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Abstract 

Pancreatic cancer has a 5-year survival of only 8%, and persists as the 4th 

most common cause of cancer-related death in Western societies. A more 

tailored treatment approach may be beneficial as the current standard-of-care 

therapies offer only a modest increase in overall patient survival. Recent 

large-scale genomic studies have revealed that the SRC/JAK/STAT3 

signalling pathway is deregulated in up to 35% of pancreatic cancers, and is 

yet to be systematically examined in this disease. Consequently, we 

hypothesised that targeting pancreatic tumours with alterations in the 

SRC/JAK/STAT3 signalling pathway with JAK and SRC inhibitors represents 

a promising novel therapeutic strategy for this disease.  

In this thesis, we use well-annotated patient-derived cell-line models (ICGC), 

along with cell-lines generated from the aggressive KPC mouse model, to 

show that the combination of selected JAK and SRC inhibitors is synergistic in 

cell lines characterised by high phospho-STAT3 expression and P53 

mutations. Using 3D in vitro models, including organotypic and organoid 

models, we show that this therapeutic strategy inhibits the invasive and 

proliferative capacity of tumour cells, disrupts collagen remodelling and 

extracellular matrix integrity, interferes with paracrine signalling and has 

strong immunomodulatory effects. Lastly, we examine the in vivo efficacy of 

dasatinib and ruxolitinib using a syngeneic KPC mouse model, as well as 

patient-derived pancreatic tumour models, characterised by high phospho-

STAT3 expression and P53 mutations. From these studies we demonstrate 

that the combination of dasatinib and ruxolitinib significantly inhibited tumour 

progression, improved survival, delayed the development of metastasis and 

significantly improved response to standard of care chemotherapy. 

Furthermore, tumours treated with dasatinib and ruxolitinib displayed 

decreased collagen deposition and remodelling, and altered immune cell 

infiltration in the syngeneic setting.  

Our findings demonstrate the potential for tailored therapeutic strategies 

involving SRC/JAK/STAT3 inhibition in pancreatic cancer, and suggest that 

therapeutic efficacy may be the result of targeting both tumour cells and the 
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tumour microenvironment, by decreasing fibrosis and overcoming tumour-

induced immunosuppression.   
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Chapter 1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC), which constitutes 90% of all 

pancreatic cancers, is currently the fourth leading cause of all cancer-related 

deaths [1], presenting a major health issue in the community. This is a highly 

lethal malignancy, with an overall 5-year survival rate of only 8% [1, 2]. This 

extremely poor outcome is partly due to the majority of cases being diagnosed 

when pancreatic cancer has already spread to distant sites, with 5-year 

survival rates in metastatic disease being only 3% [2].  

Moreover, pancreatic cancer appears to be particularly heterogeneous, and 

apart from a few notable exceptions (P53 and KRAS) [3-7], which have not 

been successfully targeted, most genetic aberrations occur at a frequency of 

<5% [3-5]. Hence, even if these mutations are effectively targeted, it is 

unlikely that an overall benefit would be detected with non-targeted population 

clinical trial designs, unless combinations are used (for example, combination 

of chemotherapeutics fluorouracil, leucovorin, irinotecan and oxaliplatin or 

FOLFIRINOX) [8]. Current standard therapies for patients with advanced 

pancreatic cancer, in the form of FOLFIRINOX or gemcitabine and 

nanoparticle albumin–bound paclitaxel (Abraxane®), have shown a significant 

but modest clinical benefit and a marginal survival advantage of just 4.3 and 

1.8 months, respectively, in unselected populations [8, 9].  

Adding to the genomic complexity, the desmoplastic stroma that envelops 

pancreatic cancer cells in growing tumours, not only presents a physical 

barrier to therapeutic efficacy, but at the same time, presents an environment 

that actively produces pro-tumourigenic, immunosuppressive signals that 

further drive pancreatic tumourigenesis, disease progression and treatment 

resistance [10, 11]. New strategies that involve design of tailored treatments 

and combinations that target different components of a developing tumour, in 

smaller, well-defined subgroups of patients are sorely needed. This literature 

review provides an analysis of the diverse molecular characteristics of 

pancreatic cancer, challenges with the current treatment landscape, and 

presents the latest advances in therapeutic targeting, with a particular focus 

on the as yet unrealised potential of utilising specific modulators of tumour-
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stroma signalling as precision medicine strategies for pancreatic cancer. 

These modulators include inhibitors of the SRC-signalling cascade, and 

JAK/STAT3 signalling. Key pathways that play a critical role in tumour cell, 

stromal cell, and immune cell signalling, and drive cancer progression and 

chemoresistance.   

1.1 The molecular and treatment landscape of pancreatic 
ductal adenocarcinoma 

(Published in Parkin, A., et al., The Evolving Understanding of the Molecular and Therapeutic 

Landscape of Pancreatic Ductal Adenocarcinoma. Diseases, 2018. 6(4).) 

1.1.1 Clinical presentation 

PDAC is a notoriously insidious cancer, frequently presenting with vague, 

non-specific symptoms that are commonly observed for multiple abdomen or 

gastrointestinal tract pathologies. The classic presentation is with the triad of 

epigastric abdominal pain, weight loss and jaundice, which rapidly worsen as 

disease progresses and lead to a substantial deterioration in quality of life 

[12]. However, presentation of symptoms varies according to the location of 

the tumour within the pancreas. Tumours in the head of the pancreas more 

commonly present with jaundice, steatorrhoea and weight loss [13], with back 

pain associated with tumours originating in the tail of the pancreas [14]. Adult 

onset diabetes mellitus presents both an early manifestation and an etiologic 

factor of PDAC [15]. In metastatic disease, additional symptoms can include 

an abdominal mass, ascites, lymphadenopathy and bone pain. Diagnosis of 

pancreatic cancer is performed using a combination of established 

methodologies involving initially abdominal ultrasonography, followed by more 

advanced techniques, such as computed tomography and magnetic 

resonance imaging in combination with endoscopic ultrasonography [16]. Use 

of invasive methods is necessary to accurately diagnose PDAC, without which 

there are significant difficulties in differentiating between malignant disease, 

benign pancreatic lesions, or chronic pancreatitis. Of note, development and 

future validation of novel blood-based biomarkers that detect somatic 

mutations or “liquid biopsies” [17, 18], or circulating exosomal biomarkers [19, 
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20] may present promising new options and a minimally invasive alternative to 

direct tumour biopsy.  

1.1.2 Clinico-pathological staging of PDAC 

After a definitive diagnosis of PDAC, clinical staging is utilised to determine 

the optimal treatment approach for the patient. The American Joint Committee 

on Cancer TNM staging system is widely utilised worldwide as the most 

authorised tool for tumour staging assessment. Staging assessment is based 

on the extent of invasion into the pancreas and surrounding tissue (T), 

presence or absence of spread to lymph nodes (N), and presence or absence 

of metastasis (M). In October of 2016, AJCC/UICC released the 8th edition, 

which incorporated significant changes in the T and N classification of PDAC. 

In the 8th edition, stages T1-T3 are redefined specifically based on tumour 

size (T1  ≤  2  cm; 2  cm ≥  T2  ≤  4  cm; T3  >  4  cm). When the tumour invades the 

celiac axis, common hepatic artery and/or superior mesenteric artery, it is 

defined as T4, with the classification as “unresectable” (from AJCC 7th edition 

2010) now removed. The N classification was further subdivided according to 

the number of positive lymph nodes as N0, N1 (≥1 and ≤3) and N2 (>3). In the 

8th edition, T1–3N2M0 was defined as stage III, and the other stages, 

including Stage IV (metastasised tumours), remain unchanged. Importantly, 

the system provides useful stratification of patient survival and resectability by 

stage [21, 22].    

1.1.3 Current treatment approaches for operable PDAC  

Approximately 15% of patients are eligible for surgical resection based on the 

American Joint Committee on Cancer (AJCC 7th edition) clinical staging 

system, and this is often due to the majority of patients having locally invasive 

or metastatic disease at diagnosis [23]. Total pancreatectomy is rarely 

performed due to high rates of perioperative mortality and morbidity [24]. 

However a modified Whipple procedure is often performed on tumours in the 

head of the pancreas, this surgery is a radical pylorus-preserving 

pancreaticduodenectomy. Tumours present in the body or tail of the pancreas 

rarely present with resectable disease due to late presentation, but can often 

undergo a pancreatectomy coupled with a splenectomy [25]. In terms of 
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improvement to survival, complete tumour resection with negative margins 

(R0) has the most promising 5 year survival rate of up to 27% compared to 

resected tumours with positive margins (R1) [26, 27]. Overall prognosis for 

these patients still remains poor with 80% of them developing recurrent 

disease and 30% dying within one year of surgery [28, 29]. Significant work is 

now focused on defining preoperative clinical and molecular characteristics to 

improve patient selection for operative resection. The use of a biomarker-

based preoperative nomogram (prognosis prediction tool), that uses the 

expression of S100A2 and S100A4, pro-metastatic calcium-binding proteins, 

as prognostic biomarkers has already shown promise in being able to identify 

those at a higher risk of recurrence [30]. In addition, two single nucleotide 

polymorphisms (SNP) (CHI3L2 SNP rs684559 and CD44 SNP rs353630) may 

serve as a non-invasive biomarker signature that can identify high-risk 

patients with very low survival probability post resection, and who may be 

eligible for inclusion in clinical trials utilising novel therapeutic strategies [31]. 

The modified combination regiment of 5-fluorouracil, oxaliplatin, and 

irinotecan (mFOLFIRINOX) is now the preferred adjuvant chemotherapy in 

the absence of toxicity concerns or intolerance. Alternatively doublet therapy 

with gemcitabine and capecitabine, or monotherapy with gemcitabine or 

fluorouracil plus folinic acid can be offered [32, 33].  It is apparent that in order 

to improve survival we must be able to identify the right patient, perform high-

quality surgery at the right time and combine with the best adjuvant therapy 

[34]. 

1.1.4 Current treatment approaches for advanced PDAC 

Unfortunately, most patients are routinely diagnosed with already advanced, 

metastatic disease. Gemcitabine monotherapy was established as standard of 

care treatment for PDAC in 1997 [35], demonstrating superior response rate 

over 5-fluorouracil. Lack of subsequent further dramatic improvement in 

patient outcomes is certainly not due to lack of trying. Multiple phase II and III 

studies have attempted to improve upon gemcitabine efficacy either by 

modulating its pharmacokinetics [36] or by combining with other agents [37-

39].   
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More recently, two different chemotherapeutic combinations (FOLFIRINOX or 

gemcitabine plus Abraxane) have been shown to significantly improve survival 

in advanced disease in well patients (FOLFIRINOX: median overall survival 

11.1 vs. 6.8  months for gemcitabine monotherapy, p  <  0.001; gemcitabine and 

Abraxane: median overall survival 8.5 vs. 6.7  months for gemcitabine, 

p  <  0.001) [8, 9], with recent analyses suggesting comparable real world 

efficacy [40]. FOLFIRINOX or gemcitabine and Abraxane are both utilised as 

first-line agents in metastatic PDAC and are administered to well patients, 

with gemcitabine monotherapy, as a more tolerable treatment, still prescribed 

for the elderly or patients with a poor performance status [41]. Recent update 

to the treatment guidelines also recommends immunotherapy pembrolizumab 

for patients who fail 1st line therapy and whose tumours harbour mismatch 

repair deficiency/microsatellite instability [42]. 

New treatment combinations are also on the horizon, with recent data from 

the Phase IIb PACT-19 trial suggesting that a combination of cisplatin, 

Abraxane, capecitabine, and gemcitabine increased progression-free survival 

compared with gemcitabine and Abraxane in the metastatic setting [43]. 

Validated predictive biomarkers of treatment response to these combinations 

are currently lacking and needed, to further improve identification of patient 

subgroups most likely to respond to each regimen. 

1.1.5 The “omic” diversity of PDAC 

Since the first genomic analysis of PDAC in 2008 [44], with exponential 

advances in sequencing methodologies and associated bioinformatics 

approaches, PDAC has been genomically and transcriptomically 

characterised to an unprecedented depth [3, 4, 6, 7, 45]. Early studies 

identified the 12 key pathways and processes whose component genes were 

genetically altered in most pancreatic cancers,  including K-Ras, transforming 

growth factor β (TGF-β), c-Jun N-terminal kinase, integrin, Wnt/Notch and 

Hedgehog networks, small GTPase-dependent signalling, G1/S cell cycle 

checkpoint regulation, invasion, homophilic cell adhesion, apoptosis and DNA 

repair pathways [44]. In 2011, using gene expression microarray profiling of 

resected PDAC specimens, three subtypes of pancreatic cancer were 
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defined: “quasi-mesenchymal”, which was associated with poor prognosis, 

“classical”, and “exocrine-like”. These subtypes were found to have differential 

response to therapeutic agents, with pancreatic cancer cell lines that were of 

“classical” subtype displaying resistance to gemcitabine, but sensitivity to 

erlotinib in vitro. In contrast, the “quasi-mesenchymal” lines were inversely 

gemcitabine-sensitive, but erlotinib-resistant [7]. Thus far, these predictive 

signatures of treatment response have not been translated into clinical 

application. 

In 2015, a comprehensive whole genome sequencing (WGS) analysis of  100 

primary operable PDAC cases further stratified pancreatic cancer into four 

major subtypes based on the extent of structural variation (SV) [4]. PDAC was 

stratified into:  

(1) “stable” subtype, present in 20% of all patients whose tumour genomes 

harboured fewer than 50 SV events;  

(2) “locally rearranged” subtype, detected in 30% of the cohort, characterised 

by a single focal event on one-two chromosomes, breakage-fusion-bridge 

events, chromothripsis or low prevalence alterations in known oncogenes and 

therapeutic targets  (focal amplifications in KRAS, SOX9, GATA6, ERBB2, 

MET, CDK6);  

(3) the “scattered” subtype, present in 36% of tumours, showed a range of 

non-random chromosomal damage with less than 200 structural 

rearrangements;  

(4) the “unstable” or high SV subtype, present in 14% of PDAC, characterised 

by a large extent of SV (>200 events), suggesting major defects in DNA 

maintenance, with associated increased sensitivity to DNA-damaging agents 

[4]. Deleterious mutations in BRCA1, BRCA2 and PALB2 genes, essential 

components of homologous recombination-mediated DNA repair, were 

associated with the “unstable” PDAC subtype, and similarly, the top quintile of 

the previously identified BRCA mutational signature [46], was present in the 

majority (10/14) of unstable genomes [4].  
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Further comprehensive integrated genomic/transcriptomic analysis of 456 

pancreatic cancers [3], defined four PDAC subtypes, based on the differential 

expression of transcription factors and downstream targets critical during 

pancreas development, differentiation and regeneration [3]. PDAC was 

classified into: 

(1) “squamous” subtype, associated with the worst patient prognosis;  

(2) “pancreatic progenitor” subtype, enriched for transcriptional networks 

containing PDX1, MNX1, HNF4G, HNF4A, HNF1B, HNF1A, FOXA2, FOXA3 

and HES1 genes; 

(3) “aberrantly differentiated endocrine exocrine” (ADEX) subtype, a sub-class 

of the “pancreatic progenitor” group, defined by transcriptional networks that 

are essential in later stages of pancreatic development and differentiation. 

These include upregulation of NR5A2, MIST1, RBPJL and their downstream 

targets, which regulate acinar cell differentiation and 

pancreatitis/regeneration; 

(4) “immunogenic” subtype, associated with a significant immune infiltrate, 

with predominant expression profiles related to infiltrating B and T cells, 

upregulation of CTLA4 and PD1 immuno-suppressive pathways, inferring 

therapeutic opportunities with immune modulating agents for specific tumours 

in this class. 

Building on these findings, Connor et al. [47] subsequently provided further 

insight into the molecular pathology of PDAC, describing an interesting 

correlation between signatures that define double-stranded DNA break repair 

(DSBR) and mismatch repair (MMR) deficiencies and specific immune 

profiles. Specifically, genes associated with increased cytolytic activity of 

infiltrating CD8-positive T lymphocytes plus increased expression of immune 

checkpoint genes (CTLA-4, PD-L1, PD-L2, and indolamine 2,3-dioxygenase 1 

(IDO-1) were increased in DSBR and MMR cases within the examined cohort 

[47], which was similar to the expression patterns observed in melanomas 

responsive to checkpoint blockade. Importantly, this suggests that similar to 

other solid cancers [48], pancreatic tumours with a high mutation burden may 

present a viable target for immune-modulating combination therapies. Despite 
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the explosion in “omic”- characterisation of pancreatic cancer, which has 

produced unprecedented insights into the complex mutational and changing 

landscape of this disease, the established molecular taxonomy is yet to be 

utilised clinically when establishing effective treatment plans. However, 

characterisation of major pathways frequently altered in PDAC [3, 44] has 

already identified numerous opportunities for therapeutic development, [49-

52] (Figure 1.1), with early successes already on the horizon [51, 53, 54], and 

discussed below. 

 

Figure 1.1 Frequently altered signalling pathways that drive pancreatic cancer 

progression, taken from Parkin et al. 2018 [55]. Key aberrations of interest, 

and associated targeted therapies in pre-clinical/clinical development, 

including small molecule inhibitors (i), antibodies (Ab) and other agents of 

interest are depicted. ECM: extracellular matrix; TAM: tumour-associated 

macrophage; MDSC: myeloid-derived suppressor cell; T-reg: regulatory T cell; 

CAF: cancer-associated fibroblast. 
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1.1.6 Targeting KRAS 

Mutationally-activated KRAS (Kirsten rat sarcoma viral oncogene homolog) is 

the most frequently occurring alteration in PDAC (94% of cases; [4, 5, 44]) 

and a major contributor to therapeutic resistance. Sustained, aberrant 

activation of KRAS that leads to uncontrolled cell proliferation is largely driven 

by point mutations at residues G12, G13 and Q61. Moreover, activation of 

distinct downstream signalling cascades has been linked to specific KRAS 

mutants, where KRASG12D predominantly leads to activation of MAPK and 

PI3K pathways, whereas KRASG12V activates Ral signalling [56], thus 

potentially influencing the response to KRAS-driven treatment strategies. The 

main past and current strategies for developing therapeutics to block mutant 

KRAS function have thus far been largely disappointing [57, 58], with only a 

few studies into the development of KRASG12C inhibitors for solid cancers 

showing any real potential, however these specific mutations only occur in 1% 

of PDAC, making their potential rather limited [59]. With RAS GTPases 

requiring farnesylation, an essential lipid post-translational modification 

required for their malignant transforming activity [60], development of farnesyl 

tranferase inhibitors presented a logical next step. Unfortunately, the early 

promising preclinical findings with these compounds did not translate into 

meaningful clinical benefit [61, 62]. Of note, recent pre-clinical development of 

a dual farnesyl and geranylgeranyl transferase inhibitor (FGTI-2734) is 

promising in terms of overcoming a major hurdle in KRAS resistance, potently 

inhibiting tumour growth of patient-derived KRAS mutant-driven xenografts 

from pancreatic cancer patients [63]. Concomitant inhibition of downstream c-

RAF and upstream EGFR expression using shRNA-based methodologies was 

also shown to effectively block tumour progression in select patient-derived 

xenografts carrying KRAS and TP53 mutations [64]. Both findings warrant 

further pre-clinical and clinical characterisation. Moreover, recent 

developments utilising exosomes that were derived from normal 

mesenchymal cells and packed with short interfering RNA specific to 

KRASG12D oncogene (iExosomes), suggest that this may present a powerful 

new approach for targeting KRAS-mutant PDAC. Clinical-grade iExosomes 

have since been produced [54], with a Phase I dose-finding and tolerability 
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study already underway (NCT03608631). In addition, targeting of KRAS 

effector signalling holds significant promise for clinical translation and has 

become the focus of numerous studies [65-67]. 

Conversely, distinct therapeutic options may be available for patients whose 

pancreatic tumours harbour wild-type KRAS. Treatment of advanced PDAC 

with a combination of gemcitabine and epidermal growth factor receptor 

(EGFR) inhibitor erlotinib, has led to a marginal therapeutic benefit (median 

survival of 6.24 months compared with 5.91 months for gemcitabine alone) 

[68], which lost significance when this combination was examined in all-

comers in the adjuvant setting [69]. Further data analyses from trials 

investigating EGFR inhibitor efficacy, revealed that patients who developed 

skin rash during erlotinib treatment (an established adverse effect of drugs 

that target EGFR signalling) had considerably improved prognosis with 1-year 

survival rates beyond 40%, comparable with previous reports for 

FOLFIRINOX [68, 70-72]. Moreover, the improvement in survival following 

combined gemcitabine/EGFR inhibition therapy has also specifically been 

associated with KRAS wild-type tumour status [71, 73, 74], suggesting that 

this combination may be of considerable benefit in a small, but potentially 

well-defined subgroup of patients with PDAC. 

1.1.7 G1/S checkpoint as a therapeutic target  

Cell cycle checkpoints represent essential control mechanisms in healthy cells 

that ensure accurate cell division. Apart from p53, the p16-cyclin D-CDK4/6-

retinoblastoma protein pathway (CDK4 pathway) is another critical control that 

promotes the G1/S-phase cell cycle transition. Under physiological conditions, 

Cyclin D complexes with its catalytic partners, cyclin-dependent kinases 

(CDKs) 4 and 6, driving retinoblastoma protein (RB) phosphorylation and G1 

phase progression [75]. Of note, the CDK4 pathway is frequently deregulated 

in several cancers, including PDAC [3, 44], with the p16INK4A tumour 

suppressor inactivated in 80-90% of clinical specimens [3, 76]. 

Early evidence indicating Cyclin D/CDK4 as an oncogene has stimulated 

research into the development of small-molecule CDK inhibitors as cancer 

therapeutics. Pan-CDK inhibitors have shown limited efficacy in clinical trials, 
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however selective CDK4/6 inhibitors, such as PD-0332991 (palbociclib) or 

LY2835219 (abemaciclib), have emerged as a powerful class of agents with 

clinical activity in a number of malignancies, firstly demonstrated in the 

treatment of ER+/HER2- metastatic breast cancer [77, 78], and other solid 

cancers [79]. As a high proportion of pancreatic tumours carry aberrations in 

G1/S checkpoint machinery, targeting PDAC subtypes that are dependent on 

CDK4/6 signalling may therefore be a reasonable therapeutic approach. 

Combinations involving dual CDK4/6 and mTOR targeting have shown 

promise in preclinical studies [80, 81] and were translated into a clinical non-

biomarker driven trial (NCT02981342; [82]), however, after the recruitment of 

the first 80 patients, this specific study was terminated due to significant 

disease progression, thus reinforcing the need for a clinical biomarker driven 

trial.  

Comprehensive preclinical exploration of the long-term responsiveness to 

CDK4/6 inhibition and CDK4/6 inhibitor-based combinations, highlights the 

need for a more personalised approach in the treatment of pancreatic cancer, 

with RB as a potential companion biomarker that may help enrich for 

responders to CDK4/6 inhibitor-regimens [83]. Moreover, recent studies in 

PDAC and other cancers, suggest a considerably more complex mechanism 

of action for CDK4/6 inhibitors that includes multifaceted global inhibitory 

effects on tumour cells, stromal cells and extracellular matrix (extracellular 

matrix) organisation at different stages of PDAC progression [83], inhibition of 

epithelial-to-mesenchymal transition (EMT) signalling in breast cancer 

metastasis [84] and improved anti-tumour immunity by enhancing T-cell 

activation [85, 86]. These new features need to be incorporated into future 

trial design, and indeed several trials are including a retrospective or 

prospective analysis of potential companion biomarkers (including tumour RB 

expression by immunohistochemistry plus CDK4/6 amplification or CCND1 

amplification) as part of the clinical assessment of PD-0332991 efficacy in 

PDAC (The MATCH Screening Trial NCT02465060, NCT02501902, Know 

Your Tumour (KYT) program), and early results of a precision-medicine based 

approach are promising [87, 88].  
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1.1.8 Targeting DNA damage repair signalling  

Maintenance of cellular genomic integrity is regulated by a complex network 

of DNA damage response (DDR) proteins, which are readily activated by 

endogenous and exogenous mitogens, including reactive oxygen species and 

cytotoxic agents. Importantly, deregulation of this highly organised network, 

detected in approximately 9-14% of human PDAC [3, 4] could be 

therapeutically exploited [89].  

BRCA1 and BRCA2 are well-characterised tumour suppressor genes that 

when heterozygously mutated in the germ line, increase the risk substantially 

for several malignancies, including breast, ovarian, pancreatic and prostate 

cancer [90, 91]. Functional BRCA1 and BRCA2 proteins are essential for the 

repair of genotoxic double-stranded DNA breaks through a high fidelity 

pathway called homologous recombination (HR) [89]. Cancers that arise in 

individuals with a germline mutation in BRCA1/2, frequently acquire a somatic 

loss-of-function aberration in the corresponding wild-type BRCA allele, leading 

to HR repair deficiency. In addition to BRCA1/2 mutations, aberrations in 

other genes (incl PALB2 [92, 93], BRCAness [46] and/or high extent of 

structural rearrangement [4]), may lead to loss of functional HR, and 

importantly, may sensitise these cancers to specific DNA-damaging 

treatments, including poly(ADP-ribose) polymerase (PARP) inhibitors and 

DNA-intercalating agents (mitomycin C, platinum-based combinations). 

Platinum agents have been previously combined with gemcitabine and 

examined clinically in “all-comers”. Although findings from single trials [94, 95] 

suggest only trending (but not statistically significant) improvements in overall 

survival following combination treatment, a pooled analysis of two 

international multi-centre trials suggests that combining gemcitabine with a 

platinum analogue may be of significant therapeutic benefit in advanced 

pancreatic cancer (HR = 0.81; P = 0.031 [96]), and may be further improved 

upon by adding a companion biomarker. In fact, selected early case studies 

have already highlighted the potential of personalising these treatment 

strategies in PDAC. Specifically, addition of cisplatin after progression on 

gemcitabine monotherapy, led to a complete clinical response in a patient with 



	  
	  

38 

a pathogenic germline BRCA2 (1153insertionT) mutation [97]. Similarly, a 

patient with a PDAC tumour harbouring biallelic inactivation of the PALB2 

gene, had an exceptional response to mitomycin C [93]. Furthermore, a 

review on the impact of BRCA1 and BRCA2 germline mutations and 

therapeutic outcome observed superior overall survival in advanced BRCA-

associated PDAC with platinum exposure (n=71 patient study) [98]. 

Subsequent Phase II trial involving PDAC patients with germline BRCA 

mutations has since confirmed that PARP-inhibitor olaparib offers a clinical 

benefit [99], particularly as maintenance therapy [100], with similar effects 

observed with rucaparib in a study of 19 pre-treated patients with BRCA-

mutant cancer [101], although another PARP-inhibitor veliparib did not elicit a 

significant response in this setting [102]. Of note, the PARP catalytic inhibitory 

activities of various PARP inhibitors in clinical testing do not correlate strongly 

with respect to cytotoxic and trapping potency; for example olaparib has 

shown greater cytotoxic and PARP-trapping activity than veliparib in vitro 

[103] and this could potentially infer differences in clinical potency between 

the various PARP-targeting agents. 

With growing evidence supporting the clinical development of PARP- or 

platinum-based regimens (including FOLFIRINOX [92]) in the treatment of 

BRCA-mutated PDAC, the National Comprehensive Cancer Network (NCCN) 

has recommended consideration of a first-line platinum-based regimen in 

patients with advanced PDAC and a hereditary cancer syndrome involving a 

DNA repair mutation [104]. Ongoing clinical studies further aim to assess the 

tolerability and efficacy of PARP-inhibitor based combinations regimens 

(NCT01585805), or their utility as maintenance monotherapy after first-line 

platinum-based chemotherapy in BRCA1, BRCA2 or PALB2-mutant 

pancreatic cancer (POLO trial: NCT02184195, NCT03140670). The POLO 

trial has already shown promising results with a significant improvement in 

progression-free survival (PFS) following treatment with olaparib, (median 

PFS was 7.4 vs 3.8 months; olaparib vs placebo) [105].  



	  
	  

39 

1.1.9 Mismatch repair deficiency  

During the malignant transformation process, pancreatic cancer cells acquire 

multiple mechanisms to evade the immune response. Antibodies that target 

these inhibitory signals called immune checkpoint inhibitors, although highly 

successful in the treatment of certain solid cancers [106, 107], have thus far 

not demonstrated significant activity in PDAC, when examined without a 

companion biomarker [108-110]. More recently, deficiency in mismatch repair 

has been effectively utilised to predict response to immunotherapy agents in 

the treatment of metastatic colorectal and other cancers [111]. Mismatch 

repair (MMR) is another highly conserved mechanism for the repair of DNA 

lesions, which recognises and repairs small loops within the duplex DNA that 

arise from nucleotide misincorporation either by base–base mismatches or by 

insertion/deletion loops [112]. Defects in MMR lead to genome-wide 

instability, particularly in simple repetitive sequences, known as microsatellite 

instability. 

MMR deficiency is rare in PDAC and accounts for approximately 1% of cases 

[3], however as these patients present with a significantly higher burden of 

mutations that may lead to higher immunogenicity, there is strong rationale for 

the use of checkpoint inhibitors in this setting. The recently published, 

expanded Phase II study by Le et al. [48] demonstrated that significant 

responses to immune checkpoint inhibitor pembrolizumab were observed only 

in patients with MMR-deficient tumours. A pancreatic cancer-focussed study 

revealed that 57% of the MMR-deficient patients (7/833, 0.8% frequency of 

MMR-deficiency) treated with immune checkpoint blockade had treatment 

benefit (1 complete response, 2 partial responses, 1 stable disease) [113]. 

These promising results have since led to the first ever cancer-agnostic FDA 

approval of pembrolizumab for biomarker-defined disease, (MMR-deficient 

malignancies, including PDAC) [51].  
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1.2 The tumour microenvironment of pancreatic cancer  

1.2.1 Stromal reaction and the extracellular matrix  

The pancreatic tumour microenvironment (TME) comprises both cellular 

elements and marked desmoplasia, that collectively not only form an effective 

physical barrier leading to limited drug penetration, but also through dynamic 

cancer cell-stromal cell crosstalk, directly promote cancer growth, survival and 

treatment failure (Figure 1.2) [114]. The cellular components within the tumour 

microenvironment are incredibly diverse, and include myofibroblasts, immune 

cells, adipose cells, the blood and lymphatic vascular networks, all of which 

are embedded in a dense extracellular matrix, rich in hyaluronic acid (HA), 

collagens, fibronectin, laminin and proteoglycans [114].  

The extracellular matrix is a key regulator of cellular and tissue function in the 

body, with dynamic and tightly controlled extracellular matrix remodelling 

essential during development, wound healing and normal organ homeostasis 

[115]. The extracellular matrix is a major component of the tumour 

microenvironment and provides mechanical and structural support to cells, 

aids in cell migration, whilst also coordinating important signalling processes 

[116]. The extracellular matrix is made up of a complex interlocking mesh of 

specialised protein families, including fibrillar and non-fibrillar collagens 

(comprising up to 90% of the extracellular matrix), fibronectins, laminins and 

glycosaminoglycan (GAG)-containing non-collagenous glycoproteins 

(hyaluronan and proteoglycans) [117].  
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Figure 1.2: The primary pancreatic tumour microenvironment. Pancreatic 

cancer cells are surrounded by a profuse desmoplastic stroma (ECM) that 

consists of numerous cell types including fibroblasts, pancreatic cancer-

associated fibroblasts (CAFs, also known as pancreatic stellate cells), blood 

vessels, and several different classes of immune cells including tumour-

associated macrophages (TAM), myeloid-derived suppressor cells (MDSC), 

and T cells, including the regulatory T cells (Treg). 
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Sustained and extensive remodelling and deposition of multiple extracellular 

matrix components has been shown to lead to enhanced interstitial fluid 

pressure (IFP), increased tissue stiffness, and can mechanically induce 

intracellular signalling that drives tissue fibrosis and inflammation [118-120]. In 

pancreatic cancer the extracellular matrix encompasses up to 70% of the 

tumour microenvironment [115]. Recent assessments of collagen abundance 

and extracellular matrix stiffness in normal pancreas material and pancreatic 

tissues harbouring early neoplastic and advanced PDAC lesions revealed that 

pancreatic cancer progression is accompanied by increased collagen 

crosslinking and extracellular matrix-driven stiffening of the tumour tissue, 

driving epithelial-to-mesenchymal (EMT) transition in pancreatic cancer cells 

and chemoresistance [121]. Moreover, recent work indicates that extracellular 

matrix de-regulation is spatially regulated, with local site-specific remodelling 

of extracellular matrix components, rather than global and uniform changes 

across the tumour tissue, promoting disease progression in PDAC [122]. 

Laklai et al. also revealed that cellular tension ‘tunes’ the pancreatic stroma, in 

a JAK-STAT3-ROCK-dependent manner, to further promote pro-tumourigenic 

signalling, cancer growth and disease progression.  

The transformation of the pancreatic tumour microenvironment is largely due 

to the activation of mesenchymal cells, called pancreatic stellate cells (PSCs) 

into cancer-associated fibroblasts (CAFs) [123]. CAFs are the dominant cell 

type within the stromal compartment, and are the primary source of 

extracellular matrix components such as collagen, fibronectin and laminin.  

They also regulate the synthesis, deposition and remodelling of the 

extracellular matrix [124-126]. Due to complex signalling networks, and the 

ability of these cells to provide growth factors, matrix remodelling enzymes, 

inflammatory cytokines and reactive oxygen species, CAFs have the ability to 

influence cancer cell function, and in turn, cancer progression [124, 127-134]. 

This symbiotic interaction allows CAFs and cancer cells to influence each 

other’s behaviour through paracrine signalling [135, 136]. Treating PSCs with 

cancer cell-conditioned media resulted in the activation of PSCs [124]. Whilst 

co-culturing CAFs with PDAC cancer cells up-regulated genes from the 

CXC/CC chemokine family such as CCL2, CXCL1, CXCL2 and IL8, which 
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play a role in invasion, metastasis and angiogenesis [137]. In pancreatic 

cancer, CAFs, can be identified by their expression of desmin, glial fibrillary 

acidic protein, nestin, neural cell adhesion molecule and α−smooth muscle 

actin [124, 138].  Following internal or external tissue injury (which may 

include external injury to the pancreas, chronic pancreatitis or aberrant cell 

death), the release of inflammatory cytokines, chemokines and growth factors 

(TGF-β, VEGF, PDGF, angiotensin), facilitates the accumulation of CAFs 

[115, 139], which results in increased accumulation of extracellular matrix 

proteins, increased inflammation, changes in blood vasculature, and changes 

to the extracellular matrix biochemical and structural properties. These 

modifications provide a favourable environment for cancer cells to survive and 

proliferate, and the resulting physical changes to the microenvironment 

impairs drug delivery and may contribute to drug resistance [140-144].  

However, the traditional view of a uniform tumour stroma has recently been 

redefined by the concept of intratumoural CAF heterogeneity. Papers by 

Ohlund et al. [141] and Elyada et al. [145] have identified three spatially 

separated, reversible and mutually exclusive CAF subtypes. The 

‘inflammatory CAFs (iCAFs)’ are a population that express inflammatory 

markers such interleukin-6 and leukemia inhibitory factor (LIF), (which are 

known to induce cell survival and chemotherapy resistance [146]), and iCAFs 

are located farther away within the dense stroma. Whilst the ‘myofibroblastic 

CAFs (myCAFs)’, are a population that express myofibroblast markers such 

as α−smooth muscle actin, and fibroblast activation protein (FAP), and are 

associated with extensive extracellular matrix deposition [141, 147]. MyCAFS 

are located adjacent to tumour cells due to their formation being dependent 

on juxtacrine interactions with cancer cells. TGF-β and IL-1/JAK/STAT 

signalling have been identified as the major signalling pathways responsible 

for myCAF and iCAF formation. Tumour-secreted IL-1 induces LIF expression 

and JAK/STAT activation to generate iCAFs, whilst TGF-β antagonizes IL-1 

activity and JAK/STAT signalling to promote differentiation into myofibroblasts 

[141, 147]. Antigen-presenting CAFs (apCAFs), are another population of 

CAFs defined by their expression of MHCII molecules, and their ability to 

present a model antigen to CD4+ T cells [145]. These findings support a new 
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model of the pancreatic tumour stroma that describes the symbiotic 

relationship between cancer cells and CAFs, as well as the plasticity between 

heterogeneous CAF subtypes. Moreover, this new model reveals the potential 

for selective therapeutic targeting of each population.  

Since the mechanical microenvironment is a potent contributor to pancreatic 

cancer progression, investigation of extracellular matrix components as viable 

therapeutic targets in cancer is an exponentially growing area of research 

[148]. Examples include the use of fasudil as a priming agent before 

chemotherapy to reduce fibrosis and improve tissue perfusion [149], as well 

as targeting hyaluronic acid (HA), a critical component of the extracellular 

matrix, with PEGPH20 which is already showing promise in clinical trials [143, 

144]. Collectively, these findings highlight the potential utility of extracellular 

matrix-based stratification, where high amounts of fibrillar collagen could 

serve as a companion biomarker to identify patients who will most benefit 

from extracellular matrix manipulation prior to chemotherapy.  

1.2.2 The immunosuppressive tumour microenvironment   

Pancreatic tumours are defined by their highly immunosuppressive 

microenvironment [150]. Immune and inflammatory cells such as 

lymphocytes, dendritic cells, neutrophils, macrophages and mast cells 

accumulate in the pancreatic tumour microenvironment during cancer 

progression (Figure 1.3) [151]. Pancreatic cancer cells over-activate pro-

inflammatory signalling networks which results in cytokine release (including 

IL-6, IL-10, IL-13, VEGF, TGF-β) [152], subsequently recruiting and activating 

tumour-associated macrophages (TAMs), neutrophils and regulatory T cells 

(T reg) [153]. Consequently, activated immune cells create an 

immunosuppressive tumour microenvironment, which contributes to immune 

evasion and tumour progression [154]. In addition, the unique 

microenvironment of PDAC confers resistance to therapeutic agents including 

immunotherapy, with numerous studies concluding that checkpoint inhibition 

alone is insufficient for PDAC patients [106, 155].  
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Figure 1.3: A model of innate and adaptive immune response during 

pancreatic tumour progression taken from Wormann et al. 2014 [156]. The 

immune response is activated during early PDAC development, causing anti- 

and pro-tumourigenic effects. The innate immune response is complemented 

with activation of adaptive immune cells. These activated immune cells 

release cytokines and chemokines that promote proliferation of neoplastic 

cells, as well as stromal remodelling and neoangiogenesis. Macrophages 

(M1, M2), myeloid derived suppressor cell (MDSC), immature dendritic cell 

(imDC), mature dendritic cell (mDC), tumour-associated neutrophil (TAN).   
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1.2.2.1 Regulatory T cells (T regs)  

Regulatory T cells (CD4+ CD25+ FoxP3+) suppress the adaptive immune 

response promoting progression from the premalignant stage to established 

cancer and are also associated with tumour progression and a poorer 

prognosis of PDAC patients, while infiltration of effector or cytotoxic (CD8+) T 

cells is inversely correlated [157, 158]. PDAC is associated with increased 

production of CCL5, which encourages the migration of T regs into the tumour 

microenvironment due to their CCR5 expression [159]. Regulatory T cells are 

then able to suppress the anti-tumour immune response by inhibiting effector 

T cell functions [160]. Expression of CTLA4 competes for co-stimulatory 

ligands (CD80 and CD86), preventing CD28 binding, a necessary process for 

effector T cell activation [159].  

1.2.2.2 Effector T cells 

Effector or Cytotoxic CD8+ T cells are the predominant T cell subset and are 

associated with favourable clinical outcomes and prolonged survival [156]. 

They work by eliminating tumour cells via IFN-γ-mediated direct tumouricidal 

activity, and via induction of macrophage tumouricidal activity. However it is 

thought that pancreatic cancer cells may escape the effects of CD8+ T cells 

by promoting their aggregation in fibrous tissue, and that down regulation of 

activation markers on CD8+ T cells can decrease their cytotoxic activity [156].  

1.2.2.3 Myeloid derived suppressor cells (MDSCs) 

Myeloid-derived suppressor cells are systemically expanded and are recruited 

to PDAC tumours following induction by GM-CSF (produced by pancreatic 

cancer cells) or CXCL12 (produced by fibroblasts) [160]. MDSCs promote 

primary tumour growth and invasion through a number of mechanisms 

including inducible nitric oxide synthase, ROS upregulation, T cell recruitment 

and neoangiogenesis promotion [156]. They can suppress the anti-tumour 

activity of CD8+ and CD4+ T cells, as well as the expansion and 

differentiation of regulatory T cells following secretion of immunosuppressive 

cytokines such as IL-6, IL-10 and TGF-β [161]. They can also block innate 

immunity by transforming M1 macrophages (anti-tumourigenic phenotype) to 

M2 macrophages (pro-tumourigenic) [162], and can suppress natural killer 



	  
	  

47 

(NK) cells anti-tumour cytotoxicity [163]. Disruption of the paracrine signalling 

that occurs between MDSCs and tumour cells has been shown to lead to 

inhibition of MDSC accumulation, restoration of CD8+ T cell immunity and 

overcomes the immunosuppressive effects on local cytotoxic T cells [156].  

1.2.2.4 Tumour-associated macrophages (TAMs) 

Tumour-associated macrophages can be recruited to the PDAC 

microenvironment via CCL2, CCL5 and CXCL12 [164]. However cytokines 

such as IL-4, IL-10, IL-13 and GM-CSF regulate recruitment, maturation and 

differentiation of macrophages into the M2-activated macrophage state, which 

is defined by an immunosuppressive and pro-tumourigenic phenotype [165]. 

These macrophages are present in both pre-invasive pancreatic lesions and 

persist into invasive PDAC, particularly in the invasive front of the tumour 

[156]. They secrete a series of matrix proteins and proteases that modify the 

extracellular matrix, such as serine proteases, cathepsins and 

metalloproteinases (MMPs) [160]. TAMs can also secrete angiogenic factors 

(thymidine phosphorylase, VEGF, MMPs, COX-2, CXCL12, CCL2) as well as 

FAP, a serine proteinase that stimulates fibroblasts to promote angiogenesis 

and metastasis, and IL-6, which initiates STAT3 signalling and promotes 

cancer development [166-168].  In addition, pancreatic TAMs promote cancer 

cells to produce cytidine deaminase, which can metabolize gemcitabine, 

promoting chemoresistance [169].  

1.2.2.5 Natural killer cells (NK Cells) 

Natural killer cells are a subset of innate lymphoid cells that make up 

approximately 5-15% of the circulating cell population. These cells are able to 

recognize and kill tumour cells specifically due to their killer-cell 

immunoglobulin-like receptors (KIRs) [170]. Once activated they secrete 

numerous cytokines and chemokines including IFN-γ, TNFα, GM-CSF, CCL1, 

CCL2, CCL3, CCL4, CCL5, and CXCL8, all of which can recruit and activate 

other innate and adaptive immune cells [171]. In PDAC, loss of NK cells was 

shown to promote pancreatic cancer in LSL-KrasG12D/+-driven mouse 

models [172], with a positive correlation between the number of circulating NK 

cells and overall patient survival [173]. However the cytotoxic capacity of NK 
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cells in PDAC patients is frequently reduced, including their capacity to 

secrete immune-activating cytokines such as TNFα and IFN-γ [171].  

	  

1.3 SRC signalling in the tumour microenvironment of 
pancreatic cancer: from mechanisms to therapy 

(Published in Parkin, A., et al., Targeting the complexity of Src signalling in the tumour 

microenvironment of pancreatic cancer: from mechanism to therapy. The FEBS Journal, 

2019. 0(ja). ) 

1.3.1 The SRC signalling axis promotes pancreatic cancer 
progression 

The proto-oncogene tyrosine-protein kinase SRC or cellular SRC (c-SRC) 

belongs to a family of nine non-receptor tyrosine kinases that share similar 

structure and function [174]. SRC kinase localizes at cell-matrix adhesions, 

and is readily activated by positive migratory growth factor signalling, 

including, but not limited to, epidermal growth factor (EGF), hepatocyte growth 

factor (HGF), platelet-derived growth factor (PDGF), vascular endothelial 

growth factor (VEGF) and integrin [175] and Eph receptor (EphA2) activation 

[176]. In turn, SRC can phosphorylate substrates from numerous molecular 

pathways and consequently promotes tumour cell survival, proliferation, cell-

adhesion, migration, invasion and angiogenesis, key hallmarks of cancer 

(Figure 1.4) [177-184]. The roles of SRC in tumourigenesis and metastasis 

are well established, with constitutive activation of SRC being observed in a 

variety of cancers including breast, lung, colon, prostate and pancreas [177, 

182, 185].  
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Figure 1.4 Schematic of the canonical Integrin/SRC/FAK signalling network 

taken from Parkin et al. 2019 [186]. SRC and FAK interact with numerous 

receptor tyrosine kinases (RTKs), including epidermal growth factor receptor 

(EGFR), vascular endothelial growth factor receptor (VEGFR), fibroblast 

growth factor receptor (FGFR), and platelet-derived growth factor receptor 

(PDGFR), as well as the ‘matrix receptor’ integrins, which all facilitate their 

downstream signalling. (i) Phosphorylation and activation of RAS, RAF, 

MEK1/2 and ERK1/2 leads to the transcriptional regulation of genes 

associated with cell growth and proliferation. (ii) Phosphorylation of signal 

transducer and activator of transcription 3 (STAT3), regulates gene 

expression of VEGF, IL-10 and FoxP3 leading to angiogenesis and 

immunosuppression. (iii) PI3K recruits Akt, where it is phosphorylated by 

PDK1/2. Akt inhibits the family of forkhead transcription factors (FOXO), 

leading to cell survival, and activation of the mTORC complex which leads to 

RNA translation and protein synthesis. (iv) Activation of Rho GTPases results 

in actin cytoskeleton remodelling and cell motility, while activation of Rac 

GTPases affects actin dynamics and lamellipodia formation.  
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SRC modulates integrin adhesions, cadherin-mediated cell-cell adhesions 

and metalloproteinase expression, and it is this disruption of intercellular 

adhesion that results in the detachment of tumour cells from the tumour mass, 

allowing them to invade through the extracellular matrix, penetrate the blood 

vessels and metastasize to other sites [183]. Furthermore, SRC kinase 

activity is required for mesenchymal invasion (involving integrin and protease-

dependent stromal remodelling) as it controls the turnover of integrin-based 

adhesions [187]. In addition, SRC has been suggested as a mechanistic link 

between inflammation and cancer [188]. Specifically, SRC activation in 

tumour-associated macrophages, leads to their increased motility and 

infiltration into the tumour, a process which is driven by the secretion of pro-

inflammatory cytokines within the tumour microenvironment [188-190]. SRC 

also plays a role in the metabolic reprogramming of cancers by promoting the 

Warburg effect. This involves activation of hexokinases and upregulation of 

glycolysis, which in turn promotes tumourigenesis [185].  

The significance of SRC in PDAC tumourigenesis is also well established 

[177, 189, 191]. SRC kinase expression and activity is up-regulated in PDAC, 

increased further during progression to invasive and metastatic (advanced) 

PDAC and is associated with poor survival [177, 191, 192]. SRC also plays a 

role in the progression of pancreatitis, an inflammatory condition that presents 

a risk for development of pancreatic cancer [193]. Similarly to other cancers, 

SRC inhibition has been shown to reduce proliferation, migration and invasion 

in PDAC cell lines, as well as inhibit tumour progression and metastasis in 

vivo [183, 194-198]. SRC can also promote the progression of PDAC by 

reducing tumour response to gemcitabine, one of the current standard-of-care 

chemotherapies for this cancer [199].  

In addition to SRC, the integrin-focal adhesion signalling-mediated modulation 

of extracellular matrix mechanics and cytoskeleton stability involves several 

important sensor proteins that are also frequently deregulated in cancer, 

including integrins, FAK and downstream Akt/PI 3-kinase, LIM kinase, and 

Rho/ROCK activation [200-203] (Figure 1.4). Integrins are composed of two 

non-covalently associated transmembrane glycoprotein subunits, and can be 

divided into several subtypes [204]. These molecules can signal 
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bidirectionally: through the recruitment of adaptor proteins the integrin 

receptor becomes activated and has a high affinity for extracellular matrix 

ligands, which in turn leads to the recruitment of signalling proteins and the 

assembly of focal adhesions [204]. Integrins bind to, and remodel extracellular 

matrix components such as vitronectin, laminin, fibronectin and collagen, 

thereby providing the traction required for tumour cell motility and invasion. 

Increased deposition and cross-linking of extracellular matrix proteins can 

also further promote tumour progression via mechanical force-induced 

clustering of integrin receptors [205].  

The crosstalk between integrins, growth factor receptors, and SRC oncogene 

are readily exploited by cancer cells during both tumour initiation and disease 

progression [200]. Furthermore, integrins also play a role in angiogenesis, by 

providing a docking site for several cell types, including endothelial cells, 

endothelial stem cells and inflammatory cells, at the site of angiogenesis 

[206]. Upregulation of ανβ6-integrins occurs in a variety of tumours, including 

PDAC, where it has been shown to activate TGF-β, stimulating tumour cell 

epithelial-to-mesenchymal transition (EMT) and stromal myofibroblast 

differentiation [207], which has in turn been shown to either promote [208] or 

restrict tumour growth and progression [209]. The association between ανβ6-

integrins and increased migration, invasion, and cell survival is partly due to 

the regulation of proteases (MMPs), and urokinase-type plasminogen 

activator (uPA) [204, 207, 210-212]. In PDAC specifically, overexpression of 

integrin ανβ3/ανβ6 has been previously shown to associate with poor survival 

of patients as well as lymph node metastasis [200, 213], and recent findings 

indicate that the stromal localization and levels of active α5β1-integrin and 

FAK can identify two readily distinguishable desmoplastic phenotypes in 

pancreatic cancer. Tumours with high stromal pSMAD2/3 levels were found to 

be prognostic of poor outcome, whilst increased stromal levels of active α,β-

integrin constituted a patient-protective PDAC-associated desmoplastic 

phenotype [214]. In addition, integrins also play a role in regulating cancer 

stem cell properties leading to metastasis as well as resistance to tyrosine 

kinase inhibitors in PDAC [215].  
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Focal adhesion kinase (FAK) is a ubiquitously expressed non-receptor 

tyrosine kinase that regulates integrin-mediated cell-extracellular matrix 

signalling, and its phosphorylation and activation is dependent on SRC. The 

SRC-FAK multi-protein complex localises at cell-matrix attachment sites and 

influences several downstream pathways including cell motility, migration, 

invasion, survival, immunosuppression and apoptosis [177, 216-218]. The 

mechanisms involved are complex but often include the regulation of 

downstream effectors, including TGF-β, as well as regulators of ERK, Jun 

kinase (JNK) and Rho signalling pathways [182, 219-223]. FAK is 

overexpressed in a variety of cancers including PDAC, and overexpression is 

associated with poor prognosis [218, 224]. It has recently been shown that 

FAK plays an important role in regulating pro-inflammatory pathway activation 

and cytokine production during wound healing [184, 217, 224-227]. In PDAC 

specifically, FAK activity has been shown to correlate with high levels of 

fibrosis and poor CD8+ cytotoxic T-cell infiltration, making it a promising target 

to overcome the highly fibrotic and immunosuppressive nature of PDAC [217, 

228].  

SRC-family kinases (SFKs) not only promote cell-matrix adhesion turnover 

through FAK, but also regulate Rho family of small GTPases, in particular 

RhoA and Rac1 activation [229, 230]. Rho GTPases are often hijacked by 

cancers because they regulate diverse cellular processes that are important 

for tumour growth and metastasis including cytoskeletal dynamics, motility, 

contractility, cell polarity, membrane transport, gene transcription, as well as 

regulating the interaction between stromal cells and cancer cells [149, 231-

236]. SFKs control the regulatory molecules of Rho GTPases (guanine 

nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs) and 

guanine dissociation inhibitors (GDIs), and it is the tight regulation and 

extensive crosstalk between SRC/FAK and SRC/RhoA/Rac1 that controls 

integrin-mediated cell-adhesion and migration [237-239]. We have recently 

reviewed the role of Rho-associated kinase signalling in cancers including 

PDAC [231, 232].  

PI 3-kinase (PI3K) signalling is another relevant, tumour-promoting and 

potentially druggable effector network activated through FAK/SFK [240-242]. 
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Activated PI3K phosphorylates phosphatidylinositol 4,5-biphosphate (PIP2) to 

produce PIP3, and this process is negatively regulated by PTEN [243]. 

Activation of PIP3 can then further activate Akt (Akt activation occurs in ~59% 

PDAC samples [244]) and additional downstream targets such as Bcl-2, 

Mdm2, GSK3β, NF-κB and mTOR [240, 245], ultimately promoting cancer cell 

survival, growth, and motility and inhibiting apoptosis [240, 243, 246, 247]. 

The PI3K-Akt-mTOR pathway is also responsible for controlling cellular 

metabolism. Oncogenic K-Ras can enhance the activity of the metabolic 

enzyme ATP citrate lyase in an Akt-dependent manner leading to histone 

acetylation and alteration of the acetyl-CoA pool, subsequently leading to 

changes in gene expression, DNA damage response and DNA replication 

[248]. The PI3K/Akt pathway can also inhibit glucose metabolism by blocking 

glycogen synthase kinase 3β and can alter glucose uptake by mediating 

expression of glucose transporters such as GLUT1 [248, 249]. Furthermore, 

Akt signalling is present in preneoplastic lesions during pancreatic 

carcinogenesis induced by mutated Kras, and is associated with progression 

towards higher grade tumours and poorer patient survival [242, 250-252].  

1.3.2 Molecular and genomic aberrations of the SRC 
signalling axis in Pancreatic Cancer: Implications for 
therapeutic targeting 

Historically, the documented cases of activating SRC mutations are rare, with 

only one major study in colon cancer documenting 12% of cases with a 

truncating mutation at codon 531 [253], which when functionally validated, 

was shown to lead to increased SRC specificity and transformation of NIH 

3T3 cells. Despite this, other studies using larger colon cancer populations 

document no such mutations [254, 255]. In addition, no such mutations have 

been documented for SRC-implicated cancers, such as haematological 

malignancies [256]. In PDAC specifically, examination of multidimensional 

publically-available cancer genomics datasets (TCGA, PanCan Atlas and 

QCMG cohorts) revealed that SRC mutations occur at a frequency of less 

than 2% (Figure 1.5B) [257, 258], indicating that aberrant intra-tumoural SRC 

activity occurs through constitutive activation of SRC, or by changes in the 

levels of regulators of SRC and amplification of downstream signalling 
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pathways [256, 259-261]. Importantly frequency differences between datasets 

are due to limited data availability.  

 

Figure 1.5 Frequency of (A) Integrin, (B) SRC, (C) FAK and (D) PI3K/AKT 

pathway genetic alterations in publically-available pancreatic cancer genomics 

datasets (The Cancer Genome Atlas (TCGA), PanCan Atlas, University of 

Texas South Western Medical Centre (UTSW) and Queensland Centre for 

Medical Genomics (QCMG) cohorts) [257, 258]. (E + F) Genes used to define 

the integrin and PI3K/AKT pathways, respectively. (F) Alterations include 

mutations (green), fusions (purple), amplifications (red), deep deletions (blue) 

and multiple alterations (grey). Taken from Parkin et al. 2019 [186].  
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Integrins are key regulators of SRC signalling, and are also deregulated in 

cancers, but are rarely mutated. Several cancers including glioblastoma, show 

modifications of the integrin pattern to be associated with tumour progression 

and poor patient survival, including α6β4, α6β1, αvβ6 and αvβ3 [262]. An 

early sequencing study demonstrated a positive association between 

mutations in subunit α7 (encoded by ITGA7 gene), identified in 57% of 

prostate cancers, and increased cancer recurrence [263]. The mutation also 

occurred in 21% of hepatocellular carcinomas and 83% of glioblastomas, as 

well as leiomyosarcomas [263]. Decreased integrin expression has also been 

correlated to cancer progression. In mesothelioma reduced expression of 

ITGA7 associated with promoter methylation and was identified as an 

important mechanism for the aggressive migratory transformation of 

mesothelioma [264, 265]. Similar results have also been seen with α2β1 in 

breast cancer, and α6β4/ α6β1 in esophageal carcinoma [200]. In PDAC, 

early sequencing studies identified genetic alterations in the integrin signalling 

pathway (ITGA4, ITGA9, ITGA11, LAMA1, LAMA4, LAMA5, FN1 and ILK) in 

67% of tumours [44]. However, these alterations appear less frequent (67% 

versus 13%) when compared to the findings of the TCGA, UTSW, ICGC and 

QCMG [257, 258, 266] (Figure 1.5A). This inconsistency may be explained 

through the study design of Jones et al. where only small cohorts derived from 

cell lines (commercial and patient-derived; n=24), and xenograft models 

(n=90) were used to analyse the mutational cancer landscape. Recent 

findings suggest that molecular landscapes of patient-derived models may 

diverge from their parental tumours during long-term propagation [267]. More 

recently, the integrin β4 subunit was found to be commonly over-expressed in 

PDAC and is an adverse prognostic marker, however isn’t commonly mutated 

[268]. An alternate mechanism involving a mutation in TP53 is thought to 

promote integrin α6β4-mediated tumour cell survival [268].  

In addition, recent large-scale, pan-cancer proteogenomic studies have 

identified molecular alterations in several SRC effector networks including 

PI3K/Akt/mTOR and FAK [224, 269-271]. Of the >7000 tumours examined, 

63% harboured non-silent somatic mutations or copy number alterations 

within the PI3K/AKT/mTOR pathway [270]. In PDAC specifically, ~17% of 
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tumours carried alterations, the majority of which involved gene amplification, 

and this finding is consistent across multiple cohorts [257, 258] (Figure 1.5D). 

The PI3KCA gene mutations present in 3–5% of pancreatic cancer patients 

can act as activating mutations initiating pancreatic tumour formation [272]. 

Further, inactivating aberrations in PTEN (negative regulator of PI3K/PI3K 

pathway) occur in up to 70% of human PDAC, and have been shown to 

activate the tumour-promoting stromal and immune cell components that 

shape the PDAC tumour microenvironment [273]. FAK is also frequently 

overexpressed and deregulated in PDAC, with genomics alterations occurring 

at a frequency of ~6%, the majority of which are gene amplifications (Figure 

1.5C) [257, 258]. FAK inhibitor monotherapy has shown mixed clinical efficacy 

in mesothelioma tumours that harbour loss of specific tumour suppressive 

signals, such as merlin (encoded by NF2 gene; [274]). Although mutations at 

the NF2 locus are rare (~10%) in human PDAC [3, 47], merlin expression is 

lost in >40% of PDAC, and is negatively correlated with tumour stage, 

regional lymph node metastasis and differentiation [275]. Assessment into the 

efficacy of FAK-inhibition in the context of Merlin loss, and combined with 

additional biomarkers, in PDAC may be of interest.  

A personalised treatment strategy using pharmacological inhibition of SRC, 

SRC-associated regulators or downstream targets, in tumour subtypes 

carrying these aberrations, could be beneficial and remains to be examined. 

Currently there are no FDA-approved prognostic or predictive biomarkers for 

PDAC [276]. Importantly, moving forward, the integration of DNA copy-

number alterations, methylome, mRNA and protein, metabolomics and clinical 

information may help to further delineate the extent of SRC signalling 

deregulation in pancreatic and other cancers, and could potentially lay the 

foundation for more accurate and rapid implementation of therapeutic 

inhibitors of SRC as personalised cancer therapeutics.  

1.3.3 Targeting SRC kinase in pancreatic cancer 

Recognising the established role of SRC in cancer initiation and progression 

led to the rapid development of several small molecule inhibitors (Table 1.1) 

[277]. Inhibitors including bosutinib, saracatinib and dasatinib have shown 
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measurable anti-tumour activity in several in vitro and in vivo models of 

cancer [188, 194, 197, 278-280]. Dasatinib is a potent adenosine 

triphosphate-competitive inhibitor of SRC and Abl kinases, as well as c-KIT, 

PDGFR and ephrin-A2, which works by competitive inhibition of the ATP 

binding site. Its activity results in inhibition of cell proliferation (causing G0/G1 

arrest), as well as inhibition of cell adhesion, migration, invasion and tumour 

metastasis [184, 194, 281-285]. These results were particularly promising in 

models of advanced PDAC, presenting dasatinib as an encouraging anti-

metastatic agent for this disease [177, 197, 286]. Despite the encouraging 

clinical results for the use of dasatinib as a standalone therapy in CML, clinical 

findings with dasatinib or alternative SRC/ABL-kinase inhibitors (saracatinib, 

bosutinib) [287, 288] in PDAC were predominately negative, partially due to 

poor drug tolerance, but also due to the highly aggressive and adaptable 

nature of this disease to single-agent targeted therapies and rapid onset of 

resistance [194, 280, 289-298]. Moreover, the presumption that these biologic 

agents would significantly improve survival in non-stratified cohorts, 

particularly in PDAC, is inconsistent with prior preclinical data, which suggests 

that therapeutic response may correlate with biological markers. For example, 

Saracatinib effectively inhibited growth of three patient-derived pancreatic 

xenografts characterised by decreased FAK, paxillin and STAT3 signalling 

[278]. In addition Bosutinib sensitivity was shown to correlate with caveolin 1 

expression [280], and clinical trial data indicate that selected individuals 

experienced durable and sustained responses to dasatinib treatment [245, 

292, 293]. Collectively, these data highlight the need for further investigation 

into the biological ‘omics’ of patients prior to treatment in order to identify the 

mechanistic rationale that can predict which patients may most optimally 

respond to SRC-based therapies.  

Given that in pancreatic (and other) cancers, multiple mechanisms often work 

in synchrony to lead to chemoresistance, considering more tailored treatment 

combinations that involve inhibition of SRC, other molecular targets, plus 

tumour-debulking cytotoxic agents may present a more effective approach. 

The rationale behind this includes the finding that SRC is associated with 

increased chemoresistance in PDAC, and that inhibition of SRC can 
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overcome resistance to gemcitabine [199, 279, 285]. Furthermore SRC-

inhibition is associated with decreased thymidylate synthase, which in turn is 

associated with the reversal of 5-fluorouracil resistance [279]. Recent data 

indicate that SRC inhibition can further lead to the reversal of epithelial-to-

mesenchymal transition (EMT) in drug-sensitive PDAC cells through 

repression of Slug [299]. SRC inhibition can also increase oxaliplatin activity, 

and inhibit oxaliplatin-induced SRC activation [279]. When dasatinib was 

combined with gemcitabine in locally advanced pancreatic cancer, there was 

no improvement in progression-free or overall survival (NCT01395017) (Table 

1.1) [300]. However, newer combination chemotherapy regimens, such as 

FOLFIRINOX [8], lead to significantly higher response rates and disease 

control in patients with metastatic disease. Hence, a potentially more 

appropriate future study design may involve sequential administration of 

dasatinib as “maintenance” therapy, after optimal disease control is achieved 

with this highly active chemotherapy regimen (similar to successful previous 

studies utilising sunitinib [294]), or alternatively a ‘priming regimen’ could be 

applied [149], thus limiting toxicity associated with chronic dosing.  

The SRC signalling network is also known to play an important role in the 

movement and infiltration of immune cells into the tumour. In addition SRC 

activation is mediated by inflammatory cytokines within the tumour 

microenvironment, whilst also being involved in inter-cellular communication 

[188]. Although there is minimal evidence in pancreatic cancer, research into 

other solid cancers including melanoma, sarcoma, colon and breast cancer 

demonstrates that tyrosine kinase inhibitors such as dasatinib (a pan-Src/Bcr-

Abl kinase inhibitor) have potent immunomodulatory functions [301], and 

consequently may present a promising adjunct to immunotherapy. Dasatinib 

may enhance cellular immunity through a number of mechanisms including T 

cell immunomodulation, whereby treatment has been shown to reduce the 

number of intra-tumoural regulatory T cells, in various solid tumour mouse 

models and haematological malignancies, promoting natural killer (NK) cell 

expansion and differentiation [301-303]. In chronic myeloid leukaemia (CML) 

cancer models, dasatinib may increase the number of Granzyme B (GrB) 

expressing memory CD4+ T cells (GrB+CD4+ T cells) and promote their 
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differentiation into Th1-type T cells, which in turn produce interferon-gamma, 

a powerful tumour-suppressive cytokine [304]. Moreover, in CML and head 

and neck cancers, dasatinib has been shown to reduce the number of 

myeloid-derived suppressor cells (MDSCs), and induce anti-inflammatory 

macrophages (defined by increased production of IL-10, decreased 

production of IL-6, IL-12p40 and TNF-α, and high expression of LIGHT, 

SPHK1 and arginase 1), via the inhibition of salt-inducible kinases [303, 305, 

306]. Surprisingly, the potential in combining the immunomodulatory effects of 

SRC-inhibitors with other immunomodulatory therapies hasn’t been 

extensively studied. Pre-clinical data in head and neck squamous cell 

carcinoma (HNSCC) showed inhibition of tumour growth, suggesting that 

combining dasatinib with anti-CTLA4 immunotherapy may be a viable 

treatment approach [307]. However in a clinical study of gastrointestinal 

stromal tumours (GIST), dasatinib and anti-CTLA4 antibody ipilimumab, were 

well tolerated yet the combination was not synergistic, potentially due to the 

lack of a biomarker-driven approach [308]. At present there is only one phase 

II trial underway examining the combination of dasatinib and anti-PD-1 

therapy nivolumab in non-small cell lung cancer (NCT02750514). However 

due to the strong immunomodulatory effects of SRC inhibition seen in vivo, 

assessment of synergistic combinatorial therapies including dasatinib and 

other immunomodulatory drugs is warranted. This could be particularly 

relevant in pancreatic cancer where immunotherapy provides no therapeutic 

benefit as a result of the immunosuppressive microenvironment that defines 

these tumours [309]. 

Combining SRC-inhibition with additional targeted therapies is another 

potentially beneficial approach aimed at enhancing anti-tumour efficacy, while 

minimizing inherent and acquired resistance. This strategy has already shown 

promise in several cancers [310]. Almost 30 years ago, SRC tyrosine kinase 

and EGFR were found to synergistically stimulate EGF-induced mitogenic 

cellular responses in fibroblast cultures [311]. Since then, SRC has been 

shown to directly phosphorylate EGFR and may also mediate transactivation 

of EGFR by other receptor signalling pathways [175, 312, 313]. The EGF-

mediated RAS/RAF/MEK/ERK pathway (Figure 1.4) is one of the major 
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players in the regulation of tumour growth, survival, proliferation, inhibition of 

apoptosis and autophagy [314, 315], with deregulated activation associated 

with poor prognosis in solid tumours [316], including PDAC [317].  

Targeting this key pro-tumourigenic molecular pathway has been explored in 

PDAC with the combination of standard therapy gemcitabine and small 

molecule EGFR inhibitor erlotinib revealing a modest but significant 

improvement in patient survival in advanced disease [71, 318], particularly in 

KRAS wild-type tumours [73, 74]. Dasatinib has also been combined with the 

EGFR inhibitor, erlotinib in NSCLC, resulting in two partial responses, and a 

disease control rate of 63% [319].  Collectively, these studies highlight the 

potential utility of this treatment combination when applied in small, but 

potentially well-defined subgroups of patients with pancreatic cancer. 

Moreover, the combination of dasatinib, erlotinib and gemcitabine showed 

significant synergy in preclinical studies, with potent inhibition of cancer cell 

proliferation, viability and xenograft tumour growth [320]. The triple 

combination was also shown to overcome constitutive activation of STAT3-

mediated signalling, a key player in PDAC chemoresistance [147, 196, 320, 

321], and was shown to be well tolerated, with promising preliminary clinical 

activity in advanced pancreatic cancer [322].  The potential of this therapeutic 

combination also provides support for the development of a novel multikinase 

inhibitor (SKLB261) that potently inhibits EGFR, SRC and VEGFR2 kinases. 

In the context of PDAC, this inhibitor effectively inhibited cancer cell 

proliferation, migration, invasion, and induced apoptosis in vitro, and 

demonstrated potent anti-angiogenic effects in pancreatic cancer xenografts, 

with stronger anti-tumour activity when compared to dasatinib, erlotinib and 

gemcitabine monotherapies [323].  

Dual SRC/MEK blockade using saracatinib/selumetinib presents another 

interesting therapeutic strategy shown to induce apoptosis of dormant cancer 

cells and limit tumour recurrence in breast cancer models [324] that may 

potentially be applied to other solid cancers, including PDAC. Dual targeting 

of SRC and the protein tyrosine phosphatase SHP-2, required for full 

activation of the RAS/ERK1/ERK2 pathway, has also shown promise in in 

vitro and in vivo models of pancreatic cancer. Combined SRC/SHP-2 
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inhibition resulted in a supra-additive loss of phosphorylation of Akt and ERK-

1/2, and led to an increase in apoptotic marker expression in L3.6pl and 

PANC-1 pancreatic cancer cells. The combination also led to a reduction in 

cell viability, adhesion, migration and invasion in vitro and reduction in 

pancreatic tumour formation in vivo, using the L3.6pl orthotopic model [325]. 

The central role for SHP-2 in oncogenic KRAS-driven tumours has been 

therapeutically exploited in other contexts, with most recent data 

demonstrating potent synergistic anti-tumour effects of combined SHP-2 and 

MEK inhibition in multiple cancer types [326], including genetically-engineered 

models of KRAS-mutant lung and pancreatic cancer [65]. Further exploration 

of these targeted therapeutic combinations, particularly in molecularly 

enriched patient subsets, is warranted, with early dose-finding clinical studies 

underway (NCT03114319, NCT03634982; Table 1.1). 
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Table 1.1: Clinical trials in pancreatic cancer associated with targeting SRC kinase. 
Signalling	  
Pathway	   Agent	   Molecular	  

Target	   Cancer	  Type	   Phase	   Combination	  
Therapy	   Findings/Status	   Protocol	  ID	   Reference	  

SRC	  

Dasatinib	   SRC,	  Abl,	  
PDGFR	  	  

Metastatic	  Pancreatic	  Cancer	   II	  	  
(Single	  Arm)	  

Monotherapy	  
Completed:	  No	  significant	  clinical	  activity	  measured	  (n=34);	  1	  durable	  
sustained	  response	  on	  therapy	  (>20	  months),	  plus	  6	  long-‐term	  survivors	  
noted	  (>20	  months)	  

NCT00474812	   [292]	  

Metastatic	  Pancreatic	  Cancer	   II	  	  
(Single	  Arm)	  

Monotherapy	   Terminated:	  Due	  to	  toxicity	  (n=7)	   NCT00544908	  
	  

Molecular	  Analysis	  for	  Therapy	  
Choice	  (MATCH),	  Multiple	  Solid	  
Cancers	  incl	  Metastatic	  or	  
Recurrent	  Pancreatic	  Cancer	  

II	  
(Personalised)	  

Monotherapy-‐	  
Targeted	  

against	  DDR2	  
mutations	  

Recruiting	   NCT02465060	  
	  

Metastatic	  Pancreatic	  Cancer	   I	   Gemcitabine	   Terminated:	  Due	  to	  low	  accrual	   NCT00598091	   	  

Locally-‐Advanced	  Pancreatic	  
Cancer	  

II	  
(Randomised)	  

Gemcitabine	  
Completed:	  No	  significant	  improvement	  in	  PFS,	  OS	  in	  unselected	  patient	  
cohort	  (n=202).	  High	  dose	  regimen	  utilised	  leading	  to	  significant	  adverse	  
events	  

NCT01395017	   [297]	  

Resected	  Pancreatic	  Cancer	  
(Adjuvant)	  

II	  
(Randomised)	   Gemcitabine	   Completed:	  Awaiting	  results	   NCT01234935	   	  

Advanced	  Pancreatic	  Cancer	   I	   Erlotinib	  +	  
Gemcitabine	  

Active,	  not	  recruiting.	  Well	  tolerated.	  Early	  clinical	  activity	  with	  reported	  
OS	  8	  months	  and	  disease	  control	  rate	  69%	  vs	  historical	  control	  OS	  5.9	  
months	  and	  58%	  respectively.	  Small	  patient	  cohort	  (n=19)	  

NCT01660971	   [322]	  

Metastatic	  Pancreatic	  Cancer	   II	  	  
(Single	  Arm)	  

mFOLFOX6	   Active,	  not	  recruiting	  (n=38)	   NCT01652976	   [279]	  

Bosutinib	   SRC,	  Abl	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	   I	   Monotherapy	   Completed:	  MTD	  determined;	  no	  significant	  efficacy	  observed	   NCT00195260	   [296]	  

Resected	  Pancreatic	  Cancer	   I	   Gemcitabine	   Terminated:	  Due	  to	  slow	  accrual	   NCT01025570	  
	  

Locally	   Advanced/Metastatic	   Solid	  
Cancers	  (incl	  Pancreatic)	   I/II	   Capecitabine	   Terminated:	  Tolerated,	  limited	  efficacy	  overall	  (n=5	  pancreatic	  cancer	  

patients)	   NCT00959946	   [298]	  

Saracatinib	  
(AZD0530)	   SRC	  

Recurrent	  Metastatic	  Pancreatic	  
Cancer	  

II	  	  
(Single	  Arm)	   Monotherapy	  

Completed:	  No	  objective	  response	  observed	  in	  unselected	  cohort	  
(n=19)	   NCT00735917	   [280]	  

Advanced	  Pancreatic	  Cancer	   I/II	  	  
(Single	  Arm)	  

Gemcitabine	   Completed:Well	  tolerated	  but	  no	  improvement	  in	  efficacy	  over	  
Gemcitabine	  alone	  

NCT00265876	   [295]	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I	  
Cediranib	  
(VEGFR1	  
inhibitor)	  

Completed:	  Tolerated.	  Demonstrated	  stable	  disease	  as	  best	  response	  in	  
22/35	  evaluable	  patients	  	  

NCT00475956	   [327]	  

TNO155	  
SHP-‐2	  

Advanced	  Solid	  Cancers	   I	   Monotherapy	   Recruiting	   NCT03114319	  
	  

RMC-‐4630	   Advanced	  Refractory	  Solid	  Cancers	   I	   Monotherapy	   Recruiting	   NCT03634982	   	  
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1.3.4 Modulation of the upstream and downstream SRC-
signalling components in pancreatic cancer 

Modulation of the downstream mediators and interacting partners of SRC 

represents another potentially viable therapeutic approach that is increasingly 

being investigated (Table 1.2). Inhibition of FAK decreased PDAC cell growth 

and migration in vitro [328, 329], and limited pancreatic tumour progression in 

vivo, doubling the survival in the p48-Cre;LSL-KrasG12D;TrP53flox/+ (KPC) 

mouse model of PDAC [217, 330, 331]. FAK inhibitor VS-4718 treatment 

further reduced tumour fibrosis and numbers of infiltrating immunosuppressive 

populations of myeloid-derived suppressor cells (MDSCs), tumour-associated 

macrophages (TAMs) and regulatory T cells, sensitising the KPC mouse 

model to checkpoint immunotherapy [217]. Most recent work already points to 

potential mechanisms of treatment resistance associated with prolonged FAK 

inhibition, mediated through a feedback loop involving decreased stromal 

TGF-β and activation of STAT3 signalling, which after a period of disease 

stabilisation, leads to enhanced PDAC cell proliferation and tumour growth 

[332]. Nonetheless, with significant promising pre-clinical data, several trials 

are now focused on combining FAK-inhibition with immunotherapies such as 

trametinib, and pembrolizumab in PDAC (NCT02428270 [333], 

NCT02758587) (Table 1.2). In addition, FAK inhibitors such as PF-00562271 

are well tolerated and hence show significant promise for the treatment of 

PDAC [274, 334]. Promising pre-clinical data in malignant pleural 

mesothelioma, ovarian and other solid tumours suggests that therapeutic 

responsiveness to FAK inhibition may be guided by Merlin loss [274, 335, 

336], or E-cadherin levels [337]. This is supported by positive data from two 

phase I studies (NCT01138033, NCT01938443) in advanced solid tumours, 

where improved response to the FAK inhibitor GSK2256098 was observed in 

Merlin-negative mesothelioma [274, 338]. However, findings of a recent 

prospective phase II trial in malignant pleural mesothelioma (MPM; 

COMMAND study), has since failed to confirm merlin expression as a 

predictive biomarker of efficacy to a different FAK inhibitor, defactinib [339]. 

The observed discordance in the findings of these studies could potentially be 

due to a substantial difference in the cut-offs utilised to define Merlin-negative 
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or Merlin-low tumour status, with the Soria et al. [274] and Mak et al. [338] 

trials more stringently defining Merlin-negative cancers. These studies also 

differ in terms of their patient selection and cohort size, with the larger 

COMMAND trial [339] being a prospective study examining defactinib efficacy 

as a maintenance therapy in chemo-responsive advanced MPM, whereas the 

smaller phase I and Ib studies of the GSK2256098 compound examined 

efficacy in advanced chemo-resistant solid tumours, including mesothelioma. 

Moreover, as defactinib targets both FAK and Pyk2 [340] while GSK2256098 

is selective for FAK alone, this difference in target selectivity between the two 

compounds may potentially lead to divergent antitumour activity, and 

mechanism of action on tumour cells, as well as the distinct components of 

the tumour microenvironment. Further assessment into the efficacy of FAK-

inhibition in the context of Merlin loss may still be of interest, particularly in 

pancreatic cancer where it has yet to be examined. Future trials would 

however need to consider standardisation of the biomarker analysis and 

interpretation of Merlin-loss, sampling of multiple tumour areas where possible 

to account for potential intra-tumoural heterogeneity of molecular marker(s) of 

interest, and incorporation of additional promising biomarkers to aid 

identification of clinical responders to FAK-inhibitor based treatment regimens. 

Several inhibitors that target Rho GTPase or its downstream effectors 

including Rho-associated kinases (ROCK) have shown anti-tumour activity in 

preclinical models, which we have reviewed previously [231, 232]. Most 

recently, fasudil, an inexpensive, off-patent ROCK inhibitor, may present a 

promising new treatment approach for PDAC. It has recently been shown that 

using a short-term ‘priming’ treatment approach to inhibit ROCK signalling can 

reduce tissue stiffness, improve vascular patency, increase tumour perfusion, 

decrease in vivo primary tumour growth, metastasis and improve response to 

standard of care therapy [114, 149], similarly to chronic fasudil treatment 

[233]. Newer ROCK inhibitors (such as ripasudil, CCT129254 or AT13148), 

are currently being trialled, and utilise a similar ‘priming’ [149, 236] or 

intermittent regime [341]. The rationale behind this novel treatment scheduling 

involves modulating or “loosening” the extracellular matrix, without completely 

ablating the stroma, via ROCK inhibition, prior to chemotherapy administration 
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in order to improve chemotherapy drug perfusion and reduce toxicity [149]. 

Potentially, this regime could be applied for the use of other stromal-based 

therapies in PDAC as well as other stromal-driven cancers.  

Furthermore, there has been significant research dedicated to targeting the 

PI3K/AKT signalling pathway in PDAC due to its role in cell metabolism, cell 

cycle, protein synthesis and apoptosis [342]. Rapamycin, an mTORC1 

inhibitor showed promising preclinical results in PDAC, significantly halting 

disease progression in PI3K/AKT-activated tumours [343].  However clinical 

data failed to demonstrate a benefit, particularly when administered as 

monotherapy (Table 1.2) [344]. This may further be explained by mTORC1 

being involved in complex negative feedback loops that restrain upstream 

signalling. For example, inhibition of mTORC1 drives activation of PI3K-, AKT- 

or ERK pathways [345], which in turn limits the efficacy of mTORC-inhibitors 

as targeted therapies [346]. More recently developed dual ATP-competitive 

agents that target mTORC1/mTORC2 have shown favourable results [347, 

348] with AZD2014 effectively inhibiting PDAC cell division (G1 arrest), 

proliferation, and invasion in vitro (159, 161) and prolonging survival in the 

KPC mouse model of PDAC [252, 348, 349]. However there is still some 

debate as to whether blocking mTORC1/2 leads to the adaptive activation of 

the PI3K-AKT pathway [349], and consequently whether multiple targeting of 

this network is required to effectively interfere with both branches of adaptive 

signalling and to elicit a durable therapeutic response.  

The combination of cyclin-dependent kinase (CDK) inhibitors with PI3K 

pathway inhibition has been shown to inhibit tumour growth and metastasis in 

a variety of cancers including PDAC [5, 350], with a need for molecular 

stratification into responsive subtypes [83]. Furthermore, multi-target, unique 

formulations, including SM-88, a combination of a tyrosine derivative (D,L-

alpha-metyrosine), mTOR inhibitor (sirolimus), CYP3a4 inducer (phenytoin) 

and oxidative stress catalyst (methoxsalen), are showing encouraging efficacy 

in early-stage trials, particularly in patients with advanced pancreatic cancer 

(Table 1.2) [351, 352], who have frequently exhausted all options. There is 

also ample evidence supporting the combination of PI3K/AKT/mTOR 

inhibitors with tyrosine kinase inhibitors (TKIs). Cancers with 
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active/overexpressed TKIs often display resistance to TKIs through PI3K 

signalling [353]. In addition, targeting RAS/RAF/MEK/ERK pathway in 

combination with PI3K/AKT/mTOR inhibitors is another promising strategy 

because there is significant stimulatory cross-talk [353]. Synergy has 

previously been shown between a MEK-inhibitor and PI3K/mTOR-inhibitor in 

a lung cancer model, where inhibition of MEK/ERK was shown to stabilise 

BIM, and PI3K/AKT inhibition upregulated PUMA via FOXO, all of which are 

key mediators of apoptosis [354, 355]. Inhibition of the MAPK pathway has 

also been shown to associate with increased PI3K pathway activity [356, 357]. 

This therapeutic combination could also be beneficial in PDAC, as an 

alternative approach for inhibiting oncogenic Kras, which is located upstream 

of MEK/ERK and PI3K. Whilst combining MEK inhibitors with alternative 

pathway modulators such as PI3K or SRC has shown early promise [357-

359], these combinations, including addition of chemotherapies, may require 

an alternative, intermittent dosing regimen design due to issues with chronic 

administration [360-362], and are yet to be systematically examined in PDAC. 

Preclinical data suggest that therapeutic efficacy may be dependent on PDAC 

subtype, as well as MEK activity and expression [155], with further 

investigation, including determination of biologically effective dose(s) of 

targeted therapies, testing and implementation of alternative dosing regimens, 

warranted.  

Given the importance of integrin/SRC/FAK signalling in diverse cancer types, 

significant research has also gone into targeting molecules upstream of SRC, 

including integrins, which critically modulate extracellular matrix mechanics 

and cytoskeleton stability, stellate cell activation [363], cancer cell survival and 

angiogenesis [200] and most recently, production of tumour-promoting 

cytokines and chemokines [364]. With each integrin comprising an α and β 

transmembrane subunit, most studies have focused on testing avβ1, avβ3, 

avβ5 integrin antagonists, the most promising of which is cilengitide. 

Cilengitide is an RGD (arginine-glycine-aspartic acid) peptide which is 

selective against avβ3, avβ5 integrins [365]. Cilengitide was shown to have 

anti-tumour activity in recurrent and newly diagnosed glioblastoma [366-369], 

however further phase III studies showed no significant differences in median 
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overall survival [368], with similar negative findings in PDAC when examined 

in all-comers [370]. In contrast, results from a phase I study suggest 

promising early signals of activity with cilengitide and chemoradiotherapy 

combination in advanced non-small cell lung cancer [371]. Clinical trials of 

further integrin antagonists including intetumumab, volociximab, ATN-161 (Ac-

PHSCN-NH2 peptide), abituzumab and etaracizumab, all of which are 

antibodies or peptide mimetics, has largely yielded no improvements in 

patient progression-free or overall survival (Table 1.2) [372, 373], however 

specific studies in colon cancer suggest that their anti-tumour activity may be 

linked to the presence of a biomarker [374], and alternatively, may specifically 

inhibit progression of bone-associated metastases in prostate cancer [375]. 

Adding to the complexity, anti-integrin compounds may increase intra-

tumoural hypoxia, leading to increased tumour growth, metastasis and 

chemoresistance in certain settings [376, 377], process that is dose and/or 

tumour type dependent [206, 378]. Reynolds et al. showed that in fact, low 

(nanomolar) concentrations of avβ3, avβ5 inhibitors can paradoxically 

promote VEGF-mediated angiogenesis by altering avβ3 integrin and VEGFR-

2 trafficking, stimulating cancer growth [378].  

Hence, more recent research efforts have focussed on utilising these agents 

as part of ‘vascular normalisation’, whereby improved tumour blood flow 

increases drug delivery [379]. However as this approach is highly time- and 

dose-dependent, its clinical implementation may be challenging [380]. 

Specifically, in pancreatic cancer, cilengitide has been effectively applied in 

combination with chemotherapy using a strategy called ‘vascular promotion’, 

aimed at improving delivery of chemotherapy to the tumour [381]. Although 

the combination has yet to be trialled in the clinic, pre-clinical evidence is 

positive. Co-administration of low dose therapy regimen of cilengitide and 

verapamil increased tumour blood flow and perfusion, promoted gemcitabine 

delivery inside growing pancreatic tumours, ultimately leading to reduced 

primary tumour growth, metastasis and significantly improved survival in 

multiple models of PDAC with minimal side effects [381]. This dual therapy 

also increased levels of proteins involved in active transport of gemcitabine 

into cells, and production of active metabolites, further enhancing gemcitabine 
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potency. Vascular promotion is also associated with reduced hypoxia and 

desmoplasia, salient features of PDAC [381]. In addition, volociximab, an 

integrin α5β1 blocking antibody, has completed phase II trials in combination 

with gemcitabine in metastatic pancreatic cancer, with results pending 

(NCT00401570). Of note, mutant P53 has been shown to regulate α5β1 

signalling and EGFR, which suggests there may also be potential for 

molecular stratification [382].  

Another major advance in extracellular matrix-targeting is the development of 

agents that break down hyaluronic acid (HA). HA is a large, linear, 

glycosaminoglycan that plays an important structural role in the extracellular 

matrix, and accumulates in conditions involving rapid and invasive cell 

division, including cancer. HA regulates interstitial gel fluid pressure within 

tumours, often impacting on drug delivery. Pegylated recombinant human 

hyaluronidase (PEGPH20) and 4-methylumbelliferone are two key examples 

of compounds that inhibit and/or break down HA. Of note, PEGPH20 has 

already shown significant promise in PDAC. HA degradation following 

PEGPH20 treatment has been shown to normalise interstitial fluid pressures 

and re-expand the microvasculature by increasing the diameter but not the 

total number of blood vessels within PDAC tumours [143]. This in turn 

significantly improved chemotherapeutic response in the KPC murine model 

of PDAC, resulting in a near doubling of overall survival [143, 144]. Clinical 

studies of PEGPH20 are also promising with Phase II data already 

demonstrating significant efficacy of this agent when combined with 

chemotherapy, effect particularly prominent in patients with HA-high tumours 

[53], highlighting the potential utility of intratumoural HA as a predictive 

biomarker of response [53, 383, 384]. Favorable results are particularly 

observed when PEGPH20 is combined with gemcitabine and Abraxane [53, 

385, 386], whereas FOLFIRINOX in contrast, may be better utilised in other 

settings [387, 388]. Development of a liquid biopsy-based companion 

diagnostic for selecting potential PEGPH20 responders is also underway 

[389], along with innovative MRI-based imaging methodologies to detect early 

responders to stroma-directed drugs [390]. Consequently several Phase II/III 

clinical trials are now investigating further the clinical efficacy of PEGPH20, in 
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combination with standard of care chemotherapies (Table 1.2) 

(NCT02487277, NCT02715804), or immune checkpoint inhibition 

(NCT03481920; NCT03634332, NCT03193190) in HA-high molecular 

subgroups of PDAC [53, 391]. These encouraging early clinical findings 

highlight the potential of stromal components as viable therapeutic targets, 

supporting further clinical development of PEGPH20 as well as detailed 

exploration of new biomarker-driven therapeutic combinations utilising this 

agent.  
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Table 1.2: Clinical trials in pancreatic cancer associated with targeting downstream mediators and interacting partners of 
SRC kinase. 
Signalling	  
Pathway	   Agent	   Molecular	  

Target	   Cancer	  Type	   Phase	   Combination	  
Therapy	   Findings/Status	   Protocol	  ID	   Reference	  

EGFR	  

Erlotinib	   EGFR	  	  

Advanced	  Pancreatic	  Cancer	   III	   Gemcitabine	   Completed:	  Modest	  significant	  improvement	  in	  OS	  (0.33	  months)	  (n=569).	  
Association	  between	  rash	  and	  a	  better	  outcome	  was	  observed.	  

NCT00026338	   [318]	  

Locally	  Advanced	  Pancreatic	  
Cancer	   III	   Gemcitabine	   Completed:	  No	  significant	  improvement	  in	  OS	  	  in	  combination	  arm	  (1.7	  

months;	  P=0.09;	  n=449)	   NCT00634725	   [392]	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm)	   Gemcitabine	  
Completed:	  Well	  tolerated,	  no	  significant	  improvement	  in	  PFS	  as	  primary	  
measure	  in	  unselected	  cohort	  (n=30)	   NCT00810719	   [393]	  

Advanced	  Pancreatic	  Cancer	   III	  

Cross-‐over	  
design	  

(Gemcitabine	  vs	  
Capecitabine)	  

Completed:	  Well	  tolerated,	  comparable	  efficacy	  between	  the	  two	  
Erlotinib-‐based	  regimens	  (n=274).	  KRAS	  wild-‐type	  status	  was	  associated	  
with	  an	  improved	  overall	  survival	  (HR	  1.68,	  P=0.005).	  

NCT00440167	   [71,	  394]	  

Resected	  Pancreatic	  Cancer	  
(Adjuvant)	  

III	  	  
(Open	  label)	   Gemcitabine	   Completed:	  No	  improvement	  in	  patient	  survival	  observed	  (n=436)	  and	  

occurrence	  of	  rash	  was	  not	  associated	  with	  response	  	   CONKO-‐005	   [69]	  

Metastatic	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm)	   Gemcitabine	  
Completed:	  Improved	  survival	  in	  rash-‐positive	  patients,	  comparable	  1%	  
survival	  rate	  to	  FOLFIRINOX	   NCT0172948	   [72]	  

Cetuximab	  

Chimeric	  
monoclonal	  
IgG1	  antibody	  
against	  
extracellular	  
III	  domain	  of	  
EGFR	  

Advanced	  Pancreatic	  Cancer	   III	   Gemcitabine	   Completed:	  No	  significant	  improvement	  in	  survival	  (n=745)	  and	  no	  
association	  with	  EGFR	  IHC	   NCT00075686	   [395]	  

Nimotuzumab	  

Humanized	  
IgG2	  mAb	  
against	  
extracellular	  
III	  domain	  of	  
EGFR	  

Advanced	  Pancreatic	  Cancer	   IIb	  
(Randomised)	  

Gemcitabine	  
Completed:	  Safe	  and	  well	  tolerated.	  One-‐year	  OS	  and	  PFS	  were	  
significantly	  improved	  (n=192).	  Particularly	  of	  benefit	  in	  KRAS	  wild-‐type	  
patients	  	  	  

NCT00561990	   [396]	  

FAK	  

PF-‐00562271	  

FAK	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	   I	   Monotherapy	   Completed:	  Tolerated,	  MTD	  established.	  (n=99;	  14%	  pancreatic)	   NCT00666926	   [334]	  

VS-‐4718	   Advanced	  Pancreatic	  Cancer	   I	   Gemcitabine/	  
Nab-‐paclitaxel	  

Terminated:	  Company	  de-‐prioritized	  drug	  development	   NCT02651727	  
	  

Defactinib	  

Molecular	  Analysis	  for	  Therapy	  
Choice	  (MATCH),	  Multiple	  
Solid	  Cancers	  (incl	  Metastatic/	  
Recurrent	  Pancreatic	  Cancer)	  

II	  
(Personalised)	  

Monotherapy-‐	  
Targeted	  

against	  NF2	  
inactivation	  

Recruiting	   NCT02465060	   	  
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Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I/II	   Pembrolizumab	  
(anti-‐PD1)	  

Recruiting	   NCT02758587	  
	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I	  
Pembrolizumab	  

and	  
Gemcitabine	  

Phase	  I	  Completed	  (n=17).	  Well	  tolerated.	  Recruiting:	  Expansion	  cohort	  	   NCT02546531	   [397]	  

GSK2256098	   Recurrent	  Pancreatic	  Cancer	   II	  	  
(Single	  Arm)	  

Trametinib	  
(MEK1/2	  
inhibitor)	  

Completed:	  No	  objective	  response	  measured	  in	  unselected	  cohort	  (n=16).	  
1	  patient	  with	  KRAS	  amplification	  showed	  stable	  disease	  for	  5	  months	  
after	  rapid	  progression	  on	  1st	  line	  FOLFIRINOX;	  Correlative	  biomarker	  
studies	  ongoing	  from	  collected	  material	  

NCT02428270	   [333]	  

Integrin	  

Cilengitide	  

Cyclic	  peptide	  
inhibitor	  of	  
ανβ3/ανβ5	  
integrins	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Randomised,	  
Open	  label)	  

Gemcitabine	  
Completed:	  Well	  tolerated,	  no	  improvements	  in	  OS,	  PFS	  and	  response	  
rate	  in	  unselected	  cohort	  (n=89)	   EMD	  121974	   [370]	  

Volociximab	  
(M200)	  

Chimeric	  mAb	  
against	  
human	  α5β1	  
integrin	  

Metastatic	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Gemcitabine	   Completed:	  Well	  tolerated,	  awaiting	  further	  results	   NCT00401570	   [373]	  

IMGN388	  

Human	  IgG1	  
anti-‐integrin	  
Ab	  
conjugated	  to	  
maytansinoid	  
(DM4)	  	  

Advanced	  Solid	  Cancers	   I	   Monotherapy	   Completed:	  Well	  tolerated,	  safety	  data	  reported	  on	  26	  patients;	  awaiting	  
final	  results	   NCT00721669	   [398]	  

Hyaluronan	   PEGPH20	   Hyaluronan	  

Metastatic	  Pancreatic	  Cancer	   Ib/II	  
(Randomised)	  

Gemcitabine	  
Completed:	  Tolerated	  combination	  therapy,	  with	  promising	  early	  clinical	  
activity,	  particularly	  in	  patients	  with	  HA-‐high	  tumours	  (IHC).	  Phase	  II	  
terminated	  due	  to	  change	  in	  standard-‐of-‐care	  chemotherapy	  treatment	  

NCT01453153	   [399]	  

Metastatic	  Pancreatic	  Cancer	  
II	  	  

(Randomised,	  
Open	  Label)	  

Gemcitabine/	  
Nab-‐paclitaxel	  

Completed:	  Improved	  PFS	  as	  primary	  endpoint	  in	  the	  overall	  cohort	  
(n=279),	  with	  the	  greatest	  improvement	  in	  PFS	  observed	  in	  patients	  with	  
HA-‐high	  tumours	  (prevalence	  of	  34%)	  

NCT01839487	   [53]	  

Advanced	  Pancreatic	  Cancer	  

NA	  	  
(Non-‐

randomised,	  
Open	  Label)	  

Gemcitabine/	  
Nab-‐paclitaxel	  

Recruiting:	  Interim	  results	  indicate	  adding	  Rivaroxaban	  is	  safe	  and	  
effectively	  controls	  thromboembolic	  events,	  with	  PEGPH20-‐combination	  
therapy	  showing	  encouraging	  early	  responses	  (n=28)	  

NCT02921022	   [386]	  

Borderline	  Resectable	  
Pancreatic	  Cancer	  
(Neoadjuvant)	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Gemcitabine/	  
Nab-‐paclitaxel	  

Recruiting	   NCT02487277	   [400]	  

Metastatic	  Pancreatic	  Cancer	   III	  
(Randomised)	  

Gemcitabine/	  
Nab-‐paclitaxel	  

Recruiting	   NCT02715804	  
	  

Locally-‐Advanced	  Pancreatic	  
Cancer	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Gemcitabine	  
and	  radiation	   No	  longer	  recruiting,	  no	  results	  posted	   NCT02910882	   	  
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Metastatic	  Pancreatic	  Cancer	   I/II	   modified	  (m)	  
FOLFIRINOX	  

Phase	  II	  closed	  as	  PEGPH20	  with	  mFFOX	  caused	  significantly	  increased	  
toxicity	  and	  decreased	  treatment	  duration	  compared	  to	  mFFOX	  alone	  

NCT01959139	   [387]	  

Resectable	  Pancreatic	  Cancer	  
(Neoadjuvant)	   NA	   Cetuximab	   Study	  closed	  due	  to	  slow	  accrual.	  	   NCT02241187	   [401]	  

Advanced	  (Chemotherapy	  
Resistant)	  Pancreatic	  Cancer	   I	   Avelumab	   Recruiting	   NCT03481920	   	  
Advanced	  (Chemotherapy	  
Resistant)	  Pancreatic	  Cancer:	  
HA	  high	  

II	  	  
(Single	  Arm,	  
Open	  Label)	  

Pembrolizumab	   Not	  yet	  recruiting	   NCT03634332	   	  

Metastatic	  Pancreatic	  Cancer	  
Ib/II	  

(Randomised,	  
Open	  Label)	  

Atezolizumab	   Recruiting	   NCT03193190	   	  

Rho/ROCK	   AT13148	   AGC	  Kinase	  	   Advanced	  Solid	  Cancers	   I	   Monotherapy	  
Completed:	  Tolerable,	  dose	  escalation	  ongoing	  (n=30),	  awaiting	  final	  
results	   NCT01585701	   [341]	  

PI3K/Akt	  
Pathway	  

MK2206	   Akt	  (pan)	  

Advanced	  Pancreatic	  Cancer	  
I/Ib	  

(Randomised,	  
Open	  Label)	  

Dinaciclib	  (CDK	  
inhibitor)	  

Completed:	  results	  pending	   NCT01783171	  
	  

Recurrent	  Metastatic	  
Pancreatic	  Cancer	  

II	  	  
(Randomised,	  
Open	  label)	  

Selumetinib	  
(MEK1/2	  
inhibitor)	  

Completed:No	  improvement	  in	  OS,	  and	  increased	  rate	  of	  adverse	  events	  
in	  experimental	  arm,	  compared	  to	  mFOLFOX	  standard	  therapy	  (n=137)	   NCT01658943	   [361]	  

Afuresertib	  
(GSK2110183)	   Akt	  (pan)	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I/II	  	  
(Open	  Label)	  

Trametinib	  
(MEK1/2	  
inhibitor)	  

Completed:	  Poor	  tolerability	  with	  daily	  dosing.	  Potential	  for	  intermittent	  
administration	  discussed	  within	  study	   NCT01476137	   [362]	  

Uprosertib	  
(GSK2141795)	   Akt	  (pan)	   Advanced	  Solid	  Cancers	  (incl	  

Pancreatic)	   I	  
Trametinib	  
(MEK1/2	  
inhibitor)	  

Completed:	  results	  pending	   NCT01138085	   	  

Oleandrin	  	  
(PBI-‐05204)	   Akt	  (pan)	   Metastatic	  Pancreatic	  Cancer	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Active,	  not	  recruiting	   NCT02329717	   	  

AZD5363	   Akt	  (pan)	  

Molecular	  Analysis	  for	  Therapy	  
Choice	  (MATCH),	  Multiple	  
Solid	  Cancers	  (incl	  Metastatic/	  
Recurrent	  Pancreatic	  Cancer)	  

II	  
(Personalised)	  

Monotherapy	  
targeted	  
againstAkt	  
mutations	  

Recruiting	   NCT02465060	   	  

Perifosine	   Akt	  (pan)	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Completed:	  No	  results	  posted	   NCT00053924	   	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Terminated:	  Significant	  treatment-‐related	  toxicity	  (n=10).	  Disease	  
progression	  noted.	  	  

NCT00059982	   [402]	  
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Alpelisib	  
(BYL719)	  

PI3Kα	  	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic	  Neuroendocrine	  
Neoplasms)	  

Ib	  

Everolimus	  
(mTOR)	  +	  

Exemestane	  
(Aromatase)	  

Active,	  not	  recruiting	   NCT02077933	   	  

Advanced	  Pancreatic	  Cancer	  
I/Ib	  	  

(Single	  Arm,	  
Open	  Label)	  

Gemcitabine/	  
Nab-‐paclitaxel	   Active,	  not	  recruiting	   NCT02155088	   	  

Buparlisib	  
(BKM120)	   PI3K	  (pan)	  

Metastatic	  Pancreatic	  Cancer	  
I	  	  

(Single	  Arm,	  
Open	  Label)	  

mFOLFOX6	   Completed:	  results	  pending	   NCT01571024	   	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

Ib	  	  
(Single	  Arm,	  
Open	  Label)	  

Trametinib	  
(MEK1/2	  
inhibitor)	  

Completed:Long-‐term	  tolerability	  of	  the	  combination	  was	  challenging,	  
with	  promising	  efficacy	  in	  select	  tumour	  types	  (ovarian)	  (n=113;	  47	  
patients	  in	  the	  expansion	  cohort).	  	  

NCT01155453	   [360]	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

Ib	  	  
(Single	  Arm,	  
Open	  Label)	  

MEK162	  
(MEK1/2	  
inhibitor)	  

Completed:	  results	  pending	   NCT01363232	   	  

Sirolimus	  
(Rapamycin)	   mTORC1	  

Advanced	  (Gemcitabine	  
resistant)	  Pancreatic	  Cancer	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Completed:	  well	  tolerated,	  marginal	  efficacy,	  examined	  biomarker	  
(p70S6K	  IHC)	  did	  not	  correlate	  with	  activity	  (n=31)	  

NCT00499486	   [344]	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Recruiting	   NCT03662412	  
	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic	  Ductal	  and	  Acinar	  
Adenocarcinoma)	  

I	  
Vismodegib	  
(Hedgehog	  
inhibitor)	  

Suspended:	  results	  pending	   NCT01537107	   	  

Advanced	  Solid	  Cancers	   I	   Sunitinib	  (RTK	  
inhibitor)	  

Completed:	  results	  pending	   NCT00583063	  
	  

Advanced	  Solid	  Cancers	   I	   Sorafenib	  (Raf,	  
VEGFR	  inhibitor)	   Completed:	  results	  pending	   NCT00449280	   	  

Metastatic	  Pancreatic	  Cancer	  
I/II	  

(Randomised,	  
Open	  label)	  

Metformin	   Active,	  not	  recruiting	   NCT02048384	   	  

SM-‐88	  

Combination:	  
metyrosine-‐
derivative	  +	  
low-‐dose	  
sirolimus,	  
phenytoin	  +	  
methoxsalen	  

Metastatic	  (Chemotherapy	  
Resistant)	  Pancreatic	  Cancer	  

II	  
(Randomised)	   Monotherapy	  

Recruiting:	  Preliminary	  results	  are	  promising,	  with	  therapy	  well	  tolerated	  
(n=28),	  with	  a	  median	  of	  4.3	  months	  of	  follow-‐up	  after	  treatment	  
initiation,	  67.8%	  still	  alive	  (trial	  ongoing),	  promising	  compared	  with	  
historical	  data	  

NCT03512756	   [351]	  
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Temsirolimus	  	   mTORC1	  	  

Metastatic	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Gemcitabine	   Terminated	   NCT00593008	   	  

Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I/II	  	  
(Single	  Arm,	  
Open	  label)	  

Nivolumab	   Terminated:	  Investigator	  no	  longer	  at	  site	  to	  enrol	  patients	  or	  write	  up	  
data	   NCT02423954	   	  

Advanced	  Pancreatic	  Cancer	  
II	  	  

(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Terminated:	  Study	  closed	  due	  to	  significant	  treatment-‐related	  toxicity	  
(n=5).	  	  Disease	  progression	  noted	  in	  2	  patients	   NCT00075647	   [403]	  

Everolimus	  
(RAD001)	   mTORC1	  	  

Advanced	  or	  Metastatic	  
Pancreatic	  Cancer	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Erlotinib	  

Terminated:	  Study	  closed	  due	  to	  significant	  treatment-‐related	  toxicity	  
(n=15).	  Lack	  of	  objective	  responses	  noted.	  Study	  suggests	  activation	  of	  
negative	  feedback	  loops	  following	  mTOR	  inhibition	  may	  explain	  lack	  of	  
efficacy,	  and	  which	  may	  require	  simultaneous	  inhibition	  of	  multiple	  PI3K	  
pathway	  components	  to	  elicit	  response	  

NCT00640978	   [403]	  

Metastatic	  (Gemcitabine	  
resistant)	  Pancreatic	  Cancer	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Monotherapy	  
Completed:	  well	  tolerated,	  minimal	  clinical	  activity	  as	  monotherapy	  in	  
unselected	  cohort	  (n=33)	   NCT00409292	   [404]	  

Advanced	  or	  Metastatic	  
Pancreatic	  Cancer	  

I/II	  
(Randomised,	  
Open	  label)	  

Irinotecan	  and	  
Cetuximab	  

Terminated:	  emergence	  of	  FOLFIRINOX	  and	  slow	  recruitment.	  Triple	  
combination	  showed	  similar	  PFS	  but	  increased	  OS	  compared	  to	  
Capecitabine	  +	  Oxaliplatin	  (7.7	  vs	  4.5	  months	  P=0.04)	  (n=26)	  

NCT01042028	   [405]	  

Metastatic	  Pancreatic	  Cancer	  

II	  	  
(Non-‐

randomised,	  
Open	  label)	  

Capecitabine	  
and	  Cetuximab	  

Completed:	  MTD	  determined;	  partial	  response	  documented	  in	  2	  patients	  
(6.5%),	  and	  5	  (16.1%)	  had	  stable	  disease.	  Considerable	  epidermal	  and	  
mucosal	  toxicities.	  

NCT01077986	   [406]	  

Metastatic	  (Gemcitabine	  
Refractory)	  Pancreatic	  Cancer	  

I/II	  	  
(Single	  Arm,	  
Open	  Label)	  

Sorafenib	   Completed:	  Awaiting	  results	   NCT00981162	   	  

Advanced	  and/or	  Metastatic	  
Pancreatic	  Cancer	  

I/II	  	  
(Single	  Arm,	  
Open	  Label)	  

Gemcitabine	   Completed:	  MTD	  determined.	  Clinical	  benefit	  (CR,	  PR	  or	  stable	  disease)	  
observed	  in	  78%	  patients	  (n=21).	  	   NCT00560963	   [407]	  

Pancreatic	  Neuroendocrine	  
Tumours	  

I/II	  	  
(Open	  Label)	  

X-‐82	  
(VEGFR/PDGFR	  

inhibitor)	  
Active,	  not	  recruiting.	  Prolonged	  stable	  disease	  (3-‐23	  months)	  (n=10)	   NCT01784861	   [408]	  

Advanced	  GI	  Neuroendocrine	  
Tumours	  (incl	  Pancreatic)	  

II	  	  
(Single	  Arm,	  
Open	  label)	  

Monotherapy	   Active,	  recruitment	  complete	  (n=25).	  Early	  data	  indicate	  therapy	  is	  well	  
tolerated	  with	  signs	  of	  efficacy	  (high	  rate	  of	  PR)	  

NCT01648465	   [409]	  

Vistusertib	   mTORC1/2	   Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

II	  
(Personalised,	  
Single	  Arm)	  

Monotherapy-‐	  
targeted	  against	  

RICTOR	  
amplifications	  

Not	  yet	  recruiting	   NCT03166904	   	  
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Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

II	  
(Personalised,	  
Single	  Arm)	  

Monotherapy-‐	  
targeted	  against	  

TSC1/2	  
mutations	  

Not	  yet	  recruiting	   NCT03166176	   	  

Dactolisib	   PI3K/mTOR	  
Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

Ib	  	  
(Open	  Label)	  

MEK162	  
(MEK1/2	  
inhibitor)	  

Completed:	  results	  pending	   NCT01337765	   	  

Gedatolisib	   PI3K/mTOR	  
Advanced	  Solid	  Cancers	  (incl	  
Pancreatic)	  

I	  	  
(Single	  Arm,	  
Open	  label)	  

Palbociclib	   Recruiting	   NCT03065062	   	  
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1.4 JAK/STAT3 signalling in the tumour microenvironment of 
pancreatic cancer: from mechanisms to therapy 

1.4.1 JAK/STAT3 signalling promotes pancreatic cancer 
progression  

The JAK/STAT3 pathway plays a key role in tumour growth and progression 

and is associated with poor patient outcomes in a wide variety of 

malignancies including acute myeloid leukaemia, multiple myeloma, as well 

as solid tumours of the pancreas, lung, liver, ovary, breast, stomach and 

prostate [410, 411]. STAT3 is a transcription factor directly inducible by 

cytokines including IL-6, IL-11 and IL-10 through their shared receptor 

subunits gp130 [412-414] and IL-10Rβ respectively [415]; as well as growth 

factor receptors (EGFR, HER2, FGFR, IGFR, PDGFR, VEGFR), G-protein 

coupled receptors, toll-like receptors, and it is also indirectly activated by non-

receptor tyrosine kinases such as SRC and Abl (Figure 1.6) [416-418]. 

Activation of STAT3 signalling occurs via the constitutive association between 

JAK proteins and receptor chains. In terms of IL-6-directed STAT3 signalling, 

IL-6 can form hexameric complexes with IL-11 or alternatively can form 

trimeric complexes, which associate with JAK molecules. The resulting 

complex triggers trans-phosphorylation of associated JAK kinases (JAK1, 

JAK2 and TYK2), and subsequently phosphorylates tyrosine residues on IL6 

receptor subunit gp130, which serve as binding sites for STAT3 [411]. 

Canonical STAT3 activation occurs via the phosphorylation of tyrosine residue 

705, which allows for its homo- and hetero-dimerisation leading to STAT3 

nuclear translocation and DNA binding at consensus response elements in 

the promoters of a range of target genes that regulate fundamental biological 

processes [411]. These include, but are not limited to, regulators of apoptosis 

(BCL-XL), cell proliferation (c-MYC and cyclin-D1), angiogenesis (VEGF), 

tumour cell survival (MCL1 and survivin), immunosuppressive growth factors 

and cytokines (IL-6), as well as numerous genes associated with tumour cell 

invasion and metastasis [419-429]. Moreover, as a central intra-cellular node, 

STAT3 also integrates signals from EGFR [111][112][113], RAS-RAF- 
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mitogen–activated protein kinase [111][113], SRC [114], Wnt [115], c-

MET [116], and TGF-β pathways [117][118], thereby enabling cross-talk with 

most signalling pathways that are instrumental for cancer growth. 

Figure 1.6: Schematic of the JAK/STAT3 signalling pathway  
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STAT3 can also be activated via a trans-signalling pathway, whereby soluble 

IL-6R binds to IL-6 forming a complex, which interacts with gp130 leading to 

its dimerisation and activation of downstream signalling pathways [411, 430, 

431]. This form of signalling enables IL-6 to act on cells that have limited IL-

6R expression such as cells in the tumour microenvironment [432-434]. 

STAT3 can also be phosphorylated at a serine residue 727, which leads to 

mitochondrial translocation, and aids in functions independent of gene 

transcription including cell metabolism and electron transport [20, 435]. Thus 

STAT3 is a master regulator and potential oncogene in several molecular 

pathways involved in the progression of a variety of cancers.  

The significance of aberrant JAK/STAT3 signalling in pancreatic cancer is 

emerging; evidence indicates that the pathway plays a role in regulating 

PDAC development and progression from early stage acinar-to-ductal 

metaplasia (ADM) in both a spontaneous and pancreatitis-accelerated 

manner [166, 410, 428, 436-440]. Further, activation of STAT3 is associated 

with increased pancreatic cancer cell proliferation and viability, angiogenesis 

and metastasis [441, 442]. This is supported by comprehensive studies using 

genetically engineered mouse models of PDAC, where up-regulation of 

STAT3 was found to be associated with tumour and stromal cell proliferation 

[443]. Several studies have also shown a link between STAT3 activation and 

resistance to gemcitabine chemotherapy, however the associated 

mechanisms are still disputed [321, 410, 444, 445]. Zhang et al. suggests that 

STAT3 mediates gemcitabine-induced cancer stem-cell properties [445]. 

Whilst Wormann et al. propose that loss of P53 function activates 

JAK2/STAT3 signalling leading to desmoplasia of the tumour stroma and 

decreased chemotherapy efficacy [321]. Nagathihalli et al. support this 

proposal, and have shown that combined STAT3-inhibition with gemcitabine 

enhances drug delivery via stromal remodelling as well as downregulation of 

cytidine deaminase [443].  

The downstream effectors of the JAK/STAT3 pathway that have been 

reported in pancreatic cancer are detailed further in Table 1.3. Constitutive 

activation of STAT3 in pancreatic cancer prevents apoptosis via the 

upregulation of anti-apoptotic proteins, including BCL-XL (B-cell lymphoma-2-
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like 1) and Survivin/ BIRC5 [446]. Expression of these proteins correlated with 

pancreatic cancer cell apoptosis and is also involved in pancreatic duct cell 

tumour development [370, 447]. In addition, overexpression of Cyclin D1, a 

key protein involved in the progression of the cell cycle, and a known STAT3 

target gene [448], was reported to correlate with poor prognosis in PDAC 

[449], and is down-regulated following STAT3 blockade in vitro [410]. STAT3 

can also accelerate G1/S-phase progression via inhibition of cyclin-dependent 

kinase 2 activity [438]. Moreover, blockade of STAT3 has been shown to 

induce apoptosis and inhibit cell viability, confirming the critical role of STAT3 

in pancreatic cancer cell survival [410, 446].  

Table 1.3: Downstream effectors of STAT3 reported in pancreatic cancer 

Function STAT3-regulated gene products in 
PDAC Reference 

Proliferation and 
Survival 

MYC	  é [450] 
Cyclin D1	  é [448] 
BCL-XL	  é [446] 
MCL1	  é [451] 
Survivin	  é [446] 

Angiogenesis 

VEGF	  é [410] 
HGF	  é [452] 

HIF-1α	  é [453] 
MMP2	  é [454] 
MMP9	  é [455] 
IFN-β	  ê [456] 
IFN-γ	  ê [457] 

CXCL10	  ê [458] 
AKT	  ê [459] 

Immunosuppression 

IL-6	  é [460] 
IL-10	  é [461] 
TGF-βé [462] 
VEGF	  é [410] 
IFN-β	  ê [456] 

IFN-γ	  ê [457] 
IL-12	  ê [463] 
TNF	  ê [464] 
CXCL10	  ê [458] 
CCL5	  ê [465] 

CD80	  ê [466] 
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Angiogenesis is another fundamental biological process regulated by STAT3. 

VEGF is a potent mitogen for endothelial cells, and is one of the most 

effective pro-angiogenic growth factors [467]. Autocrine VEGF promotes 

tumour cell migration and invasion, and upregulation of STAT3 has been 

shown to increase VEGF expression and selected MMPs, which promote 

angiogenesis and/or metastasis in pancreatic cancer cells [428].  

Consequently, STAT3 has been accepted as a key contributor to oncogenesis 

and is a promising target for cancer therapy in pancreatic cancer.   

In addition to the intrinsic effects on tumour cells, the JAK/STAT3 signalling 

pathway has important extrinsic effects on the surrounding tumour 

microenvironment. In particular, STAT3 has been shown to coordinate the 

molecular cross-talk between tumour cells and immune cells, and can induce 

and maintain a procarcinogenic inflammatory microenvironment. Recent 

studies in pancreatic cancer suggest that there is an association between the 

presence of tumour-associated macrophages (TAMs) and pSTAT3 positive 

epithelial cells, and that this association correlates with poorer patient 

outcomes [151, 468]. Further, epithelial STAT3 activity has been shown to 

protect pancreatic tumour cells from chemotherapy when co-cultured with 

macrophages [151], and can modulate the function of M2 macrophages 

(immunosuppressive phenotype) and their polarisation [469, 470]. STAT3 is 

also able to mediate crosstalk between macrophages and myeloid-derived 

suppressor cells (MDSCs), as well as drive the differentiation and expansion 

of MDSCs [471, 472]. In addition, STAT3 up-regulates FoxP3, a 

transcriptional regulator needed for T regulatory cell differentiation [473], and 

can repress CD8+ T cell chemotaxis and activation [474]. Moreover STAT3 

negatively regulates T helper 1-cell-mediated inflammation, and can induce 

expression of factors (VEGF, IL-10, TGF-β) that suppress immune cell activity 

through inhibiting dendritic cell maturation [475-477]. Consequently STAT3 

signalling actively promotes immune evasion by tumour cells, and maintains 

this procarcinogenic inflammatory microenvironment; a key hallmark of cancer 

[421, 478].  

The role of JAK/STAT3 activation in pancreatic cancer desmoplasia is further 

exemplified by its ability to transform human fibroblasts into cancer-associated 
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fibroblasts (CAFs) [415, 416]. CAFs facilitate the growth and spread of 

tumours by secreting pro-survival and pro-angiogenic factors such as IL-6, 

TGF-β and VEGF into the tumour stroma, which consequently promotes the 

accumulation of MDSCs via a STAT3-dependent mechanism, and contributes 

to immunosuppression [134, 415, 479]. As discussed in 1.2.1, there are three 

distinct CAF subtypes in pancreatic cancer, which are characterised by 

myofibroblastic or inflammatory phenotypes [141, 147], and the JAK/STAT3 

pathway plays a key role in the establishment of these distinct fibroblast 

niches.  Upstream IL-1 was shown to induce LIF expression and downstream 

JAK/STAT3 activation, consequently driving the invasive inflammatory CAF 

phenotype [147].  CAFs dynamically interact with other cell types within the 

microenvironment, particularly pancreatic cancer cells, an interaction 

frequently mediated by IL-6 [479], or via secreted TGF-β [480]. However they 

also contribute to the extracellular matrix deposition and stromal remodelling. 

STAT3 signalling has been shown to promote tumour progression by 

increasing matricellular fibrosis and tissue tension. In addition, STAT3 

ablation has been shown to reverse this, by reducing stromal stiffening and 

epithelial contractility via loss of TGF-β signalling [122].  

1.4.2 Molecular and genomic alterations of the JAK/STAT3 
signalling axis 

Activation of the JAK/STAT3 pathway has been documented in a variety of 

malignancies including solid cancers, and is known to be associated with 

poorer outcomes in gastric, lung, glioma, hepatic, osteosarcoma, prostate and 

pancreatic cancers [481]. In PDAC specifically, activation of STAT3 has been 

reported in 30-100% of human PDAC tumour samples and 80% of PDAC cell 

lines, while the pathway is inactive in normal pancreas [436] [410, 428]. In 

addition, expression of IL-6R, phospho-JAK1 and phospho-STAT3 have been 

shown to correlate with reduced survival in resected PDAC [482]. Although 

several potential causes of STAT3 activation have been identified for other 

cancers, there is limited research in pancreas [421].  

Examination of multidimensional publically-available cancer genomics 

datasets (TCGA, PanCan Atlas and QCMG cohorts) revealed that alterations 
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in the JAK/STAT3 pathway occur at a frequency of ~6% (54/934), with 

mutations only occurring in less than 1% of patients (Figure 1.7A) [257, 258]. 

This is supported by research into other solid tumours where it has been 

found that activating mutations in STATs are generally rare [483]. STAT3 is 

predominantly mutated in hematopoietic neoplasms such as T-cell large 

granular lymphocytic leukemia (T-LGL), where 30-40% patients have STAT3 

mutations [484]. Data collected from the Catalogue of Somatic Mutations in 

Cancer study (COSMIC) identified the frequency of somatic STAT3 mutations 

in various cancer types (skin cancers, melanoma, gastrointestinal neoplasms, 

neural tumours, hematopoietic neoplasms), and found STAT3 to be the most 

frequently mutated STAT family gene in hematopoietic cancers, however 

STAT family genes were not significantly mutated in other cancers [484]. In 

terms of hematopoietic neoplasms, STAT3 mutations often occur on exon 21, 

which encodes the SRC homology 2 (SH2) domain, whereby the introduction 

of hydrophobic residues stabilises STAT dimers and leads to increased 

STAT-responsive transcription [483, 485, 486].  
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Figure 1.7: Frequency of genetic alterations in publically-available pancreatic 

cancer genomics datasets (TCGA, PanCan Atlas, UTSW QCMG) [257, 258]. 

(A) Alterations in JAK1, JAK2, JAK3, TYK2, STAT3, (B) IL-6, IL-6R, IL-6ST. 

Genes associated with (C) angiogenesis (D) proliferation and survival, (E) 

immunosuppression. (G, H + I) Genes used to define STAT3-driven 

angiogenesis, proliferation and survival, and immunosuppression, 

respectively. (F) Alterations include mutations (green), fusions (purple), 

amplifications (red), deep deletions (blue) and multiple alterations (grey). 
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In hematological malignancies activation of STAT3 is frequently associated 

with somatic mutations in JAK2 (JAK2V617F), as well as JAK1 and JAK3. 

Somatic mutations have also been identified in the SH2 domain of JAK1 in 

acute myeloid leukemia, acute lymphoblastic leukemia, breast ductal 

carcinoma and NSCLC [487, 488].  While these mutations are commonly 

found in haematological malignancies, they rarely occur in solid tumours [484, 

489, 490], and have not been documented in PDAC. Whole genome 

sequencing studies have identified JAK1 somatic missense mutations in 

around 10% of hepatitis B-associated hepatocellular carcinoma, activating 

mutations have been identified in hepatocellular carcinoma [491], and 

amplification of JAK2 has been described in gastric cancer [492]. Despite the 

lack of mutations in PDAC, amplification of the pathway is seen in 2-17% of 

patients (Figure 1.7A), indicating that alternate mechanisms lead to 

hyperactive STAT3 signalling. Most studies suggest that aberrant intra-

tumoural JAK and STAT3 activity occurs through hyperactive growth factor 

receptors, cytokine signalling or amplification of downstream signalling 

pathways [493-495].  

Elevated levels of IL-6 are observed in a large proportion of patients with 

haematopoietic malignancies as well as solid tumours [496], and elevated IL-6 

can stimulate the hyperactivation of JAK/STAT3 signalling in both tumour cells 

and the tumour microenvironment due to paracrine and autocrine feed-

forward loops [411, 491]. Although 5% (47/934) of PDAC cases show 

alterations to the IL-6, IL-6R and GP130 (IL-6ST) genes (the majority of which 

involve gene amplification) (Figure 1.7B), no clinically relevant genomic 

alterations have been detected in any of the tumour types analysed by The 

Cancer Genome Atlas (TCGA) [411]. In pancreatic cancer, Wormann et al. 

suggest that P53 mediates persistent STAT3 activation which is initiated by 

autocrine or paracrine effects of IL-6, but isn’t further dependent on IL-6 

signalling, trans-signalling or gp130 ligands [321]. Conversely, activating 

mutations of GP130 occur in ~60% of hepatocellular adenoma surgical 

specimens [497], and a single nucleotide polymorphism in the IL-6 promoter 

has been shown to increase IL-6 expression in inflammatory disease [498]. It 

has also been suggested that epigenetic alterations play a role in activation of 
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the IL-6/JAK/STAT3 pathway [411]. Consequently there are still discrepancies 

in the mechanisms underlying IL-6-related persistent STAT3 activation. 

Alterations in negative regulators of STAT3 can also contribute to activation of 

the JAK/STAT3 pathway. Loss of SOCS1 and SOCS3 expression, due to 

promoter hypermethylation, has been observed in several cancers including 

PDAC [491]. Further, mutation and inhibition of the SHP1 and SHP2 

phosphatases, and loss of expression of PIAS family members has been 

reported in solid cancers and haematopoietic malignancies [491, 499]. As 

mentioned previously, modifications in the downstream effectors of STAT3 

may also explain aberrant pathway activity. In PDAC specifically, STAT3-

regulated genes associated with angiogenesis are altered in 15% (139/934) of 

cases (Figure 1.7C), genes associated with proliferation and survival are 

altered in 12% (110/934) of cases (Figure 1.7D), and genes associated with 

immunosuppression are altered in 9% (86/934) of cases (Figure 1.7E), the 

majority of which are gene amplifications. Despite these findings, the exact 

nature of STAT3 activation in PDAC remains to be elucidated, and further 

work in this field is warranted.  

1.4.3 Targeting JAK/STAT3 signalling in pancreatic cancer 

In normal cells activation of STAT3 is rapid and transient, it is also not 

required for normal cell proliferation and normal cells are tolerant to STAT3 

loss [446]. In addition, STAT3 has well-established tumour promoting 

properties, is overexpressed in the majority of human cancers and is often 

associated with a poor prognosis, making it an ideal therapeutic target for 

cancers such as PDAC. However, due to STAT3’s complex biology and lack 

of enzymatic activity, there is a lack of efficacious therapies. Numerous 

studies have been aimed at developing chemical inhibitors targeting the 

STAT3 SH2 domain, the DNA-binding domain, and the N-terminal domain of 

STAT3 [411]. Although these compounds demonstrate pro-apoptotic and anti-

tumour effects, most compounds have struggled to reach clinical development 

due to issues with selectivity, specificity, stability, permeability, potential 

immunogenicity and low biological activity [500], and very few have entered 

clinical trials for use in PDAC (Table 1.4).   
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Table 1.4  Clinical trials in pancreatic cancer associated with targeting STAT3 

Agent	   Molecular	  
Target	   Cancer	  Type	   Phase	   Combination	  Therapy	   Findings/Status	   Protocol	  ID	   Reference	  

AZD9150 
STAT3 (STAT3 
antisense 
oligonucleotide) 
  

Advanced solid cancers, 
metastatic HNSCC 

I/II 
(Randomised, 

open label) 

MEDI4736 (PD-L1 
monoclonal antibody) Recruiting NCT02499328  

Advanced pancreatic 
cancer, NSCLC, and CRC 

II 
(Non-randomised)  Recruiting NCT02983578  

TTI-101 STAT3 SH2 
binding domain 

Advanced cancers 
I 

(Single arm, open 
label)  Recruiting NCT03195699  

OPB-31121 STAT3 SH2 
binding domain 

Advanced solid cancers 
I 

(Non-randomised, 
open label)  

Stable disease in 8/18 patients, 
however only 1 pancreatic cancer 
patient. MTD determined 

NCT00657176 [501] 

OPB 51602 STAT3 SH2 
binding domain 
  

Advanced cancers 
I 

(Non-randomised, 
open label)  Completed: awaiting results NCT01423903  

Advanced solid cancers 
I 

(Single arm, open 
label)  

Completed: Poor tolerability and poor 
half-life. Less frequent dosing should 
be explored. Only 1 PDAC patient 

NCT01184807 [502] 

Napabucasin 
STAT3 
 
 
 
  
  

Metastatic pancreatic 
cancer 

III 
(Randomised, 

open label) 

Gemcitabine and nab-
paclitaxel Recruiting NCT03721744  

Metastatic pancreatic 
cancer 

Ib 
(Non-randomised) 

Gemcitabine, nab-
paclitaxel, FOLFIRINOX, 
MM-398 

Active not recruiting NCT02231723  

Metastatic pancreatic 
cancer 

III 
(Randomised 
open label) 

Gemcitabine and nab-
paclitaxel Active not recruiting NCT02993731  

Table 1.5 Clinical trials in pancreatic cancer associated with targeting IL-6 

Agent	   Molecular	  
Target	   Cancer	  Type	   Phase	   Combination	  Therapy	   Findings/Status	   Protocol	  ID	   Reference	  

Siltuximab IL-6 Pancreatic neoplasms 
I/II 

(Non-randomised, 
open label)  

Completed:well tolerated but no 
clinical activity NCT00841191 [503] 

Tocilizumab IL-6R Unresectable pancreatic 
cancer 

II 
(Randomised, 

open label) 

Gemcitabine, nab-
paclitaxel Recruiting NCT02767557  
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Non-peptide STAT3-SH2 domain antagonists (OPB-31121, OPB-51602, and 

C188-9) have been evaluated in phase I clinical trials [411] for hepatocellular 

carcinoma and advanced stage solid cancers (Figure 1.8). Anti-tumour activity 

has been reported for several of these compounds, however these studies 

showed tolerability-related difficulties including drug-induced pneumonitis and 

peripheral neuropathy [501, 502, 504]. Double-stranded decoy 

oligonucleotides have been developed as an alternative method to inhibit 

STAT3. A STAT3 decoy corresponding to the STAT3 response element in the 

FOS promoter competitively inhibits the interactions between STAT3 and 

FOS, resulting in decreased tumour growth in various preclinical cancer 

models including brain, lung, ovarian and skin cancer [411]. A cyclic STAT3 

decoy has also been developed which has increased anti-tumour activity, 

increased heat and nuclease resistance and no apparent toxicity in xenograft 

tumour models [505, 506]. Moreover, antisense oligonucleotides are another 

approach that have shown success in various pre-clinical cancer models as 

well as promising clinical activity [507-509]. AZD9150 has been shown to 

reduce STAT3 protein expression, inhibit the growth of lymphoma and 

NSCLC xenografts, and has shown limited toxicity in the clinic [508]. 

AZD9150 has also shown significant single agent anti-tumour activity in 

patients with treatment-refractory lymphoma and non-small cell lung cancer 

[508], with further trials underway in pancreatic cancer with use as a 

monotherapy (NCT02983578) and in combination with immunotherapy 

(NCT02499328). The small molecule inhibitor Napabucasin (BBI608), is 

another promising compound that blocks the transcription of STAT3 target 

genes, subsequently decreasing cancer stemness properties [510]. 

Napabucasin blocks survival and self-renewal of cancer stem cells and has 

been shown to inhibit cancer relapse and metastasis in preclinical mouse 

models [510, 511]. In 2016, following promising phase I/II clinical trials, the 

FDA approved Napabucasin as an orphan drug for gastric and pancreatic 

cancer. Currently there are three active clinical trials looking at combination 

Napabucasin and chemotherapies including gemcitabine and nab-paclitaxel, 

FOLFIRINOX and MM-398 (a nanoliposomal version of irinotecan), in 

advanced pancreatic cancer (NCT03721744, NCT02231723, NCT02993731). 
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Pending results from these various trials will help identify if further evaluation 

is required. Importantly, there is a lack of molecular stratification in these 

clinical trials, hence there is the potential to misidentify true responders to 

these therapies. Accordingly, future trials may have more success when 

molecular stratification is implemented.  
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Figure 1.8: Inhibitors of the IL-6/JAK/STAT3 signalling pathway, taken from 

Johnson et al. 2018 [411].  
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Significant research has also gone into targeting molecules upstream of 

STAT3 including IL-6. There are three main methods of inhibiting IL6: directly 

with antibodies (siltuximab), indirectly via IL6R with antibodies (tocilizumab), 

and targeting the IL-6/IL-6R complex using fusion proteins incorporating 

gp130 [411, 430, 512] (Table 1.5). Siltuximab is a chimeric mouse-human 

antibody that has shown positive results in clinical trials for the treatment of a 

multicentric rare lymphoproliferatie disorder Castleman disease [513-515]. 

Preclinically in solid tumours, siltuximab has displayed considerable anti-

tumour efficacy against ovarian, prostate and lung cancers [516-518]. 

However while there have been promising preclinical results, evidence 

demonstrating clinical activity in solid cancers has been limited, with no 

clinical activity being observed in phase I/II trials in patients with advanced 

stage cancers including PDAC [503]. Tocilizumab is a humanized monoclonal 

antibody recognising IL-6R, that has shown promising preclinical results in 

solid cancers including pancreatic, where it was shown to decrease tumour 

weight and metastatic spread in vivo [519].  Consequently phase I/II trials are 

currently ongoing to explore safety and efficacy in combination with 

Trastuzumab and Pertuzumab for breast cancers (NCT03135171), and in 

combination with gemcitabine and nab-paclitaxel for pancreatic cancers 

(NCT02767557). Taken together, these studies suggest that in PDAC, 

targeting IL-6 signalling alone has limited efficacy. Future studies may need to 

consider more effective combination therapies or the identification of 

biomarkers to predict response to treatment. Furthermore, some caution 

needs to be taken when targeting IL-6, due to its ability to also activate STAT1 

which is known to have tumour-suppressive properties [411, 520, 521].  

Tyrosine kinases are a more promising therapeutic target due to the ability to 

inhibit their catalytic activity, and/or block their dimerization, therefore 

preventing activation [522]. Several inhibitors have been developed to target 

the JAK proteins and their clinical application has been heavily focused on 

conditions involving chronic inflammation and myeloproliferative neoplasms 

[523, 524], with little evaluation in solid tumours. Pyridine 6 was the first bona 

fide JAK inhibitor that was shown to have nanomolar activity against all JAK 

family members, however it had a poor pharmacokinetic profile, which 
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prevented its use in vivo [525]. Currently, ruxolitinib, tofacitinib and pacritinib 

are the most extensively investigated JAK inhibitors.  

Ruxolitinib inhibits phosphorylation of JAK1 and JAK2, and has proven 

successful for the treatment of patients with myelofibrosis. Phase I/II trials 

have indicated that the drug was well tolerated, reduced splenomegaly, 

improved quality of life, and reduced levels of pro-inflammatory cytokines 

[526]. In addition, two phase III studies in myelofibrosis (COMFORT-I/II) were 

conducted, and found that after a three year follow up, treatment improved 

survival in both intermediate and high-risk disease, with 78% of patients 

surviving 144 weeks compared to 31% in the control [527]. Consequently, in 

November 2011, the U.S. Food and Drug Administration approved ruxolitinib 

for the treatment of myelofibrosis and polycythaemia vera [528]. Interestingly, 

ruxolitinib efficacy in myelofibrosis patients was not dependent on the JAK2 

(V617F) mutation [529].  

The potential for repurposing JAK inhibitors in solid cancers emerged after 

several preclinical studies reported efficacy of pan-JAK1/2 inhibitors in several 

cancers including NSCLC, ovarian and gastric cancers [530-532]. In a 

pancreatic cancer mouse model that expresses mutated Kras and lacks RB 

(KRC), ruxolitinib was shown to inhibit tumour angiogenesis, control disease 

progression and improve overall survival [533]. Moreover, ruxolitinib treatment 

blocked tumour growth in a syngeneic PAN02 pancreatic mouse model [534]. 

Similar results have been seen with other JAK inhibitors including the JAK2 

inhibitor BMS-911543, which was shown to improve survival in the aggressive 

KPC-Brca1 genetically engineered PDAC mouse model [535]. In addition, 

ruxolitinib has been reported to modulate the stromal reaction, with treatment 

resulting in reduced phospho-STAT3 expression, cell proliferation and alpha-

smooth muscle actin expression in pancreatic stellate cells [536]. Moreover, 

JAK inhibition has been shown to promote a shift in the CAF population from 

an iCAF phenotype towards a more myofibroblastic state, which has been 

previously suggested to restrain tumour progression [147, 537, 538]. 

Furthermore, targeting LIF, a paracrine factor that activates JAK/STAT3 in 

iCAFs is also effective at slowing tumour progression [539, 540]. Due to the 

high molecular heterogeneity and highly aggressive nature of PDAC, these 
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therapies are most likely to succeed as part of combination treatment, 

discussed further below.  

Tofacitinib is a selective JAK3 inhibitor [541, 542], and a clinically approved 

therapy for rheumatoid arthritis. It is currently being tested in the pre-clinical 

setting for sensitizing lymphoproliferative disease to chemotherapy, and may 

have potential in treating primary mediastinal large B-cell lymphoma [543, 

544]. JAK3/1 signalling is known to play a role in the development of 

inflammatory disease, and tofacitinib is thought to inhibit the production of 

inflammatory mediators and suppress the IL-6/JAK/STAT3 pathway. In line 

with this, tofacitinib has shown greater anti-proliferative and pro-apoptotic 

activity in JAK2-mutated cell lines compared to JAK2-wildtype cell lines [545]. 

Although tofacitinib is a potent JAK3 inhibitor, enzymatic assays indicate that 

both JAK1 and JAK2 are 100- and 20-fold less sensitive to inhibition by 

tofacitinib. At a 50% inhibitory concentration of 20nM for JAK2 tofacitinib has 

significant pro-apoptotic and anti-proliferative effect in cells carrying JAK2V617F 

mutations [546]. Pancreatic cancer development is thought to occur through 

several inflammatory processes including the desmoplastic reaction, which 

provides a source of inflammatory mediators [547, 548]. Consequently these 

findings suggest that there is potential for tofacitinib to be re-purposed as a 

cancer therapeutic, however it has yet to be tested in this setting. The 

potential of tofacitinib is exemplified in a recent lymphoma case study. A 14-

year old girl was diagnosed with refractory, primary mediastinal large B-cell 

lymphoma, with a JAK3 activating mutation. After unsuccessful first and 

second-line therapies, a third-line therapy of gemcitabine and oxaliplatin, 

ofatumumab and tofacitinib was administered, to which she had a partial 

response, with a reduction in disease size and FDG avidity [541]. Moreover, 

recent data suggest that tofacitinib treatment can alter the TME in models of 

pancreatic and triple negative breast cancers through depletion of tumour-

associated inflammatory cells and inhibition of chemokine signalling, which in 

turn may improve the treatment efficacy of antibody-based anticancer 

therapeutics [549]. These findings illustrate the potential for a JAK3 inhibitor to 

be re-purposed as a cancer therapeutic in specific settings, an approach 

which has yet to be examined in pancreatic cancer.  
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Several other JAK inhibitors have been developed however results have been 

discouraging compared to ruxolitinib, including a selective JAK2 and FLT3 

inhibitor, pacritinib [529, 550, 551], and JAK2-selective (and to a lower extent 

JAK1) inhibitor AZD1480, which was associated with severe adverse events 

including anxiety, ataxia, hallucinations and memory loss in Phase I studies 

[552]. Because these events do not occur with all JAK inhibitors, they are 

unlikely to be caused from specific, on-target toxicity. Also, differences in drug 

permeability across the blood brain barrier may also explain these disparate 

central nervous system effects [491].  

Combining JAK-inhibition with chemotherapy is another potentially beneficial 

approach aimed at enhancing anti-tumour efficacy, while minimizing 

therapeutic resistance. In pancreatic cancer there is evidence to suggest that 

JAK inhibitors may improve the efficacy of current chemotherapies. Ruxolitinib 

combined with gemcitabine has been reported to inhibit tumour growth, 

increase microvessel density and enhance drug delivery via stromal 

remodelling and downregulation of cytidine deaminase (Cda) in orthotopic and 

PKT mouse models of PDAC [443, 553, 554]. Similar findings were seen with 

fedratinib (JAK2 inhibitor) and gemcitabine, which was found to reduce 

pancreatic tumour growth in vivo and improve overall survival compared to 

chemotherapy alone [555]. Tumours treated with fedratinib and gemcitabine 

also showed fewer activated pancreatic stellate cells, lower levels of periostin, 

decreased collagen production and changes to collagen organisation [321].  

Suggesting that JAK2 inhibition is efficacious in remodelling the tumour 

stroma, and thus increases chemotherapeutic efficacy. These findings led to a 

phase Ib study looking at safety and tolerability of ruxolitinib and gemcitabine 

with or without nab-paclitaxel in advanced pancreatic cancer (NCT01822756). 

Unfortunately the sponsor terminated the trial after interim results from the 

JANUS 1 trial combining ruxolitinib and capecitabine in CRP high patients 

showed no additional benefit (Table 1.6) [555-557]. Despite being terminated 

early, the combination of ruxolitinib, gemcitabine and nab-paclitaxel saw an 

objective response rate of 23.5% (of 34 patients). Indicating that this therapy 

may have potential when molecular stratification is implemented. This 

rationale is currently being tested in a phase Ib study (NCT03878524) for 
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pancreatic cancer. Ruxolitinib has also shown promising results when 

combined with other chemotherapies including paclitaxel and azacytidine in 

haematologic disease [558, 559], which supports the potential of JAK 

inhibition to improve chemotherapeutic efficacy.  

Given that in pancreatic cancer, multiple mechanisms often work in synchrony 

to promote tumour progression and metastasis, considering more tailored 

treatment combinations that involve inhibition of JAK and other molecular 

targets is a promising therapeutic strategy. In myeloproliferative disease 

combining a JAK2 inhibitor (TG101209) with an inhibitor of heat shock protein 

90 (Hsp90) induced apoptosis in a synergistic matter [560], and JAK inhibitor 

CYT387 synergized (pro-apoptotic) with the proteasome inhibitor bortezomib 

[561]. Synergistic anti-proliferative effects has also been seen with histone 

deacetylase inhibitors in vitro for myeloproliferative neoplasms and Hodgkin 

Lymphoma [562, 563], and combining ruxolitinib with panobinostat (pan-

deacetylase inhibitor) revealed cooperative effects in mouse models of 

myeloproliferative neoplasms [564]. Others have found that dual JAK, ERK 

and MEK inhibition have a synergistic anti-proliferative effect in acute 

lymphoblastic leukemia xenografts models [565], with targeted inhibition of 

MEK and STAT3 aggressive PDAC cell phenotypes [480]. Strong synergy has 

also been observed between JAK and PI3K inhibitors in haematological 

malignancies, owing to a mechanism where STAT5 interacts with the 

regulatory p85 subunit of PI3K [566, 567]. When JAK inhibitors were 

combined with BH3 mimetics in lymphoma it was found that STAT3 

dependent expression of anti-apoptotic proteins (BCL-2, BCL-XL, Survivin 

and XIAP) was reduced [562, 568]. Another report determined that the 

combination of JAK2 inhibition (AG490) and methylsulfonylmethane reduces 

the DNA binding activity of STAT3 and STAT5B [569]. Moreover, combined 

inhibition of JAK and FAK signalling shows suppression of cell proliferation in 

vitro, and durable efficacy in PDAC animal models [332]. Of specific relevance 

to this thesis, combination of ruxolitinib and dasatinib (SRC and BCR-ABL 

inhibitor) has shown significant therapeutic potential in a mouse model of Ph+ 

acute lymphoblastic leukemia [570]. Ruxolitinib and dasatinib have also been 

reported to overcome bone marrow stroma-related tyrosine kinase inhibitor 
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resistance [571]. Moreover, the combination of SRC and JAK1/2 inhibitors has 

shown synergism in renal cell carcinoma xenografts, where it was reported to 

reduce proliferation, increase apoptosis and improve survival [572]. Currently 

the combination of ruxolitinib and dasatinib is undergoing phase I trials for 

acute lymphoblastic leukemia (NCT02494882) and phase II trials for chronic 

myelogenous leukemia (NCT03654768). Consequently, combining JAK 

inhibitors with compounds that target commonly deregulated signalling 

pathways in solid cancers or pathways that alter the tumour microenvironment 

may also show synergistic potential and this may be a beneficial, as yet 

unexplored, therapeutic strategy for pancreatic cancer.  
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Table 1.6 Clinical trials in pancreatic cancer associated with targeting JAKs 

Agent	   Molecular	  
Target	   Cancer	  Type	   Phase	   Combination	  Therapy	   Findings/Status	   Protocol	  ID	   Reference	  

Ruxolitinib JAK1/2 

Recurrent or 
metastatic pancreatic 
cancer 

II 
(Randomised, parallel 

assignment) 
Capecitabine 

Completed: Well tolerated and prolonged 
survival following ruxolitinib treatment, 
particularly in CRP-positive patients 

NCT01423604 [556] 

Advanced pancreatic 
cancer 

III 
(Randomised, parallel 

assignment 
Capecitabine 

Terminated: No safety concerns however 
sponsor terminated due to lack of efficacy 
in a similar trial 

NCT02119663 [573] 

Advanced pancreatic 
cancer 

III 
(Randomised, parallel 

assignment) 
Capecitabine Terminated: Due to no efficacy in interim 

analysis NCT02117479 [573] 

Advanced pancreatic 
cancer 

I 
(Non-randomised, single arm) 

Gemcitabine and/or nab-
paclitaxel 

Terminated: No safety concerns however 
sponsor terminated due to lack of efficacy 
in a similar trial 

NCT01822756 [555] 

Advanced pancreatic 
cancer 

II 
(Non-randomised, open label) Capecitabine Enrolling by invitation: for patients that 

were enrolled in initial Incyte study NCT02955940  

Advanced pancreatic 
cancer 

I 
(Sequential assignment, open 

label) 

Personalised medicine 
approach based on DNA 
mutation, RNA and protein 
expression data 

Not yet recruiting NCT03878524  

Solid cancers I/II 
(Non-randomised, open label) 

Chemotherapies: 
Gemcitabine, paclitaxel, 
rucaparib, abiraterone, 
azacitidine 

Terminated due to safety issues NCT02711137  

BMS-
911543 JAK2 Cancer I/II 

(Non-randomised, open label)  
Terminated: due to business decisions 
made by the sponsor NCT01236352  

AZD1480 JAK2 
Solid cancers I 

(Non-randomised, open label)  
Terminated: Decision to stop development 
of AZD1480 NCT01112397  

Advanced solid 
cancers 

I 
(Non-randomised, open label)  

Terminated: Decision to stop development 
of AZD1480 NCT01219543  

Momelotinib 
(CYT387) JAK1/2 

Refractory or 
metastatic pancreatic 
cancer 

I 
(Non-randomised, open label)  Terminated: no reason provided NCT02244489  

Metastatic pancreatic 
cancer 

III 
(Non-randomised, parallel 

assignment) 

Gemcitabine and nab-
paclitaxel 

Terminated: Due to no efficacy in interim 
analysis NCT02101021  

Itacitinib JAK1 Advanced solid 
cancers 

I 
(Non-randomised, open label) Pembrolizumab Active, not yet recruiting NCT02646748  
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1.4.4 Future perspectives  

The extraordinary and constantly expanding understanding of the role of SRC 

signalling and IL-6/JAK/STAT3 signalling in pancreatic cancer biology and 

treatment supports the foundation for the specific inhibition of these complex 

networks in PDAC. However, the presumption that a single targeted therapy 

will improve survival in such an aggressive disease is unrealistic. 

Unfortunately, most targeted therapies are at best only transiently effective, 

with cancer cells rapidly acquiring resistance, often leading to more rapid 

disease progression. This is supported by the numerous unsuccessful non-

biomarker driven clinical trials that have been summarised in this review.  

Further understanding of the intricacies of these signalling pathways in the 

various tumour compartments will determine whether the inhibitors of these 

complex networks may serve as effective treatments for newly diagnosed or 

recurrent tumours and will establish optimal combinations with radiation, 

cytotoxic chemotherapy, and other targeted molecular compounds. Given the 

need for co-targeting of multiple cancer capabilities to overcome the high 

therapeutic resistance of pancreatic tumours, future clinical applications of 

multi-modality treatment plans, will likely require a more innovative approach 

to dosing, including use of biologically effective doses of targeted agents, and 

alternative dosing schedules such as ‘priming’ or ‘maintenance therapy’ to 

ensure maximal benefit to the patient [294]. Finally, the emerging efficacy of 

SRC pathway inhibitors, and JAK/STAT3 pathway inhibitors in combination 

with other targeted and/or cytotoxic therapies, when examined in a molecular 

subtype-specific context [53, 383], and with longitudinal tracking of long-term 

therapeutic responsiveness, reveals significant potential as a personalised 

medicine strategy for pancreatic cancer, and provides real hope for patients in 

the future. 
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Chapter 2. Materials and Methods 

2.1 Tissue culture 

Twenty-five pancreatic cancer patient-derived cell lines (TKCC cell lines) were 

generated by Dr Marina Pajic using methods previously described [574, 575]. 

Briefly, patient-derived xenograft tumours (from immunocompromised mice) 

were mechanically and enzymatically digested using collagenase and 

hyaluronidase (Stem Cell Technologies USA), and plated onto 0.2mg/mL rat-

tail collagen coated flasks (BD Biosciences, USA). Once established, mouse 

fibroblasts were removed via single-cell sorting (FACS Aria III Cell Sorter (BD 

Biosciences, USA), using a biotinylated anti-mouse MHCI antibody (1:200, 

eBiosciences, USA), coupled with a Streptavidin AlexaFluor 647 secondary 

(1:1000, BD Biosciences, USA), and an anti-mouse CD140a-PE antibody 

(1:300, BD Biosciences, USA) to remove mouse stroma. Dead cells were also 

removed using propidium iodide (Sigma-Aldrich, Australia).   

All TKCC cell lines have been characterised by whole genome sequencing [3, 

4], and have been profiled by short tandem repeat (STR) DNA analysis by 

Cell Bank Australia. The TKCC cell lines are all Mycoplasma spp free, and 

free from contamination. Cell culture conditions can be found in (Table 2.1), 

whilst media recipes can be found in (Tables 2.2-2.5).  

2.2 Cell lines 

Pancreatic patient-derived cell lines were isolated as previously described [4]. 

These cell lines and their culture conditions are listed in (Table 2.1).  

Primary syngeneic KPC cancer cells were isolated from Pdx1-Cre, LSL-

KRasG12D/+, LSL-TrP53R172H/+ tumours [331], while telomerase-

immortalised fibroblasts (TIFs) were generated as previously described [576].  

Both KPC cells and TIFs were cultured in DMEM with 10% filtered FBS and 

50 U/mL penicillin/streptomycin in 20% oxygen.  
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Table 2.1: Pancreatic patient-derived cell lines and their growth conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Line Oxygen Level Media 

TKCC-01 5% RPMI 

TKCC-2.1 5% RPMI 

TKCC-03 20% RPMI 

TKCC-04 20% RPMI 

TKCC-05 20% HPAC mod 

TKCC-06 20% HPAC mod 

TKCC-07 20% M199/F12 

TKCC-08 20% M199/F12 

TKCC-09 20% M199/F12 

TKCC-10 5% M199/F12 

TKCC-12 20% M199/F12 

TKCC-14 20% M199/F12 

TKCC-15 5% M199/F12 

TKCC-16 5% M199/F12 

TKCC-17 5% M199/F12 

TKCC-18 5% IMDM 

TKCC-19 5% IMDM 

TKCC-22 5% IMDM 

TKCC-23 5% M199/F12 

TKCC-25 5% IMDM 

TKCC-26 5% M199/F12 

TKCC-27 5% M199/F12 

TKCC-29 5% M199/F12 
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Table 2.2: RPMI media recipe 

Component Volume to add Final 
Concentration 

RPMI (Gibco™) 500 mL - 
Fetal Bovine Serum (filtered)  
(Gibco™) 56 mL 10% 

hEGF 0.1 mg/mL (Gibco™) 112 µL 20 ng/mL 
Penicillin/Streptomycin 
5000 U/mL (Gibco™) 5.6 mL 50 U/mL 

Gentamicin 40 mg/mL (Pfizer,  
AUS) 280 µL 20 µg/mL 

Table 2.3: HPACmod media recipe 

Component Volume to add Final 
Concentration 

DMEM/F12 (Gibco™) 500 mL - 

HEPES 1M (Gibco™) 8.4 mL 15 mM 
Fetal Bovine Serum (filtered) 
(Gibco™) 42 mL 7.5% 

hEGF  0.1 mg/mL (Gibco™) 56 µL 10 ng/µL 
Hydrocortisone (1 mg/mL in 
100% Ethanol) (Sigma-Aldrich, 
AUS) 

22 µL 40 ng/mL 

Insulin 100 IU/mL (Novo 
Nordisk, AUS) 560 µL 0.1 IU/mL 

Glucose solution (10%) 
(Gibco™) 6.7 mL 0.12% 

Penicillin/Streptomycin 
5000 U/mL (Gibco™) 5.6 mL 50 U/mL 

Gentamicin 40 mg/mL (Pfizer,  
AUS) 280 µL 20 µg/mL  

Table 2.4: IMDMrich media recipe 

Component Volume to add Final 
Concentration 

IMDM (Gibco™) 500 mL - 
Fetal Bovine Serum (filtered) 
(Gibco™) 128 mL 20% 

hEGF 0.1 mg/mL (Gibco™) 128 µL 20 ng/mL 
apo-transferrin (2.5 mg/mL) 
(Sigma-Aldrich, AUS) 3.2 mL 12.5 µg/mL 

Insulin 100 IU/mL)(Novo 
Nordisk, AUS) 1.28 mL 0.2 IU/mL 

MEM vitamins 100x (Gibco™) 3.2 mL 0.5x 
Penicillin/Streptomycin 
5000 U/mL (Gibco™) 6.4 mL 50 U/mL 

Gentamicin 40 mg/mL (Pfizer,  
AUS) 320 µL 20 µg/mL 
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Table 2.5: M199/F12 media recipe 

Component Volume to add Final 
Concentration 

M199 (Gibco™) 250 mL - 

F12 (Gibco™) 250 mL - 

HEPES (Gibco™) 8.7 mL 15 mM 

FBS (filtered) (Gibco™) 43.5 mL 7.5% 

Glutamine 2mM (Gibco™) 5.8 mL 20 nM 

hEGF 0.1 mg/mL  (Gibco™) 116 µL 20 ng/mL 
Hydrocortisone (1 mg/mL in 
100% Ethanol) (Sigma-Aldrich, 
AUS) 

23 µL 40 ng/mL 

apo-transferrin 2.5 
mg/mL(Sigma-Aldrich, AUS) 5.8 mL 25 µg/mL 

Insulin 100 IU/mL (Novo 
Nordisk, AUS) 1.2 mL 0.2 IU/mL 

Glucose solution (10%) 
(Gibco™) 3.5 mL 0.06% 

Tri-iodothyronine (0.1 µg/mL) 
(Sigma-Aldrich,AUS) 2.9 µL 0.5 pg/mL 

MEM vitamins (100x) (Gibco™) 5.8 mL 1 x 
O-phosphoryl ethanolamine 
(20 mg/mL) (Sigma-Aldrich, 
AUS) 

58 µL 2 µg/mL 

Penicillin/Streptomycin 
(5000 U/mL) (Gibco™) 5.8 mL 50 U/mL 

Gentamicin 40 mg/mL (Pfizer,   
AUS) 290 µL 20 µg/mL 

2.3 Cytotoxic drugs and reagents 

Gemcitabine HCI (catalogue number S1149), ruxolitinib (catalogue number 

S1378) tofacitinib (catalogue number S2789), and dasatinib (catalogue 

number S1021) were purchased from Selleck Chemicals (Houston TX USA). 

AZD1480 (catalogue number A-1135) was purchased from Active Biochem 

LTD (Hong Kong, China).  Nab-paclitaxel (Abraxane®) was gifted from our 

oncology collaborators at the Garvan Institute/ The Kinghorn Cancer Centre. 

AZD289 was gifted from our collaborators at ONJCRI (Professor Matthias 

Ernst). AlamarBlue® for fluorometric analysis of cell viability was purchased 

from Thermo Scientific™ (VIC AUS). 

2.4 Proliferation assay (alamarBlue® Cytotoxicity Assay) 

Cells for proliferation assays were seeded in sterile 96-well flat-bottom plates 

(Corning from Sigma-Aldrich NSW, AUS). Optimal seeding density was 
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previously optimized by Dr Marina Pajic. Cells were left for 24h, following 

which dasatinib, ruxolitinib, AZD289, AZD1480 or tofacitinib were added. A 

serial dilution was prepared and 20 µL of drug was added per well. Cell 

viability was measured at 72 h with alamarBlue® (Ex 530-560 nm, Em 

590 nm; Invitrogen™, AUS), using a multi-well plate reader. Fluorescence 

data was expressed as percentage cell vialbility (fluorescent intensity of 

treated wells/ control wells). Sigmoidal dose response curves and IC50 (drug 

concentration that inhibits cell growth by 50%) values were calculated using 

GraphPad Prism (V7.0.1, GraphPad, USA). 

2.5 Drug synergy screens 

For combination drug treatments, dasatinib and ruxolitinib, or dasatinib and 

AZD289, or dasatinib and AZD1480, were added at the same time and left for 

72 h, at a fixed drug-ratio determined from the IC50 concentration of the drugs 

for each cell line. Drug interactions were analysed using CompuSyn (V3.0.1, 

ComboSyn, USA) to generate a combination index (CI) value, where CI<1 

indicates synergy, CI=1 additive effect and CI>1 indicates antagonism. 

2.6 Protein isolation and western blot analysis 

Monolayers of cells in log-phase growth, both untreated and treated with 4µM 

of ruxolitinib, or 50nM dasatinib for 24 hours were harvested by washing twice 

with cold PBS and subsequent scraping of cells into ice-cold normal lysis 

buffer [Glycerol (10%), MgCl2 (0.03%), HEPES (1.2%), SAPP (1%), Triton 

(1%), NaCl (0.8%), NaF (0.4%), EGTA (0.04%)] supplemented with protease 

inhibitors [MG132 (10 µg/mL), Aprotinin (10 µg/mL), DTT (1 µM) , Leupeptin 

(10 µg/mL), Sodium Vanadate (1 mM), PMSF (1 µM)]. Cell debris was 

removed via centrifugation and protein concentration quantified using a 

Pierce™ BCA assay kit (Thermo Fisher Scientific, AUS).  

Samples were prepared for gel loading to a total amount of 15-20 µg of 

protein per lane, which consisted of 3.5 µL sample buffer (NuPage, 

Invitrogen™, AUS), 1.4 µL of reducing agent (NuPage, Invitrogen™, AUS), 

and the remainder made up with normal lysis buffer 15 µL total volume. The 

samples were then heated at 70°C for 10 minutes and resolved by SDS-

PAGE on a Bis-Tris gel (4-12%) (Invitrogen™, AUS), using 1x MOPS buffer. 
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A SeeBlue® Plus 2 (Invitrogen™, AUS) protein molecular weight marker was 

also used. Resolved gels were transferred to a PVDF (0.45 µM) membrane 

(Thermo Scientific™, AUS). Membranes were blocked in 5% non-fat milk in 

TBS-T [NaCl (0.87%), Tris (0.12%), Tween®20 (0.1%)] followed by overnight 

primary antibody incubation at 4°C. A list of antibodies and their conditions 

can be found in (Table 2.6). Horseradish peroxidase-conjugated secondary 

antibodies (GE Healthcare, UK) were prepared in 5% skim milk/TBS-tween at 

1:5000 and incubated for 1 h at room temperature. Detection was performed 

using a HRP-conjugated enhanced chemiluminescence-based system (Plus-

ECL, Perkin-Elmer, AUS) and relative protein expression was quantified using 

Image J2 Software (V1.51, NIH, USA). 
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Table 2.6: List of antibodies and associated protocols for western blotting 

Antibody Name Supplier/ 
company 

Catalog
ue No. Host Dilution and 

incubation time 
Phospho-STAT3 (Ser 
727) Cell Signaling 9134S Rabbit 1:1000 TBS/BSA, ON 

incubation 

STAT3 (79D7) Cell Signaling 4904S Rabbit 1:2000 TBS/BSA, ON 
incubation 

JAK1 Cell Signaling 3332S Rabbit 1:900 TBS/BSA, ON 
incubation 

JAK2 (D2E12) XP  Cell Signaling 3230S Rabbit 1:900 TBS/BSA, ON 
incubation 

JAK3 Cell Signaling 3775S Rabbit 1:900 TBS/BSA, ON 
incubation 

pJAK2 (Tyr1007/1008) Millipore 07-606 Rabbit 1:500 in milk ON 
incubation 

pJAK1 (Tyr1022/1023) Millipore 07-849-I Rabbit 1:100 in milk ON 
incubation 

pJAK3 (B-12) Santa Cruz  Sc-16567 Goat 1:200 in TBA/BSA, ON 
incubation 

Phospho-STAT3 
(Tyr705) Cell Signaling  9131S Rabbit 1:1000 TBS/BSA, ON 

incubation 

SRC   Cell Signaling 2108S Rabbit 1:1000 TBS/BSA, ON 
incubation 

pSRC (Tyr416) Cell Signaling 2101S Rabbit 1:200 in Milk, ON 
incubation 

STAT5A Millipore 06-553 Rabbit 1:1000 TBS/BSA, ON 
incubation  

pSTAT5 (Tyr 694) Cell Signaling 9351 Rabbit 1:1000 TBS/BSA, ON 
Incubation 

VEGFC abcam  ab9546 Rabbit 1:500 (2-5ug/ml) milk, 
ON incubation,  

VEGFA [VG-1] abcam ab1316 Mouse 1:200 (5-10ug/ml) 
TBST, ON incubation 

VEGFR1 [Y103] abcam ab32152 Rabbit 1:1000-1:5000, ON 
incubation 

Alpha Smooth Muscle 
Actin abcam ab5694 Rabbit 1:500, ON incubation 
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2.7 Generation of stable cell lines expressing GFP-luciferase 
biosensor 

Stable cell lines were generated as described previously [83]. Briefly, lentiviral 

particles were generated by transient transfection of HEK293T cells utilising a 

third generation packaging system, as previously described [83, 577] To 

summarise, HEK293T cells were transfected with a mixture of construct 

plasmids [pMD.G (2.8 µg), pMDLg/pRRE (4.5 µg), pRSV-Rev (6.4 µg)], and 

15 µg of a transfer plasmid, eGFP-luciferase for luciferase-expressing cells, 

and Lipofectamine 2000®. 24 h post-transfection, HEK293T media was 

replenished and 24 h later viral particles were harvested by filtration through a 

0.45 µM filter. KPC cells and PDCLs were infected by adding an optimized 

lentivirus dilution to culture media for 48 h. Cells were harvested, washed 

extensively and positive cells were selected via cell sorting on a FACS Aria III 

(BD Biosciences, USA) [83].  

2.8 Organotypic assays  

Organotypic assays were conducted as previously described (Figure 4.2.1) 

[221, 578, 579]. Briefly, rat tail collagen I solution was prepared from the 

extraction of rat tendons with 0.5 mol/L acetic acid to a concentration of 

2 mg/ml. Telomerase immortalised fibroblasts (TIFs) (8.3x104 cells) were 

embedded in a mix of 2.5 ml of rat tail collagen I. Once polymerised the 

matrices were allowed to contract in complete media for 14 days (until 

matrices reached ~1.5 cm in diameter).  Subsequently, 1x105 luciferase-

labeled TKCC-05 cells or TKCC-10 cells, or 80,000 KPC cells were seeded 

on top of the matrix and allowed to grow to confluence for 4 days. Matrices 

were then transferred onto metal grids and raised to an air-liquid interface, 

where cell invasion occurred for 21 days (TKCC-05 and TKCC-10 cells), or 14 

days (KPC cells), with media being replaced every 2 days. For drug 

treatments, 10 nM (TKCC-05 or TKCC-10) or 50 nM dasatinib, 4 µM 

ruxolitinib, 4 µM AZD289, 4 µM AZD1480 or 4 µM tofacitinib was added for 

the entire invasion period, and was replenished every 2-3 days. 

Concentrations were selected based on the highest non-toxic concentration 

for each cell line. Following invasion, the matrices were fixed in 10% formalin 
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and processed for histochemical analysis. Cell invasion was determined by 

counting GFP-positive cells, or multi-cytokeratin positive cells between 

100 µm (site of obvious invasion) and 400 µm within the matrix. 12 

independent images were taken per condition for analysis (n=3 independent 

biological experiments). 

2.9 SHG imaging and analysis  

Second Harmonic Generation (SHG) analysis was conducted as previously 

described [83], on both formalin-fixed organotypic matrices and 8µm thick 

sections for orthotopic tumour sections. Briefly, 3 or 4 representative regions 

of interest (respectively) were imaged over a 3D z-stack (80µm depth for 

organotypic matrix with z-step size of 2.52µm; 8µm depth for tumour tissue 

with z-step size of 1.51µm). SHG signal was acquired using a 25x 0.95NA 

water objective on an inverted Leica DMI 6000 SP8 confocal microscope. 

Excitation source was a Ti;Sapphire femtosecond laser cavity (Coherent 

Chameleon Ultra II), operating at 80 MHz tuned to a wavelength of 890 nm for 

organotypic matrices or 880 nm for tumour sections. RLD HyD detectors 

(440/20 and 435/40, respectively) were used to detect SHG signal intensity. 

SHG signal intensity was calculated in MATLAB (MathWorks, USA) for each 

image or stack and the maximum for each treatment was plotted.   

2.10 Organoid cultures 

Organoid culture was performed as described by Ohlund et al. [141]. Briefly, 

tumour tissue (Pdx1-Cre, LSL-KRasG12D/+, LSL-TrP53R172H/+ tumours) 

was mechanically and enzymatically digested using collagenase and 

hyaluronidase (Stem Cell Technologies, USA) for ~1 h at 37°C. The digested 

tumour material was embedded in 80% BD Matrigel™ Matrix GFR (Cat # 

356230, BD Biosciences, USA.) (diluted in culture media, see Section 2.2) 

and seeded into wells of 12-well plate (50 µl droplet per well). Matrigel was 

left to set for 5 minutes, following which culture media containing 5% FCS was 

added to cover the Matrigel™.   

The patient-derived cell line TKCC-10 was also used to generate organoid 

cultures. Tumour cells (60,000 cells per organoid) were seeded in 80% 

MatriGel™ (diluted in organoid culture media, Table 7), and seeded into wells 
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of a 12-well plate (50 µl droplet per well). Matrigel™ was left to set for 5 

minutes, following which organoid culture media (Table 7) was added to cover 

the Matrigel™. 

Organoids were passaged using TrypLE™ (Gibco™, AUS) for 5-10 minutes 

at 37°C with gentle agitation.  

Table 2.7 Organoid culture media recipe 

Component Volume 
to add 

Final 
Concentration 

Advanced DMEM/F12 
(Gibco™, AUS) 42 mL   

R-spondin/Noggin  
conditioned media 
(generated from the L-
WRN cell line, ATCC, 
USA) 

5 mL 10% 

Penicillin/Streptomycin 
(Gibco™, AUS) 0.5 mL 1x 

GlutaMAX (Gibco™, 
AUS) 0.5 mL 1x 

HEPES (Gibco™, 
AUS) 0.5 mL 10 mM 

Nicotinamide (Sigma-
Aldrich, AUS) 2.5 µL 10 nM 

N-Acetylcysteine 
(Sigma-Aldrich, AUS) 416 µL 1.25 mM 

Gastrin (Sigma-
Aldrich, AUS) 2.5 µL 10 nM 

hEGF (Invitrogen™) 25 µL 50 ng/mL 
FGF10 (PeproTech, 
USA) 50 µL 100 ng/mL 

B27(Gibco™, AUS) 1 mL 1x 

2.10.1 Co-culture organoids 

Organoid cultures were set up as described in 2.10, with the addition of KPC 

cancer-associated fibroblasts (for KPC organoids) or Telomerase 

immortalized fibroblasts (TIFs) (for TKCC-10-LO organoids). CAFs/TIFs and 

cancer-cell organoids were filtered through a 75 µM filter prior to seeding. For 

KPC co-culture organoids, KPC organoids and CAFs were combined at a 

ratio of 3:2 (CAFs: KPC cells), with a total cell count of 40,000 cells per 

organoid. For TKCC-10-LO co-culture organoids, TKCC-10-LO and TIFs were 

combined at a ratio of 85:15 (TKCC-10-LO: TIFs) with a total cell count of 

60000 cells per organoid.  
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2.10.2 Analysis of cytokine production 

Co-culture organoids were set up as described in 2.10.1, and were left to 

grow for 7 days (Figure 4.2.16).  On Day 7, media was changed and drug was 

added (ruxolitinib 4 µM, dasatinib 50 nM). Organoids were left for 24 h and 48 

h following which supernatants were collected. Supernatants were centrifuged 

at 1200 rpm for 5 minutes to pellet any debris. Supernatants were then 

transferred to a clean microcentrifuge tube and were assessed for cytokine 

production using Bio-Rad Bio-Plex Pro™  multiplexed cytokine arrays 

(MD000000EL Bio-Plex Pro™ Mouse Cytokine 9-Plex Assay, M60009RDPD 

Bio-Plex Pro™ Mouse Cytokine 23-plex Assay, 171AK99MR2 Bio-Plex Pro™ 

Human Chemokine Panel 40-plex Assay, 171AL001M  Bio-Plex 

Pro™    Human Inflammation Panel 1 37-plex Assay),  method as per 

manufacturer’s instructions.  

2.10.3 Fixation of organoids 

Organoids were washed in 1X PBS, and fixed in 4% PFA for 4 minutes at 

room temperature. Following fixation, organoids were washed with 1X PBS 

and embedded in HistoGel™ (Thermo Scientific™, AUS). Once the 

HistoGel™ had solidified it was transferred into 70% ethanol and then 

processed by The Kinghorn Cancer Centre histopathology laboratory to form 

a PFA fixed, paraffin embedded organoid block.  

2.10.4 Single cell sequencing of organoid co-cultures 

Co-culture organoids were set up as described in 2.10.1. On Day 7, media 

was changed, drug was added (ruxolitinib 4 µM, dasatinib 50 nM) and 

organoids were left to grow for 24 h. Organoids were then collected, washed 

in 1X PBS and dissociated using TrypLE™ (Gibco™), for 5-10 minutes at 

37°C. Dissociated organoids were then filtered through a 40 µm and 100 µm 

filter to obtain a single cell suspension. Cells were then centrifuged at 1300 

rpm for 4 minutes, and then resuspended in 2% FCS/PBS ready for capture.  

Single cell suspensions were counted using a haemocytometer, diluted to 

1.0x106 cells/mL in 10% FCS (v/v), DMEM (Thermo Fisher™, AUS) and 

subsequently loaded onto a 10x Chromium Single Cell A Chip to target 
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capture of 5000 cells per lane. Single cell capture, GEM generation, sample 

barcoding and library construction were performed according to the 

manufacturers Single Cell 3’ Protocol (V2; CG00052; 10x Genomics, USA) at 

the GWCCG (Garvan Institute). 13 cycles were used for cDNA amplification 

and 12 cycles for library amplification. Libraries were sequenced to an 

average depth of 60,000 reads per cell on a S4 flow cell on a NovaSeq 6000 

sequencer (Illumina, USA) at the Ramaciotti Centre for Genomics (UNSW, 

AUS).  

The Garvan-Weizmann Centre for Cellular Genomics processed and mapped 

the raw bcl files using Cell Ranger v3.1.0 (10x Genomics, USA). Reads were 

mapped to the mouse reference genome (mm10). Seurat v3.1.0’s [580, 581] 

sctransform integration workflow was used to integrate the datasets. Default 

parameters were used unless otherwise stated. Low quality or dying cells 

(less than 500 genes per cell, more than 8500 genes per cell, less than 3 cells 

per gene and over 12.5% mitochondrial counts) were excluded.  Principal 

Component Analysis (PCA) was performed using highly variable genes. 

Significant principle components (1 to 16) were selected using visualisation 

via elbow plot and heatmaps for clustering analysis and Uniform Manifold 

Approximation and Projection (UMAP) projection [582]. Differentially 

expressed genes in each cluster, across control and treated samples were 

identified by running FindMarkers function in the Seurat package using the 

MAST framework [583]. DEGs were filtered by FDR < 0.05 (Bonferroni 

correction) and |average log fold change| > 0.1. Preranked gene set 

enrichment analysis was completed using fgsea v1.9.7 [584] using Broad’s 

Molecular Signatures Database using the curated gene set c2. Gene 

Ontology (GO) enrichment analysis was completed using clusterProfiler 

v3.10.1 [585] and filtered for p-value < 0.01 and q-value < 0.05. Copy number 

variants (CNV) were inferred using CONICS v0.0.01 [586]. All analyses were 

conducted on R v3.5.1 unless otherwise specified.  
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2.11 Immunohistochemical and Immunofluorescence staining 

Tissues were fixed in 10% buffered formalin and embedded in paraffin.  

Tissues were cut into 4 µm sections and mounted on SuperFrost slides 

(Menzel-Glaser, Braunschweig, Germany). Haematoxylin and eosin (H&E) 

staining was performed using Leica Autostainer.  

The immunohistochemical stains used, preparation, retrieval and antibody 

dilutions are outlined in table 2.8. Briefly, post de-paraffinisation and 

rehydration (Leica ST5010 Autostainer; Leica, DEU), antigen retrieval was 

performed using target retrieval solution (either pH 6 or pH 9) at (93°C for 

organotypic matrices, and 100°C for tumour tissue). Slides were quenched in 

3% H2O2 before addition of a Protein Block (Dako or Leica). Slides were then 

incubated with primary antibodies followed by secondary antibodies coupled 

to HRP (Dako Envision System or Leica Bond Polymer Refined). Detection 

was attained with diaminobenzidine (DAB). Counterstaining was then 

performed on a Leica Autostainer (Leica, DEU). The Leica Autostainer was 

also used for haemotoxylin and eosin (H & E) staining.  

The immunofluorescence stains used, preparation, retrieval and antibody 

dilutions are outlined in (Table 2.9). Briefly, antigen retrieval was performed 

using the S1699 target retrieval solution (pH 6; Dako Corporation, AU) by 

boiling in a water bath for 20 minutes. Slides were blocked in 3%-BSA-PBST 

(0.3% Triton-X-100/PBS, with 0.04% glycine) for 1.5 h at room temperature 

(RT). All antibodies were diluted in 3%-BSA-PBST and slides were incubated 

overnight for 16 h at 4°C. Following 3x PBST washes, slides were incubated 

with 488- (cat#A-11008), Cy3- (cat#A10520) or 647-Alexa-Fluor (cat#A32733) 

secondary antibodies (Thermo Scientific™, AUS), diluted 1:200 in 3%-BSA-

PBST, for 1 h at RT. Slides were washed 3x in PBST and stained with DAPI 

(1 µg/ml, Thermo Scientific™, AUS) for 2 minutes at RT. Slides were then 

mounted using ProLong Gold antifade reagent (#P36934, Invitrogen™, AUS) 

and imaged at 20x on a Leica DM5500 microscope. 
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Table 2.8: Antibody details for immunohistochemistry  

Antibody Name Supplier/ 
company 

Catalogue 
No. 

Antibody 
dilution 

Staining 
System Retrieval 

Anti-alpha smooth 
muscle actin  abcam ab5694  1:800 Dako envision 

rabbit 
pH 6 20 
min 

Cleaved Caspase-3 
(D175) 

Cell 
Signaling  9661L   1:300 Leica BOND 

IHCF 
pH 9 20 
min 

Ki-67  Thermo 
Scientific™ 

RM-9106-
S1  1:500 Dako envision 

rabbit 
pH 9 
25min 

GFP Life 
technologies A-11122  1:800 Dako envision 

rabbit 
pH 9 
30min 

pSTAT3 (Tyr705) Cell 
Signaling 9131S  1:100  Leica BOND 

IHCF 
pH 9 
30min 

CD4 Cell 
Signaling 25229  1:100  Leica BOND 

IHCF 
pH 9 
20min 

CD8 Cell 
Signaling 98941  1:200  Leica BOND 

IHCF 
pH 9 
30min 

FoxP3 Cell 
Signaling 12653  1:400 Leica BOND 

IHCF 
pH 9 
20min 

F4/80 Cell 
Signaling 70076  1:400 

Dako envision 
rabbit + signal 
stain 

pH 6 
20min 

Multi-Cytokeratin Thermo 
Scientific™ MS-149-P  1:200  Leica BOND 

IHCF 
pH 9 
30min 

 

Table 2.9: Antibody details for immunofluorescence 

Antibody Name Supplier/ 
company 

Catalogue 
No. or 
clone 

Antibody 
dilution Retrieval 

Periostin  abcam ab14041  1:200 pH6 20 min 

Fibronectin 
BD 
Transduction 
Labs  

610077  1:1000 pH6 20 min 

CD31  Dianova DIA-310  1:100 pH6 20 min 
CK19  DSHB Troma-III  1:100 pH6 20 min 

F4/80 Cell-
Signaling D4C8V  1:300  pH6 20 min 

CD68 Bio-Rad FA-11  1:100  pH6 20 min 
CD206 Bio-Rad MR5D3  1:200  pH6 20 min 
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2.12 Picrosirius red staining, polarised light microscopy and 
analysis  

Picrosirius red staining, polarised light microscopy and analysis was 

performed as described in [83]. Briefly, Picrosirius Red staining was 

performed as per manufacturers instructions (Polysciences). Briefly, 4 µm 

tissue sections underwent de-paraffinisation and rehydration using a Leica 

Autostainer (Leica, DEU). Haematoxylin was added for 30 seconds following 

which sections were rinsed in running water for 2 minutes. 2% 

Phosphomolybdic acid was added for 2 minutes and then sections were 

rinsed in running water. 0.1% Picrosirius Red stain (Polysciences) was then 

added for 1 hour, following which the sections were rinsed with acidified water 

(0.5% acetic acid). Sections were then dehydrated using graded ethanol 

washes and coverslipped.  

Polarised light images were then taken using an Olympus U-POT polarizer in 

combination with an Olympus U-ANT transmitted light analyser fitted to the 

microscope. Quantitative intensity measurements of fibrillar collagen and 

birefringent signal were performed on polarised light images using ImageJ. 

For each polarised light image, Hue-Saturation-Balance thresholding was 

applied. For red-orange, high birefringent fibers (1≥H≤27 | 0≥S≤255 | 

7≥B≤255), for yellow, medium birefringent fibers (28≥H≤54 | 0≥S≤255 | 

7≥B≤255), and for green, low birefringent fibers (1≥H≤100 | 0≥S≤255 | 

7≥B≤255). The relative area (% total fibres ((1≥H≤100 | 0≥S≤255 | 7≥B≤255)) 

was then calculated.  

2.13 Quantification of immunohistochemical and 
immunofluorescence stains 

2.13.1 Quantification of various stains on whole tumour 
sections 

Immunohistochemical and immunofluorescence analyses were performed 

using ‘Andy’s Algorithms’, a series of automated image analysis pipelines for 

FIJI, which can be publicly accessed at https://github.com/andlaw1841/Andy-

s-Algorithm [587]. This program was used to calculate area coverage or the 

proportion of DAB positive cells per field of view (FOV).   
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2.13.2 Quantification of pSTAT3 (Tyr705) on patient-derived 
xenografts (PDX) tumour microarrays 

The Kinghorn Cancer Centre (TKCC) patient-derived xenograft cohort (n=54) 

was analysed for pSTAT3 (Tyr705) expression using two scoring methods: 

semi-quantitative scoring and H-score. For semi-quantitative scoring, 

complete absent nuclear staining was scored a 0, the presence of weak 

positive nuclear staining in any percentage of tumour cells was scored as 1+, 

and the presence of moderate to strong staining in any percentage of tumour 

cells was scored as 2+. The H-score was calculated using the following 

formula [0 x (% cells 0) + 1 x (% cells 1+) + 2 x (% cells 2+)] [588].  

2.14 Animals 

Animal experiments were conducted in accordance with the Australian code 

of practice for the care and use of animals for scientific purposes and in 

compliance with Garvan Ethics Committee guidelines (16/35, 14/11, 14/12, 

18/28, 17/15 and 17/18 Animal Research Authorities). C57BL6 and 

NOD/SCID/ILR2γ mice were purchased from Australian BioResources 

(Mossvale, AUS) and were housed at the Biological Testing Facility (Garvan 

Institute, AUS) for the duration of the project. 

2.15 Orthotopic injection of cancer cells 

For the immunocompetent model, luciferase-labelled syngeneic KPC cells 

were injected orthotopically into the pancreas of C57BL6 mice (anesthetised 

with isoflurane 3L oxygen 1L/min, vacuum was used to remove excess 

oxygen). For survival studies, 500 KPC cells in 30 µL of 1:1 PBS:Matrigel™ 

(BD Biosciences, USA) were injected during an open laparotomy.  

For the immunocompromised model, luciferase labelled TKCC-05 and TKCC-

10 patient-derived cell lines were injected orthotopically into the pancreas of 

NOD/SCID/ILR2γ mice. For survival studies, 15,000 TKCC-05 cells or 

1,000,000 TKCC-10 cells in 30 µL of 1:1 PBS:Matrigel™ (BD Biosciences, 

US) were injected during an open laparotomy. 
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2.16 In vivo  therapeutic studies 

Figure 2.1: Preclinical testing pipeline in orthotopic models.  

For syngeneic orthotopic models, one week post orthotopic injection of cancer 

cells (2.16), mice were randomised into different treatment groups (Figure 

2.1). For immunocompromised orthotopic models, following palpable primary 

tumour development using bioluminescence imaging (outlined in 2.18), 

TKCC-05-eGFP-Luc or TKCC-10-eGFP-Luc tumour-bearing mice were 

randomised into various treatment groups. These treatment groups, dosages 

and schedules are summarised in (Table 2.10) for the syngeneic model, and 

(Table 2.11) for the immunocompromised model. Clinically-applicable once 

weekly dosing for gemcitabine/Abraxane (nab-paclitaxel) was used for the 

immunocompromised models, and due to the highly aggressive nature of KPC 

PDAC the chemotherapy schedule was increased to twice weekly dosing. 

Preparation of drugs is outlined in (Table 2.12), and drug buffer/solution 

recipes are outlined in (Table 2.13). 

Bioluminescent live imaging (IVIS Spectrum, Perkin-Elmer, USA) (outlined in 

2.18) was performed weekly, and was used to measure tumour burden post 

orthotopic injection of cancer cells. Endpoint was defined by a timepoint (30 

days), or for survival studies endpoint was defined by metastatic spread (as 

evident from IVIS) and ascites. At endpoint mice were euthanised, tumours 

were weighed, and organs were fixed in formalin for further histological 

analysis. 
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Table 2.10: Treatment schedules for immunocompetent model 

Treatment Group Dose Schedule Cycle 

Saline Control   Twice weekly: DAY1, 
DAY4 

4 weeks treatment 
followed by 1 week 
break 

Gemcitabine + 
Abraxane 

Gemcitabine: 
60mg/kg [83] 
Abraxane: 
30mg/kg [83] 

Twice weekly: DAY1, 
DAY4 

4 weeks treatment 
followed by 1 week 
break 

Gemcitabine 120mg/kg [83] Twice weekly: DAY1, 
DAY4 

4 weeks treatment 
followed by 1 week 
break 

Dasatinib 10mg/kg [177] Twice daily: Day1-5 
4 weeks treatment 
followed by 1 week 
break 

Ruxolitinib 60mg/kg [443] Once daily: Day1-5 
4 weeks treatment 
followed by 1 week 
break 

Dasatinib + 
Ruxolitinib 

Dasatinib: 
10mg/kg 
Ruxolitinib: 
60mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5 

4 weeks treatment 
followed by 1 week 
break 

Dasatinib + 
Ruxolitinib + 
Gemcitabine 

Dasatinib: 
10mg/kg 
Ruxolitinib: 
60mg/kg 
Gemcitabine 
120mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5  
Gemcitabine: Twice 
weekly: DAY1, DAY4 

4 weeks treatment 
followed by 1 week 
break 

Dasatinib + 
Ruxolitinib + 
Gemcitabine + 
Abraxane 

Dasatinib: 
10mg/kg 
Ruxolitinib: 
60mg/kg 
Gemcitabine 
60mg/kg 
Abraxane: 
30mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5  
Gemcitabine+ 
Abraxane: Twice 
weekly: DAY1, DAY4  

4 weeks treatment 
followed by 1 week 
break 
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Table 2.11: Treatment schedules for immunocompromised model 

Treatment Group Dose Schedule  Cycle 

Saline Control   Once weekly: DAY1 

4 weeks 
treatment 
followed by 1 
week break 

Gemcitabine + 
Abraxane 

Gemcitabine: 
100mg/kg [83] 
Abraxane: 30mg/kg 
[83] 

Once weekly: DAY4 

4 weeks 
treatment 
followed by 1 
week break 

Gemcitabine Gemcitabine: 
120mg/kg [83] 

Twice weekly: DAY1, 
DAY4 

4 weeks 
treatment 
followed by 1 
week break 

Dasatinib 10mg/kg  [177] Twice daily: Day1-5 

4 weeks 
treatment 
followed by 1 
week break 

Ruxolitinib 60mg/kg [443] Once daily: Day1-5 

4 weeks 
treatment 
followed by 1 
week break 

Dasatinib + 
Ruxolitinib 

Dasatinib: 10mg/kg 
Ruxolitinib: 
60mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5 

4 weeks 
treatment 
followed by 1 
week break 

Dasatinib + 
Ruxolitinib + 
Gemcitabine 

Dasatinib: 10mg/kg 
Ruxolitinib: 
60mg/kg 
Gemcitabine 
120mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5  
Gemcitabine: Twice 
weekly: DAY1, DAY4 

4 weeks 
treatment 
followed by 1 
week break 

Dasatinib + 
Ruxolitinib + 
Gemcitabine + 
Abraxane 

Dasatinib: 10mg/kg 
Ruxolitinib: 
60mg/kg 
Gemcitabine 
120mg/kg 
Abraxane: 30mg/kg 

Dasatinib: Twice daily, 
Ruxolitinib: Once daily, 
DAY1-5  
Gemcitabine+ Abraxane: 
Once weekly: DAY4  

4 weeks 
treatment 
followed by 1 
week break 
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Table 2.12: Drug recipes 

Drug Administration Dose Buffer 
Gemcitabine  IP 10 µL/g NaCl 

Abraxane 
 IP 10 µL/g NaCl 

Dasatinib 
 Gavage 5 µL/g Citric acid buffer pH 3 

Ruxolitinib 
 Gavage 10 µL/g 5% dimethylacetamide (DMA), 

0.5% methylcellulose 

 

Table 2.13: Drug buffer recipes 

Buffer Recipe 

80 mM CITRIC ACID 
BUFFER (pH 2.1, 3.0) 

0.615 g citric acid monohydrate (C1909). 
40 mL autoclaved water.  
Check pH and adjust accordingly 

0.5% (w/v) METHYL 
CELLULOSE 

250 mg methyl cellulose. 
50 mL autoclaved water at 90°C.  
Shake until dissolved 

 

2.17 Whole body IVIS spectrum imaging 

Luciferase signal was imaged using the IVIS Spectrum, (Perkin-Elmer, USA), 

to determine orthotopic tumour growth and spread weekly. Luciferin was 

administered by IP injection (150 mg/kg, Gold Biotechnology, USA). Mice 

were then anaesthetized (with isoflurane 3L oxygen 1L/min, vacuum was 

used to remove excess oxygen), and positioned on the IVIS stage so that the 

left flank (pancreas site) was exposed.  

The bioluminescent signal was then acquired using open filters and small 

binning. The total flux of each tumour was measured using the Region of 

Interest Tool in the IVIS software (Living Image Software, Perkin-Elmer, US), 

and the threshold was set to 25%. Total flux was used as a measure of 

tumour burden, and metastatic spread was evident from the location of the 

signal.  

To determine the timepoint to image the mice post luciferin injection a kinetics 

curve for luciferin expression was produced for each cell-line model prior to 

experimental studies. Following isofluorane induction, mice were imaged 



	  
	  

118 

every minute for up to 40 minutes. Once the curve was established a 

timepoint was selected based on the stabilisation of the curve. For TKCC-05-

eGFP-Luc, 9 minutes was selected, and  for TKCC-10-eGFP-Luc 13 minutes 

was selected (Appendix A and B).  

2.18 Statistical analyses 

Statistical analyses were performed using GraphPad Prism (GraphPad Prism 

Software, Version 8, GraphPad, USA). To assess statistical significance 

between three or more variables a one-way ANOVA test with a Tukey 

correction for multiple comparisons was used to avoid Type I errors inherent 

in performing multiple t-tests. To assess statistical significance between two 

variables a non-parametric t-test was used.  

Survival curves were generated using Kaplan-Meier method and comparisons 

of outcome between subgroups were performed using the log-rank test for 

univariate comparisons. Significance was defined as p*<0.05, p**<0.01, 

p***<0.001, p****<0.0001.  
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Chapter 3. Efficacy of JAK1/2 and SRC inhibitors in two-
dimensional in vitro models of pancreatic cancer 

3.1 Introduction 

The widespread molecular heterogeneity, the lack of effective therapies and 

the almost uniform mortality, make pancreatic cancer a prime model for 

advancing personalised medicine strategies. Modern chemotherapy regimens 

for PDAC patients include gemcitabine and Abraxane (albumin-bound 

paclitaxel) or 4-drug chemotherapy FOLFIRINOX (for younger, fitter patients), 

or gemcitabine monotherapy; therapies that have only a modest clinical 

benefit and a modest survival advantage in unselected populations [8, 9]. 

Consequently there is a clear need for a fundamental shift in clinical oncology 

to utilise molecular taxonomy, where individual cancers are selected for 

optimal therapy depending on their molecular phenotype.  

The SRC/JAK/STAT3 pathway is a major oncogenic signalling cascade [478], 

which is known to play an important role in pancreatic carcinogenesis, from 

development of the earliest pre-malignant pancreatic lesions, acinar-to-ductal 

metaplasia and pancreatic intraepithelial neoplasia, to promoting cancer 

progression and metastasis in established pancreatic ductal adenocarcinoma 

[321]. Key components of this dynamic pathway have been shown to be 

frequently altered in pancreatic cancer and associate with poor patient 

prognosis [122, 177, 321], making this network an attractive target for the 

development of tailored treatment strategies. Early evidence of the potential 

role of SRC and STAT3 as oncogenes has fuelled the development of small-

molecule inhibitors as cancer therapeutics. SRC inhibition has been shown to 

reduce proliferation, migration and invasion in PDAC cell lines, as well as 

inhibit tumour progression and metastasis in vivo [183, 194-198]. 

Furthermore, JAK/STAT3 inhibition reduced tumourigenicity in several in vivo 

models of different cancers including pancreas [530-534]  

In addition, there is strong evidence to suggest that combining JAK inhibitors 

with compounds that target commonly deregulated signalling pathways, or 

pathways that alter the tumour microenvironment may show synergistic 

potential [560-562, 564, 566]. One such combination is ruxolitinib (JAK1/2- 
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inhibitor) and dasatinib (SRC-inhibitor), a combination which has shown 

significant efficacy in pre-clinical models of acute lymphoblastic leukaemia 

[570], and is currently in clinical testing in this setting (NCT02494882).  

However, this therapeutic combination has not been examined in pancreatic 

cancer. 

Thus it is reasonable to hypothesise that dual targeting of SRC and  

JAK/STAT3 signals in tumours harbouring aberrations in this network may 

represent a promising and novel treatment strategy. Currently, the limited in 

vitro findings on the efficacy of SRC or JAK/STAT3 targeted agents as 

monotherapies in PDAC has utilised commercial cell lines, and genetically 

engineered models; models which lack the molecular heterogeneity that 

defines PDAC. Previous work from our lab has attempted to deal with this 

issue by developing a bank of genomically-characterised patient-derived cell 

lines (PDCLs) [3, 4, 83], which have also been histopathologically verified to 

be representative of the primary tumour [3, 4, 6, 589]. As a result of their 

molecular diversity, these cell lines enable the personalised testing of novel 

therapeutics, and allow for detailed analysis of the biological mechanisms 

behind therapeutic response. The personalised testing of various JAK and 

SRC inhibitors has not been previously examined, and hence requires 

systematic investigation.   

 

 

 

 

 

 

 

 

 



	  
	  

121 

This chapter aims to:  

• Identify SRC/JAK/STAT3 pathway alterations in the APGI/ICGC patient 

cohort and in pancreatic patient-derived cell lines (PDCLs). 

• Assess the therapeutic efficacy of various JAK and SRC inhibitors in 

PDCLs of PDAC, and primary murine PDAC cells from the genetically 

engineered Pdx1-Cre, LSL-KrasG12D/+, LSL-TrP53R172H/+ (KPC) 

model [331], using two-dimensional drug screens.  

• Assess the dual therapeutic efficacy of combined JAK and SRC 

inhibition in two-dimensional drug screens.  

• Identify potential biomarkers of response to JAK and SRC inhibition. 
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3.2 Results 

3.2.1 SRC/JAK/STAT3 pathway alterations in pancreatic 
cancer 

To assess the prevalence of SRC/JAK/STAT3 pathway alterations in 

pancreatic cancer, publicly available sequencing data from clinical cohorts 

(ICGC, UTSW, TCGA) was accessed from cBioportal [257]. Of the 392 PDAC 

tumours that were sequenced as part of the APGI/ICGC effort, 12.5% 

(49/392) displayed somatic mutations in the SRC/JAK/STAT3 molecular 

pathway (Table 3.2.1). In addition, whole exome sequencing data from UTSW 

reported 26.8% (29/108) of pancreatic tumours harboured copy number 

variations (27.52% of which were gene amplifications). Similarly, TCGA data 

indicate that 27.4% (51/185) of pancreatic tumours showed either copy 

number alterations or mutations in the SRC/JAK/STAT3 pathway, suggesting 

that this network is aberrantly activated in a measurable proportion of PDACs.  

For the preclinical testing of inhibitors of the SRC/JAK/STAT3 pathway, 

patient-derived cell lines (PDCLs) available from the APGI/ICGC cohort were 

utilised along with cells from the KPC (Pdx1-Cre, LSL-KRasG12D/+, LSL-

TrP53R172H/+) mouse model of PDAC. The basic mutation status of 16 cell 

lines, is summarised in table 3.2.2. The frequency of key commonly occuring 

mutations in PDAC [3] is faithfully mirrored in these models, with mutations in 

KRAS occurring in 94% (15/16) of PDCLs, and TP53 and SMAD4/TGFB 

alterations present in 69% (11/16) and 38% (6/16) of lines, respectively.  

With regard to SRC and JAK/STAT3 pathway aberrations, 5/16 cell lines 

(31%) displayed copy number alterations, mutations or structural 

rearrangements, the majority of which were gene amplifications (Table 3.2.1 

and Table 3.2.2). One PDCL (TKCC-15) harboured amplification of SRC, IL-6, 

STAT3-target genes SOCS3 and BCL2L1 and JAK2 copy number loss. 

Interesting aberrations were further observed in TKCC-05 (JAK3 mutation 

(R431W)), TKCC-06 (JAK3 copy number loss), TKCC-12 (JAK2 copy number 

loss), and TKCC-17 (intrachromosomal rearrangement of STAT3 gene), with 

substantial “omic” diversity represented in the PDCL panel, as a potentially 

attractive tool for further therapeutic screening. 
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Table 3.2.1 Alterations in the SRC/JAK/STAT3 molecular pathway in 

pancreatic cancer samples from the International Cancer Genome 

Consortium (ICGC), University of Texas Southwestern (UTSW) and The 

Cancer Genome Atlas (TCGA) clinical cohorts. WGS= whole genome 

sequencing, CNV= Copy number variation, WES= whole exome sequencing, 

RNAseq= RNA sequencing.  Data was obtained from cBioportal [257, 258] 

 

Molecular Characterisation Number per 
Total (Method) 

Overall 
Prevalence 

JAK/STAT3 aberrations:   12.5-31% 

(ICGC Nat. 2012) 

Pathway mutations (substitution/indels) 49/392 (WGS) 12.5% 

IL6/SRC/JAK/STAT3 CNV/mutations 5/16 (WGS CNV) 31% 

(UTSW Nat Comm. 2015) 

SRC/JAK/STAT3 CNV 29/108 (WES) 26.8% 

(TCGA Provisional) 

SRC/JAK/STAT3 CNV/ mutations 51/185 (WES/ 
RNASeq) 

27.4% 
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Table 3.2.2 Basic mutation status of selected human and murine pancreatic cancer cell lines 

Cell line 

Structural variant 
classification 
(Waddell et al. 
Nature 2015) 

KRAS mutations TP53 mutations JAK/STAT3 pathway 
aberrations SMAD4/TGFB mutations 

TKCC-03 Scattered c.227C>T p.G12D c.517 C>T p.V173M wild-type wild-type 
TKCC-05 Scattered c.227C>A p.G12V c.733C>T p.G245S JAK3 c.1391G>A p.R431W wild-type 

TKCC-06 Stable c.227C>A p.G12V wild-type TYK2 CN loss, SOCS3 CN 
loss, JAK3 CN loss 

SMAD4 (nonsense) c.1591C>T 
p.R445 

TKCC-07 Focal c.227C>A p.G12V c.493G>A p.Q165 wild-type wild-type 

TKCC-10 Unstable c.227C>A p.G12V 
c.455->G 

(Frame_Shift_Ins) 
p.P59P 

wild-type TGFBR2 c1783A>- 
(Frame_Shift_Del) p.V467V 

TKCC-12 Stable c.227C>A p.G12V c.586G>A p.R196 JAK2 CN loss, SOCS1 CN 
loss, 

TGFBR2 c1790TA>- 
(Frame_Shift_Del) p.Y470Y 

TKCC-14 Focal c.227C>A p.G12V c.527C>G p.C176S wild-type wild-type 

TKCC-15 Scattered c.227C>T p.G12D wild-type 
JAK2 CN loss, IL6 CN gain, 
SRC CN gain, SOCS3 CN 

gain, BCL2L1 CN gain 
TGFBR2  c1719A>T p.D446V 

TKCC-17 Scattered c.183T> A p.Q61H c.377T>C p.Y126C STAT3 Dup/Ins/Itx 
(Intrachromosomal) 

SMAD4 c.537TAATA>- 
(Frame_Shift_Del) p.LI57LI 

TKCC-19 Scattered c.227C>A p.G12V wild-type wild-type wild-type 

TKCC-22 Unstable c.227C>A p.G12V wild-type wild-type 
TGFBR2 Del/Itx 

(intrachromosomal). YAP1 loss of 
function Del (intrachromosomal) 

TKCC-23 Stable wild type wild-type wild-type wild-type 

TKCC-25 Scattered c.227C>A p.G12V 
c.578T>-

(Frame_Shift_Del) 
p.H193H 

wild-type wild-type 

TKCC-26 Focal c.226C>G p.G12R c.372G>T p.C124 wild-type wild-type 
TKCC-27 Unstable c.227C>T p.G12D c.485A>T p.I162N wild-type wild-type 

KPC  - LSL/G12D+ R172H wild-type wild-type 



To examine pathway activation at the protein level, protein lysates were 

generated from a panel of 15 PDCLs, and primary murine cells from the KPC 

(Pdx1-Cre, LSL-KRasG12D/+, LSL-TrP53R172H/+) mouse model of 

pancreatic cancer. Protein levels for JAK1, JAK2, STAT3 and SRC, as well as 

activation of these proteins (as indicated by phosphorylation) were assessed 

using western blotting (Figure 3.2.1). Expression values (determined by 

densitometry) were normalised relative to beta-actin (Table 3.2.3), and 

showed that there is variation in expression of all proteins assessed across 

the various pancreatic cancer cell lines. Higher than average phospho-STAT3 

(Tyr705) levels were defined as values greater than or equal to the average 

expression detected across the examined panel (mean relative 

expression=1.2), and higher than average expression was present in 50% 

(8/16) of cell lines. Utilising the same approach as above to define higher than 

average expression, phospho-JAK2 (Tyr1007/1008; mean relative 

expression= 1) and phospho-SRC (Tyr416; mean relative expression= 0.2) 

were measured in 44% (7/16) and 75% (12/16) of pancreatic cancer lines, 

respectively. 

Activation of JAK1 (analysed as ‘negative’ or ‘positive’) was less frequent, with 

phospho-JAK1 (Tyr1022/1023) detected in 13% (2/16) of cell lines. STAT3, 

SRC, JAK1 and JAK2 were expressed in all cell lines, with variable levels 

across the panel.  
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Figure 3.2.1 Western blot for phosphorylated STAT3 (phospho-STAT3; 

Tyr705), total STAT3, phospho-SRC (Tyr416), total SRC, phospho-JAK1 

(Tyr1022/1023), total JAK1, phospho-JAK2 (Tyr1007/1008), total JAK2 and 

beta-actin of pancreatic cancer patient-derived cell lines (TKCC), and cells 

from the KPC mouse model of pancreatic cancer (KPC R172H) Data 

presented as representative images (n=3 independent experiments 

performed). 
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Table 3.2.3 Quantification of relative protein expression for phosphorylated 

STAT3 (phospho-STAT3; Tyr705), total STAT3, phospho-SRC (Tyr416), total 

SRC, phospho-JAK1 (Tyr1022/1023), total JAK1, phospho-JAK2 

(Tyr1007/1008), total JAK2 and beta-actin of 15 pancreatic cancer patient-

derived cell lines (TKCC), and primary murine cells from the KPC mouse 

model of pancreatic cancer (KPC R172H). Expression of target proteins was 

normalised to beta-actin. Green boxes indicate ‘Higher than average’ 

expression, and red boxes indicate ‘Lower than average’ expression. Higher 

than average expression was defined as expression ≥ mean expression of all 

lines. Data presented as mean (n=3 independent experiments performed).  

Relative protein expression 

Cell line Phospho
-JAK1 JAK1 Phospho

-JAK2 JAK2 Phospho
-STAT3 STAT3 Phospho

-SRC SRC 

TKCC-03 0 0.6 1 0.3 1.2 0.3 0.1 0.7 

TKCC-05 0.9 0.7 1.2 0.5 2 0.5 0.3 0.6 

TKCC-06 0 0.5 0.9 0.4 1 0.4 0.2 0.8 

TKCC-07 0 0.7 0.9 0.3 1.2 0.4 0.3 0.6 

TKCC-10 0 0.7 0.8 0.3 1.2 0.4 0.1 0.5 

TKCC-12 0 0.7 0.7 0.4 0.7 0.3 0.2 0.7 

TKCC-14 0 0.7 0.7 0.5 0.9 0.4 0.2 1.1 

TKCC-15 0 0.8 0.8 0.3 1 0.3 0.2 0.9 

TKCC-17 0 0.7 0.4 0.3 1.8 0.5 0.1 0.8 

TKCC-19 0 0.7 0.5 0.4 1 0.5 0.2 0.8 

TKCC-22 0.3 0.7 1 0.5 1.1 0.5 0.1 0.6 

TKCC-23 0 0.5 0.5 0.3 1 0.4 0.4 0.6 

TKCC-25 0 0.6 0.7 0.3 1 0.5 0.2 0.8 

TKCC-26 0 0.6 0.6 0.3 1.2 0.4 0.2 0.8 

TKCC-27 0 0.6 0.5 0.3 1.1 0.3 0.4 1 
KPC 
(R172H) 0 0.8 0.6 0.5 1.2 0.4 0.2 0.5 
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3.2.2 Sensitivity of pancreatic cancer cell lines to JAK and 
SRC inhibitors 

To systematically examine whether SRC-inhibitors and JAK-inhibitors are 

efficacious in specific subtypes of PDAC, 15 PDCLs suitable for screening in 

a 96-well format and murine KPC cells were tested for their sensitivity to 

dasatinib (SRC-inhibitor) (Figure 3.2.2E), ruxolitinib (JAK1/2-inhibitor) (Figure 

3.2.2A), and tofacitinib (JAK3/1-inhibitor) (Figure 3.2.2B), using a standard 72-

hour cell viability assay. For comparison purposes therapeutic response to 

JAK1-selective inhibitor AZD289 (Figure 3.2.2C) and JAK2-selective inhibitor 

AZD1480 (Figure 3.2.2D) was further examined in 3 candidate PDCLs and 

the KPC cells. Pancreatic cancer cell lines exhibited a range of sensitivities to 

ruxolitinib (IC50 range of 20 µM to 97 µM), with a subset of 2/16 cell lines 

(13%) being relatively sensitive to JAK1/2 inhibition (IC50 < 30 µM), and 4/16 

cell lines (25%) being resistant (IC50 > 60 µM).  

In contrast, all pancreatic cancer cell lines were resistant to JAK3-selective 

inhibitor tofacitinib (IC50 > 80 µM; Figures 3.2.2B). Interestingly, examined 

candidate cell lines were more resistant to JAK1-selective inhibitor AZD289 

compared to ruxolitinib, except for KPC cells which had similar IC50s for both 

compounds (38 µM AZD289 and 36 µM ruxolitinib). These same lines were 

found to be even more resistant to JAK2-selective inhibitor AZD1480 when 

compared to AZD289 and ruxolitinib (IC50 > 85 µM for all lines tested). TKCC-

22 was highly resistant to treatment with all four JAK inhibitors (AZD289, 

AZD1480, ruxolitinib and tofacitinib). Overall, the 2D in vitro sensitivity data 

suggest that pancreatic tumour cell lines are most sensitive to dual inhibition 

of JAK1 and JAK2 kinases. 

Pancreatic cancer cell lines also displayed a broad range of sensitivities to 

SRC inhbitor dasatinib (IC50 range of 3 nM to 7.5 µM) (Figure 3.2.2E), with a 

subset of 11/16 cell lines (69%) being highly sensitive to SRC-inhibition 

(IC50<150nM), and 5/16 cell lines (31%) showing resistance to this agent (IC50 

>1.2 µM).   
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Figure 3.2.2 Drug sensitivity of patient-derived cell lines and murine KPC 

cells to (A) JAK1/2 inhibitor ruxolitinib, (B) JAK3 inhibitor tofacitinib, (C) JAK1 

inhibitor AZD289, (D) JAK2 inhibitor AZD1480 and (E) SRC inhibitor 

dasatinib. Data presented as mean ± SE (n=3 independent experiments 

performed in quadruplicate). 
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3.2.3 Identification of potential biomarkers of in vitro 
response to ruxolitinib and dasatinib monotherapies 

To identify potential molecular correlates of treatment response to key 

candidate agents (ruxolitinib and dasatinib monotherapies), in vitro drug 

sensitivity data was first correlated with protein expression of various 

components of the SRC/JAK/STAT3 networks and the SRC/JAK/STAT3 

genomic alteration data. As loss of P53 function [321] and inactivation of TGF-

β/SMAD4 signalling [122] have previously been shown to directly activate 

STAT3 signalling in pancreatic tumour cells, therapeutic response was further 

correlated with TP53 and TGFB/SMAD4 mutations.  

Of note, higher than average phospho-STAT3 (Tyr705) levels in pancreatic 

cancer lines were significantly associated with in vitro sensitivity to ruxolitinib  

(P=0.01; Figure 3.2.3A), and this correlation remained significant when 

specific lines with the lowest and highest phospho-STAT3 expression were 

compared (P=0.02; Figure 3.2.3B). Levels of other key proteins within this 

network (as per Figure 3.2.1), did not correlate with ruxolitinib sensitivity 

(Figure 3.2.3C-I). Ruxolitinib sensitivity in PDAC lines did not correlate with 

SRC/JAK/STAT3 pathway aberrations (Figure 3.2.4A), TP53 mutations 

(Figure 3.2.4B), or TGFB/SMAD4 mutations (Figure 3.2.4C). Moreover, 

subsequent correlation of the levels of phospho-STAT3 (Tyr705) (Figure 

3.2.5A-C) or total STAT3 (Figure 3.2.5D-F) proteins with the above-described 

genomic alterations was not significant. 

In contrast with the observed significant association of phospho-STAT3 and 

ruxolitinib sensitivity, no significant correlates with dasatinib response were 

found by examining the protein expression (Figure 3.2.6) and mutation data 

(Figure 3.2.7).  
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Figure 3.2.3 Correlation of ruxolitinib sensitivity (IC50) and (A) pSTAT3 

(Tyr705) expression, (B) lowest (n=5) and highest (n=5) pSTAT3 expressing 

cell lines, (C) STAT3 expression, (D) pJAK1 (Tyr1022/1023) positivity, (E) 

JAK1 expression, (F) pJAK2 (Tyr1007/1008) expression, (G) JAK2 expression 

(H) pSRC (Tyr416) expression, and (F) SRC expression in pancreatic cancer 

cell lines. ‘High’ is defined as higher than average expression (expression ≥ 

mean expression of all lines). Data presented as mean ± SE (n=3 

independent experiments). Significance was determined by an unpaired, two-

tailed t-test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.   
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Figure 3.2.4 Correlation of ruxolitinib sensitivity (IC50) and (A) JAK/STAT3 

pathway aberrations, (B) TP53 mutation status, and (C) TGFB/SMAD4 

mutations in pancreatic cancer cell lines. Data presented as mean ± SE (n=3 

independent experiments). Significance was determined by an unpaired, two-

tailed t-test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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Figure 3.2.5 Correlation of phospho-STAT3 (Tyr705) expression and (A) 

JAK/STAT3 pathway aberrations, (B) TP53 mutation status and (C) 

TGFB/SMAD4 mutations. Correlation of STAT3 expression and (D) 

JAK/STAT3 pathway aberrations, (E) TP53 mutation status and (F) 

TGFB/SMAD4 mutations in pancreatic cancer cell lines. Data presented as 

mean ± SE (n=3 independent experiments). Significance was determined by 

an unpaired, two-tailed t-test, where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 
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Figure 3.2.6 Correlation of dasatinib sensitivity (IC50) and (A) pSRC (Tyr416) 

expression, (B) SRC expression, (C) pSTAT3 (Tyr705) expression, (D) 

STAT3 expression, (E) pJAK1 (Tyr1022/1023) positivity, (F) JAK1 expression, 

(G) pJAK2 (Tyr1007/1008) expression, and (H) JAK2 expression in pancreatic 

cancer cell lines. ‘High’ expression was defined as expression ≥ mean 

expression of all lines. Data presented as mean ± SE (n=3 independent 

experiments). Significance was determined by an unpaired, two-tailed t-test, 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.   
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Figure 3.2.7 Correlation of dasatinib sensitivity (IC50) and (A) JAK/STAT3 

pathway aberrations, (B) TP53 mutation status, and (C) TGFB/SMAD4 

mutations, in pancreatic cancer cell lines. Data presented as mean ± SE (n=3 

independent experiments). Significance was determined by an unpaired, two-

tailed t-test, where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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3.2.4 Assessing the efficacy of the combined inhibition of 
JAK and SRC in two-dimensional screens 

To determine if dual JAK and SRC inhibition potently kills pancreatic cancer 

cells in vitro, dasatinib and ruxolitinib were combined for drug synergy 

analysis in 12 PDCLs and KPC cells. Drug synergy analysis involves 

conducting a two-drug combination cell viability assay, and using the 

combination index method, also known as the ‘Chou-Talalay’ method for data 

interpretation [590]. Using this method, a combination index (CI) is calculated 

at various effective doses (EDs). A combination index (CI)<1 indicates 

synergy, CI=1 indicates an additive effect, and CI>1 indicates antagonism. 

Combining dasatinib and ruxolitinib showed strong synergy in 46% (6/13) of 

the pancreatic cancer cell lines tested (Figure 3.2.8A), these included PDCLs 

TKCC-05, TKCC-07, TKCC-10, TKCC-17, and TKCC-26, as well as the 

primary murine KPC cells. In contrast, antagonism was present in 38% (5/13) 

of cell lines tested (Figure 3.2.8B), including TKCC-06, TKCC-23, TKCC-27, 

TKCC-22 and TKCC-19. The remaining 15% (2/13 cell lines) exhibited an 

additive effect, and these cell lines included TKCC-29 and TKCC-14 (Figure 

3.2.8C).  

To determine if synergy is a likely result of dual JAK1 and JAK2 targeting, 

two, more selective inhibitors of the JAK family of kinases were included in the 

synergy screens for comparison (Figure 3.2.8 D-G). The response of the 

combination of JAK1-selective inhibitor (AZD289) and dasatinib closely 

mirrored the efficacy observed when dasatinib was combined with ruxolitinib 

(synergy: TKCC-05, TKCC-10 and KPC (Figure 3.2.8D); antagonism: TKCC-

22 (Figure 3.2.8E)). 

The JAK2-specific inhibitor (AZD1480) combined with dasatinib resulted in 

synergy in two of the same cell lines as the ruxolitinib/dasatinib combination 

(TKCC-10 and KPC; Figure 3.2.8F), and antagonism in one of the same cell 

lines (TKCC-22; Figure 3.2.8G), highlighting potential differences in response.  
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Figure 3.2.8 Drug synergy screens for dasatinib (SRC-inhibitor) and various 

JAK-inhibitor combinations in pancreatic cancer PDCLs and KPC cells. 

Combination index (CI) values are calculated using CompuSyn program. CI<1 

indicates synergy, CI>1 indicates antagonism, C=1 indicates additive effect, 

(broken line at CI=1). CI of dasatinib and ruxolitinib (JAK1/2 inhibitor) at 

various effective doses (ED) in (A) synergistic (B) antagonistic and (C) 

additive cell lines. CI of dasatinib and AZD289 (JAK1-inhibitor) in (D) 

synergistic and (E) antagonistic cell lines. CI of dasatinib and AZD1480 (JAK2 

inhibitor) in (F) synergistic and (G) antagonistic cell lines. Data presented as 

mean ± SE (n=3 independent experiments performed in quadruplicate). 
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3.2.5 Identification of potential biomarkers of in vitro 
response to the combination of dasatinib and ruxolitinib  

As significant correlates of in vitro sensitivity of PDAC lines to ruxolitinib have 

been identified (Figure 3.2.3), the next logical step involved correlation of the 

combination treatment efficacy data with protein expression of the key 

SRC/JAK/STAT3 network components (Figure 3.2.9), including the genomic 

aberrations (SRC/JAK/STAT3, TP53, TGFB/SMAD4; Figure 3.2.10).   

Interestingly, high levels of phospho-STAT3 (Tyr705) as a measure of STAT3 

activation were significantly associated with dasatinib and ruxolitinib synergy 

(P=0.04; Figure 3.2.9A), with low phospho-STAT3 levels prevalent in lines 

where the two-drug combination displayed antagonistic or additive effects. 

Moreover, TP53 mutations were significantly associated with sensitivity to the 

dasatinib/ruxolitinib combination (P= 0.0098; Figure 3.2.10A), with 6/9 TP53 

mutant cell lines displaying synergy, and 2/9 cell lines displaying additive 

effects to this treatment approach (Figure 3.2.9A). In comparison, 

dasatinib/ruxolitinib combination was antagonistic in all 4 TP53 wildtype cell 

lines. TGFB/SMAD4 mutation status and JAK/STAT3 pathway aberrations did 

not correlate with response to dasatinib and ruxolitinib combination (Figure 

3.2.10B,C).  
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Figure 3.2.9 Correlation of dasatinib and ruxolitinib synergy with (A) pSTAT3 

(Tyr705), (B) STAT3, (C) pJAK1 (Tyr1022/1023), (D) JAK1, (E) pJAK2 

(Tyr1007/1008), (F) JAK2, (G) pSRC (Tyr416) and (H) SRC expression, in 

PDAC lines. Data shown as mean ± SE (n=3). Significance was determined 

by an unpaired, two-tailed t-test, or a Fisher’s exact test for categorical data, 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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Figure 3.2.10 Correlation of dasatinib and ruxolitinib synergy with (A) TP53 

mutations (B) JAK/STAT3 pathway aberrations and (C) TGFB/SMAD4 

mutation status. Significance was determined by a Fisher’s exact test, 

*p<0.05, **p<0.01, ***p<0.0001 and ****p<0.0001.  
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3.2.6 Assessing SRC/JAK/STAT3 pathway modulation 
following treatment with dasatinib and ruxolitinib  

Given that the proposed treatment combination of dasatinib and ruxolitinib 

showed considerable in vitro efficacy, particularly in PDAC lines characterised 

by STAT3 activation (phospho-STAT3 high) and TP53 mutations (P53 

mutant), the next step was to confirm target modulation following treatment 

and to assess the effects on the downstream signalling. To this end, key 

candidate patient-derived (TKCC-05) and murine (KPC) pancreatic cancer 

lines were treated with vehicle, dasatinib, ruxolitinib or the combination of 

dasatinib and ruxolitinib for 24 and 48 hours. Protein lysates were collected 

and protein expression was assessed using western blotting (Figure 3.2.11 

and Figure 3.2.13). Densitometry was used to quantify the protein expression 

of various JAK/STAT3 pathway components for KPC cells (Figure 3.2.12) and 

TKCC-05 cells (Figure 3.2.14).     

In the phospho-STAT3 high, P53 mutant (R172H) KPC cells, treatment with 

ruxolitinib monotherapy, as well as the dasatinib/ruxolitinib combination 

resulted in a significant and robust inhibition of STAT3 phosphorylation 

(Tyr705), with no change in levels of total STAT3 (Figure 3.2.11 and Figure 

3.2.12A). Phosphorylation status of STAT3 at Ser727, which has previously 

been shown to have a different role in mitochondrial translocation, cell 

metabolism and electron transport [20, 435], remained unchanged following 

treatment with ruxolitinib, but was slightly decreased following combination 

treatment (P=0.02; 24 hours; P=0.01; 48 hours) (Figure 3.2.12B), although the 

overall levels of phospho-STAT3 (Ser727) were low (Appendix C) and 

required substantial over-exposure of the membrane during the western blot 

procedure. Dasatinib and the dasatinib/ ruxolitinib combination both effectively 

inhibited SRC phosphorylation (Tyr416) (Figure 3.2.12D), at the same time 

leading to a small increase in SRC levels (0.2-fold), indicating an 

accumulation of unphosphorylated SRC (Figure 3.2.12E). The combination of 

dasatinib and ruxolitinib further effectively modulated selected downstream 

effectors of the SRC/JAK/STAT3 pathway, specifically inhibiting AKT 

phosphorylation (Ser473 and Thr696) as well as phosphorylation of ROCK-
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effectors MLC2 (Ser19) and MYPT1 (Thr696). No change in ROCK2, MMP2 

and BCL2 levels was measured (Figure 3.2.12F-L).  

In the second candidate, pSTAT3-high, P53-mutant (G245S), patient-derived 

TKCC-05 cell line, similar modulation of the SRC/JAK/STAT3 pathway was 

observed following treatment with dasatinib, ruxolitinib and 

dasatinib/ruxolitinib combination. Namely, both ruxolitinib and combination 

treatment potently blocked STAT3 phosphorylation (Tyr705), with no change 

in the levels of total STAT3 protein (Figure 3.2.13 A+C and Appendix D). 

Ser727 phosphorylation, which was present at very low levels (Appendix C), 

remained unchanged following treatment (Figure 3.2.13B). Again, both 

dasatinib and dasatinib/ruxolitinib treatment effectively blocked SRC 

phosphorylation (Tyr416), leading to a small increase in SRC levels (0.2-fold; 

P=0.02; Figure 3.2.13E).  As in the KPC model, the combination of dasatinib 

and ruxolitinib significantly inhibited phosphorylation of AKT (Ser473 and 

Thr208), MLC2 (Ser19) and MYPT1 (Thr696), with no change in the levels of 

ROCK2, MMP2 and BCL2 measured (Figure 3.2.13F-L). Collectively, these 

studies suggest that dasatinib and ruxolitinib effectively modulate key targets 

SRC and STAT3, as well as the downstream Akt and ROCK signalling 

components. 
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Figure 3.2.11 Western blot showing time-dependent effects of dasatinib, 

ruxolitinib and combination treatment on levels of SRC/STAT3 downstream 

effectors in KPC cells. 
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Figure 3.2.12 Densitometry on levels of SRC/STAT3 downstream effectors in 

KPC cells, assessed for: (A) pSTAT3 (Tyr705), (B) pSTAT3 (Ser727), (C) 

STAT3, (D) pSRC (Tyr416), (E) SRC, (F) pAKT (Ser473), (G) pAKT (Thr308), 

(H) ROCK2, (I) pMLC2 (Ser19), (J) pMYPT1 (Thr696), (K) MMP2, (L) BCL2. 

Data presented as mean ± SE (n=3 independent experiments). Significance 

was determined using nonparametric ANOVA test with a Tukey multiple 

comparisons test where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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Figure 3.2.13 Densitometry on levels of SRC/STAT3 downstream effectors in 

TKCC-05 cells, assessed for: (A) pSTAT3 (Tyr705), (B) pSTAT3 (Ser727), (C) 

STAT3, (D) pSRC (Tyr416), (E) SRC, (F) pAKT (Ser473), (G) pAKT (Thr308), 

(H) ROCK2, (I) pMLC2 (Ser19), (J) pMYPT1 (Thr696), (K) MMP2, (L) BCL2. 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 
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3.3 Discussion 

The SRC/JAK/STAT3 pathway is a major oncogenic signalling cascade that 

plays a role in pancreatic carcinogenesis from the development of early pre-

malignant pancreatic lesions to promoting cancer progression and metastasis 

in established PDAC [321]. Key components of this dynamic pathway have 

been shown to be frequently altered in pancreatic cancer and can promote a 

pro-tumourigenic pancreatic tumour microenvironment. Moreover STAT3 is a 

target of SRC, that drives invasive tumour cell behaviour [177]. Earlier 

immunohistochemical (IHC) analyses in human PDAC have identified SRC to 

be expressed in all PDAC tumours assessed [177, 191]. High expression 

(grade 3) of activated (phosphorylated) SRC was present in 26% (23/90) of 

resection-margin positive PDAC tumours, and was significantly correlated with 

reduced survival [177]. Moreover, IHC studies have identified activated 

(phosphorylated) STAT3 to be highly expressed in 52% of PDAC tumours 

[321], and high STAT3 activation levels together with P53 accumulation were 

associated significantly with reduced overall survival [321]. Following these 

findings, we have utilised the sequencing data from three separate clinical 

cohorts (ICGC, UTSW, TCGA) and have identified the SRC/JAK/STAT3 

pathway to be altered in approximately one third of pancreatic cancer 

patients. Consistent with previous reports very few of these changes were 

somatic mutations, and the majority of pancreatic tumours exhibited copy 

number alterations [489]. Consequently the SRC/JAK/STAT3 pathway 

presents an interesting signalling network for therapeutic targeting in PDAC.  

Given the role that the SRC/JAK/STAT3 pathway plays in cellular proliferation 

and viability, angiogenesis and metastasis of pancreatic cancer [441, 442], we 

hypothesised that dual inhibition of this pathway with SRC and JAK small-

molecule inhibitors may lead to significant sensitisation of PDAC cell lines, in 

a subtype-specific context. Our in vitro results demonstrate that the effects of 

SRC inhibition and JAK inhibition on cellular proliferation are heterogenous, 

and are relevant to what has been previously published in pancreatic cancer 

cell lines (ruxolitinib IC50 = 5-191 µM; dasatinib IC50 = 0.04-254 µM) [591]. 

Moreover we have shown that levels of STAT3 phosphorylation (a measure of 

STAT3 activation) can predict for ruxolitinib sensitivity (P=0.01; Figure 3.2.3). 
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It is important to note that these ruxolitinib-sensitive cell lines had IC50 values 

in excess of 20 µM, and some off-target activity may have contributed to the 

anti-proliferative activity. Importantly, no biomarkers of therapeutic response 

have previously been identified for ruxolitinib, and this may explain the poor 

clinical efficacy of ruxolitinib when examined in unselected populations in 

PDAC [555, 573]. Furthermore, we are the first to demonstrate that candidate 

pancreatic cancer cell lines are more sensitive to combined JAK1 and JAK2 

inhibition compared to selective targeting of JAK1, JAK2 kinases, and were 

resistant to JAK3 kinase inhibition. Prior studies have examined efficacy of 

JAK and SRC inhibitors as monotherapies on cancer cell proliferation using 

genetically engineered and commercial pancreatic cancer cell lines [177, 533, 

534], but have never examined the proliferative effects on a genomically 

diverse panel of cell lines, and have never assessed these inhibitors as a 

combination treatment regimen.  

The widespread molecular heterogeneity and the lack of effective therapies 

make pancreatic cancer an ideal disease for advancing personalised 

medicine strategies, and there is strong evidence to suggest that the use of 

biomarkers and molecular stratification is successful in pancreatic cancer [4, 

7, 592, 593]. Building on the promising preclinical and early clinical data on 

the robust efficacy of JAK and SRC-inhibitor combinations in specific 

haematological malignancies [570, 571, 594], the observed strong synergy 

between dasatinib and ruxolitinib in a substantial number of PDAC lines, as 

described in this chapter, is of significant interest. Our findings provide the first 

direct evidence of synergy between JAK and SRC inhibition in pancreatic 

cancer and moreover, this efficacy appears to be subtype-specific. Namely, 

PDAC lines characterised by high levels of phospho-STAT3 (Tyr705) and 

TP53 mutations were highly sensitive to combined JAK1/2 and SRC inhibition 

(P=0.04, phospho-STAT3, Figure 3.2.9A; P=0.0098, P53, Figure 3.2.10A). In 

concordance, dual JAK/SRC targeting was ineffective in phospho-STAT3 low 

PDCLs, that do not harbour genetic alterations in P53 (4/5; Figure 3.2.10A).  

The use of a large genomically-characterised panel of PDCLs in this study 

has enabled us to characterise the broad range of responsiveness to the 

proposed treatment approach. The cause of constitutive STAT3 activation in 
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pancreatic cancer is complex and numerous mechanisms have been 

described including persistent PDX-1 expression [437], changes in the tumour 

mutational landscape [122, 321], tumour microenvironment (non-cell 

autonomous activation) [595], and persistent expression of IL-6, IL-11 [166]. It 

has also been shown that mutated or biallelic loss of P53 contributes to 

STAT3 activation in both murine and human pancreatic cancer [321]. The 

mechanism behind TP53 mutations leading to STAT3 activation in this context 

is yet to be elucidated, however the relationship between P53 and STAT3 is 

known to be complex, and many have attempted to discover its intricacies. 

Wormann et al. reported loss of P53 shifting transient STAT3 activation to 

persistent STAT3 activation, a process which is mediated by intracellular 

reactive oxygen species (ROS) accumulation, Shp2 inactivation, and 

prolonged JAK2 phosphorylation [321]. Mutations in TP53 have also been 

shown to disrupt the balance of protein tyrosine phosphatase 1-B (PTP-1B) 

and its target JAK2, leading to upregulation of phospho-STAT3 in ovarian 

carcinoma [596]. Furthermore, wildtype P53 has been demonstrated to 

reduce expression of phosphorylated STAT3 and inhibit STAT3 DNA binding 

activity in prostate cancer cell lines that have constitutively activated STAT3 

[597]. Interestingly, the two cell lines where dasatinib and ruxolitinib 

combination displayed an additive effect had TP53 mutations (TKCC-12: 

c.586G>A p.R196; TKCC-14: c.527C>G p.C176S), but expressed low 

phospho-STAT3. In addition, TKCC-25 (P53: c.578T>- p.H193H; low phosho-

STAT3) and TKCC-27 (P53: c.485A>T p.I162N; low phospho-STAT3), were 

both found to be highly resistant to ruxolitinib, suggesting that other 

mechanisms may further contribute to STAT3 activation, at the same time 

helping explain the lack of association between ruxolitinib sensitivity or 

phospho-STAT3 levels with TP53 mutation status.  

We further observed no correlation between TGFB/SMAD4 mutations and 

phospho-STAT3 levels despite previous reports describing the contribution of 

impaired TGFβ signalling to elevated epithelial STAT3 activity in PDAC 

models [122].  These discrepancies may be further explained by the non-cell 

autonomous mechanisms behind STAT3 activation, including stromal 

signalling [166] present in the human PDAC tumours analysed in the 
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Wormann et al. [321] and Laklai et al. [122] studies, but absent in the two-

dimensional in vitro cultures utilised in this chapter.  

Our findings also demonstrate that synergy isn’t dependent on JAK1 or JAK2 

inhibition alone, and that the strength of synergy may be cell-line dependent. 

Moreover, we observed potent target modulation in phospho-STAT3 high, 

P53-mutant pancreatic cancer cell lines of interest, following JAK, SRC 

inhibition as well as dual JAK/SRC targeting. Only the combination therapy 

effectively blocked the downstream Rho/ROCK and PI3K/Akt effector 

pathways at the selected 24 hour and 48 hour timepoints, however these 

findings need further examination to determine exact downstream 

mechanisms via investigation of additional downstream proteins. Although 

downregulation of some of the other known downstream effectors including 

MMP2 was not observed post-treatment, this could potentially be attributed to 

the lack of tumour microenvironment and extracellular matrix in the two-

dimensional in vitro cultures here, which is necessary for MMP-mediated 

effects [177, 598]. Our data thus indicate that dual-inhibition of STAT3 and 

SRC is effective at modulating the SRC/JAK/STAT3 pathway.  

In summary, these in vitro studies are the first to establish that the 

combination of JAK and SRC inhibition is synergistic in specific pancreatic 

cancer cell types, in particular lines that harbour TP53 mutation and activated 

STAT3, and that this therapeutic combination is more effective at modulating 

the SRC/JAK/STAT3 pathway than either therapy alone. Due to limitations of 

two-dimensional proliferation assays, which do not fully recapitulate the 

complex tumour ecosystem and do not consider the important role the 

microenvironment plays in SRC/JAK/STAT3 pathway regulation [186, 599], as 

well as in drug pharmacodynamics and tissue perfusion [600], the remaining 

chapters of this thesis will assess the efficacy of this therapeutic combination 

in the context of a more complex tumour microenvironment using three-

dimensional in vitro assays, as well as in vivo studies.  
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Chapter 4. In vitro  efficacy of SRC and JAK1/2 inhibitors in 
3D models of pancreatic cancer 

4.1 Introduction 

The pancreatic tumour microenvironment comprises both cellular elements 

and significant desmoplasia that collectively form an effective physical barrier 

leading to limited drug penetration. In addition, dynamic cancer cell-stromal 

cell crosstalk directly promotes cancer growth, survival and treatment failure 

[114]. The extracellular matrix is a major component of the tumour 

microenvironment that provides mechanical and structural support to cells, 

aids in cell migration and coordinates important signalling processes (as 

outlined in chapter 1.2) [116]. The highly remodelled extracellular matrix and 

resultant tumour stiffening in PDAC [321, 540] actively promotes pancreatic 

cancer cell invasion into the surrounding tissues, increases propensity for 

metastasis, and drives disease progression [201, 205, 321, 540, 601], 

simultaneously impeding chemotherapy penetration and ultimately leading to 

chemoresistance [443]. Conseqently, therapeutic targeting of extracellular 

matrix remodelling and aspects of pancreatic tumour desmoplasia is an 

interesting and highly active area of research. 

The SRC/JAK/STAT3 pathway has been previously demonstrated to promote 

matricellular fibrosis and increased tissue tension in PDAC, leading to 

decreased chemotherapeutic efficacy [321]. In addition, downstream 

Rho/ROCK signalling regulates the actomyosin cytoskeleton during PDAC 

progression, and can ‘tune’ the desmoplasic stroma to further promote pro-

tumourigenic signalling, cancer growth and disease spread [122, 201, 602, 

603]. Furthermore, STAT3 ablation combined with chemotherapy can 

enhance drug delivery by reducing stromal stiffening and epithelial contractility 

via loss of TGF-β signalling and downregulation of cytidine deaminase [122] 

[443]. Therefore targeted inhibition of this pathway has significant potential to 

decrease fibrosis and may improve chemotherapeutic efficacy, particularly if 

the treatment approach is coupled with a biomarker.   

In this chapter, firstly, we assessed the effects of dual SRC and JAK inhibition 

on the structural and mechanical properties of the extracellular matrix, using 
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3D fibroblast-driven contraction assays. This assay recreates the structural 

properties of PDAC that cannot be examined using 2D cultures, and has been 

extensively used to assess extracellular matrix remodelling in PDAC [602, 

604-606].  

Cancer cell invasion is the first step towards tumour cell spread and 

metastasis, and this process can be regulated by various cell-autonomous 

mechanisms [607, 608], as well as mechanical and biomechanical cues from 

the surrounding microenvironment [607, 609]. Extracellular matrix integrity 

can directly promote cell migration and invasion, and intercellular signalling 

via integrins is also essential [610, 611]. Furthermore, stromal fibroblasts play 

a role in the formation of matrix ‘tracks’ to guide the movement of cancer cells 

[608], and the dynamic cancer cell-stromal cell crosstalk directly promotes 

cancer cell invasion, growth and survival [114]. Due to the role the 

SRC/JAK/STAT3 pathway plays in this crosstalk and in extracellular matrix 

remodelling, we assessed the effect of SRC and JAK inhibition on PDAC 

cellular invasion in a molecular subtype-specific context, using key candidate 

P53 mutant and phospho-STAT3 “high” cell lines, in 3D organotypic assays. 

These assays recreate the structural and mechanical properties of the 

extracellular matrix as well as the interactions that occur between cancer cells 

and fibroblasts. This methodology has been used extensively to assess the 

mechanisms of cell invasion and for therapeutic efficacy studies [83, 149, 604, 

605, 612].  

The cellular elements of the pancreatic tumour microenvironment are diverse, 

and include a hetereogeneous population of activated cancer-associated 

fibroblasts (including inflammatory CAFs (iCAFs) and myofibroblasts 

(myCAFs)) as well as different subsets of immune cells [114, 141]. iCAFs 

express inflammatory markers such as IL-6 and Lif, while myCAFs are a 

population that express myofibroblast and matrix-associated markers such as 

collagens (Col1a1, Col15a1, Col12a1, Col8a1), actin (Acta2), and Sparc, as 

well as Tgfb1. TGF-β and IL-1/JAK/STAT3 signalling are responsible for the 

formation and plasticity of these different CAF populations [141].  

Furthermore, complex intercellular signalling networks that occur between the 

cellular elements of the tumour microenvironment drive cancer progression 
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[124, 127-134]. Specifically, paracrine signalling between cancer cells and 

CAFs provides growth factors, matrix remodelling enzymes and inflammatory 

cytokines, that influence cancer cell behaviour and promote tumour cell 

invasion, metastasis and survival, resulting in a cooperative relationship [135, 

136]. Over-activation of these pro-inflammatory signalling networks is largely 

driven by the JAK/STAT3 pathway [188, 416], and results in cytokine release 

and subsequent recruitment and activation of various immune cells including 

tumour-associated macrophages (TAMs), myeloid-derived suppressor cells 

(MDSCs), and regulatory T cells (T regs) [153]. The resulting 

immunosuppressive tumour microenvironment is a defining characteristic of 

PDAC.  

The potent immunomodulatory functions of SRC and JAK/STAT3 pathway 

inhibition has been previously demonstrated in cancers including pancreas 

[301, 321], however the assessment of synergistic combinatorial therapies 

involving immunomodulatory drugs such as dasatinib and ruxolitinib has not 

been studied. Therefore, in this chapter, we established 3D co-culture 

organoids and utilised multiplex cytokine arrays to determine if dual targeting 

of SRC and JAK/STAT3 may effectively modulate pro-inflammatory, pro-

fibrotic and pro-tumourigenic signalling networks. Finally, using a highly-

parallel single-cell RNA-sequencing approach, we identified important 

transcriptional changes following treatment with dasatinib and ruxolitinib in 

distinct cellular populations within the co-culture organoids. Of note, single-

cell analyses provides a high level of resolution when studying tumour 

heterogeneity and therapeutic mechanism of action [613], and may reveal the 

potential for selective therapeutic targeting of individual cell populations.  
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This chapter aims to:  

• Examine the effects of SRC and JAK inhibition on fibroblast contractility 

and extracellular matrix integrity using in vitro 3D contraction assays. 

• Assess the anti-invasive effects of SRC and JAK inhibition using 3D 

organotypic invasion assays. 

• Examine the effects of SRC and JAK inhibition on intercellular crosstalk 

using 3D co-culture organoids. 

• Identify transcriptional signatures associated with SRC and JAK 

inhibition in various cell populations of 3D co-culture organoids.  
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4.2 Results 

4.2.1 Assessing the effect of SRC and JAK inhibition on the 
extracellular matrix in 3D collagen matrices 

To examine the effects of SRC and JAK inhibition on extracellular matrix 

remodelling ex vivo, and specifically, collagen contraction, telomerase-

immortalised fibroblasts (TIFs) were embedded in rat-tail collagen I, and 

allowed to remodel the collagen matrix over 12 days in the presence or 

absence of targeted therapies of interest (Figure 4.2.1; described in methods 

section 2.8, and published by Timpson et al. [614]). Measurement of the 

surface area of the collagen matrix at day 12 indicated that ruxolitinib 

(JAK1/2-inhibitor) significantly impaired the ability of fibroblasts to contract 

native, fibrillar collagen, with similar effects when ruxolitinib and dasatinib 

were combined (Figure 4.2.2A). To assess the effects of JAK1/2 inhibition on 

the physical and mechanical properties of the extracellular matrix, collagen 

matrices were examined using Second Harmonic Generation imaging (SHG) 

(Figure 4.2.2B) [615], and Picrosirius Red-staining (Figure 4.2.2C) [616]. 

Maximum intensity of the SHG signal acquired throughout the section was 

significantly decreased upon treatment with ruxolitinib mono- and combination 

therapy, compared to control. These findings were confirmed by brightfield 

imaging of Picrosirius Red-stained sections (Figure 4.2.2C), where collagen I 

and III density was significantly decreased following ruxolitinib treatment and 

the combination of dasatinib and ruxolitinib. In contrast, dasatinib treatment 

led to a more modest decrease in collagen content (measured using SHG 

imaging). These data indicate that JAK1/2 inhibition with ruxolitinib leads to 

decreased levels of fibrillar collagen, reducing the ability of fibroblasts to 

contract the matrix. 
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Figure 4.2.1 Schematic of organotypic invasion assay set-up. Collagen-

fibroblast plugs are allowed to contract for 12 days, following which cancer 

cells are seeded on top and allowed to attach for 4 days. The plugs are then 

transferred on top of a metal grid, and an air-liquid interface is created to 

promote cells to invade through the collagen matrix.  
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Figure 4.2.2 JAK1/2 inhibition disrupts collagen matrix integrity. (A) 

Quantification of TIF-collagen matrix area following treatment with dasatinib, 

ruxolitinib and the combination of dasatinib and ruxolitinib at endpoint (12 

days). (B) Quantification and representative maximum intensity projections of 

second harmonic generation (SHG) signal intensity at peak in matrices after 

12 days of contraction. (C) Quantification and bright-field images of Picrosirius 

Red-stained collagen matrices treated with dasatinib and ruxolitinib. Data are 

presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, 

significance is compared against vehicle. Das: dasatinib; Rux: ruxolitinib; 

Das+Rux: dasatinib and ruxolitinib. 
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To determine if the effects seen on the extracellular matrix are likely the result 

of dual JAK1 and JAK2 targeting, three additional more selective inhibitors of 

the JAK family of kinases were assessed for their ability to remodel the 

extracellular matrix in vitro. The findings for AZD289 (JAK1-selective 

inhibitor), AZD1480 (JAK2-inhibitor) and tofacitinib (JAK3-selective inhibitor) 

are summarised in Figures 4.2.3, 4.2.4 and 4.2.5, respectively. JAK1 and 

JAK3 inhibitors (AZD289 and tofacitinib), significantly inhibited the ability of 

fibroblasts to contract the matrix (Figure 4.2.3A and Figure 4.2.5A), and 

blocked collagen deposition in vitro (Figure 4.2.3B+C and Figure 4.2.5B+C; 

SHG imaging and Picrosirius Red staining). These effects were predominantly 

modulated through targeting of JAK kinases, and were not further improved 

by the addition of SRC inhibitor, dasatinib.  In contrast, targeting JAK2 with 

AZD1480 did not alter fibroblast contractility (Figure 4.2.4A), and showed no 

effect on collagen deposition (Figure 4.2.4B+C; SHG imaging and Picrosirius 

Red staining).  

To directly compare the efficacy of JAK1/2 inhibition versus more selective 

JAK-inhibition, data were normalised to the vehicle control of each individual 

experiment (Figure 4.2.6). Interestingly, ruxolitinib (JAK1/2-inhibitor) and 

AZD289 (JAK1-inhibitor) were equally effective at inhibiting fibroblast 

contractility (Figure 4.2.6A) and collagen deposition in 3D matrices, when 

compared to tofacitinib (JAK3-inhibitor) treatment (Figure 4.2.6B+C). 

Collectively, these data demonstrate that inhibition of JAK1 and JAK3, but not 

JAK2, decreases fibroblast contractility and alters collagen levels in a three-

dimensional setting.  

 

 

 

 

 

 



	  
	  

158 

Figure 4.2.3 JAK1 inhibition disrupts collagen matrix integrity. (A) 

Quantification of TIF-collagen matrix area following treatment with dasatinib, 

AZD289 and the combination of dasatinib and AZD289 at endpoint (12 days). 

(B) Quantification and representative maximum intensity projections of second 

harmonic generation (SHG) signal intensity at peak in matrices after 12 days 

of contraction. (C) Quantification and bright-field images of Picrosirius Red-

stained collagen matrices treated with dasatinib and AD289. Data are 

presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, 

significance is compared against vehicle. Das: dasatinib; Das+AZD289: 

dasatinib and AZD289. 
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Figure 4.2.4 JAK2 inhibition does not disrupt collagen matrix integrity. (A) 

Quantification of TIF-collagen matrix area following treatment with dasatinib, 

AZD1480 and the combination of dasatinib and AZD1480 at endpoint (12 

days). (B) Quantification and representative maximum intensity projections of 

second harmonic generation (SHG) signal intensity at peak in matrices after 

12 days of contraction. (C) Quantification and bright-field images of Picrosirius 

Red-stained collagen matrices treated with dasatinib and AD1480. Data are 

presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, 

significance is compared against vehicle. Das: dasatinib; Das+AZD1480: 

dasatinib and AZD1480.   
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Figure 4.2.5 JAK3 inhibition disrupts collagen matrix integrity. (A) 

Quantification of TIF-collagen matrix area following treatment with dasatinib, 

tofacitinib and the combination of dasatinib and tofacitinib at endpoint (12 

days). (B) Quantification and representative maximum intensity projections of 

second harmonic generation (SHG) signal intensity at peak in matrices after 

12 days of contraction. (C) Quantification and bright-field images of Picrosirius 

Red-stained collagen matrices treated with dasatinib and tofacitinib. Data are 

presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Unless indicated, 

significance is compared against vehicle. Das: dasatinib; Tofa: tofacitinib; 

das+tofa: dasatinib and tofacitinib. 	  
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Figure 4.2.6 Dual JAK1/2 inhibition robustly disrupts collagen matrix integrity 

when compared to JAK1, JAK2 or JAK3 inhibition alone. (A) Normalised 

quantification of TIF-collagen matrix area following treatment with dasatinib, 

ruxolitinib, AZD289, AZD1480 or tofacitinib monotherapies, and combinations 

of dasatinib and JAK-inhibitors (B) Normalised quantification of second 

harmonic generation (SHG) signal intensity at peak in matrices after 12 days 

of contraction following treatment (C) Normalised quantification of Picrosirius 

Red-stained collagen matrices following treatment. Data are presented as 

mean ± SEM (n=3 independent experiments, performed in triplicate matrices 

per condition, per repeat). Significance was determined using nonparametric 

ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001.  
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To further understand the contribution of dual JAK1/2 or JAK1-selective 

targeting in extracellular matrix remodelling, we next assessed the effect of 

ruxolitinib and AZD289 on extracellular matrix organisation, using 

birefringence analysis. Polarised light imaging of Picrosirius Red-stained 

sections revealed that the total birefringent signal was significantly decreased 

in ruxolitinib treated (Figure 4.2.7A), and AZD289 treated conditions (Figure 

4.2.7D), compared to control (collaboration Dr Thomas Cox, Garvan Institute). 

Of note, quantification of the contribution to total signal of collagen fibres with 

different birefringence properties showed that ruxolitinib treatment reduced 

the proportion of highly crosslinked collagen fibres with high and medium 

birefringence, and this was associated with an increase in less remodelled 

collagen fibres with low birefringence (Figure 4.2.7B+C), suggesting a 

significantly looser matrix. In comparison, AZD289 treatment did not 

significantly change the proportion of highly crosslinked collagen fibres 

(Figure 4.2.7E+F). Impairment of matrix contraction and alterations in 

extracellular matrix integrity following treatment with SRC and JAK inhibitors 

were independent of changes in fibroblast proliferation (Figure 4.2.8), as 

indicated by immunohistochemical analyses of Ki67 on contracted-matrices. 

Collectively, these data suggest that only dual targeting of the JAK1/2 kinases 

promotes a significantly disorganised extracellular matrix network.  
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Figure 4.2.7 JAK1/2 inhibition disrupts collagen remodelling. Quantification of  

total collagen content measured as intensity of the signal acquired via 

polarised light and representative polarised light images of Picrosirius Red-

stained TIF-collagen matrices following treatment with (A) dasatinib and 

ruxolitinib (JAK1/2 inhibitor), and (D) dasatinib and AZD289 (JAK1-inhibitor). 

Contribution and quantification of signal emitted from fibres with high, medium 

and low birefringence normalised to total signal acquired via polarised 

imaging of Picrosirius Red-stained collagen matrices treated with (B+C) 

dasatinib and ruxolitinib and (E+F) dasatinib and AZD289. Data are presented 

as mean ± SEM (n=3 independent experiments, performed in triplicate 

matrices per condition, per repeat). Significance was determined using 

nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  
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Figure 4.2.8 The effect of SRC and JAK inhibition on the proliferative capacity 

of fibroblasts in 3D. (A) Representative images of Ki67 staining in collagen 

matrices. (B) Quantification of TIF proliferation, via Ki67 staining, in collagen 

matrices after 12-day contraction assay following treatment with dasatinib, 

ruxolitinib, AZD289, AZD1480, tofacitinib and combinations of dasatinib and 

JAK-inhibitors. Data are presented as mean ± SEM (n=3 independent 

experiments, performed in triplicate matrices per condition, per repeat). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. Unless specifically indicated, significance is compared against 

vehicle.  
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4.2.2 Assessing the anti-invasive potential of the combined 
inhibition of SRC and JAK in three-dimensional organotypic 
assays 

Three-dimensional topology and mechanical cues provided by the stroma can 

actively shape and drive invasive tumour behaviour [617]. As our findings 

indicate that inhibition of JAK1/2 alters extracellular matrix integrity, next, we 

sought to assess the effects of extracellular matrix manipulation via JAK and 

SRC inhibition on cancer cell invasion, a key event in pancreatic cancer 

progression. To evaluate the effect of SRC and JAK inhibition on cancer cell 

invasion, 3D organotypic invasion assays were utilised (Figure 4.2.1). We 

examined the invasion of three PDAC cell lines, selected based on their P53 

mutant, phospho-STAT3-‘high’ status, using the established 3D organotypic 

assay of invasion (Figure 4.2.1; as per [83, 149], and described in methods 

section 2.8), in the presence or absence of SRC and JAK inhibitors. To 

quantify cell invasion, organotypic matrices were fixed and processed for 

immunohistochemical analyses, and were stained with a pan-cytokeratin 

antibody (to identify KPC cells), or a GFP antibody (to identify green-

fluorescent protein (eGFP)-luciferase-labelled patient-derived cell lines). 

Treatment with dasatinib (SRC-inhibitor) and ruxolitinib (JAK1/2-inhibitor) 

monotherapies significantly impaired invasion of KPC cells (Figure 4.2.9A), as 

well as two patient-derived cell lines TKCC-05 (Figure 4.2.9B) and TKCC-10 

cells (Figure 4.2.9C). Moreover, the combination of dasatinib and ruxolitinib 

was markedly superior to each monotherapy in all P53-mutant, phospho-

STAT3 “high” pancreatic cancer cell lines examined.  

To elucidate if the effects seen on cellular invasion are dependent on dual 

JAK1/2 targeting, three more selective JAK inhibitors were included in the 

organotypic assays for comparison. JAK1 (AZD289) and JAK2 (AZD1480) 

inhibitors both decreased the invasive potential of all 3 cell lines (Figure 

4.2.10 and Figure 4.2.11), and when either inhibitor was combined with 

dasatinib there was a further decrease in invasion. In contrast, the JAK3 

inhibitor (tofacitinib) showed no effect on invasion in all 3 cell lines. Taken 

together, this suggests that combined dasatinib and ruxolitinib treatment 

synergistically inhibits cancer cell invasion.  
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Figure 4.2.9 Combined dasatinib and ruxolitinib treatment impairs the 

invasive potential of PDAC cell lines. Quantification and representative 

images of cell invasion (number of cells that have invaded between 100 µm – 

400 µm) through 3D organotypic matrices, of vehicle-treated, and dasatinib + 

ruxolitinib-treated (A) KPC (Pdx1-Cre; KrasLSL.G12D/+; p53R172H/+) cells, 

as indicated by multi-cytokeratin staining. (B) Green-fluorescent protein 

(eGFP)-luciferase-labelled TKCC-05 cells, and (C) green-fluorescent protein 

(eGFP)-luciferase-labelled TKCC-10 cells, as indicated by GFP 

immunohistochemistry. Data are presented as mean ± SEM (n=3 independent 

experiments, performed in triplicate matrices per condition, per repeat). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001.  
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Figure 4.2.10 Combined dasatinib and AZD289 treatment impairs the 

invasive potential of PDAC cell lines. Quantification and representative 

images of cell invasion (number of cells that have invaded between 100 µm – 

400 µm)  through 3D organotypic matrices, of vehicle-treated, and dasatinib + 

AZD289-treated (A) KPC (Pdx1-Cre; KrasLSL.G12D/+; p53R172H/+) cells, as 

indicated by multi-cytokeratin staining. (B) Green-fluorescent protein (eGFP)-

luciferase-labelled TKCC-05 cells, and (C) green-fluorescent protein (eGFP)-

luciferase-labelled TKCC-10 cells, as indicated by GFP 

immunohistochemistry. Data are presented as mean ± SEM (n=3 independent 

experiments, performed in triplicate matrices per condition, per repeat). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001.  
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Figure 4.2.11 Combined dasatinib and AZD1480 impairs the invasive 

potential of PDAC cell lines. Quantification and representative images of cell 

invasion (number of cells that have invaded between 100 µm – 400 µm)  

through 3D organotypic matrices, of vehicle-treated, and dasatinib + 

AZD1480-treated (A) KPC (Pdx1-Cre; KrasLSL.G12D/+; p53R172H/+) cells, 

as indicated by multi-cytokeratin staining. (B) Green-fluorescent protein 

(eGFP)-luciferase-labelled TKCC-05 cells, and (C) green-fluorescent protein 

(eGFP)-luciferase-labelled TKCC-10 cells, as indicated by GFP 

immunohistochemistry. Data are presented as mean ± SEM (n=3 independent 

experiments, performed in triplicate matrices per condition, per repeat). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001.  
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Figure 4.2.12 Combined dasatinib and tofacitinib impairs the invasive 

potential of PDAC cell lines and is no better than dasatinib monotherapy. 

Quantification and representative images of cell invasion (number of cells that 

have invaded between 100 µm – 400 µm)  through 3D organotypic matrices, 

of vehicle-treated, and dasatinib + tofacitinib-treated (A) KPC (Pdx1-Cre; 

KrasLSL.G12D/+; p53R172H/+) cells, as indicated by multi-cytokeratin 

staining. (B) Green-fluorescent protein (eGFP)-luciferase-labelled TKCC-05 

cells, and (C) green-fluorescent protein (eGFP)-luciferase-labelled TKCC-10 

cells, as indicated by GFP immunohistochemistry. Data are presented as 

mean ± SEM (n=3 independent experiments, performed in triplicate matrices 

per condition, per repeat). Significance was determined using nonparametric 

ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001.  
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To directly compare each treatment and the associated effect on cancer cell 

invasion, data was normalised to the vehicle control of each individual 

experiment (Figure 4.2.13). Ruxolitinib (JAK1/2-inhibitor) and AZD289 (JAK1-

inhibitor) equally decreased the invasive capacity of all 3 cell lines, and 

overall, were both more effective when compared to AZD1480 (JAK2-

inhibitor) and tofacitinib (JAK3-inhibitor). Moreover, the combination of 

dasatinib and ruxolitinib was the most effective at inhibiting invasion of all 3 

cell lines.   

Taken together, these data demonstrate that inhibition of JAK1/2 and SRC 

kinases has a potent inhibitory effect on pancreatic cancer cell invasion 

through three-dimensional matrices, simultaneously disrupting the integrity 

and organisation of the extracellular matrix. Importantly, the combination of 

dasatinib and ruxolitinib treatment was the most efficacious, when compared 

to other SRC and JAK-inhibitor combinations. Consequently, the combination 

of dasatinib and ruxolitinib was selected for further studies investigating the 

intricacies of SRC/JAK/STAT3 targeting of tumour cells within the complex 

microenvironment.   
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Figure 4.2.13 Ruxolitinib is the most effective at impairing the invasive 

potential of PDAC cell lines when compared to AZD289, AZD1480 and 

Tofacitinib. Normalised quantification of cell invasion (100 µm – 400 µm) 

through 3D organotypic matrices, treated with either vehicle, dasatinib, 

ruxolitinib, AZD289, AZD1480, tofacitinib and combinations of dasatinib and 

JAK-inhibitors in (A) KPC (Pdx1-Cre; KrasLSL.G12D/+; p53R172H/+) cells, 

(B) green-fluorescent protein (eGFP)-luciferase-labelled TKCC-05 cells and 

(C) green-fluorescent protein (eGFP)-luciferase-labelled TKCC-10 cells. Data 

are presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 	  
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To assess whether the observed inhibitory effects of dasatinib and ruxolitinib 

treatment on PDAC cell invasion were accompanied with changes in cell 

proliferation and apoptosis, sections of the organotypic matrices were stained 

with Ki67 (Figure 4.2.14) and cleaved-caspase-3 (Figure 4.2.15). Following 

treatment with dasatinib, the proportion of cancer cells positive for Ki67 was 

significantly decreased in both the invading and non-invading KPC (Figure 

4.2.14 A+B), TKCC-05 (Figure 4.2.14C+D) and TKCC-10 (Figure 4.4.14 E+F) 

cell lines. Moreover, this decrease in cell proliferation was maintained in the 

dasatinib and ruxolitinib combination, and in contrast, no change was seen 

following ruxolitinib monotherapy. Furthermore, there was no change in the 

proportion of cells positive for cleaved-caspase-3 following treatment with 

dasatinib, ruxolitinib or the combination of dasatinib and ruxolitinib in all three 

cell lines examined (Figure 4.2.15).  
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Figure 4.2.14 >>> 
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>>> Figure 4.2.14 SRC inhibition impairs cancer cell proliferation in vitro in 

3D organotypic assays. Quantification and representative images of Ki67 

staining in matrices treated with vehicle, dasatinib, ruxolitinib or dasatinib + 

ruxolitinib in (A) invading KPC cells, (B) non-invading KPC cells, (C) invading 

TKCC-05 cells, (D) non-invading TKCC-05 cells, (E) invading TKCC-10 cells 

and (F) non-invading TKCC-10 cells. Data are presented as mean ± SEM 

(n=3 independent experiments, performed in triplicate matrices per condition, 

per repeat). Significance was determined using nonparametric ANOVA test 

with a Tukey multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 

and ****p<0.0001. Das: dasatinib; Rux: ruxolitinib; Das+Rux: dasatinib and 

ruxolitinib.  
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Figure 4.2.15 >>> 
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>>> Figure 4.2.15 Dasatinib and ruxolitinib does not promote cancer cell 

apoptosis in vitro in 3D organotypic assays. Quantification and representative 

images of cleaved-caspase-3 staining in matrices treated with vehicle, 

dasatinib, ruxolitinib, dasatinib + ruxolitinib in (A) invading KPC cells, (B) non-

invading KPC cells, (C) invading TKCC-05 cells, (D) non-invading TKCC-05 

cells, (E) invading TKCC-10 cells and (F) non-invading TKCC-10 cells. Data 

are presented as mean ± SEM (n=3 independent experiments, performed in 

triplicate matrices per condition, per repeat). Significance was determined 

using nonparametric ANOVA test with a Tukey multiple comparisons test 

where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; Rux: 

ruxolitinib; Das+Rux: dasatinib and ruxolitinib; CC3: cleaved-caspase-3.  
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4.2.3 Examining the effect of dasatinib and ruxolitinib 
treatment on inter-cellular signalling in three-dimensional co-
culture organoids  

Paracrine signalling between cancer cells and cancer-associated fibroblasts 

(CAFs) can influence cancer cell behaviour and is known to promote tumour 

cell invasion, metastasis and survival [135, 136]. Moreover, over-activation of 

pro-inflammatory, pro-fibrotic and pro-tumourigenic signalling networks is 

largely driven by the SRC/JAK/STAT3 pathway [188, 416], and can influence 

the development of the immunosuppressive tumour microenvironment that 

defines PDAC [150]. To examine whether dasatinib and ruxolitinib disrupts the 

intercellullar crosstalk that occurs within the tumour microenvironment, we 

adapted established methodology for 3D co-culture organoids (Figure 4.2.16) 

(described in methods section 2.10, based on Ohlund et al. 2017). These co-

cultures accurately recapitulate physiologically relevant aspects of pancreatic 

tumours in vitro, and have been used previously to assess pancreatic tumour 

heterogeneity [141], as well as biomarker identification and therapeutic testing 

in other cancer types [618]. Organoid co-cultures were treated for 24 or 48h 

with pre-defined concentrations of dasatinib or ruxolitinib monotherapies 

(IC10), and the dasatinib and ruxolitinib combination. Culture media 

(supernatant) was collected and analysed using multiplex cytokine arrays that 

simultaneously measures the concentration of 32 cytokines (Bio-Plex Pro™ 

Mouse Cytokine 9-plex and 23-plex assays).  

Subsequently, we applied the same approach to examine treatment-induced 

alterations in paracrine signalling within patient-derived TKCC-10 co-culture 

organoids. In this context, we used multiplex cytokine arrays that 

simultaneously measure the concentration of 77 human cytokines (Bio-Plex 

Pro™ Human Chemokine 40-plex and Human Inflammation 37-plex assays).  
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Figure 4.2.16 Schematic of co-culture organoid set-up. Organoids were 

allowed to establish over 7 days, and subsequently treated with the drug of 

interested. Supernatants were collected at 24h and 48h post treatment.  

In the KPC organoids (comprising KPC tumour cells and KPC tumour-derived 

cancer-associated fibroblasts), treatment with dasatinib significantly reduced 

secretion of 5 signalling factors (Figure 4.2.17), and these included the SRC-

promoting chemokines CCL2 [305], CCL5 (RANTES; [619]), CCL3, CCL4, 

and growth factor M-CSF. Conversely, inhibition of SRC with dasatinib led to 

increased secretion of G-CSF (negatively regulated by SRC [620]), GM-CSF, 

IL-5 and STAT3-activating cytokine IL-10. However when dasatinib was 

combined with ruxolitinib the concentration of G-CSF decreased, the 

concentration of GM-CSF and Th-2 cytokine IL-5 returned to baseline 

(vehicle-treated) levels, while the cytokine IL-10, with complex pleiotropic 

roles in immunoregulation remained significantly elevated.  

Ruxolitinib treatment significantly inhibited secretion of 19 factors examined 

including the STAT3-regulated chemokines CCL2, CCL3, CCL4, CCL5, 

CXCL1 and CXCL2. Additionally there was decreased production of 

interleukin 1 family members  IL-1α, IL-1β and IL-18, STAT3-activating 

cytokines (IL-6 and IL-9), class I cytokines IL-2, IL-3, IL-13, G-CSF, GM-CSF, 

as well as IL-17A, secreted TNF-α and growth factors M-CSF, FGF and 
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VEGF. In contrast, IL-10 was the only factor identified to be elevated following 

ruxolitinib treatment.  

Combined dasatinib and ruxolitinib treatment enforced the inhibitory effect of 

ruxolitinib on 17 secreted factors including interleukin 1 family members IL-1α 

and IL-1β, class I cytokines IL-2, IL-3, IL-6, IL-13 and G-CSF, as well as IL-

17A, CXCL2 and TNF-α. Moreover, 7/17 factors were further significantly 

reduced following dasatinib and ruxolitinib treatment when compared to either 

monotherapy alone. These included chemokines CCL2, CCL3, CCL4 and 

CCL5, as well as pro-tumourigenic growth factors FGF, M-CSF and VEGF.  

In order to elucidate the functional effects of these changes in secreted 

signalling factors following treatment with dasatinib and ruxolitinib, factors 

were grouped based on their function and are displayed in a schematic 

(Figure 4.2.18). Significant among the factors reduced by dasatinib and 

ruxolitinib were those involved in tumour-associated macrophage (TAM) 

recruitment, activation and polarisation which included CCL2, CCL3, CCL4, 

CCL5 and M-CSF [621, 622]. Moreover, CCL2/CCL5 promote Th17 and T-

regulatory cell recruitment as well as granulocyte recruitment and myeloid-

derived suppressor cell (MDSC) recruitment [159, 623]. These results suggest 

that inhibition of pro-inflammatory cytokines and chemokines by dasatinib and 

ruxolitinib aids in reversing the immunosuppressive tumour microenvironment. 

This is reinforced by the presence of IFN-γ, IL-18 and IL-12, key factors 

involved in cytotoxic T-cell recruitment [624]. In addition, CCL5 promotes 

basement membrane degradation, and this process is inhibited by IL-10 [625, 

626], a cytokine that is upregulated following treatment with dasatinib and 

ruxolitinib. This is further reinforced by the decrease in the STAT3-activating 

cytokine IL-6, in addition to IL-13 and IL-9, all of which are known to promote 

proliferation and survival, migration and metastasis of cancer cells [411, 627].  

Furthermore, dasatinib and ruxolitiinib significantly inhibited release of pro-

angiogenic factors VEGF and FGF, along with IL-3, IL-6 and IL-17A [628-

632].   
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Figure 4.2.17 Dasatinib and ruxolitinib alter cytokine profiles in KPC co-

culture organoids. Concentration of various mouse cytokines and chemokines 

present in the conditioned media of KPC co-culture organoids treated with 

vehicle, dasatinib, ruxolitinib or the combination of ruxolitinib and dasatinib for 

24 and 48 hours. Graphs highlighted in pink depict superior efficacy of the 

dasatinib and ruxolitinib combination at inhibiting mediator release into the 

medium, compared with either monotherapy alone. Data are presented as 

mean ± SEM (n=3 biological replicates, with three technical replicates per 

condition). Significance was determined using nonparametric ANOVA test 

with a Tukey multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 
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and ****p<0.0001. Das: dasatinib; Rux: ruxolitinib; Das+Rux: dasatinib and 

ruxolitinib.  

 

Figure 4.2.18 Cytokine profile schematic of KPC co-culture organoids 

following treatment with dasatinib and ruxolitinib (data summarised from figure 

4.2.17). Factors highlighted in green depict efficacy of dasatinib and ruxolitinib 

combination in inhibiting mediator release, factors highlighted in blue depict 
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superior efficacy of the combination treatment compared to either 

monotherapy alone. Black depits no change and red depicts increased 

mediator release. TAM: tumour-associated macrophage; MDSC: myeloid-

derived suppressor cell; CAF: cancer-associated fibroblast; T-reg: T-

regulatory cell. 

Subsequent analysis of cytokine profiles from the drug-treated human PDAC 

(TKCC-10) organoids revealed interesting alterations in the immunoregulatory 

signalling. Secretion of 26 human signalling factors were significantly reduced 

following dasatinib treatment (Figure 4.2.19). These included chemokines 

CCL1, CCL3, CCL21, CCL22, CCL23, CXCL2, CXCL13, CXCL16 and 

CX3CL1, STAT3-activating class I cytokines IL-6, IL-27 and GM-CSF, class II 

cytokines (IL-20, IL-28), and interleukin 1 family member IL-1β. Moreover, we 

saw decreased secretion of SRC-regulated matrix metalloproteinase MMP-2 

[633] and IL-1/SRC-induced MMP-3 [634], tumour necrosis factor superfamily 

members (TNFα and TNFS12), as well as other pro-inflammatory factors 

including IL-34, MIF, CD163 and Chi3L1.  

Ruxolitinib treatment resulted in the reduction of 34 secreted factors. These 

included numerous chemokines CCL1, CCL3, CCL7, CCL8, CCL11, CCL15, 

CCL17, CCL20, CCL21, CCL25 and CCL26, as well as CXCL2, CXCL13 and 

CXCL16. Furthermore there was decreased production of the STAT3-

activating cytokine IL-6, IL-6-associated receptors gp130 and sIL-6R, as well 

as IL-6 related cytokine IL-27. We also observed decreased concentration of 

the class I cytokine GM-CSF, class II cytokines (IFN-2, IFN-β, IL-20 and IL-

29), interleukin 1 family member IL-1β, as well as IL-34 and IL-35. Similar to 

the observed dasatinib-induced effects, inhibition of JAK1/2 led to a robust 

decrease in the secretion of tumour necrosis factor superfamily members 

TNFα and TNFSF12, matrix metalloproteinases (MMP-2, MMP-3 and in 

addition MMP-1), MIF, CD163 and Chi3L1, with associated increased 

production of the potentially immunostimulatory CCL11 (Eotaxin; [635]). 

Combination of dasatinib and ruxolitinib significantly blocked a wide range of 

pro-tumourigenic signalling factors, with robust suppression of 42 mediators. 

These significantly reduced factors included broad CC and CXC chemokines 
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(CCL1, CCL2, CCL3, CCL7, CCL8, CCL15, CCL17, CCL20, CCL21, CCL22, 

CCL23, CCL25, CCL26, CCL27, CXCL2, CXCL5, CXCL12, CXCL13,  

CXCL16, CX3CL1), STAT3-regulated IL-1β, class I cytokines (IL-2, IL-4, IL-6, 

IL-27 and GM-CSF), class II cytokines (IL-20 and IL-28), the IL-6 receptors 

gp130 and sIL-6R, as well as TNFα, TNFSF12 and the TNF-inducible factor 

Pentraxin 3, along with matrix metalloproteinases (MMP-1, MMP-2, and MMP-

3), IL-34, MIF, chi3L1, TSLP and CD163. Moreover, CCL11 was the only 

chemokine identified to be upregulated following dasatinib and ruxolitinib 

treatment.  

Further investigation into the potential functional effects of dasatinib and 

ruxolitinib treatment on paracrine signalling (Figure 4.2.20) revealed similar 

effects to those seen in the KPC organoids. The combination treatment 

resulted in a significant reduction in factors involved in tumour-associated 

macrophage (TAM) recruitment, activation and polarisation. These included 

CCL2, CCL3, CCL7, GM-CSF and IL-6 [621, 622, 636]. Moreover, myeloid-

derived suppressor cell (MDSC) recruitment factors (IL-6, MIF and CXCL2) 

[637-639], granulocyte recruitment factors (GM-CSF) [640], T-regulatory cell 

recruitment factors (CCL1 and CCL17, MIF, IL2 and IL4) [641-644], and Th17 

cell recruitment factors (IL-1 and IL-6, CCL2 and CCL20, and TNF-α) were 

decreased following treatment with dasatinib and ruxolitinib [623]. In parallel, 

release of potentially immunostimulatory factors IFN-α, IFN-β, IFN-γ, IL-10, IL-

12, IL-28 and IL-29, which are involved in cytotoxic T-cell recruitment [624], 

remained unaltered post-treatment, and was further associated with increased 

secretion of CCL11 (Eotaxin), a key factor for eosinophil-mediated anti-tumour 

responses [645, 646]. Furthermore, dasatinib and ruxolitinib combination 

therapy significantly inhibited release of pro-angiogenic factors (CCL21, 

CCL23, CCL24, CCL27, CXCL5, CXCL12, MMP-2, IL-6 and MIF) [628, 647, 

648], pro-survival factors (CCL12, CCL13, CCL17, CCL21, CCL24, CCL25, 

Pentraxin3, MIF and IL-6) [649], pro-migratory factors (CCL7, CCL8, CCL20, 

CCL25, CXCL5, CXCL13, IL-6 and MMP2) [650], as well as a decrease in 

pro-fibrotic factors, and cytokines involved in CAF-activation and extracellular 

matrix remodelling including IL-1β, IL-6 and TNF-α [141, 479, 651].  
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Taken together, these data suggest that inhibition of the SRC/JAK/STAT3 

networks may alter the dynamics of intercellular communication that occurs 

within the pancreatic tumour microenvironment and can modulate pro-

inflammatory, pro-fibrotic and pro-tumourigenic cross-talk that has been 

shown to promote cancer progression and immunosuppression in PDAC. 
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Figure 4.2.19 >>> 
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>>> Figure 4.2.19 Dasatinib and ruxolitinib alter cytokine profiles in TKCC-10 

co-culture organoids. Concentration of various human cytokines and 

chemokines present in the conditioned media of TKCC-10 co-culture 

organoids treated with vehicle, dasatinib, ruxolitinib or the combination of 

ruxolitinib and dasatinib for 24 and 48 hours. Graphs highlighted in pink depict 

superior efficacy of the dasatinib and ruxolitinib combination at inhibiting 

mediator release into the medium, compared with either monotherapy alone. 

Data are presented as mean ± SEM (n=3 biological replicates, with three 

technical replicates per condition). Significance was determined using 

nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; Rux: 

ruxolitinib; Das+Rux: dasatinib and ruxolitinib.  
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Figure 4.2.20 Cytokine profile schematic of TKCC-10 co-culture organoids 

following treatment with dasatinib and ruxolitinib (data summarised from figure 

4.2.19). Factors highlighted in green depict efficacy of dasatinib and ruxolitinib 

combination in inhibiting mediator release, factors highlighted in blue depict 

superior efficacy of the combination treatment compared to either 

monotherapy alone. Black depits no change and red depicts increased 

mediator release. TAM: tumour-associated macrophage; MDSC: myeloid-

derived suppressor cell; CAF: cancer-associated fibroblast; T-reg: T-

regulatory cell. 
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4.2.4 Identifying transcriptional signatures associated with 
dasatinib and ruxolitinib treatment in three-dimensional co-
culture organoids 

4.2.4.1 Characterising the cellular composition of KPC co-
culture organoids using single-cell transcriptomics 

In order to further understand the molecular mechanisms underlying the 

efficacy of dasatinib, ruxolitinib and combination therapy on various cell 

populations in 3D culture, highly efficient and massively-parallel single cell 

RNA-sequencing was performed. KPC co-culture organoids were treated with 

dasatinib and ruxolitinib monotherapies and in combination, at a pre-

determined non-toxic (IC10) concentration for 24h. Organoids were then 

dissociated into a single-cell suspension and captured using 10x Chromium 

technology. Single-cell RNA sequencing profiles were generated using 

NovaSeq for 5000 cells per treatment group.  

Principal component analysis (PCA) was performed using highly variable 

genes with significant components (1 to 16) selected via heatmaps and elbow 

plot (Appendix E), where the majority of the total variation of the system was 

defined by the first 16 principal components (PCs). These top 16 PCs were 

used to model the cellular composition of organoids using UMAP (uniform 

manifold approximation and projection for dimension reduction) [652]. The 

UMAP algorithm was utilised to convert high dimensionality of transcriptomics 

in single cells to two-dimensional space for data visualisation of each sample 

(Appendix F). From this analysis, 6 clusters were identified at resolution 0.1 

(Appendix G: cluster tree), and these clusters show distinct spatial 

distribution. Low quality, doublets or dying cells were excluded (as defined as 

<500 genes per cell, >8500 genes per cell, less than 3 cells per gene and 

>12.5% mitochondrial counts) (Appendix H and Appendix I), and when 

individual sample quality was compared between treatment groups, there was 

no significant difference. Next, data from each sample were combined, and 

integrated UMAP analysis was performed (Figure 4.2.21A). To compare how 

well the biological replicates overlayed we performed a correlation analysis 

(Appendix J), and from this analysis one replicate (dasatinib–treated) was 
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removed due to poor correlation. All remaining replicates displayed a high 

level of correlation (correlation values >0.97), and hence were suitable for 

further analyses. Moreover, cells from biological replicates contributed to all 

cell clusters (Figure 4.2.21B), confirming that the defined principle 

components weren’t driven by technical batch effects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  
	  

190 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.21 (A) Integrated UMAP plot of KPC co-culture organoids 

displaying 28355 cells comprising 6 distinct cell populations. (B) UMAP plot of 

individual replicates reveals no treatment bias within clusters.   
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To define the identity of individual cell clusters we first inferred large-scale 

chromosomal copy-number variations (CNVs) in each single cell based on 

average expression profiles along chromosomal intervals (Figure 4.2.22). 

These inferred CNVs separated malignant cells (clusters 0, 1, 3 and 4) from 

non-malignant cells with normal karyotypes (clusters 2 and 5). Secondly, we 

employed an epithelial score, generated from the expression of key epithelial 

marker genes (Krt8, Krt18, and Krt19) (Figure 4.2.23). This analysis has 

classified our cells into two major classes: malignant epithelial cells (clusters 

0, 1, 3 and 4) and non-epithelial stromal cells or fibroblasts (clusters 2 and 5), 

with the majority of cells being defined as epithelial (84.4%). Importantly we 

showed significant concordance between cells with epithelial marker 

expression and aberrant karyotypes.   

To further classify the malignant epithelial cells we annotated clusters by the 

expression of key marker genes previously identified by Tuveson et al. [145], 

(Figure 4.2.23). We identified genes belonging to ductal cluster 2 (Bax, Hbegf, 

Cd81, Ctsd) expressed specifically in cluster 0. Genes belonging to ductal 

cluster 3 (S100a4, Krt8 and Ecm1) were expressed specifically in cluster 1. 

Moreover cluster 3 contained genes that matched to ductal cluster 1 

(Tsc22d1, Socs2, Slc16a3, Msmo1, Ldha, Lgfbp3, ler3, Id2, Dusp5, Btc, Areg, 

Aldh1a3, Cadm1, Cd44 and Gatm). Lastly, cluster 4 contained genes that 

matched with ductal cluster 4 including Tff1, Tff2, Spint2, S100a6, Ociad2, 

Muc1 and Lgals4.  

We also examined the 4 malignant epithelial clusters for marker genes of the 

classical and quasi-mesenchymal PDAC subtypes described by Collisson et 

al. [7]. Cluster 4 expressed genes belonging to the classical subtype of human 

PDAC (GPX2, LGALS4, TSPAN8, TFF1 and TFF2), characterised by intrinsic 

gemcitabine resistance. Accordingly, Muc1 and Fbp2, key chemoresistance-

associated genes, were also identified in this cluster [7]. Moreover, genes that 

characterise the quasi-mesenchymal phenotype, a phenotype associated with 

poorer survival, were identifiable in cancer clusters 0, 1 and 3 (Ahnak2, Cav1, 

Cks2, Fermt1 and Phlda1). These clusters also comprised genes associated 

with cell-cycle regulation and proliferation (Cks1b, Cks2, Cdk6, Ccna2, Birc5) 
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[653], as well as cell motility and invasion (Ecm1, Hspb1, Lbp) [654-656], 

further reinforcing the aggressive nature of this subtype.  

Lastly, we compared clusters with marker genes from the 4 PDAC subtypes 

described by Bailey et al. (squamous, ADEX, progenitor and immunogenic 

subtypes) [3]. Cluster 0 comprised characteristic squamous subtype genes, 

including those associated with cell proliferation (Aurka, Aurkb, Cdca8, Birc5, 

Cenpa, Nsun2, Racgap1, Smc2, Smc4, Ccna2, Rfc3, Rfc2) [657]. Moreover, 

cluster 0 also comprised genes associated with RNA processing (Ncl, Cks1b 

and Ruvbl2), another defining characteristic of the squamous subtype. In 

contrast, cluster 4 comprised genes associated with xenobiotic metabolism 

(Gsta1, Mgst3) and O-linked glycosylation of mucins (Gcnt3, Muc5ac and 

Muc1), key features of the progenitor subtype.  
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Figure 4.2.22 Cells are classified as malignant and non-malignant based on 

CNVs. (A)  Heatmap shows large-scale CNVs for individual cells (rows) along 

the genome, separated by chromosomal position (columns). Brown= copy 

number gain, Blue= copy number loss. UMAP plots with cells coloured based 

on the amplification (red) of chromosome 13 (B) and chromosome 12 (C).  
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Figure 4.2.23 Cells are classified as epithelial and non-epithelial based on 

epithelial marker expression. (A) Heatmap showing expression of epithelial 

marker genes (Krt8, Krt18 and Krt19) across 28355 single cells (columns), 

sorted by the average expression of each gene. (B) Violin plot showing 

distributions of epithelial scores (average expression of epithelial markers 

genes) for cells in each cluster. (C) UMAP visualisation of mean epithelial 

score. (D) Integrated UMAP plot annotated with two different cell types based 

on epithelial score.  
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Figure 4.2.24 Single cell profiling heatmap of epithelial cancer clusters 

(clusters 0,1,3,4) displaying top differentially expressed genes between each 

population. Gene names are listed in the boxes, with genes highlighted in 

purple indicating marker genes of ductal clusters previously identified by 

Elyada and Tuveson et al. [145], and Ohlund and Tuveson et al. [141]. Each 

column represents an individual cell and each row displays the gene 

expression value for an individual gene.  
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The non-epithelial, stromal cells partitioned into 2 distinct clusters (clusters 2 

and 5), and these were annotated with key marker genes previously identified 

by Tuveson et al. to define distinct cancer-associated fibroblast (CAF) 

populations [145, 147] (Figure 4.2.25). Cluster 5 expressed genes specifically 

associated with inflammatory CAFs (iCAFs) (S100a8, Gpr84, AdamtsI5, 

Apoe, Ccl7, Ifi27l2a), characterised by their pro-inflammatory and immuno-

suppressive phenotype. Whereas cluster 2 expressed genes specifically 

associated with myofibroblasts (myCAFs) (Acta2, Col15a1, Col1a1, Serpine2, 

Sparc, Tagln, Thbs2 and Tnc), characterised by their ability to produce 

extracellular matrix proteins [145, 147]. Furthermore we have identified novel 

unique genes that define clusters 2 and 5. Cluster 5 comprised several genes 

invovled in chemokine signalling (Ccl2, Ccl3, Ccl4, Ccl6, Ccl9, Ccl12, and 

Rac2), and cluster 2 comprised additional extracellular matrix genes (Mmp3, 

Fn1, Dcn, Bgn, Col1a2, Col6a1, Fbln2 and Ccdc80). We were unable to 

identify the third CAF population previously described by Tuveson et al. 

(antigen-presenting CAFs; apCAFs) [145, 147]. Antigen-presenting CAFs 

(apCAFs) are another dynamic cell state that can differentiate into myCAFs 

under different environmental cues, therefore limiting their presence to 

particular environmental conditions. This may explain our inability to identify 

this apCAF population in organoid cultures.   
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Figure 4.2.25 Single cell profiling heatmap of non-epithelial fibroblast clusters 

(clusters 2 and 5) displaying top differentially expressed genes between each 

population. Gene names are listed in the boxes, with genes highlighted in 

purple indicating marker genes of CAF clusters previously identified by Elyada 

and Tuveson et al. [145], and Ohlund and Tuveson et al. [141]. Each column 

represents an individual cell and each row displays the gene expression value 

for an individual gene. 
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4.2.4.2 Identifying molecular mechanisms associated with 
dasatinib and ruxolitinib treatment in KPC organoids using 
single cell transcriptomics.  

To understand the mechanisms associated with dasatinib and ruxolitinib 

treatment on various cell populations in KPC organoids, we examined 

differential gene expression (DEG) patterns in each cluster following 

treatment with dasatinib, ruxolitinib, and the combination of dasatinib and 

ruxolitinib (Tables 4.2.1-4.2.3). Pathway enrichment analysis based on Gene 

Ontology (GO) was also performed to identify enriched gene signatures 

(Figures 4.2.26 - 4.2.28).   

Dasatinib treatment resulted in the downregulation of key SRC-regulated 

genes and SRC downstream targets (Atp1a1 in QM-PDA/squamous-like 

cluster 0; Cxcl12, Sdc2, Timp1 and Anxa2 in ECM-producing myCAF cluster 

2) (Table 4.2.1), known for their role in promoting cancer cell survival, 

migration and invasion [658-663]. SRC is also known to facilitate cell cycle 

progression and cellular proliferation [664], and inhibition of SRC resulted in 

the downregulation of key cell cycle regulators including Ccnd1 (cluster 3) 

[665], Id1 and Id3 (cluster 1) [666], Ube2s, Ranbp1 and Cks1b (cluster 2) 

[667-669], as well as Ccl2 (cluster 5) [670]. These findings are strengthened 

by the gene ontology (GO) analyses that revealed enrichment of signatures 

associated with protein synthesis and cellular metabolism (Figure 4.2.26), key 

processes involved in the cellular proliferation and survival of cancer cells 

[671, 672]. Moreover, we also observed that SRC-inhibition modulates 

characteristic myCAF genes (cluster 2), including Col1a2 and Col3a1, major 

ECM proteins that contribute to the fibrotic tumour microenvironment of PDAC 

[114, 673]. In addition, SRC kinase targeting decreased expression of 

characteristic iCAF genes (Ccl2, Ccl3 and Ccl4) in the stromal cluster 5, 

involved in the recruitment and activation of immunosuppressive cell 

populations, including tumour-associated macrophages, myeloid-derived 

suppressor cells and regulatory T cells [159, 623, 674].  
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Table 4.2.1 Top downregulated and upregulated genes in KPC co-culture 

organoids following treatment with dasatinib.  
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Figure 4.2.26 Gene ontology (GO) analysis for KPC organoids showing enriched pathways following treatment with dasatinib.  
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JAK1/2 inhibition via ruxolitinib treatment resulted in the downregulation of key 

pro-tumourigenic STAT3-target genes known to regulate cancer cell 

migration, invasion and metastasis including Tubb6 (QM-PDA-like cancer 

clusters 0 and 3), Anxa2 (clusters 0 and 1) and Ccl20 (cluster 1) [675-678], as 

well as Lcn2 (all clusters) (Table 4.2.2). Importantly Lcn2 is frequently 

overexpressed in cancer, and is associated with increased pancreatic tumour 

cell invasion as well as gemcitabine resistance [479, 679]. Furthermore, 

STAT3 activation has previously been shown to prevent apoptosis of 

pancreatic cancer cells [680], accordingly we have shown that ruxolitinib 

treatment downregulates important negative regulators of apoptosis including 

Clu (cancer clusters 0, 1 and stromal cluster 2) [681] and Spp1 (clusters 2 and 

3) [682], findings that are supported by the GO analyses (cluster 2) (Figure 

4.2.27C). Analagous to that of dasatinib treatment, ruxolitinib treatment 

resulted in the modulation of characteristic myCAF genes involved in 

extracellular matrix organisation (Sdc1 and Spp1; cluster 2) [683-685], as well 

as distinctive iCAF genes that promote an immunosuppressive tumour 

microenvironment, including various tumour-promoting chemokines (Ccl2, 

Ccl3, Ccl4, Ccl6, Ccl7, Ccl9, Ccl12; cluster 5) involved in tumour-associated 

macrophage chemotaxis and activation [159, 623, 674, 686]. Additionally, we 

observed modulation of Cxcl1 (stromal cluster 2), a STAT3-activating 

paracrine signalling factor that regulates tumour-stromal interactions and 

enhances the motility and invasive potential of cancer cells [687], as well as 

several genes associated with the activation and accumulation of CAFs 

(Saa3, Timp1 and Sod2; cluster 2) [688-690], suggesting that JAK inhibition 

impedes the recruitment and differentiation of CAFs as well as their 

phenotype.  

 

 

 

 

 



	  
	  

202 

Table 4.2.2 Top downregulated and upregulated genes in KPC co-culture 

organoids following treatment with ruxolitinib.   
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Figure 4.2.27 Gene ontology (GO) analysis for KPC organoids showing enriched pathways following treatment with ruxolitinib.  
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Examination of transcriptomic signatures following treatment with the 

combination of dasatinib and ruxolitinib (Table 4.2.3) revealed an 

amalgamation of both SRC- and STAT3-mediated effects. These included the 

downregulation of the STAT3-target gene Lcn2 (QM-PDA-like clusters 0, 1 

and 3, and stromal ‘myCAF’ cluster 2), the STAT3-activating gene Cxcl1 

(cluster 2), as well as the SRC-target gene Timp1 (cluster 2); genes with 

previously described pro-tumourigenic functions. Furthermore we observed 

enhanced inhibitory effects on cell cycle regulatory genes across the tumour 

(Cdk6, cluster 0; Cks1b, cluster 1; Mif, cluster 4) and stromal subpopulations 

(Mif, cluster 2; Ccnd1, cluster 5) [669, 691, 692] as well as genes associated 

with cancer cell proliferation and survival (Lyar, cluster 0; Phgdh, cluster 3; 

Hdgf, cluster 0, 3 and 4; Mmp12, Id1; iCAF stromal cluster 5) [693-697]. 

Moreover, we observed inhibitory effects on genes associated with the 

negative regulation of apoptosis (Clu, Sod2; myCAF stromal cluster 2) [681, 

698], as well as key genes involved in the chemoresistance and metastasis of 

PDAC (Tuba1a and Tubb6; cancer cluster 3) [699]. Furthermore, dasatinib 

and ruxolitinib treatment modulated the extracellular matrix-associated genes 

Mmp3 and Timp1 in the myCAFs (cluster 2) [700], as well as typical iCAF 

genes previously described for their role in the recruitment and activation of 

immunosuppressive cell populations, (Ccl2, Ccl3, Ccl4, Ccl6, Ccl7, Ccl9, 

Ccl12; iCAF stromal cluster 5) [686, 701]. Interestingly, only the combination 

of dasatinib and ruxolitinib treatment resulted in the upregulation of genes 

associated with the positive regulation of T-cell mediated cytotoxicity (H2-K1 

and H2-D1; iCAF stromal cluster 5), (B2m, H2-D1 and Ifngr2; “classical”-type 

cancer cluster 4) [702-704]. This finding is reinforced by the accompanied 

enrichment of gene signatures associated with antigen processing and 

presentation, as well as immune cell migration (Figure 4.2.28E+F). These 

results suggest that this therapeutic strategy may alter the expression of 

specific immunomodulatory genes in subpopulations of CAFs and cancer 

cells, which with associated changes in cytokine signalling (as presented in 

section 4.2.3), may collectively alter the immunosuppressive tumour 

microenvironment that defines PDAC.    
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To further assess the molecular mechanisms specifically associated with the 

synergy between dasatinib and ruxolitinib we also examined the DEGs in 

each cluster that were unique to the combination treatment, and were not 

identified in any other treatment group (Figure 4.2.29). From this analysis we 

have identified 162 unique DEGs for cluster 0, 170 unique DEGs for cluster 1, 

366 DEGs for cluster 2, 243 DEGs for cluster 3, 72 DEGs for cluster 4, and 

264 DEGs for cluster 5. Of particular interest, we have identified the 

downregulation of several SRC/JAK/STAT3-regulated genes associated with 

cell cycle regulation in QM-PDA-like clusters (Cdk6, Cks1b, Rdx, Npm1, 

Gnb2l1; cluster 0), (Cdk4, Bin1, Sox4; cluster 3), and stromal clusters (Cdk4, 

Hras, Birc5, Ube2c; myCAF stromal cluster 2), (Ube2s, Anp32b, Calm3, 

Calm1, Ccnd2, Cdk6; iCAF stromal cluster 5) [691, 705-707]. Moreover, we 

have shown that dasatinib and ruxolitinib treatment modulates genes involved 

in antigen processing and presentation (Tapbp, H2-T23, H2-D1 and B2m; 

“classical”-type cancer cluster 4) [702-704], and lymphocyte activation (Itgam, 

Treml2, Lcp1, Rhoh and Lgals1; iCAF stromal cluster 5) [708-710], further 

reinforcing the immunoregulatory mechanisms of this treatment combination. 

Furthermore, we have identified the downregulation of genes involved in RNA 

translation and protein synthesis in QM-PDA-like clusters (Rpl12, Rpl7, Rpl8, 

Rps20 and Eif5 in cancer cluster 0; Rpl5, Rpl13a, Rps3, Rpl12 in cancer 

cluster 1)  [711, 712], a key process involved in the pathogenesis of cancer 

[671]. Moreover we observed upregulation of genes associated with stress 

response (Cd9, B2m, Tapbp, Gstp1, Dusp1, Glul; “classical” cancer cluster 4) 

[713-715], and glutathione metabolism (Gsta1, Gstm1, Gsta4; QM-PDA-like 

clusters 0, 1 and 3), key processes involved in the detoxification of 

carcinogens as well as the modulation of T-cell functions including cytotoxic 

T-cell activation [716, 717].  

Taken together, our single cell transcriptomic analysis of KPC organoid 

cultures following treatment with dasatinib and ruxolitinib has revealed 

modulation of complex gene networks regulated by both SRC and 

JAK/STAT3 signalling, and associated negative regulation of select pro-

tumourigenic, pro-survival cues in distinct cancer and stromal cell 

subpopulations. Moreover, we have shown specific effects of the proposed 



	  
	  

206 

combination therapy on genes that are key determinants of specific CAF 

phenotypes, thus potentially playing a role in reprogramming of CAF 

subtypes, findings that are in agreement with our previously observed effects 

on reduced extracellular matrix production and remodelling (section 4.2.1), as 

well as alterations in immunomodulatory signalling (section 4.2.3). 
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Table 4.2.3 Top downregulated and upregulated genes in KPC co-culture 

organoids following treatment with dasatinib and ruxolitinib.   
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Figure 4.2.28 Gene ontology (GO) analysis for KPC organoids following treatment with dasatinib + ruxolitinib.
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Figure 4.2.29 Venn diagrams displaying the number of differentially 

expressed genes following treatment with dasatinib (DAS), ruxolitinib (RUX), 

dasatinib and ruxolitinib (DASRUX) in each cluster.  
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4.3 Discussion 

The pancreatic tumour microenvironment is a complex system comprising 

heterogeneous cellular populations as well as significant desmoplasia. The 

mechanical and biochemical properties of the extracellular matrix, along with 

dynamic paracrine signalling directly influences cell behaviour, and 

consequently leads to tumour progression and impaired response to 

chemotherapy [119, 201, 202, 205]. The SRC/JAK/STAT3 pathway has been 

previously shown to play a role in this process by promoting fibrosis and 

increasing tissue tension [321], and by regulating the intercellular crosstalk 

that occurs between cancer cells and stromal cells [114]. Hence, targeting this 

pathway has significant potential to prevent PDAC disease progression and 

improve chemotherapeutic efficacy. The aim of the work described in this 

chapter was therefore to assess the effects of dasatinib and ruxolitinib on the 

(i) physical properties of the extracellular matrix, (ii) cancer cell invasion and 

(iii) intercellular crosstalk, as well as to identify transcriptional changes 

associated with dasatinib and ruxolitinib treatment in cancer cell and stromal 

cell populations in a 3D co-culture setting. In comparison with 2D in vitro 

assays, the 3D organotypic assays [83, 149, 604, 605, 612], and organoid co-

cultures [141, 718] utilised in this chapter, are robust models which better 

recapitulate the biochemical and physical properties of the extracellular matrix 

and the cellular interactions that occur within PDAC tumours.   

We have established that ruxolitinib treatment impairs the ability of fibroblasts 

to engage with the surrounding matrix, decreases fibrillar collagen I 

abundance, and promotes a highly disorganised extracellular matrix network. 

Moreover, our study is the first to demonstrate that inhibition of the 

extracellular matrix ultrastructure appears to be a JAK1-dependent 

mechanism, and that combined JAK1/2 inhibition is most effective at 

disrupting extracellular matrix integrity compared to JAK1, JAK2 and JAK3 

inhibition alone. We do however acknowledge that some off-target activity 

may have contributed to this effect. These results are consistent with previous 

findings where genetic disruption of STAT3 was shown to reduce fibosis in 

PDAC [122, 321], and specific JAK2-inhibition via AZD1480 was ineffective 

[443]. Importantly we have shown that JAK1/2 inhibition can manipulate the 
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extracellular matrix without significantly altering fibroblast proliferation, 

therefore avoiding the potential adverse effects of stromal targeting as 

described by Ozdemir et al. [538].  

Extracellular matrix deposition, fibrosis and paracrine signalling networks play 

an important role in regulating the phenotype of pancreatic cancer cells. 

Moreover, SRC and STAT3 downstream signalling pathways control cell 

motility and invasion via regulation of the actin cytoskeleton [719, 720], as well 

as regulate cell-extracellular matrix interactions, and can promote the 

transmission of pro-survival and pro-proliferative signals [180, 721]. By using 

three-dimensional organotypic assays, we have demonstrated that targeting 

the SRC/JAK/STAT3 signalling pathway can significantly inhibit the invasive 

potential of ‘P53 mutant’, ‘phospho-STAT3-high’ pancreatic cancer cell lines. 

Although it has been previously shown that inhibition of SRC can reduce the 

migratory and invasive capacity of pancreatic cancer cells [177], JAK 

inhibition has never been assessed in three-dimensional models of pancreatic 

cancer. Moreover, we are the first to demonstrate that the combination of 

dasatinib and ruxolitinib has a synergistic effect, that is associated with 

decreased cellular proliferation, and that JAK1/2 inhibition with ruxolitinib is 

superior at inhibiting invasive potential when compared to more selective JAK 

inhibitors. However, we acknowledge that diverse selectivity of these 

compounds (ie. SRC, ABL and c-MET targeting) may also contribute to the 

demonstrated activity.  

From identifying different cellular populations in KPC organoids we were then 

able to examine the mechanisms associated with dasatinib and ruxolitinib 

treatment. We have shown that this therapeutic strategy downregulates 

downstream pro-tumourigenic, pro-survival targets such as Lcn2. Lipocalin-2 

(Lcn2) is a STAT3-target gene specifically downregulated in cancer clusters 0, 

1 and 3, which share a number of genes with the previously characterised, 

poor prognosis QM-PDA subtype [7]. Lcn2 has previously been shown to 

enhance metastasis via MMP-9 regulation [722], promote cell survival [723], 

increase migration and invasion of gastric and oesophageal cancers [724], as 

well as prevent apoptosis [725]. Moreover, in PDAC Lipocalin-2 is 

overexpressed and associated with key characteristics of the aggressive QM-
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PDA subtype, including increased proliferation and invasion. Lipocalin-2 is 

also associated with gemcitabine resistance [679], and is a critical regulator of 

energy metabolism and glucose homeostasis [726], key ontologies identified 

in our analyses. Importantly, constitutively active STAT3 is a master regulator 

of cellular metabolism and can induce aerobic glycolysis and downregulate 

mitochondrial activity, protecting cancer cells from apoptosis and making them 

highly sensitive to glucose deprivation [727, 728]. In line with this, we have 

demonstrated an effect of dasatinib and ruxolitinib on key metabolic gene 

signatures in QM-PDA-like cancer clusters, including upregulation of Dusp1, 

known to increase cancer cell susceptibility to oxidative damage leading to 

cell death [715]. Moreover, we observed elevated expression of genes 

associated with glutathione metabolism (Gsta1, Gstm1, Gsta4; clusters 0, 1 

and 3), a metabolic process involved in the detoxification of carcinogens as 

well as the modulation of the immune response via cytotoxic T-cell activation 

[716, 717].  

The SRC/JAK/STAT3 pathway is also known to control cancer pathogenesis 

by regulating cell cycle progression and proliferation [664], as well as prevent 

apoptosis [680], and we have demonstrated that dasatinib and ruxolitinib 

downregulate these pathways in QM-PDA-like cancer clusters. More 

specifically, we identified inhibition of cell cycle regulators including cyclins 

and cyclin-dependent kinases (Cdk4, Cdk6, Cks1b; cluster 0 and 3) [705], as 

well as negative regulators of apoptosis, osteopontin (cluster 3) [682], and 

clusterin (clusters 0 and 1) [681]. In line with this, we have demonstrated that 

in QM-PDA-like cancer cells (clusters 0 and 1), dasatinib and ruxolitinib 

effectively downregulated expression of genes associated with protein 

synthesis, including eukaryotic initiating factors (eIF) and ribosomal proteins 

(Rps). Protein initiation factors such as eIF4E control ribosome recruitment at 

the mRNA 5’ end, and inhibition via STAT3 can decrease eIF4E binding to 7-

methyl-guanosine-triphosphate, therefore preventing ribosome binding and 

mRNA translation, an essential process required for the survival and growth of 

cancer cells [729]. JAK inhibition has previously been shown to inhibit protein 

synthesis of Gp130 specifically, therefore desensitizing cellular response to 

the cytokine IL-6 by reducing the amount of signal transducing receptor for IL-
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6, and in turn deactivating downstream STAT3 signalling [730]. Further, JAK 

inhibition can induce phosphorylation of eIF-2a by promoting ER stress, 

thereby preventing eIF-2a from initiating protein translation [730]. Taken 

together, these findings demonstrate the ability of this therapeutic strategy to 

target tumour cells characterised as QM-PDA, and reveal the potential to 

improve prognosis and survival rates for patients diagnosed with this PDAC 

subtype.  

The previously characterised “classical” gemcitabine-resistant PDAC subtype 

[7] is also represented in our KPC organoids, with a number of genes being 

shared with cancer cluster 4. In this cluster we observed elevated expression 

of key genes involved in antigen processing and presentation (Table 4.2.3 

and Figure 4.2.28; β2-m, H2-D1, Tapbp, H2-T23), post-treatment with 

dasatinib and ruxolitinib. Upregulation of these MHC-I class molecules in 

tumour cells has been previously shown to promote recruitment of CD8+ 

(cytotoxic) T cells to the microenvironment [731], and along with other 

components involved in immunosurveillance (Ifngr2), may potentially help 

stimulate anti-tumour immunity.  

Recent evidence also suggests that cancer-associated fibroblasts (CAFs) are 

a heterogeneous population, and can be separated into many subtypes. The 

inflammatory CAFs (iCAFs) and the myofibroblasts (myCAFs) are two 

reversible, and mutually exclusive subtypes [141]. The iCAF population 

express inflammatory markers including IL-6, and their formation is dependent 

on IL-1 secretion which induces LIF expression and JAK/STAT activation 

[141, 147]. In contrast, myCAFs are a population that express myofibroblast 

markers such as α-smooth muscle actin, and fibroblast activation protein 

(FAP), and are associated with extensive extracellular matrix deposition [141, 

147]. TGF-β antagonizes IL-1 activity and JAK/STAT signalling to promote 

differentiation of iCAFs into myCAFs [141, 147]. Antigen-presenting CAFs 

(apCAFs), are another recent population defined by their expression of MHCII 

molecules, and their ability to present a model antigen to CD4+ T cells [145]. 

ApCAFs lack the costimulatory molecules to induce T-cell proliferation, so it is 

hypothesised that MHCII acts as a decoy receptor and deactivates CD4+ T 

cells by potentially inducing regulatory T cell differentiation, thereby 
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restraining antitumour immunity. From our single cell transcriptomic analyses 

of KPC organoids we have identified two of these CAF subtypes the iCAFs 

(cluster 5) and myCAFs (cluster 2) based on their expression of key marker 

genes defined by Elyada and Tuveson et al. [145], however we were unable 

to isolate apCAFs potentially due to the environmental conditions in which the 

organoids were cultured. Our assessment of the differentially expressed 

genes in CAF populations following dasatinib and ruxolitinib treatment 

revealed significant downregulation of characteristic myCAF genes, including 

extracellular matrix-associated genes including collagens (Col1a2 and 

Col3a1) and matrix metalloproteinases (Mmp3, Timp1) that help create the 

desmoplastic microenvironment that promotes the survival and proliferation of 

pancreatic cancer cells [732, 733]. Moreover, we have shown specific 

modulation of typical iCAF genes, including chemokines (Ccl2, Ccl3, Ccl4),  

associated with the infiltration and activation of immune cells responsible for 

promoting the immunosuppressive tumour microenvironment that defines 

PDAC [145, 734]. Moreover, the considerable upregulation (~12.5 fold) of 

Apoe mRNA levels observed in the iCAF population (stromal cluster 5), has 

previously been associated with induction of apoptosis and increased 

caspase-3 activity in fibroblasts [735], further accompanied by increased 

levels of pro-apoptotic Itm2b [736], senescence-inducing Ypel3 [737] and 

acute stress response gene Saa3.  

The SRC/JAK/STAT3 pathway drives complex intercellular signalling 

cascades that occur between different cellular populations within tumours and 

alter their behaviour. These signalling cascades lead to the proliferation and 

survival of tumour cells, the activation of stromal cells, as well as the 

recruitment, expansion and activation of various immune cells [153, 416]. IL-6 

(through its receptor Gp130), can directly and indirectly (via soluble IL-6R) 

[411, 430, 431] act on tumour cells by inducing expression of STAT3 and its 

target genes including those involved in tumour proliferation and survival [411, 

627], as well as neovascularisation and angiogenesis [738]. We have 

demonstrated that dasatinib and ruxolitinib treatment can reduce the 

production of IL-6, Gp130 and sIL-6R, as well as several other pro-

proliferative and pro-survival factors, including IL-9 [739] IL-13 [740], CCL21 
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[741], CCL24 [742], CXCL13 [743] and Pentraxin 3 [744]. Moreover, we have 

identified a reduction in CCL25 production following dasatinib and ruxolitinib, 

which is supported by prior studies in metastatic melanoma [745], and breast 

cancer [746], where reduced CCL25 production was observed following 

downregulation of the integrin signalling pathway. Furthermore we see 

decreased production of CXCL12, a multifaceted chemokine that not only acts 

on cancer cells to promote tumour growth but also acts on endothelial cells to 

promote angiogenesis [747]. 

Angiogenesis is an important event in pancreatic tumour growth and 

metastasis and is highlighted by poor vasculature and dense stroma. Vascular 

endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs) are 

key regulators that stimulate blood vessel growth, extracellular matrix 

degradation, and endothelial cell migration resulting in angiogenesis [628]. 

Tumour cells secrete pro-angiogenic factors including MMP-2, TWEAK, FGF, 

IL-3, IL-6 and IL-17 [628-631], that act by potentiating VEGF expression and 

activity, resulting in increased blood vessel formation that leads to metastasis 

and a poorer prognosis in PDAC patients [632, 647, 748-750]. Several other 

chemokines have also been shown to promote angiogenesis including CCL23 

(via enhanced expression of MMP-2) [647], CXCL12 [751], CCL24 [752], 

CXCL5 [753], CCL21 [754]. Importantly the upregulation of VEGF via these 

various pro-angiogenic factors is largely STAT3-mediated, and it has been 

previously demonstrated that targeting STAT3 in models of gastric cancer 

may inhibit angiogenesis [631].  Consistent with this, we have demonstrated 

that combined dasatinib and ruxolitinib treatment is effective at decreasing 

production of these pro-angiogenic factors. Moreover, interferon-α and IL-10 

have anti-angiogenic activity due to their ability to inhibit VEGF and MMP2, 

respectively. We have also shown that dasatinib and ruxolitinib increased 

production of IL-10 in the KPC organoid model, while IL-10 remained 

unchanged in the TKCC-10 organoid model. In addition, the interferons 

remained unchanged in both organoid models following treatment, suggesting 

that combined dasatinib and ruxolitinib treatment restores the balance 

between pro- and anti-angiogenic signals, and has the potential to restrain the 
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formation of aberrant blood vessels, tumour cell circulation, 

neovascularisation and metastasis [628]. 

As mentioned previously, transformation of the pancreatic tumour 

microenvironment is largely a result of activation of pancreatic stellate cells 

(PSCs) into cancer associated fibroblasts (CAFs), which then perpetuate their 

activation state via autocrine signalling networks that involve IL-1, IL-6,  and 

FGF,  following which they acquire proliferative capabilities and upregulate the 

production of matrix metalloproteinases (MMPs), as well as extracellular 

matrix proteins [160]. This leads to increased basement membrane 

degradation and cancer cell migration as well as extensive extracellular matrix 

production and remodelling [755]. Our results demonstrate that combined 

dasatinib and ruxolitinib treatment can effectively reduce the signalling 

associated with PSC activation, as well as the resultant autocrine signalling 

that promotes extracellular matrix production and remodelling (via decreased 

production of IL-1, IL-6, TNF-α and FGF). Moreover we have shown that this 

treatment combination can decrease production of factors associated with 

basement membrane degradation and the subsequent promotion of cancer 

cell invasion and metastasis including MMP-1, MMP-2 and MMP-3 [756] and 

chemokines including CXCL13 [757], CCL25 [745], CXCL5 [758], CCL20 

[759] and CCL7 [760]. 

Macrophages are the dominant leukocyte population in human PDAC and 

autochthonous models [761], and they infiltrate both pre-invasive pancreatic 

tumour lesions and invasive pancreatic cancer [160]. Tumour-associated 

macrophages (TAMs) promote tumour growth not only via inhibition of 

immunity but also via induction of angiogenesis, remodelling of the 

extracellular matrix and stimulation of cancer cell proliferation [762]. 

Moreover, the increased presence of TAMs is a hallmark of developing 

chemoresistance and correlates with poor clinical outcomes [763, 764]. 

Treatment of KPC co-culture organoids with the combination of dasatinib and 

ruxolitinib downregulated several pro-inflammatory chemokines involved in 

macrophage recruitment and polarisation including CCL2, CCL3, CCL4 and 

CCL5. The relationship between these chemokines is complex, and involves a 

mechanism called ‘chemokine-induced chemokine secretion’, where CCL5 
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increases the secretion of CCL2, resulting in the recruitment of TAMs to the 

tumour, as well as CD11b+Gr1+ monocytes (myeloid derived suppressor 

cells), where they then differentiate into tumour-associated macrophages 

(TAMs) [621]. Moreover, CCL3 signalling enhances and stabilises the 

interaction between cancer cells and TAMs, partly through integrin binding to 

VCAM1 which is expressed on the tumour cell surface [765], resulting in the 

retention of TAMs that further promote the metastatic spread of cancer cells 

through conferring survival signals [621]. Consistent with our observations, 

CCL2 inhibition has previously been shown to reduce the accumulation of 

TAMs in breast cancer [621]. Furthermore, we also observed a significant 

decrease in the production of M-CSF, a key factor involved in the recruitment, 

extravasation, proliferation and maturation of Ly6C-high monocytes [622]. M-

CSF signalling is critical for TAM differentiation into M1/M2 phenotypes. M2-

polarised TAMs drive multiple pro-tumourigenic processes including 

immunosuppression, angiogenesis, metastasis, survival and cancer cell 

stemness [763, 764, 766]. In addition, PDAC cancer-associated fibroblasts 

(CAFs) have been shown to overproduce M-CSF, and induce M2 polarisation 

via increased reactive oxygen species production in monocytes [767]. 

Consistent with our findings, it has been previously shown using the KPC 

mouse model, that inhibition of M-CSF drives a shift in phenotype from a pro-

tumoural M2-like TAM phenotype, to an anti-tumoural M1-like TAM phenotype 

[622], and is associated with smaller tumours and improved survival [768]. 

Furthermore, the effect of dasatinib and ruxolitinib on macrophage recruitment 

and differentiation is reinforced through the reduced secretion of GM-CSF in 

our TKCC-10 organoid model. GM-CSF is a growth and differentiation factor 

for granulocyte and macrophage populations [640], and can enhance the 

synthesis of IL8, a chemoattractant for neutrophils as well as CCL3, to further 

enhace the recruitment of TAMs and MDSCs [621]. Moreover, GM-CSF can 

mediate mesenchymal-epithelial cross talk of PDAC cells, as well as enhance 

their growth, invasion and metastatic potential [769]. While a review of the 

literature reveals that GM-CSF can also act as an anti-inflammatory cytokine, 

the function of GM-CSF is dependent on the dose and presence of other 

relevant cytokines in the context of an immune response. Consistent with the 
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pro-inflammatory role of GM-CSF, secretion by tumour cells can lead to the 

development of an inhibitory population of CD11b+Gr1+ myeloid-derived 

suppressor cells, resulting in functional impairment of CD8+ T-cells [770], and 

suppression of T-cell functions through expression of arginase in a 

suppressor myeloid subpopulation [771]. Furthermore, following treatment we 

observe a significant reduction in CD163 and Chi2L1, markers of pro-tumoural 

M2-macrophage activation [772-774]. As well as IL-34, a pro-survival cytokine 

that enhances the immunosuppressive function of TAMs through a C/EBP-

beta-mediated mechanism [775]. Moreover, both IL-34 and IL-35 are 

overexpressed in PDAC [768, 776], however IL-35 facilitates the recruitment 

of TAMs by promoting ICAM1 overexpression [776]. Additional factors 

involved in macrophage recruitment and polarisation include TSLP [777], 

CXCL16 [778, 779], IL-13 [740], and MIF [780], all of which were modulated 

following dasatinib and ruxolitinib treatment.  

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells that 

play an immunosuppressive role in pancreatic cancer. As mentioned 

previously, the proliferation and migration of MDSCs into the tumour 

microenvironment is induced by granulocyte macrophage colony-stimulating 

factor (GM-CSF) [160], and we have demonstrated modulation of GM-CSF 

following dasatinib and ruxolitinib treatment. MDSCs are also capable of 

suppressing the antitumour activity of CD8+ T cells, can promote the 

expansion of immunosuppressive regulatory T cells, and can promote M2 

macrophage polarisation [781]. Moreover, we have demonstrated decreased 

production of CXCL2, an MDSC (CD11b+GR1+) chemoattractant, following 

dasatinib and ruxolitinib treatment. Interestingly, CXCL2 has previously been 

shown to play a role in chemoresistance in multiple tumour types including 

breast and lung, via a mechanism involving amplified MDSC cytokine 

production including S100A8/9 [637]. These findings reveal the potential of 

dasatinib and ruxolitinib to not only decrease MDSC infiltration, but may also 

improve chemotherapeutic efficacy and prevent metastasis by blocking 

multiple stages of the MDSC molecular cycle.  

Regulatory T cells suppress the adaptive immune response and are 

associated with tumour progression and a poor prognosis for PDAC patients 
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[157, 158]. CCL5, previously discussed for its role in macrophage recruitment, 

is an important chemokine that encourages the migration of regulatory T cells 

(CD4+CD25+FoxP3+, or T-regs) into the tumour microenvironment (due to 

their expression of CCR5) [159]. We have demonstrated a significant 

decrease in CCL5 production following dasatinib and ruxolitinib treatment. 

Consistent with this result, neutralisation of CCL5 has previously been shown 

to inhibit T-regulatory cell recruitment and inhibit the growth of PDAC [782]. 

Moreover, we observed decreased secretion of CCL1 and CCL17, both of 

which play a major role in the recruitment of T-regulatory cells via the CCR8, 

and CCR4 receptors respectively [641, 642]. Further, CCL17 production is 

induced by IL-4 signalling [643], and we observed decreased IL-4 production 

following dasatinib and ruxolitinib treatment. Importantly, IL-4 neutralisation 

has previously been shown to enhance anti-tumour immunity and delay 

tumour progression  by reducing the generation of immunosuppressive M2 

macrophages, myeloid-derived suppressor cells, regulatory T cells, and 

enhance tumour-specific cytotoxic T cells [783]. We also observed a decrease 

in IL-2 production, the function of which is dependent on the immunological 

context. Increasing evidence suggests that IL-2 maintains a balance between 

promoting proliferation and differentiation of effector T cells, and mediating the 

survival of T-regs [644], therefore supporting the role of this treatment 

combination in improving the immmunosuppressive tumour 

microenvironment.  

T helper 17 (Th17) cells are another immune cell population with a pro-

tumourigenic role. Th17 cells express IL-17, and are dependent on IL-6, IL-21, 

IL-23 and TGF-β for their differentiation [623]. Moreover, the pro-tumourigenic 

activity of Th17 cells is largely due to induction of IL-6, leading to the 

promotion of cancer cell proliferation and survival as well as angiogenesis, 

and macrophage recruitment [623].  In addition, IL-1, STAT3 and TNF-α are 

important for inducing Th17 cell generation and expansion [623], while CCL2 

and CCL5 are strong Th17 chemoattractants that are essential for Th17 cell 

migration [623]. We have demonstrated that combined dasatinib and 

ruxolitinib treatment is capable of reducing the production of Th17-associated 

cytokines in both the mouse organoid model (CCL2, CCL5, IL-6, IL-1β and 
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TNF-alpha), and human TKCC10 organoid model (CCL2, CCL20, IL-6, IL-1β, 

and TNF-alpha).  

Effector or Cytotoxic CD8+ T cells are the predominant T-cell subset and are 

associated with favourable clinical outcomes and prolonged survival in 

pancreatic cancer [156]. CD8+ T cells eliminate tumour cells via IFN-γ-

mediated direct tumouricidal activity, and via induction of macrophage 

tumouricidal activity [156]. Factors involved in CD8+ T cell recruitment include 

IL-12, IL-18, IL-28A, IL-29, interferons, all of which remained unchanged 

following dasatinib and ruxolitinib treatment. Moreover, IL-10 is an anti-

inflammatory cytokine that inhibits IL-6 and IL-12/IL-23, and stimulates 

cytotoxicity of CD8+ T cells and expression of interferon-gamma in CD8- T 

cells [784]. As mentioned previously IL10 production remained unchanged in 

the TKCC-10 organoid model, and was increased in the mouse organoid 

model. Further, we demonstrated a decrease in the production of IL-17A, a 

pro-tumourigenic cytokine that blocks the entry of cytotoxic CD8+ T cells 

whilst increasing MDSC recruitment [785]. Taken together, these results 

suggest that dasatinib and ruxolitinib decrease T regulatory cell recruitment, 

and prevents blocking of cytotoxic/effector T cell infiltration.  

In summary, these data have established that there is potent efficacy of 

combined dasatinib and ruxolitinib in 3D models of pancreatic cancer that are 

defined by p53 mutations and high phospho-STAT3 expression, and that this 

efficacy occurs via a complex mechanism involving deregulation of tumour 

cell and stromal cell signalling, as well as the disruption of the surrounding 

extracellular matrix, and inhibitory effects on pro-tumourigenic, 

immunosuppressive mediators released from these cells. Given the promising 

preliminary data of the dasatinib and ruxolitinib combination in select 2D and 

3D in vitro models of PDAC, the remaining chapter of this thesis aimed to 

assess the efficacy of this therapeutic combination in well-established, 

realistic immunocompetent and immunocompromised in vivo models of 

pancreatic cancer.   
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Chapter 5. In vivo  efficacy of dasatinib and ruxolitinib in 
models of pancreatic cancer 

5.1 Introduction 

Assessment of the combined inhibition of dasatinib and ruxolitinib in in vitro 

three-dimensional models has demonstrated that this therapeutic strategy 

inhibits the invasive and proliferative capacity of tumour cells, disrupts 

collagen remodelling and extracellular matrix integrity, interferes with 

paracrine signalling and may have strong immunomodulatory effects (Chapter 

4). Based on these promising findings, and given known limitations associated 

with two-dimensional and three-dimensional in vitro models [83, 149, 612], we 

next utilised a range of in vivo orthotopic xenograft models to examine the 

effects of dasatinib and ruxolitinib in the context of a more complex tumour 

microenvironment.   

Considering the significant inhibitory effects of dasatinib and ruxolitinib 

treatment  on pancreatic cancer cell lines characterised by high phospho-

STAT3 expression and TP53 mutations, it is reasonable to hypothesise that 

this therapeutic combination should have significant in vivo anti-tumour 

activity, in tumours stratified using these markers. SRC and JAK inhibitor 

monotherapies have previously been shown to control disease progression 

and improve survival in in vivo pancreatic cancer models [177, 533, 534], 

however the combination of SRC and JAK inhibitors is novel in this disease 

setting. Accordingly, we selected three ‘on-phenotype’ patient-derived models 

with high phospho-STAT3 expression and TP53 mutations to assess the 

therapeutic efficacy of the SRC inhibitor dasatinib and the JAK1/2 inhibitor 

ruxolitinib in combination. Previous evidence suggests that SRC [199, 279, 

285] and JAK inhibitors [443, 553, 554], have the potential to improve 

response to chemotherapies such as gemcitabine. Therefore, we also 

examined whether dual-targeting of tumour cell-stromal cell cross-talk by 

dasatinib and ruxolitinib could further improve response to standard of care 

chemotherapy (gemcitabine and Abraxane) for metastatic disease [9]. 

First, syngeneic KPC xenografts were orthotopically implanted in 

immunocompetent C57BL6 mice in order to assess the effect of combined 
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dasatinib and ruxolitinib on tumour growth and metastatic spread, in the 

context of an intact tumour microenvironment. Since the cellular elements of 

the pancreatic tumour microenvironment are diverse and comprise a 

heterogenous population of cancer, stromal and immune cells [114, 141], we 

examined the tumours post-treatment for cancer-cell and stromal-cell 

autonomous effects using immunohistochemistry (IHC) and 

immunofluorescent antibody staining.  

Given the known role of the SRC/JAK/STAT3 pathway in promoting 

matricellular fibrosis and increasing tissue tension in PDAC [122, 321, 443], 

and based on our observations of JAK inhibitor-mediated effects on 

extracellular matrix remodelling (Chapter 4), we also evaluated the impact of 

dasatinib and ruxolitinib on the tumour extracellular matrix in vivo. 

Furthermore, the desmoplastic stroma that envelops pancreatic cancer cells 

in growing tumours, not only presents a physical barrier that reduces 

therapeutic efficacy, but also presents an environment that actively produces 

pro-tumourigenic, immunosuppressive signals that further drive pancreatic 

tumourigenesis [10, 11]. Building on the established potent 

immunomodulatory functions of SRC and JAK/STAT3 pathway inhibition in 

diverse cancers including pancreas [301, 321], and our observed 

immunomodulatory effects (Chapter 4), we next assessed the effects of 

therapeutic strategies involving dasatinib and ruxolitinib treatment on the 

immunosuppressive pancreatic tumour microenvironment using the syngeneic 

KPC  (Pdx1-Cre, LSL-KRasG12D/+, LSL-TrP53R172H/+) mouse model.  

Finally, we also examined the effects of dasatinib and ruxoltinib on tumour 

growth and metastasis using two ‘on-phenotype’ (P53 mutant, phospho-

STAT3 high), immunocompromised, orthotopic patient-derived models.  
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This chapter aims to: 

• Assess the therapeutic efficacy of dasatinib and ruxolitinib treatment in 

both immunocompetent and immunocompromised mouse models of 

pancreatic cancer characterised by high phospho-STAT3 expression 

and TP53 mutations. 

• Determine if this treatment strategy can sensitize pancreatic tumours to 

chemotherapy.  

• Assess the cancer-cell autonomous effects of dasatinib and ruxolitinib.  

• Assess the effects on stromal cell populations. 

• Examine the effects of dasatinib and ruxolitinib on extracellular matrix 

composition and the fibrotic tumour microenvironment.  

• Examine the effects of dasatinib and ruxolitinib on the 

immunosuppressive tumour microenvironment using the syngeneic 

KPC model.  

• Examine the efficacy (overall survival) of this treatment strategy in the 

syngeneic KPC orthotopic and patient-derived orthotopic TKCC-05 

model of pancreatic cancer.  
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5.2 Results 

5.2.1 Expression of phospho-STAT3 (Tyr705) in selected 
patient-derived xenograft and KPC models of pancreatic 
cancer 

Based on our in vitro findings (Chapter 2), which indicate that the synergistic 

efficacy of dasatinib and ruxolitinib is predominant in P53-mutant pancreatic 

cancer lines harbouring high phospho-STAT3 (Tyr705) levels, we analysed 

tumours from The Kinghorn Cancer Centre (TKCC) patient-derived xenograft 

cohort (n=54) for phospho-STAT3 (Tyr705) expression using IHC (Figure 

5.2.1 A+B). This cohort of PDXs have previously been whole genome 

sequenced as part of the ICGC [3], and have a P53 mutation rate of 67%. In 

contrast with the in vitro data (Figure 3.2.10; Chapter 3), high phospho-STAT3 

expression correlated with P53 mutation status, when expression was 

assessed using H-score (Figure 5.2.1C), and a semi-quantitative scoring 

system (0= absent nuclear stain, 1= weakly positive nuclear stain, 2= 

moderate-strongly positive nuclear stain) (Figure 5.2.1D+E). The correlation 

was maintained even when comparing scores of 0 and 2 (Figure 5.2.1D). 

Furthermore, this analysis identified a significant proportion of tumours (24%, 

13/54) that were of potential interest for targeting with SRC and JAK1/2 

inhibitors, due to their characterisation as pSTAT3-high and P53 mutant. 

Following this, we next selected three ‘on-phenotype’ (pSTAT3-high, P53 

mutant) orthotopic models of pancreatic cancer which we had previously 

assessed in vitro (KPC, TKCC-05 and TKCC-10) for in vivo therapeutic 

efficacy evaluation (Figure 5.2.2A). Outside the scope of this thesis we have 

also identified three interesting ‘off-phenotype’  (P53 wildtype and low 

pSTAT3-expression) tumour models (Figure 5.2.2B) which will be used for 

future validation of our personalised medicine approach and potential 

examination of any ‘off-target’ effects.  
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Figure 5.2.1 Expression of phospho-STAT3 (pSTAT3; Tyr705) in The 

Kinghorn Cancer Centre (TKCC) pancreatic cancer patient-derived xenograft 

cohort (n=54). (A) Representative PDX and matched patient tumour 

characterised by high pSTAT3 expression (score 2) (indicated by arrows) and 

P53 mutation. (B) Representative PDX and matched patient tumour 

characterised by low pSTAT3 expression (score 0) (indicated by arrows) and 

P53 wildtype. (C) pSTAT3 IHC H-scores for PDX cohort with known P53 

mutation status (n=54). Correlation of P53 mutation status with (D) pSTAT3 

expression defined as high (score 2) and negative (score 0), and (E) pSTAT3 

expression defined as high (score 2) and low (score 0 or 1). Significance was 

determined by non-parametric t-test (C) and Fischers exact test (D-E), where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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Figure 5.2.2 Expression of phospho-STAT3 (pSTAT3; Tyr705) in selected in 

vivo models of pancreatic cancer. (A) Tumours with high-pSTAT3 and P53 

mutations: the genetically engineered KPC model of pancreatic cancer, and 

two patient-derived xenograft models, TKCC-05 and TKCC-10. (B) Tumours 

with low-pSTAT3 expression and P53 wildtype: three patient-derived 

xenograft models TKCC-19, TKCC-22 and TKCC-23.  
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5.2.2 Efficacy of dual dasatinib and ruxolitinib treatment in 
the immunocompetent (syngeneic) KPC orthotopic model of 
pancreatic cancer 

5.2.2.1 Effect of dasatinib and ruxolitinib treatment on tumour 
growth and metastasis 

To assess the in vivo efficacy of dasatinib and ruxolitinib in the context of an 

intact tumour microenvironment, syngeneic primary KPC cancer cells were 

orthotopically injected into the pancreas of immuno-competent C57BL6 mice 

(Figure 5.2.3A, outlined in methods section 2.17). Tumours were allowed to 

establish for one week, until they reached a palpable size. Mice were 

subsequently randomised into treatment groups comprising vehicle control, 

dasatinib monotherapy, ruxolitinib monotherapy, and dasatinib and ruxolitinib 

combination therapy. To examine the ability of our dual SRC/JAK targeting 

approach to improve chemoresponsiveness in vivo, additional treatment arms 

included dasatinib/ruxolitinib plus gemcitabine/Abraxane, compared with 

gemcitabine/Abraxane alone. Targeted therapies were administered 5 

days/week via oral gavage, and chemotherapy was administered twice weekly 

via intraperitoneal injection, based on published findings (Chapter 2, Table 

2.10). Following 30 days of treatment, mice were euthanised and organs were 

collected for further analysis. Importantly, the treatment regimen combining 

dasatinib, ruxolitinib and gemcitabine and Abraxane was well tolerated in all 

studies performed in this thesis.   

Examination of in vivo efficacy of dasatinib and ruxolitinib as monotherapies 

showed a non-significant trend towards a decrease in tumour weight when 

compared to vehicle control (Figure 5.2.3B). In comparison, the combination 

of dasatinib and ruxolitinib significantly decreased tumour weight compared to 

vehicle control, and this decrease was similar to that of gemcitabine/Abraxane 

(Figure 5.2.3B). Moreover, the combination of dasatinib and ruxolitinib with 

gemcitabine and Abraxane reduced tumour weight significantly compared to 

gemcitabine and Abraxane alone, with treatment being well tolerated as 

indicated by no change in mouse weight (Figure 5.2.3C).  
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To investigate the effects of dasatinib and ruxolitinib on metastatic burden, 

tissues were collected (liver, spleen, lung, and diaphragm), and metastases 

were scored in haemotoxylin and eosin-stained sections (Figure 5.2.3D). 

Examining for the presence or absence of metastases in mice demonstrated 

that following dasatinib and ruxolitinib combination treatment, 80% of mice 

presented with metastases compared to 100% in vehicle controls and 

dasatinib and ruxolitinib monotherapies (Figure 5.2.3D). Moreover, when 

treated with a combination of dasatinib and ruxolitinib with gemcitabine and 

Abraxane only 20% of mice presented with metastases, compared with 90% 

of mice treated with gemcitabine and Abraxane alone (Figure 5.2.3D). In line 

with this, quantification of metastases in the liver (Figure 5.2.3E), spleen 

(Figure 5.2.3F), lung (Figure 5.2.3G) and diaphragm (Figure 5.2.3H) revealed 

a significant reduction in the proportion of mice that presented with 

metastases following treatment with dasatinib and ruxolitinib, with 80% of 

mice presenting with liver metastases and 60% of mice presenting with 

metastases in the spleen, lungs and diaphragm. Furthermore, the 

combination of dasatinib and ruxolitinib with gemcitabine and Abraxane 

resulted in even fewer mice presenting with metastases, with only 10% of 

mice with liver metastases (Figure 5.2.3E), and no mice with spleen, lung and 

diaphragm metastases (Figure 5.2.3F-H respectively). Taken together, these 

data demonstrate that combined dasatinib and ruxolitinib treatment can 

reduce primary tumour size and metastatic burden in the orthotopic KPC 

model, as well as significantly improve response to chemotherapy, following 

completion of a full (30-day) treatment cycle.  
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Figure 5.2.3 Effects of dasatinib and ruxolitinib on tumour weight and 

metastasis in the syngeneic and orthotopic KPC model of pancreatic cancer. 

(A) Schematic representation of orthotopic injection and treatment timeline. 

(B) Tumour weight at 30 days post treatment. (C) Mouse weight at 30 days 

post treatment. (D) Proportion of mice with metastases at 30 days post 

treatment. Proportion of mice with metastases and representative images of 

tumours found in the (E) liver, (F) spleen, (G) lung and (H) diaphragm. Data 

are presented as mean ± SEM (n= 5-7 mice/ treatment group). Significance 

was determined using nonparametric ANOVA test with a Tukey multiple 

comparisons test where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

Das: dasatinib (10mg/kg daily); rux: ruxolitinib (60mg/kg twice daily); das+rux: 

dasatinib and ruxolitinib; gem: gemcitabine (60mg/kg twice weekly), Abraxane 

(30mg/kg twice weekly). 
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5.2.2.2 Effects of dasatinib and ruxolitinib treatment on 
cellular proliferation and apoptosis in KPC tumours  

To determine if dasatinib and ruxolitinib are effective at modulating their 

molecular targets in vivo, tumour sections were immunohistochemically 

examined for activation of the STAT3 and SRC networks, using antibodies 

binding phospho-STAT3 (Tyr705) and phospho-SRC (Tyr416) (Figure 5.2.4). 

Dasatinib and ruxolitinib monotherapy treatments blocked phosphorylation of 

specific SRC and STAT3 sites, respectively (Figure 5.2.4). Further, the 

combination of dasatinib and ruxolitinib resulted in a reduction in both 

phospho-STAT3 and phospho-SRC levels, which was maintained when these 

agents were combined with gemcitabine and Abraxane.  

Dysregulation of proliferation and apoptosis plays an important role in the 

pathogenesis of pancreatic cancer, therefore we next wanted to determine if 

this treatment strategy could inhibit proliferation and induce apoptosis in KPC 

tumours. To do this, we examined treated tumours for cleaved-caspase-3, 

and Ki67, using immunohistochemistry (Figure 5.2.5). No change was seen in 

the proportion of cleaved-caspase-3 positive cells following treatment with 

dasatinib, ruxolitinib or a combination of dasatinib and ruxolitinib. However the 

combination of dasatinib and ruxolitinib with gemcitabine and Abraxane 

significantly potentiated the apoptosis-inducing effects of chemotherapy 

(Figure 5.2.5C). Moreover, upon treatment with dasatinib, ruxolitinib and the 

combination of dasatinib and ruxolitinib there was a significant decrease in the 

proportion of Ki67 positive cells, and this result was maintained when 

combined with gemcitabine and Abraxane (Figure 5.2.5D).  

Together, these analyses demonstrate that dasatinib and ruxolitinib when 

combined with chemotherapy has superior pro-apoptotic effects when 

compared to chemotherapy alone. Moreover, this combination has significant 

anti-proliferative effects, building on our in vitro results (Figure 4.2.14 and 

Figure 4.2.15; Chapter 4).  
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Figure 5.2.4 Effects of dasatinib and ruxolitinib treatment on phospho-STAT3 

and phospho-SRC protein levels in KPC tumours. (A) pSTAT3 (Tyr705) and 

(B) pSRC (Tyr416) IHC staining on KPC tumours 30 days post-treatment. 

Das: dasatinib; rux: ruxolitinib; das+rux: dasatinib and ruxolitinib; gem: 

gemcitabine. 
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Figure 5.2.5 Effects of dasatinib and ruxolitinib treatment on cancer cell 

apoptosis and proliferation. Representative images of (A) cleaved-caspase-3 

and (B) Ki67 IHC staining and quantification (C-D) of KPC tumours 30 days 

post-treatment. Data are presented as mean ± SEM (n= 4 tumours/ treatment, 

with 6 fields of view (FOV) analysed per tumour per treatment group). 

Significance was determined using nonparametric ANOVA test with a Tukey 
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multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001.  

5.2.2.3 Effect of dasatinib and ruxolitinib treatment on 
regulating pancreatic stellate cell activation in vivo   

An abundant stromal reaction is characteristic of pancreatic cancer, and 

pancreatic cancer-associated fibroblasts are the main cell type responsible for 

this reaction [786]. To assess the effects of our proposed dual JAK/SRC 

targeting treatment approach on this cell population, treated tumours were 

processed using immunohistochemistry for alpha-smooth muscle actin (α-

SMA), a prototypical marker of activated cancer-associated fibroblasts [124, 

138] (Figure 5.2.6). Of all examined therapies, dasatinib and ruxolitinib in 

combination led to a 3-fold decrease in αSMA-positivity, and this significant 

decrease was maintained when dasatinib and ruxolitinib was combined with 

chemotherapy. This suggests that dual dasatinib and ruxolitinib treatment 

impedes activation of pancreatic cancer-associated fibroblasts, which drive 

extensive fibrosis typically observed in PDAC [124, 138]. To examine the 

effects of treatment on pancreatic stellate cell activity, we next assessed 

pancreatic stellate cell-secreted proteins within the tumour microenvironment 

(5.2.2.4).  
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Figure 5.2.6 Effects of dasatinib and ruxolitinib treatment on activated cancer-

associated fibroblasts. Representative images (A) and quantification (B) of α-

smooth muscle actin IHC staining on KPC tumours 30 days post treatment. 

Data are presented as mean αSMA-positive staining area ± SEM (n= 4 

tumours per treatment group, with 6 fields of view (FOV) analysed per tumour 

per treatment group). Significance was determined using nonparametric 

ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. Das: dasatinib; rux: ruxolitinib; das+rux: 

dasatinib and ruxolitinib; gem: gemcitabine.  
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5.2.2.4 Effects of dasatinib and ruxolitinib treatment on 
remodelling the fibrotic tumour microenvironment.  

Pancreatic stellate cells secrete a range of extracellular matrix proteins 

including collagen type I, fibronectin and periostin, and excessive secretion of 

these proteins leads to the desmoplastic stroma that defines PDAC [787]. We 

assessed the effects of dasatinib and ruxolitinib on the levels of key 

extracellular matrix proteins using a variety of methodologies. Second 

harmonic generation imaging and Picrosirius Red staining was performed on 

tumour sections following various treatments (Figure 5.2.7) to examine 

collagen I deposition and extracellular matrix integrity. Following treatment 

with ruxolitinib collagen content was significantly reduced (Figure 5.2.7 A-F), 

and similar results were seen when ruxolitinib was combined with dasatinib, 

and when these targeted agents were combined with chemotherapy. 

Furthermore, birefringence analysis of collagen organisation within tumours 

revealed that ruxolitinib-based treatments reduced the proportion of highly-

crosslinked collagen fibres defined by high and medium birefringence, and 

this was associated with an increase in less remodelled collagen fibres 

defined by low birefringence (Figure 5.2.7G-J).  

We next examined effects of treatment on other components of the 

extracellular matrix including fibronectin and periostin, two key proteins with 

structural and functional roles in maintaining tissue density and regulating 

cellular signalling cascades [202]. Immunofluorescence staining revealed that 

ruxolitinib-based treatments significantly decreased the positive area of both 

periostin (Figure 5.2.8A+C) and fibronectin (Figure 5.2.8B+D). We also 

assessed tumours for effects on tumour vasculature, another key component 

of the fibrotic tumour microenvironment. Using CD31 staining (Figure 5.2.7 

B+E), we observed no change in CD31 positive area following treatment with 

dasatinib and ruxolitinib. Taken together, this data demonstrates that JAK1/2 

inhibition leads to decreased deposition of extracellular matrix proteins 

including fibrillar collagen, periostin and fibronectin, and promotes a 

significantly disorganised extracellular matrix network in KPC tumours. 
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Moreover, combining JAK1/2 inhibition with SRC inhibition and chemotherapy 

produces a similar effect.  

Figure 5.2.7 Effects of dasatinib and ruxolitinib treatment on the extracellular 

matrix. (A) Second-harmonic generation (SHG) maximum intensity images of 

KPC tumours 30 days post treatment, with quantification of peak signal 

intensity in (D). (B) Brightfield and (C) polarised light imaging of Picrosirius 

Red-stained sections and quantification of total collagen content (E+F). (G-J) 

Quantification of signal emitted from fibres with high (red), medium (yellow) 

and low (green) birefringence normalised to total signal acquired via polarised 

imaging. Data are presented as mean ± SEM (n= 4 tumours per treatment 

group, with 6 FOV per tumour). Significance was determined using 
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nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  

Figure 5.2.8 Effects of dasatinib and ruxolitinib treatment on additional 

components of the extracellular matrix and tumour vasculature. 

Representative images of immunofluorescence analysis of (A) Periostin+ 

(pink) and CK19 (green) (used to visualise cancer cells). (B) CD31+ (red) and 

fibronectin+ (pink), in KPC tumours 30 days post-treatment. Percentage area 

positive per field of view (FOV) are quantified in (C-E). Data are presented as 

mean ± SEM (n=4 tumours per treatment group, with 6 FOV analysed per 

tumour per treatment group). Significance was determined using non-

parametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; rux: 

ruxolitinib; das+rux: dasatinib and ruxolitinib; gem: gemcitabine.  
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5.2.2.5 Effects of dual SRC/JAK targeting on altering the 
immunosuppressive tumour microenvironment 

Overactivation of pro-inflammatory signalling networks is largely driven by the 

SRC/JAK/STAT3 pathway and can influence the development of the 

immunosuppressive tumour microenvironment that is characteristic of PDAC 

[188, 416]. To examine whether dasatinib and ruxolitinib treatment alters the 

immunosuppressive tumour microenvironment, immunohistochemistry and 

immunofluorescence staining was used to examine infiltrating immune-cell 

populations within KPC tumours post-therapy (Figure 5.2.9 and Figure 

5.2.10).  

Following treatment with dasatinib and ruxolitinib there was a significant 

decrease in the proportion of CD4+ T cells (Figure 5.2.9A+D), an increase in 

CD8+ T cells (Figure 5.2.9B+E), and a significant decrease in FoxP3+ 

regulatory T cells (Figure 5.2.9C+F), as well as F4/80+ macrophages (Figure 

5.2.10A+C). Moreover, the combination of dasatinib and ruxolitinib with 

gemcitabine and Abraxane also resulted in significant decreases in the 

proportion of CD4+ T cells (Figure 5.2.9A+D), FoxP3+ T cells (Figure 

5.2.9C+F) and F4/80+ macrophages (Figure 5.2.10C), when compared to 

gemcitabine and Abraxane alone. Interestingly, effects on CD8+ T cells 

appear to be ruxolitinib-mediated, and were unaffected following treatment 

with the combination of dasatinib, ruxolitinib and chemotherapy. We next 

assessed the effect of treatment on macrophage polarisation and found that 

the combination of dasatinib and ruxolitinib significantly decreased the 

number of pro-tumourigenic M2 macrophages, while numbers of anti-

tumourigenic M1 macrophages remained unchanged (Figure 5.2.10A-E). 

Moreover, when the proportion of M1:M2 macrophages was compared the 

combination of dasatinib and ruxolitinib showed a significantly higher ratio, 

and these results were increased further when dasatinib and ruxolitinib were 

combined with chemotherapy (Figure 5.2.10F).  

These findings demonstrate that the combination of dasatinib and ruxolitinib 

treatment can significantly impair pro-inflammatory immune cell infiltration, 

while promoting CD8+ T cell infiltration, suggesting that this therapeutic 
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combination may improve the immunosuppressive tumour microenvironment 

of pancreatic cancer by reducing the presence of populations associated with 

immune evasion.  

 

Figure 5.2.9 Effects of dasatinib and ruxolitinib treatment on the 

immunosuppressive tumour microenvironment. Representative images of (A) 

CD4+ cells, (B) CD8+ cells (marker for cytotoxic T-cells) and (C) FoxP3+ cells 

(marker for T-regulatory cells), in KPC tumours 30 days post treatment. 

Percentage positive cells are quantified in (D-F). Data are presented as mean 

± SEM (n=4 tumours per treatment group, with 6 FOV analysed per tumour 

per treatment group). Significance was determined using nonparametric 

ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. Das: dasatinib; rux: ruxolitinib; das+rux: 

dasatinib and ruxolitinib; gem: gemcitabine. 
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Figure 5.2.10 Effects of dasatinib and ruxolitinib treatment on tumour-

associated macrophages. Representative images of immunofluorescence 

analysis of (A) F4/80+ (red) and CD206+ (yellow) M2-polarised tumour-

associated macrophages, and (B) F4/80+ (red) and CD68+ (yellow) M1-

polarised tumour-associated macrophages, in KPC tumours 30 days post-

treatment. Percentage of positive cells as a total of all cells per field of view 

(FOV) are quantified in (C-E), and the proportion of M1-macrophages and M2 

macrophages following treatment is compared using the ratio M1/M2 (F). Data 

are presented as mean ± SEM (n=4 tumours per treatment group, with 6 FOV 

analysed per tumour per treatment group). Significance was determined using 

nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; rux: 

ruxolitinib; das+rux: dasatinib and ruxolitinib; gem: gemcitabine.  
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5.2.2.6 Effect of dasatinib and ruxolitinib treatment on 
prolonging survival in the highly aggressive and metastatic 
syngeneic KPC model of pancreatic cancer  

To examine the effects of dual dasatinib and ruxolitinib treatment on tumour 

progression and survival in the context of an intact tumour microenvironment 

the same syngeneic KPC orthotopic mouse model was utilised, as per 5.2.2.1, 

with the model treated until ethical endpoint (defined in Chapter 2). Kaplan-

Meier survival analyses revealed that dasatinib and ruxolitinib therapy 

significantly prolonged overall survival of treated mice (median survival= 41 

days, p=0.0125; vs vehicle median survival= 36 days), as well as gemcitabine 

and Abraxane (median survival = 65 days, p=0.0011; Figure 5.2.11B). Of 

note, the combination of dasatinib, ruxolitinib plus gemcitabine and Abraxane 

chemotherapy proved to be the best therapeutic approach (median survival= 

78.5 days p<0.0001; compared with vehicle control median survival of 36 

days), and importantly, when compared to gemcitabine and Abraxane alone 

(p=0.0007). No difference in tumour weight or mouse weight was observed at 

endpoint (Figure 5.2.11C+D), indicating ethical endpoints were appropriately 

applied across all treatment groups and there were no obvious signs of 

treatment-induced toxicity.  
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Figure 5.2.11 Effects of dasatinib and ruxolitinib treatment on survival in the 

syngeneic and orthotopic KPC model of pancreatic cancer. (A) Schematic 

representation of orthotopic injection and treatment timeline. (B) Kaplan-Meier 

survival analyses of dasatinib and ruxolitinib combination, also combined with 

gemcitabine (Gem) and Abraxane, compared with Gem/Abraxane alone. Log-

rank analysis where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. (C) 

Tumour weight at endpoint and (D) mouse weight at endpoint. Data are 

presented as mean ± SEM (n=8-10 mice/treatment group). Das: dasatinib 

(10mg/kg daily); rux: ruxolitinib (60mg/kg twice daily); das+rux: dasatinib and 

ruxolitinib; gem: gemcitabine (60mg/kg twice weekly), Abraxane (30mg/kg 

twice weekly). 
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5.2.3 Efficacy of dual dasatinib and ruxolitinib treatment in 
immunocompromised, patient-derived, orthotopic models of 
pancreatic cancer 

5.2.3.1 Effect of dasatinib and ruxolitinib treatment on tumour 
growth and metastasis 

Building on the thus far observed significant in vivo anti-tumour efficacy of our 

proposed treatment approach, next we systematically examined the in vivo 

therapeutic potential of dasatinib and ruxolitinib in two “on-phenotype” (P53 

mutant, pSTAT3-high) orthotopic eGFP/Luciferase-tagged patient-derived 

models of pancreatic cancer (TKCC-05-eGFP/Luc; TKCC-10-eGFP/Luc). 

Patient-derived cells were orthotopically injected into the pancreas of immuno-

compromised NSG mice (Figure 5.2.12A and Figure 5.2.13A). Once primary 

tumours reached palpable size (measurable using IVIS imaging, starting Flux 

= ~1.5x10^8 p/s for the TKCC-05 model, and ~5.0x10^8 p/s for the TKCC-10 

model), mice were randomised into treatment groups. For the TKCC-05 model 

treatment groups included vehicle control, dasatinib and ruxolitinib, plus a 

combination of dasatinib, ruxolitinib and gemcitabine/Abraxane chemotherapy 

as well as chemotherapy alone. For the TKCC-10 model only the combination 

of dasatinib and ruxolitinib, plus a combination of dasatinib, ruxolitinib and 

gemcitabine/Abraxane chemotherapy as well as chemotherapy alone was 

used as these were the most effective treatment strategies identified from the 

KPC and TKCC-05 studies. Mice were monitored weekly using 

bioluminescent live imaging (IVIS Spectrum) to detect tumour burden and 

metastatic spread.  

30-day timepoint analyses of both models revealed interesting modulation of 

primary tumour size by the dasatinib and ruxolitinib combination, compared to 

vehicle control, and this decrease was similar to that of gemcitabine and 

Abraxane (Figure 5.2.12B and Figure 5.2.13B). Moreover, the combination of 

dasatinib and ruxolitinib with gemcitabine and Abraxane reduced tumour 

weight significantly compared to the combination of dasatinib and ruxolitinib 

alone, or gemcitabine and Abraxane alone, with treatment being well tolerated 

in immunocompromised settings (Figure 5.2.12C and Figure 5.2.13C).  
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Examining for the presence of metastases in mice demonstrated that the 

extent of metastatic spread was significantly reduced following treatment with 

dasatinib and ruxolitinib, in both the TKCC-05 (Figure 5.2.12D-H) and TKCC-

10 (Figure 5.2.13D-H) models. Liver metastases were present in 80% and 

70% of dasatinib and ruxolitinib-treated mice with TKCC-05 and TKCC-10 

tumours respectively, compared to 100% of control mice. Moreover, spleen 

metastases were identified in 30% (TKCC-05) and 80% (TKCC-10) of mice. 

Lung metastases were present in 50% (TKCC-05) and 80% (TKCC-10) of 

mice, while 60% (TKCC-05) and 30% (TKCC-10) showed diaphragm 

metastases. Interestingly, when mice were treated with a combination of 

dasatinib and ruxolitinib with gemcitabine and Abraxane there was no 

evidence of metastases in the liver, spleen, lung or diaphragm of the TKCC-

05 model. Moreover, there were no metastases in the spleen or diaphragm of 

the TKCC-10 model, and only 20% of mice presented with liver and lung 

metastases. In comparison 40% (TKCC-05) and 80% (TKCC-10) of mice 

treated with chemotherapy alone (gemcitabine and Abraxane) presented with 

metastases, with 20% (TKCC-05) and 40% (TKCC-10) having liver 

metastases, and 40% (TKCC-05) and 60% (TKCC-10) having spleen 

metastases. In concordance with the above, live animal bioluminescent 

imaging (IVIS imaging) over time revealed similar effects of treatment on 

tumour growth and metastatic spread in both models (Figure 5.2.14 and 

Figure 5.2.15). Taken together, these data demonstrate that combined 

dasatinib and ruxolitinib treatment can reduce primary tumour growth and 

metastatic burden of patient-derived TKCC-05 and TKCC-10 tumours, as well 

as significantly improving response to chemotherapy. 
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Figure 5.2.12 Effects of dasatinib and ruxolitinib treatment on tumour weight 

and metastasis in the immunocompromised, patient-derived TKCC-05 

orthotopic model of pancreatic cancer. (A) Schematic representation of 

orthotopic injection and treatment timeline. (B) Tumour weight at 30 days post 

treatment. (C) Mouse weight at 30 days post treatment. (D) Proportion of mice 

with metastases at 30 days post-treatment. Proportion of mice with 

metastases and representative image of tumours found in the (E) liver, (F) 

spleen, (G) lung and (H) diaphragm. Data are presented as mean ± SEM (n= 

5-7 mice/treatment group). Significance was determined using nonparametric 

ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. Das: dasatinib (10mg/kg daily); rux: ruxolitinib 

(60mg/kg twice daily); das+rux: dasatinib and ruxolitinib; gem: gemcitabine 

(100mg/kg weekly), Abraxane (30mg/kg weekly). 
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Figure 5.2.13 Effects of dasatinib and ruxolitinib treatment on tumour weight 

and metastasis in the immunocompromised, patient-derived TKCC-10 

orthotopic model of pancreatic cancer. (A) Schematic representation of 

orthotopic injection and treatment timeline. (B) Tumour weight at 30 days post 

treatment. (C) Mouse weight at 30 days post treatment. (D) Proportion of mice 

with metastases at 30 days post-treatment. Proportion of mice with 

metastases and representative image of tumours found in the (E) liver, (F) 

spleen, (G) lung and (H) diaphragm. The most efficacious treatment strategies 

from our prior mouse models were selected for this study. These included the 

dasatinib and ruxolitinib combination, gemcitabine and Abraxane, and 

dasatinib and ruxolitinib in combination with gemcitabine and Abraxane. Data 

are presented as mean ± SEM (n= 5 mice/treatment group). Significance was 

determined using nonparametric ANOVA test with a Tukey multiple 

comparisons test where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

Das: dasatinib (10mg/kg daily); rux: ruxolitinib (60mg/kg twice daily); das+rux: 
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dasatinib and ruxolitinib; gem: gemcitabine (100mg/kg weekly), Abraxane 

(30mg/kg weekly). 

Figure 5.2.14 Effects of dasatinib and ruxolitinib treatment on metastatic 

spread using bioluminescence imaging, in the immunocompromised, patient-

derived TKCC-05 orthotopic model of pancreatic cancer. (A) Analysis of 

luciferase total flux (photons/sec) on day 7 post-surgery shows no significant 

difference in tumour size once mice were randomised to treatment groups. 

(B+D) Whole body imaging of mice was performed weekly, and normalised 

flux (% of the initial signal, day 7 post-surgery) was calculated weekly. (C) 

Normalised flux calculated at endpoint. Data are presented as mean ± SEM 

(n= 5-7 mice/treatment group). Significance was determined using 
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nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.  

Figure 5.2.15 Effects of dasatinib and ruxolitinib treatment on metastatic 

spread using bioluminescence imaging, in the immunocompromised, patient-

derived TKCC-10 orthotopic model of pancreatic cancer. (A) Analysis of 

luciferase total flux (photons/sec) on day 7 post-surgery shows no significant 

difference in tumour size once mice were randomised to treatment groups. 

(B+D) Whole body imaging of mice was performed weekly, and normalised 

flux (% of the initial signal, day 7 post-surgery) was calculated weekly (C) 

Normalised flux calculated at endpoint. Data are presented as mean ± SEM 

(n= 5-7 mice/ treatment group). Significance was determined using 
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nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 

5.2.3.2 Effect of dasatinib and ruxolitinib treatment on 
cellular proliferation and apoptosis, in patient-derived 
models of pancreatic cancer 

Building on our findings using the KPC model, we aimed to examine the effect 

of dasatinib and ruxolitinib treatment on cellular proliferation and apoptosis in 

the patient-derived setting (Figure 5.2.16 and Figure 5.2.17). 

Immunohistochemical analysis of collected patient-derived tumours for 

markers of apoptosis (cleaved-caspase-3)  revealed a significant increase in 

the proportion of apoptotic cells following treatment with dasatinib and 

ruxolitinib, effects further enhanced in the combined dasatinib/ruxolitinib plus 

chemotherapy group in both tumour models (Figure 5.2.16A+C and Figure 

5.2.17A+C). Unlike with the KPC model, there was no change in the number 

of Ki67 positive cells following treatment with dasatinib and ruxolitinib, even 

when combined with gemcitabine and Abraxane in the TKCC-05 model 

(Figure 5.2.16B+D). However, similarly to the KPC model, there was a 

decrease in the number of Ki67 positive cells following dasatinib and 

ruxolitinib treatment, and this was further reduced when combined with 

chemotherapy in the TKCC-10 model (Figure 5.2.17B+D).   

Collectively, these analyses demonstrate that the observed significant 

inhibition of primary tumour growth and metastasis in “on-phenotype” patient-

derived orthotopic models, following dasatinib and ruxolitinib treatment is 

robustly associated with induction of apoptotic signalling and variable 

inhibitory effects on proliferation. 

	  

 

	  
	  
	  
	  
	  
	  
	  
	  



	  
	  

250 

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

 

 

Figure 5.2.16 Effects of dasatinib and ruxolitinib treatment on cancer cell 

apoptosis and proliferation in the TKCC-05 model of pancreatic cancer. 

Representative images of (A) cleaved-caspase-3 and (B) Ki67 IHC staining, 

and quantification (C-D) of tumours 30 days post-treatment. Data are 

presented as mean ± SEM (n= 4 tumours/ treatment, with 6 FOV analysed/ 

tumour/ treatment). Significance was determined using nonparametric 
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ANOVA test with a Tukey multiple comparisons test where *p<0.05, **p<0.01, 

***p<0.001 and ****p<0.0001. 

Figure 5.2.17 Effects of dasatinib and ruxolitinib treatment on cancer cell 

apoptosis and proliferation in the patient-derived TKCC-10 model of 

pancreatic cancer. Representative images of (A) cleaved-caspase-3 and (B) 

Ki67 IHC staining and quantification (C-D) of KPC tumours 30 days post-

treatment. Data are presented as mean ± SEM (n=4 tumours per treatment 

group, with 6 FOV analysed per tumour per treatment group). Significance 

was determined using nonparametric ANOVA test with a Tukey multiple 

comparisons test where *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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5.2.3.3 Effect of dasatinib and ruxolitinib treatment on 
regulating pancreatic stellate cell activation in patient-
derived models of pancreatic cancer 

As dasatinib and ruxolitinib combination significantly altered the levels of 

cancer-associated fibroblast (CAF) marker, α-smooth muscle actin (α-SMA) in 

the syngeneic KPC model, next we assessed the effect of our promising 

treatment approach on CAF activation in the TKCC-05 and TKCC-10 patient-

derived orthotopic pancreatic cancer models. Following treatment with 

ruxolitinib, or ruxolitinib-based combination therapies, the proportion of α-

SMA-positive cells decreased 2-fold (TKCC-05) and 1.5-fold (TKCC-10) in 

examined tumours (Figure 5.2.18 and Figure 5.2.19). This suggests that 

JAK1/2 inhibition is sufficient to effectively impede activation of pancreatic 

cancer-associated fibroblasts in multiple patient-derived models of pancreatic 

cancer. 
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Figure 5.2.18 Effects of dasatinib and ruxolitinib treatment on activated 

cancer-associated fibroblasts in TKCC-05 tumours. Representative images 

(A) and quantification (B) of α-smooth muscle actin IHC staining on TKCC-05 

tumours 30 days post-treatment. Data are presented as mean SMA-positive 

staining area ± SEM (n= 4 tumours per treatment group, with 6 FOV analysed 

per tumour per treatment group). Significance was determined using non-

parametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; rux: 

ruxolitinib; das+rux: dasatinib and ruxolitinib; gem: gemcitabine.  
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Figure 5.2.19 Effects of dasatinib and ruxolitinib treatment on activated 

cancer-associated fibroblasts in TKCC-10 tumours. Representative images 

and quantification of α-smooth muscle actin IHC staining on TKCC-05 

tumours 30 days post treatment. Data are presented as mean SMA-positive 

staining area ± SEM (n= 4 tumours per treatment group, with 6 FOV analysed 

per tumour per treatment group). Significance was determined using 

nonparametric ANOVA test with a Tukey multiple comparisons test where 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Das: dasatinib; rux: 

ruxolitinib; das+rux: dasatinib and ruxolitinib; gem: gemcitabine.  
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5.2.3.4 Effects of dasatinib and ruxolitinib treatment on 
remodelling the fibrotic tumour microenvironment 

Previously we observed significant effects of JAK inhibition on tumour fibrosis 

and extracellular matrix integrity in the immunocompetent KPC model 

(chapter 5.2.2). Next we wanted to assess these effects in the context of 

immunocompromised patient-derived models (Figure 5.2.20 and Figure 

5.2.21). In the TKCC-05 model, collagen content was significantly reduced 

following treatment with ruxolitinib, (Figure 5.2.20 D-F). Similar results were 

seen when ruxolitinib was combined with dasatinib, and also when combined 

with chemotherapy, in both TKCC-05 and TKCC-10 models (Figures 5.2.20E-

F and 5.2.21D-F). Moreover, in both models, birefringence analysis of 

collagen organisation revealed that ruxolitinib-based treatments reduced the 

proportion of highly-crosslinked collagen fibres and this was associated with 

an increase in less remodelled collagen fibres (Figures 5.2.20 G-J and 

Figures 5.2.21 G-J). 

Taken together, these findings support  our previous 3D in vitro and in vivo 

data (KPC model), confirming that JAK1/2 inhibition robustly leads to 

decreased fibrillar collagen content, and promotes a significantly disorganised 

extracellular matrix network in patient-derived settings.  
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Figure 5.2.20 Effects of dasatinib and ruxolitinib treatment on the extracellular 

matrix in TKCC-05 tumours. (A) Second-harmonic generation (SHG) 

maximum intensity images of TKCC-05 tumours 30 days post-treatment, with 

quantification of signal intensity at peak in (D). (B) Brightfield and (C) 

polarised light imaging of Picrosirius Red-stained sections and quantification 

of total collagen content (E+F). (G-J) Quantification of signal emitted from 

fibres with high (red), medium (yellow) and low (green) birefringence 

normalised to total signal acquired via polarised imaging. Data are presented 

as mean ± SEM (n= 4 tumours per treatment group, with 6 FOV per tumour). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 
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Figure 5.2.21 Effects of dasatinib and ruxolitinib treatment on the extracellular 

matrix in TKCC-10 tumours. (A) Second-harmonic generation (SHG) 

maximum intensity images of TKCC-10 tumours 30 days post-treatment, with 

quantification of signal intensity at peak in (D). (B) Brightfield and (C) 

polarised light imaging of Picrosirius Red-stained sections and quantification 

of total collagen content (E+F). (G-J) Quantification of signal emitted from 

fibres with high (red), medium (yellow) and low (green) birefringence 

normalised to total signal acquired via polarised imaging. Data are presented 

as mean ± SEM (n= 4 tumours per treatment group, with 6 FOV per tumour). 

Significance was determined using nonparametric ANOVA test with a Tukey 

multiple comparisons test where *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001. 
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5.2.3.5 Effect of dasatinib and ruxolitinib treatment on 
prolonging survival in metastatic patient-derived models of 
pancreatic cancer  

To examine the effects of dual dasatinib and ruxolitinib treatment on tumour 

progression and survival in the patient-derived and immunocompromised 

setting, the orthotopic patient-derived pSTAT3-high, P53 mutant TKCC-05 

model was utilised. Mice were monitored using bioluminescent imaging (IVIS) 

until ethical endpoint as defined by high tumour burden and/or the presence of 

ascites (Figure 5.2.22A). Kaplan-Meier survival analyses revealed that 

dasatinib and ruxolitinib in combination prolonged overall survival (median 

survival = 43 days, p=0.00001; vs vehicle median survival = 31 days). 

Gemcitabine and Abraxane also extended survival (median survival = 64 

days, p=0.0001) (Figure 5.2.22B). Moreover, the dasatinib and ruxolitinib with 

gemcitabine and Abraxane combination extended survival further (median 

survival= 73 days p<0.0001; vs vehicle = 31 days) versus gemcitabine and 

Abraxane alone (p=0.0009; Figure 5.2.22B). No significant difference in 

tumour weight or mouse weight was observed at endpoint (Figure 

5.2.22C+D), indicating ethical endpoints were appropriately applied across all 

treatment groups and there were no obvious signs of treatment-induced 

toxicity. In line with these results, IVIS imaging over time revealed similar 

effects of treatment on tumour growth and metastatic spread (Figure 5.2.23). 
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Figure 5.2.22 Effects of dasatinib and ruxolitinib treatment on survival in the 

immunocompromised, patient-derived TKCC-05 orthotopic model of 

pancreatic cancer. (A) Schematic representation of orthotopic injection and 

treatment timeline. (B) Kaplan-Meier survival analyses of dasatinib and 

ruxolitinib combination, also combined with gemcitabine (gem) and Abraxane, 

compared with gem/Abraxane alone. Log-rank analysis where *p<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001. (C) Tumour weight at endpoint and 

(D) mouse weight at endpoint. Data are presented as mean ± SEM (n= 8-10 

mice/treatment group). Das+rux: dasatinib and ruxolitinib. 
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Figure 5.2.23 Effects of 

dasatinib and ruxolitinib 

treatment on metastatic 

spread in the TKCC-05 

model. (A) Analysis of 

luciferase total flux 

(photons/sec) on day 7 

post-surgery. (B+C) 

Normalised flux (% of 

the initial signal on day 

7 post-surgery) was 

calculated weekly. Data 

are presented as mean 

± SEM (n= 8-10 

mice/group).  
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5.3 Discussion 

Despite recent progress developing novel treatment combinations, 

chemotherapy remains the standard of care for most patients with advanced 

pancreatic cancer, despite modest improvements in survival [9, 788]. Given 

the limitations associated with two-dimensional and three-dimensional in vitro 

models [83, 149, 612], in vivo models are essential tools for assessing the 

ability of new treatment combinations to improve chemosensitivity. Based on 

our promising findings in chapter 3 and chapter 4, we explored the efficacy of 

dual dasatinib and ruxolitinib treatment in the context of the complex tumour 

microenvironment in vivo. In vivo models were used to investigate the ability 

of SRC/JAK inhibition to delay tumour progression, improve response to 

chemotherapy, and also to examine broad mechanisms of action.   

The effect of combined dasatinib and ruxolitinib treatment was examined in 

three selected pancreatic cancer models characterised by high phospho-

STAT3 expression and TP53 mutations. Importantly, all three models 

displayed enhanced sensitivity to the combination of dasatinib and ruxolitinib, 

as evidenced by reduced primary tumour weight, decreased metastatic 

burden and improved survival. Previous studies have combined SRC and JAK 

monotherapies with chemotherapies such as gemcitabine and have 

demonstrated improved chemotherapeutic efficacy [443, 553, 554]. However, 

we are the first to demonstrate that dual dasatinib and ruxolitinib treatment in 

combination with standard of care chemotherapy (gemcitabine and Abraxane) 

is a viable therapeutic approach for pancreatic tumours that have been 

molecularly stratified. We have shown significantly inhibited tumour 

progression, improved survival while delaying the development of metastasis 

in both immunocompetent and immunocompromised in vivo models of 

pancreatic cancer. Building on our promising in vitro findings, we have also 

shown that combined dasatinib and ruxolitinib therapy robustly enhanced the 

apoptotic effect of chemotherapy in all three “on-phenotype” in vivo models 

examined, with significant anti-proliferative effects on cancer cells in two of 

these models.  
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As discussed previously (Chapter 4), pancreatic tumours comprise a 

heterogeneous population of cancer-associated fibroblasts, the inflammatory 

CAFs (iCAFs) and the myofibroblasts (myCAFs) collectively referred to as 

‘pancreatic stellate cells’, which play a significant role in promoting pancreatic 

tumourigenesis via the secretion of pro-inflammatory factors (iCAFs) and 

extracellular matrix (ECM) deposition (myCAFs) [141]. Despite several studies 

observing that modulation of the JAK/STAT3 pathway can alter stromal 

remodelling and decrease extracellular matrix deposition [443, 553, 554], 

Tuveson et al. have shown that JAK2 inhibition significantly increases the 

myCAF/iCAF ratio, reducing the secretion of tumour-promoting cytokines and 

chemokines, and shifting the CAF population to a myofibroblastic state, 

associated with increased extracellular matrix deposition and tumour fibrosis 

that is known to impede drug delivery [141, 147]. Our study has demonstrated 

that modulation of both JAK1 and JAK2 leads to effective disruption of 

collagen organisation (associated with myCAF activity), decreased overall 

CAF activation (assessed by α-smooth muscle actin staining), as well as 

significant decrease in signalling from the iCAF population (Chapter 4), 

suggesting that dual JAK1/JAK2 disruption can alter both CAF populations. In 

parallel, this therapeutic strategy can disrupt tumour-stromal interactions by 

inhibiting IL-4, IL-13, FGF and TNF-α signalling in vitro (Chapter 4) and the in 

vivo deposition of periostin, a matricellular protein induced by these pro-

inflammatory mediators [789]. Fibronectin, a STAT3 target and extracellular 

matrix protein with a role in regulating tumour architecture, as well as in 

promoting cell migration and transformation [790, 791] was also significantly 

modulated by dasatinib and ruxolitinib therapy. Notably, the major 

extracellular matrix components collagen, periostin and fibronectin, affected 

by the combination of dasatinib and ruxolitinib in this study, have all previously 

been shown to promote significant desmoplasia and lead to pancreatic tumour 

progression [787]. As the desmoplastic stroma of pancreatic tumours can 

impede chemotherapy delivery and promote chemoresistance [144, 792], and 

manipulation of the stroma has already shown significant success in 

improving chemosensitivity [149, 321, 793] [555], the novel therapeutic 

combination presented in this thesis highlights a tailored approach at targeting 
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diverse but distinct tumour cell and stromal cell components, to delay disease 

progression in this highly lethal malignancy.   

Pancreatic tumours are also defined by an immunosuppressive tumour 

microenvironment [153, 416], and inhibition of the SRC/JAK/STAT3 pathway 

has previously shown potent immunomodulatory effects in cancers including 

pancreas [149, 301, 321]. We have demonstrated (Chapter 4) that combined 

dasatinib and ruxolitinib treatment significantly decreases the production of 

secreted factors, including chemokines and cytokines, that play a role in 

promoting an immunosuppressive tumour microenvironment. In concordance 

with this, we have now demonstrated that this treatment strategy significantly 

impairs the infiltration of pro-inflammatory, tumour-promoting immune-cell 

populations, including regulatory T cells. Regulatory T cells are a population 

of immune cells that are associated with a poor prognosis in PDAC [157, 158] 

and are known to suppress the adaptive immune response by inhibiting 

effector T cell functions [160, 321]. In line with this, we observed a significant 

increase in the proportion of effector T cells following treatment with dasatinib 

and ruxolitinib. Effector T cells (CD8+) work by eliminating tumour cells via 

IFN-γ-mediated direct tumouricidal activity and induction of macrophage 

tumouricidal activity [156], and are associated with favourable clinical 

outcomes in PDAC [156]. Although increased CD8+ T cell infiltration has 

previously been shown following downregulation of SRC alone or STAT3 

alone [149, 301, 321], we are the first to demonstrate that combined inhibition 

with clinically-used agents is more effective. Moreover, we observed 

decreased infiltration of pro-tumourigenic (M2) macrophages that promote 

pancreatic cancer progression by secreting matrix proteins and proteases that 

modify the extracellular matrix, as well as pro-angiogenic and pro-invasive 

factors [156]. Importantly, we also observed decreased infiltration of pro-

inflammatory and pro-tumourigenic immune cell populations and increased 

infiltration of effector T-cells when dasatinib and ruxolitinib treatment was 

combined with chemotherapy.  

Collectively, these data establish potent efficacy of dual dasatinib and 

ruxolitinib treatment in tumours characterised by high phospho-STAT3 levels 

and TP53 mutations, particularly when combined with standard-of-care 
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treatment. The observed efficacy is associated with complex deregulation of 

tumour cell and stromal cell signalling as well as the disruption of the 

surrounding extracellular matrix and immunosuppressive tumour 

microenvironment.  
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Chapter 6. General discussion  

Despite significant efforts in developing new therapeutic strategies for 

pancreatic cancer, prognosis remains poor, with only 8% of patients surviving 

5-years post diagnosis. Moreover, these statistics have remained largely 

unchanged for the past 5 decades, indicating the importance of further 

research in this field. Pancreatic cancer is a complex and molecularly 

heterogeneous disease [3], making it difficult to treat with a ‘one-size fits all’ 

therapeutic strategy. Currently, most fields of medicine including oncology are 

transitioning towards the paradigm of ‘precision medicine’, where an individual 

patient is offered personalised care with an available treatment that targets 

the specific biology of an individual tumour. This approach has recently 

showed success in treating cancers with high microsatellite instability (MSI-

high) and mismatch repair (MMR) deficiency, with programmed death 

receptor-1 (PD-1) blockade (Pembrolizumab) [48]. Importantly, this trial 

assessed 12 different tumour types including pancreatic tumours, and showed 

measurable clinical responses. These results led to accelerated FDA 

approval, and set a precedent for the approval of biomarker-driven pan-

cancer therapy [794]. Furthermore, these ‘proof of principle’ findings indicate 

that histology-independent, biomarker-selected ‘basket’ trials are feasible for 

developing personalised medicine strategies, and have already shown 

promising results in other cancers (Table 6.1). Moreover, other ‘basket’ trials 

are currently underway including the TAPUR study, [795] and NCI-MATCH 

[796].  

To date, precision oncology trials have been focused on molecular matching 

with predetermined monotherapies [797-802], however many of these trials 

experience low matching rates due to limited gene panels and poor response 

rates [88]. A new paradigm for precision medicine has emerged that involves 

treating molecularly complex and heterogenous cancers with combinations of 

customised agents. Results from the I-PREDICT study revealed that targeting 

tumours with multiple molecular alterations with molecular recommendation-

based therapeutic combination(s) significantly improved disease-free and 

overall survival in patients with advanced cancer [88].  
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Accordingly, this study has employed a novel multimodal personalised 

medicine strategy that involves combining SRC and JAK inhibitors to target 

pancreatic tumours characterised by high phospho-STAT3 (Tyr705) 

expression and TP53 mutations. The SRC/JAK/STAT3 network is a major 

oncogenic signalling cascade that is frequently deregulated in PDAC [122, 

177, 321], presenting an attractive target for the development of tailored 

treatment strategies.  

In this study, using patient-derived and genetically engineered in vitro models 

of pancreatic cancer, we have demonstrated that dasatinib and ruxolitinib 

synergise in molecular subtypes defined by high phospho-STAT3 (Tyr705) 

expression and P53 mutations. We have also demonstrated that the 

combination of dasatinib and ruxolitinib treatment is the most effective at 

inhibiting the invasive, and proliferative capacity of ‘on-phenotype’ tumour 

cells in 3D organotypic models, and significantly disrupts extracellular matrix 

remodelling and collagen crosslinking (summarised in Figure 6.1) .  

In line with previous studies by Elyada et al. [145], Collisson et al. [7], and 

Bailey et al. [3], that have established that PDAC tumours are molecularly 

heterogenous, we have demonstrated inter-tumoural heterogeneity in KPC 

co-culture organoids using single cell transcriptomics. We have identified 4 

ductal cancer clusters as well as 2 cancer-associated fibroblast clusters: the 

iCAFs and myCAFs, previously described by Ohlund et al. [141]. Moreover, 

by examining cluster-specific transcriptomic signatures, we have begun to 

unravel the mechanisms behind dasatinib and ruxolitinib treatment. In cancer 

clusters this therapeutic strategy downregulates a number of important SRC 

and STAT3 target genes that promote pancreatic tumour progression. 

Additionally we have shown an effect of treatment on key processes that are 

significantly deregulated in cancer including the proliferation, apoptosis, cell 

cycle, protein synthesis [803], and metabolic processes such as glucose and 

glutathione metabolism [727, 728]. Dysregulation of these processes are a 

frequent feature of most cancers, therefore targeting them holds the promise 

of overcoming therapeutic issues associated with intra-tumoural 

heterogeneity. Furthermore we have demonstrated that dasatinib and 

ruxolitinib treatment downregulates key processes that are essential for the 
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production of a desmoplastic microenvironment, incuding extracellular matrix 

production by myCAFs. At the same time, this therapeutic combination 

appeared to ‘re-program’ or modulate specific gene signatures within iCAFs, 

namely pro-inflammatory pathways associated with chemokine production 

and secretion, that enable iCAFs to promote an immunosuppressive and pro-

metastatic tumour microenvironment.  

Assessment of the effects of dasatinib and ruxolitinib treatment on intercellular 

signalling within KPC organoids confirmed that this treatment strategy 

significantly modulates the secretion of immunomodulatory and pro-fibrotic 

mediators (cytokines, chemokines and growth factors). In particular, we 

observed that dual JAK and SRC targeting decreased the concentration of 

key mediators associated with the infiltration, activation and differentiation of 

immunosuppressive cell populations including tumour-associated 

macrophages, myeloid-derived suppressor cells, regulatory T-cells and T-

helper-17 cells. We have also shown effects of dasatinib and ruxolitinib on the 

secretion of pro-tumourigenic signals including IL-6 and its receptor Gp130, 

key factors that induce expression of STAT3 and promote tumour cell 

proliferation and survival [411, 627]. Moreover we have demonstrated that this 

treatment combination can modulate the secretion of factors that control the 

activation of pancreatic stellate cells, and can interfere with the autocrine 

signalling that promotes extracellular matrix production and remodelling 

(including IL-1, IL-6, TNF-α, and FGF) [160]. Furthermore, this treatment 

strategy is effective at dampening pro-metastatic signals including matrix 

metalloproteinases [756].   

Lastly, using various ‘on-phenotype’ patient-derived and genetically 

engineered in vivo models of PDAC, we have demonstrated that this novel 

therapeutic strategy robustly reduced tumour weight, decreased metastatic 

burden and significantly improved survival. Moreover, we are the first to 

demonstrate that dual dasatinib and ruxolitinib treatment in combination with 

standard of care chemotherapy (gemcitabine and Abraxane), is a viable 

therapeutic approach for pancreatic tumours that have been molecularly 

stratified. This therapeutic strategy significantly enhanced the apoptotic and 

anti-proliferative effects of chemotherapy and significantly inhibited tumour 
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progression. Moreover, in line with our in vitro findings, we have shown 

significant modulation of extracellular matrix protein deposition and 

extracellular matrix remodelling, as well as impaired infiltration of pro-

inflammatory, tumour-promoting immune-cell populations. These results are 

consistent with previously published work from Wormann et al. [321], who 

showed that genetic disruption of STAT3 in vivo reduces fibrosis by 

decreasing collagen content and the number of pancreatic stellate cells, and 

alters the proportion of immunosuppressive cell populations including tumour-

associated macrophages and regulatory T-cells. Finally, by examining our 

cohort of patient-derived xenograft tumour tissues, we have demonstrated a 

correlation between high phospho-STAT3 expression and P53 mutations, and 

have identified a significant proportion of tumours (24%) defined by this 

molecular phenotype that are of potential interest for targeting with this 

therapeutic strategy.  

6.1 Limitations and future studies 

Given the limitations of preclinical models, particularly their inability to fully 

recapitulate the complex human tumour microenvironment, this study has 

attempted to reduce these limitations by utilising a diverse range of both in 

vitro and in vivo mouse and patient-derived models characterised by high 

phospho-STAT3 expression and TP53 mutations. Importantly, this study has 

revealed similar effects of treatment in all models tested, suggesting that the 

combination of dasatinib and ruxolitinib is an effective therapeutic strategy 

and is likely to be consistent in this specific molecular context. This molecular 

context will need further in vivo exploration, as our in vitro data suggest that 

dasatinib and ruxolitinib have additional molecular targets that may be 

important for explaining the mechanism of action. These molecular targets 

may include downstream SRC/JAK/STAT3 pathway components such as 

AKT, MLC2 and MYPT. In addition, these results are limited to the 3 ‘on-

phenotype’ models selected, and would benefit from further biomarker 

validation via characterisation of additional ‘on-phenotype’ models, as well as 

‘off-phenotype’ models that are characterised by low phospho-STAT3 

expression and P53-wildtype status. ‘Off-phenotype’ models will help 

determine the specificity and selectivity of our personalised medicine strategy, 
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and we would expect the combination of dasatinib and ruxolitinib to be 

ineffective in these models.   

Moreover, while orthotopic in vivo models were selected to explore the effects 

of dasatinib and ruxolitinib on metastatic spread, analysis of the distinct 

stages of metastasis (invasion, intravasation, dissemination, extravasation 

and colonization) is needed to better understand the associated mechanisms. 

Intrasplenic injection of cancer cells can be used to mimic the early stages of 

liver colonisation, and to assess systemic targeting with dasatinib and 

ruxolitinib in the presence of circulating tumour cells [804]. Additionally, 

analysis of cell survival in the blood circulation via collection of circulating 

tumour cells in vivo, or via shear stress assays in vitro, could provide further 

insight into the effects of treatment on tumour cells in circulation. Moreover 

transendothelial migration assays [805] could be used to identify anti-

extravasation effects. Furthermore, examination of extracellular matrix 

integrity in the liver will determine whether JAK inhibition can remodel the 

extracellular matrix in metastatic sites as well as primary tumours.  

An additional limitation of this work is that although we have used single cell 

transcriptomics to assess the mechanisms associated with dasatinib and 

ruxolitinib in distinct cellular populations, we have yet to functionally validate 

all the identified mechanisms. In particular, we are yet to validate effects seen 

on metabolic pathways. Future studies may include assessment of glucose 

metabolism using glucose tolerance tests in vivo [806], measuring glycolysis 

and oxidative phosphorylation in live cells using Seahorse XF24 extracellular 

flux analyser in vitro [807], or performing high throughput metabolomics 

studies in vitro and in vivo [411]. Moreover, isolation of individual cancer and 

stromal cell clusters would enable more refined functional validation, and 

could be used to identify sensitive and resistant populations to the 

combination therapy. Furthermore, we will examine the transcriptomic 

mechanisms associated with the combination of dasatinib and ruxolitinib with 

gemcitabine and Abraxane, as this therapeutic combination showed the most 

efficacy in vivo.  
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Lastly, we plan to examine patient cohorts to determine the prevalence of high 

phospho-STAT3 expression and TP53 mutations in the patient setting. To do 

this we will utilise patient tumour microarrays (TMAs) from the ICGC primary 

operable patient PDAC cohort (n= 200) [3], as well as the Royal North Shore 

Hospital metastatic cohort (RNSH; n= 54) [83].  

In regards to future clinical implementation, dasatinib and ruxolitinib are both 

clinically approved drugs for use in other cancers [282, 528], and the 

combination of dasatinib and ruxolitinib is currently showing promising results 

in phase I/II trials for acute lymphoblastic leukaemia (NCT02494882), and 

chronic myelogenous leukemia (NCT03654768).  However this combination 

has yet to be combined with chemotherapy in the clinic. Although we see no 

signs of toxicity in vivo, the dosing schedule may need to be optimized to 

accommodate for side effects of combinations involving more toxic 

chemotherapies. The use of innovative treatment schedules such as a 

‘priming regimen’ [149] or sequential administration as ‘maintenance’ therapy 

[294], may assist in limiting toxicity. We envisage that a future phase I trial 

combining dasatinib and ruxolitinib with gemcitabine and Abraxane would be 

performed in the neoadjuvant setting, in order to attain safety and tolerability 

data, as well as collect tumour tissue for further biomarker validation.  

Application of the I-PREDICT [88], TARGET [808], study protocols in a similar 

manner to test clinical efficacy of a molecular recommendation-based 

treatment involving dasatinib, ruxolitinib and modern chemotherapy, presents 

the next logical step in order to translate this precision medicine strategy into 

clinical practice.  

In summary, we propose that dasatinib and ruxolitinib deregulates tumour cell 

and stromal cell signalling, manipulates the extracellular matrix and 

associated tissue fibrosis, reprograms the immunosuppressive tumour 

microenvironment, and renders pancreatic tumours more sensitive to 

cytotoxic drugs while delaying metastatic spread.  Collectively, these findings 

contribute to a better understanding of mechanisms associated with SRC and 

JAK inhibitors in pancreatic cancer, and may help to develop personalised 

precision medicine strategies involving combinations of customised agents. 

Moreover, we hope that the long-term outcomes of this study include 
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improving the quality of life of patients with pancreatic cancer by minimising  

side effects, the impacts of ineffective treatment, and by ensuring that  

appropriate therapy is tailored specifically to the biology of each tumour.  

Table 6.1 Overview of clinical studies focused on testing the precision 

medicine paradigm (adapted from Zimmer et al. [809]. 

 
 
 

Profiling 
mode Author/Trial Study 

design 
Cancer 

type Methods 

Median 
survival 
(months) 

matched vs. 
unmatched 

Response 
(in %) 

Next 
generation 
sequencing 

Rothwell et al. 
(TARGET) 
2019 [810] 

prospective 
matched vs. 
unmatched 

solid NGS/Foundati
on One   

PR: 36 vs 0; 
SD > 3 

months: 64 
vs 23 

Schwaederle et 
al. (PREDICT) 
2016 [800] 

Retrospective solid NGS PFS: 4.0 vs 
3.0 p  =  .05; 

SD  >  6  mont
hs/PR/CR: 

34.5 vs. 
16.1 

Wheler et al. 
2016 
[811] 

prospective 
matched vs. 
unmatched 

solid NGS TTF 2.8 vs 
1.9, p  =  .001; 

SD  >  6  mont
hs/PR/CR 

19 vs 5 
p  =  .061 

Stockley et al. 
(IMPACT/COM
PACT) 2016 
[812] 

prospective solid NGS OS: 16 vs 13 
p  =  .10 

ORR: 19 vs 
9 p  =  .026 

Multi-
platform 
profiling 

Tsimberidou et 
al. 2012 
[798] 

prospective solid PCR, FISH 

TTF: 5.2 vs 
2.2 p  <  .0001; 
OS: 13.4 vs. 
9.0 p  =  .017 

ORR: 27 vs 
5 p  <  .0001, 
SD  >  6  mont
hs: 23 vs. 

10 

Tsimberidou et 
al. 2014 
[813] 

prospective solid PCR, FISH 

PFS: 3.9 vs 
2.2 p  =  .001; 
OS: 11.4 vs. 
8.6 p  =  .04 

ORR: 12 vs 
5 p  <  .0001, 
SD  >  6  mont
hs 16.4 vs 

12.3 
Massard et al. 
(MOSCATO-
01) 2017 
[814] 

prospective solid  

targeted 
sequencing, 
aCGH, RNA-

seq, WGS 

OS: 11.9 

ORR: 11, 
SD: 52; 

PFS2/PFS1 
> 1.3 33 

Bryce et al. 
2017 
[815] 

prospective hematologic 
and solid 

NGS, CGH, 
WES   ORR: 8 

Tredan et al. 
(PROFILER) 
2017  
[816] 

prospective solid 
Targeted exon 
sequencing, 

CGH 
PFS: 2.8 

PR: 13 
(0.9% of 
overall 
cohort); 
ORR:43 

Rodon et al. 
(WINTHER) 
2018 
[817] 

prospective solid NGS, Oligo-
arrays PFS: 2.1 

SD 
>6  months/P
R/CR: 26.2 

Meta-
analysis 

Schwaederle et 
al. 2015 
[818] 

meta-analysis 
(phase I) 

hematologic 
and solid 
tumours 

  

PFS: 5.9 vs. 
2.7 p  <  .001; 
OS: 13.7 vs. 
8.9 p  <  .001 

SD: 29.2 vs 
6.2 p  <  .001 

Schwaederle et 
al. 2016 
[819] 

meta-analysis 
(phase II) 

hematologic 
and solid 
tumours 

  PFS: 5.7 vs. 
2.95 p  <  .001 

SD: 30.6 vs 
4.9 p  <  .001 
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Figure 6.1 Schematic summary of the effects of dasatinib and ruxolitinib on 

pancreatic tumours and their microenvironment.
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Appendix 
 

Appendix A: Luciferin kinetics curve for TKCC-05-eGFP/Luc 

 

Appendix B: Luciferin kinetics curve for TKCC-10-eGFP/Luc 
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Appendix C: Western blot showing phosphorylated STAT3 (phospho-STAT3 

Ser727) and beta-actin levels in pancreatic cancer patient-derived cell lines 

(TKCC) and cells from the KPC mouse model of pancreatic cancer (KPC 

R172H).   
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Appendix D: Western blot showing time-dependent effects of dasatinib, 

ruxolitinib and combination treatment on levels of SRC/STAT3 downstream 

effectors in TKCC-05 cells. 
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Appendix E: (A) Principal components analysis (PCA) heatmaps of the most 

differentially expressed genes in KPC organoids. (B) Elbow plot that ranks the 

principle components based on the percentage variance of each PC. 
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Appendix F: UMAP plots for individual replicates showing the same 6 

clusters in each replicate. 
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Appendix G: Cluster tree modelling the phylogenic relationship of different 

clusters at different clustering resolutions. 
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Appendix H: Violin plots of (A) number of unique genes per cell. (B) Total 

number of molecules detected within a cell. (C) Percentage of reads that map 

to the mitochondrial genome.  
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Appendix I: UMAP plots to visualise (A)  number of unique genes per cell. (B) 

Total number of molecules detected within a cell. (C) Percentage of reads that 

map to the mitochondrial genome. 
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Appendix J: Pearson’s correlation matrix comparing the association between 

individual replicates. (Pearson’s correlation coefficient of 1.0 indicates a 

perfect positive relationship).   
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