desired.  

2.7.1 RTqPCR 

From the purified RNA, 500ng was taken to perform RTqPCR. The QuantiTect 

Reverse Transcription (RT) Kit (Qiagen, #205311) was used. The RT mix was 

formulated with 1μl quantiscript RT (qRT), 4μl qRT buffer and 1μl qRT primer 

mix. The RNA sample was incubated with 2μl of gDNA wipeout buffer on heat 

block at 45oC for 2 minutes. RT mix was then added to sample and incubated at 

25oC for 3 minutes, before incubation for 10 minutes at 45oC followed by a 5 

minutes incubation at 85oC, generating complementary DNA (cDNA). Samples 

were then placed immediately onto ice. A no-RT (NRT) sample was also 

produced.  

A qPCR mix was formulated with 5μl Sybr green, 0.5μl forward primer (0.5μM), 

0.5μl reverse primer (0.5μM) and 1μl of cDNA sample or NRT sample or 1μl of 

RNAase free water. Samples were denatured at 95oC before cycling through the 
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following steps 40 times; 94oC for 10s, 60oC for 30s, 72oC for 30s and collection 

of Sybr green output. 

Relative gene expression was calculated using the 2–∆∆Cq method:  

Cq values are average of technical replicates from each sample. 

ΔCq = Cq (gene of interest) – Cq (housekeeping gene) 

ΔΔCq = ΔCq (sample of interest) – ΔCq (control sample). 

Fold gene expression = 2-ΔΔCq 

Table 5 Primers used for RTqPCR 

Primer Target Forward Reverse 

Alk5 GAAAAGCAGTCAGCTGGCCTT ATCCAGACCCTGATGTTGTCAT 

Β-actin GTG ACG TTG ACA TCC GTA AAA GCC GGA CTC ATC GTA CTC C 
 

2.8 RNA sequencing  

All RNA sequencing data was generated by the CRUK Beaton Institute Molecular 

Technology Services. Before RNAseq was performed, the quality of the RNA was 

determined. The Agilent 2200 Tapestation with RNA Screentape (Agilent, 

ThermoFisher) was used, with an RNA Integrity Number (RIN) value of ≥ 7.5 

required to proceed with the sample for RNAseq.  

Following the manufactures instructions in the TruSeq Stranded mRNA library 

RNA Sample Preparation Guide (Illumina, #20020594) RNAseq libraries were 

generated using Illumina TruSeq RNA LT sample preparation kit. Initially, a PolyA 

selection was performed on 100ng of RNA, and then a heat fragmentation step 

was performed to generate insert size between 120-200 bp. cDNA strands were 

synthesised from the RNA using SuperScript III Reverse Transcriptase (Invitrogen, 

18080-044) with random primers. The libraries were then subjected to 13 cycles 

of PCR. The Qubit v2.0 HS DNA assay (Invitrogen, Q32854) was used to quantify 

the RNAseq libraries. Libraries were sequenced (36-bp paired-end) using the 

NextSeq500 sequencer (Illumina). 

All raw data was analysed by a trained bioinformatician, with adaptor trimmed 

sequences aligned to mouse genome build GRCm38.98.  
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2.9 Statistical analysis  

All statistical analysis was performed using Graphpad Prism version 7.04, with 

details of the statistical analysis used in appropriate figure legends.  
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Chapter 3 A Novel Model of TGFβ signalling 
deficient driven PDAC 

3.1 Introduction 

According to multiple human PDAC datasets, mutations of the TGFβ signalling 

pathway occur in ~47% of cases (Aguirre et al., 2017; Bailey et al., 2016). The 

most prevalent mutation occurs in SMAD4 with aberrations in TGFBR2 and ALK5 

also occurring frequently in a non-concomitant manner. Subsequently mouse 

modelling of pancreas specific deletion of Smad4 or Tgfbr2, in combination with 

oncogenic KrasG12D, resulted in PDAC development with a reduced survival 

compared to KrasG12D expression alone (Bardeesy et al., 2006; Ijichi et al., 2006), 

highlighting TGFβ signalling as a potent tumour suppressor in disease initiation. 

Although these models convincingly portray TGFβ signalling as a tumour 

suppressor, they do not fully recapitulate the stepwise acquisitions of mutations 

as in human disease (Feldmann et al., 2007). Further, deletion of Alk5 or Smad4 

alongside KrasG12D, driven by Pdx-1, has the propensity to cause squamous 

stomach tumours, and skin tumours in mice (Acosta et al., 2013; Bardeesy et al., 

2006), which complicate their use for investigating pancreatic cancer. However, 

through the utilisation of a dual recombinase (DR) mouse model expressing 

pancreas specific Flippase and a tamoxifen inducible Cre recombinase deletion 

of genes can be conducted in a spatially and temporally distinct manner 

(Schonhuber et al., 2014). This allows for the investigation of disruption of the 

TGFβ signalling pathway in adult pancreas, generating a model of PDAC that 

recapitulates the stepwise acquisition of mutations observed in human disease. 

3.2 Experimental Aims 

Through the utilisation of the DR mouse model, my aims were to investigate the 

deletion of the TGFβ receptor Alk5 or the receptor ligand Tgfb1 in a temporal 

manner in pancreatic cells co-expressing oncogenic KrasG12D. The capacity to 

delete genes in a sequential manner will better recapitulate human disease 

where mutations beyond oncogenic Kras are acquired in a stepwise fashion as 

the disease progresses. Therefore, building upon evidence in previous 

publications in which embryonic deletion of TGFβ signalling in oncogenic Kras 



Chapter 3 93 
 
expressing cells accelerates carcinogenesis, I hypothesise that deletion of Alk5 in 

KrasG12D expressing cells in the adult pancreatic tissue will drive PDAC formation. 

I also wanted to investigate the early source of TGFβ ligand, through the 

deletion of Tgfb1 in oncogene-transformed cells, in order to determine if 

autocrine signalling was essential for maintaining TGFβ induced growth arrest in 

PanINs or if loss of ligand from tumour cells could affect the surrounding 

microenvironment and thus influence tumour development or progression. 
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3.3 Results 

3.3.1 Utilising the DR mouse to control pancreatic gene 
expression in a spatial and temporal manner 

Utilisation of the Pdx1-Flp; FSF-KrasG12D; Trp53Frt/+ (KPF) mouse model (Figure. 

6A) crossed with mice expressing an FRT-Stop-FRT(FSF)-CreER allele, generated a 

mouse model in which I was able to delete lox flanked genes in a cell and time 

specific manner by the administration of tamoxifen. In this model, tamoxifen 

inducible Cre-recombinase expression was restricted to Pdx1 expressing cells, 

which are expressing Flippase, therefore allowing for pancreatic specific gene 

deletion (Figure. 6B). This enables specific examination of the function of TGFβ 

signalling at various time points via crossing this model with mice bearing either 

Alk5 or Tgfb1 floxed genes. The Alk5 gene has lox sites before and after exon 3 

(Larsson et al., 2001) and Tgfb1 has a lox flanked exon 6 (Azhar et al., 2009), 

therefore neither generates a functional protein upon CRE recombination 

(Figure. 6C). Conditional deletion of the Alk5 and Tgfb1 genes is required as 

whole body deletion of either is lethal (Larsson et al., 2001; Shull et al., 1992), 

but over and above conventional deletion, the DR model allows additional 

temporal control of deletion. 

This model expresses an enhanced green florescent protein (EGFP)/Tomato 

switch construct (Figure. 7A) in the Rosa26 locus. An frt flanked stop site 

prevents expression in cells negative for flippase, however, in flippase 

recombined cells EGFP is expressed. Upon CRE recombination the lox flanked 

EGFP is cleaved and tomato is expressed in its place. This construct allowed 

visualisation of GFP in the normal pancreas of mice with the reporter construct 

but not in mice lacking the construct (Figure. 7B Left Panel) with tissue 

autofluorescence controlled for using mammary fat pad tissue. GFP expression 

was specific to the pancreas and was not detected in the spleen or liver, as 

would be expected with PDX1 driven flippase. Upon tamoxifen induction, RFP 

expression can be detected specifically in the pancreas and only in models which 

have the construct (Figure. 7B Right Panel). This confirms pancreas specific 

expression of both flippase and a tamoxifen inducible CRE recombinase that is 

functional in recombining lox flanked sites. 
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Figure 6 A mouse model of spatial and temporal gene deletion of Alk5 or Tgfb1 
A. Schematic of the KPF mouse model genetics. Pdx-1 driven expression of Flippase recombines 
at FRT sites culminating in pancreatic specific expression of KrasG12D and heterozygous deletion of 
Trp53. 
B. A schematic of the tamoxifen inducible CRE recombinase under the control of the CAG 
promoter in the Rosa26 locus. Only in cells expressing Flippase will the FRT flanked STOP site be 
excised, thereby allowing expression of CreER. 
C. Schematic of the endogenous Alk5 gene, with lox flanked exon 3, or the endogenous Tgfb1 
gene, with lox flanked exon 6. Upon Cre-recombinase expression the lox flanked exons are 
excised and the protein is no longer expressed 
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Figure 7 Pancreatic specific expression of Flippase and Cre-recombinase 
A. Schematic of the EGFP/Tomato switch construct within the Rosa26 locus (top). Flippase 
recombination of the FRT sites allowed expression of GFP. Upon tamoxifen administration and 
expression of Cre-recombinase, lox sites were recombined, excising the GFP portion and driving 
expression of Tomato.  
B. Representative images of dissected pancreas, spleen, liver and mammary fat tissue imaged on 
the Xenogen in vivo imaging system (IVIS) to detect fluorescence. GFP expression was detected 
specifically in the pancreas but only in mice expressing the reporter allele (R26- are reporter 
negative mice) (Left Panel). Upon tamoxifen induced CRE recombination RFP expression was 
detected, again only in the pancreas and in mice which express the reporter allele. When tamoxifen 
was not administered, RFP expression was not observed in the pancreas of mice that have the 
reporter (Right Panel)  
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3.3.2 Pancreas specific deletion of Alk5 or Tgfb1 does not affect 
pancreatic homeostasis   

With confirmation of pancreas specific Flippase and CRE recombinase 

expression, I sought to interrogate the function of TGFβ signalling in the adult 

pancreas. Therefore, via intraperitoneal tamoxifen administration, Tgfb1 or Alk5 

were deleted from the pancreas in 6 week old Pdx1-Flp; KrasWT; Trp53WT mice 

(Figure. 8A). These mice were sampled three weeks post induction and 

pancreata were formalin fixed and embedded in paraffin. Slides were examined 

through haematoxylin and eosin (H&E) staining. After three-week, the deletion 

of either Alk5 or Tgfb1, targeted to the pancreas did not result in any alteration 

to pancreatic histology (Figure. 8B). Pancreata presented with normal acinar 

and ductal composition, although islet area was reduced with Alk5 deletion 

(Figure. 8C). 

Therefore, examination of islet cell composition was undertaken to detect 

whether deletion of Alk5 influenced specific islet cell populations. Islets are 

composed of five distinct cell types; α-, β-, γ-, δ and ε-cells which produce 

glucagon, insulin, pancreatic polypeptide, somatostatin and ghrelin respectively. 

Therefore, I stained tissue sections for synaptophysin, a pan islet marker, 

insulin, glucagon, ghrelin and somatostatin (Figure. 9) and analysed, using HALO 

software, the proportion of positive cells across the pancreas (Figure. 10). The 

proportion of α, β and δ cells in the pancreas was unchanged upon deletion of 

Alk5 or Tgfb1, denoted by glucagon, insulin and somatostatin positive staining, 

respectively. As expected, the majority of the islet stained positive for insulin, 

with β cells composing up to 80% of the islet mass, while α and δ cells are 

located around the periphery of the mouse islets and make up 15-20% and 5-10% 

of the cells, respectively. Conspicuously the presence of ε cells was very 

uncommon in the adult pancreas, as was to be expected (Wierup et al., 2002), 

nevertheless, ghrelin expression was similar across the three genotypes, 

ultimately suggesting that Alk5 and Tgfb1 appear to be dispensable for adult 

pancreas homeostasis in the steady state. 
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Figure 8 Adult pancreas homeostasis is unaffected by deletion of Alk5 or Tgfb1 
A. Pdx-1-Flippase; KrasWT; p53WT mice were crossed to either FSF-CreER Alk5fl/lf or FSF-CreER 
Tgfb1fl/fl mice. Mice were induced via intraperitoneal injection of tamoxifen for three consecutive 
days. Mice were sampled three weeks post induction. 
B. Representative images of H&E stained sections from the sampled pancreata. The pancreas 

presents with normal acinar, islet and ductal morphology when Alk5 or Tgfb1 are deleted. (Scale 
bar left = 2mm, scale bar right = 500μm) 
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C. Quantification of islet area as a proportion of total pancreas area showing that deletion of Alk5 
resulted in reduced islet area compared to WT mice, (n=5 per genotype, Mann Whitney p-value as 
indicated). 

 

 

Figure 9 Islet cell composition is unchanged by Alk5 or Tgfb1 deletion 
Representative images of IHC stained sections of pancreata from Pdx1-Flp; FSF-CreERT (WT), 
Pdx1-Flp; FSF-CreERT; Tgfb1fl/fl (Tgfb1fl/fl) or Pdx1-Flp; FSF-CreERT; Alk5fl/fl (Alk5fl/fl) mice, stained for 
the islet cell markers synaptophysin, insulin, glucagon, somatostatin and ghrelin. Synaptophysin is 
a pan-lset markers, β cells stain positive for insulin, α cells stain positive for glucagon, δ cells stain 
positive for somatostatin and ϵ cells stain positive for ghrelin. (Scale bars = 1mm) 
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Figure 10 Quantification of islet cell composition 
Quantification of the denoted IHC stained tissue sections using HALO software. The percentage of 
positive cells as a proportion of the total cells in the pancreas, in the indicated genotypes, of the 
pancreatic islet cell markers is shown. Pdx1-Flp; FSF-CreERT (WT), Pdx1-Flp; FSF-CreERT; 
Tgfb1fl/fl (Tgfb1fl/fl) or Pdx1-Flp; FSF-CreERT; Alk5fl/fl (Alk5fl/fl) (n= 3, Mann-Whitney p values indicted). 
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3.3.3 Deletion of Alk5 but not Tgfb1 in KrasG12D expressing 
pancreatic cells drives tissue transformation 

Following on from findings that deletion of Alk5 or Tgfb1 in the normal pancreas 

did not affect organ homeostasis, I investigated how deletion of these genes 

would influence oncogenic KrasG12D driven tumour initiation. This was 

interrogated by crossing the KF (Pdx1-Flp; FSF-KrasG12D/+) mouse model bearing 

tamoxifen inducible CRE recombinase with mice carrying either Alk5fl/fl (KAF) or 

Tgfb1fl/fl (KTF) alleles. The KF model presents with PanINs at 6 weeks of age, 

similar to the KC model, with more advanced PanINs present at 10 weeks 

(Figure.11). The expression of oncogenic Kras is sufficient to drive PanIN 

development with progression to PDAC occurring over long latency, unless 

accelerated with additional mutation of tumour suppressors (Schonhuber et al., 

2014). 
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Figure 11 Pdx1-Flp activation of oncogenic KrasG12D drives PanIN development 

Representative images of H&E stained tissue sections for the stated genotypes at 6week and 
10week of age. PanINs were detectable in the KF and KC model as early as 6 weeks, with 
examples of progressed PanIN-II lesions shown at 10weeks of age. (Scale bar = 500μm). 
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Therefore, 6-week-old KF mice were induced with tamoxifen, whereby deletion 

of either Alk5 or Tgfb1 occurred in KrasG12D co-expressing cells, and sampled 1 

week or 3 weeks post induction (Figure. 12). In the KF mice, low grade PanINs 

and pancreatic transformation was observed in the pancreas. The deletion of 

Alk5 in the KrasG12D positive cells culminated in increased pancreatic 

transformation with elevated PanIN burden (Figure. 12). This can be evidenced 

as early as 1-week post induction with further progression noted in the 3-week 

post-induction time point. Quantification of this was performed by measurement 

of transformed area as a proportion of the total pancreas area from a single H&E 

slide analysed through HALO (Figure 13). These data demonstrated that TGFβ 

signalling represses PanIN progression in early disease and that reduced 

responsiveness to ligand, via receptor deletion, resulted in accelerated pancreas 

transformation. However, I was unable to visualise PanINs in the majority of KF 

mice with deletion of Tgfb1. Although this could suggest that autocrine TGFβ1 is 

required for the maintenance of PanIN lesions, I noted that penetrance within 

the Pdx1-flippase model was incomplete. For instance, 66% of KPC mice reach 

clinical end-points due to PDAC related phenotypes with practically no mice 

surviving over 1 year of age. In comparison 52% of the KPF mice in my colonies 

survived beyond 1 year without developing PDAC, with only 40% presenting with 

PDAC related phenotypes. Although this reduces the pool of tumour bearing mice 

for analysis, the KPC model frequently presents with papilloma and can develop 

off target phenotypes such as lymphomas, which are not prevalent in the KPF 

model. This did, however, create more difficulty in studying the initiating events 

in pancreatic tumorigenesis. Therefore, solid conclusions could not be drawn in 

the KTF model with a sample size of only 3 mice. Due to less than 50% of KPF 

mice undergoing pancreatic transformation additional numbers are required to 

match those of the KF and KAF cohorts to mitigate against analysis skewed 

towards the subset of mice which would not go on to develop PanIN lesions. 

Further, even with the greater sample number in the KAF and KF cohorts it is 

clear two populations exist, those with and those without PanINs, it would be 

important to add additional numbers to those cohorts to bolster those presenting 

with PanIN lesions and allow firmer conclusions about any accelerated 

phenotype noted. 
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Figure 12 KAF mice display increased pancreatic transformation compared to KF mice 
The pancreas was harvested from KF, KTF and KAF mice 1 or 3 weeks post tamoxifen induction, 
administered at 6 weeks of age. Representative images of H&E stained tissue sections for the 
stated genotypes at each time point are shown. The KAF mice present with a greater burden of 
pancreatic transformation compared to the KF controls. NB, the representative image for KTF mice 
harvested 1 week after induction does not show PanINs as no PanINs were detected in any of 
these mice sampled at this timepoint. (Scale bars = 1mm). 
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Figure 13 The KAF mice have an increased proportion of pancreatic transformation 
compared to KF mice 

HALO software was used to analyse H&E strained tissue sections to determine the proportion of 
transformed pancreatic tissue at either the 1 week or 3 week post induction time-points in the KF, 
KTF and KAF mouse models. The KAF mice presented with increased pancreatic tissue 
transformation compared to the KF mice. (n=18, 3, 7, respectively) (n= 10, 3, 13, respectively) 
(Mann Whitney test used, n.s = not significant). 

 

Due to the incomplete penetrance of PanIN development, I cannot conclude that 

deletion of Tgfb1 within neoplastic cells effects the progression of the lesions 

from these data. I observed some low-grade PanIN lesions in 1/3 KTF mice 3 

weeks post induction but in 0/3 one week post induction. This does suggest that 

deletion of Tgfb1 does not completely eradicate PanIN development. However, 

increased numbers would help to determine whether the penetrance of PanINs is 

significantly reduced, or not, in this model. This incomplete penetrance is seen 

across models, even in the accelerated KAF model, with a proportion of time-

point mice failing to exhibit PanIN lesions when their presence would have been 

expected (4/7 have no PanIN burden 1week post induction). 

With incomplete penetrance noted previously at the 6-week time point, I 

repeated the experiment with the administration of tamoxifen at 10 weeks of 

age. I hypothesised this would provide insight into whether the KF model 
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presented with a slower progression of PanIN development, with 6-week 

inductions occurring too early, or if indeed it was incomplete penetrance of 

disease. However, I observed broadly similar results to those within the 6-week 

model (Figure 14) with the KAF mice presenting with increased pancreatic 

transformation in comparison to both the KF and KTF mice. Quantification of the 

area transformed, highlighted the progressive transformation of the total 

pancreas area upon Alk5 deletion with no normal acinar structure retained 3 

weeks post induction (Figure 15). However, incomplete penetrance was still 

noted, precluding any more conclusive results from the Tgfb1 deletion model. 
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Figure 14 The KAF mice display increased pancreatic transformation compared to the KF 
mice when induced at 10 weeks of age 

The pancreas was sample from KF, KTF and KAF mice 1 or 3 weeks post tamoxifen induction, 
administered at 10 weeks of age. Representative images of H&E stained tissue sections for the 
stated genotypes at each time point is shown. NB, the representative image for KF and KTF mice 
harvested 3 weeks after induction does not show PanINs as no PanINs were detected in any of 
these mice sampled at this timepoint. (Scale bars = 1mm).  
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Figure 15 KAF mice presented with an increased area of pancreatic transformation 
compared to KF mice when induced at 10 weeks of age 

HALO software was used to analyse the proportion of transformed pancreatic tissue at either the 1 
week or 3 week post induction time-points in the KF, KTF and KAF mouse models. The KAF mice 
presented with increased pancreatic tissue transformation compared to the KF mice. (n= 6, 3, 11, 
respectively) (n= 3, 3, 4, respectively) (Mann Whitney test used, scale bars represent standard 
deviation, n.s = not significant). 
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3.3.4 The KAF model presents with decreased epithelial TGFβ 
signalling and increased proliferation 

In order to interrogate the mechanism for the increased initiation in the KAF 

mice, I performed IHC analysis on sections from KF and KAF models, with the 

KTF model excluded due to low PanIN penetrance in these mice. 

I hypothesised that deletion of Alk5 would result in a decrease in downstream 

TGFβ signalling, which was specifically interrogated via pSMAD3 expression in 

PanIN regions. It was noted that pSMAD3 staining was high in the KF model 

representing active TGFβ signalling. In the KAF model, the proportion of pSMAD3 

positive cells in bona fide PanINs was slightly, but, significantly reduced, 

suggesting knockout of TGFβ signalling at least in some of the PanIN epithelial 

cells (Figure 16). However, this antibody has the potential to bind other 

phosphorylated SMADs such as pSMAD1, and therefore could also be capturing 

activation of other TGFβ signalling family members. Therefore, I conducted a 

stain with a pSMAD2 antibody, which shows greater specificity to its target, and 

similar findings were observed with reduced epithelial nuclear pSMAD2 but not 

total ablation (data not shown).  

Interestingly pSMAD3 levels appear elevated in PanIN adjacent tissue undergoing 

ADM/acinar atrophy in the KAF model, making quantification challenging. This 

high level of pSMAD3 in this tissue could either point to a stress response, due to 

increased transformation resulting in acinar atrophy in surrounding areas, to 

incomplete recombination of the Alk5 gene, to activation by via other TGFβ 

superfamily receptors, or intriguingly to enhanced ligand production by the 

receptor deficient transformed cells. Therefore, I investigated whether the 

pSMAD3 positive areas carry oncogenic KRAS via staining for phosphorylated ERK, 

a downstream indicator of activated KRAS signalling. I also stained for CRE 

recombinase to define if cells had the potential to recombine lox flanked genes 

and performing Alk5 RNAscope to confirm gene deletion. This approached 

allowed me to elucidate if these were ‘bystander’ lesions that were driven by 

the Alk5 deleted epithelium and did not carry genetic mutations or if they are 

KRASG12D positive cells which had failed to recombine lox sites in the Alk5 gene. 

  



Chapter 3 110 
 

 

Figure 16 The KAF model had reduced PanIN epithelial pSMAD3+ cells compared to KF 
PanINs 

Representative images of pSMAD3 IHC stained tissue sections for the stated genotypes (Scale 
bars = 500μm). Quantification of the proportion of pSMAD3+ cells within PanINs across a single 
slide per mouse is shown, left, with the proportion of pSMAD3+ epithelial cells across all counted 
PanINs shown, right. The KAF model displays reduced pSMAD3+ cells within PanINs compared to 
the KF model (n=5, 6 respectively). (Mann-Whitney P-values indicated). 

 

The Alk5 RNA scope was inconclusive in confirming the epithelial deletion of the 

receptor in the KAF model. This was due to lack of detection of Alk5 within any 

of the tissue stained even in the KF model. As shown in Figure 17, very few cells 

stained positive for Alk5 transcripts, with those that were positive existing 

exclusively within the stroma of the developing PanIN. This perhaps indicated 

low levels of Alk5 RNA, below detection levels, within the pancreas, or poor RNA 

quality within the tissue, as opposed to cells ubiquitously lacking ALK5 

expression. 

The expression of pERK was clearly visualised across all epithelial cells of the 

PanIN but was not seen in the adjacent normal acinar tissue (Figure 18). This 

was indicative of active KRAS and would suggest that RAS signalling was 
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activated in all PanIN as well as surrounding ADM lesions of the KAF model. 

However, pancreatic inflammation itself is known to trigger expression of KRAS 

and activation of its effectors (Assi et al., 2021) so these data were still 

inconclusive.  

When staining for Cre recombinase we noted positive staining within the nuclei 

in transformed epithelium but not in normal ducts, and importantly not in 

surrounding ADM/atrophied acinar tissue (Figure 19). The nuclear positive 

staining indicated active CRE in the correct site to recombine loxP sites. 

Therefore, due to the phenotype combined with expression of epithelial CRE 

recombinase, pERK and decreased pSMAD3 activation in the bond fide PanINs, 

we can conclude that Alk5 was deleted within some, but not all, of the Kras 

transformed cells in the KAF model. However, this was sufficient to drive 

increased pancreatic transformation. 
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Figure 17 Alk5 expression detected in the stroma but not the epithelium of PanINs 
Representation images of PanIN lesion from sections stained for Alk5 via RNAscope. Stromal 
positive staining was noted in both KF and KAF lesion, however, no appreciable epithelial 
expression of Alk5 was detected. White arrow heads indicated positive staining in stromal areas, 
with black arrow heads denoting any epithelial specific positive staining. (Scale bars = 200μm).  
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Figure 18 pERK is ubiquitously detected in PanIN lesions and surrounding ADM in both KF 
and KAF mice regardless of model 

Representative images of pERK IHC stained PanIN tissue sections for the stated genotypes. High 
levels of pERK were noted in areas of ADM and PanIN lesion in both genotypes, with no pERK 
stain in the adjacent healthy acinar tissue noted. (Scale Bars = 1mm). 

 



Chapter 3 114 
 

 

Figure 19 CRE recombinase was detected in the PanIN epithelium only 

Representative images of IHC for CRE Recombinase on PanIN tissue sections for the stated 
genotypes. Positive CRE Recombinase staining was noted in nuclear regions of PanIN epithelium 
only. Both stromal cells and normal ducts were negative. There was no difference between KF and 
KAF mice in terms of CRE recombinase expression. (Scale bars = 500μm). 
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Given the role of TGFβ as a potent tumour suppressor, I also wanted to assess 

the proliferative status of lesions in the models. Alongside the loss of 

downstream TGFβ signalling the KAF model showed more epithelial proliferation 

within the PanIN regions, measured by increased Ki67 positive staining when 

compared to the KF model (Figure 20). This confirmed that deletion of Alk5 in 

the KAF model removed the TGFβ induced growth arrest on KrasG12D transformed 

cells, highlighting further that TGFβ signalling is a potent tumour suppressor in 

disease initiation. 

 

 

Figure 20 PanINs in KAF mice have increased epithelial proliferation compared to PanINs in 
KF mice 
Representative images of Ki67 IHC stained tissue sections for the stated genotypes (Scale bars = 
500μm). Quantification of the proportion of Ki67+ PanIN cells per mouse counted is shown, left, 
with the proportion of Ki67+ cells across all counted PanINs shown, right. The KAF model presents 
with an increased proportion of highly proliferation PanINs compared to the KF model (n=4, 5, 
respectively) (Mann Whitney P values indicated). 
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3.3.5 Deletion of Alk5 but not Tgfb1 in KrasG12D expressing 
models reduces survival 

Continuing from the findings in the KAF model, that deletion of Alk5 following 

KrasG12D expression increased pancreatic transformation, the next aim was 

interrogate this in an ageing model. Six-week-old KF, KTF or KAF mice were 

induced with tamoxifen over three days and aged until clinical end-points or the 

end of the experiment, age 450days, was reached (Figure 21). 

Before beginning induction all mice were screened by high resolution ultrasound 

to confirm they had no early detectable pancreatic tumours. They were 

subsequently followed up post induction upon detection of palpable tumours 

with weekly ultrasound scans. Representative images can be seen in Figure 22 

with normal pancreas (Left) and PDAC outlined in blue (Middle & Right). The 

software allows for the construction of 3D images of the PDAC and therefore we 

were able to calculate the volume of the tumour and plot its development over 

time. The KAF model shows continuous growth of the primary PDAC until clinical 

end-points are reached (Figure 23). 

 

 

Figure 21 KF, KAF and KTF mice were induced at 6weeks of age with tamoxifen 
The KF, KTF and KAF models were induced at 6 weeks of age following ultrasound confirmation of 
normal pancreatic appearance. Tamoxifen was administered over 3 days. Mice were palpated 
weekly and subjected to ultrasound upon detection of a palpable tumour. Mice were aged until 
clinical end-points were reached. 
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Figure 22 Representative images of ultrasound analysis of normal and tumour pancreas 

Ultrasound was used to screen KF, KTF and KAF mice prior to induction to confirm normal 
pancreatic morphology, left. Upon detection of a palpable tumour ultrasound was used to generate 
a 3D measurement of the tumour (middle). Weekly US was used to track the growth of tumours 
over time, with a representative end-point tumour with ascites, shown right. 

 

Survival analysis shows a dramatically reduced survival in a proportion of KAF, 

but not KTF mice, compared to the KF control mice (Figure 23). There was 

notable lack of penetrance in these long-term cohorts, as can be seen with the 

KAF mice surviving beyond 1 year of age post induction (7/11), meaning that 

acceleration was not significant. Therefore, I also conducted a survival study 

with induction occurring at 10 weeks of age, to test, as mentioned previously, 

whether the KF model presented with a higher burden of PanINs at this later 

time-point and would therefore have more Flp recombine cells, and thus more 

recombined CreER and higher levels of recombination post tamoxifen induction. 

This induction regime again showed a reduced long-term survival of the KAF but 

not the KTF mice compared to the KF mice, with growth of primary pancreatic 

tumours observed via US (Figure 24). However, as observed in the inductions 

commencing at 6weeks of age, not all KAF mice presented with pancreatic 

tumours with 52% (12/23) surviving over 1 year post induction. 
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Figure 23 The KAF model shows reduced survival in ageing cohorts when induced at 6 
weeks of age compared to both the KF and KTF models 

Kaplan-Meier survival analysis of the KF, KTF and KAF mice induced at 6 weeks of age. The KAF 
model present with a non-significant reduction in survival in comparison to the KF and KTF models, 
with development of PDAC. The KF and KTF models did not present with any palpable tumours. 
(n=5, 5, 11, respectively). Tumour growth, measured from 3D US scans, is shown in the bottom 
graph, with only the KAF mice presenting with primary PDAC. (n=4) 
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Figure 24 The KAF model shows reduced survival in ageing cohorts when induced at 10 
weeks of age compared to both the KF and KTF models 

Kaplan-Meier survival analysis of the KF, KTF and KAF mice induced at 10 weeks of age. The KAF 
model present with a significant reduction in survival in comparison to the KF and KTF models, with 
development of PDAC. The KF and KTF models did not present with any palpable tumours. (n=8, 
8, 23 respectively). Tumour growth, measured from 3D US scans, is shown in the bottom graph, 
with only the KAF mice presenting with primary PDAC (n=7) 
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I next characterised the tumours developing in the KAF model. Representative 

images of H&E staining show almost total loss of normal acinar tissue within the 

pancreas of the KAF mice sampled at clinical end-points, with tissue almost 

completely replaced by PDAC. This contrasts with the KF, KTF and KAF mice, 

euthanized at timed end-points (>450 days without clinical signs), which present 

with normal pancreatic architecture (Figure 25). Due to the lack of penetrance 

in the KF and KTF mice, I was unable to conclude whether deletion of TGFβ1 had 

any impact on tumour initiation and or progression. Although the KTF mice 

presented with no PanINs and did not exhibit an altered survival, I could not 

determine if this effect was mediated via reduced TGFβ1 ligand or from lack of 

penetrance in general. 

The KAF tumours also have significant stromal infiltration denoted by high levels 

of the pan-fibroblast marker podoplanin, as well as significant macrophage 

infiltration and large quantities of collage deposition, all hallmarks of PDAC TME, 

and similar to that observed in tumours from the KPF mouse model. However, 

differences in the TME composition in end-point tumours were observed between 

the models. For instance, collagen deposition was elevated in the KAF tumours 

with a greater proportion of the tumour area staining positive for Sirius red, 

although this did not reach significance (Figure 26). Fibroblasts are major 

producers of the ECM (Tian et al., 2019), therefore I investigated whether the 

abundance of these cells was elevated in the KAF tumours. However, fibroblasts 

populations appeared unchanged, with the area of both podoplanin and αSMA 

positive staining similar across the tumours of the two genotypes (Figure 27). 

There was a slight, but significant increase in T cells infiltration, with more CD3+ 

cells in intra-tumoural areas in KAF tumours compared to KPF tumours. 

However, there was no elevation in the cytotoxic T cell population, denoted by 

CD8 expression (Figure 28). Macrophages were also more abundant in the KAF 

tumours, with the percentage area of F4/80 positive staining elevated, although 

this did not reach significance (Figure 29). TGFβ signalling was still active across 

the pancreas, with downstream pSMAD3+ staining unchanged between the KPF 

and KAF mice (Figure 30), with proliferation and cell death, measured by Ki67 

and cleaved caspase 3 staining (Figure 31) respectively, also unchanged. 

Collectively, these data suggest that KPF and KAF tumours are broadly similar at 
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end-point, although alterations in the collagen deposition and immune infiltrate 

were detected. 

 

 

Figure 25 KAF mice present with PDAC at clinical end-point 
Representative images of H&E stained tissue sections for the stated genotypes at end-point (timed 
end-point for KF and KTF, clinical for KAF). The KF and KTF model present with grossly normal 
pancreas when sampled at 450days of age. The KAF mice, sampled with pancreatic tumours, 
present with tumours recapitulating all the histological features of PDAC. (Scale bars = 2mm). 
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Figure 26 Increased collagen deposition was observed in the KAF end-point tumours 
compared to KPF tumours 

Representative images of Sirius Red stained tissue from KPF and KAF end-point tumours (Scale 
bars = 1mm). HALO software quantification of the positive area of Sirius Red within bona fide 
tumour regions is shown. (n= 5, 4, respectively) (Mann Whitney P values indicted).  
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Figure 27 There was no difference in fibroblast accumulation between KAF and KPF 
tumours 

Representative images of podoplanin (PDPN) (top) (Scale bars = 2mm) and αSMA (Bottom) (Scale 
bars = 1mm) IHC stained tissue from KPF and KAF end-point tumours. HALO software 
quantification of the positive area of podoplanin staining (n= 9, 8, respectively) or αSMA staining 
(n=5, 4, respectively) within bona fide tumour regions is shown. (Mann Whitney P values indicted).  
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Figure 28 CD3+ but not CD8+ T cell infiltration was increased in KAF tumours compared to 
KPF Tumours 
Representative images of CD3 (top) and CD8 (Bottom) IHC stained tissue from KPF and KAF end-
point tumours (Scale bars = 500μm). Positive cells were counted across 30x fields of view for each 
tumour and the average count per field of view (Per FoV) is shown in the graphs. (CD3, n= 9, 8, 
respectively) (CD8, n=5, 4, respectively) (Mann Whitney P values indicted). 
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Figure 29 Macrophage infiltration was increased in KAF tumours compared to KPF tumours 
Representative images of F4/80 IHC stained tissue from KPF and KAF end-point tumours (Scale 
bars = 500μm). HALO software quantification of the positive area of F4/80 staining within bona fide 
tumour regions is shown. (n= 8) (Mann Whitney P value indicted). 
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Figure 30 pSMAD3+ cells are unchanged in the KAF tumours compared to KPF tumours 
Representative images of pSMAD3 IHC stained tissue from KPF and KAF end-point tumours 
(Scale bar = 500μm). HALO software quantification of the proportion of pSMAD3+ cells within bona 
fide tumour regions is shown. (n= 4) (Mann Whitney P value indicted). 
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Figure 31 Proliferation and cell death were unchanged between KAF and KPF end-point 
tumours 

Representative images of Ki67 (top) and Cleaved Caspase 3 (Casp3) (Bottom) IHC stained tissue 
from KPF and KAF end-point tumours (Scale bars = 1mm). HALO software quantification of the 
proportion of Ki67+ or Casp3+ cells within bona fide tumour regions is shown.(n= 4) (Mann Whitney 
P value indicted). 

 

The KAF mice tend to reach end-point due to large primary tumour burden; 

however, we sought to investigate if there was any metastatic burden. At 

dissection, no macroscopic metastases were observed in tumour bearing KAF 

model nor, unsurprisingly, in the KF or KTF mice. Assessment of micro-

metastasis to the liver and lungs was conducted via examination of a single H&E 

stained slide of each tissue type per mouse. No metastases were observed in any 

of the models at either the 6-week or the 10-week induction time points. 
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Tumour growth in this model is very rapid, and metastasis may not occur due to 

the speed of primary tumour growth, however, metastases have been observed 

in other models with similar latency. It may be that p53 mutation is required to 

drive metastasis, as previously observed in our lab, or it is possible that Alk5 

deletion can affect metastasis due to the known role of TGFβ signalling in EMT. 
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3.4 Discussion 

The TGFβ signalling pathway is a frequently mutated and dysregulated pathway 

in PDAC (Bailey et al., 2016). Mouse modelling of pancreas specific Smad4 (KSC) 

or Tgfbr2 (KTC) deletion was shown to enhance tumorigenesis in oncogenic Kras 

tumour models (Bardeesy et al., 2006; Ijichi et al., 2006). I have corroborated 

these findings in a next generation mouse model of PDAC. Importantly, the 

temporal and spatial control of gene deletion within this model provides a 

system more closely representing the progression of disease in patients. The 

acquisition of mutations is known to occur in a stepwise fashion following the 

oncogenic transformation by KRAS (Feldmann et al., 2007). The KAF model 

described here replicates this effectively through the tamoxifen-controlled 

deletion of Alk5, with tamoxifen administered at defined stages. For instance, 

the deletion in early KrasG12D transformed PanIN lesions culminates in 

accelerated tumorigenesis and overt transformation of almost the total pancreas 

three weeks post induction. Although similar findings are apparent in the KSC 

and KTC mouse models, the embryonic nature of activation of KrasG12D alongside 

TGFβ signalling abrogation, means mice are essentially borne with widely 

transformed tissue, contrasting with the KAF model, which develops PDAC solely 

within the adult pancreas environment. The KAF tumours have a comparable 

TME to that observed within the KPF model, with significant infiltration of 

fibroblasts and macrophages and deposition of an abundance of collagen. 

Furthermore, this model was superior for examination of pancreatic tumour 

development than the Pdx1-Cre; LSL-KrasG12D; Alk5fl/fl model, which presented 

with, and succumbed to, stomach tumours and skin carcinomas with incidental 

pancreatic transformation (Acosta et al., 2013). 

I have demonstrated that downstream TGFβ signalling was decreased in the 

epithelium of PanIN lesions in the KAF model, with CRE also expressed in PanIN 

epithelium. TGFβ signalling was shown to induce senescence in oncogene 

transformed pancreatic cells, however, Alk5 deletion in those cells abrogated 

the senescence phenotype and elevated proliferation (Acosta et al., 2013). The 

decreased epithelial pSMAD3 staining in the KAF mice was accompanied with an 

elevated PanIN proliferation when compared to the KF model. This could 

indicate that PanIN epithelial cells have overcome oncogene-induced senescence 
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upon deletion of Alk5 and therefore explain the increased transformation 

observed. 

It was also possible that deletion of Alk5 increased the initiation of PanIN 

lesions, alongside the elevated proliferation of existing lesions. There was an 

abundance of ADM/acinar atrophy induced in the KAF model with high pERK 

staining noted, indicative of active RAS signalling. Adjacent to the pSMAD3 low 

PanIN regions, pSMAD3 levels appeared high in these regions, indicative that 

Alk5 was not deleted in those cells. Unfortunately, the failure of Alk5 RNAscope 

to define epithelial loss of the receptor rendered it impossible to identify if the 

adjacent regions had recombined Alk5 or were induced as ‘bystander’ lesions. 

Interestingly, expression of a constitutively active Alk5 receptor was shown to 

drive ADM in a mouse model expressing pancreas specific KrasG12D (Chuvin et al., 

2017). A further study revealed that, pancreas specific Tgfbr2 deletion in a 

KrasG12D driven pancreatic cancer model led to elevated stromal TGFβ1 levels 

(Principe et al., 2016). With active TGFβ signalling shown to regulate the 

expression of TGFβ ligands, it is tempting to speculate that in the KAF model, 

loss of the ALK5 receptor leads to elevated TGFβ ligand production that can act 

in a paracrine manner on the cells surrounding the PanINs and explain the 

increased activation of pSMAD3 in these regions. 

It was notable that pSMAD3 was only reduced and not completely abrogated 

upon Alk5 deletion in the adult pancreas, whereas in mice with embryonic 

deletion of Tgfbr2, the downstream signalling components are completely 

ablated in PanIN lesions (Principe et al., 2016). However, there was rapid 

progression and development of PDAC in the KAF mice suggesting that depletion 

in a small number of cells is sufficient to drive disease progression, more closely 

resembling the progression in humans. 

This model does have the caveat of reduced penetrance, with the failure to 

develop tumours in 60% of KPF mice with the correct genetics, differing from the 

KPC model (33%). Although the reduced presentation of off-target effects in the 

KPF negate the increased number of mice required, it becomes more 

problematic when attempting to examine disease initiation. As a result, in this 

work, conclusions could not be drawn on the KTF model. With TGFβ signalling 

shown to be a potent tumour suppressor (Bardeesy et al., 2006; Ijichi et al., 
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2006) it was not unexpected that we observed such a strong phenotype in the 

KAF model, however, a more nuanced effect would be expected to be observed 

in the KTF model. With deletion of 1 of 3 TGFβ ligands, TGFβ1, I was aware that 

there may be some redundancy in the model. However, with TGFβ1 existing as 

the predominant ligand and with TGFβ signalling conventionally shown to be a 

potent activator of CAFs (Biffi et al., 2019), I hypothesised that the stromal 

infiltrate could be altered in the early lesions. With fibroblasts in close proximity 

to cancer cells suspected to develop a ‘myCAF’ phenotype (Ohlund et al., 2017), 

within the simpler PanIN setting, where cancer cells form a larger proportion of 

the lesion, we would expect most CAFs to develop as ‘myCAFs’ or as a pre-cursor 

population (Dominguez et al., 2020). Therefore, loss of TGFβ1 ligand in a cell, 

which is a major constitutive part of this lesion, would be predicted to have a 

notable effect. The inability of the KTF model to develop PanINs was an 

interesting observation; however, at the moment this cannot be attributed to 

Tgfb1 deletion due to the lack of penetrance in the Pdx1-Flp model. Analysis of 

6 or 10 week old KPF Tgfb1fl/fl mice (and KPF controls) shortly following 

induction might partially mitigate this problem and allow more robust testing of 

this hypothesis. 

It would also be of interest to investigate the early TME of the KAF PanIN lesions. 

The end-point KAF tumours appear to have elevated collagen deposition 

compared to the KPF tumours, although this does not reach significance. 

Collagen is a major component of the ECM in PDAC and fibroblasts are major 

producers (Tian et al., 2019), particularly the ‘myCAFs’ which are driven by 

TGFβ signalling (Biffi et al., 2019). However, in the KAF tumours fibroblast 

populations are unaltered in comparison to the KPF, with pan-fibroblasts 

markers podoplanin and ‘myCAF’ marker αSMA staining a similar proportion of 

the tumour. Principe et al, using an elastase-cre driven KrasG12D mouse model, 

showed that epithelial Tgfbr2 deletion resulted in elevated collagen deposition 

alongside an increased abundance of αSMA positive cells (Principe et al., 2016). 

Although the KAF model also presents with increased collagen, the αSMA 

abundance was unchanged. However, I compared the end-point tumours to the 

KPF model, whereas the previous study compared to pancreas expressing 

KrasG12D only. More importantly, by end-point, many alterations have occurred 

and stromal signalling that can drive tumour initiation may no longer be 
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apparent. In support of my observation of increased collagen in the KAF 

tumours, a stiffer matrix has also been highlighted in SMAD4 deficient patient 

PDAC samples, as well as in the KTC mouse model, driven through a 

mechanosignalling feedback loop with STAT3 activation (Laklai et al., 2016). 

Fibroblasts stimulated with TGFβ1 also show increased production of ECM 

molecules (Schneider et al., 2001; Shek et al., 2002) and with Tgfb2 deficient 

PDAC model shown to have elevated stromal TGFβ1 (Principe et al., 2016), this 

may explain the findings in the KAF model with elevated collagen, but no change 

in fibroblast accumulation. 

The increased CD3 T cell infiltrate in the KAF model is also interesting to note, 

particularly given that the cytotoxic T cell population of CD8+ cells is not 

changed. This would indicate that the increased T cells are CD4+, which have a 

helper function more than direct cytotoxicity. It would perhaps be expected that 

increased stromal collagen would impede T cell infiltration, however, a KPPF 

(Pdx1-Flp; FSF-KrasG12D; Trp53frt/frt) model with αSMA specific deletion of 

collagen I, and consequently decreased stromal collagen content, had reduced 

CD3 T cell infiltration, with the authors suggesting that stromal collagen and T 

cell infiltration may negatively correlate (Chen et al., 2021). The model used by 

Principe et al, presented with a decrease in CD8 T cell infiltration when 

epithelial Tgfbr2 was deleted, whereas the CD4+FoxP3+ T regulatory cell 

population was elevated (Principe et al., 2016). This population was 

immunosuppressive and generally predicted to be worse for survival, although 

whether this is true in pancreatic cancer is potentially dependent on disease 

stage (Zhang et al., 2020). Therefore, potentially this sub-population of CD4+ T 

cells could be increased in the KAF tumour, although further study is required to 

confirm this hypothesis. Further, it has been suggested that TGFβ signalling 

negatively regulates PD-L1 expression on cancer cells, therefore, elevated PD-L1 

may be expressed on the KAF tumour epithelium (Principe et al., 2019) and 

therefore the increase T cell infiltrate is being suppressed. Additionally, the 

increased macrophage infiltration within the KAF tumour may promote 

immunosuppression, with macrophage depletion through CSF1R inhibition 

enhancing CD8+ T cell infiltration and decreased T regulatory cell populations in 

KPC tumours (Candido et al., 2018).  
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Collectively I have demonstrated that Alk5 deletion targeted specifically to the 

KrasG12D expression cells within the pancreas is sufficient to drive pancreatic 

tumorigenesis in the adult pancreas. This model demonstrates a progression 

model that better recapitulates the human disease and may provide a very 

useful model, representing a significant subset of patients, in which to perform 

pre-clinical therapeutic experiments.  
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Chapter 4 Investigating the biology of TGFβ 
signalling-deficient PDAC 

4.1 Introduction 

With the inactivation of TGFβ signalling prevalent in more than 50% human 

PDAC, through mutation of SMAD4, ALK5 or TGFBR2, the generation of a novel 

mouse model that better recapitulates this subset of patients is required (Bailey 

et al., 2016). Pdx1-CRE driven Alk5 deletion alongside oncogenic Kras expression 

in mouse models drives pancreatic transformation, however, mice develop 

squamous skin and stomach tumours (Acosta et al., 2013; Morton, Unpublished), 

limiting their use for studying PDAC. Therefore, new models are needed, 

particularly to enable preclinical testing. Patient tumours can be rapidly 

sequenced, and transcriptomes generated, which allows stratification of patients 

into treatment groups where they are predicted to respond best, for instance, in 

large-scale trials such as Precision-Panc (Dreyer et al., 2020a; Dreyer et al., 

2020b). With the increasing focus on stratified approaches to treat PDAC, 

expanding our pool of models that mimic patient genetics is required to provide 

proof of concept for specific targeted therapies. Understanding of these models 

is also required as we still lack enough understanding to allow us to identify 

effective treatment options. New targets and novel therapeutic strategies that 

have undergone rigorous preclinical studies are needed to tackle this disease. 

4.2 Experimental Aims 

After successfully developing the KAF model of PDAC, driven by the stepwise 

acquisition of oncogenic KrasG12D followed by deletion of Alk5, I sought to 

interrogate differences in the TGFβ signalling deficient driven tumour compared 

to the standard KPF (Pdx1-Flp; KrasFSF-G12D/+; Trp53fl/+) model. RNA sequencing 

data generated from end-point tumours of the KAF and KPF mice were 

compared, with the aim of discovering therapeutic vulnerabilities in Alk5 

deficient tumours as well as highlighting divergent features of either tumour 

type. 
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4.3  Results 

4.3.1 Generation of RNA sequencing data comparing KAF and 
KPF end-point tumours 

I extracted RNA from the end-point tumours of the previously described KPF 

mouse model and the novel KAF model. The KAF mouse was induced with 

tamoxifen over 3 days at 10 weeks of age and allowed to progress to clinical 

end-points. For comparison, I used tumour tissue from end-point KPF mice. 

These mice were control mice for a separate study and had been routinely 

palpated until a tumour was detected and confirmed by ultrasound, before being 

induced with tamoxifen for 3 days and aged until clinical end-points (Figure 32). 

Importantly, in these mice tamoxifen treatment was used as sham induction 

rather than inducing any recombination. Information regarding the mice utilised 

for RNA sequencing is listed in Figure 33. There are some difference to note 

between the two cohorts. For instance, the KAF mice analysed have median 

survival of 105 days at clinical end-point, compared to 149 days in the KPF mice. 

Further, the KAF were sampled significantly longer after induction than the KPF 

mice (median 35 compared to 6 days in the KPF model). The nature of the KAF 

model, which requires tamoxifen induction to drive tumour progression explains 

the longer survival post induction, with the accelerated progression of the 

tumour following deletion of Alk5 explaining the lower average age at clinical 

end-point. Although the KPF is an imperfect control for comparing the role Alk5 

plays in specifically driving an alternate tumour development, as it introduces 

the variable of Trp53 deletion, tumours did not develop in most KF mice, at 

least in the time-frame permitted by our project licence. Further, any tumours 

that develop in this model would likely accumulate many additional unknown 

mutations introducing significant heterogeneity in terms of gene expression and 

making data analysis more challenging. I also considered that comparison of end-

point tumour with end-point tumour would provide greater insight into potential 

targets for stratified therapy then comparison with normal or PanIN bearing 

tissue from the same mice.  

As a first step, principal component analysis (PCA) was performed to detect if 

samples cluster in a cohort specific manner. PCA simplifies the data and 

accounts for variation over lower PC dimensions, in this case with two 
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dimensions, PC1 and PC2. I noted from the data that PC2 accounts for most of 

the variation between cohorts. From this PCA it is evident that KAF tumours 

samples cluster distinctly from the KPF clustering, indicative with this simplified 

analysis that tumours driven by TGFβ signalling deficiency exhibit a distinct 

transcriptomic landscape (Figure 34). 

 

 

Figure 32 RNA was extracted from the KPF and KAF mice 
Upon detection of a palpable tumour and confirmation via ultrasound, the KPF mouse was induced 
for 3 days with tamoxifen before sampling at clinical end-points. At 10weeks of age the KAF model 
was induced for 3 days with tamoxifen and aged until clinical end-point was reached and the 
tumour was sampled. 
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Figure 33 Cohort information for RNA sequencing samples 
The above mice were sampled at clinical end-point and RNA prepared for sequencing. 5 KPF 
tumours were used as the control to compare against 5 KAF tumours. The median age at end-point 
for the KPF mice = 149 days and for KAF mice = 105 days. The median time post tamoxifen 
induction in the KPF mice = 6 days and KAF= 35 days. 
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Figure 34 KAF samples cluster distinctly from KPF samples in a PCA 
A PCA was conducted on the RNA sequencing data highlighting that KAF and KPF tumour 
samples cluster exclusively. Significant variation between the two conditions can be noted only in 
PC2.  
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Figure 35 Significantly altered genes in KAF vs KPF tumours 
From analysis of the RNAseq data, 771 genes were significantly altered in the KAF tumours 
compared to the KPF tumours at transcriptional level, 383 genes were upregulated and 387 genes 
were downregulated. Genes with a P-adjusted value of ≤ 0.05.  

 

Following from the highlighted variation between KAF and KPF tumour by PCA, I 

investigated the specific transcriptional changes. I observed that 771 genes were 

significantly altered, with 383 of these upregulated and 387 downregulated in 

the KAF tumours compared to KPF tumours (Figure 35). This indicates a large 

proportion of change between the samples, highlighting that Alk5 deletion 

driven tumours progress differently from those in the KPF model. Included in 

Figure 36 and Figure 37 are the lists of the top 25 upregulated or 

downregulated genes respectively. 

Further the transcriptional subtype of the KAF tumours in comparison to the KPF 

tumours was investigated by detecting enrichment of genes in gene-sets 

associated with the ADEX, Immunogenic, Pancreatic progenitor and Squamous 

subtypes defined by Bailey et al (Bailey et al., 2016). From this enrichment 

analysis it was apparent that the ADEX subtype was enriched in the KAF tumours 

in comparison to the KPF tumours (Figure 38), with this subtype defined by 

expression of genes associated with pancreatic differentiation.  

Subsequently, gene set enrichment analysis (GSEA) was used to investigate 

specific pathways that were altered in KAF tumours compared with the KPF 
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tumours. Utilising the Hallmark gene set definitions, which group genes with 

similar biological processes, I highlighted that there were 5 pathways 

significantly enriched in the KAF tumours and 9 significantly enriched in the KPF 

tumours (Figure 39). In agreement with the models used, it was notable that 

P53 pathway signalling was enriched in the KAF, which were proficient for 

Trp53, as opposed to the KPF model. However, the TGFβ signalling hallmark was 

not significantly enriched in the KPF, as might be expected due to the deletion 

of Alk5 in the KAF model (Figure 40). I observed that the majority of genes in 

the TGFβ signalling hallmark definition were enriched in the KPF model (33/51) 

however, none of these reached significance as denoted by the dashed line. Of 

course, these samples were taken from bulk tumours and the presence of TGFβ 

signalling within the stroma could potentially override any loss of signalling in 

the epithelial cells only. Further, alternative TGFβ family pathways are 

unaffected by the deletion of Alk5 and those members are included in the TGFβ 

hallmark gene set, as well as downstream signalling components. However, 

together these data highlight that the KAF tumours and KPF tumours were 

transcriptionally distinct, with specifically altered signalling pathways. 
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Figure 36 Top 25 upregulated genes in KAF compared to KPF tumours 
The top 25 genes significantly upregulated in KAF tumours compared with KPF tumours ranked by 
P-adjusted value. Significant genes have a p-adjusted value of ≤ 0.05. 

 

Figure 37 Top 25 downregulated genes in KAF tumours compared with KPF tumours 
The top 25 genes significantly downregulated in KAF tumours compared with KPF tumours ranked 
by P-adjusted value. Significant genes have a p-adjusted value of ≤ 0.05. 
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Figure 38 ADEX subtype was enriched in the KAF tumours compared to KPF tumours 
GSEA was performed utilising gene sets defining the ADEX, Immunogenic, Pancreatic Progenitor 
(Progenitor) and Squamous pancreatic tumour subtypes defined by Bailey et al (Bailey et al., 
2016). ADEX-associated gene expression was significantly enriched over the Immunogenic, 
Progenitor, Squamous and Rest (combination of all non-ADEX definitions) in the KAF tumours 
compared to the KPF tumours. Normalised enrichment score (NES) of a negative value highlight 
enrichment in the KPF, while positive values indicate enrichment in the KAF samples. 

 

 

Figure 39 GSEA on RNAseq data from KAF vs KPF tumours 

A GSEA was performed utilising the hallmark gene set definitions highlighting pathways 
significantly altered in KAF vs KPF tumours. Pathways enriched in the KAF tumours are shown in 
maroon bars and those enriched in the KPF tumours are shown in black bars. Hallmark gene sets 
shown are significantly altered with a P-adjusted value of ≤ 0.05. Normalised enrichment score 
(NES) of a negative value highlight enrichment in the KPF, while positive values indicate 
enrichment in the KAF samples. 
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Figure 40 TGFβ signalling pathway was not significantly enriched in the KPF model 

The TGFβ hallmark gene set was not significantly enriched in the Alk5 proficient KPF tumours 
compared to the KAF tumours. A volcano plot of the genes in the TGFβ hallmark plotting the Log2 
Gene fold change against –Log10 P adjusted Value with negative values representing enrichment 
in the KPF tumours and positive values indicating enrichment in the KAF tumours. Of the 51 genes 
in the hallmark, 33 were enriched in the KPF tumours, although none reached significance. The 
dashed line denotes significant gene changes with a P adjusted value ≤ 0.05. 
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4.3.2 Interrogating GSEA alteration in pancreas beta cells in the 
KAF model 

With the GSEA highlighting that the hallmark of pancreatic beta cells was the 

top significantly enriched pathway, I sought to interrogate this in tumours. A 

volcano plot of the hallmark pancreatic beta cell gene set indicates that the 

majority of genes were enriched within the KAF tumours, five of which reach 

significance (Figure 41). Therefore, I investigated the expression of islet cell 

specific makers; synaptophysin (pan-islet), glucagon (α-cells), insulin (β-cells), 

somatostatin (δ-cells) and ghrelin (ϵ-cells) (Figure 42). The pan-islet maker, 

synaptophysin, had significantly elevated expression in the KAF model, with 

markers of β, δ and ϵ cells, also significantly elevated.  
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Figure 41 Pancreas Beta Cell hallmark genes were enriched in KAF tumours 

The Pancreas beta cell hallmark gene set was enriched in the KAF tumours in comparison to the 
KPF tumours. A volcano plot of the genes in the pancreas beta cell hallmark plotting the Log2 fold 
change against –Log10 P adjusted Value with negative values indicating enrichment in the KPF 
tumours and positive values indicating enrichment in the KAF tumours. Of the 28 genes, 18 are 
enriched in KAF tumours with five being significantly enriched. The dashed line denotes significant 
gene changes with a P adjusted value ≤ 0.05. 
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Figure 42 Increased islet cell marker expression in KAF vs KPF tumours 
The expression of the pan-islet marker Synaptophysin is significantly increased in KAF vs KPF 
tumours. The islet cell markers Ins2 (Insulin), Somatostatin and ghrelin, representing β, δ and ϵ cell 
respectively are also significantly enriched in KAF tumours. P-adjusted values are indicated. 
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To further investigate these observations, I stained end-point tumours tissue for 

the same islet cell specific markers. This was to determine if the elevated 

expressed translated to protein level increases, as well as to interrogate the 

cellular location of the markers. With pancreatic neuroendocrine tumours 

(PNETs), for example insulinomas, developing from cells of the endocrine lineage 

and expressing endocrine markers (Wiedenmann et al., 1986), it was important 

to investigate the source of the tumours cells in the KAF model. 

From the representative images of tumours immunohistochemically stained for 

the islet cell specific markers it was apparent that both complete islets and 

diffuse tumour infiltrated islet cell regions were evident (Figure 43). Insulin, as 

expected, and as shown previously in the wild type pancreas, was detected in 

the majority of islet cells, with glucagon and somatostatin at the periphery of 

the islets. Ghrelin, as observed in the wild type, was detected in very few of the 

islet cells, but interestingly, there were positive cells within the tumour 

epithelium. Notably, none of the islet cell stains were significantly increased as 

a percentage of total cells within the tumours areas in the end-point tumours 

from KAF mice compared to the KPF model (Figure 44). The epithelial staining 

of ghrelin was perhaps not surprising, given that it is a component of the apical 

surface hallmark gene set, which was also enriched in the KAF model (Figure 

45). However, it is intriguing that expression was observed in tumour epithelium 

but not in normal acinar or duct cells, raising questions as to the function of this 

protein in disease states. 
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Figure 43 Representative images of islet cell maker staining in end-point KPF and KAF 
tumours 

Representative images of KPF and KAF end-point tumours stained by IHC for the α, β, δ and ϵ 
markers glucagon, insulin, somatostatin and ghrelin respectively. Asterisks (*) indicates an intact 
islet region and the hash (#) indicates a tumour disrupted islet cell region. (Scale bars = 1mm). 
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Figure 44 Quantification of the islet cell marker staining in KPF and KAF end-point tumours 
HALO quantification for the percentage of positive cells for each marker across the tumour region 
in the KPF and KAF models, showing that there was no significant increase in staining for any islet 
marker in the KAF tumours compared to the KPF tumours. (n=5, 4, respectively, Mann-Whitney P 
values shown). 
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Figure 45 The apical surface hallmark gene set was enriched in KAF tumours compared to 
KPF tumours 

The apical surface hallmark gene set was enriched in the KAF tumours in comparison to the KPF 
tumours. A volcano plot of the genes in the apical surface hallmark plotting the Log2 fold change 
against –Log10 P adjusted Value with negative values indicating enrichment in the KPF tumours 
and positive values indicating enrichment in the KAF tumours. Of the 38 genes, 19 are enriched in 
KAF tumours with four being significantly enriched, and 2 significantly enriched in KPF tumours. 
The dashed line denotes significant gene changes with a P adjusted value ≤ 0.05. 
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Synaptophysin proportion was, however, significantly increased in the KAF 

tumours, with staining in the islets and diffuse tumour invaded islet regions 

(Figure 46). This could in part explain the elevated pancreas beta cell signal 

observed as there was an overall elevated islet area in the KAF pancreata, 

although not necessarily driven by expansion of any one islet cell subtype. 

Although synaptophysin was significantly increased, the staining was found in 

expected cellular locations, in islet regions, so is unlikely to represent any 

change in tumour cell differentiation status. This staining pattern also contrasts 

with staining in tumours developing from the endocrine lineage, which show a 

diffuse and pan tumour expression of synaptophysin, or other islet cell marker, 

depending on the cell of origin (Wiedenmann et al., 1986). 

Together these data demonstrate that enrichment of the pancreas beta cell 

hallmark in the KAF tumour can in part be explained by the elevated islet cell 

proportion in the end-point tumours. Further, it comprehensively eliminates the 

potential of development of tumours derived from the endocrine lineage due to 

the restricted pattern of staining for the various markers expressed by endocrine 

cells. However, the GSEA was also driven, in part, by the elevated expression of 

SLC2A2 (Glut2), a low affinity glucose transporter perhaps indicating metabolic 

alterations, which we did not investigate here. 
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Figure 46 The percentage of synaptophysin cells was significantly increased in KAF 
tumours compared to KPF tumours 

Top panels: Representative images of immunohistochemical staining for the pan-islet marker, 
synaptophysin (Scale bars = 1mm). Asterisks (*) indicates an intact islet region and the hash (#) 
indicates a tumour disrupted islet cell region. Lower panel: HALO quantification of the percentage 
of synaptophysin positive cells across the tumour region of the KPF and KAF models, showing that 
there was a significant increase in staining in KAF tumours compared to KPF tumours. (n= 5, 4, 
respectively, Mann-Whitney P values indicated). 
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4.3.3 Does the p53 pathway convey a targetable therapeutic 
vulnerability in the KAF mouse model? 

With the enrichment of the p53 pathway gene set in the KAF tumours detected 

at RNA level, I sought to determine how the tumours are able to mitigate having 

functional p53 and whether activation of p53 can present as a therapeutic 

opportunity. To begin with, I examined patient data on cBioPortal with the aim 

of elucidating if the KAF model mimics the genetics of a subset of PDAC 

patients. From the TCGA pancreatic cancer data set, I queried the common 

mutations effecting the TGFβ signalling pathway, SMAD4, TGFBR1 (ALK5) and 

TGFBR2, as well as KRAS and TP53. From this, I showed that, a subset of patients 

had mutations in TGFBR1 and KRAS but not TP53, which the KAF mouse model 

replicates (4/175 patients, 2%). A mutual exclusivity analysis highlights that 

TGFBR1 and TP53 mutations had a tendency toward being mutually exclusive, 

again further justifying the KAF model as bearing a genetic resemblance to a 

subset of patients. The failure to reach significance was most likely accounted 

for by the low prevalence of TGFBR1 mutations in the patient data set with only 

around 4% of patients carrying a TGFBR1 alteration (7/175 patients) (Figure 47). 
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Figure 47 A subset of patients had genetic mutations similar to the KAF mouse model 
Utilising cBioPortal, I generated an OncoPrint image of the TCGA pancreatic cancer data set. I 
plotted the genes altered in the KAF model; KRAS, TP53 and TGFBR1, as well as other key 
components of the TGFβ signalling pathway; TGFBR2 and SMAD4. TGFBR1 mutations are 
evident in 4% of cases (7/175 patients). A mutual exclusivity analysis highlights that TGFBR1 and 
TP53 have a tendency toward being mutually exclusive, with over half of the TGFBR1 mutations 
occurring without a P53 alteration (4/7 patients). 

 

I therefore examined the RNA data focussing on the hallmark P53 pathway gene 

set which was significantly enriched in the KAF samples. Of the 188 genes in the 

gene set, 114 were enriched in the KAF samples, 20 of which reached 

significance (Figure 48). This is indicative of active p53 signalling within the KAF 

tumours, however, some of the enriched genes are inhibitors of p53 signalling 

suggesting maintenance of the typically tight control on overt p53 activation. 

For instance, Cyclin G1 (Ccng1), a non-canonical member of the cyclin kinase 

family, was shown to be significantly enriched in the KAF tumours (Figure 49). 

CCNG1 has been shown to recruit protein phosphatase 2A (PP2A) to a complex 

with the well-known negative regulator of p53, mouse double minute 2 (MDM2), 

thereby facilitating the dephosphorylation and activation of MDM2 (Figure 50), 

also shown to be enriched in the KAF tumours (Figure 49). 
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Figure 48 The p53 Pathway hallmark gene set was enriched in KAF vs KPF tumours 
The p53 pathway hallmark gene set was enriched in KAF tumours in comparison to KPF tumours. 
Shown is a volcano plot of the genes in the p53 pathway hallmark plotting the Log2 fold change 
against –Log10 P adjusted value with negative values indicating enrichment in the KPF tumours 
and positive value indicating enrichment in the KAF tumours. Of the 188 genes, 114 are enriched in 
KAF tumours with 20 being significantly enriched. The dashed line denotes significant gene 
changes with a P adjusted value ≤ 0.05. 

 

 

Figure 49 Expression of Ccng1 and Mdm2 was significantly increased in KAF vs KPF 
tumours 

The expression of Ccng1 and Mdm2 was significantly enriched in KAF vs KPF tumours. P-adjusted 
values of <0.0001. 
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Figure 50 CCNG1 facilitates activation of P53 inhibitor MDM2 
CCNG1 facilitates the recruitment of PP2A to a complex containing the p53 negative regulator 
MDM2. PP2A is able to de-phosphorylate and thereby activate MDM2. MDM2 then binds to and 
ubiquitinates p53 targeting it for proteosomal degradation.  

 

Subsequently I stained end-point tumour tissue to detect CCNG1 protein 

expression. As noted in the representative images, staining is specifically located 

in the epithelial cells. In tumours of both genotypes, staining was heterogeneous 

and there were regions that expressed high or low levels of CCNG1, highlighted 

in the upper and lower images respectively. Quantification of the intensity of 

stains showed that there was no significant elevation in CCNG1 at the protein 

level in the KAF samples, in contrast with the RNAseq data (Figure 51). 
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Figure 51 Staining for CCNG1 shows no change in protein levels between KAF and KPF 
tumours 
Representative images of end-point tumour tissue IHC stained for CCNG1. The top images 
represent high levels of CCNG1 with the lower images representing low levels of CCNG1 (Scale 
bars = 1mm). Quantification of the staining intensity in tumours regions is shown in the graph, with 
circle markers indicating samples from the same tumours that were used for RNAseq. (n=8,8, 
respectively, Mann Whitney P values indicated). 

 

Subsequently, I extracted protein from bulk tumours of the various genotypes 

and examined the levels of CCNG1 protein extracted by western blotting (Figure 

52). There was no significant increase in CCNG1 levels detected in the KAF 

tumours compared to the KPF controls, again contrasting observations from the 
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transcriptional data. Further, in vivo deletion of Alk5 or Tgfb1 the cancer cells 

within established KPF tumours did not result in increased levels of Ccng1 

protein.  

 

 

Figure 52 CCNG1 was not increased in tumour lysates from KAF tumours compared to KPF 
tumours 
Protein lysate were prepared from tumours harvested from KPF, KAF, induced KPF; FSF-CreER; 
Alk5fl/fl (KPFCA) and induced KPF; FSF-CreER; Tgfb1fl/fl (KPFCT) mice at end-point. Western blots 
were performed on the protein lysates, which showed no consistent change in CCNG1 protein 
levels across any of the genotypes examined. (n= 8 (KPF), 8 (KAF), 7 (KPFCA), 5 (KPFCT), 
respectively). 

 

There could be different reasons for the differences between the two genotypes 

in terms of differential gene expression but unchanged protein levels of CCNG1, 

including differences in post-translation modification or protein stability. Given 

that MDM2 gene expression was still increased in the KAF tumours, I wanted to 

investigate whether that could still indicated a therapeutic vulnerability. The 

cell lines were cultured and then treated with nutlin3a, an MDM2 inhibitor, for 

24 hours and then cell lysates were prepared, and immunoblotting performed. 

Ccng1 protein abundance was unchanged following nutlin3a treatment. 

However, treatment caused an increase in p53 protein in 2/3 KAF cell lines but 

not in the KPF cell lines (Figure 53). This indicated that two of the KAF cell lines 

retained expression of p53, with p53 absent in the KPF lines as expected. 

Therefore, I performed a clonogenic assay, treating the cells with nutlin3a in 

order to examine sensitivity to p53 activation in vitro. Cells were plated and 

allowed to attach for 24 hours before treatment with increasing doses of 

nutlin3a for 24 hours, prior to washing and incubation in normal media for 5 

days. At this time, cells were fixed and colonies counted after crystal violet 

staining. It was noted that treatment with nutlin3a was not sufficient to 

significantly reduce colony formation even at the highest concentrations in any 

of the cell lines treated (Figure 54). This indicated that removal of MDM2 
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suppression of p53 was not sufficient to induce cell death. However, stimulation 

with chemotherapeutic agents, which cause cell stress and drive increased p53, 

such a gemcitabine, oxaliplatin or radiation may synergise well with nutlin3a, as 

has been shown previously in p53 proficient PDAC cell lines (Candido et al., 

2019). 

 

 

Figure 53 Nutlin3a treatment increases p53 expression in KAF but not KPF cells 
KPF and KAF cell lines were treated with either DMSO or 10μM Nutlin3a for 24 hours, before 
protein was extracted and a western blot was performed. Nutlin3a increased p53 expression in 2/3 
KAF cell lines but not in the KPF cell lines. Ccng1 expression was unchanged upon nutlin3a 
treatment, and was not different between KAF and KPF cells.  
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Figure 54 KAF and KPF cell lines were insensitive to Nutlin3a across a range of 
concentrations 

KAF and KPF cell lines derived from end-point tumours were assayed to detect sensitivity to 
nutlin3a treatment. A clonogenic assay was performed, 400 cells per cell line were seeded and 
treated for 24 hours with a range (0.1 – 10μM) of nutlin3a concentrations, cells were then 
incubated for 5 days in full media before subsequent staining for crystal violet and positive colonies 
being counted. (2 technical replicates of 3 biological replicates, 2way ANOVA used).  
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4.3.4 Deletion of tumour epithelial Alk5 within established KPF 
tumours does not affect survival but decreases metastasis. 

With the hallmark for epithelial mesenchymal transition (EMT) enriched in GSEA 

on the KPF tumours, and the known role TGFβ signalling plays in driving EMT 

(Katsuno et al., 2019; Vincent et al., 2009), I sought to investigate how 

disruption of TGFβ signalling would impact established tumours. The volcano 

plot showing enrichment of the EMT hallmark gene set in KPF mice tumours is 

shown in Figure 55. The majority of genes in the EMT gene set were enriched in 

the KPF tumours (116/186) with 7 reaching significance. Notably, there were 9 

genes significantly enriched in KAF tumours, indicating that some EMT related 

genes are expressed. Interestingly Ctgf was enriched in the KAF tumours, with 

this gene being induced by TGFβ signalling and involved in fibroblast 

mechnosignalling (Gao and Brigstock, 2005). Therefore, I sought to investigate 

the potential effect on metastasis. Since the KAF model does not develop 

metastasis, I utilised the KPF model with tamoxifen inducible deletion of 

expression of Alk5 or Tgfb1 specifically in transformed cells (Figure 56). The 

KPF model, as previously described, has the potential to develop both liver and 

lung metastases, as well as diaphragm metastases. 
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Figure 55 The EMT gene set was enriched in KAF tumours compared to KPF tumours 
The EMT hallmark gene set was enriched in KPF tumours in comparison to KAF tumours. A 
volcano plot of the genes in the EMT hallmark gene set is shown plotting the Log2 fold change 
against –Log10 P adjusted Value with negative values indicating enrichment in the KPF tumours 
and positive values indicating enrichment in KAF tumours. Of the 200 genes, 70 were enriched in 
the KAF tumours with 9 being significantly enriched, 116 were enriched in the KPF tumours with 7 
reaching significance. The dashed line denotes significant gene changes with a P adjusted value ≤ 
0.05. 
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Figure 56 Mouse models of cancer cell specific deletion of Alk5 or Tgfb1 in established 
tumours 

The KPF FSF-CREER model was crossed to mice with Alk5fl/fl or Tgfb1fl/fl alleles. Upon detection of 
a palpable tumour and confirmation by ultrasound, mice were induced with tamoxifen over 3 days, 
with subsequent weekly follow up ultrasound until clinical end-points were reached. 

 

I initially investigated the post-induction survival of the KPF, KPF; Alk5fl/fl or 

KPF; Tgfb1fl/fl models. Mice were palpated weekly until detection of PDAC, 

which was subsequently confirmed by ultrasound imaging. The mice were 

enrolled on 3-day long tamoxifen induction regime, with weekly ultrasound 

follow up to monitor any tumour volume changes. This allowed deletion of Alk5 

or Tgfb1 specifically from the epithelial cells in established tumours. There were 

no significant changes in survival noted between the KPF, KPF; Alk5fl/fl and KPF; 

Tgfb1fl/fl models following induction, presenting with a median survival of 12, 15 

and 11 days, respectively (Figure 57). These observations were interesting due 

to the contrasting effect of deletion of Alk5 on initiation compared with tumour 

progression. These data would indicated that in established tumours, the TGFβ 

signalling is no longer able to exert tumour suppressive activity, with deletion of 

Alk5 no longer accelerating progression as was seen in when deletion occurred in 

pre-neoplastic lesions. The tumour epithelial deletion of Tgfb1 having no impact 

on survival was perhaps less surprising due to other potential sources of the 

ligand. Although, due to the rapid progression to clinical endpoints from tumour 

detection and tamoxifen administration it is debatable whether I would be able 

to observe any acceleration following the deletion of Alk5 or Tgfb1. From 

ultrasound imaging analysis it is clear that tumour growth was not accelerated 

when either Alk5 or Tgfb1 were deleted compared to the KPF controls (Figure 
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58). All tumours continued to grow at a similar rate following induction, as 

shown in the percentage tumour change (Figure 58) and although this suggests 

that deletion of either Alk5 or Tgfb1 does not accelerate tumour growth it is 

again possible that tumours, which are on average doubling in size between each 

scan, are at their maximum growth rate. Therefore, I can conclude that deletion 

of Alk5 or Tgfb1 within the epithelium of established tumours does not suppress 

PDAC growth and does not appear to accelerate disease although due to the 

rapid progression of the model this cannot be firmly established. 

 

 

Figure 57 Deletion of Alk5 or Tgfb1 in the epithelium of established tumours does not alter 
survival 
Kaplan-Meier survival analysis of the KPF, KPF; Alk5fl/fl and KPF; Tgfb1fl/fl mice post tamoxifen 
induction. There was no significant change in survival noted across any of the models. (Median 
survival, KPF= 12 days, KPF; Alk5fl/fl= 15 days, KPF; Tgfb1fl/fl= 11 days, n=8, 22, 6 respectively, 
Log-Rank P values indicated). 
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Figure 58 Tumour growth was unchanged in the KPF; Alk5fl/fl and KPF; Tgfb1fl/fl models 
when compared with the KPF model 
Mice were imaged by ultrasound to confirm presence of PDAC prior to commencement of 
tamoxifen induction and were subsequently subjected to weekly ultrasound follow up. 3D 
measurement of tumours volumes was gathered pre-induction and at each subsequent follow up 
until clinical end-points were reached. The top graph shows the volume measurement of the 
pancreatic tumour (mm3) in each mouse prior to induction and at each follow up. The bottom graph 
shows the median percentage change in tumour from the pre-induction volume for each cohort, 
with the standard deviation plotted. (n=7, 18, 4 respectively). 
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I subsequently performed a count of macro- and micro-metastatic lesions in mice 

sampled at clinical end-point due to PDAC related symptoms. The total 

percentage of mice presenting with metastases appears reduced in both the 

KPF; Alk5fl/fl and KPF; Tgfb1fl/fl model compared to the KPF control (Figure 59). 

Organs specific metastasis to the liver and lung was also reduced in these 

models. Further, concurrent metastasis to multiple sites was reduced in these 

models, although increased numbers are required as significance was not 

reached in any of the metastatic counts. It was also apparent that the KPF; 

Alk5fl/fl model had a greater reduction in incidence of metastasis than the KPF; 

Tgfb1fl/fl model. The reduction in metastasis does not translate to an increased 

survival in the mouse models as clinical end-points were reached due to the 

primary tumour burden. These data suggest that loss of TGFβ signalling or the 

capacity to produce TGFβ1 within the epithelial cells in established tumours 

reduces their metastatic capability, although not significantly. 
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Figure 59 KPF; Alk5fl/fl and KPF; Tgfb1fl/fl mice present with reduced metastasis compared to 
KPF mice. 

The percentage of mice presenting with macro- or micro-metastases to the various sites is shown. 
% Mets denotes the presence of any evidence of metastasis at any site, with % liver, % lung and % 
diaphragm reporting the presence of organ specific metastases. % Multi denotes mice presenting 
with concurrent metastases to multiple sites. (n= 6, 6, 15, respectively) (Fisher’s exact Test used). 
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This apparent reduction in metastasis could be due, at least in part, to the 

decreased EMT capability of the Alk5 deleted cells. I therefore, performed IHC 

of mesenchymal and epithelial markers in the end-point tumours in order to 

detect alterations in EMT in the KPF, KPF; Alk5fl/fl and KAF models. The KAF 

model was included due to the clear GSEA decrease in EMT noted in comparison 

to the KPF. Epithelial markers Ck19 (Figure 60) and E-cadherin (Figure 61) 

showed an epithelial restricted staining pattern. Ck19 staining was unchanged 

across the cohorts as quantified by HALO analysis in Figure 64. However, by 

HALO analysis the percentage of cells staining positive for E-cadherin was 

significantly reduced in the KAF model compared to both the KPF and KPF; 

Alk5fl/fl models. This was particularly interesting as E-cadherin positive cells 

were evident within the tumour epithelium in the KAF mice by visual 

examination. I noted that HALO analysis was incorrectly defining cells as 

negative in this model due to the cellular location of the staining. 

Representative images of E-cadherin staining, at increased magnification, are 

shown in Figure 62 and demonstrate that KAF models present with a high level 

of strictly membranous E-cadherin, which was expected in purely epithelial 

cells. Loss of membranous E-cadherin and increased cytoplasmic E-cadherin is a 

key indicator of cells undergoing EMT (Hotz et al., 2007), which was noted in 

both the KPF and KPF; Alk5fl/fl model. This was in agreement with the RNAseq 

data shown, although surprisingly with the reduced metastasis in the KPF; 

Alk5fl/fl model observed, no change in E-cadherin localisation was noted. 

Mesenchymal marker vimentin was shown to stain the tumour stroma 

predominantly, most likely denoting CAFs in these regions (Figure 63). 

Quantification of vimentin showed no change across the models (Figure 64). 

Therefore, other mesenchymal markers should be utilised to determine if EMT is 

reduced within the Alk5 deficient tumours. 
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Figure 60 Representative images of Ck19 IHC staining in KPF, KPF; Alk5fl/fl and KAF end-
point tumours 
Representative images of Ck19 IHC stained sections from end-point tumours from KPF, KPF; 
Alk5fl/fl and KAF mice. Ck19 stains the epithelial cells specifically within the tumour. (Scale bars = 
1mm).  
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Figure 61 Representative images of E-cadherin IHC staining in KPF, KPF; Alk5fl/fl and KAF 
end-point tumours 

Representative images of E-cadherin IHC stained sections from end-point tumours from KPF, KPF; 
Alk5fl/fl and KAF mice. E-cadherin stains the epithelial cells specifically within the tumour. (Scale 
bars = 1mm).  
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Figure 62 Representative images, at increased magnification, of E-cadherin IHC staining in 
KPF, KPF; Alk5fl/fl and KAF end-point tumours  
Representative images of E-cadherin IHC stained sections from end-point tumours from KPF, KPF; 
Alk5fl/fl and KAF mice. E-cadherin stains the epithelial cells specifically within the tumour. 
Membranous staining denotes epithelial cells and cytoplasmic staining indicates cells undergoing 
EMT. KAF epithelial cells have little cytoplasmic positive staining, with a predominantly 
membranous stain compared to the KPF and KPF; Alk5fl/fl tumours, which have more cytoplasmic 
E-cadherin positive staining. (Scale bars = 500μm). 
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Figure 63 Representative images of vimentin IHC staining in KPF, KPF; Alk5fl/fl and KAF end-
point tumours 
Representative images of Vimentin IHC stained sections from end-point tumours from KPF, KPF; 
Alk5fl/fl and KAF mice. Vimentin is a marker of mesenchymal cells, however, it predominantly marks 
CAFs within PDAC, as can be seen across the mouse models. (Scale bars = 1mm). 
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Figure 64 HALO quantification of the epithelial and mesenchymal markers 

HALO software was used to determine the percentage of Ck19 or E-cadherin positive cells within 
bona fide tumour regions of the KPF, KPF; Alk5fl/fl and KAF mice. Ck19 proportions were 
unchanged, however, the proportion of E-cadherin positive cells was significantly decrease in the 
KAF tumours. The vimentin positive area within bona fide tumour regions was determined using 
HALO software, with no significant changes noted across the models. (n=6) (Mann Whitney P-
values indicated).  
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4.4  Discussion 

In this chapter, I have highlighted that the KPF and KAF end-point tumours are 

transcriptionally different. Most notably, the KAF tumours presented with 

enrichment for p53 pathway genes and the KPF tumours were enriched for EMT 

genes. Although, the KPF model is an imperfect control for detecting specific 

transcriptional changes attributable to Alk5 loss, it does at least provide the 

basis for comparison to a tumour of known genetic lineage. The KF model can 

develop PDAC over a long latency; however, the accumulation of unknown 

genetic permutations during progression had the potential to induce more 

variability than a model with defined genetic deletion. Nevertheless, the 

comparison of KPF to KAF however, may have masked the some of the Alk5 

deletion specific changes. 

The hallmark gene set of Pancreatic Beta Cells was enriched in the KAF tumours 

over the KPF tumours. I have shown that this increase was linked to the elevated 

islet area observed in KAF tumours, which was not caused by expansion of any 

particular islet cell lineage, as α, β, δ and ϵ cells showed no significant change in 

their proportions across tumours. With pancreatic tumours of neuroendocrine 

lineage generally pan-positive for synaptophysin (Wiedenmann et al., 1986), I 

comprehensively ruled out KAF tumours originating from endocrine cells. 

Therefore, the KAF model develops PDAC with end-point tumours histologically 

similar to those from the KPF mouse model. 

Although p53 pathway enrichment in the KAF model was unsurprising, given that 

the KPF model has a flipped Trp53 allele and, is likely to have lost the second 

copy of Trp53 as reported in the KPC model (Hingorani et al., 2005), it presents 

a potential therapeutic vulnerability. For instance, it has been shown that 

restoration of wild-type TP53 in human PDAC cell lines, increases sensitivity to 

nutlin3a treatment (Candido et al., 2019), an MDM2 inhibitor, which therefore 

allows P53 accumulation. Although, the KAF cell lines remained similarly 

resistant to nutlin3a as the KPF cells, even at high doses, it has previously been 

shown that nutlin3a synergises well with therapeutic agents such as cisplatin and 

gemcitabine, particularly in PDAC cells with wild type p53 reintroduced (Candido 

et al., 2019). Therefore, it would be of interest to examine the effects of 

combinations of these therapeutics on KAF cell lines and also in vivo, with the 
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KAF model representing a subset of around 2% of PDAC patients (significantly 

more if patients with mutations in TGFβ pathway genes and intact p53 are 

included). 

CCNG1 has been shown to be a target gene of p53 and to interact with PP2A 

(Okamoto et al., 1996) with the effect of activating the p53 negative regulator, 

MDM2. Interestingly, p53 proficient cells overexpressing CCNG1 were reported to 

exhibit increased growth but were more sensitivity to cisplatin (Smith et al., 

1997). A clinical trial of Rexin-G, a retroviral vector that is targeted to sites of 

collagen deposition and contains a dominant negative mutant version of CCNG1, 

was recently conducted in stage 4 advanced PDAC. Patients receiving a high dose 

had a median survival of 9.2 months, compared with 4.3 months at low dose 

(Chawla et al., 2019) and remarkably, of 15 patients, 12 patients had stable 

disease, 2 patients had a partial response and one patient remained in remission 

12 years after treatment (Morse et al., 2021). I observed significantly elevated 

gene expression of Ccng1 in the KAF tumours compared to KPF tumours, and 

although this did not translate to increased protein, it would be interesting to 

investigate whether this model would be more responsive to CCNG1 inhibition, 

particularly if this could be translated to the subset of patients with similar 

genetic permutations. 

The reduction in EMT, noted in the KAF tumours compare to KPF tumours, was 

perhaps unsurprising given the established links between TGFβ signalling and 

EMT (Katsuno et al., 2019; Vincent et al., 2009), however, it does very nicely 

demonstrate that the tumour-suppressive and tumours-promoting TGFβ 

signalling outputs can be observed within the same model. The increased 

membranous expression of E-cadherin in the KAF tumours denoted a purely 

epithelial phenotype, whereas the increased in cytoplasmic E-cadherin, a marker 

of EMT (Hotz et al., 2007), was apparent in the KPF model. The KAF model was 

unable to form metastasis, which could be due to the short latency, however, 

deletion of Alk5 in established KPF tumour models resulted in a reduction in 

metastasis, although non-significant. It has been suggested that metastasis is an 

early event in PDAC development, preceding frank tumour formation (Rhim et 

al., 2012). This would explain why complete ablation of metastasis was not 

observed in the KPF: Alk5fl/fl mice. The authors of that study also observed 
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reduced epithelial markers and elevated mesenchymal markers even within the 

PanIN lesions and blood borne metastatic cells. However, the KPF; Alk5fl/fl 

tumours present with a similar E-cadherin staining as the KPF tumours, and also, 

show no significant change in staining for the mesenchymal marker, vimentin. 

Although it has been reported that suppressing EMT in an autochthonous mouse 

model of PDAC, through genetic ablation of Snai1 or Twist in epithelial cells , 

does not reduce metastasis (Zheng et al., 2015), the deletion of Alk5 may have a 

more potent role on multiple EMT associated transcription factors, which could 

go beyond the deletion of just Snai1 or Twist. It remains to be seen if this is the 

case in the KPF; Alk5fl/fl model, with staining for mesenchymal markers such as 

Snail, Twist, or ZEB1 and ZEB2 required to further investigate reduction in EMT. 

EMT has also been shown to contribute to drug resistance, with human PDAC cell 

lines with reduced expression of EMT pathway genes shown to be sensitive to 

gemcitabine, fluorouracil and cisplatin (Arumugam et al., 2009). This was 

further confirmed in models with epithelial deletion of Snai1 or Twist, with 

gemcitabine notably extending their survival compared with the KPC control 

mice (Zheng et al., 2015). This is an interesting are for follow up with the KAF 

model showing a reduction in EMT gene expression testing frontline conventional 

therapies will be important. However, analysis will be compounded by these 

tumours being proficient for p53, with human PDAC cells with wild-type p53 

more sensitive to cisplatin (Candido et al., 2019). Collectively, increased EMT, 

CCNG1 and p53 proficiency have been shown to confer sensitivity to, cisplatin, in 

particular. Therefore, especially with the KAF model replicating the genetics of 

a subset of human PDAC cases, treatment of these mice with cisplatin would be 

useful to conduct. 

The KAF tumours present with a more ductal morphology characterized by 

almost completely membranous staining of E-cadherin, alongside enrichment of 

the Apical Surface gene set and decreased EMT gene set compared to KPF 

tumours. Interestingly, these tumours also presented with increased collagen. 

This is perhaps reminiscent of a recent study where depletion of collagen I 

deposition by αSMA+ fibroblasts in a KPFrt/FrtF mouse model resulted in a more 

undifferentiated tumour phenotype (Chen et al., 2021), suggesting that higher 

levels of stromal collagen can promote tumour differentiation. Depletion of 
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αSMA fibroblasts also resulted in similar more undifferentiated tumour 

phenotype (Oezdemir et al., 2014), however, alterations in the fibroblast 

populations were not observed in the KAF tumours. I also observed in the RNAseq 

data and GSEA that Ctgf was elevated in the KAF tumours. CTGF has been shown 

to be produced by both cancer cells (Iacobuzio-Donahue et al., 2002) and 

fibroblasts (Wenger et al., 1999), with TGFβ signalling inducing its expression 

(Gao and Brigstock, 2005). Blockade of CTGF function through monoclonal 

antibody targeted therapy in the KPC model synergised well with gemcitabine to 

increase cell death and extend survival of tumour bearing KPC mice (Neesse et 

al., 2013), with this work translating to clinical trials that have shown moderate 

success (Picozzi et al., 2014). Whether the increased Ctgf levels in the KAF 

model originate from an increased activation of the stroma would be of interest, 

particularly if this increase translates to the subset of patients represented by 

this model. 

The transcriptional stratification of the KAF tumour model also provided an 

interesting result with the ADEX subtype being significantly enriched over the 

other subtypes. Although Bailey et al, suggested their progenitor subtype (which 

overlaps with the classical subtype defined by Collisson et al and Moffit et al) 

was enriched for Tgfbr2 mutations, indicative of disrupted response to TGFβ 

signalling, this was not sufficient to skew the KAF tumours to a progenitor 

subtype. Enrichment for the ADEX subtype may indicate an increased expression 

of markers associated with differentiation, which was confirmed with the 

elevated expression of the pancreatic beta cell gene set. Patients stratified with 

an ADEX subtype of tumour have a similar survival to the Progenitor and 

Immunogenic subtype patients, and a better survival than Squamous subtype 

patients, although in the KAF model tumours have a rapid onset and survival is 

reduced. It would be of interest to note whether the KAF tumours are enriched 

in other published transcriptional subtype gene sets, for instance Puleo et al, 

showed that their ‘pure-classical’ subtype had a more well-differentiated 

phenotype, more reminiscent to what I note in the KAF tumours, with their ‘pure 

basal-like’ subtype being more poorly differentiated (Bailey et al., 2016; 

Collisson et al., 2011; Moffitt et al., 2015; Puleo et al., 2018). 
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Collectively, this chapter highlights the difference between TGFβ signalling 

deficient and proficient tumours. With the KAF tumours potentially representing 

a subset of patients, the therapeutic avenues discussed should be investigating 

within this model with the ultimate goal of translation to a stratified patient 

population, although more work is required to justify these targets in the KAF 

model. 
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Chapter 5 Role of TGFβ signalling in PDAC CAFs 

5.1 Introduction 

The TME of PDAC is characterized by a dense desmoplastic stroma, which results 

in an abundance of ECM deposition (Tian et al., 2019). CAFs play an important 

role in modulating cancer development with evidence supporting both a 

restraining and supportive effect on tumour growth (Lee et al., 2014; Oezdemir 

et al., 2014; Olive et al., 2009; Rhim et al., 2014). Additionally, this dense 

stromal network impedes therapeutic interventions and creates an 

immunosuppressive environment for cancer cells to thrive (Hutton et al., 2021; 

Hwang et al., 2008; Steele et al., 2021). TGFβ signalling has been shown to drive 

fibroblast activation and promote the deposition of ECM components (Schneider 

et al., 2001; Shek et al., 2002). Intra-tumoural CAF heterogeneity has been 

recently documented, with three distinct subpopulations named ‘myCAFs’ 

(driven by TGFβ signalling), ‘iCAFs’ and ‘apCAFs’ described (Biffi et al., 2019; 

Elyada et al., 2019; Ohlund et al., 2017). Gli1 and Hoxb6 have also been shown 

to mark distinct populations, with Gli1+ fibroblasts rare in healthy pancreas but 

expanding during tumourigenesis (Garcia et al., 2020). I sought to investigate 

the importance of TGFβ signalling in CAF subtypes in tumour initiation and 

progression using a next generation autochthonous model of PDAC. 

5.2 Experimental Aims 

Through the abrogation of TGFβ signalling, driven by fibroblast specific deletion 

of Alk5 or ligand Tgfb1, I investigated how this influenced survival and TME 

composition in the next generation DR model of PDAC. This allowed for the 

deletion of Alk5 or Tgfb1 within established tumours and at early initiating 

stages specifically targeted to the fibroblast populations via fibroblast promoter 

driven expression of tamoxifen inducible CRE-recombinase. I used two fibroblast 

specific promoters, Gli1 and Col1a2, to drive expression of CRE-recombinase, 

which caused deletion in a restricted fibroblast population and pan-fibroblast 

population respectively. 
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5.3 Results 

5.3.1 Utilising the next generation DR mouse model to investigate 
TGFβ signalling specifically in fibroblasts 

To interrogate TGFβ signalling specifically in fibroblasts I crossed the KPF mice 

with mice expressing the Gli1-CreER allele (KPFG) (Figure 65) (Ahn and Joyner, 

2004). The Gli1 promoter drives expression of tamoxifen inducible CRE-

recombinase in cells that expressed Gli1 only. Gli1 was expressed specifically in 

fibroblasts within PDAC with cancer cells producing SHH ligand (Bailey et al., 

2008; Garcia et al., 2020). This model was also crossed with the Alk5 floxed 

allele (Larsson et al., 2001) or the Tgfb1 floxed allele (Azhar et al., 2009) 

discussed previously (Figure 65), thereby, permitting targeted deletion of these 

genes specifically in Gli1 positive fibroblast populations. 

In order to confirm fibroblast specific expression of the CRE-recombinase I also 

crossed these mice with mice expressing the GFP/Tomato switch construct (as 

described in Figure 7 (Chapter 3). GFP was noted across the whole pancreas 

only in mice that had the construct (R26+), but not in the pancreas of mice that 

did not express the construct (R26-). Upon tamoxifen administration, GFP but 

very little tomato fluorescence was observed in the pancreas, due to the 

Flippase expression in pancreatic lineage cells only, which were the 

predominant population in the normal pancreas. There was no tomato 

fluorescence observed, which was expected as only fibroblasts expressed the 

CRE-recombinase required to excise GFP and allow tomato to be expressed, and 

in the normal pancreas, fibroblasts are a low abundance population, meaning we 

were unlikely to detect significant fluorescence by IVIS (Figure 66). 
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Figure 65 Fibroblast specific expression of CRE recombinase 
The KPF mouse model was crossed to mice expressing the Gli1 driven tamoxifen inducible CRE 
recombinase allele. This allele replaces exon 1 of the endogenous Gli1 gene with CreERT2 thereby 
driving expression of the CRE recombinase in Gli1 positive cells only. The KPFG mice were then 
crossed with mice expressing either the Alk5fl/fl or Tgfb1fl/fl allele to drive deletion of these genes in 
Gli1 positive cells only. 
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Figure 66 IVIS imaging of GFP and RFP in the pancreata of mice bearing the reporter 
Representative images of the pancreas, spleen, liver and mammary fat pad imaged on the IVIS. 
GFP expression was detected only in the pancreas and restricted to the tissue that had the 
GFP/Tomato reporter construct (R26+) but not the tissue that was negative for this reporter 
construct (R26-). Fibroblast specific expression of RFP cannot be detected after tamoxifen 
administration due to the low proportion of affected cells. 
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Staining for GFP and RFP was also conducted on pancreatic tissue from the Pdx1-

Flp; KrasWT; p53WT mouse model following a short-term induction. Mosaic 

expression of GFP was observed across acinar cells and islets (Figure 67), but no 

RFP expression was detected (Figure 68). This confirms appropriate expression 

of Pdx1-driven Flippase in the pancreatic tissue causing GFP expression. 

However, CRE-Recombinase was not expressed in the pancreatic tissue, as Gli1 

expression was restricted to fibroblasts and therefore tomato positive cells were 

not detected in pancreatic lineage cells. However, tomato positive fibroblasts 

could not be visualised in the wild type pancreas either, even in perivascular 

regions where Gli1 positive fibroblasts have been proposed to be found in normal 

pancreatic tissue (Garcia et al., 2020). The lack of RFP staining is most likely 

due to the low prevalence of fibroblasts in normal pancreatic tissue (Figure 68). 
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Figure 67 GFP expression was restricted to Flippase expressing pancreatic cells 
Representative images of GFP IHC stained pancreata harvested from Pdx1-Flp; Gli1-CreERT2 mice 
4 days post tamoxifen induction. GFP expression is restricted to the pancreatic lineage cells. (Top 
Scale bar = 2mm, Bottom scale bar = 500μm). 
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Figure 68 RFP expression is not detected in the pancreas 
Representative images of RFP IHC stained pancreata harvested from the Pdx1-Flp; Gli1-CreERT2 
model 4 days post tamoxifen induction. RFP was not visible across the pancreas. (Top Scale bar = 
2mm, Bottom scale bar = 500μm). 
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Therefore, to visualise fibroblast specific RFP expression, I conducted staining in 

tumour tissue, which is infiltrated with abundant fibroblasts, from KPFG mice 

with the GFP/tomato switch construct. It was apparent that in mice expressing 

the construct, GFP positive staining was visible in the transformed epithelial 

tissue but not in the stromal beds surrounding the tumour cells, further 

indicating tumour cells arise from the Pdx1 positive Flippase expressing cells and 

validating the specificity of the system (Figure 69). Tomato positive staining 

was found within the stromal tissue and only upon tamoxifen administration, 

indicative of fibroblast specific expression of the CRE-recombinase, which is 

controllable via tamoxifen (Figure 70). 

Further confirmation of fibroblast specific expression of CRE-recombinase was 

shown via positive staining for CRE in a fibroblast specific pattern in the KPFG 

model (Figure 71). Control tissue-expressing Pdx1 driven CRE-recombinase 

highlights an islet and tumour cell specific staining, as expected (Top left 

panel). Regardless of the Tgfb1/Alk5 status in the KPFG mice CRE expression was 

noted in the tumours, however, the staining appears to mark only a subset of 

the total fibroblasts, given the abundance of fibroblasts normally present in KPF 

tumours. This would be in agreement with recently published data indicating 

that Gli1+ fibroblasts make up a subpopulation of ‘myCAFs’ in pancreatic cancer 

(Steele et al., 2021). 
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Figure 69 GFP expression is restricted to the epithelium in KPFG mice 
Representative images of GFP IHC stained KPFG end-point tumour tissue. GFP staining was 
positive in the epithelial cells specifically and was found regardless of tamoxifen administration. 
(Scale bars = 1mm, inset scale bar = 500μm). 
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Figure 70 Tamoxifen administration drives RFP expression in CRE expressing fibroblasts 
Representative images of RFP IHC stained KPFG end-point tumour. RFP staining was weak but as 
indicated by the arrow-heads stained specifically in stromal areas and only in mice induced with 
tamoxifen. (Scale bars = 1mm, inset scale bar = 500μm). 
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Figure 71 CRE recombinase is expressed specifically in fibroblasts in Gli1-CreER mouse 
models 

Representative images of CRE-recombinase IHC stained tissue sections from KPFG mice, which 
were induced with tamoxifen with tumours sampled at clinical end-point. The top left panel shows 
tissue from a Pdx1-Cre; KrasLSL-G12D/+; Alk5fl/fl mouse and demonstrates tumour cell and islet cell 
specific CRE-recombinase staining. KPFG tissue was positive for CRE-recombinase in the stromal 
areas but not the epithelial areas of the PDAC and positive staining was independent of the floxed 
allele.(Scale bars = 200μm).  

 

Combined, I have shown that Gli1 driven expression of CRE-recombinase permits 

specific targeting of a subset of the tumour infiltrating fibroblasts in the KPFG 

model. 
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5.3.2 Gli1+ fibroblast specific deletion of Alk5 or Tgfb1 in 
established tumours does not impact on survival in the KPF 
mouse model 

Upon confirmation that CRE-recombinase was expressed in a fibroblast specific 

manner, I sought to investigate how the deletion of Alk5 or Tgfb1 would affect 

tumour maintenance in the KPFG mice. I therefore palpated and confirmed the 

presence of PDAC in KPFG mice before administration of tamoxifen. I 

subsequently followed tumour progression with weekly ultrasounds, until clinical 

end-points were reached. I observed no significant changes in tumour growth 

post tamoxifen induced deletion of either Alk5 or Tgfb1 compared with induced 

control mice (Figure 72). In agreement with the ultrasound data, the survival of 

the KPF mice was unchanged in both the Alk5 heterozygous deleted and Tgfb1 

Gli1-cre models in comparison to control induced KPF mice (Figure 73). 

However, the homozygous deletion of Alk5 in Gli1+ fibroblasts resulted in a slight 

reduction in survival, post tamoxifen induction, when compared to the KPFG 

mice (median survival 16 vs 10 days). 
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Figure 72 Deletion of Alk5 or Tgfb1 does not affect the growth of KPFG tumours 

Upon detection of palpable tumours in KPFG mice, ultrasound was used to confirm and measure 
tumour volume before commencing tamoxifen induction. The top panel shows the treatment 
regimen the mice followed upon detection of a palpable tumour. An abdominal US was conducted 
weekly on tamoxifen induced mice and tumour volume was calculated to track tumour growth. 
Deletion of Alk5 or Tgfb1 in Gli1+ fibroblasts had no impact on tumour growth. 
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Figure 73 Gli1-creER driven deletion of Alk5 but not Tgfb1 reduces survival of KPF mice 

Kaplan-Meier survival analysis of KPFG, KPFG; Alk5fl/+; KPFG; Alk5fl/fl and KPFG; Tgfb1fl/fl mice. 
Upon detection and confirmation via ultrasound of a palpable tumour, mice were induced with 
tamoxifen. Heterozygous deletion of Alk5 or homozygous deletion of Tgfb1 does not change the 
survival in comparison to the KPFG, however, homozygous deletion of Alk5 slightly reduces survival 
(N=6, 6, 16, 16, respectively, Median Survival= 15, 20, 16 and 10 days post induction respectively). 

 

A proportion of the KPF mice presented with metastasis to the liver and the 

lungs at end-point, and with fibroblast depletion studies highlighting more 

invasive disease, we therefore sought to examine if perturbation of the Gli1+ 

fibroblast population would affect the metastatic burden in these models. 

Representative images of both liver and lung metastasis in the various models is 

shown in Figure 74. Metastasis was unchanged when Alk5 was deleted in the 

Gli1+ population in comparison to the wild type (Figure 75). However, it was 

interesting to note that metastasis to the liver occurs more frequently when 

Tgfb1 was deleted in the Gli1+ fibroblast population. 
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Figure 74 Representative images of H&E stained metastatic lesions in the KPFG mice 

Representative images of H&E stained metastatic lung and liver tissue sections from KPFG, KPFG; 
Alk5fl/fl and KPFG; Tgfb1fl/fl mice which were induced following detection of a palpable tumour. 
Metastatic lesions were distinguishable from the normal tissue architecture due to their ductal 
morphology. (Scale bars = 2mm). 
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Figure 75 KPFG, KPFG; Alk5fl/fl and KPF; Tgfb1fl/fl mice had no significant change in 
metastasis 

The percentage of mice presenting with macro- or micro-metastasis to the various sites is shown. 
% Mets denotes the presence of metastasis, with % liver, % lung and % diaphragm reporting the 
presence of organ specific metastasis. % Multi denotes mice presenting with concurrent metastasis 
to multiple sites. (n= 14, 14, 5, respectively) (Fisher’s exact Test used). 
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5.3.3 Gli1+ fibroblast specific deletion of Alk5 or Tgfb1 in PanINs 
in the KF mouse model  

Subsequently, I investigated if fibroblast specific deletion of Alk5 or Tgfb1 would 

influence pre-neoplastic lesion development. Therefore, KFG mice were induced 

at 6 weeks of age and sampled 7 days post induction, with PanINs counted from 

H&E stained tissue sections (Figure 76). Quantification of the PanINs showed no 

change in the abundance of PanIN-1 or PanIN-3 lesions, however PanIN-2 lesions 

were significantly increased in the KFG; Tgfb1fl/fl mice compared to the KFG 

controls, and there was also a trend towards increased PanIN-1s in this model 

(Figure 77). Representative H&E images from time-point KFG mice show that 

across the genotypes stromal composition remains largely similar, with no 

obvious alterations to the rest of the pancreas noted (Figure 78). 

 

 

Figure 76 Short-term induction regime in KFG mouse models 

The KFG mouse was crossed with mice expressing either Alk5fl/fl or Tgfb1fl/fl alleles and at 6 weeks 
of age tamoxifen was administered before sampling a week post-induction start date. 
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Figure 77 Gli1 driven deletion of Tgfb1 but not Alk5 increases PanIN-II burden compared to 
KF mice 

Quantification of total number of PanINs counted in time point KFG; KFG; Alk5fl/fl or KFG; Tgfb1fl/fl 
mice across one H&E stained pancreas tissue slide from an individual mouse with the total number 
of PanIN I, PanIN-II or PanIN-III counted across the whole tissue. (n= 6, 3, 3, respectively. Mann 
Whitney P values indicated). 
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Figure 78 Representative images of H&E stained PanINs in KFG models  
Representative images of H&E stained tissue sections. Images of PanIN lesions across the various 
genotypes of the KFG model sampled at 7 weeks of age, 1-week post tamoxifen induction, are 
shown. (Scale bars = 500μm). 
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Further, the proliferation of the PanINs was measured via IHC staining of Ki67. 

Representative images highlight that proliferative cells are present within the 

epithelial components of the PanIN regions, and the number of positive and 

negative cells in the epithelium were counted specifically to calculate the 

proportion of Ki67 positive cells per PanIN (Figure 79). Quantification is shown 

in the bottom graphs of Figure 80 with the left graph showing the average 

proportion of Ki67 positive cells in PanINs across the whole tissue section per 

mouse. Through this analysis, there was no significant change in Ki67 PanIN 

staining proportion across the cohorts, although PanINs in KF; Tgfb1fl/fl mice had 

a slightly elevated Ki67 proportion compared to KF controls. The right hand 

graph shows the proportion of Ki67+ cells across all PanINs counted in all of the 

mice of each genotype. When analysed in this way there was a small but 

significant increase in the proportion Ki67+ cells when Tgfb1 was deleted 

specifically from the Gli1+ fibroblasts. 

Accompanying this proliferation count, I also performed a count of apoptosis 

within the PanIN cells specifically via staining for cleaved caspase 3. The 

representative images highlight that a very low proportion of the epithelial cells 

are undergoing apoptosis in these early PanIN lesions. This was further 

demonstrated by the quantification, highlighting a low percentage of PanIN cells 

positive for cleaved caspase 3, with a large proportion of PanINs having no 

positive staining. There was no significant differences in cleaved caspase 3 

staining across the PanINs, counted either as an average per mouse or an 

average per PanINs, between the KFG cohorts (Figure 80). 

Next, I investigated the level of senescence in the PanIN lesions via staining for 

p21. With TGFβ signalling shown to play a role in the senescence associated 

secretory phenotype, and to be a driver of senescence (Acosta et al., 2013), I 

investigated if loss of this signalling pathway or the ability to produce ligand in 

Gli1+ fibroblasts would affect the PanIN lesions. PanIN cells staining positive for 

p21 were counted as performed for the Ki67 staining, with the proportion of p21 

positive cells elevated in the KFG; Alk5fl/fl cohort, which was significant when 

counting across all PanINs. When averaged per mouse, p21 appears elevated in 

the KFG; Alk5fl/fl PanINs in comparison to the KFG and KFG; Tgfb1fl/fl mice, 

although not significantly so (Figure 81). Although TGFβ has been shown to drive 
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senescence, the lack of the ligand produced by Gli1+ fibroblasts does not appear 

sufficient to cause a decrease in the senescence of the PanIN cells, suggesting 

that there still exists sufficient ligand in the early microenvironment from 

alternate sources or other mechanisms of senescence are sufficient to 

compensate. However, the lack of the Alk5 receptor on Gli1+ fibroblasts does 

elevate senescence in the PanIN cells, perhaps indicating a feedback loop 

through Alk5 signalling on these fibroblasts, which can induce senescence via 

increased TGFβ1 production. 
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Figure 79 Ki67 staining on KFG PanINs 

Representative images of Ki67 IHC staining on PanIN bearing pancreatic tissue from time point 
KFG, KFG; Alk5fl/fl and KFG; Tgfb1fl/fl mice (Scale bars = 500μm). Quantification of the % of Ki67+ 
cells per PanIN counted across all PanINs present in the time points is shown in the right graph, 
with KFG; Tgfb1fl/fl PanINs having a significantly increased proportion of Ki67 per PanIN. The left 
graph shows the average proportion of Ki67+ cells per PanIN per mouse. (n= 4, 3, 3, respectively). 
There was no significant change in the proportion of Ki67+ cells when analysed across individual 
mice. (Mann Whitney test used, significant P values indicated). 
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Figure 80 Cleaved caspase 3 staining on KFG PanINs 
Representative images of cleaved caspase 3 IHC staining in PanIN lesions in time point KFG, KFG; 
Alk5fl/fl and KFG; Tgfb1fl/fl mice (Scale bars = 500μm). Quantification of the percentage of Casp3+ 
cells per PanIN counted across all PanINs present in the mice is shown in the right graph. The left 
graph shows the average proportion of Casp3+ cells in all PanINs per mouse (n= 4, 2, 3, 
respectively). There was no significant change in proportion of Casp3+ cells when analysed across 
individual mice. (Mann Whitney test used, significant P-values indicated). 
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Figure 81 p21 staining on KFG PanINs 
Representative images of p21 staining in PanIN lesions in time point KFG, KFG; Alk5fl/fl and KFG; 
Tgfb1fl/fl mice (Scale bars = 500μm). Quantification of the percentage of p21+ cells per PanIN 
counted across all PanINs present is shown in the right graph. There was a significantly increased 
proportion of PanINs with higher levels of staining of p21 in the KFG; Alk5fl/fl cohort. The left graph 
shows the average proportion of p21+ cells per PanIN per mouse (n= 4, 3, 3, respectively). There 
was no significant change in proportion of p21+ cells when analysed across individual mice. (Mann 
Whitney test used, significant P values indicated). 
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Although the number presented here are low, collectively, the KF; Tgfb1fl/fl 

model appears to present with an increased abundance of more advanced PanIN 

lesions, with an increased proportion of proliferating PanIN cells, perhaps 

indicating that TGFβ1 ligand production by a subset of fibroblasts is important 

for controlling PanIN progression, or potentially that decreased ligand 

production could result in upregulated receptor expression in these CAFs, thus 

altering their tumour-promoting potential. Interestingly, the KF; Alk5fl/fl mice 

present with elevated PanIN cell cycle arrest, although no change in PanIN 

abundance was detected. 

These data led me to investigate the microenvironment around the PanIN lesions 

in mice of the different genotypes. Infiltration of fibroblasts into the PanIN 

lesions of the KFG; KFG; Alk5fl/fl, and KFG; Tgfb1fl/fl was measured by staining for 

the pan-CAF marker, podoplanin, and quantifying the positive area in PanIN 

regions. Representative images of the podoplanin IHC stained sections are shown 

in Figure 82, with no change in fibroblasts abundance detected across the 

models. With the ‘myCAF’ subset of fibroblasts shown to be driven by TGFβ 

signalling (Biffi et al., 2019), I also investigated the abundance of expression of 

the ‘myCAF’ marker, αSMA, in the PanIN regions. Within the PanINs, αSMA+ cells 

accumulate similarly to the podoplanin+ fibroblasts. There was also no change in 

the abundance of αSMA+ staining across the models (Figure 83), suggesting that 

fibroblast infiltration and identity (at least in terms of the ‘myCAF/iCAF’ ratio) 

was unchanged upon Gli1 driven deletion of either Alk5 or Tgfb1 within PanIN 

lesions. 
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Figure 82 Fibroblast abundance in PanIN regions was unchanged in the KFG mouse models 

Representative images of podoplanin (PDPN) IHC stained tissue sections (Scale bar = 500μm). 
Fibroblasts accumulate around the PanIN lesion across all indicated models. HALO software 
quantification of the area of PDPN+ staining in the adjacent PanIN stroma is shown. (n= 4, 3, 3, 
respectively, Mann Whitney Test used, significant P-values indicated). 
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Figure 83 αSMA fibroblasts abundance around PanINs was unchanged between KFG; KFG; 
Alk5fl/fl and KFG; Tgfb1fl/fl mice 
Representative images of αSMA IHC stained tissue sections (Scale bars = 500μm). Infiltrating 
fibroblasts accumulate around the PanIN lesions across all indicated models. HALO software 
quantification of the area of αSMA+ staining in the adjacent PanIN stroma is shown. (n= 4, 3, 3, 
respectively, Mann Whitney Test used, significant P-Value indicated). 

 

Therefore, I concluded that deletion of Alk5 within Gli1 positive fibroblasts 

decreased senescence within PanIN epithelia but this did not accelerate PanIN 

progression. However, the Gli1 driven deletion of Tgfb1fl/fl increased the number 

of PanIN-II lesions, which were more proliferative, without altering senescence. 

The survival of tumour bearing KPFG mice was unchanged upon deletion of either 

Alk5 or Tgfb1 with metastatic dissemination to the liver elevated in the KPFG; 

Tgfb1fl/fl mouse model, although not significantly. 
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5.3.4 Gli1 driven deletion of Alk5 or Tgfb1 does not affect the 
PDAC TME in the KPF mouse model 

With the deletion of Alk5 or Tgfb1 from established tumours found to have no 

significant effect on survival, I sought to investigate the impact it had upon the 

TME. Staining was performed on end-point KPFG tumours, post tamoxifen 

induction, for fibroblast markers. The total abundance of CAFs was measured via 

staining with podoplanin; a pan-fibroblast marker proposed to mark all fibroblast 

populations within PDAC (Elyada et al., 2019). There was no change to the total 

abundance of CAFs within the end-point tumours following Gli1 driven deletion 

of Alk5 or Tgfb1 (Figure 84). Published work from the Tuveson lab highlighted 

that high αSMA expressing fibroblast denote the ‘myCAF’ subpopulation of CAFs, 

which are dependent on TGFβ signalling (Biffi et al., 2019). With Gli1 

predominantly expressed within this ‘myCAF’ population (Steele et al., 2021), I 

stained for αSMA within the KPF tumours to determine if abrogation of TGFβ 

signalling within the CAFs would reduce this subpopulation. Staining showed that 

the αSMA fibroblast abundance was reduced, but not significantly, when Alk5 

was deleted in Gli1 fibroblasts, although there was significant reduction in KPF; 

Alk5fl/+ tumours (Figure 85). Interestingly, the Gli1 driven deletion of Tgfb1 

culminated in a significantly reduced αSMA positive area in end-point tumours. 

This was subsequently shown to increase the ratio of podoplanin to αSMA 

indicative of altered fibroblast populations within the TME (Figure 86). The ratio 

was also increased when Alk5 was deleted in Gli1 fibroblasts, but not 

significantly.  

TGFβ signalling has been shown to be a potent driver of ECM accumulation and 

‘myCAFs’ are the predominant ECM re-modellers. I therefore examined the 

deposition of collagen via staining with Sirius red, but no change in collagen 

deposition was detected across the cohorts even in the KPFG; Tgfb1fl/fl tumours 

which had reduced αSMA positive area (Figure 87). 
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Figure 84 Deletion of Alk5 or Tgfb1 from Gli1+ fibroblasts does not affect fibroblast 
abundance in end-point PDAC 
Representative images of podoplanin IHC stained end-point KPFG tumours of the indicated 
genotypes (Scale bars = 1mm). Quantification of total area of PDPN staining, calculated via HALO 
software, is shown in the bottom panel. (n=7, 4, 5, 5, respectively. Mann Whitney test used, 
significant P-Values indicated). 
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Figure 85 Gli1+ cell depletion of Tgfb1, and to a lesser extent Alk5, reduces αSMA+ 
fibroblasts within end-point tumours 

Representative images of αSMA IHC stained end-point KPFG tumours of the indicated genotypes 
(Scale bars = 1mm). Quantification, via HALO software, of total αSMA positive area as percentage 
of total tumour area is shown. (n=6, 4, 5, 5, respectively, Mann Whitney used, significant P-values 
indicated). 
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Figure 86 KPFG; Tgfb1fl/fl tumours had a greater ratio of podoplanin to αSMA positive 
fibroblasts compared to KPFG tumours 

From the HALO analysis the total are of podoplanin positive staining was divided by the total area 
of αSMA staining to generate a PDPN: αSMA ratio. The KPFG; Tgfbfl/fl mice had a significantly 
increased PDPN: αSMA ratio compared to the KPFG mouse tumours (n=5, 4, 5, 5, respectively, 
Mann Whitney test used, significant P-values indicated). 



Chapter 5 210 
 

 

Figure 87 Collagen deposition in end-point KPFG tumours was unchanged when either Alk5 
or Tgfb1 was deleted in Gli1+ fibroblasts 

Representative images of Sirius red staining in end-point tumours across the KPFG genotypes are 
shown in the upper panel (Scale bars = 1mm). Quantification of Sirius red positive area as a 
percentage of total tumour area is shown in the bottom panel. (n=4, 3, 5, 5, respectively, Mann 
Whitney test used, significant P-Values indicated). 
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With multiple recent studies highlighting a link between fibroblasts and the 

immune infiltrate in PDAC (Hutton et al., 2021; Steele et al., 2021), I sought to 

elucidate if alterations in immune cell populations were detected in the KPFG; 

Alk5fl/fl or KPFG; Tgfb1fl/fl tumours. Macrophage infiltration was measured by 

staining for F4/80 and scoring the total area of positive staining (Figure 88), 

with T cell infiltration measured by staining for CD3 and counting the number of 

positive cells (Figure 89). However, both were unchanged in the either Gli1 

driven Alk5fl/fl or Tgfb1fl/fl tumours in comparison to the KPFG controls. 

Altogether, the data show that deletion of Alk5 in Gli1+ fibroblasts did not have 

a significant impact on the TME in end-point KPF tumours, however deletion of 

Tgfb1 affected the fibroblast populations, reducing the proportion of ‘myCAFs’ 

although the immune infiltrate and collagen deposition remained unchanged. 
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Figure 88 Gli1 driven deletion of Alk5 or Tgfb1 did not affect macrophage infiltration in end-
point KPFG tumours 

Representative images of F4/80 IHC stained end-point tumour tissue across the genotypes are 
shown in the top panel (Scale bars = 1mm). Quantification, via HALO software, of the total area of 
F4/80 positive staining as a proportion of the whole tumour is shown in the bottom figure. (n= 4, 4, 
5, 5, respectively, Mann Whitney test used, significant P-values indicated). 
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Figure 89 CD3+ T cell infiltration was unchanged in KPFG tumours when either Alk5 or Tgfb1 
was deleted in Gli1 fibroblasts 

Representative images of CD3 IHC stained tissue in end-point tumours across the indicated 
genotypes are shown, upper panel (Scale bars = 500μm). Positive cells were counted across 30x 
Fields of view for each tumour and the average count per mouse (Per FoV) is shown in the graphs. 
(n= 4, 4, 5, 5, respectively, Mann Whitney test used, significant P-Values indicated). 
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5.3.5 Investigating TGFβ signalling in the TME of KPFG Alk5fl/fl and 
Tgfb1fl/fl models 

With no measurable change in the TME in either end-point tumours or in PanIN 

precursor lesions in the Gli1-CreER driven Alk5 deleted model I aimed to 

determine which fibroblasts had lost active TGFβ signalling. In order to 

interrogate this, I performed multi immunofluorescence staining on both end-

point and PanIN lesion tissue. I stained for pSMAD3, podoplanin and αSMA and 

then counted fibroblast specific nuclear positive staining for pSMAD3, which 

indicated active TGFβ signalling in the fibroblasts. 

Representative images of end-point tumour tissue showed high infiltration of 

fibroblasts positive for both podoplanin and αSMA (Figure 90). Quantification of 

the pSMAD3 positive fibroblasts showed that there was a slight reduction in 

pSMAD3 positive fibroblasts in the Tgfb1 knockout model but not the Alk5 

knockout when compared to the controls (Figure 91), although this did not 

reach significance. This was perhaps further justification of a reduction in 

‘myCAF’ populations within the KPFG; Tgfb1fl/fl end-point tumours, with 

‘myCAFs’ proposed to be αSMAhi and pSMAD positive (Biffi et al., 2019), although 

it should be noted that there is significant heterogeneity between tumours of 

the same genotypes. 
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Figure 90 Representative images of immunofluorescent staining on end-point KPFG tumours 

Representative images of immunofluorescence staining on tissue from KPFG; KPFG; Alk5fl/+, KPFG; 
Alk5fl/fl and KPFG; Tgfb1fl/fl tumours. Nuclei are in blue, stained with DAPI, pSMAD3 positive 
staining is indicated in magenta, and fibroblasts are marked in green for podoplanin and red for 
αSMA. Florescence images were taken on the Nikon A1R at 40x with 4 adjacent images stitched 
together shown. 
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Figure 91 pSMAD3 positive fibroblast numbers are unchanged upon Gli1 driven Alk5 
deletion 

Quantification of the percentage of PDPN+αSMA+pSMAD3+ fibroblasts as a proportion of all PDPN+ 
and αSMA+ fibroblasts. 5x 40x images were taken for each tissue sample and all fibroblasts were 
counted across these images and the proportion of PDPN+αSMA+pSMAD3+ fibroblasts is shown 
(n=5, 4, 4, 5, respectively, Mann Whitney test used, Significant P-values indicated).  

 

Staining within the PanIN bearing tissue also showed a very similar pattern with 

the majority of fibroblasts being dual positive for both αSMA and podoplanin 

regardless of the Gli1-CreER driven gene knockout (Figure 92). Further, the 

pSMAD3 positive fibroblasts were again decreased when Tgfb1 was deleted in the 

Gli1+ fibroblasts when compared to the controls, but not when Alk5 was deleted, 

although it should be noted that numbers are low in this experiment (Figure 

93). The ‘myCAF’ fibroblasts population also appear reduced in the Gli1-CreER 

driven Tgfb1 deleted mice, however, this was not noted in the αSMA IHC stained 

samples with perhaps an increase in αSMA positive area apparent.  



Chapter 5 217 
 

 

Figure 92 Representative images of immunofluorescence staining on PanIN-bearing tissue 
from KFG mice 

Representative images of immunofluorescence staining on tissue from KFG; KFG; Alk5fl/fl and KFG; 
Tgfb1fl/fl mice at 7 weeks (1 week post induction). Nuclei are in blue, stained with DAPI, pSMAD3 
positive staining is indicated in magenta, and fibroblasts are marked in green for podoplanin and 
red for αSMA. Fluorescence images were taken on the Nikon A1R at 20x. 
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Figure 93 Gli1 driven deletion of Tgfb1 results in a non-significant decreased in pSMAD3 
positive fibroblasts in PanIN lesions 
Quantification of the percentage of PDPN+αSMA+pSMAD3+ fibroblasts as a proportion of all PDPN+ 
and αSMA+ fibroblasts. Each PanIN lesion on the slide was imaged at 20x and all fibroblasts 
counted within the lesion area. (n=2, 2, 2, respectively, Mann Whitney test used, Significant P-
Values indicated).  

 

These data, therefore, suggested that Gli1+ fibroblast production of TGFβ1 was 

required to maintaining a high level active TGFβ signalling in the adjacent 

fibroblasts within developed PDAC, with further clarification required on their 

function within PanIN lesions, and increased numbers required for the study. 

However, in agreement with an unaltered TME and unchanged survival, Gli1 

deletion of Alk5 does not affect the active TGFβ signalling in the fibroblast 

populations. Whether Alk5 expression was essential for the maintenance of the 

Gli1+ fibroblast population was not investigated, but loss and replenishment of 

these cells with non-recombined fibroblasts could have occurred as tumours 

progressed to end-point. This could differ from the Tgfb1 deleted Gli1+ 

fibroblast which lose ligand production but retain the receptor which may be 
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required for their persistence in the TME. Alternatively, if there is no paracrine 

effect of Alk5 deletion from Gli1+ fibroblasts on the surrounding Gli1-fibroblasts, 

the low number of Gli1+ cells, as a proportion of total fibroblasts might preclude 

observation of significant cell intrinsic changes.  
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5.3.6 Pan-fibroblast deletion of Alk5 or Tgfb1 

With Gli1 expressed in a restricted population of ‘myCAFs’ (Steele et al., 2021), 

I sought to target all fibroblasts within the TME to elucidate the wider control 

TGFβ signalling exerts within PDAC. Therefore, mice expressing CRE-

recombinase driven by the Col1a2 promoter (Zheng et al., 2002a) were crossed 

with the KPF mice (KPFC) with either floxed Alk5 or Tgfb1 alleles (Figure 94). It 

has recently been shown that expression of Col1a2 is equivalent across both the 

‘iCAF’ and ‘myCAF’ subtypes and therefore represents a pan-fibroblast marker 

(Elyada et al., 2019). Subsequently, these mice were enrolled in a survival 

cohort with detection of a palpable tumours confirmed via US followed by 

tamoxifen induction over 4 days and monitoring until mice reached clinical end-

points. Either heterozygous or homozygous deletion of Alk5 or Tgfb1 did not 

influence survival of the KPFC mice compared to the controls, with no significant 

changes noted, although additional numbers are still required (Figure 95). 

 

 

Figure 94 Pan-fibroblast deletion of Alk5 or Tgfb1 driven by expression of Col1a2-driven 
CRE-recombinase 

The KPF mouse model was crossed to mice expressing a Col1a2 driven tamoxifen inducible CRE 
recombinase allele. This allele contains an upstream Col1a2 enhancer and therefore drives CRE-
recombinase expression specifically in fibroblasts. KPFC mice were then crossed with mice 
expressing either the Alk5fl/fl or Tgfb1fl/fl alleles to drive deletion of these genes in fibroblasts only 
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Figure 95 Col1a2 driven deletion of Alk5 or Tgfb1 does not alter survival of KPFC mice 
Kaplan-Meier survival analysis of KPFC, KPFC; Alk5fl/+; KPFC; Alk5fl/fl, KPF; Tgfb1fl/+ and KPFC; 
Tgfb1fl/fl mice. Upon detection of a palpable tumour, and confirmation via ultrasound KPFC mice 
were induced with tamoxifen. Heterozygous or homozygous deletion of Alk5 or Tgfb1 alleles did 
not alter survival in comparison to the KPFC controls. (N=19, 4, 6, 3 and 7, respectively) (Median 
Survival=11, 23, 22, 15 and 17 days post induction respectively). 

 

With the KPFG models presenting with similar findings in the survival cohorts, I 

sought to interrogate if alterations to the TME, in particular to the fibroblast 

populations, were present in the KPFC mice. Therefore, IHC staining for 

podoplanin and αSMA was conducted in end-point tumour tissue, with area of 

positive staining across the tumour tissue measured by HALO software. 

Representative images of podoplanin staining highlight abundant fibroblast 

infiltration across the models, with no significant alteration in fibroblast 

accumulation noted (Figure 96). The infiltration of αSMA positive fibroblasts was 

also unchanged in the KPFC mouse models (Figure 97). This is particularly 

interesting in the KPFC; Tgfb1fl/fl mice due to the significant decrease in αSMA 

staining noted previously in the KPFG; Tgfb1fl/fl tumours. It would be expected 

that depletion of Tgfb1 in the Col1a2 driven model would also ablate ligand 

production in the Gli1 positive fibroblasts and therefore a similar or more 

pronounced phenotype would be expected to be observed. The proportion of 

podoplanin to αSMA fibroblasts was also unchanged across the models (Figure 

98), suggesting that there was no skew in fibroblast subtype within the TME 
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upon Col1a2 driven deletion of Alk5 or Tgfb1, although additional numbers are 

required for some genotypes.  

 

 

Figure 96 Col1a2-CreER driven deletion of Alk5 or Tgfb1 did not affect fibroblast 
accumulation in end-point KPFC tumours 
Representative images of podoplanin IHC stained end-point KPFC tumours of the indicated 
genotypes (Scale bars = 1mm). Quantification of total area of PDPN staining, calculated via HALO 
software, is shown in the bottom right panel. (n=5, 6, 2, respectively. Mann Whitney test used, 
significant P-Values indicated). 
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Figure 97 Col1a2-CreER driven deletion of Alk5 or Tgfb1 did not affect αSMA positive 
fibroblast accumulation in end-point KPFC tumours 
Representative images of αSMA IHC stained end-point KPFC tumours of the indicated genotypes 
(Scale bars = 1mm). Quantification of total area of αSMA staining, calculated via HALO software, is 
shown in the bottom right panel. (n=5, 6, 2, respectively. Mann Whitney test used, significant P-
Values indicated). 
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Figure 98 KPFC; Tgfb1fl/fl and KPFC; Alk5fl/fl tumours had an unchanged ratio of podoplanin 
to αSMA positive fibroblasts compare to KPFC tumours 

From the HALO analysis the total are of podoplanin positive staining was divided by the total area 
of αSMA staining to generate a PDPN: αSMA ratio. The KPFC; Tgfbfl/fl and KPFC; Alk5fl/fl mice had 
an unchanged PDPN: αSMA ratio compared to the KPFC mouse tumours. (n=5, 6, 2, respectively, 
Mann Whitney test used, significant P-values indicated). 

 

Collectively, this highlights a divergent function of fibroblast populations within 

PDAC, with pan-fibroblasts deletion of Tgfb1 exhibiting an altered TME response 

compared to Gli1-CreER driven deletion. Further work is required in the KPFC 

model to elucidate differences across all stages of PDAC development.  
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5.4  Discussion 

Collectively I have demonstrated that fibroblast-targeted deletion of Alk5 or 

Tgfb1 within established tumours, either in a restricted population or across all 

fibroblasts, does not affect long-term survival. However, Gli1 driven deletion of 

Tgfb1 in 6 week old KFG mice increases PanIN proliferation and the accumulation 

of more progressed PanIN lesions, while deletion in established tumours alters 

the podoplanin to αSMA ratio, with a reduction in ‘myCAFs’ potentially observed.  

Although I have shown both positive staining for CRE-recombinase and RFP in the 

stromal regions of the KPFG tumours, denoting stromal specific CRE 

recombination, it would be important to confirm if this was targeted to 

fibroblasts specifically. This could be proven through dual staining, for instance 

with podoplanin and RFP or podoplanin and CRE-recombinase. Further with the 

Gli1+ fibroblasts enriched within the ‘myCAF’ subpopulation (Steele et al., 

2021), defining the proportion of αSMA-recombined cells would also be 

enlightening. Definitive proof of deletion of Alk5 or Tgfb1 within these cells is 

also required. Although there was a decrease in the pSMAD3+ fibroblasts in the 

KPGG; Tgfb1fl/fl tumours, this was not significant and decreased activation of 

downstream signalling was not observed in the Alk5 deleted fibroblasts. ISH for 

Alk5 in the KAF mice detected a limited number of stromal cells, so this may not 

prove the most effective mechanism for interrogating loss of Alk5. ISH for Tgfb1 

could also be informative, however, RNA quality is a potential limiting factor in 

intact tissue because of the very high level of RNase in the pancreas. Therefore, 

it would be useful to sort fibroblasts from established tumours post tamoxifen 

induction and perform a qPCR on RNA extracted from the sorted cells to 

determine deletion of Alk5 or Tgfb1. Although this would not give insight into 

the proportion of fibroblasts which has undergone recombination, it would be 

possible to determine whether ‘iCAFs’ or ‘myCAFs’ exhibit similar or differential 

gene expression, as they can be separated with a flow cytometry panel (Elyada 

et al., 2019). This is of course also applicable to the Col1a2-Cre driven deletion 

of Alk5 or Tgfb1 and will be essential in determining pan-fibroblast deletion. 

Further, CAF specific recombination could be determined by the expression of 

RFP, and examination of where this population resides within the iCAF/myCAF 

flow cytometry panel would reveal the specificity of targeting across both 

models.  
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Whole body heterozygous deletion of Alk5 in a mouse model expressing pancreas 

specific oncogenic Kras reduced PanIN development (Principe et al., 2016). 

However, when I deleted Alk5 in the Gli1+ fibroblasts, PanIN abundance and 

progression was unchanged in comparison to the controls, although there was an 

indication of slightly increased senescence within PanIN epithelium. Whether, 

ageing of mice for longer post induction would result in slowed PanIN progression 

could prove interesting. Intriguingly, the Gli1 driven deletion of Tgfb1 increased 

PanIN proliferation and increased the number of more advanced PanIN-2 lesions. 

TGFβ was shown to be a mediator of the senescence associated secretory 

phenotype, able to repress PanIN progression (Acosta et al., 2013), therefore, it 

is possible that Gli1+ fibroblasts are important producers of TGFβ1 ligand and 

abolition of their capacity to produce ligand could relieve TGFβ induced PanIN 

suppression. 

With SHH responsive genes shown to be enriched within a subset of ‘myCAFs’ 

(Steele et al., 2021) and Gli1 positive fibroblasts observed to expand upon 

oncogenic transformation of the pancreas (Garcia et al., 2020), I examined the 

dependence of this population of fibroblasts on TGFβ signalling. The ‘myCAF’ 

population has been shown, both in vitro and in vivo, to be driven by TGFβ 

signalling, with TGFβ receptor inhibition decreasing αSMA positive fibroblasts 

within KPC tumours (Biffi et al., 2019). Therefore, it was surprising to observe 

that deletion of Alk5 in Gli1+ fibroblasts in the KPF model was unable to even 

partly replicate findings in the receptor inhibitor treated KPC mice. Inhibitor 

treatment would target the whole TME with genetic deletion restricted to a 

subset of fibroblast cells. Whether TGFβ signalling is only one part of a wider 

network of signalling molecules, that can dictate ‘myCAF’ fate and, thus, 

signalling redundancy in CAFs was able to compensate for loss of TGFβ signalling 

is unclear. Further, the receptor inhibitor would continuously block TGFβ 

signalling, and with fibroblasts evolving throughout disease progression 

(Dominguez et al., 2020) the inhibitor may be able to block the development of 

subsequent ‘myCAFs’. Tamoxifen administration promotes a time-restricted 

depletion of Alk5 in Gli1+ fibroblasts and Garcia et al, have suggested that de 

novo generation of Gli1+ fibroblasts occurs during PanIN development (Garcia et 

al., 2020). Therefore, it would be useful to know whether these Alk5 depleted 

fibroblasts persist to end-point within tumours or whether they can be 
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replenished or replaced by other CAF populations and finally, if they are reliant 

on TGFβ signalling and therefore depleted upon tamoxifen induced Alk5 

deletion. With these open questions remaining it would be pertinent to 

investigate alterations to the TME, particularly fibroblast populations, at early 

time-points post tamoxifen induction. 

Intriguingly, the Gli1 driven deletion of Tgfb1 was able to alter fibroblast 

populations, significantly reducing the αSMA levels as well as lowering the 

number of pSMAD3 positive CAFs. Although TGFβ signalling has been shown to 

induce the ‘myCAF’ subtype while suppressing the ‘iCAF’ subtype within tumours 

(Biffi et al., 2019), the source of ligand has not been fully appreciated. With 

fibroblasts able to produce TGFβ1 (Shek et al., 2002), and its expression 

enriched in ‘myCAFs’ (Elyada et al., 2019), this perhaps indicates that paracrine 

and autocrine fibroblast signalling is important for maintenance of these 

subtypes. 

With the αSMA high ‘myCAFs’ proposed to be the predominant producers of ECM 

components (Ohlund et al., 2017) and TGFβ signalling demonstrated to increase 

ECM molecule production in fibroblasts (Schneider et al., 2001; Shek et al., 

2002), I expected to note a decrease in collagen deposition within the αSMA low 

KPFG; Tgfb1fl/fl tumours. However, no change in Sirius red positivity was 

observed. Whether the decreased ligand availability was capable of suppressing 

αSMA but sufficient to maintain ECM levels was unclear. Alternatively, TGFβ1 has 

been shown to inhibit IL-1R expression (Biffi et al., 2019; Tjomsland et al., 2016) 

and perhaps the decreased availability of ligands creates a permissive 

environment for the expansion of αSMA low ‘iCAFs’. The pan-fibroblast marker 

podoplanin was slightly, although not significantly, elevated in the KPFG; 

Tgfb1fl/fl tumours, indicative of an increase in non-myCAF populations.  

Depletion of CAFs has been shown to be tumour promoting in some 

circumstances (Lee et al., 2014; Oezdemir et al., 2014; Rhim et al., 2014), with 

these studies predominantly targeting markers or signalling pathways promoting 

the ‘myCAF’ subtype. Inhibition of TGFβ receptor has been shown to have no 

effect on tumour growth in the KPC model, whereas inhibition of ‘iCAFs’ through 

a JAK/STAT inhibitor resulted in reduced tumour growth, although in both 

situations the impact on the full TME could explain the divergent response (Biffi 
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et al., 2019). However, these studies predict that Gli1 targeted deletion of Alk5 

would be worse for tumour prognosis as ‘myCAFs’ are thought to be the most 

tumour suppressive subtype. Further, the Gli1+ fibroblasts compose less than 50% 

of the fibroblasts within KPF tumours, although they are enriched within the 

αSMA positive populations (Garcia et al., 2020). Therefore, it was also essential 

to examine the wider CAF population. Thus, using a tamoxifen inducible Cre-

recombinase allele driven by the pan-fibroblast marker Col1a2 (Elyada et al., 

2019), I deleted both Alk5 and Tgfb1 in the CAFs of established KPF tumours. 

With the observed alterations in fibroblasts in the tumours of the KPFG; Tgfb1fl/fl 

model, I expected to see a similar or even more pronounced effect upon pan-

fibroblast depletion of Tgfb1fl/fl, however, this was not the case. Divergent 

functions of different populations of fibroblasts have been highlighted previously 

(Chen et al., 2021; Garcia et al., 2020), although the difference between the 

Gli1 and Col1a2 models shown here will require further investigation. Whether 

the pan-fibroblast deletion culminates in more compensation across the TME, 

which ultimately retains all fibroblast population is possible. In addition, the 

Gli1+ fibroblasts are located adjacent to cancer cell beds (Biffi et al., 2019; 

Garcia et al., 2020) with location perhaps playing a role. The wider Col1a2 

driven deletion of Tgfb1 could result in a feedback loop to restore TGFβ 

signalling through upregulation of other TGFβ ligands. This may not be observed 

in the KPFG; Tgfb1fl/fl mice due to Gli1 expression being restricted to a subset of 

‘myCAFs’ (Steele et al., 2021), with sufficient alternate sources of ligand 

potentially blocking increased production of other ligands. Therefore, 

investigation of ligand levels within both the KPFC and KPFG tumour would be of 

interest.  

Immune cell infiltration has been shown to be altered upon short term SHH 

inhibition, with this treatment resulting in a reduced αSMA+ fibroblast population 

(Steele et al., 2021). Further, TGFβ has a potent immunosuppressive function 

across multiple cell types (Batlle and Massague, 2019), with blockade of TGFβ 

signalling enhancing anti-PD-L1 treatment in KPC mice (Principe et al., 2019). 

Aberrations to the TME, for instance reduction in collagen, was shown to be 

worse for prognosis due to recruitment of suppressive myeloid cells (Chen et al., 

2021). Therefore, I examined the immune infiltration in the KPFG models by 

counting T cell and macrophage infiltration. However, the immune infiltration 
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was unchanged. The highlighted studies have investigated in more detail the 

reciprocal alterations to immune cell populations caused by altering fibroblasts 

in the TME. With expanding developments in immunotherapy, understanding of 

the immune cell alterations within the fibroblast targeted depletion models 

shown in this chapter could provide new avenues for therapy.  

In conclusion, I have generated two models, which can be utilised to delete 

either Alk5 or Tgfb1 in a pan-fibroblast or restricted fibroblast manner at 

different stages across PDAC development. Although survival is unchanged in 

these models, Tgfb1 deletion in Gli1+ fibroblasts alters fibroblast populations 

within the TME. Open questions remain as to the dependence of fibroblasts on 

TGFβ signalling driven through Alk5, and the importance of fibroblast-to-

fibroblast communication through TGFβ ligand availability.  
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Chapter 6 The role of TGFβ signalling within 
neutrophils in PDAC 

6.1 Introduction 

Neutrophils are an important component of the innate immune system through 

their ability to rapidly infiltrate into damaged tissue and induce cytotoxic 

effects via degranulation (Cowland and Borregaard, 2016; Hager et al., 

2010).This response is required to dampen and restrict the spread of infectious 

particles within the body (Lekstrom-Himes and Gallin, 2000). However, in 

situations of chronic disease, specifically in this case cancer, systemic 

alterations to the immune system can cause egress of less mature neutrophils 

from the bone marrow (Evrard et al., 2018; Zhu et al., 2018). These immature 

neutrophils can exhibit pro-tumorigenic functions, with tumour education 

influencing their capabilities (Fridlender et al., 2012; Mishalian et al., 2013). 

Further, studies have indicated that neutrophils are involved in the metastatic 

cascade, potentially through their ability to inhibit the cytotoxic T cell response 

(Coffelt et al., 2015; Jackstadt et al., 2019; Steele et al., 2016). With a high 

neutrophil to lymphocyte ratio recently being shown to indicate poor prognosis 

of pancreatic cancer (Nywening et al., 2018; Piciucchi et al., 2017), 

understanding neutrophils function in PDAC is required. Work has indicated that 

TGFβ signalling may function to repress the cytotoxic activity of neutrophils and 

thereby increase their pro-tumorigenic function (Fridlender et al., 2009). 

However, this has not yet been properly interrogated in autochthonous models 

of disease. The generation of the ‘Catchup’ mouse model allowed for targeted 

gene deletion in neutrophils through a Ly6G-Cre recombinase (Hasenberg et al., 

2015), providing the basis to examine the effect of TGFβ signalling in 

neutrophils. 

6.2 Experimental Aims 

Through use of the KPF mouse model of PDAC, I aimed to examine the effects of 

neutrophil specific ablation of TGFβ signalling through the Ly6g-Cre driven 

deletion of Alk5. I sought to investigate how this deletion would affect the 

survival of the PDAC mice, as well as investigating the influence on metastatic 

disease. Further, I aimed to dissect the neutrophil activation and maturity and 
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understand whether deletion of Alk5 would translate into increased activated 

neutrophils within the circulation, in PDAC, and at metastatic sites.  
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6.3 Results 

6.3.1 Generation of a next generation mouse model of PDAC with 
neutrophil specific deletion of Alk5 

The KPF mouse, as described in figure 6, was crossed with mice expressing Cre 

recombinase driven by the neutrophil specific Ly6G gene (KPFL) (Hasenberg et 

al., 2015). The Cre was inserted into the first exon of the Ly6g this gene thereby 

rendering the allele non-functional. The KPFL mouse was then crossed with 

Alk5fl/fl mice to obtain KPFL mice bearing either heterozygous or homozygous 

Alk5 floxed alleles, culminating in deletion of Alk5 in Ly6G positive cells only 

(Figure 99). 

 

 

Figure 99 Generation of a mouse model with neutrophil specific deletion of Alk5 
The KPF mouse described by Schonhuber et al was crossed with the ‘Catch-up’ mouse described 
by Hasenberg et al. The first exon of Ly6G was replaced with a Cre-recombinase and a TdTomato 
construct. The KPFL mouse was then crossed to Alk5fl/fl mice to generate a colony with neutrophil 
specific deletion of Alk5.   



Chapter 6 233 
 
In order to confirm neutrophil specific Alk5 deletion I sorted and collected 

neutrophils using fluorescence-activated cell sorting (FACS). Blood was collected 

through cardiac puncture of aged Pdx1-Flp; KrasWT; Trp53WT; Ly6g-Cre; Alk5+/+ 

and Pdx1-Flp; KrasWT; Trp53WT; Ly6g-Cre; Alk5fl/fl mice. I gated for single cells 

and those alive, denoted by the lack of expression of the live/dead marker, 

zombie yellow. Neutrophils were defined as CD45+CD11b+Ly6G+ cells, with CD45 

a marker of immune cells, CD11b a marker of the monocyte lineage and Ly6G a 

bona fide neutrophil marker (Figure 100). From these sorted neutrophils, I 

performed RTqPCR for Alk5 (Figure 101) and showed that expression of Alk5 was 

reduced in the neutrophils collected from the Ly6g-Cre; Alk5fl/fl mouse in 

comparison with the Ly6g-Cre mice. 

 

 

Figure 100 FACS neutrophil gating strategy 
Neutrophils were sorted from the circulating blood of aged Pdx1-Flp; KrasWT; Trp53WT; Ly6g-Cre; 
Alk5+/+ and Pdx1-Flp; KrasWT; Trp53WT; Ly6g-Cre; Alk5fl/fl mice. Neutrophils were defined as live 
single cells that were positive for CD45, CD11b and Ly6G. Representative flow plots of the gating 
used for isolating neutrophils. 
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Figure 101 Expression of Alk5 is reduced in neutrophils from Ly6G-Cre; Alk5f/fl mice  
Expression of Alk5 was analysed in neutrophils obtained from the circulating blood via FACS. 
Neutrophils from the Ly6g-Cre; Alk5fl/fl mouse had reduced expression of Alk5 in comparison to the 
wild-type controls, as determined by RTqPCR (n=1). 

I next examined the composition of cells in the blood of the mice through 

utilisation of the IDEXX ProCyte Haematology Analyser. The IDEXX is essentially a 

mini flow cytometer that examines the composition of the blood by side scatter 

and side scatter fluorescence, which determines the granularity and nuclear 

content to cell size ratio, allowing for the separation of distinct white blood cell 

populations.. I collected blood through cardiac puncture from 6wk old and 8wk 

old Ly6g-Cre; Alk5+/+, Ly6g-Cre; Alk5fl/+ or Ly6g-Cre; Alk5fl/fl mice, which were 

otherwise WT, as well as from tumour bearing KPFL mice of the various Alk5 

genotypes. At both the 6-week and 8-week time points there was no significant 

change in total number of white blood cells (WBCs) counted across any of the 

genotypes. In the KPF tumour bearing mice there was an elevated number of 

WBCs when compared to the blood taken from WT mice with healthy pancreas, 

however, WBC numbers were again unaffected by the neutrophil-specific 

deletion of Alk5 (Figure 102). 
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Figure 102 Circulating WBC levels are unaffected by deletion of Alk5 but are elevated in 
tumour bearing mice 

Total WBCs were counted from the blood of both wild type and tumour bearing mice using the 
IDEXX analyser. Neutrophil-specific heterozygous or homozygous deletion of Alk5 did not affect 
the levels of circulating WBC at either the 6-week, or 8-week timepoint, or in tumour bearing KPF 
mice. WBC numbers were significantly elevated in the tumour bearing mice in comparison to their 
wild type pancreas controls (1 way ANOVA with uncorrected Dunn’s Test for multiple 
comparisons). n=6-7 in Wild-Type pancreas samples, n=3 in KPF samples) 

The increase in WBC numbers was accounted for by a significant increase in both 

monocyte and neutrophil numbers in the tumour-bearing mice. However, this 

was again unaffected by the deletion of Alk5 in neutrophils, and there was no 

change noted at either the 6-week or 8-week time points. The lymphocyte 

numbers were unchanged across all genotypes regardless of the time point taken 

or the presence of a tumour in the KPF models (Figure 103). This is indicative of 

the chronic disease state promoting the egress of BM derived cells into the 

circulation, with lymphocytes unchanged due to their effector/priming sites 

existing in lymph nodes and tumour sites. 
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Figure 103 Neutrophils and monocytes, but not lymphocytes, are increased in the 
circulating blood of tumour-bearing animals, independent of neutrophil specific deletion of 

Alk5 
The number of circulating neutrophils was unaffected by the neutrophil specific deletion of Alk5 in 
wild-type tissue, however, in tumour bearing mice blood neutrophil numbers are elevated although 
Alk5 deletion on neutrophils did not affect their numbers. Monocyte numbers were elevated in the 
tumour bearing mice in comparison to their wild-type controls and this was unaffected by Alk5 
deletion on neutrophils. Blood lymphocyte numbers were unaffected by the neutrophil deletion of 
Alk5 or by the presence of a tumour. Neutrophil, monocyte and lymphocyte numbers were 
measured using the IDEXX ProCyte Haematology Analyser. (Mann Whitney test used, n=6-7 in 
Wild-Type pancreas samples, n=3 in KPF samples). 

 

This is further embodied by the alteration of neutrophil and lymphocyte numbers 

as a proportion of WBCs. The proportion of lymphocytes was significantly 

reduced in the tumour-bearing mice when compared to the early time points, 

but was unaffected by the status of Alk5 in the neutrophils. The opposite was 

true for the proportion of neutrophils, with a significant increase seen in the 

tumour bearing mice compared with the early time points; however, neutrophil 

specific Alk5 deletion did not affect this change. Finally, as expected from the 

increase in numbers in the blood, there was also an increased proportion of 

monocytes in tumour bearing mice compared with healthy wild-type mice, in an 
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Alk5 independent manner (Figure 104). Ultimately, this demonstrated that 

deletion of Alk5 in neutrophils does not affect the blood cell composition in 

normal or tumour bearing states. However, neutrophil numbers are significantly 

increased in the circulating blood upon development of PDAC. 

 

 

Figure 104 The proportion of neutrophils increases in the circulating blood in tumour 
bearing mice independent of Alk5 deletion from neutrophils 
The proportion of neutrophils as a % of total WBCs was increased in tumour bearing mice, but was 
not affected either in steady state or in tumour conditions by the neutrophil specific deletion of Alk5. 
Monocyte proportion increased in tumour bearing mice, but not wild-type mice independently of 
Alk5 status of neutrophils. Lymphocyte proportion decreased in tumour bearing mice, but still 
composed the majority of cells in the wild-type circulating blood and was unaffected by Alk5 
deletion in neutrophils. Neutrophil, monocyte and lymphocyte proportions were measured using the 
IDEXX ProCyte Haematology Analyser. (Mann-Whitney test, p-value <0.05 = *, n=6-7 in Wild-Type 
pancreas samples, n=3 in KPF samples). 
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6.3.2 Neutrophil deletion of Alk5 does not affect survival but 
limits metastasis. 

With the blood cell composition unchanged upon neutrophil specific deletion of 

Alk5, I sought to investigate the impact on survival in ageing cohorts of tumour-

prone mice. As shown in Figure 105 the heterozygous or homozygous deletion of 

Alk5 in neutrophils had no impact on the survival of KPF mice in comparison to 

Alk5 wild type controls. These mice were sampled at clinical end-point due to 

PDAC related phenotypes, and as can be seen in representative images of the 

end-point tumours (Figure 106), present with broadly similar tumour 

morphology. 

 

 

Figure 105 Survival of KPF mice is unaffected by neutrophil-specific deletion of Alk5 

Kaplan-Meier survival analysis of KPF mice with either wild type neutrophils, or heterozygous or 
homozygous neutrophil-specific deletion of Alk5, showing no differences in survival. (n=16,15, 21 
respectively, median survival KPFL=162days, KPFL; Alk5fl/+=159days, KPFL; Alk5fl/fl =174days) 
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Figure 106 Representative images of KPFL end-point tumours 
Representative images of H&E stained sections of end-point tumours sampled from KPFL; Alk5+/+, 
KPFL; Alk5fl/+, and KPFL; Alk5fl/fl models. Tumours across the cohorts presented with broadly similar 
morphology. (Scale bars = 2mm). 

 

Subsequently I investigated the infiltration of neutrophils into the tumours by 

staining for myeloperoxidase (MPO) in end-point tumours. MPO positive cells 

infiltrating the tumour site were counted across the cohorts. Representative 

images of MPO staining (Figure 107) indicate that neutrophils penetrate into 

central tumour areas, regardless of Alk5 deletion. Quantification of the MPO 

staining demonstrated that neutrophil infiltration into end-point KPFL tumours 

was unchanged when they lack Alk5 expression (Figure 107). Thus, I conclude 

that deletion of Alk5 in neutrophils did not affect their infiltration into tumours. 

With neutrophils known to inhibit T cell responses (Pillay et al., 2012; Zea et al., 

2005) I counted the number of infiltrating CD3+ T cells in end point tumours. 

Representative images of CD3 staining highlighted the low penetrance of T cells 
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infiltrating PDAC, as expected. The low abundance of T cells was similar across 

all cohorts, with quantification highlighting no significant change in T cell 

infiltration across the cohorts (Figure 108). These data collectively demonstrate 

that neutrophil-specific depletion of Alk5 did not impact neutrophil or T cell 

infiltration into tumours in these models. 

 

 

Figure 107 Neutrophil infiltration into end-point KPFL tumours is unchanged when Alk5 is 
deleted. 
Representative images of immunohistochemical staining for the neutrophil marker MPO within end-
point KPFL tumours of the genotypes shown (Scale bars = 500μm). Arrowheads denote positive 
cells infiltrating the tumour beds. Quantification of MPO staining across the cohorts is shown in the 
bottom right quadrant. No significant difference in neutrophil infiltration was observed between the 
cohorts. (n=3,6, 6, average count of 30x field of view) (Mann-Whitney test used) 
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Figure 108 Tumour infiltration by CD3+ T cells was unaffected by neutrophil-specific 
deletion of Alk5 
End-point tumour sections were stained by IHC for the T cell marker CD3, with representative 
images shown (Scale bars = 500μm). T cells infiltrated in low number into tumour regions. 
Quantification shown in the bottom right quadrant demonstrating no significant change in T cell 
infiltration between the cohorts (N= 6, 6, 6, average count of 30x field of view) (Mann-Whitney test 
used). 

 

With multiple studies highlighting a link between neutrophils and metastasis 

(Coffelt et al., 2015; Jackstadt et al., 2019; Steele et al., 2016), I next assessed 

the metastatic burden in these cohorts (Figure 109). Representative images of 

both liver and lung metastasis are shown in Figure 111. Metastases are 

distinguishable from the normal tissue due to their ductal morphology. Although 

there was a slight decrease in the percentage of mice presenting with metastasis 

at any site in the KPFL; Alk5fl/fl cohort in comparison to both the KPFL; Alk5+/+ 

and KPFL; Alk5fl/+ mice, this was not significant. Interestingly, the proportion of 
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mice presenting with liver metastasis was lower in the KPFL mice than was 

expected, with over 70% of mice presenting with liver metastasis in the original 

KPF study (Schonhuber et al., 2014). KPFL; Alk5fl/fl mice presented with reduced 

metastasis to the lung in comparison with the KPFL; Alk5fl/+ and KPFL; Alk5+/+ 

mice, and with decreased liver metastasis compared to the KPFL; Alk5fl/+, but 

not the KPFL; Alk5+/+ mice. However, significance was not reached in either 

case. The mice also presented with metastasis to the diaphragm, which has not 

been reported previously in this model. However, rates were unchanged when 

comparing the KPFL; Alk5+/+ to KPFL; Alk5fl/fl mice. The number of mice 

presenting with metastasis to multiple sites concurrently was also examined. 

Although KPFL; Alk5fl/fl mice present with a reduced percentage of multi-site 

metastasis in comparison to the KPFL; Alk5fl/+ mice, this was unchanged in 

comparison to the KPFL; Alk5+/+ mice (Figure 109). Further the number of 

metastasis present within either the liver or the lung of the KPFL; Alk5fl/fl, KPFL; 

Alk5fl/+ and KPFL; Alk5+/+ was counted from a single H&E stained slide of the 

relevant tissue type. Notably there was no significant change in the number of 

metastatic lesions detected in either the liver or lung of the models examined 

(Figure 110). Together, these data indicate that deletion of neutrophil Alk5 may 

influence the metastasis of PDAC, however, increased cohort numbers are 

required to draw any firm conclusions. 
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Figure 109 Metastatic burden in the KPFL model 
The percentage of mice presenting with macro- or micro-metastasis to the various sites is shown. 
Mets at any site denotes the presence of any evidence of metastasis, with liver, lung and 
diaphragm reporting the presence of organ specific metastasis. Multi-site metastasis denotes mice 
presenting with concurrent metastasis to multiple sites. (n=12, 11, 15 respectively) (Fisher’s exact 
Test used). 
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Figure 110 The number of metastatic nodules detected in the liver and lung was unchanged 
between KPFL models 

The number of metastasis present within the liver and lungs of the indicated mouse models was 
counted across a single H&E stained tissue slide. The was no significant difference in the number 
of liver metastasis counted across the models in the liver, or in the lung. (n=12, 11, 15 respectively) 
(Mann Whitney test used). 
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Figure 111 Representative images of liver and lung metastasis in the KPFL mice. 

Representative images of H&E stained sections of liver and lung metastasis in the KPFL mice of 
the indicated genotypes. Metastasis present with a ductal morphology and are easily 
distinguishable from the normal organ architecture. (Scale bars = 2mm). 

 

Subsequently, with these slight changes in metastasis detected in the liver, and 

with neutrophil-specific deletion of Alk5 shown to reduce liver infiltrating 

neutrophils while increasing T cells in a metastatic colorectal cancer model 

(Jackstadt et al., 2019), I investigated both neutrophils and T cell infiltration 

into this site. MPO staining was counted across the liver tissue with 

representative images shown in Figure 112. Quantification of MPO+ cells 

demonstrated that neutrophil infiltration into the liver was unchanged, with CD3 

T cell infiltration into the liver also unchanged. Representative images and 

quantification are shown in Figure 113. Therefore, neutrophil-specific loss of 



Chapter 6 246 
 
Alk5 in a metastatic PDAC model does not exclude neutrophils from infiltrating 

the liver, nor does it alter neutrophil T cell numbers via their crosstalk.  

 

 

Figure 112 Neutrophil infiltration into the liver is not affected by neutrophil specific deletion 
of Alk5 

MPO IHC staining was conducted on sections of livers from end-point tumour-bearing KPFL mice of 
the indicated genotypes (Scale bars = 500μm). Representative images are shown with MPO+ cells 
highlighted with white arrowheads. Quantification of MPO+ cells showed no significant changes 
across the cohorts. (N= 3, 6, 6, average count of 30x field of view) (Mann-Whitney Test used). 
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Figure 113 CD3+ T cell infiltration into the liver is not affected by neutrophil-specific deletion 
of Alk5 
CD3 IHC staining was conducted on liver tissue from end-point tumour bearing KPFL mice of the 
indicated genotypes (Scale bars = 500μm). Representative images of CD3 stained livers are 
shown. Quantification of CD3 positive cells shows no significant change across the cohorts. (N=6, 
6, 6, average count of 30x field of view) (Mann-Whitney Test Used). 
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6.3.3 Neutrophil maturity  

With no change in survival, but some potentially interesting effects on 

metastasis, and with TGFβ signalling predicted to dictate pro-/anti-tumourigenic 

potential of neutrophils (Fridlender et al., 2009), I sought to characterise the 

circulating, tumour infiltrating and metastatic site infiltrating neutrophils in 

wild-type compared to Alk5 deficient neutrophil models. To do so I used a flow 

cytometry panel to interrogate multiple markers, which have previously been 

shown in the literature to denote more activated or mature neutrophils (Figure 

114). The panel initially identified neutrophils as CD45+Lineage-CD11b+Ly6G+ 

cells as shown in the gating strategy in Figure 115. Lineage negative cells were 

those defined as not expressing T cell (CD3), B cell (CD19), macrophage (CSF1R), 

eosinophil (Siglec-F), natural killer (NKp46) or red blood cell (Ter119) markers. 

CD45 is a definitive marker for immune cells, with CD11b expressed on myeloid 

cells. Ly6G is the prototypical marker used for neutrophils in flow cytometry, 

and therefore this denotes a pure neutrophil population. This population was 

visible within the spleen, liver, and lung of wild-type mice (Figure 116), but not 

in the pancreas, which was sparsely infiltrated with immune cells in general in 

steady state (Figure 117). I therefore conducted a pilot study across a small 

number of mice to elucidate any tumour-induced and Alk5 specific alterations in 

neutrophil maturity. 
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Figure 114 Neutrophil maturity panel 
Selected neutrophil markers were used in a flow cytometry panel to assess neutrophil maturity 
across multiple tissue types in the Ly6g-Cre model. Neutrophils were defined as CD45+Lin-

CD11b+Ly6G+ cells. From this population the markers listed were utilised to determine neutrophil 
maturity and effector function. 
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Figure 115 Gating strategy for identifying neutrophil populations 

The gating strategy above was used to identify neutrophils. The top left panel selects all cells, the 
top centre panel shows the gate to exclude any doublets, with the top right panel selecting cells 
negative for the live dead marker zombie yellow. From this live population immune cells (CD45+) 
cells were selected, bottom left, and those negative for the lineage markers (bottom middle) were 
finally selected as a pure neutrophil population by expression of markers CD11b and Ly6G (bottom 
right). Representative data is shown from blood taken from a wild-type mouse. 
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Figure 116 Neutrophils are found in the spleen, liver and lung of wild-type mice 
Representative flow plots of the CD45+Lineage-CD11b+Ly6G+ neutrophil population in the spleen, 
liver and lung of wild-type mice. 
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Figure 117 normal pancreas is sparsely infiltrated by neutrophils 
Normal pancreata from wild-type mice were dissociated and flow cytometry was performed on the 
stained cells. CD45+ cells composed a small proportion of the total cells in the pancreas (Left 
panel), with neutrophils being almost non-existent in the pancreas at steady state (right panel).  

 

With neutrophils present within the different tissues, to varying extents, and 

able to be analysed by flow cytometry, I next sought to interogate the maturity 

of these cells. Initially I considered the expression of Ly6G, with high expression 

shown to mark more activated and effector neutrophil populations (Deniset et 

al., 2017). Ly6G high and intermediate gating was defined by the wild-type 

blood sample, as in steady state neutrophils in the cicrulating blood are fully 

mature (Rice et al., 2018; Xie et al., 2020). Therefore, 99.5% of the CD45+Lin-

CD11b+Ly6G+ neutrophils in the wildtype blood were Ly6Ghi (Figure 118). 

Interestingly, in blood samples from the tumour bearing KPF mice, the 

percentage of Ly6Gint neutrophils was greatly increased in the KPFL; Alk5fl/fl 

sample in comparison to the KPF Alk5+/+ sample. This was surprising given that 

the prescence of tumour was expected to cause the chronic egress of immature 

neutrophils, with deletion of Alk5 hypothesised to increase their maturity. Of 

course, this experiment is caveated by the fact that it is a preliminary study 

with a sample size of just 1 per cohort. 

When examining the proportion of Ly6Ghi cells from the total Ly6G+ cells across 

the various tissue types, there was a trend towards decreased Ly6hi cells in all 
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tissues from the tumour bearing KPFL; Alk5fl/fl mice, however, the Ly6Ghi 

proportion in other models remained largely unaltered (Figure 119). It is 

important to note that Ly6G allele imbalance may have played a role in this 

decrease. The wildype control and KPF mouse did not express Ly6G-Cre, and 

therefore retained two intract alleles of Ly6g, whereas in the Alk5 deleted 

models one copy of Ly6g was replaced with Ly6g-Cre, which was noted in the 

original publication to result in a decrease in Ly6G expression (Hasenberg et al., 

2015). This is particulalry pertinent given the Ly6Ghi gating was defined by the 

wild type blood sample Ly6G+ population. Nevertheless, the same switch in ratio 

towards Ly6Gint neutrophils was not evident in any of the tissue samples from the 

Ly6G; Alk5fl/fl control mice, suggesting this finding is worthy of follow up. 

Unfortunately, in this small pilot experiment the blood sample from the Ly6G-

Cre; Alk5fl/fl mouse was of inadequate quality for flow cytometry analysis, so 

gating could not be based on blood from the same model. 
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Figure 118 Reduced Ly6Ghi neutrophils in circulating blood from KPFL; Alk5fl/fl tumour 
bearing models 
The presence of Ly6Ghi and Ly6Gint neutrophils was examined as a proportion of all CD45+Lin-

CD11b+Ly6G+ cells. Ly6Ghi gating was defined by the Ly6G+ population in blood from a wild-type 
healthy mouse (top panel) with all Ly6G neutrophils marked as Ly6Ghi. There was no difference in 
the proportion of Ly6Ghi neutrophils in the KPF sample, however, Ly6Ghi neutrophils were reduced 
in the KPFL; Alk5fl/fl circulating blood, with increased Ly6Gint neutrophils noted. 
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Figure 119 The KPFL; Alk5fl/fl model exhibits a reduced proportion of Ly6Ghi neutrophils 
across all tissues examined 

The Ly6Ghi population of CD45+Lin-CD11b+Ly6G+ neutrophils was examined across the spleen, 
liver, and lung of the models of the genotype indicated. There was a very slight decrease in the 
percentage of Ly6Ghi neutrophils in the Ly6G; Alk5fl/fl control tissue compared to the wild-type 
control tissue, however, tissue from the tumour bearing KPFL; Alk5fl/fl mouse exhibited a substantial 
decrease in the proportion of Ly6Ghi neutrophils (n=1). 

 

Although high/intermediate Ly6G expression has been proposed as the definitive 

measurement of neutrophil maturity (MacKay, bioRxiv), I also sought to 

interrogate various molecules proposed to denote neutrophils with differential 

function. Therefore, I examined their expression on the total neutrophil 

population (Ly6G+) as well as the Ly6Ghi and Ly6Gint populations across the 

samples. As demonstrated in Figure 120 the expression levels of the markers 

vary in neutrophils in wild-type blood. It was evident in the flow plots for the 

detection of CD62L and CXCR2 that two populations were present which fall into 

the overall negative population (Figure 120), and this was seen across all 

samples (not shown). This was perhaps indicative of a low antibody availability 

and the positive cells therefore having a low fluorescent intensity. The gates 

were all defined by the fluorescence minus one (FMO) controls, which take into 

account samples stained for all antibodies minus the one of interest. This 

allowed a threshold to be set above which cells were deemed positive. Future 

experiments should therefore have increased antibody concentrations to 

definitively mark the positive cell populations. 
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Figure 120 Expression of neutrophil maturity markers in blood from healthy mice 

The expression of CD101, CD62L, ICAM-1, CXCR4, CXCR2 and cKIT was examined on the 
CD45+Lin-CD11b+Ly6G+ neutrophil population. Representative flow cytometry plots from the blood 
of a wild-type mouse are shown. 

 

CD101+ neutrophils represented the highest proportion of Ly6G+ cells across all 

tissue types (Figure 121). Within the liver and blood, the percentage of CD101+ 

cells was reduced in tumour-bearing mice, with perhaps a more prominent 

decrease in the KPFL; Alk5fl/fl model. In the lungs, this trend was also visible, 

although the decrease was less obvious. In the spleen, CD101+ percentage was 

decreased in the Ly6G; Alk5fl/fl and KPF Alk5fl/fl model, with the KPFL; Alk5fl/fl 

model presenting with a similar CD101+ percentage to the wild-type control. 

Together, although preliminary, the data suggest that mature neutrophils 

ubiquitously express CD101, with the presence of a tumour potentially causing a 

decrease in this population in the blood and liver. TGFβ signalling may have 

influenced this population, since there was an elevated splenic neutrophil 

CD101+ population in the KPFL; Alk5fl/fl model. The other markers generally 

showed a low expression across all tissue types. Within the spleen, the 

proportion of cKIT+ neutrophils appeared decreased in the tumour bearing mice, 

which could prove interesting with the spleen a site for extramedullary 
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haematopoiesis. There was also detectable cKIT+ neutrophils in the tumour 

bearing mice but not in the steady state in the circulating blood, perhaps 

indicative of immature egress of pre-neutrophils. 

 

 

 

Figure 121 Neutrophil maturity marker expression across organs 
The expression of CD101, CD62L, ICAM-1, CXCR4, CXCR2 and cKIT was determined on the 
neutrophil (CD45+Lin-CD11b+Ly6G+) population across the various organs examined in mice of the 
indicated genotypes. CD101 was the most widely and highest expressed of the markers with the 
other markers detecting a much smaller proportion of neutrophils. (n=1) 
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Investigating differential expression of the various markers on Ly6Ghi compared 

with Ly6Gint neutrophils was only possible in the KPFL; Alk5fl/fl samples, as the 

tissue from the other models presented with negligible Ly6Gint cells. However, 

there was no noticeable alteration in the markers in any tissue type when 

comparing between the immature and mature neutrophils. As can be seen in 

Figure 122, CD101 was expressed in most neutrophils, while expression of the 

other markers was generally low. Expression of CD101 was similar in both the 

Ly6Ghi and Ly6Gint populations across all tissues, with the exception of the liver, 

in which CD101+ cells represented a lower proportion of Ly6Gint neutrophils. 

 

 

Figure 122 Maturity markers are largely unchanged in Ly6Ghi vs Ly6Gint neutrophils 
The expression of CD101, CD62L, cKIT, ICAM-1, CXCR2 and CXCR4 was measured in the Ly6Ghi 
and Ly6Gint populations of neutrophils in KPFL; Alk5fl/fl tissues. CD101 was expressed in the 
majority of neutrophils across both populations, with only the liver Ly6G int neutrophils 
demonstrating a decrease in the proportion of CD101+ cells. The other markers were expressed in 
a vanishingly low proportion of cells. 

 



Chapter 6 259 
 
Ultimately, as a pilot experiment multiple repeats will be required to acquire 

robust neutrophil maturity data. However, from this preliminary data the 

intermediate or high expression of Ly6G appears to represent the best method to 

distinguish between neutrophils, with a clearly elevated proportion of Ly6Gint 

neutrophils detected in multiple sites in the KPFL; Alk5fl/fl tumour bearing model 

in comparison to controls, in agreement with Mackey et al,. CD101 was 

expressed in the majority of neutrophils and there was no obvious pattern for 

altered expression detected, with only slight changes observed. The low level of 

expression of other markers hindered all analysis on their capacity to mark 

neutrophils of different maturity levels. 
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6.4  Discussion 

As the understanding of neutrophils in chronic disease states has increased, the 

idea of neutrophils existing in polarized states has materialized (Grieshaber-

Bouyer et al., 2021; Xie et al., 2020). It is no longer thought that neutrophils in 

diseases such as cancer exist as a homogenous population (Evrard et al., 2018), 

with more clarity on the systemic effects of diseases states on the immune 

system becoming apparent. With the suggestion that TGFβ signalling inhibition 

resulted in decreased tumour growth in a neutrophil dependent manner 

(Fridlender et al., 2009), and that tumour site education of neutrophils alongside 

TGFβ signalling can drive a pro-tumorigenic neutrophil phenotype (Fridlender et 

al., 2012; Mishalian et al., 2013), I sought to investigate this in an autochthonous 

PDAC model. 

Although TGFβ inhibition was shown to reduce the tumour growth in a neutrophil 

dependent manner in the subcutaneous model (Fridlender et al., 2009), this was 

not apparent in the spontaneous PDAC model used here, with neutrophil specific 

deletion of Alk5 having no impact on survival. The KPFL; Alk5fl/fl model exhibits 

no delay in tumorigenesis nor alteration in the morphology of end-point tumours. 

Mice presented with large primary tumours and reached end-point due to PDAC 

related phenotypes in the majority of cases. There are relevant disparities 

between the two model systems that would explain the alternate results. The 

spontaneous KPF PDAC model better recapitulates the site of disease and the 

relevant stromal infiltration in comparison to the subcutaneous model. 

Subcutaneous models have shown responsiveness to gemcitabine for instance, 

yet the autochthonous KPC model is resistant (Olive et al., 2009). Further, the 

inhibitor used, although shown to mediate an effect even when administered 

intratumourally, would inhibit TGFβ signalling in a non-neutrophil specific 

manner as well as inhibiting Alk4. Even though, neutrophils isolated from the 

treated tumour sites had increased cytotoxic function, the question of whether 

this increased activation of neutrophils occurred via direct inhibition or in a 

paracrine manner through modulation of stromal and cancer cell signalling was 

not interrogated. In the model used in this chapter, the Ly6G specific deletion of 

Alk5 allowed me to focus on the specific function of TGFβ signalling on 

neutrophils. I did not examine neutrophil cytotoxicity or ROS function, which 

may have provided insight into neutrophil activity; however, neutrophil specific 
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deletion of Alk5 did not delay disease progression. A caveat of the model, 

however, would be the lack of neutrophil Alk5 expression prior to tumour 

initiation. Therefore, any potential enhanced anti-tumorigenic function of 

neutrophils could have been overcome during tumorigenesis. Insight into pre-

neoplastic lesions would be interesting to detect any delay on onset or direct 

cytolytic effects of infiltrating neutrophils. 

The role of neutrophils within the metastatic cascade has also been widely 

described (Coffelt et al., 2015; Jackstadt et al., 2019; Spiegel et al., 2016; 

Steele et al., 2016). Therefore, I sought to interrogate this in the metastatic KPF 

model (Schonhuber et al., 2014). The blockage of neutrophil infiltration, or 

depletion of circulating neutrophils has been shown to reduce metastasis 

(Coffelt et al., 2015; Spiegel et al., 2016) even in the metastatic KPC model 

(Steele et al., 2016) with neutrophil specific Alk5 deletion in an orthotopic 

model of metastatic CRC reducing metastasis (Jackstadt et al., 2019). 

Neutrophil-specific deletion of Alk5 in the KPF model used here resulted in a 

non-significant reduction in the percentage of mice exhibiting metastasis, but 

increased numbers would be required to determine if this observation is 

statistically meaningful. 

The metastatic CRC model was shown to exhibit high expression of TGFβ2, which 

was proposed to promote neutrophil penetrance into tumour and metastatic 

sites (Jackstadt et al., 2019). The apparent chemoattractant role of TGFβ2 in 

the metastatic CRC model may explain why such a clear drop in metastasis is 

noted. Whether the PDAC model I investigated exhibits this elevated expression 

is currently unknown, however, there was no appreciable increase in neutrophils 

in either the primary site or metastatic organs in comparison to tumours arising 

in control mice. Further, the CRC model presents with multiple smaller sites of 

metastasis per organ, whereas, our model has a tendency to develop a lower 

number of larger metastasis.  

With evidence suggesting that immature neutrophils are elevated in the blood in 

cancer models (Evrard et al., 2018), and pro-tumorigenic neutrophils suggested 

to enhance circulating cancer cell proliferation (Szczerba et al., 2019), it is 

unsurprising that total ablation or blockade of neutrophils reduces metastasis 

(Coffelt et al., 2015; Steele et al., 2016). However, with TGFβ signalling 
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purported to polarize pro-tumorigenic neutrophils (Fridlender et al., 2009), 

deletion of Alk5 in neutrophils may support a more mature neutrophil 

population, even in disease states. Therefore, I utilised a flow cytometry panel 

to interrogate various neutrophil markers that have been shown to denote 

neutrophil activation. Ly6G expression has recently been shown to be the most 

universal marker for neutrophil maturity (Mackey et al., 2021). Although, my 

data is preliminary, the trend of increased levels of Ly6Gint immature neutrophils 

was noted in the tumour bearing models as expected, but particularly in the 

KPFL Alk5fl/fl model, caveats regarding sample size and Ly6g allelic loss 

notwithstanding. 

CD101 expression was clearly detected in the majority of neutrophils within the 

models although there was no obvious correlation with neutrophil maturity. This 

contrasted with the elevated CD101 negative population, described in the 

orthotopic pancreatic tumour models utilised by Evrard et al. Interestingly, 

MacKey et al., suggests that CD101 is an ineffective marker of tumour maturity, 

with Jackstadt et al., showing no change in CD101 expression in neutrophils in 

the CRC bearing Ly6G; Alk5fl/fl model (Evrard et al., 2018; Jackstadt et al., 

2019). Therefore, the tumour site, and perhaps specifically PDAC, may be the 

key influencer of CD101 expression on neutrophils. For instance, Evrard et al., 

propose that CXCR2 makers all mature neutrophils in the circulation with 

CXCR4hi neutrophils denoted immature (Evrard et al., 2018) or aged neutrophils 

(Martin et al., 2003). Meanwhile, cKIT+ neutrophils were shown to compose a 

small proportion of circulating and splenic neutrophils in steady state (Rice et 

al., 2018), which we observe, although the increased cKIT+ population noted in 

tumour models (Evrard et al., 2018) was not apparent. Although we were unable 

to draw any conclusions on the other markers due to low-level expression, it 

remains pertinent to conduct further study as they may provide further insight 

into neutrophil maturity.  
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Chapter 7 Conclusions and Future Directions 

The data presented in this thesis describes a cell context and tumour staging 

specific function for the TGFβ signalling pathway. The deletion of Alk5 in the 

epithelium of KF mice culminates in accelerated tumorigenesis and development 

of frank PDAC within a short time frame. This model better recapitulates the 

acquisition of genetic permutations in human disease, as well as improving on 

previous models which present with squamous stomach and skin tumours (Acosta 

et al., 2013).  

This model also recapitulates the genetics of 2% of PDAC patients but likely also 

represents a larger subsection of patients with other TGFβ signalling component 

mutations, thereby providing a potential pre-clinical model for the stratified 

investigation of therapeutic targets. For instance, GSEA highlighted enriched p53 

pathway in the KAF tumours compared to the KPF, which was unsurprising given 

p53 was deleted in the KPF model. However, this opens a therapeutic window 

for targeted therapy, with p53 restored cell lines shown to be more sensitive to 

radiation or chemotherapy, such as cisplatin with synergy with nutlin3a (Candido 

et al., 2019). Staining for p53 and p21 should be performed in KAF and KPF 

tumours with the hypothesis that KAF tumours retain functional p53, whereas 

KPF tumours do not, thereby proving KAF tumours remain p53 proficient. 

Continued investigation of in vitro vulnerability of the KAF derived cell lines 

would be useful to determine if the cancer cells are sensitive to other therapies. 

For instance, p53 proficient cells overexpressing Ccng1, which is upregulated at 

the RNA levels in KAF mice tumours, have increased vulnerability to cisplatin 

(Smith et al., 1997). Therefore, further in silico investigation should be done, 

followed by in vitro assays to screen potential drugs and provide a solid platform 

of evidence before transitioning to in vivo work.  

The importance of Ccng1 as a negative regulator of p53 function (Okamoto et 

al., 1996) also warrants further investigation. Patients with high levels of CCNG1 

have a worse prognosis than those with lower levels, and a high CCNG1 

expression was seen in mutant KRAS-driven tumours that also carried TGFβ 

signalling aberrations (TGFBR1, TGFBR2 and SMAD4 mutants) (Figure 123). 

Knockdown studies of Ccng1 within cell lines would prove interesting to 

determine how essential a role this protein plays in maintaining carcinogenesis. 
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This is especially relevant given the capacity to target Ccng1 through inhibitors, 

which have shown some promise in patient trials (Chawla et al., 2019; Morse et 

al., 2021). It would also be of interest to examine if there is TGFβ induced 

control of Ccng1 or whether the elevated expression is purely driven by p53. 

 

 

Figure 123 High levels of CCNG1 were associated with worse patient prognosis, with 
CCNG1 expression enriched in TGFβ signalling pathway mutated patients 
Kaplan-Meier survival analysis of PDAC patients stratified by high of low-level expression of 
CCNG1 (Left). Data generated from Kaplan Meier Plotter (Nagy et al., 2021). CCNG1 mRNA 
expression from the TCGA data set on cBioPortal. Mutant KRAS patients were selected and 
stratified on their mutations in TGFβ signalling pathway components. TGFBR1, TGFBR2 and 
SMAD4 mutants that were TP53 wild-type are represented in the KRASMut TGFβdeficient cohort, with 
the KRASMut TGFβproficient representing all other KRAS mutant samples that have no mutations in 
the TGFβ signalling components TGFβR1, TGFβR2 and SMAD4.  

 

Further, the reduction in EMT-associated gene expression pathways that I 

observed in ALK5 deficient tumours may render tumour cells more sensitive to 

frontline therapy, since EMT has been shown to enhance resistance of cancer 

cells to, for instance, cisplatin and gemcitabine (Arumugam et al., 2009; Zheng 

et al., 2015). Therefore, cisplatin represents a key potential treatment option 

with sensitivity previously noted in Ccng1 overexpressing cells and p53 proficient 

cells, and with EMT potentially driving resistance. 
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Interrogation of the human data sets, particularly the ALK5 mutated samples, 

but also those with mutations in other TGFβ signalling pathway components, as 

well as the p53 proficient tumour subset, will confirm whether these alterations 

in gene expression translate into patients. This would be a key part in proving 

the value of the KAF mouse as a good pre-clinical model in which to examine 

stratified therapeutics.  

Other differentially expressed genes from the RNA sequencing that I have not 

yet investigated could also provide interesting avenues either for investigating 

the biology of tumour development in the setting of TGFβ signalling loss in 

epithelial cells or for therapeutic targeting (Figure 124). The almost complete 

loss of expression of Eif5al3-ps is interesting, especially given it is the top 

downregulated gene in KAF tumours compared to KPF tumours, and while there 

are no publications on its function, it seems likely that it plays a role in 

translational initiation. The opposite is true for with Zfp750, with almost no 

expression detected in KPF tumours and elevated expression in KAF tumours. 

This protein has been shown to inhibit EMT through repression of SNAI1 (Kong et 

al., 2020), and through epigenetic suppression of LAMB3 and CTNNAL1 in 

oesophageal squamous cell carcinoma and breast cancer, respectively (Cassandri 

et al., 2020). Determining whether Znf750 is essential in modulating the reduced 

EMT noted in the KAF tumours would be of interest, in addition to investigating 

the expression of the drivers of EMT.  

The upregulation of Slc2a2, also known as GLUT2, could also be of relevance, 

with cancer cells known to have an altered metabolism to suit their hyper-

proliferative needs. Therefore, investigation of KAF cell metabolism could be 

useful in delineating additional therapeutic targets. Further, high levels of 

SLC2A2 have been shown to be poorly prognostic in hepatocellular carcinoma 

(Kim et al., 2017) with inhibitors to SLC2A also improving response to frontline 

therapy in mouse models of glioma (Azzalin et al., 2017).  

CTGF inhibition through monoclonal antibodies was previously shown to 

synergise with gemcitabine, extending the survival of tumour bearing KPC mice 

(Neesse et al., 2013). Interestingly, CTGF is induced by TGFβ signalling (Gao and 

Brigstock, 2005), with the upregulation I observed in the KAF model perhaps 

suggesting an altered activation of fibroblasts. It has been shown that stromal 
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TGFβ1 ligand is increased in a Tgfbr2 deficient PDAC mouse model (Principe et 

al., 2016), with TGFβ known to activate fibroblasts and increase ECM production 

(Shek et al., 2002). Therefore, examination of the ligand level within KAF 

tumours would be of interest, especially with collagen deposition, as measured 

by Sirius red staining, increased in end-point KAF tumours compare to KPF 

tumours.  

 

 

Figure 124 Differentially expressed genes in the KAF tumours for potential further 
investigation 
The expression of Eifal3-ps was reduced, while expression of Zfp750, Slc2a2 and Ctgf was 
enhanced in the KAF tumour samples compared to KPF tumour samples. (P-adjusted values 
indicated).  

 

Although KAF tumours were driven by the loss of TGFβ signalling, dissecting 

TGFβ specific alterations that drive carcinogenesis was complicated by the 

comparison to KPF tumours, which have p53 loss. Future work could be 

undertaken to examine TGFβ signalling specific effects through deletion of Alk5 
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in KPF mice at the pre-neoplastic stages. I would hypothesis that this model 

would have a rapid onset similar to the KAF model, however, whether, the mice 

would retain their second copy of Trp53 would be interesting as the homozygous 

deletion of Alk5 was sufficient to overcome the senescent block of PanIN 

progression and drives invasive carcinoma. Therefore, comparison could 

ultimately be similar to the data shown in this thesis, with KPF mice lacking p53 

and KPF; Alk5fl/fl retaining one copy. 

It may therefore be of more interest to examine the alterations noted upon Alk5 

deletion in established tumours, although in this scenario, loss of pro-

tumourigenic functions driven by tumour cell intrinsic TGFβ signalling may be 

revealed. I have highlighted that survival was unchanged in these mice, however 

metastasis was reduced (Figure 125). IHC staining for mesenchymal and 

epithelial cell markers showed no obvious alteration in EMT markers when 

comparing KPF and KPF; Alk5fl/fl tumours, although KAF tumours had a more 

epithelial phenotype. Further staining for bona fide functional drivers of EMT 

such as Snail1, Zeb and Twist would provide further elucidation of cells 

undergoing EMT. The reporter locus expression would assist with this 

investigation, with those cells expressing eGFP likely to have retained Alk5 and 

those expressing tomato having Alk5 deleted. This could lend itself to dual IF 

staining, investigating EMT marker expression on either eGFP+ or tomato+ cells, 

or to sorting of these populations and examining RNA level expression 

alterations. It could also provide a mechanism for tracking metastatic 

dissemination, with the hypothesis that all cancer cells in metastatic lesions 

would express eGFP. Further, it would aid in tracking circulating cancer cells, 

which may give an indication of the effect either Alk5 or Tgfb1 gene deletion 

has on cancer cell escape and dissemination. Additionally the deletion of Tgfb1 

in established KPF tumours also reduced metastasis, without affecting survival. 

Whether this suggests that autocrine signalling through TGFβ drives metastasis 

or perhaps that lack of TGFβ1 impinges on metastatic cells capability to remodel 

the metastatic site would be two interesting avenues to interrogate, especially 

within larger metastases that have an altered stroma in comparison to smaller 

metastases (Aiello et al., 2016). It would also be important to interrogate the 

effect gene deletion has upon cancer cells at the metastatic site. For instance, 

examination of the number and size of metastases in these models would give an 
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indication of whether cancer cell deletion of Alk5 or Tgfb1 influences metastatic 

growth. A greater proportion of smaller metastases to larger metastases would 

propose a stunting of metastatic growth, for instance. However, the added 

complexity of when metastasis has occurred will complicate these analyses, with 

mouse models of PDAC shown to have very early dissemination of metastatic 

cells (Rhim et al., 2012), and therefore potentially harbouring metastatic lesions 

prior to detection of a palpable tumour and tamoxifen induced gene deletion. 

 

 

Figure 125 Exploring the mechanisms of reduced metastasis in the KPF; Alk5fl/fl and KPF; 
Tgfb1fl/fl mouse models 

Cancer cell specific deletion of Alk5 or Tgfb1 within established KPF tumours reduces the 
percentage of mice presenting with metastasis with the mechanism not yet clarified. Further work 
should be undertaken to establish whether deletion of these genes effects the dissemination and 
egress of the cancer cells from the tumours, or whether deletion effects the ability of these cells to 
seed and grow at metastatic sites. It would also be of interest to establish whether mice have pre-
existing metastases before tamoxifen induced gene deletion. 

Fibroblasts have been shown to become activated and increase ECM matrix 

deposition upon TGFβ stimulation (Schneider et al., 2001; Shek et al., 2002). 

Further, TGFβ signalling has been implicated as a regulator of CAF subtypes 

within PDAC (Biffi et al., 2019; Dominguez et al., 2020; Elyada et al., 2019; 

Hutton et al., 2021; Ohlund et al., 2017). I have shown that deletion of Alk5 

across all fibroblasts (KPFc; Alk5fl/fl) or in a restricted population of ‘myCAFs’ 

(KPGG; Alk5fl/fl) does not affect survival significantly. There was also no notable 

changes in fibroblast populations, with expression of αSMA, a ‘myCAF’ marker, 

unchanged in end-point and pre-neoplastic lesions (Figure 126). This was 

surprising given the reported role of TGFβ in driving the ‘myCAFs’ phenotype 
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while inhibiting ‘iCAFs’, with TGFβ inhibitor treatment shown to reduce αSMA+ 

CAFs (Biffi et al., 2019). I hypothesised that the pan-fibroblast Alk5 deletion 

would mimic these findings, and perhaps with increased numbers in the study, a 

similar phenotype could emerge. Examination of Gli1 driven deletion of Alk5 at 

earlier timepoints post induction could also help in elucidating whether these 

Alk5 deficient cells are retained in the tumour or whether they are replaced 

with Alk5 proficient fibroblasts.  

Intriguingly the Gli1 driven but not Col1a2 driven deletion of Tgfb1fl/fl skewed 

the fibroblast population, with less αSMA+ fibroblasts measured. The ‘myCAFs’ 

were previously shown to be enriched in Tgfb1 expression (Elyada et al., 2019) 

and with Gli1+ fibroblasts composing a subsection of ‘myCAFs’ (Steele et al., 

2021), perhaps this subset are important for maintaining ‘myCAFs’ through CAF-

CAF crosstalk via paracrine signalling. This contrasts with Gli1 driven deletion of 

Alk5, perhaps providing insight into the difference between paracrine and 

autocrine TGFβ signalling in dictating CAF fate. To interrogate this further, it 

would be interesting in vivo to delineate the proportion of Gli1+ cells within the 

Gli1 driven Alk5 and Tgfb1 deletion models, through ISH of Gli1, and thereby 

elucidate whether these fibroblasts depend on TGFβ signalling to persist. 

Further, 3-D culturing of sorted CAF populations from KPF tumours utilising the 

reporter locus to collect Gli1+ and Gli- CAFs, specifically, would enhance the 

interrogation of paracrine and autocrine effects of TGFβ signalling. This would 

allow for clarification as to which CAF population is the major producer of TGFβ 

ligand, as well as determine whether medium conditioned by CAFs following in 

vitro deletion of Tgfb1, was able to influence ‘myCAF’ or ‘iCAF’ subtype 

switching in either Gli1+ or Gli— CAFs which expressed or lacked Alk5. 

Examination of the ligand availability within the TME may also provide insight 

into whether the Gli1+ population are essential producers of TGFβ1. 
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Figure 126 TGFβ1 production by Gli1 positive fibroblasts may sustain αSMA positive CAFs 
The deletion of Alk5 from Gli1+ fibroblasts does not affect the levels of αSMA or podoplanin positive 
fibroblasts in endpoint KPF tumours. However, deletion of Tgfb1 from Gli1+ fibroblasts reduces the 
levels of αSMA positive CAFs in endpoint tumours. 

In terms of determining CAF subtypes, CyTOF and scRNAseq have been the two 

most convincing methods used. Alternatively, flow cytometry has been used to 

distinguish between ‘myCAF’, ‘iCAF’ and ‘apCAF’ populations (Elyada et al., 

2019; Steele et al., 2021). Therefore, examination of fibroblast populations 

within the KPGG and KPFC cohorts with either Alk5 or Tgfb1 deletion through this 

method would provide further insight into fibroblast subtype composition. It 

would also be of interest to examine CD105 and LRRC15 levels within the 

tumours across these cohorts, with both linked to TGFβ signalling and marking 

subsets of fibroblasts (Dominguez et al., 2020; Hutton et al., 2021).  

Regarding the effects of TGFβ signalling in neutrophils, further examination of 

neutrophil maturity would be key to interpret the effects that deletion of Alk5 

has upon these cells, especially with the alterations to metastasis but not 

survival noted in this model. The flow cytometry experiment should be expanded 

to determine if neutrophils have an altered phenotype. It would also be useful to 
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examine neutrophil morphology with ring shaped nuclei indicative of immature 

neutrophils (Andzinski et al., 2016) and TGFβ inhibitor treatment altering their 

morphology (Fridlender et al., 2009). Functional assays such as co-culturing 

neutrophils with cancer cells to determine cytotoxic efficacy could be 

investigated with mature neutrophils proposed to have an enhanced cytotoxic 

effect (Fridlender et al., 2009). Further, neutrophils appear to be important for 

suppressing T cell effector function, particularly CD8 T cells (Coffelt et al., 

2015), with TGFβ inhibition reducing this activity (Fridlender et al., 2009). 

Therefore, interrogation of T cell activation within the primary tumour and at 

metastatic sites should also be conducted to elucidate the effects of the Alk5 

deficient neutrophils on T cell populations. A recent study in a model of 

metastatic colorectal cancer showed that increased cancer cell production of 

Tgfb2 was responsible for neutrophil driven metastasis (Jackstadt et al., 2019). 

Thus, expression of TGFβ ligands within KPF tumours and metastases at different 

sites would an interesting avenue to explore. This would potentially explain the 

dramatic decrease in metastasis observed in the CRC model compared to the 

more subtle effects observed in the KPF.  

Collectively I have highlighted that TGFβ signalling is a potent tumour suppressor 

pathway, however, in established tumours deletion across multiple cell types 

does not appear to accelerate tumour progression. Survival was not significantly 

affected by the deletion of Alk5 from cancer cells, fibroblasts or neutrophils, 

although reduced metastasis and stromal reprogramming are apparent. 

Therefore, TGFβ inhibitor therapy may be an effective option in the treatment 

of PDAC, although most likely in combination with other therapeutics. For 

instance with the known function of TGFβ signalling as a potent tumour 

suppressor, combination with anti-PD1 has shown promise in other cancers 

(Mariathasan et al., 2018; Tauriello et al., 2018) and in a cohort of PDAC 

patients (Strauss et al., 2018). Overall, however, more work is required to 

extend our understanding of TGFβ signalling in the difference cell types in PDAC 

and to identify more refined targets for therapy. 
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