
 

School of Pharmacy and Biomedical Sciences 

 

 

 

 

 

Investigation of Novel Biomarkers for Pancreatic Cancer 

 

Aikaterini Emmanouilidi 

 

 

 

 

 

This thesis is presented for the Degree of 

Doctor of Philosophy 

of 

Curtin University 

 

 

October 2019 

 

 

 



1 
 

Declaration  

 

To the best of my knowledge and belief, this thesis contains no material previously 

published by any other person except where due acknowledgement has been made. 

This thesis contains no material which has been accepted for the award of any other 

degree or diploma in any university. 

 

 

The research presented and reported in this thesis was conducted in compliance with 

the National Health and Medical Research Council National Statement on Ethical 

Conduct in Human Research (2007). The research study received human research 

ethics approval from the Curtin University Human Research Ethics Committee, 

Approval Number HR54/2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

Acknowledgements 

First and foremost, I would like to thank my supervisor Professor Marco Falasca for 

giving me the opportunity to come to Australia and undertake this PhD project. It has 

been a long and challenging journey and I am deeply grateful for his support, for 

believing in me, teaching me valuable life lessons, encouraging me to set high goals 

and be the best version of myself. Thank you Professor for all the long and 

constructive talks which helped me evolve as a scientist and as a person. I consider 

myself lucky to have been part of your group. 

I would also like to extend my gratitude to my co-supervisor, Dr Pat Metharom, for her 

support throughout these years, as well as our collaborators Dr Connie Jackaman, Dr 

David Greening and Prof Peter Meikle. A big thank you to the staff of the Curtin Health 

Innovation Research Institute for their kindness and support. My special thanks also 

goes to Mrs Jeanne Edmands, Senior Technical Officer in CHIRI, for her invaluable 

help with the flow cytometry part of my project. 

I thank my fellow lab-mates, past and present, for all the encouragement, the laughs 

and the beautiful moments we shared and I will always cherish. I also want to express 

my gratitude to Mrs Ilaria Casari, for always being willing to lend me an ear and give 

me advice.  

Thank you also to all my dear friends who despite being in completely different time 

zones, they were always there for me to discuss and lift my spirit. 

Finally, I am eternally grateful to my mother and father, who have always supported 

my choices no matter how big of an impact that would have on their lives. Had it not 

been for their endless love, this achievement would not have been possible. 

 

 

 

 

 

 

 

 



3 
 

Contents 

Acknowledgements .................................................................................................................. 2 

List of primary publications...................................................................................................... 5 

This thesis contains 4 first author peer-reviewed publications listed below, with author 

contributions and copyrights permissions being included in the Appendix section. .............. 5 

Abbreviations ........................................................................................................................... 6 

Abstract .................................................................................................................................... 9 

Chapter 1: Literature Review ................................................................................................. 12 

1.1 Introduction ........................................................................................................... 12 

1.2 The pancreas – physiology and structure .............................................................. 12 

1.3 Pancreatic ductal adenocarcinoma – pancreatic intraepithelial neoplasia and genetics

 ........................................................................................................................................... 13 

1.4 Epidemiology .......................................................................................................... 17 

1.4.1 Established factors ................................................................................................ 17 

1.4.2 Putative risk factors .............................................................................................. 18 

1.4.3 Dietary factors ....................................................................................................... 19 

1.5 Biomarkers ................................................................................................................... 19 

1.5.1 Lewis antigens and CA19.9 ................................................................................... 20 

1.6 Exosomes ............................................................................................................... 23 

1.6.1 Biology of Exosomes ............................................................................................. 23 

1.6.2 Current methods on EV and exosome research ................................................... 26 

1.6.3 Physiological roles of exosomes ........................................................................... 32 

1.6.4 Exosomes in cancer and pancreatic cancer .......................................................... 36 

1.7 Metabolic reprogramming – Lipid metabolism ........................................................... 39 

1.7.1 Lipid metabolism in cancer ................................................................................... 39 

1.7.2 Lipid metabolism in pancreatic cancer ................................................................. 41 

1.8 Study Aims ................................................................................................................... 43 

Chapter 2: Characterization of the proteome of pancreatic cancer-derived exosomes as 

potential biomarkers for PDAC .............................................................................................. 45 

2.1 Article synopsis ............................................................................................................ 45 

2.1.1 Background ........................................................................................................... 45 

2.1.2 Experimental design in brief ................................................................................. 46 

2.1.3 Results in brief ...................................................................................................... 46 

2.1.4 Concluding remarks in brief .................................................................................. 46 

Publication 1 .......................................................................................................................... 48 

Chapter 3: Lipidomic analysis of PDAC exosomes and corresponding cells .......................... 62 

3.1 Introduction ................................................................................................................. 62 



4 
 

3.2 Study aims .................................................................................................................... 65 

3.3 Materials and Methods ................................................................................................ 66 

3.3.1 Cell lines ................................................................................................................ 66 

3.3.2 Samples collection for lipidomic analysis with mass-spectrometry ..................... 67 

3.3.3 Mass spectrometry ............................................................................................... 67 

3.3.4 Lymphocytes isolation from healthy donors’ whole blood .................................. 68 

3.3.5 T cell proliferation assay ....................................................................................... 69 

3.3.6 Cytokine expression assay .................................................................................... 70 

3.4 Results .......................................................................................................................... 70 

3.4.1 Lipidomic analysis of pancreatic, prostate and ovarian epithelial and cancer cells 

and their respective exosomes ...................................................................................... 70 

3.4.2 The effect of CE depletion on T cells proliferation and subsequent cytokine 

expression ...................................................................................................................... 79 

3.5 Discussion ......................................................................................................................... 89 

Chapter 4: Targeting PDK1 in pancreatic cancer ................................................................... 98 

4.1 Articles synopsis ........................................................................................................... 98 

4.1.1 Background ........................................................................................................... 98 

4.1.2 Experimental design in brief ................................................................................. 99 

4.1.3 Results in brief ...................................................................................................... 99 

4.1.4 Concluding remarks in brief .................................................................................. 99 

Publication 2 ........................................................................................................................ 100 

Publication 3 ........................................................................................................................ 105 

Publication 4 ........................................................................................................................ 131 

Chapter 5: General discussion, limitations and future directions ....................................... 145 

Bibliography ......................................................................................................................... 149 

Appendix .............................................................................................................................. 170 

 

 

 

 

 

 

 

 

 



5 
 

 

 

List of primary publications 

 

This thesis contains 4 first author peer-reviewed publications listed below, with author 
contributions and copyrights permissions being included in the Appendix section.  

 

1. Emmanouilidi, A., Paladin, D., Greening, D. W., & Falasca, M. (2019). 

Oncogenic and Non‐Malignant Pancreatic Exosome Cargo Reveal Distinct 

Expression of Oncogenic and Prognostic Factors Involved in Tumor Invasion 

and Metastasis. Proteomics, 19(8), 1800158. 

 

2. Emmanouilidi, A., & Falasca, M. (2017). 3-Phosphoinositide-Dependent 

Kinase 1 (PDK1). Encyclopedia of Signaling Molecules, 1-4. 

 

3. Emmanouilidi, A., & Falasca, M. (2017). Targeting PDK1 for 

chemosensitization of cancer cells. Cancers, 9(10), 140. 

 

4. Emmanouilidi, A., Fyffe, C. A., Ferro, R., Edling, C. E., Capone, E., Sestito, 

S., ... & Maffucci, T. (2019). Preclinical validation of 3-phosphoinositide-

dependent protein kinase 1 inhibition in pancreatic cancer. Journal of 

Experimental & Clinical Cancer Research, 38(1), 191. 

 

 

 

 

 

 

 

 



6 
 

 

 

Abbreviations 

ACAT-1 acyl coenzyme A-cholesterol acyltransferase 1 

ADM acinar-to-ductal metaplasia 

AFM atomic force microscopy 

APCs antigen presenting cells 

BMI body mass index 

CAFs cancer-associated fibroblasts 

CE cholesteryl ester 

CNS central nervous system 

COH cholesterol 

DC dendritic cell 

DG diacylglycerol 

DLS dynamic light scattering 

EGFR epidermal growth factor receptor 

EM electron microscopy 

ESCRT endosomal sorting complexes required for transport 

EVs extracellular vesicles 

FA fatty acid 

FSC forward-scattered light 

FUT fucosyltransferase  

IFN interferon 

IL interleukin 

ILV intraluminal vesicle 

IPMNs intraductal papillary mucinous neoplasms 

ISEV International Society of Extracellular Vesicles 

LBPA lysobisphosphatidic acid 

LDLR low-density lipoproteins receptor 

LPA lysophosphatidic acid 

MAPK Mitogen-Activated Protein Kinase 



7 
 

MCNs mucinous cystic neoplasms 

MHC major histocompatibility complex 

MISEV Minimal Information for Studies of Extracellular Vesicles 

MMP matrix metalloproteinase 

MSCs mesenchymal stem cells 

mtDNA mitochondrial DNA  

MVB multivesicular body 

MVEs multivesicular endosomes 

NK natural killer 

NSCLC non-small cell lung cancer 

NTA Nanoparticle Tracking Analysis 

ODC oligodendrocyte 

PanINs pancreatic intraepithelial neoplasias 

PBMCs peripheral blood mononuclear cells  

PC phosphatidylcholine 

PDAC Pancreatic ductal adenocarcinoma 

PDK1 3-phosphoinositide-dependent protein kinase 1 

PE phosphatidylethanolamine 

PG phosphatidylglycerol 

PI phosphatidylinositol 

PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate 

PI3K phosphoinositide 3-kinase 

PL phospholipid 

PS phosphatidylserine 

PSC pancreatic stellate cells 

PSGL-1 P-selectin glycoprotein ligand-1 

RAF Rapidly Accelerated Fibrosarcoma 

SEC size exclusion chromatography 

SEM scanning electron microscopy 

SEM Standard error of the mean 

SL sphingolipid 

SM sphingomyelin  



8 
 

SREBP1 sterol regulatory element-binding protein 1 

SSC side-scattered light 

STB synctiotrophoblast 

TEM transmission electron microscopy 

TG triacylglycerol 

TGF-β transforming growth factor beta 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

 

 

 

Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is a disease with a dismal prognosis and 

a mere 8-11% survival margin within 5 years post-diagnosis. It arises from the 

exocrine part of the pancreas and comprises more than 85% of pancreatic cancer 

cases. Its progression is rapid and by the time of diagnosis most patients present with 

metastasis, therefore being rendered unsuitable for surgical resection of the tumour. 

The current golden standard for disease diagnosis and patients monitoring is the 

carbohydrate antigen sialyl-Lewis α biomarker, also known as carbohydrate antigen 

19.9 (CA19.9). However, CA19.9 levels are not only dependent on the Lewis status 

of the individual / patient, but also from the tumour size, as tumours < 3cm cannot be 

detected with the use of this biomarker and give false negative results. At the same 

time, CA19.9 levels can be affected by other pathologic conditions of the 

gastrointestinal tract, therefore this biomarker exhibits neither the desirable sensitivity 

nor specificity. 

In recent years the potential of exosomes as biomarkers has emerged. Exosomes are 

part of the bigger Extracellular Vesicles (EVs) family and are lipid bilayer vesicles 30-

150nm in diameter, shed by almost all cells and implicated in physiological and 

pathological conditions. They are derived from the late endosomes and shed in the 

intercellular space following fusion of multivesicular bodies with the plasma 

membrane. When they were first discovered in 1983, they were seen as a “garbage 

bin” relieving the cell from abundant or faulty molecules, however this notion soon 

changed. It is now established that exosomes are key mediators in intercellular 

communication and can greatly impact the behaviour of neighbouring cells as well as 

cells residing in distal sites. Great efforts have been and are being made in order to 

thoroughly characterize their cargo (comprising of DNA, RNA, proteins and lipids) and 

exploit is as a rich source of diagnostic and prognostic biomarkers. 

This thesis mainly explores the potential of exosomes derived from pancreatic cancer 

cell lines as source of biomarkers for PDAC. In Chapter 1 an in–depth literature review 

covers topics ranging from the physiology of the pancreas and PDAC occurrence and 

epidemiology, to the biology of exosomes, current isolation and characterization 

methods used in exosome research and their roles in physiological conditions and 

also in cancer and pancreatic cancer. Metabolic reprogramming in pancreatic cancer 

is also discussed, as it affects many aspects of the disease. 

In Chapter 2, an extensive characterization of the proteomic cargo of PDAC and 

pancreatic epithelial cells-derived exosomes as well as their donor cells is being 

presented. A total of 1725 and 271 proteins have been uniquely detected in cells and 

exosomes respectively, and 1023 were identified in both sample types. Malignant 

exosomes were enriched in proteins involved in hallmarks of cancer such as 

proliferation, invasion and metastasis, and also known PDAC biomarkers were 

confirmed to be present in our exosomal preparations.  

In Chapter 3, the lipidome of pancreatic, ovarian and prostate cancer cells was 

analysed together with their respective exosomes. Corresponding non-malignant 
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epithelial cells and their respective exosomes were also analysed and used as points 

of reference. The outstanding finding of this study was the very high levels of 

cholesteryl esters (CE) specifically in the PDAC exosomes compared to all other 

exosome types – malignant and non-malignant. Taking into account the highly 

immunosuppressive environment of PDAC, and to further examine the biological 

relevance of this CE accumulation, we treated two PDAC cell lines with an acyl 

coenzyme A-cholesterol acyltransferase (ACAT)-1 inhibitor and we co-incubated the 

respective exosomes with CD3 CD28 stimulated CD4+ and CD8+ T cells. Consequent 

cell proliferation and cytokine expression was analysed, and treatment with avasimibe 

seemed to relieve the anti-proliferative effect of the untreated cells-derived exosomes, 

especially in CD8+ cells. Moreover, cytokines including IFN-γ, IL-8, IL-23 and MCP-1 

were downregulated upon incubation with exosomes derived from treated cells, 

compared to untreated controls, and the potential biological relevance is discussed.  

In Chapter 4, the pharmacological targeting of the 3-phosphoinositide-dependent 

kinase-1 (PDK1) protein in PDAC is explored. More than 90% of PDAC cases bear 

KRAS mutations and this results in instigation of downstream pathways mediating 

cancer progression. One of these pathways is the PI3K/PDK1 pathway, and since 

KRAS itself is an undruggable cancer target, the possibility of targeting alternative 

major proteins is tempting. PDK1 is also involved in lipid metabolism and generation 

of lipids acting as second messengers, therefore its pharmacological attenuation 

could have many implications. Experimental outcomes depicted SGK3 and NDRG1 

as the downstream effectors of PDK1 in pancreatic cancer signalling and indicated 

possible Akt independence. Moreover, in vitro combinatorial pharmacological 

inhibition of PDK1 and PI3K p110γ showed to have better outcome in cell growth than 

administration of each treatment alone, opening routes to dual targeting options 

towards hampering the progression of the disease. 

Finally, in Chapter 5 limitations of the current study and future directions are 

discussed. 
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Chapter 1: Literature Review 

1.1 Introduction  

 

The first historical report on the pancreas is dated back in the 4th century B.C. when 

Aristotle defined it as a distinct organ in his book “Historia Animalium” (in Greek “Περί 

τα ζώα ιστορίαι”), with Rufus of Ephesus and Galen adding more information in the 

following centuries (Tsuchiya, Kuroki et al. 2015). The word pancreas is a combination 

of the Greek words “pan” and “kreas”, which mean “all” and “meat”, respectively 

(Tsuchiya and Fujisawa 1997). These first studies regarding the structure of the 

pancreas were initially performed on the bodies of birds sacrificed for divination 

purposes, which was very common in ancient times, and later on apes (Tsuchiya, 

Kuroki et al. 2015). It was not until 1682 and onwards that physicians actually 

described the duct and revealed the multiple functions of this complex organ 

(thoroughly reviewed in (Busnardo, DiDio et al. 1983)). 

1.2 The pancreas – physiology and structure 

 

The pancreas consists of three different cell types, each of which corresponds to a 

different functional unit: the exocrine part, the endocrine part, and the supportive 

tissue. The exocrine pancreas contains acinar cells and ducts, with the former ones 

producing a number of digestive enzymes such as amylase, lipase, chymotrypsin and 

trypsin, and the latter ones transporting these enzymes further into the duodenum and 

comprising the component of the pancreas from which the vast majority of neoplasms 

arise (Figure 1). The endocrine pancreas consists of cells named “islets of 

Langerhans” crucial for hormones production including glucagon, insulin and 

somatostatin, and although endocrine malignancies are not uncommon, they still 

occur less frequently than the exocrine cancers. The supportive tissue is a mixture of 

immune cells, fibroblasts and vessels, and it is rarely implicated in neoplastic 

conditions (Basturk, Coban et al. 2010). 
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Figure 1 Structure of the pancreas. The pancreatic, common bile and bile duct, as well as 

acinar cells and pancreatic islets are displayed. 

 

1.3 Pancreatic ductal adenocarcinoma – pancreatic intraepithelial neoplasia 

and genetics  

Pancreatic ductal adenocarcinoma (PDAC) accounts for more than 85% of pancreatic 

malignancies and for this reason the term pancreatic cancer is often used to refer to 

this specific type. PDAC has a very rapid progression and eventually metastasizes to 

other organs such as liver and lymph nodes. Most patients develop a non-resectable 

tumour by the time they reach a diagnosis, and this greatly contributes to the lethality 

of the disease; the survival rate 5 years post diagnosis is 8-11% (Lambert, Schwarz 

et al. 2019). It is now known that PDAC does not arise de novo, but from pre-invasive 

lesions that gradually progress histologically and genetically into forming the invasive 

tumour (Koorstra, Feldmann et al. 2008). These lesions were initially acknowledged 

as pancreatic intraepithelial neoplasias (PanINs) during a National Cancer Institute 

meeting in 1999 in Utah (Hruban, Adsay et al. 2001). In brief, low-grade PanINs 

(PanIN-1A, PanIN-1B) comprise of columnar cells with unaffected nuclear polarity and 

can exhibit flat or papillary epithelium, respectively. In intermediate grades (PanIN-2), 

the nuclei lose polarity, get crowded and enlarged, and exhibit pseudo-stratification, 

while mitoses are infrequent. Lastly, high-grade PanINs (PanIN-3), alternatively called 

“carcinoma-in-situ”, exhibit extended loss of polarity, nuclear abnormalities and 

mitoses occurrence (Hruban, Adsay et al. 2001, Hruban, Takaori et al. 2004). 

Although PanINs are present in the pancreatic ducts that are less than 5mm 

(microscopic lesions), there are other forms of non-invasive neoplastic lesions that 

can be clinically detectable due to the mass formation (macroscopic lesions), such as 
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intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic neoplasms 

(MCNs). In MCNs, the epithelium comprises of columnar cells containing mucin and 

its supporting stroma expresses receptors for hormones such as progesterone and 

estrogen. IPMNs appear in pancreatic ducts of bigger size than PanINs and can be 

further categorized into “branch duct type” or “main duct type”, depending on the part 

of the duct involved (reviewed in (Koorstra, Feldmann et al. 2008)). 

The genetic evolution from PanINs to PDAC includes mutations of oncogenes, 

genome-maintenance and tumour-suppressor genes, deregulation of the telomeres, 

aberrant epigenetic regulation, and abnormal signalling. The vast majority of PDAC 

cases (>90%) involve gain-of-function point mutations-harbouring KRAS, with the 

PanIN grade being correlated to the overall mutation numbers. (Eser, Schnieke et al. 

2014). This underlines the importance of KRAS oncogene as one of the driving factors 

for PDAC initiation and progression. Opposite to oncogenes, tumour-suppressor 

genes impede abnormal cell proliferation, and their inactivation can promote cancer 

progression. DPC4/SMAD4/MADH4, TP53 and p16INK4A/CDKN2A are the main 

tumour suppressor genes found to be inactivated in PanINs, due to either promoter 

hypermethylation, homozygous deletion or mutation of one copy, accompanied by 

loss of the other copy. Among the genome-maintenance genes compromised in 

pancreatic cancer are hMLH1 and hMLH2, alteration of which leads to microsatellite 

instability, and gene members of the Fanconi anaemia family such as FANCG, 

FANCC and BRCA2. Inactivation of both copies of BRCA2 (as well as TP53) is an 

event that happens in later stages of PDAC progression. As for the telomere length, 

it has been observed that it can be unusually short in early stages of the disease 

progression and in >90% of low-grade cases, and this can result in chromosomal 

fusion and therefore instability, adding even more to the abnormal genetic burden of 

PDAC. Finally, methylations of CpG islands in gene promoters occur as early events, 

whereas changes in mucins, cyclin D1 and cyclooxygenase-2 protein expression are 

detected in different stages, as are components of the Notch and Hedgehog signalling 

pathways (reviewed in (Koorstra, Feldmann et al. 2008)). Overall, it is widely accepted 

that PDAC progression is multifactorial and there is a high genetic complexity 

underlying the disease (Laghi, Orbetegli et al. 2002).  

Although pancreatic cancer is a disease the progression of which follows a specific 

sequence of genetic mutations, clones that do not follow the expected tumour lineage 

often arise. As a result its genome presents as a mosaic with high instability, the 

provenance of which is yet to be elucidated. High genome instability often points 

towards events such as polyploidization and chromothripsis. A recent informatic 
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analysis of more than 100 PDAC genomes revealed the existence of polyploid 

tumours enriched for mutations in the TP53 gene. In an attempt to put a time stamp 

on the polyploidization occurrence during the tumour evolution timeline, further 

analysis revealed that this phenomenon succeeded mutational events correlated with 

age and double-strand break repair, and on the contrary preceded copy numbers 

changes. Strikingly, it was shown that more than half of the examined PDAC cases 

had undergone at least one chromothripsis event which in many cases affected the 

genetic loci of either KRAS or SMAD4, and in addition to that it was passed on from 

the primary to the metastatic tumour. During the same study, single cell sequencing 

experiments directly proved that PDAC progression does not necessarily follow the 

established model of consecutive genetic mutations (Notta, Chan-Seng-Yue et al. 

2016). The effect of chromothripsis in the context of cancer progression has also been 

previously studied by other groups, which concluded that this phenomenon can result 

from exogenous and endogenous factors such as ionizing radiation or during the 

cellular division, respectively. In regards to the latter, the cell's repair machinery 

detects and tries to restore the fragmented DNA which occurs during anaphase, 

resulting in major rearrangements which confer a detrimental phenotype to the cell 

and put it in a fast forward mode down the path to cancer development (Stephens, 

Greenman et al. 2011). 

As aforementioned, almost 90% of PDAC cases carry KRAS mutations which result 

in a constitutively active protein that participates in a number of feedback loops and 

activates multiple downstream cascades imperative for cancer initiation as well as 

maintenance, the most important of which are the Rapidly Accelerated Fibrosarcoma 

/ Mitogen-Activated Protein Kinase (RAF/MAPK)  and Phosphoinositide 3-Kinase / 3-

phosphoinositide-dependent protein kinase 1 (PI3K/PDK1) pathways (Lemstrova, 

Brynychova et al. 2017). These two pathways are crucial for PDAC treatment as 

KRAS itself is an undruggable cancer target. At this point it is worth mentioning that 

although the majority of KRAS mutations are yet not targetable, there has been some 

improvement in inhibitor development regarding the rare variant KRASG12C. More 

specifically, the first in vitro selective KRASG12C inhibitor, named ARS-853, was 

developed in 2016 (Patricelli, Janes et al. 2016). This category of inhibitors later 

entered clinical trials, with the first drug candidate being MRTX849 (Hallin, Engstrom 

et al. 2020). Another successful candidate is AMG150, which exhibited remarkable 

results when combined with anti-PD-1 immunotherapy in the case of in vivo colon 

cancer models. Increased infiltration of CD8+ T cells, dendritic cells and macrophages, 

and increased expression of specific interferons and chemokines, as well as MHC I 



16 
 

class antigens, were among the observed effects. AMG150 is currently in the clinical 

trial stage, offered as treatment for KRASG12C advanced solid tumours (Canon, Rex 

et al. 2019).  

Although mutations are very commonly found in PI3K and RAF kinases, the same 

does not apply to their effector proteins, for which a number of inhibitors are 

undergoing clinical testing (Collisson, Trejo et al. 2012). Regarding the RAF/MAPK 

pathway, pharmacological inhibition of MEK1/2 kinase in vivo has been shown to 

enhance the effect of Abraxane, a chemotherapeutic drug comprising of a conjugation 

of paclitaxel with albumin (Awasthi, Monahan et al. 2018), while in in vitro studies 

inhibition of the pathway results in increased levels of p21Kip1 and concomitant cell 

cycle arrest (Gysin, Lee et al. 2005).  

On the other side, amplified PI3K isoforms have been shown to be upregulated in 

many cancers, with the p110γ being the predominant one in PDAC (Edling, Selvaggi 

et al. 2010). A study by Eser et al. highlighted the importance of PDK1, a downstream 

effector of PI3K, as a pancreatic tissue-specific KRAS effector, noting its crucial role 

in PDAC establishment, acinar-to-ductal metaplasia (ADM) and cell plasticity (Eser, 

Reiff et al. 2013). In vivo experiments using transgenic mouse models showed that 

the expression of the mutated p110αH1047R in the pancreas initiated ADM, resulting in 

PanINs (from PanIN-1A to PanIN-3), and exhibiting an almost identical phenotype to 

KrasG12D – driven PDAC in terms of metastatic events and survival, as well as 

activation of the same components of the PI3K pathway. Aberrant expression of the 

PI3K pathway at the early stages of pancreatic malignancy was also validated in 

human tissue microarrays, cell lines and xenografts. Interestingly, PDK1 ablation in 

the pancreas epithelium resulted in successful blockage of PDAC and premalignant 

PanINs in transgenic mice, and was not accompanied by lethality and impaired 

pancreatic development apart from glucose tolerance defects which did not develop 

further. On the contrary, deletion of PDK1 in non-small cell lung cancer (NSCLC) 

transgenic mice models harbouring KrasG12D mutation had no effect in disease 

progression, demonstrating that despite the common genetic background, there is 

cell-specificity in regards to PDK1-dependent cancer initiation and progression (Eser, 

Reiff et al. 2013). More studies have recently provided further evidence, directly or 

indirectly linking PDK1 to pancreatic cancer. For instance, PDK1 has been shown to 

be regulated by the tumour suppressors miR-375 and miR-1271, with their expression 

being inversely correlated in pancreatic cancer (Zhou, Song et al. 2014, Xie, Huang 

et al. 2018), whereas its direct pharmacological inhibition has been shown to impair 

pancreatic cancer cells survival (Falasca, Chiozzotto et al. 2010) and its deletion has 
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been recently linked to re-sensitization of PDAC cells to gemcitabine (Li, Mullinax et 

al. 2018). An extensive analysis of PDK1 structure, function, involvement in 

chemoresistance and its pharmacological targeting in pancreatic cancer can be found 

in chapter 4 in the form of two peer-reviewed article reviews and one peer-reviewed 

research article. 

 

 

1.4 Epidemiology  

Pancreatic cancer occurrence is relatively low compared to other malignancies, 

however mortality levels are high in global ranking even in cases of early diagnosis. 

The rates of pancreatic cancer incidence greatly vary between countries, implying that 

the manifestation of the disease is attributed not only to genetic but also to epigenetic 

factors (Klein and Hepatology 2019). There is a number of factors involved in 

pancreatic cancer epidemiology, divided into three main categories: established, 

putative and dietary risk factors. In 2018, Hungary was the country with the highest 

incidence of pancreatic cancer globally (AICR 2018) and men are 1,5 times more 

likely to get affected than women. Lack of a current screening method makes 

prevention crucial and therefore identification of risk factors can assist in the 

explanation for differences related to gender and nationality, and serve as a powerful 

tool (Ilic and Ilic 2016).  

 1.4.1 Established factors 

Heredity, age, smoking, obesity and diabetes mellitus are factors with great impact on 

the disease occurrence. Pancreatic cancer risk dramatically increases after 50 years 

of age, with the average diagnosis age being 72 years (Jiao and Li 2010). Inheritable 

traits have been found to play a role in 5-10% of all cases (Greer, Whitcomb et al. 

2007). The disease can be linked to cystic fibrosis, hereditary pancreatitis or 

accompany as part of an existing malignancy syndrome (Lynch, Lanspa et al. 1989). 

Such syndromes include the familial atypical multiple-mole melanoma, Peutz-Jeghers 

syndrome, hereditary breast-ovarian cancer syndrome, familial adenomatous 

polyposis, Li-Fraumeni syndrome, hereditary pancreatitis and hereditary 

nonpolyposis colon cancer (Jiao and Li 2010). Cigarette smoking is responsible for 

25% of cases. Studies have shown that long term exposure of animal models to 

tobacco-specific N-nitrosamines led to a development of pancreatic malignancies, 

whereas DNA adducts and compounds specific for tobacco could be detected in 

human pancreatic tissue and juice of affected individuals (reviewed in (Lochan, 

Reeves et al. 2011)). Additionally, smoking has been linked specifically to pancreatic 
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cancer K-ras mutations (Blackford, Parmigiani et al. 2009). However, there are no 

strong data supporting a contributory role of passive smoking to this malignancy (Jiao 

and Li 2010). Obesity, the second modifiable factor for pancreatic cancer, can be 

defined by the body mass index (BMI). BMI between 25.00 and 29.99 indicates a pre-

obese state (overweight), whereas individuals with BMI > 30.00 are classified as 

obese (DoH 2014). A number of studies and meta-analyses have positively correlated 

obesity to pancreatic cancer onset (de Gonzalez, Sweetland et al. 2003, Larsson, 

Orsini et al. 2007, Renehan, Tyson et al. 2008). Of special interest is the fact that 

individuals exhibiting main and upper body weight gain (waist, chest and shoulders) 

have a higher relative risk of pancreatic cancer compared to those exhibiting 

peripheral weight gain (thighs, hips or equal overall distribution), independently of 

their BMI (Patel, Rodriguez et al. 2005). However, it is known that abdominal adiposity 

can lead to glucose intolerance; therefore it is possible that elevated insulin levels or 

insulin-like growth factors (IGFs) may promote malignant transformation of the 

pancreatic duct cells (Jiao and Li 2010). Diabetes mellitus (or Type 2 diabetes) is both 

a predisposing factor and an early indicator for pancreatic cancer onset (Gullo, Pezzilli 

et al. 1994, Fisher 2001) and almost 1% of sufferers over 50 years old will be 

diagnosed with the malignancy (Chari, Leibson et al. 2005).  

1.4.2 Putative risk factors  

Alcohol and pancreatitis are the two main suspect risk factors for pancreatic cancer. 

Although moderate alcohol consumption does not appear to have  a significant role, 

heavy alcohol consumption (especially of liquor) could create a pro-inflammatory 

environment that contributes to the onset of the disease when combined with other 

predisposing factors (Jiao, Silverman et al. 2009, Rohrmann, Linseisen et al. 2009), 

and is therefore identified as a pancreatitis trigger. Chronic pancreatitis can at the 

same time result in pancreatic cancer. Although pancreatitis usually precedes 

pancreatic cancer it can also be its consequence, since pancreatic cancer interferes 

with the flow of the pancreatic enzymes. Nonetheless, pancreatitis–related 

inflammation can create a pro-oncogenic environment and further studies are needed 

to clarify the association between pancreatic inflammation and oncogenesis (Jiao and 

Li 2010). Acute pancreatitis has recently been linked to PDAC as well, nevertheless 

research outcomes are mostly conflicting at this stage (Kirkegård, Cronin-Fenton et 

al. 2018). 
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1.4.3 Dietary factors  

Another factor affecting pancreatic cancer risk is diet, more specifically low fruit intake 

and increased consumption of red meat. A cohort study showed that high 

consumption of processed meat was positively correlated with an increased risk for 

disease manifestation. Additionally, the significant driving factor was associated with 

meat-derived saturated fat (Nöthlings, Wilkens et al. 2005). Regarding fruit and 

vegetable consumption, results significantly vary (Gold and Goldin 1998), however 

flavonols and especially kaempferol were shown to associate with risk reduction 

(Nöthlings, Murphy et al. 2007). In general, no clear conclusions can be drawn 

regarding the effects of putative and dietary factors on pancreatic cancer risk, and this 

is due to the great heterogeneity of studies, populations and assessment tools. 

Further research and extensive studies need to be carried out in order to understand 

the possible interactions between genetic predisposition and exogenous factors, and 

to be able to identify individuals of high risk (Jiao and Li 2010). 

1.5 Biomarkers 

Despite the fact that the epidemiology and genetic background of pancreatic cancer 

have been thoroughly investigated and comprehended, it still remains an aggressive 

disease with an 8-11% survival rate within a 5 years post-diagnosis period. The 

manifestation of the disease comes along with unspecific symptoms such as weight 

loss, jaundice and back pain, therefore complicating timely diagnosis (Jenkinson, Earl 

et al. 2015). The facts that the majority of patients are inoperable and diagnosis is 

made via fine-needle aspiration, dramatically limit the amount of specimens available 

for research purposes regarding biomarker discovery (Jenkinson, Earl et al. 2015), 

and the genetic heterogeneity and instability of PDAC hamper the establishment of a 

biomarker suitable for all patient groups (Campbell, Yachida et al. 2010, Yachida, 

Jones et al. 2010). In addition to this, pre-existing pathological conditions such as 

Type 2 diabetes may affect biomarker performance (Pannala, Leirness et al. 2008), 

as can obstructive jaundice, which is associated with tumours detected at the head of 

the pancreas (Sener, Fremgen et al. 1999). It has been recently shown that the 

presence or absence of obstructive jaundice can negatively affect the specificity and 

sensitivity of candidate biomarkers, therefore reducing their capacity to discriminate 

between PDAC and benign conditions (Tonack, Jenkinson et al. 2013). Another 

potential challenge for diagnostic biomarker discovery is the fact that the vast majority 

of PDAC cases are diagnosed at an advanced stage and therefore the candidate 

biomarkers resulting from those samples may be reflective of this late stage solely, 

and be unsuitable for stages prior to symptoms manifestation. To address this, more 
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prospective cohort studies need to be carried out, in order to detect candidate 

molecules for each of the stages of the disease progression (Jenkinson, Earl et al. 

2015). To achieve successful biomarker discovery it is important that cohort studies 

include a wide range of samples sources deriving from healthy and high-risk 

individuals, patients with benign conditions of the pancreas, diagnosed PDAC 

patients, as well as a variety of sample types such as pancreatic juice, urine, blood, 

tissue and saliva, whenever this is feasible (Jenkinson, Earl et al. 2015). 

1.5.1 Lewis antigens and CA19.9 

 

Lewis antigens are part of the histo-blood group antigens (HBGAs), which are 

oligosaccharides with similar structure divided in four groups (type 1 to type 4).  Lewis 

b (Leb) (Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-) is derived from the H type 1 antigen 

(Fucα1-2Galβ1-3GlcNAcβ1-) which is formed after the addition of an α2-fucosyl 

residue (α2Fuc) to the type 1 chain (Galβ1-3GlcNAcβ1-) by the secretor enzyme 

fucosyltransferase 2 (FUT2). Fucosyltransferase 3 (FUT3) is responsible for the 

addition of an α4Fuc to the type 1 and the H type 1 chain, resulting in Lewis a (Lea) 

(Galβ1-3(Fucα1-4)GlcNAcβ1-) or Lewis b. For the production of Lea only FUT3 activity 

is essential- and therefore it is a monofucosylated carbohydrate, whereas for Leb both 

FUT2 and FUT3 need to be active- and therefore it is a difucosylated carbohydrate 

(Kubota, Kumagai et al. 2012). As those enzymes are primarily expressed in the 

gastrointestinal tract, Lewis antigens are predominantly found in the respective cell 

type (Nishihara, Hiraga et al. 1999). The secretor enzyme FUT2 is active in 

approximately 80% of the Caucasian population. Individuals with a non-secretor 

phenotype express the Lea carbohydrate, providing that FUT3 is active. It is important 

to underline that FUT2 and FUT3 both compete for the type 1 chain and therefore the 

carbohydrate expression depends on the enzyme activity (Mattos 2016).  

 

The carbohydrate antigen19.9 (CA19.9), otherwise known as carbohydrate antigen 

sialyl-Lewis α, was characterized three decades ago (Magnani, Steplewski et al. 

1983) and is currently the golden standard for pancreatic cancer diagnosis and 

monitoring (Galli, Basso et al. 2013). Nevertheless, based on the aforementioned, 

CA19.9 expression is higher in individuals with Lea+b- and variable in Lea-b+ ones. 

Although CA19.9 expression should be null in Lea-b- individuals and 10% of Caucasian 

population, there have been cases where advanced pancreatic cancer patients of 

these genetic backgrounds express CA19.9 up to some extent (>100 U/ml) (Orntoft, 

Holmes et al. 1991, Hamada, Taniguchi et al. 2012). Kim et al., have determined the 
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optimal cut-off to be >37 U.ml in order for CA19.9 to discriminate between benign and 

malignant disease of the pancreas with 87% specificity and 77% sensitivity, after the 

evaluation of more than 20,000 individuals bearing malignant or benign pancreatic 

condition, or being asymptomatic (Kim, Kim et al. 1999). However, apart from the 

Lewis antigen status, there are more implications involved in the evaluation of CA19.9 

as a biomarker for pancreatic cancer diagnosis, one of them being tumour size. When 

the tumour is smaller than 3cm, the sensitivity of CA19.9 drops at 55%, thus allowing 

the disease to be undetectable at the time of screening. In addition to this, CA19.9 is 

elevated in benign conditions of the gastrointestinal tract such as pancreatitis, biliary 

obstruction and cirrhosis, resulting in high incidence of false- positive results 

(Steinberg 1990). Other markers for pancreatic cancer have been explored and are 

summarized in Table 1, nevertheless they do not exhibit higher diagnostic value or 

they have the same or more limitations with CA19.9, which results in this carbohydrate 

antigen being the current standard to which all potential biomarkers are compared.  
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Table 1: Current biomarkers in pancreatic cancer  

CA proteins and Overexpressed proteins 

Marker Sensitivity Specificity References 

CA242 41-75% 85-95% (Haglund, Lundin et al. 1994, 
Ventrucci, Ubalducci et al. 
1998, Ozkan, Kaya et al. 2003) 

CAM 17.1 67-78% 76-91% (Parker, Makin et al. 1992, 
Gansauge, Gansauge et al. 
1996)  

MUC-1 77% 95% (Gold, Modrak et al. 2006) 

CEACAM1 85% 98% (Simeone, Ji et al. 2007) 

Osteopontin 80% 97% (Koopmann, Fedarko et al. 
2004)  

DNA markers 

Marker References 

K-ras (Dressman, Yan et al. 2003, Shi, Eshleman et al. 2004, Diehl, Li 

et al. 2005) 

p53 (Sturm, Hruban et al. 1998, Wikman, Lu et al. 2000, Dahl, 

Stenberg et al. 2007) 

Hypermethylated genes (Jansen, Fukushima et al. 2002, Sato, Ueki et al. 2002, Sato, 

Fukushima et al. 2003) 

Mitochondrial DNA markers (Kassauei, Habbe et al. 2006) 

MicroRNA (Szafranska, Davison et al. 2007) 

Telomerase (Iwao, Hiyama et al. 1997, Tsutsumi, Tsujiuchi et al. 1997, 

Pearson, Chiao et al. 2000, Mishra, Zhao et al. 2006) 
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1.6 Exosomes 

 

1.6.1 Biology of Exosomes 

A significant part of intercellular communication is achieved through the shedding of 

extracellular vesicles (EVs), a conserved process adopted by almost all organisms. 

EVs are implicated in both physiological and pathological conditions and their 

diameter range is 30-1000nm. The two predominant EV classes are microvesicles 

and exosomes, which differ in size, biogenesis and composition (Cicero, Stahl et al. 

2015). Exosomes are mostly found in a range of 30-150nm (Vestad, Llorente et al. 

2017) and they are derived from the late endosomes (Stoorvogel, Kleijmeer et al. 

2002). More specifically, early endosomes are the main recipients of endocytosed 

cargo, which get gradually enriched in intraluminal vesicles (ILVs) and turn into late 

endosomes or multivesicular bodies (MVBs). MVBs can either stay in a neutral state-

acting as a kind of “storage” for the accumulated vesicles, they can fuse with 

lysosomes and thus their cargo gets degraded, or last and most importantly, they can 

fuse with the plasma membrane of the cell and release the vesicles- which from that 

point are termed exosomes, in the intercellular space [reviewed in (Stoorvogel, 

Kleijmeer et al. 2002)]. The existence of exosomes was first described in 1983 when 

during in vitro maturation of sheep reticulocytes, simultaneous physical ablation of the 

transferrin receptor was observed. Experimental work showed that during maturation, 

reticulocytes released vesicles enriched in the transferrin receptor protein, with very 

distinct profile from that of the donor cells’ plasma membrane. Those vesicles could 

be pelleted following 100,000 x g centrifugation and visualized under the electron 

microscope (Pan and Johnstone 1983). Depending on their source of origin 

exosomes have distinct protein cargo, however common proteins include tetraspanins 

(CD81, CD9, CD63, CD82), chaperones and Tsg101 (Stoorvogel, Kleijmeer et al. 

2002). Hydrophobic tails are proposed to be crucial for the MVBs lipid sorting 

(Mukherjee, Soe et al. 1999) as in the case of lysobisphosphatidic acid (LBPA) 

(Kobayashi, Beuchat et al. 1999), while B cell-derived exosomes exhibit abundance 

of sphingomyelin and cholesterol, which are implicated in lipid raft formation 

(Stoorvogel, Kleijmeer et al. 2002). Sorting of proteins and lipids at the MVBs level is 

what determines the exosomes’ composition, and takes place in two steps. The first 

one occurs at the limiting membrane with protein segregation and selection, and the 

second one involves the inclusion of the selected cargo in newly formed vesicles 
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exhibiting inward budding behaviour (Hirsch, Fedorko et al. 1968, Holm, Kayser et al. 

1993). MVBs biogenesis is linked to lipid metabolism, with phosphoinositide 3-kinase 

(PI3K) being crucial for vesicle formation (Futter, Collinson et al. 2001), and proteins 

such as the Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate) 

(Komada and Soriano 1999) and the endosomal sorting complexes required for 

transport (ESCRT) (Bishop and Woodman 2001) significantly impact this process.  

The mechanisms responsible for ILVs formation get initiated by the targeting of 

specific molecules-cargo to the MVBs, therefore the first checkpoint for the formation 

of exosomes is the expression of proteins which will become exosomal cargo (Palmulli 

and van Niel 2018), such as in the case of syndecan in HeLa cells (Baietti, Zhang et 

al. 2012). A crucial step following the expression of the proteins destined to be 

exosomal cargo is their ability to have access to the endosomes in order to be sorted. 

Mutated proteins can be retained in specific subcellular compartments and therefore 

never reach the endosomal compartment (Trajkovic, Hsu et al. 2008). Exosomal 

cargo proteins are known to reach their destination via endocytosis, which can either 

be dependent or independent of clathrin or dynamin, and with ubiquitination being an 

important part of the process (Mayor and Pagano 2007, Walseng, Bakke et al. 2008, 

Piper, Dikic et al. 2014). A second checkpoint is the fine balance between targeting 

proteins for ILVs sorting or recycling, which is regulated by syntenin. In the presence 

of phosphatidylinositol 4,5-bisphosphate PI(4,5)P2 and Arf6, syntenin can recycle 

syndecans to the plasma membrane; however, when acting in combination with ALIX, 

it directs syndecans to the ILVs. When in a complex, these three proteins promote 

exosomal release and also mediate Arf6-regulated ILVs budding (Palmulli and van 

Niel 2018). An important event taking place in the early steps of the process, is the 

early endosomes’ maturation which depends on the RAB5/RAB7 interchange, and 

the ESCRT-dependent inward folding and fission of their membranes, required for ILV 

formation (Scott, Vacca et al. 2014, Hurley 2015). During ILV formation the sorting 

machinery is recruited by the cargo protein which is surrounded by a clathrin coat 

through the action of ESCRT-0 and -I. Removal of the coat allows membrane scission 

and deubiquitinating enzymes recruitment via ESCRT-II and –III, so that subsequent 

exosomal cargo proteins can be ubiquitin–free, prior to the ILVs release into the 

multivesicular endosomes (MVEs) lumen. ILVs formation can also take place in an 

ESCRT-independent manner, which results in CD63-enriched vesicles. In general, 

exosome biogenesis is regulated up to some extent by both ESCRT-dependent and 

non-dependent mechanisms, however increasing evidence has been pointing to the 

fact that ILVs degradation is mostly linked to ESCRT-dependency whereas release 
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as extracellular vesicles is linked to ESCRT-independency (Palmulli and van Niel 

2018). The destiny of MVEs is to fuse with the lysosomes and release of ILVs as 

exosomes means that this step has to be avoided, nevertheless there is still very little 

comprehension of the mechanisms that promote exosomal release and are 

unfavourable towards fusion with the lysosomes (Eitan, Suire et al. 2016). Up to date, 

proteins known to be involved in the secretion of exosomes are members of the Rab 

family including RAB11, RAB35, RAB7 and RAB27A/B (Palmulli and van Niel 2018), 

and although it is a constitutive process, extracellular stimuli can affect secretion rate 

or exosomal cargo, for instance in the case of chemotherapy where increased 

secretion serves as a way for the cancer cell to reduce intracellular drug levels and 

confer resistance to neighbouring naive cells through altered levels of exosomal 

active molecules (Safaei, Larson et al. 2005, Chen, Cai et al. 2014). 

Apart from exosome biogenesis and secretion, cellular recognition once the vesicles 

are released in the intercellular space or the body fluids is a mostly unexplored area 

of research. The main mechanisms through which this recognition can take place are 

free floating, adhesion and antigen recognition (McKelvey, Powell et al. 2015). 

According to the first mechanism, exosomes can be detected in body fluids for a very 

short period of time before being recruited to organs such as the spleen or liver by 

immune cells (Saunderson, Dunn et al. 2014). This recruitment can be facilitated by 

opsonisation, as suggested by the presence of opsonins such as lactoadherin on the 

exosomal surface (Blanc, Barres et al. 2007), or by exosomal expression of 

chemokines which act as chemoattractants (Chen, Guo et al. 2011). In the case of 

adhesion, molecules from both parties are required to be involved. In T cell – 

exosomes interaction, binding and strong adhesion depends both on ICAM-1, CD44, 

CD49d and CD11a expression by the cell and CD81 and CD9 expression on the 

exosome surface (Morelli, Larregina et al. 2004, Zech, Rana et al. 2012). Antigen 

recognition might be the simplest of the aforementioned mechanisms as it is solely 

driven by the exosomal major histocompatibility complex (MHC) molecules, which are 

strongly conserved between the parental cell and the corresponding exosomes 

(Wieckowski, Visus et al. 2009). MHC class I exosomal expression exerts 

immunosuppressive activity such as inhibition of natural killer (NK) and CD8+ cells 

activation (Kshirsagar, Alam et al. 2012), whereas MHC class II expression acts as 

an immune stimulant. It is not a coincidence that MHC class II molecules are present 

in exosomes derived from antigen – presenting cells such as dendritic cells (DCs) 

(Vincent‐Schneider, Stumptner‐Cuvelette et al. 2002).  
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Once the exosome has been successfully recognized by the recipient cell it is time for 

it to be internalized in order to release its cargo and elicit a response, an event that 

can happen via soluble and juxtacrine signalling, fusion, phagocytosis, 

macropinocytosis, and endocytosis mediated by rafts and receptors (McKelvey, 

Powell et al. 2015). Soluble and juxtacrine signalling is a mechanism adopted by 

cancer – derived exosomes which carry death ligands on their surface, and requires 

alternative splicing or cleavage of the ligand and juxtaposition of exosomal and 

cellular ligand and receptor, respectively (Taylor, Gerçel-Taylor et al. 2003). 

Examples of exosomal and plasmatic membrane fusion have been reported in the 

case of microvesicles targeted to activated platelets in order to transfer P-selectin 

glycoprotein ligand-1 (PSGL-1) and tissue factor (Del Conde, Shrimpton et al. 2005), 

and in the case of melanoma exosomes (Parolini, Federici et al. 2009). PI3K together 

with Na+ are the main regulators of macropinocytosis, a method of uptake in which 

microparticles are surrounded by protrusions of the cell plasma membrane that form 

an invagination (Tian, Zhu et al. 2014). Endocytosis mediated by receptors and rafts 

is also called clathrin – mediated endocytosis in the case of the former, and the latter 

includes clathrin – independent endocytosis as well as caveolae dependent and 

independent endocytosis (Mayor and Pagano 2007). Whether the exosome will elicit 

a cellular response or it will deliver its cargo once it reaches its target recipient cell, is 

likely dependent on the method of uptake. For instance, endocytosis is inevitably 

linked to the endosomal pathway and the subsequent degradation of the exosomal 

cargo whereas fusion and soluble and juxtacrine signalling elicit cellular responses 

(McKelvey, Powell et al. 2015). 

1.6.2 Current methods on EV and exosome research  

 

1.6.2.1 Exosome isolation methods 

 

There has recently been a rapidly growing interest of the scientific community towards 

the study of EVs and specifically exosomes, due to their important role in cell to cell 

communication in physiological and pathological states (Yáñez-Mó, Siljander et al. 

2015), as well as their potential as source of biomarkers and as means of drug 

delivery (György, Hung et al. 2015, Kourembanas 2015). As a result, methods of 

isolation of these EVs is a field of ongoing development and standardization is crucial 

for reproducibility reasons. Currently, the most popular methods of isolation consist of 

ultracentrifugation and size exclusion by filtration or chromatography, either as stand-

alone techniques or in combination (Thery, Amigorena et al. 2006). The vast majority 

of EV researchers to date, use the ultracentrifugation as their main isolation method 
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from cell culture supernatant or biological fluids, with the procedure involving initial 

low-speed centrifugations for the depletion of debris such as apoptotic bodies or 

platelets, or alternatively exclusion of bigger particles by filtration, and then high speed 

centrifugation at 100,000 g for the pelleting of the desired EVs (Thery, Amigorena et 

al. 2006). Sedimentation is dependent on particle density as well as distance to the 

bottom of the tube, meaning that higher speeds are more efficient for pelleting larger 

particles (Ismail, Wang et al. 2013). It is very common for EVs to aggregate at this 

point, and pellet resuspension in PBS can alleviate this issue. Alternatively, a density 

gradient can be performed, where EVs will travel through different sucrose densities, 

get dissociated from possible contaminants or aggregates and finally float at a density 

of approximately 1.1-1.10 g/ml (Thery, Amigorena et al. 2006). In regards to size 

exclusion by filtering, the particle is required to physically pass through a certain pore 

size, so one can select between large EV exclusion and small EV retention, whereas 

in chromatography a column can allow for the retention and subsequent elution of the 

desired particle population (Thery, Amigorena et al. 2006). It should be noted here 

that the forces applied on a particle in order to pass through a physical barrier might 

negatively affect its structure, therefore caution is needed so that they are always kept 

at a minimum (György, Módos et al. 2011).  

 

Apart from the aforementioned, other methods for EVs and exosomes isolation have 

developed in parallel. A workflow which delivers higher specificity but lower yield 

recovery is that of immunoaffinity isolation, where EVs are captured based on specific 

proteins located on their surface. For instance, in a case of immuno-depletion, HIV-1 

virions and exosome populations in Jurkat cells supernatant have been successfully 

separated with the use of CD45-coated beads. Caution is needed in this case as well, 

since a marker is not always represented on the surface of all the vesicles of a specific 

class (Coren, Shatzer et al. 2008). A method commonly used in commercial exosome 

isolation kits is polymeric precipitation which involves less experimental steps than 

other more classic isolation methods, it has however raised queries regarding co-

precipitation of contaminants and has generally been reported as a less desirable 

isolation method in comparison to density gradient ultracentrifugation (Alvarez, 

Khosroheidari et al. 2012, Yamada, Inoshima et al. 2012). In the recent years 

microfluidics is a constantly growing field for exosome isolation. The devices used are 

small in size and a small amount of starting material is required – therefore the same 

applies for reagents, while sensitivity is increased; as a result it would make an 

attractive method for medical diagnostic laboratories. In order to achieve bigger 

contact surface and higher chance of capturing the vesicles of interest, herringbone 
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grooves are the pattern of preference for the channels fabricated. The channel surface 

is coated with antibodies targeting specific markers on the surface of the vesicles and 

the starting material (low-speed centrifuged serum or ultracentrifuged cell culture 

supernatant) passes through it at specific flow rates (Chen, Skog et al. 2010, Hisey, 

Dorayappan et al. 2018). Earlier studies have analysed glioblastoma multiforme 

serum and cell supernatant samples using this method, and direct image analysis of 

the captured exosomes fixed on the channel confirmed their unscathed morphology. 

The superiority of microfluidics over other immunoaffinity methods was proposed, 

such as that of magnetic beads where a series of steps including washings and 

centrifugations may result in loss of significant portion of the initial sample (Chen, 

Skog et al. 2010). While microfluidics have demonstrated increased capacity to 

selectively capture specific exosomes, the release of those exosomes in a state that 

allows their use in sensitive downstream applications still remained an issue until 

recently. In 2018, a research group managed to capture and release intact exosomes 

in terms of surface and morphology by taking into account the nature of bonds 

developed in antigen-antibody interactions and using buffers for pH modifications in 

order to break them. The innovation of this study lied in the use of glycine-HCl buffer 

of pH 2.2 in order to recover captured exosomes which retain functionality (Hisey, 

Dorayappan et al. 2018). 

 

1.6.2.2 Exosome characterization methods 

 

The morphology and the size of EVs and specifically exosomes are important for their 

biological functions as well as their exploitation as drug delivery systems. A number 

of characterization methods have been developed so far, the most widely used 

probably being electron microscopy (EM). The principle behind this technique is the 

collection of two electron beams, a primary that passes through the samples and a 

secondary that is generated immediately after, and their concomitant magnification. 

Incorporation of immunogold labelling in the procedure enables for collection of 

additional information regarding the presence or not of specific surface markers. For 

biological samples, transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) are the common choice for exosome characterization. These 

methods achieve high resolution, however as in all methods, drawbacks are always 

present. For instance, dehydration and fixation of the samples can sometimes alter 

the native morphology, while damage can also be caused by the electron beam. 

These problems can be addressed with the use of cryo-TEM, with which the samples 

are kept in amorphous ice at approximately -2000C (Szatanek, Baj-Krzyworzeka et al. 
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2017). Despite the fact that exosomes exhibit a central depression when studied 

under TEM, it is interesting to note that vesicles diameters do not vary significantly 

between different methods of characterization such as SEM and TEM (Wu, Deng et 

al. 2015). In the case of atomic force microscopy (AFM), a three-dimensional image 

is created based on the analysis of the movement of a tip attached at the free end of 

a cantilever, which scans a flat – usually mica- surface on which the vesicles of 

interest are attached. This is a contact-free scan and movement detection is achieved 

via combination of a photodiode and a laser. As in EM, antibodies can be used for the 

collection of biochemical information (Szatanek, Baj-Krzyworzeka et al. 2017).  

 

A common method for the estimation of EV size is that of dynamic light scattering 

(DLS), in which particle detection is achieved through monitoring of their Brownian 

motion. This method can be applied for a range of sizes (1nm-6μm), however it is not 

suitable for polydisperse samples (Szatanek, Baj-Krzyworzeka et al. 2017). Under the 

last decade, a technique that has been adapted by the majority of laboratories is the 

Nanoparticle Tracking Analysis (NTA), which also detects single particles via their 

Brownian motion. NTA does not only calculate the average sizes of particles in 

suspension but is also an absolute quantitative method. The analysed particles get 

illuminated by a laser beam and a CCD camera records the scattered light. Particle 

size is determined based on the two-dimensional Stokes-Einstein equation. NTA 

analysis can be highly affected by the presence of contaminants found within the 

sample or the reagents used during sample preparation, therefore appropriate 

precautions need to be taken prior to analysis (Dragovic, Gardiner et al. 2011, 

Sokolova, Ludwig et al. 2011). An alternative to NTA could be the resistive pulse 

sensing (RPS) analysis, which has been commercialized by IZON and applied with 

the qNano instrument which has its base at the Coulter principle (Garza-Licudine, Deo 

et al. 2010). The analysis system is comprised of two chambers each of which 

contains an electrode, connected via a <1μm pore – sized polyurethane membrane. 

Upon electric field application the EVs move towards the positively or negatively 

charged electrode and a change in the electrical resistance is detected, which is 

correlated to particle volume; therefore the size of EVs can be calculated. As a 

drawback, the time required for the analysis of each sample can be significantly 

affected by pore clogging (Momen-Heravi, Balaj et al. 2012).  

 

Flow cytometry is another common technique for microparticle analysis, and it reveals 

information about surface morphology (granulation) and size of the studied sample 

thanks to the scattered light initiating from a laser beam targeted at the suspended 
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microparticles of interest. Currently available flow cytometry instruments can analyse 

500nm-200nm sized vesicles, therefore posing an obstacle for exosome 

characterization (Chandler, Yeung et al. 2011, van der Pol, Coumans et al. 2014). 

Between forward-scattered light (FSC) and side-scattered light (SSC) as a trigger 

channel in exosomes analysis by flow cytometry, SSC tends to lead to higher 

detection sensitivity, as FSC is affected by multiple parameters and is extremely 

variable among different flow instruments (Nebe-von-Caron 2009). Another drawback 

of flow cytometry in EV detection is the “swarming” effect presented in high 

concentration EV samples. This term is used to describe a group of EVs which are 

falsely detected as a single event by the instrument, due to the fact that in order for a 

signal that overcomes the threshold to be detected, a number of vesicles need to 

scatter light simultaneously (van der Pol, van Gemert et al. 2012). Apart from the 

issues regarding detection, size characterization is also strenuous. Instruments get 

calibrated with beads of known diameter which are often added to the sample, and 

based on that measurements the size of the studied vesicles can be determined. 

Nevertheless, refractive index, shape and other characteristics affect the light scatter, 

and with the EVs and beads being highly different in native properties, their 

concomitant scattered light cannot allow for correlation and subsequent size 

determination (Curl, Bellair et al. 2005). Tailor-made approaches have lately been 

developed for improved exosomes characterization by flow cytometry, and these 

mostly include commercially available antibody-coated latex beads which can 

selectively bind to the vesicles of interest and artificially increase their size, therefore 

making them visible to the instrument (Caby, Lankar et al. 2005). 

 

1.6.2.3 Guidelines for EVs studies 

 

In order to promote uniformity and reproducibility in EV research, the International 

Society of Extracellular Vesicles (ISEV) has released the Minimal Information for 

Studies of Extracellular Vesicles (MISEV) which was last updated in 2018 

(MISEV2018). Those guidelines are aimed to provide researchers with tools to 

critically design experiments and interpret the outcomes, and to highlight possible 

issues that need to be taken into consideration before attributing certain 

characteristics to EVs. Points of consideration exist regarding the collection of EVs 

from cell culture conditioned media, such as method of culture and conditions of 

harvest, method of preparing the EV-depleted media (if no commercial EV-depleted 

FBS/FCS is being used), and state of cells at the time of harvest (cell death etc.), as 

well as from biological fluids. For instance, parameters of consideration regarding 
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blood as a source of EVs would include age, gender, volume of starting material, type 

of anticoagulant and collection tube, and the absence / presence (and to which extent) 

of haemolysis, among others. 

 

Regarding EV preparations, it needs to be highlighted that absolute separation of EVs 

from other biological molecules is unrealistic and not achievable, and that the degree 

of purity that needs to be achieved is highly determined by the downstream 

applications and the ultimate experimental question that is being explored. An ISEV 

survey in 2015 revealed that the differential ultracentrifugation was the scientific 

community’s choice of preference regarding methods for EVs isolation, and up to 20% 

of participants combined it with secondary methods, examples of which are size 

exclusion chromatography (SEC) and density gradients. An inverse correlation exists 

between the recovery of the EVs and their specificity, both of which are dependent of 

the separation method as depicted by the graph in Figure 2.  

 

 

 

Figure 2 Correlation between specificity and recovery in EVs separation and 

corresponding methods. 1 = low, 2 = intermediate, 3 = high 

 

The MISEV guidelines also suggest valuable EV characterization criteria, starting 

from quantification and stating that a single absolute method does not exist, 

nevertheless the two most widely accepted and applied are total number of particles 

and total amount of protein. In regards to protein content, positive as well as negative 
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controls need to be included. The first should include cytosolic as well as 

transmembrane proteins, and the latter can refer to proteins that derive from 

compartments of the cell different than the endosomes or the plasma membrane. As 

for single vesicle characterization, ideally two separate but complementary methods 

should be performed; for instance electron microscopy and single particle analysis. 

 

In summary, the position statement of the MISEV2018 concludes that every rule has 

its exceptions and that the purpose of those guidelines which will be constantly 

evolving, is to improve the EV research field and not impede it. Researchers are 

recommended to meet the criteria but if this is not the case, they are also encouraged 

to explain their unique circumstances (Théry, Witwer et al. 2018). 

 

1.6.3 Physiological roles of exosomes 

Exosomes are important mediators of cellular homeostasis maintenance, as they 

relieve the cell from undesirable and potentially toxic cargo such as misfolded proteins 

(Guo, Bellingham et al. 2015). Rapid alteration of gene expression can as well be 

achieved via exosomal RNA release as for instance in the case of lymphocytes which 

upon activation promote exosomal release of miR-150, a known repressor of their 

functions including differentiation (de Candia, Torri et al. 2013), while this mechanism 

is also used for the removal of RNA degradation residues and small non-coding RNAs 

(van Balkom, Eisele et al. 2015). Exosomes are important effectors of intercellular 

and inter-organ communication, and in this section their role in a number of 

physiological conditions is going to be discussed. 

Pregnancy represents a complicated form of immunomodulation in which the mother 

has to develop tolerance towards the foetus so it is not rejected as foreign tissue, and 

also maintain her ability to fight exogenous pathogens without risking the foetus’s 

healthy development. In this finely balanced scenario, EVs play a central role (Nair 

and Salomon 2018). In order for the foetus to avoid being targeted by the immune 

system of the mother, the placenta releases exosomes containing the Fas and TNF-

related apoptosis–inducing ligands (FasL and TRAIL ligands) which induce maternal 

T cells, lymphocytes and activated peripheral blood mononuclear cells (PBMCs) 

apoptosis and therefore grant immunotolerance to the developing embryo (Tannetta, 

Dragovic et al. 2013, Elfeky, Longo et al. 2017). At the same time, a subpopulation of 

cells named synctiotrophoblasts (STBs) shed vesicles enriched in UL16-binding 

proteins (ULBPs) and MHC class I-related antigen A and B, which bind to NKG2D 

receptors on immune cells and result in immunosuppression via cytotoxic T cells and 
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NK cells apoptosis (Hedlund, Stenqvist et al. 2009). Other immune–suppressant 

proteins found in placenta and STBs–derived exosomes are PD–L1, syncitin-1 and 

HLA-G (Nair and Salomon 2018). However, apart from their immunosuppressive 

capacity, circulating exosomes in pregnancy are reported to also have 

immunostimulatory effects such as maternal monocytes recruitment at the embryonic 

/ maternal interaction areas and increased expression of pro – inflammatory cytokines 

(Atay, Gercel‐Taylor et al. 2011). Interestingly, trophoblast cells are capable of 

reacting to pathogens by uptaking the maternal macrophage – derived exosomes and 

use them for pro – inflammatory cytokines expression (Holder, Jones et al. 2016). In 

summary, circulating exosomes in pregnancy act as the orchestrators of a complex 

mother / foetus crosstalk, which has a distinct immunomodulatory profile in each 

trimester in order to facilitate a successful pregnancy (Nair and Salomon 2018).  

Exosomes and microvesicles are also known to facilitate intercellular central nervous 

system (CNS) signalling. Following CNS injury the microglia secrete exosomes 

capable of triggering inflammatory responses. This was shown in studies using 

murine models in which treatment with ATP derived from astrocytes activated 

sphingomyelinase downstream of P2X7R, which in turn instigated IL-1β bearing 

exosomes release from the microglia (Iraci, Leonardi et al. 2016). Under normal 

conditions axonal integrity and survival is dependent on a crosstalk between the 

axons and the surrounding mature oligodendrocytes (ODCs) which form myelin 

sheaths. This crosstalk is mediated via ODCs–secreted exosomes enriched in axon–

supporting myelin proteins such as proteolipid protein, an ODC–specific glycoprotein 

and basic protein (Bakhti, Winter et al. 2011, Frühbeis, Fröhlich et al. 2013). 

Interestingly, neurons are able to regulate exosome secretion from ODCs through 

their activity. Electric signals initiating from the axons lead to glutamate release which 

in turn triggers NMDA and AMPA-mediated calcium signalling from the ODCs, 

resulting in exosome shedding from the latter.  Notably these exosomes have been 

shown to be able to regulate myelin sheaths biogenesis and protect the neurons from 

the damaging effects of oxidative stress (Krämer‐Albers, Bretz et al. 2007, Bakhti, 

Winter et al. 2011). Neurons have also been shown to increase their synaptic activity 

through the of uptake microglia-derived EVs, which positively affect their sphingolipid 

metabolism (Antonucci, Turola et al. 2012). 

Cardiovascular diseases (CVDs) are currently the leading cause of death, being 

responsible for one third of deaths on a global level (WHO 2017). In case of 

myocardial infarction incidence reperfusion of the vessel is imperative, nevertheless 
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it is always accompanied by some level of injury named “reperfusion injury”, the extent 

of which is correlated to morbidity and mortality (Neri, Riezzo et al. 2017). Ischaemic 

preconditioning (IPC) is an effective procedure for the protection of the heart in in vivo 

models but also a rather impractical one when it comes to humans, therefore 

increased interest is focused on remote IPC (RIPC), in which short ischaemic 

episodes applied in a distant organ can confer reperfusion injury resistance to the 

heart (Heusch, Bøtker et al. 2015). The functional part of the heart, the 

cardiomyocytes, are cells that have reached their terminal differentiation state and 

this makes it almost impossible to recover or improve the function of a compromised 

myocardium (Madonna, Van Laake et al. 2016). Attempts using stem cells injections 

have so far failed (Madonna, Van Laake et al. 2016), nevertheless there have been 

indications that remaining stem cell-derived soluble factors may mediate promising 

effects (Davidson, Takov et al. 2017). Mesenchymal stem cells (MSCs)–derived 

exosomes have been shown to successfully reduce the infarct size of mice 

experiencing myocardial ischemia within 24 hours (Lai, Arslan et al. 2010), and further 

studies revealed that the exosomal cardio protective activity was independent of the 

MSCs source (Lai, Arslan et al. 2010). Moreover, MSCs–exosomes were able to 

enhance the expression of the sarco(endo)plasmic reticulum calcium-ATPase 2 

(SERCA2) enzyme and the  L-type voltage-dependent Ca2+ channel in artificial 

cardiac tissue, therefore suggesting a potential impact on the contractility of the 

muscle (Mayourian, Cashman et al. 2017). Exosomes derived from foetal cardiac 

progenitor cells (CPCs) increased the migration potential of epithelial cells in vitro 

(Vrijsen, Sluijter et al. 2010), whereas exosomes derived from CPCs obtained by 

patients undergoing heart surgery were able to minimize scarring and cell apoptosis 

and improve blood vessel thickness when injected in the compromised infarct area 

(Barile, Lionetti et al. 2014). Human plasma exosomes have also been shown to have 

cardio protective effects upon administration to rodents or primary cells, an event that 

has been attributed to the HSP70 exosomal protein, which activates the reperfusion 

injury salvage kinase (RISK) pathway via TLR4 stimulation (Vicencio, Yellon et al. 

2015). This underscores the possibility of the existence of a continuous exosome-

driven cardio protective pathway. 

Exosomes also play a critical role in the regulation and fine balance of the immune 

system. They serve as native antigens carriers and are implicated in antigen 

presentation to the T cells, they transfer RNA and they are able to instigate or 

suppress immune responses (Robbins and Morelli 2014). Antigen presenting cells 

(APCs) and their derived exosomes maintain the same topology, and therefore the 
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latter express MHC class molecules able to stimulate T helper and cytotoxic T cells. 

However due to their size and Brownian motion–driven dispersion, free vesicles have 

significantly decreased stimulatory activity compared to their donor APCs (Blanchard, 

Lankar et al. 2002). This activity can be increased via dendritic cells–vesicles 

interaction mediated by adhesion molecules (Vincent‐Schneider, Stumptner‐

Cuvelette et al. 2002, Segura, Guérin et al. 2007).  Comparison of the stimulatory 

activity of exosomes derived from mature and immature DCs revealed that the former 

expressed higher ICAM1 which promoted binding to and activation of T cells, which 

in turn dictate changes in the conformation of their surface integrins, resulting in higher 

affinity for ICAMM1 presenting exosomes (Segura, Nicco et al. 2005, Nolte, Buschow 

et al. 2009). Other molecules mediating exomes binding to target cells include MFG-

E8 and phosphatidylserine (PS) (Véron, Segura et al. 2005, Miyanishi, Tada et al. 

2007). Interestingly, the majority of extracellular vesicles remain on the surface of 

mature DCs whereas they become internalized by immature ones (Montecalvo, 

Shufesky et al. 2008). Exosomes also participate in a process called “cross-dressing”, 

which is the transfer between APCs of pre-processed peptide–MHC complexes which 

do not require further antigen processing (Smyth, Afzali et al. 2007). In addition, native 

antigens such as tumour and B-cell receptor antigens are exposed to APCs with the 

help of extracellular vesicles. DCs uptake tumour-bearing cancer exosomes and 

following antigen processing they cross-present them to cytotoxic T cells (Wolfers, 

Lozier et al. 2001). DCs residing in B-cell follicles (FDCs) present complement–

activating immune complexes on their surface, which are recognized by B–cells. 

However FDCs lack the ability of MHC class-II synthesis and therefore acquire those 

molecules by captivation of MHC-II bearing vesicles, facilitated by MFG-E8 and 

ICAM1 from the side of the FCD and integrin LFA1, PS and C3 fragments from the 

side of the vesicle (El Shikh and Pitzalis 2012). Surface proteins that hamper the 

membrane attack complex assembly and control the deposition of C3b offer 

complement lysis protection to the exosomes involved in this procedure (Clayton, 

Harris et al. 2003). Last but not least, DCs, NK and CD8+ cells are in a position to 

produce FasL–enriched exosomes and release them against target cells, resulting in 

their elimination (Peters, Borst et al. 1991). In conclusion, it is clear that extracellular 

vesicles can have a positive or negative impact on immune responses, and 

deciphering the exact in vivo role of those vesicles depending on their source of origin 

is the first step towards their exploitation as therapeutic tools. 
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1.6.4 Exosomes in cancer and pancreatic cancer 

Local and systemic signalling is essential for cancer progression and dissemination, 

and EVs and specifically exosomes are known to play important roles in supporting 

these processes (Wortzel, Dror et al. 2019).  Extensive proteomic characterization of   

EVs derived from sixty cancer cell lines representing nine distinct origins, including 

prostate, kidney, leukaemia, colon, breast, brain, lung, ovary and melanoma, revealed 

that among the 6,071 unique proteins identified, 213 of them were common to all 60 

sample types and were comprised of proteins involved in EV biogenesis and secretion 

as well as protein trafficking. The proteins which exhibited differential expression were 

associated with their tissue of origin and could therefore serve as a tool in biomarker 

discovery. Notably, during clustering analysis, EVs from metastatic cell lines tended 

to cluster together and separately from other non-metastatic ones from the same 

tissue of origin (Hurwitz, Rider et al. 2016). EVs have the advantage of reflecting the 

whole tumour cells population and therefore the complete mutational landscape, on 

the contrary to tissue biopsies which are a snapshot of the local tumour environment 

(Kalluri 2016). As a result, EVs are a valuable source of circulating biomarkers which 

could complement the already existing cancer biomarkers such as CA19.9 

(pancreatic cancer) and CA-125 (ovarian cancer), which unfortunately do not exhibit 

absolute specificity and / or sensitivity (Fritsche and Bast 1998, Wilbur 2008). 

Exosomes, the most well-studied and characterized EV subclass, contain active 

proteins which facilitate cancer proliferation and dissemination. For instance, the 

epidermal growth factor receptor (EGFR) was present in gastric cancer exosomes 

(Zhang, Deng et al. 2017), and its ligand Amphiregulin was detected in both breast 

and colon cancer exosomes, increasing the metastatic potential of neighbouring 

cancer cells (Higginbotham, Beckler et al. 2011). Interestingly, colorectal cancer 

patients express both the receptor and the ligand in their circulating blood exosomes 

(Higginbotham, Zhang et al. 2016). Exosomes are also known to contain RNA which 

can be referred to as “exosomal shuttle RNA” and includes among others functional 

messenger and microRNA (mRNA and miRNA), a proportion of which are absent from 

the donor cells’ cytoplasm (Valadi, Ekström et al. 2007). Exosomes derived from 

glioblastoma tumours primary cells were enriched in the mRNA of a specific splice 

variant of EGFR, the EGFRvIII, and the same splice variant was also detected in 

serum–derived exosomes of glioblastoma patients. The importance of EGFRvIII is 

that not only it is commonly found in this type of tumours but it also affects the 

responsiveness of patients to treatment with EGFR-inhibitors, and therefore the ability 

to test for the EGFRvIII status via a non-invasive method is of great value (Skog, 
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Würdinger et al. 2008). Prostate cancer exosomes next generation sequencing (NGS) 

screening revealed the presence of almost 2000 miRNAs, the most abundant of which 

were miR-21-5p and miR-100-5p. The first was shown to activate fibroblasts and 

promote their migration while causing upregulation of matrix metalloproteinases 

(MMPs) such as MMP-13, -9 and -2, whilst the latter has been previously correlated 

with the disease (Sánchez, Andahur et al. 2016).  Recent findings reveal that miRNA 

exosomal loading assists in balancing the cellular miRNAs levels. More specifically, 

cancer cells appeared to sort tumour suppressor miRNAs in exosomes in a fashion 

that was positively correlated to the disease grade (the higher the grade the higher 

the exosomal miRNA levels), while they preferentially retained the oncogenic ones. 

This indicates an effective pathway through which cancer cells ensure their survival 

and the concomitant disease progression (Teng, Ren et al. 2017). Studies have also 

confirmed the existence of amplified oncogenes and retrotransposons, as well as 

nuclear and mitochondrial DNA in exosomes (Guescini, Genedani et al. 2010, Balaj, 

Lessard et al. 2011). A subsequent study on different cancer types demonstrated that 

the greater part of the total exosomal DNA was in fact double stranded and comprised 

a precise reflection of the mutational landscape of the parental cells, therefore 

attracting attention regarding its translational significance as a potential biomarker. 

Moreover, cancer cells tended to secrete exosomes with higher DNA levels (Thakur, 

Zhang et al. 2014). Mitochondrial DNA (mtDNA) present in cancer-associated 

fibroblasts (CAFs)–derived exosomes has been recently proven to play a major role 

in breast cancer therapy resistance, and more specifically in the estrogen receptor-

positive (ER+) type. Although this cancer is initially sensitive to hormonal therapy and 

enters a dormant state, relapse can occur after long periods of time and in this case 

the disease is resistant to treatment (Sansone, Savini et al. 2017). Based on the 

knowledge that mtDNA loss leads to reduction of cancer cells metastatic potential and 

that nanotubes and intercellular organelles serve as means of intracellular 

mitochondria and mtDNA transfer (Tan, Baty et al. 2015), it was demonstrated that 

during the transition from dormant to hormone therapy – resistant ER+ breast cancer, 

stroma cells and more specifically CAFs secrete exosomes containing mtDNA, which 

once uptaken by dormant cells allows the latter to regain their oxidative 

phosphorylation capacity and promote the manifestation of the metastatic disease 

(Sansone, Savini et al. 2017). More recently, CAFs were shown to secrete exosomes 

containing miR-92a-3p, which through targeting and negatively regulating 

downstream targets, attenuates loss of the mitochondrial function and triggers the 

Wnt/β-catenin signalling cascade in colorectal cancer (Hu, Wang et al. 2019). 

Nevertheless, multiple evidence shows towards the bidirectional relationship existing 
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between cancer cells and the tumour microenvironment, especially CAFs which are 

the prevalent cell type in the tumour stroma, and the crucial role of exosomes (Naito, 

Yoshioka et al. 2017). For instance, cancer exosomes were shown to carry 

biologically active (transforming growth factor beta) TGF-β, the levels of which were 

positively correlated to those of betaglycan expressed on the exosomes surface. The 

recipient fibroblasts exhibited elevated levels of SMAD-driven signalling cascade and 

also increased expression of α-smooth muscle actin (α-SMA) (Webber, Steadman et 

al. 2010).  Conversely, exosomes derived from naïve CAFs or from CAFs exposed to 

chemotherapeutic drugs were capable of mediating cancer stem cells drug resistance 

and boost their ability to form tumour spheres, respectively (Hu, Yan et al. 2015).  

 

In the context of pancreatic cancer, PSCs-derived exosomes were shown to be 

effectively uptaken by PDAC cells and promote their tumorigenic characteristics such 

as proliferation, migration and CXCL2/CXCL1 cytokine expression, with the latter 

being correlated with disease progression (Takikawa, Masamune et al. 2017). The 

combined detection of both exosomes and circulating tumour cells (CTCs) has also 

been shown to be a valuable tool in the PDAC diagnostic field. The currently available 

commercial CTCs kits do not exhibit very high detection rates and their performance 

is significantly affected by the collection method (for instance portal versus peripheral 

blood). Exosomes have also been proven to be a valuable source of biomarkers; 

nevertheless the sensitivity and specificity notably improve when combined with 

specific protein-signatures. In a recent study, a method that combines CTCs and 

GPC-1+ exosomes detection was able to successfully identify all PDAC patients with 

80% specificity; the deviation being due to the presence of autoimmune diseases 

(Buscail, Alix-Panabières et al. 2019). 

PDAC-derived exosomes are also able to sustain a highly immunosuppressive 

environment by hampering the functions of a number of immune cells. It has been 

demonstrated that by transferring the miR-212-3p to DCs, they indirectly lower MHC 

II levels by inhibiting the expression of its transcription factor, the regulatory factor X-

associated protein (RFXAP). This ultimately results in immune tolerance (Ding, Zhou 

et al. 2015). In addition to this, exosomal transfer of miRNA-203 in DCs downregulates 

the expression of the toll-like receptor 4 (TLR4), leading to decreased release of 

antitumorigenic cytokines such as TNF-α and IL-12 (Zhou, Chen et al. 2014). The 

cytotoxic activity of NK cells has also been shown to be severely restrained upon 

exposure to murine PDAC-derived exosomes (Katsiougiannis, Chia et al. 2016).  
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1.7 Metabolic reprogramming – Lipid metabolism  

 

1.7.1 Lipid metabolism in cancer 

 

In 2000, the outstanding diversity of human malignancies was rationalized and broken 

down into six categories, which are known as the six hallmarks of cancer and include 

replicative immortality, cell death resistance, continuous proliferative signalling, 

invasion and metastasis, angiogenesis induction and last but not least, growth 

suppressors evasion (Hanahan and Weinberg 2000). Following a decade of intensive 

research in the field, another characteristic of cancer cells was added to that list: the 

metabolic reprogramming. This adjustment is necessary for the rapidly dividing 

cancer cells to maintain their high proliferative rate (Hanahan and Weinberg 2011). In 

the presence of oxygen (aerobic conditions), glucose is initially converted to pyruvate 

in the cytosol via a process called glycolysis, which will later enter the mitochondria. 

Oxygen insufficiency limits the pyruvate levels entering the mitochondria and favours 

glycolysis. However, cancer cells have established a state called “aerobic glycolysis”, 

in which regardless of the oxygen availability, their metabolism greatly relies on the 

glycolytic pathway and mitochondria no longer play a role in the metabolism of 

glucose. This is also known as the Warburg effect (Warburg 1930, House, Warburg 

et al. 1956, Warburg 1956). Based on a theory initially expressed in the 1960’s, the 

demanding metabolic processes that give rise to the components which will be 

incorporated into the newly synthesized cancer cells are fuelled by the intermediate 

products of the intensified glycolysis (Potter 1958, Vander Heiden, Cantley et al. 

2009). The genetic mosaicism of cancer and the development of new tumour-related 

blood vessels result in oscillating spatiotemporal levels of oxygenation of the tumour 

mass. As a result, some tumour types exhibit two symbiotic subpopulations of cells: 

the hypoxic one behaves according to the Warburg effect and converts glucose into 

lactate, whereas the more oxygenated one takes advantage of the first population and 

metabolizes its waste (lactate) in order to fuel its own (Semenza 2008, Feron 2009, 

Kennedy and Dewhirst 2010). Cancer cells with high proliferative rate also show a 

zeal towards lipids, which they obtain by either increasing lipogenesis or scavenging 

exogenous lipids, while any excess lipid content is stored in lipid droplets (LDs) inside 

the cell for later use (Accioly, Pacheco et al. 2008, Qiu, Ackerman et al. 2015). Despite 

their increased lipogenic activity, cancer cells highly depend on fatty acids (FA) import 

and their further incorporation in the β-oxidation pathway, as this is the predominant 
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metabolic process in cancers with low glycolytic rates such as prostate cancer (Liu, 

Zuckier et al. 2010). Depending on the number of carbons (chain length), backbone 

type and the double bond location, different types of FA occur. Apart from their role in 

the maintenance of the cell membrane rigidity and protein anchoring via lipid raft 

formation, lipid composition and ratio of species can directly or indirectly play a major 

role in cancer progression. For instance, polyunsaturated FAs are susceptible to 

peroxidation and therefore to oxidative stress, nevertheless lipid saturation is 

specifically increased in tumours with lipogenic profile, rendering cancer cells immune 

to this type of cell death. Moreover, as saturated FAs have straighter tails than the 

non-saturated ones, they tend to be more densely packed and reduce the membrane 

fluidity and the subsequent uptake of chemotherapeutic drugs (Rysman, Brusselmans 

et al. 2010). Phospholipid (PL) signatures can also be indicative of the type of 

malignancy and its stage. Quantitatively-wise, phosphatidylinositol (PI), 

phosphatidylethanolamine (PE) and phosphatidylcholine (PC) were found to be 

greatly enriched in malignant breast tissues in comparison to neighbouring healthy 

tissue, whereas the latter was also found to exhibit a great degree of saturated FAs 

linked to more dismal overall prognosis (Hilvo, Denkert et al. 2011, Guenther, 

Muirhead et al. 2015). On the other side, these three PLs were lower in lymphoma 

than in normal tissue, with the indicative increased lipid being phosphatidylglycerol 

(PG) (Eberlin, Gabay et al. 2014).   

 

Important for cell physiology and cell survival are also lipid rafts, which comprise of 

sphingolipids and cholesterol and serve as hosts for receptor and proteins with pro-

oncogenic properties (Mollinedo and Gajate 2015). The PI3K pathway is highly 

dependent on lipid rafts as one of its main proteins, Akt, anchors at that site and its 

constant activation is linked to lipid raft enrichment in cancer cells (Zhuang, Kim et al. 

2005, Adam, Mukhopadhyay et al. 2007). Cancer spread is also dependent on lipid 

rafts as they have direct impact on cytoskeleton modulation and focal adhesion 

complexes formation (Jeon, Kim et al. 2010, Wang, Bi et al. 2013). Yet, lipid rafts do 

not always promote cell survival. Formations known as “clusters of apoptotic 

signalling molecule-enriched rafts” (CASMERs) recruit death receptors and apoptotic 

proteins- thus initiating cell death (Mollinedo and Gajate 2015). CASMER formation 

reduces the apoptotic threshold of colon cancer cells, while pharmacological depletion 

of cholesterol reverses this effect (Delmas, Rebe et al. 2004). Aberrations in the 

expression of lipid metabolism – related proteins can cause endoplasmic reticulum 

stress (ERS) which in turn instigates cancer cell death via the unfolded protein 

response (UPR) pathway. Pharmacological manipulation of the cells’ lipid content, 
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such as increase of free cholesterol or ceramide, has been also shown to lead to the 

same result, therefore indicating new therapeutic opportunities (Salazar, Carracedo 

et al. 2009, Ríos-Marco, Martín-Fernández et al. 2013, Kato and Nishitoh 2015).  

 

1.7.2 Lipid metabolism in pancreatic cancer 

 

Altered lipid metabolism plays a major role in pancreatic cancer, since not only 

pancreatic cancer cells proliferation exhibits lipid dependency, but also in vivo work 

has directly linked fibrosis and overall enhanced KRAS activity and pancreatic cancer 

progression with high fat diet (Clerc, Bensaadi et al. 1991, Philip, Roland et al. 2013).  

The consumption of total fats, and especially their level of saturation greatly affects 

the manifestation and progress of the disease. While polyunsaturated FAs (PUFAs) 

exhibit a preventive function, those with one or no single bonds are disease-promoting 

factors. The location of the double bond in PUFAs is of importance, as n-3 molecules 

have been shown to exert anti-tumour activity whereas n-6 ones can instigate the 

proliferation of certain pancreatic cancer cells subpopulations (Sunami, Rebelo et al. 

2017). PDAC has great demand for cholesterol, displayed by the overexpression of 

the low-density lipoproteins receptor (LDLR) and the 3-hydroxy-3-methylglutaryl-

coenzyme A (HMG-CoA) reductase in respective mouse models (Guillaumond, 

Bidaut et al. 2015). Patients suffering from pancreatic inflammation and benign or 

malignant tumours such as IPMNs and PDAC respectively, exhibit higher levels of 

serum fatty acid synthase (FASN) compared to healthy individuals, and major EGFR-

related signalling pathways known for their contribution to pancreatic cancer initiation 

and progression such as the MEK/ERK or PI3K/Akt cascades, increase the 

expression of FASN via the upregulation of another protein, the sterol regulatory 

element-binding protein 1 (SREBP1) (Walter, Hong et al. 2009, Ardito, Grüner et al. 

2012, Navas, Hernández-Porras et al. 2012). Both those proteins are inversely 

correlated to survival and response to chemotherapy (Sun, He et al. 2015, Tadros, 

Shukla et al. 2017). In order to replenish the FAs fuelling their growth, pancreatic 

cancer cells alter the acetate and glutamine catabolism pathways. Normally, 

glutamine gets metabolised in two steps in the mitochondria and enters the TCA cycle 

in the form of α-ketoglutarate (α-KG). Pancreatic cancer cells can initiate a non-

canonical pathway for glutaminolysis which takes place in the cytoplasm and 

produces pyruvate, which enters the mitochondria to eventually lead to acetyl-coA 

production, a molecule essential for both cholesterol and FA synthesis. Pancreatic 

cancer cells that undergo metabolic stress, have been also shown to elevate their 
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levels of acyl-CoA synthetases in order to metabolise acetate as an alternative source 

of acetyl-CoA. Acetate can be acquired through diet, such as ethanol or processed 

food, or can be synthesized de novo intracellularly  (Sunami, Rebelo et al. 2017). HIF-

1α, a protein often overexpressed in PDAC (Hao 2015), is a known mediator of lipid 

droplets accumulation. Lipid droplets serve as a cellular neutral lipid storage and 

comprise mostly of cholesteryl ester (CE) and triacylglycerol (TG), and related 

proteins such as acyl-CoA diacylglycerol and acyl-CoA cholesterol acyltransferase 

(DGAT and ACAT, respectively) enzymes. Pharmacological inhibition of those 

enzymes, especially of ACAT-1, has been shown to hamper PDAC progression in 

murine models (Sunami, Rebelo et al. 2017).  

Tumour microenvironment plays a crucial role in cancer progression and the 

investigation of the effects of different cell types on PDAC cells and vice versa, is of 

interest. Pancreatic stellate cells (PSCs) are the most abundant cell type in the tumour 

stroma and in vitro experiments have shown that PSCs-conditioned medium can 

significantly and specifically increase PDAC cells’ mitochondrial activity through 

secretion of alanine, a non-essential amino acid. Transamination of alanine leads to 

pyruvate conversion, which can then enter the TCA cycle. PDAC cells exhibit strong 

preference for the carbon which is provided from alanine rather than glucose, 

therefore the latter can be used in abundancy in biosynthesis of other molecules 

including serine. Interestingly, secretion of alanine is dependent on PSCs autophagy, 

which in turn is a result of PDAC cells – PSCs crosstalk, a finding which was validated 

also in in vivo studies and highlights the clinical significance of this bidirectional 

relationship (Sousa, Biancur et al. 2016). Evidence underscoring the importance of 

this crosstalk towards the establishment and progression of the disease, came to light 

earlier this year. Up to now, the source of lysophosphatidic acid (LPA) found inside 

the tumour had not been elucidated, and considering the poor vasculature 

characterizing the disease, it was highly unlikely that it was supplied by the circulation. 

It has now been established that PDAC cells express higher levels of autotaxin and 

increase the number of LPA receptors on their surface, and at the same time activate 

the PSCs within their vicinity. The latter undergo a “lipidome remodelling” and secrete 

LPC, which is then hydrolysed to LPA by autotaxin. This is a perfect example of how 

PDAC cells take advantage of alternative routes in order to sustain their metabolic 

needs, and suggests of a potential therapeutic target within the tumour 

microenvironment which allows the interruption of the harmful tumour-stroma 

crosstalk without the ablation of the latter (Auciello, Bulusu et al. 2019).  
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1.8 Study Aims 

 

The first aim was to characterize the proteomic cargo of PDAC- and pancreatic 

epithelial cells-derived exosomes together with their respective cells, in order to 

identify key proteins enriched in cancer exosomes, which are known to be implicated 

in cancer hallmarks and could potentially be used as biomarkers. 

The second aim was to characterize the lipidome of PDAC- and pancreatic epithelial 

cells-derived exosomes together with their respective cells, and compare it to that of 

ovarian and prostate cancer cells and exosomes. In case of detection of a specific 

PDAC-exosomes signature, appropriate downstream assays would be performed to 

examine potential biological effects. 

The third aim was to explore the possibility of targeting the PDK1 protein in pancreatic 

cancer. PDK1 is a major component of the PI3K pathway, known to be constitutively 

active in PDAC and generating lipids which serve as second messengers. This would 

be done by pharmacological inhibition and siRNA downregulation of PDK1, and 

identification of downstream effector proteins though which its function is exerted.   
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Chapter 2: Characterization of the proteome of pancreatic cancer-
derived exosomes as potential biomarkers for PDAC 

 

This chapter is displayed in the form of a peer-reviewed research paper  

Publication 1 

Emmanouilidi, A., Paladin, D., Greening, D. W., & Falasca, M. (2019). Oncogenic 

and Non‐Malignant Pancreatic Exosome Cargo Reveal Distinct Expression of 

Oncogenic and Prognostic Factors Involved in Tumor Invasion and 

Metastasis. Proteomics, 19(8), 1800158. 

 

2.1 Article synopsis  

 

2.1.1 Background 

 

Pancreatic cancer is a disease with dismal prognosis and a less than 10% chance of 

survival within 5 years from diagnosis. The most common type of the malignancy 

arises from the head of the pancreas and is called pancreatic ductal adenocarcinoma 

(PDAC). Due to the lack of symptoms and sensitive and specific biomarkers, early 

detection is rare. By the time of diagnosis, the cancer has in the vast majority of cases 

spread, rendering the surgical resection of the tumour prohibitive. In order to obtain 

pancreatic tissue for further biopsy in order to make a diagnosis, fine-needle 

aspiration (FNA) can be performed; it is nevertheless a procedure that involves risks 

and causes discomfort to the patient, highlighting the urge for the development of 

another type of biopsy which will involve more accessible samples and more accurate 

biomarkers. 

Exosomes are a subgroup of extracellular vesicles secreted from cells in both 

physiological and pathological states, and carry selective cargo. Exosomes contain 

molecules such as nucleic acids, proteins and lipids, and they are present in all types 

of body fluids including blood, urine, saliva and breast milk; characteristics which 

place them in the centre of attention of the scientific community in regards to 

biomarkers discovery. In this study, in order to evaluate the protein cargo of pancreatic 

cancer-derived exosomes, human pancreatic cancer and non-malignant epithelial cell 
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lines were used, and their cargo was compared to that of their corresponding 

exosomes.  

2.1.2 Experimental design in brief 

 

Human non-malignant epithelial pancreatic duct cells (HPDE and hTERT-HPNE) and 

pancreatic cancer cells (AsPC-1, BxPC3 and MiaPaCa2) were grown in 245 x 245 x 

25mm culture dishes until they reached approximately 80% confluency, and the 

supernatant was ultracentrifuged at 100,000 x g. Cells and exosomes samples were 

lysed in SDS and subjected to GeLC-MS/MS, with raw data being processed using 

the UniProt database, and identified proteins undergoing pathway analysis using  the 

KEGG and DAVID databases. Exosomes were additionally characterized with 

western blotting, scanning electron microscopy (SEM), and Nanoparticle Tracking 

Analysis (NTA), complying to MISEV criteria.  

2.1.3 Results in brief 

 

A total of 1294 and 2748 proteins were identified in the exosomes and cells sample 

groups. A number of established pancreatic cancer biomarkers were significantly 

upregulated in the cancer cells-derived exosomes compared to their non-malignant 

counterparts, while more than half of the top 50 most upregulated cancer-exosomes 

proteins were identified by the Human Protein Atlas as being correlated with poor 

prognosis. Non-malignant exosomes upregulated proteins were involved in insulin 

secretion and cell adhesion, while in the malignant ones, the upregulated proteins 

were involved in the pre-metastatic niche formation and overall disease development.   

2.1.4 Concluding remarks in brief 

 

This study is among the few which compare the cancer derived- exosomes proteome 

not only to their donor cells but also to non-malignant cells and exosomes from the 

same tissue origin. Proteins uniquely identified in the malignant exosomes such as 

claudin-1 and EGFR highlight their potential key role in disease establishment and/or 

progression, while the differential expression of splicing factors across different 

sample groups depicts the significance of alternative splicing in the disease’s 

landscape. Malignant exosomes contain upregulated proteins which are implicated in 

cancer hallmarks such as immune system surveillance evasion, metastasis, 

proliferation and invasion, as well as proteins involved in the stroma regulation, adding 

to the role of exosomes as important players in the cancer cells-tumour stroma 

crosstalk. The great biological significance of the pancreatic cancer-exosomes and 
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their abundance in bodily fluids, renders them good candidates for biomarker 

discovery and liquid biopsies development. 
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Chapter 3: Lipidomic analysis of PDAC exosomes and corresponding 
cells 

3.1 Introduction 

As mentioned in Chapter 1, the high heterogeneity of pancreatic cancer and the lack 

of sensitive and specific biomarkers hamper diagnosis as well as the prediction of 

chemotherapy outcome, therefore -omics approaches, such as lipidomics in this case, 

can offer a greater view of the molecular fingerprint of the disease by thoroughly 

quantifying a number of lipid classes and species, and allowing us to make a 

connection between their expression, and that of related proteins and genes. 

Lipids facilitate crucial cell functions including- but not limited to- storage of energy, 

maintenance of the cell membrane, intercellular signalling and interactions, and of 

course proliferation and survival (Wenk 2005). They are categorized into eight major 

classes, each of which comprises of subgroups. Six of the categories refer to the lipids 

occurring from ketoacyl subunits condensation and include fatty acids (FAs), 

sphingolipids (SLs), glycerophospholipids (GLPs), glycerolipids (GLs), polyketides 

(PKs) and saccharolipids (SCLs),  whereas the remaining two categories refer to lipids 

derived from isoprene units condensation and include prenol and sterol lipids (PR and 

ST, respectively). Lipids can also be classified into simple and complex ones, based 

on the numbers of molecules they yield when hydrolysed. Simple lipids result in a 

combination of maximum two molecular components, whereas complex ones yield 

three or more (reviewed in (Fahy, Cotter et al. 2011). Cell membranes are enriched 

in phosphatidylethanolamine (PE) and phosphatidylcholine (PC), which together with 

phosphatidyl -inositol, -serine, -glycerol and phosphatidic acid (PI, PS, PG and PA, 

respectively) comprise the greater GLPs class (Perrotti, Rosa et al. 2016). A very 

popular method for analysing those lipid classes is electrospray ionization mass 

spectrometry (ESI-MS), which allows the detection of a number of lipid species within 

only one experiment, whereas incorporation of liquid chromatography prior to the ESI-

MS (LC ESI-MS) boosts the analytical power of the technique and adds to the 

accuracy and sensitivity; features highly appreciated in the biomarker discovery field 

(Fernandis and Wenk 2009). As lipids play major roles in cellular homeostasis, it is 

inevitable that they would be under scrutiny in regards to their potential as novel 

biomarkers in pathologies, including cancer. Indeed, there have been many cases 

where specific lipid species or classes have shown increased sensitivity in 

distinguishing malignant from non-pathologic states. Lipidomic analysis of prostate 

cancer tissues showed cholesteryl ester (CE) accumulation and correlation with 

disease staging. CE accumulation was attributed to overexpression of the scavenger 
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receptor class B type I (SR-BI), while cholesteryl oleate (CE18:1) effectively 

discriminated between malignancy, benign prostatic hyperplasia and healthy states, 

therefore raising the question of whether it would be a good candidate to be used 

alongside the prostate-specific antigen (PSA) (Li, Ren et al. 2016).  In other cases, 

sphingolipid species were differentially expressed in metastatic and non-metastatic 

cases of pancreatic cancer and pancreatitis. The C16:0 ceramide, which is an insulin 

resistance indicator (Hla and Kolesnick 2014), and the nervonic ceramide (C24:1) 

were significantly enriched in pancreatic cancer samples compared to pancreatitis 

ones, and higher levels were positively correlated with nodal metastasis (Jiang, 

DiVittore et al. 2013). Despite the fact that ceramides are categorised as “pro-

apoptotic” molecules, there is increasing evidence of there are found in unexpectedly 

high levels in malignant states (Koybasi, Senkal et al. 2004, Karahatay, Thomas et al. 

2007). Phosphorylated sphingolipids were also significantly enriched in the metastatic 

cases, successfully separating them from non-metastatic and non-malignant ones 

(Jiang, DiVittore et al. 2013).  

Although lipids are actively released from cells, exosomes also comprise a factor that 

needs to be considered, as they are also contributors of a number of lipids that are 

found extracellularly. A number of lipid and phospholipase-related proteins have been 

reported to be present in exosomes, including fatty acid binding protein (FABP), 

phospholipid scramblase and phosphoinositide-specific phospholipase C ε (PLCε), 

cyclooxygenase enzymes and secreted phospholipase A2 (sPLA2), indicating that 

fatty acids can either be passively carried in the exosomes but also being generated 

inside them (Subra, Grand et al. 2010). In addition to the abovementioned, major lipid 

classes found in exosomes from various cell sources include- but are not limited to 

PI, PS, SM, PC, COH, LPC and PE. Interestingly, certain exosomes such as those 

derived from B cells are shown to have a great enrichment in cholesterol compared 

to their donor cells, contrary to exosomes derived from reticulocytes for instance 

(Vidal, Sainte‐Marie et al. 1989, Wubbolts, Leckie et al. 2003). In regards to 

cholesterol, it was in fact demonstrated that in B lymphocytes a striking 63% of the 

COH found in the endocytic track is contained in the MVBs, from which exosomes are 

ultimately released (Möbius, Van Donselaar et al. 2003).  

Due to their cargo, exosomes are implicated in many metabolic diseases (Record, 

Poirot et al. 2014), and there are many studies linking those nanovesicles to 

pancreatic cancer initiation and progression. Desmoplasia is a characteristic of 

pancreatic cancer and it has been shown to have a dual role in the progression of the 

disease. A number of studies support the notion that the stroma acts as a restrain to 
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the tumour growth, since its depletion has shown to accelerate tumour cells 

proliferation and metastasis as well as correlate with higher morbidity and mortality 

(Rhim, Oberstein et al. 2014, Özdemir, Pentcheva-Hoang et al. 2014, Liu, Pitarresi et 

al. 2016). On the other hand, there are many paradigms of the stroma having a pro- 

tumorigenic effect and contributing to chemoresistance along with other cancer 

hallmarks (Hanahan and Weinberg 2011, Waghray, Yalamanchili et al. 2013, Neesse, 

Krug et al. 2014). It is possible that the interactions between the stroma and the 

pancreatic cancer epithelial cells vary depending on the tumour stage, nevertheless 

it is now widely accepted that exosomes are amongst the most crucial players in 

intracellular communication. It was recently demonstrated that tumour-associated 

stroma (TAS) – derived exosomes could exert anti-tumour effects to PDAC cells via 

specific miRNA cargo delivery (miR-145), therefore adding to the conception that 

stroma does restrain tumour expansion and to some extent explain why stroma 

depletion drives pancreatic cancer progression (Han, Gonzalo et al. 2018). miR-145 

has been previously shown to induce apoptosis in PDAC cells via caspase dependent 

and independent pathways (Ostenfeld, Bramsen et al. 2010, Cui, Wang et al. 2014) 

and it comprises a target for oncogenic KRAS, which transcriptionally suppresses it 

(Kent, Chivukula et al. 2010). Other cell types abundantly found in the desmoplastic 

tumour environment are the CAFs and the pancreatic stellate cells (PSCs). Apart from 

being gemcitabine resistant, CAFs increase the amount of exosomes shed following 

exposure to the drug. In turn, those vesicles transfer Snail and microRNA-146a to 

neighbouring cancer cells, increasing their chemoresistance and proliferation rates 

(Richards, Zeleniak et al. 2017). PSCs play a central role in its maintenance not only 

by producing ECM components but also by communicating with other cells to nurture 

the tumour microenvironment. PSC-derived exosomes were shown to instigate the 

tumorigenic characteristics PANC-1 cancer cells, as well as expression of chemokine-

related genes such as CCL20, CXCL1 and CXCL2, probably as a result of transfer of 

microRNAs including miR-21, miR1290 and miR-1246 (Takikawa, Masamune et al. 

2017). Apart from the aforementioned, exosomes have also been found to participate 

in immunological aspects of this malignancy. Tumour-associated antigens (TAAs) 

initiate humoral response, and autoimmune response associated to B-cells in 

malignant states manifests itself by the production of autoantibodies against those 

TAAs (Tsou, Katayama et al. 2016). This process is initiated years or at least months 

before the first symptoms of the disease appear (Tan, Low et al. 2009) and for this 

reason detection of these autoantibodies has a great value in liquid biopsies 

(Dumstrei, Chen et al. 2016). PDAC patients plasma-derived and PDAC cell culture 

supernatants-derived exosomes were shown to act as decoys and exhibit 



65 
 

immunoglobulins or TAAs respectively on their surface, in this way hampering the 

complement from exerting its cytotoxic effects on tumour cells (Capello, Vykoukal et 

al. 2019). In line with this decoy-like function of PDAC-derived exosomes, other types 

of tumour exosomes have been shown to sequestrate anti-Her2 and CD20 antibodies 

and significantly impair the efficacy of anti-cancer therapies (Battke, Ruiss et al. 2011, 

Ciravolo, Huber et al. 2012).  

 

3.2 Study aims  

 

Pancreatic cancer is a malignancy with highly deregulated lipid metabolism; it would 

therefore be of great value to initially analyse the lipidome of pancreatic cancer cells-

derived exosomes and compare it to that of exosomes derived from other types of 

malignancies. The aim of Chapter 3 of this thesis is to initially perform lipidomic 

analysis of PDAC, ovarian and prostate cancer cells-derived exosomes and 

respective donor cells, in search of a distinct PDAC lipid signature, and as the next 

step- once a lipid of interest is detected, to perform downstream functional assays to 

reveal the related biological effect. 
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3.3 Materials and Methods 

 

3.3.1 Cell lines 

 

Name Supplier and Cat#. Type of 

Cells 

Medium and  

% of FBS 

hTERT- 

HPNE 

ATCC
®

CRL-4023™ Pancreatic 

duct  

75% DMEM (Sigma Cat#. D-5030 with 
additional 2 mM L-glutamine and 1.5 
g/L sodium bicarbonate)  /25%M3 
Base (Incell Corp. Cat# M300F- 500) + 
10 ng/ml hEGF + 5.5mM glucose + 
750 ng/ml puromycin , 5% FBS 

HPDE Gift from Prof Hemant 
Kocher (Queen Mary 
University of London) 

Pancreatic 

duct  

Keratinocyte SMF + EGF + bovine 
pituitary extract (ThermoFisher 
Scientific Cat#. 17005042), no FBS  

AsPC-1 ATCC
®

CRL-1682™ Pancreatic 

cancer 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

BxPC-3 ATCC
®

CRL-1687™ Pancreatic 

cancer 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

MiaPaCa-II ATCC
®

CRL-1420™ Pancreatic 

cancer 

DMEM (SIGMA Cat#. D6429), 10% 
FBS, 2.5% equine donor serum 

PANC-1 ATCC
®

CRL-1469™ Pancreatic 

cancer 

DMEM (SIGMA Cat#. D6429), 10% 
FBS 

HPAF-II ATCC
®

CRL-1997™ Pancreatic 

cancer 

MEM (SIGMA Cat#. M4655), 10% FBS 

RWPE-1 ATCC
®

CRL-11609™ Prostate 

epithelial 

Keratinocyte SMF + EGF + bovine 
pituitary extract (ThermoFisher 
Scientific Cat#. 17005042), no FBS  

PNT2 ECACC 

Cat#.95012613 

Prostate 

epithelial 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

PC-3 ATCC
®

CRL-1435™ Prostate 

cancer 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

OSE4 Gift from Dr Yu Yu  

(Curtin University) 

Ovarian 
surface 
epithelial 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

A2780 ECACC 

Cat#.93112519 

Ovarian 

cancer 

RPMI-1640 Medium (SIGMA Cat#. 
R8758), 10% FBS 

 

All media was supplemented with 100 units mL−1 penicillin and 

0.1 mg mL−1 streptomycin (Sigma-Aldrich, Cat#. P4333). Cells were kept in 

humidified incubators at 370C with 5% CO2 and passaged routinely. 

https://www.sigmaaldrich.com/catalog/product/sigma/p4333?lang=en&region=AU
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3.3.2 Samples collection for lipidomic analysis with mass-spectrometry 

 

For lipidomic analysis, 1.2x106 cells were seeded in a T175 flask (ThermoFisher 

Scientific Cat#.159910) in media containing commercial exosome depleted – FBS 

(Thermo Fisher Scientific, Cat#.A2720801) and allowed to grow to 80% confluency. 

Three flasks were used in each biological replicate and a total of three independent 

biological replicates were performed per cell line. When cells reached 80% 

confluency, the supernatant from the three flasks of each biological replicate was 

pooled for further exosome isolation (details found in Chapter 2 – Publication 1) and 

the cells were trypsinized, pooled, span at 300 g for 5 minutes and snap frozen. Cells 

and exosomes pellets were packaged with dry ice and sent to the Baker Heart & 

Diabetes Institute in Melbourne, Victoria, for mass spectrometry analysis. 

3.3.3 Mass spectrometry 

As mentioned above, mass spectrometry analysis was performed at the Baker Heart 

& Diabetes Institute in Melbourne, Victoria by a designated technician. Briefly, a single 

phase chloroform:methanol (CHCl3:MeOH) (2:1) extraction was used for lipids 

extraction from cells and exosomes pellets, following the methodology described in 

(Weir, Wong et al. 2013).  Samples were randomized and each sample was extracted 

using 20 volumes of CHCl3:MeOH. An internal standard mix (in CHCl3:MeOH (1:1)) 

was also included during the analysis, and comprised of 10-10,000 pmol of 31 stable 

isotope-labelled or non-physiological lipid standards. Liquid chromatography 

electrospray ionisation-tandem mass spectrometry (LC ESI-MS/MS) was performed 

for lipidomic analysis, with Agilent Technologies equipment used for both phases of 

the procedure. Liquid chromatography was carried out on a Zorbax Eclipse Plus C18, 

1.8 um, 100 x 2.1mm column (Agilent Technologies) using solvents A and B. Solvent 

A comprised of water:acetonitrile:isopropanol (50:30:20), 10mM ammonium formate 

and 0.05μM medronic acid, while solvent B comprised of 

water:acetonitrile:isopropanol (1:9:90) and 10mM ammonium formate. Temperatures 

for the column and the auto sampler were set at 45°C and 25°C, respectively. Lipid 

extracts (1ul) were injected and separated under gradient conditions with a flow rate 

of 400ul/min: 15% B to 50% B over 2.5 minutes, increase to 57% B over 0.1 minutes, 

increase to 70% B over 6.4 minutes, increase to 93% B over 0.1 minutes, increase to 

96%B over 1.9 minutes, increase to 100% over 0.1 minutes and hold at 100% B for 

0.9 minutes. The solvent was then decreased to 15% B over 0.2, held at 15% B for 

0.7 minutes and remained at 15% B until next injection at 13.2 minutes. The first 0.8 

https://www.thermofisher.com/order/catalog/product/159910
https://www.thermofisher.com/order/catalog/product/A2720801
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minutes of each analytical run were diverted to waste. Electrospray ionisation-tandem 

mass spectrometry was performed using an Agilent 1290 HPLC coupled to an Agilent 

6490 triple quadrupole mass spectrometer using settings as follows: gas temperature 

150C, gas flow 17 L/min, nozzle pressure 20 psi, sheath gas temperature 200C, 

sheath gas flow 10L/min, capillary voltage 3500V, nozzle voltage 1000V. Dynamic 

multiple reaction monitoring (dMRM) was used for lipid species measurement, where 

data was collected for a retention time window specific to each lipid species. Mass 

Hunter Quant was used for the chromatographic data analysis, where relative lipid 

abundances were calculated by relating each area under the chromatogram for each 

lipid species to the corresponding internal standard. Correction factors were applied 

to adjust for different response factors, where these were known. 

 

3.3.4 Lymphocytes isolation from healthy donors’ whole blood 

 Whole blood (50 ml) was collected from a healthy donor in 5x10ml EDTA 

vacutainer tubes (BD Vacutainer K2E (EDTA) REF 367525) and distributed 

evenly into two 50ml falcon tubes. 

 PBS pH 7.4 (Gibco, REF 10010-023) was added in each tube in order to make 

up the volume to 35 ml.  

 A total of 30 ml of Ficoll-Paque (GE Healthcare, Cat#.17-1440-03) were evenly 

distributed in two 50 ml falcon tubes and were overlaid with the 35ml of blood 

/ PBS from the previous step.  

 Falcons were centrifuged at 200C, 400 x g for 40 min, without acceleration and 

brake.  

 After centrifugation, the buffy coat from each tube was pooled and transferred 

to a new 50 ml centrifuge tube. PBS was added up to 50 ml and the falcon 

was centrifuged at 200C, 300 x g, 10 minutes, with acceleration and brake. 

 Supernatant was discarded, pellet was resuspend in 1.2ml FACS buffer (PBS 

- 5% heat-inactivated FBS) and distributed in 6 wells of a U-shaped 96-well 

plate (Falcon, REF 353077). 

 Antibodies against CD4 (BioLegend, Cat#. #317410) and CD8 (BioLegend, 

Cat#. #300906) were added in each well in a 1:200 dilution. One well was left 
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untreated (control – no antibodies), one was treated with CD4 only and one 

with CD8 only; these three wells being used to set up the cell sorter. The rest 

of the wells were treated with both anti-CD4 and anti-CD8 antibodies.  

 The plate was incubated on ice in the dark for 15 minutes, span at 300 x g for 

2 minutes at RT, and cells were resuspended in FACS buffer. This step was 

repeated twice and after the final wash the cells were collected in special 5ml 

polypropylene round bottom tubes (Falcon, REF 352063) and underwent 

sorting in a BD FACS Jazz ™ instrument using the BD FACS™ Software 

Version 1.2.0142. Cells were collected in sorting buffer (PBS - 20% FBS), and 

were left in the incubator for 30 minutes at 370C to recover. 

 Cells were span at 300 x g for 5 min, resuspended in RPMI without FBS in a 

concentration of 1 x 107 - 2 x 107 and carboxyfluorescein succinimidyl ester 

(CFSE) was added to a final concentration of 2.5 μΜ. 

 Cells were left in the dark for 10 min and 20 ml of RPMI 10% FBS were added 

in each tube. 

 A 2-3ml FBS underlay was added in each tube and cells were centrifuged at 

300 x g for 5 min. This step was repeated once more and the cells were 

resuspended in RPMI containing 10% FBS and 0.05 mM β-mercaptoethanol 

(2-ME), at a final concentration of 2.5 x 105 cells / well. 

 Cells were stimulated with CD3 (Biolegend, Cat#. 300332) and CD28 

(Biolegend, Cat#. 302934) antibodies (dilutions of 1:1000 and 1:500, 

respectively), seeded in a U-shaped 96-well plate, 25 μg / ml of the desired 

exosome sample were added in the appropriate wells and the cells were left 

in the incubator for 7 days, at the end of which, downstream assays were 

performed (proliferation assay and cytokine expression assay). 

 

3.3.5 T cell proliferation assay  

 One week post treatment, lymphocytes were span at 300 x g for 5 minutes, 

supernatant was removed and kept in a separate plate, and the cell pellets 

were resuspended in FACS buffer and analysed on a BD LSRFortessa 

(Special Order Research Product).  
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 Analysis of the obtained data was performed using the FlowJo™ software 

Version 10.6.1. 

 

3.3.6 Cytokine expression assay 

A small portion (12.5 μl) of the supernatant kept aside from the T cell proliferation 

assay was used for the cytokine expression analysis, and the assay was performed 

using the LEGENDplex™ Multi-Analyte Flow Assay Kit  (Biolegend, Cat#.740118 and 

when discontinued, Cat#.740809). In brief: 

 Assay buffer, diluted standards, samples, pre-mixed beads and detection 

antibodies, all in volumes of 12.5 μl, were added in wells of a U-shaped 96-

well plate and were left to incubate for 2 h, at RT, on a shaker.  

 Without washing, 12.5 μl of SA-PE were added in each well and the plate was 

incubated for 30 min at RT on a shaker.  

 The plate was span at 300 x g for 5 min and the beads were resuspended in 

1X wash buffer. This step was repeated twice. 

 After the last wash, beads were resuspended in 1X wash buffer (50 μl / well) 

and analysed on a BD LSRFortessa (Special Order Research Product).  

 Analysis of the obtained data was performed using the FlowJo™ software 

Version 10.6.1. 

3.4 Results  

 

3.4.1 Lipidomic analysis of pancreatic, prostate and ovarian epithelial and 

cancer cells and their respective exosomes 

Towards the search of a specific pancreatic cancer signature, lipidomic analysis was 

performed on the two pancreatic epithelial cell lines hTERT-HPNE and HPDE, as well 

as the five pancreatic cancer cell lines AsPC-1, BxPC-3, MiaPaCa-II, PANC-1 and 

HPAF-II, and their derived exosomes. As a comparison, prostate epithelial (RWPE-1, 

PNT2) and cancer (PC-3) cells and ovarian epithelial (OSE4) and cancer cells 

(A2780) as well as their derived exosomes were analysed at the same time. A total of 

636 lipid species were identified during this analysis. 

The cellular lipid bilayer consists of three predominant lipid classes, namely 

phospholipids, cholesterol and glycolipids. The first class is mainly comprised of SM, 

PC, PE and PS, while PI is detected in lower levels but is still of utmost importance 



71 
 

for cell signalling: PIs get cleaved by activated phospholipases and the consequent 

products act as second messengers which can either help activate other proteins or 

mediate the ERs’ Ca2+ release. Cholesterol is also found in high levels in mammalian 

cell membranes and can regulate their fluidity. Interestingly, although increased 

cholesterol adds to the rigidity of the membrane and diminishes its permeability to 

small-scaled hydrophilic molecules, at the same time it prevents phase transitions. 

Last but not least, glycolipids expose sugars at the surface of the cells therefore 

mediating intercellular communications. Indicatory, the plasma membrane of liver 

cells was found to consist by 17% of COH, 4% of PS, 7% of PE, 24% of PC and 19% 

of SM (Van Meer, Voelker et al. 2008). As shown in Figure 3.1A, lipidomic analysis of 

the cell samples is following the aforementioned pattern, with COH, PE, SM, PS being 

present in intermediate and high levels consistently across the different cell lines. 

Other lipid classes enriched in our analysis were PE(P), PC(O), DGs and TGs, 

ceramides (in relatively low levels) and CE mostly in specific cell lines such as HPDE, 

MiaPaCa-II and A2780.  

Studies performing lipidomic analysis of exosomes exhibit discrepancy in their results, 

resulting from parameters such as the exosomes isolation method 

(ultracentrifugation, ultrafiltration, SEC, etc.), the presence or absence of serum, the 

method selected for the lipid analysis (shotgun lipidomics, LC/MS, gas 

chromatography) and even the software interpreting the MS data (Simons 2018). For 

instance, a study on the lipidome of exosomes from different cell sources reported 

depletion of major lipid classes such as PI, PE and PG in exosomes and enrichment 

of SM in those vesicles compared to the parent cells, with CE, LPC and acyl carnitines 

showing no differential expression and PS, FFA and glycolipids showing enrichment 

(Haraszti, Didiot et al. 2016). Other studies show enrichment of COH, PS, SM and 

Cer in exosomes compared to their donor cells (Trajkovic, Hsu et al. 2008, Llorente, 

Skotland et al. 2013). 

In our analysis the lipidome profile of the exosomes is distinct to that of their donor 

cells, as shown in Figure 3.1B. Among the most predominant lipid classes present in 

exosomes are SM, COH, DG and MG, with MG exhibiting higher levels in epithelial 

pancreatic, prostate and ovarian exosomes compared to their malignant counterparts 

and COH showing little fluctuation among the different exosomes types, similar to SM. 

LPI is highly expressed only in the AsPC-1 exosomes compared to all other types. A 

very interesting observation is that CE levels are consistently higher in PDAC 

exosomes compared to all other types, which led to further investigation of the 
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biological importance of this phenomenon, described later in this chapter. In Figure 

3.1C, the relative expression of the lipid classes of exosomes compared to their donor 

cells is shown, where MG is the most enriched lipid class in all exosomes types apart 

from MiaPaCa-II and A2780. Hexosylceramides (Hex1Cer, Hex2Cer, Hex3Cer), SM, 

PS, PE(P) and COH are enriched in all exosomes types compared to their cell source. 

CE shows an interesting enrichment in PDAC exosomes compared to the other two 

types, which was further investigated.  

To better understand the enrichment of lipid classes in exosomes compared to their 

source cells, the relative expression of some of the major lipid classes between the 

two sample groups was expressed as a ratio and is displayed in Figure 3.2. 

Interestingly, the ratio of CE expression in PDAC exosomes/ PDAC cells is strikingly 

higher compared to the ratio of the epithelial samples, while the opposite trend is 

observed for the prostate and ovarian samples (Figure 3.2A). COH is enriched in all 

exosomal samples (Figure 3.2B), as does Cer (apart from MiaPaCa-II and PC-3 

where the ratio is just below 1) (Figure 3.2C), and SM (Figure 3.2D). PI, LPI and PE 

have higher expression in the donor cells than in their respective exosomes for the 

majority of the samples (Figure 3.2E, F, G, respectively) while PS is overexpressed 

in all samples (Figure 3.2H). It has been reported before that PS is expressed in 

exosomes in the outer leaflet, and especially in cases of hypoxia (Wei, Liu et al. 2016). 

What stands out is the high ratio of expression of PS in HPAF-II exosomes compared 

to cells, which is magnitudes higher than the rest of the ratios. PS is naturally 

expressed on the surface of cells which undergo apoptosis and it is a signal for 

clearance of this cell by the macrophages. At present we do not know if this is due to 

HPAF-II having higher basal levels of apoptosis or higher membrane levels of PS. 
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Figure 3.1 Heatmaps depicting the lipidome of pancreatic, prostate and ovarian 

epithelial and cancer cells, and their respective exosomes. (A) Lipidomic profile of cells 

samples. (B) Lipidomic profile of exosomes samples. (C) Relative expression of lipid classes 

in exosomes compared to donor cells (ratio exosomes / cells). For (A) data were calculated 

as pmol/mg of protein based on BCA assay results, then normalised to total PC to get 

pmol/µmol of PC, whereas for (B) whole samples were used in the extraction and data were 

calculated as pmol per sample, then normalised to total PC to get pmol/µmol of PC. Due to 

this normalisation, the values for total PC are disregarded. For (C) the corresponding cell of 

the heatmap is shown as white in case the ratio reflected a value <1. Heatmaps were created 

with GraphPad Version 8.12. For (A) and (B) data are expressed as average of n=3 

independent experiments. dhCer: dihydroceramide,  Cer: ceramide, GM3: GM3 ganglioside, 

Hex1Cer Hex2Cer Hex3Cer: glycosylceramides containing 1, 2 or 3 sugar moieties, SM: 

sphingomyelin, LPC: lysophosphatidylcholine, LPC(O): lysoalkylphosphatidylcholine,  LPC(P): 

lysophosphatidylcholine plasmalogen, LPE: lysophosphatidylethanolamine,  LPE(P): 

lysophosphatidylethanolamine plasmalogen, LPI: lysophosphatidylinositol, LPS: 

lysophosphatidylserine, PC: phosphatidylcholine, PC(O): alkylphosphatidylcholine, PC(P): 

phosphatidylcholine plasmalogen,  PE: phosphatidylethanolamine,  PE(O): 

alkylphosphatidylethanolamine,  PE(P): phosphatidylethanolamine plasmalogen, PG: 

phosphatidylglycerol, PI: phosphatidylinositol,  PS: phosphatidylserine, CE: cholesterol ester, 

COH: free cholesterol, DG: diacylglycerol, TG: triacylglycerol, MG: monoacylglycerol 

C 
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Figure 3.2 Relative expression of major lipid classes in exosomes compared to their 

parental cells. Ratios expressing the relative expression of (A) CE, (B) COH, (C) Cer, (D) SM, 

(E) PI, (F) LPI, (G) PE, (H) PS, in exosomes compared to their donor cells. Graphs were 

created with GraphPad Version 8.1.2. 

 

Since the CE class showed such an interesting profile, the specific CE species levels 

in exosomes and cells were further analysed as shown in Figure 3.3. The predominant 

CE species in cells include the CE18:1, 18:2, 14:0, 16:0 and 16:1 (Figure 3.3A), while 

in exosomes those species along with 20:4 and 22:6 are present in higher levels 

(Figure 3.3B). At the same time, there seems to be a specific and selective species 

packaging in the exosomes; for instance BxPC-3 cells do not exhibit a notable 

difference among the CE species, whereas their exosomes are notably enriched in 

CE16:0, 16:1, 18:1, 18:2, and 20:4, the last one being of great importance as it serves 

as a signalling molecule and as a precursor of prostaglandins. Analogous differences 

are seen also in other cells / exosomes types such as HPDE or A2780, underscoring 

the fact that the enrichment in the CE class and specific species is unlikely to be 

derived from co-isolation of lipid droplets, a fact that is also supported by the low levels 

of TGs detected in the exosomes analysed in this study. The relative expressions of 

CE species in exosomes compared to their donor cells are displayed in Figure 3.3C, 

where the PDAC exosomes types AsPC-1, BxPC-3 and HPAF-II appear as enriched 

G H 



77 
 

in the majority of CE species compared to their donor cells, in contrast to the ovarian 

and prostate cancer-derived exosomes.  
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Figure 3.3 Heatmaps depicting the CE species of pancreatic, prostate and ovarian 

epithelial and cancer cells, and their respective exosomes. (A) CE species in cells. (B) CE 

species in exosomes. (C) Relative expression of CE species in exosomes compared to donor 

cells (ratio exosomes / cells).Values that could not be obtained from peak integration due to a 

drastic shift in  retention time (they are not equal to 0), are represented by a white cell. 

Heatmaps were created with GraphPad Version 8.1.2. For (A) and (B) data are expressed as 

average of n=3 independent experiments. 

 

3.4.2 The effect of CE depletion on T cells proliferation and subsequent 

cytokine expression  
 

In order for the biological relevance of this PDAC-specific CE enrichment to be 

defined, experiments were performed where the PDAC cells MiaPaCa-II and PANC-

1 were treated with avasimibe- a widely used acyl-CoA cholesterol acyltransferase-1 

(ACAT-1) inhibitor, at a concentration of 5 μΜ and 10 μΜ for 48 h, and the derived 

exosomes were collected and co-incubated with CD4+ and CD8+ cells isolated from 

whole blood of healthy donors, at a concentration of 25 μg / ml following the work of 

(Chen, Huang et al. 2018). Co-incubation of exosomes with cells was initially 

performed for 3 days, a period which was not enough for the cells to proliferate (data 

not shown). When the incubation period was extended to 7 days the proliferation of T 

cells was successful, as shown in Figure 3.4. An approximately 60% and 50% of the 

total CD4+ and CD8+ cells of the untreated control proliferated, and although the 

proliferation of the CD4+ population did not seem to be notably affected by any of the 

different exosome types, there was an obvious impact on the CD8+ population. All 

exosomes types had an inhibitory effect, with MiaPaCa-II exosomes reducing T cell 

numbers in a statistically significant way. For CD8+ cells, this effect seemed to be 

reversed with the use of avasimibe, however these are preliminary data and definite 

conclusions cannot be made at this point. 

Following the confirmation of a successful proliferation assay, the supernatant of the 

T cells was examined for differential expression of a panel of cytokines, as shown in 

Figure 3.5. Both unstimulated and stimulated cells were examined (Figure 3.5B, C 

and 3.5D, E, respectively), with the representative gating strategy being shown in 

Figure 3.5A. For CD4+ unstimulated cells mainly two cytokines were detected by the 

assay; IL-8 and MCP-1, both instigated mostly after co-incubation with MiaPaCa-II 

exosomes. The same trend was observed for CD8+ cells, with the levels of the 

detected cytokines being more abundant in this case. In case of the stimulated cells, 

the number of cytokines detected increased, with the main cytokines standing out 

being IFN-γ, IL-8, IL-18, IL-23 and MCP-1. IFN-γ was expressed in both populations 
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(much more in CD4+ than CD8+), and treatment with avasimibe-exosomes seemed to 

lower its levels. The same pattern was repeated with the other four cytokines. A more 

detailed analysis of the results of the cytokine array is found in Figure 3.6A-S, where 

the levels of expression of each cytokine in each of the two stimulated populations, 

are shown in a separate graph. In this case, it was only MCP-1 which was significantly 

elevated in the supernatant of PANC-1 exosomes-treated CD4+ cells, and treatment 

with avasimibe 5μM-exosomes did reduce its levels compared to the internal control 

(PANC-1 exosomes), but without statistically significant difference. IL-10 and IL-17A 

were only detected in the CD4+ cells population and not in CD8+, with both PANC-1 

and MiaPaCa-II avasimibe-exosomes overall decreasing its levels compared to the 

respective non-treated PANC-1 and MiaPaCa-II exosomes and/or the main untreated 

T cells control. Interestingly, in regards to IL-18, avasimibe-exosomes seem to have 

opposite effects on the expression of the cytokine, nevertheless one of the factors 

contributing to such differences is the different metabolic regulation of the two 

populations. IL-β was only detected in low levels (10 pg / ml) in the CD8+ cells, with 

almost all exosomes types eliminating its expression; an effect not able to be rescued 

by avasimibe. IL-6 exhibited very similar levels of expression in untreated CD4+ and 

CD8+ cells and in both cases PDAC exosomes instigated its expression. Overall, 

CD4+  control cells secreted much higher levels of IFN-γ The levels of IL-8 in the 

supernatant of CD4+ T cells was more than double than in CD8+ cells, however the 

different types of exosomes did not seem to have an impact in any case. Finally, IL-

23 was a cytokine with very low (even zero for CD8+ cells) expression levels, which 

was instigated by MiaPaCa-II and PANC-1 exosomes, and with avasimibe-exosomes 

being able to somehow restrain this increase.  
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Figure 3.4 Proliferation of CFSE- labelled CD4+ and CD8+ T cells after 7 days of co-

incubation with PDAC exosomes. CD4+ and CD8+ T cells were isolated from whole blood 

of healthy donors and incubated with 25μg/ml of PDAC exosomes in the presence of CD3 

CD28 stimulus for 7 days. (A) Representative gating strategy for T- cell proliferation assay, 

starting from whole lymphocytes population (SSC-A vs FSC-A), to subpopulations of single 

cells (FSC-H vs FSC-A) and dividing cells (SSC-A vs CFSE or Count vs CFSE). A gating step 

of CFSE vs Time was added as quality control. (B) Percentage of proliferating CD4+ T cells 

upon different treatments with exosomes. (C) Percentage of proliferating CD8+ T cells upon 

different treatments with exosomes. Data are expressed as averages ± SEM of n≥3 

independent experiments (apart from “MiaPaCa-II Ava 10 μM” and “PANC-1 Ava 10 μM”, 

where n=1) for (B), and as averages ± SEM of n=3 independent experiments for “no 

exosomes” and “MiaPaCa-II” for (B), as the rest of the samples where n≤ 2. For (A), FlowJo 

A 

B C 

A 
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Version 10.6.1 was used and (B) and (C) were created with GraphPad Version 8.1.2. Statistics 

for (B) were performed using one-way Anova, without any statistically significant difference 

between samples, and for (C) using one-tailed t-test between no exosomes-MiaPaCa-II 

samples. *p < 0.05 
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Figure 3.5 Heatmaps of cytokine expression profile CD4+ and CD8+ T cells after 7 days 

of co-incubation with PDAC exosomes. CD4+ and CD8+ T cells were isolated from whole 

blood of healthy donors and incubated with 25μg/ml of PDAC exosomes in the absence (B), 

(C) or presence (D), (E) of CD3 CD28 stimulus for 7 days. (A) Representative gating strategy 

for the populations of Beads A (TNF-a, MCP-1, IL-beta, IL-6, IFN-gamma, IFN-a) and Beads 

B (IL-33, IL-23, IL-18, IL-17A, IL-12p70, IL-10, IL-8). (B) Cytokine profile of unstimulated CD4+ 

T cells upon different treatments with exosomes. (C) Cytokine profile of unstimulated CD8+ T 

cells upon different treatments with exosomes. (D) Cytokine profile of CD3 CD28 stimulated 

CD4+ T cells upon different treatments with exosomes. (E) Cytokine profile of CD3 CD28 

stimulated CD8+ T cells upon different treatments with exosomes. For (B), (C) one replicate 

was performed; for (D) data are expressed as average of n≥ 3 independent experiments, apart 

from “MiaPaCa-II Ava 10 μM” and “PANC-1 Ava 10 μM”, where n=1; for (E) data are expressed 

averages of n=3 independent experiments for “no exosomes” and “MiaPaCa-II”, as the rest of 

the samples where n≤ 2 . White boxes represent cases where a cytokine was out of the range 

of detection. (A) was created with FlowJo Version 10.6.1 and (B), (C), (D), (E) were created 

with GraphPad Version 8.1.2. 
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Figure 3.6 Cytokines expression in supernatants of CD3 CD28 stimulated CD4+ and 

CD8+ T cells after 7 days of co-incubation with PDAC exosomes. (A) IFN-γ expression 

levels in CD4+ T cells. (B) IFN-γ expression levels in CD8+ T cells. (C) IL-6 expression levels 

in CD4+ T cells. (D) IL-6 expression levels in CD8+ T cells. (E) IL-8 expression levels in CD4+ 

T cells. (F) IL-8 expression levels in CD8+ T cells. (G) IL-10 expression levels in CD4+ T cells. 

(H) IL-17A expression levels in CD4+ T cells. (I) IL-18 expression levels in CD4+ T cells. (J) IL-

18 expression levels in CD8+ T cells. (K) IL-23 expression levels in CD4+ T cells. (L) IL-23 

expression levels in CD8+ T cells. (M) IL-33 expression levels in CD4+ T cells. (N) IL-33 

expression levels in CD8+ T cells. (O) MCP-1 expression levels in CD4+ T cells. (P) MCP-1 

expression levels in CD8+ T cells. (Q) TNF-α expression levels in CD4+ T cells. (R) TNF-α 

expression levels in CD8+ T cells. (S) IL-β expression levels in CD8+ T cells. For CD4+ T cells, 

data are expressed as averages ± SEM of n≥3 independent experiments (apart from 

“MiaPaCa-II Ava 10 μM” and “PANC-1 Ava 10 μM”, where n=1). One-way Anova with Tukey’s 

post hoc test was used for statistical analysis, ** p ≤ 0.01, **** p ≤ 0.0001. For CD8+ T cells, t-

test was performed between no exosomes (untreated) control and MiaPaCa-II-exosomes, as 

they were the only conditions with n=3. No statistically significant difference was observed for 

between samples. For (A-S) GraphPad Version 8.1.2 was used.  
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3.5 Discussion 

When cancer arises the immune system detects the malignant cells and acts towards 

their elimination, however this process can result to the natural selection of tumour 

cells that grow resistant, survive and proliferate under these conditions (Vesely, 

Kershaw et al. 2011). The phenomenon in which the immune system switches from 

having anti-tumorigenic properties to supporting a pro–tumorigenic state is called 

immunoediting and involves three stages. Initially, the immune system successfully 

detects the tumour and eliminates it (elimination), nevertheless at a later stage its 

capacity is limited to restricting the tumour growth (equilibrium). In this second stage 

an immunoselection of resistant tumour cells takes place, inevitably leading to the 

final stage, which is the immune system’s override and subsequent clinical 

manifestation of the disease (escape) (Dunn, Old et al. 2004).  

The immune system consists of two branches, the innate and the adaptive one, which 

involve distinct cellular components. The innate immune system shows an acute 

response to foreign pathogens and comprises of cells which are pre-existent in the 

body, such as macrophages, NKs, DCs, mast cells and granulocytes. Neutrophils, a 

subcategory of the latter, secrete cytokines which further promote the immune 

response process (Cassatella 1999), whereas macrophages phagocytose dead cells 

and debris at the site of inflammation. Upon maturation, macrophages can polarize 

into either M1 or M2 macrophages and have pro- or anti-inflammatory properties, 

respectively (Hao, Lü et al. 2012). Within the tumour microenvironment, the two types 

of immunosuppressive macrophages that arise are the myeloid-derived suppressor 

cells (MDSCs) which can induce the suppressor T cells (Tregs) (Huang, Pan et al. 

2006), and the tumour–associated macrophages (TAMs) which trigger T-lymphocyte 

cell death through the apoptotic pathway, among others (Saio, Radoja et al. 2001). 

The number of the circulating NK cells in the blood is positively correlated with longer 

survival without the incidence of metastasis, as these cells are known for their ability 

to eliminate their targets- including tumour cells, through the initiation of programmed 

cell death (Smyth, Hayakawa et al. 2002). DCs connect the innate with the adaptive 

branch, as upon activation they transform into APCs and in turn activate B- and T-

cells (Janeway, Travers et al. 2005).   

The adaptive immunity comprises of B- and T–lymphocytes and counteracts the 

foreign body that has prevailed over the innate response and poses a threat to the 

host. The T-lymphocytes are divided into subcategories based on the presence or not 

of CD8 or CD4 antigens on their surface. Both T regulatory and T helper lymphocytes 
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express CD4 on their surface, with the first being responsible for the restriction of 

autoimmune responses, and the latter being able to mediate CD8+ cytotoxic T-

lymphocytes activation and subsequent elimination of foreign pathogens. Moreover, 

CD4+ lymphocytes can express cytokines which trigger B-lymphocytes and 

macrophages secretion. These capabilities allow CD4+ immune cells to regulate 

responses across both the adaptive and the innate branch of the immune system 

(Janeway, Travers et al. 2001). B-lymphocytes are responsible for the creation of 

immune response memory, they are antibody secreting cells and activate the cascade 

once they detect a pathogen that has previously been encountered (Alberts, Bray et 

al. 1994).  

As has previously been mentioned, chronic pancreatitis is often a pre–PDAC 

condition characterized by macrophages, mast cells and B- and T-lymphocytes 

infiltrating the pancreas and being linked to fibrosis, and by the presence of T-

regulatory lymphocytes acting as immune suppressors in the circulation of patients. 

Common examples of the malfunction of the immune system in PDAC include 

absence or dysfunction of immune cells, presence of specific immune cells with 

tumour-promoting functions and the action of immune suppressive cells (Inman, 

Francis et al. 2014). In vivo studies in PDAC mouse models describe early stage 

immunosurveillance escape, with MDSCs and Tregs being the prevalent cell type. 

Inactivated CD8+ cells and MDSCs are inversely correlated, underscoring the 

immunosuppressive role of the latter (Clark, Hingorani et al. 2007). Despite being 

undetectable in healthy human tissue, this cell type comprises almost 70% of the 

pancreatic stroma infiltrating leucocytes and is significantly increased in metastatic 

states compared to localised tumours, therefore relating to disease staging (Diaz-

Montero, Salem et al. 2009, Porembka, Mitchem et al. 2012). CD4+ Tregs comprise 

the largest population of T- lymphocytes in the tumour stroma as well as in blood and 

tissue specimens of patients (Liyanage, Moore et al. 2002) and their numbers are 

correlated with progression of premalignant states (such as PanINs and IPMN) to  

PDAC, metastasis, disease staging and survival (Inman, Francis et al. 2014). Cancer 

cells are shown to overexpress ligands for the Treg specific receptor CCR5, and 

interruption of this intercellular communication results in reduced tumour burden (Tan, 

Goedegebuure et al. 2009). In summary, although the functions of these immune cells 

are not considered as tumour promoting in a direct manner, they successfully 

attenuate a major obstacle to tumour progression (Dunn, Bruce et al. 2002). Cells that 

have a more immediate tumour promoting effect are mast cells detected in high 

numbers in PDAC, which express molecules known for instigating and sustaining 
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pancreatic tumour growth such as fibroblast and vascular endothelial growth factors 

(FGF and VEGF, respectively) (Yamazaki, Nagao et al. 1997, Tsuzuki, Carreira et al. 

2001). Mast cells are selectively located at the boarder of the tumour, playing a key 

role in tissue degradation and invasion (Cai, Yang et al. 2011). Macrophages also 

support the tumour via secretion of cytokines, regulated upon activation normal T cell 

expressed and secreted (RANTES) and MMP-9 (Liou, Döppler et al. 2013). The main 

immune cell type exhibiting defects in the pancreatic cancer setting is the one of DCs, 

the maturation of which is repressed following exposure to tumour secreted 

interleukins (ILs), TGF-β and mucins. DCs in PDAC patients are not only found in low 

levels but are also defective in stimulating other immune cells (Inman, Francis et al. 

2014). Similarly, NK cells have very limited activity in patients, reflecting the restriction 

imposed on the immune system (Aparicio-Pagés, Verspaget et al. 1991).  

The major characteristic of PDAC is desmoplasia, a stroma which may even be vaster 

than the actual epithelial component of the tumour and consists of a number of 

different cell types such as stellate cells, fibroblasts, immune and endothelial cells as 

well as activated PSCs (Rasheed, Matsui et al. 2012). The latter have been shown to 

promote epithelial–to–mesenchymal transition (EMT) and express cytokines and 

growth factors (Erkan, Adler et al. 2012), while they prevent CD8+ cells from reaching 

the tumour by physically adhering to them (Ene–Obong, Clear et al. 2013). Last but 

not least, PSCs and mast cells have been shown to be able to activate one another, 

therefore sustaining a feedback loop where the stromal environment supports 

immunosuppression and vice versa (Ma, Hwang et al. 2013).  

Taking into consideration the complex immunosuppressive microenvironment of 

PDAC and the disease’s highly demanding metabolic need, we performed a detailed 

analysis of the lipidome profile of PDAC cells and their respective exosomes and we 

found a surprising accumulation of CE specifically in the exosomes. A similar trend 

was not detected in the lipidome of prostate and ovarian cancer cells and their derived 

exosomes. In light of this finding, we decided to investigate the biological meaning of 

this CE accumulation, so we treated PDAC cells with the ACAT-1 inhibitor avasimibe 

and co-incubated CD8+ and CD4+ T cells with the derived exosomes, in order to see 

potential effects on proliferation and subsequent cytokine expression. 

 

In a recent study, analysis of human pancreatic tissues revealed that CE is enriched 

in the malignant specimens compared to the normal ones, and more detailed Raman 

spectroscopy depicted CE18:1 and CE18:2 as the two more predominant species. 

Parallel examination of the ACAT-1 levels in BxPC-3, MiaPaCa-II, AsPC-1, PANC-1 
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and HPDE6 cell lines revealed higher protein expression in MiaPaCa-II and PANC-1 

compared to the rest, with the predominant CE species being CE18:1 (Li, Gu et al. 

2016). Indeed, according to our data the most abundant CE species in MiaPaCa-II 

and PANC-1.  

 

Apart from CE accumulation, COH synthesis plays an important role in pancreatic 

cancer, however it has been shown that disruption of the biosynthetic pathway of COH 

did not deliver the expected beneficial results in PDAC (Corcos and Le Jossic-Corcos 

2013). Indeed, a recent study targeting the cholesterol uptake rather than its 

synthesis, showed remarkable results. Pancreatic cancer cells overexpress the low-

density lipoprotein receptor (LDLR) and its silencing -apart from reducing the COH 

uptake, resulted in lower intracellular CE levels and reduced proliferation and survival 

rates of PDAC cells via ERK1/2 inactivation, which most probably was a consequence 

of phosphatases activity rather than pathway inhibition. Last but not least, LDLR 

ablation also resulted in PDAC cells re-sensitisation to gemcitabine (Guillaumond, 

Bidaut et al. 2015). Cellular COH content has also been shown to affect immune cells 

(Molnár, Swamy et al. 2012) and manipulation of the CE content plays a big role as 

well. Upon activation CD8+ T cells increase their intracellular and membrane COH 

content, as well as their ACAT-1 levels. Interestingly, ACAT-1 downregulation both 

pharmacologically or genetically instigates CD8+ T cells proliferation specifically, and 

enhances their antitumorigenic properties, resulting in increased cytotoxicity due to 

the formation of a more robust immunological  synapse, and higher expression of 

interferon-γ (IFN-γ). At the same time, ACAT-1 depletion was accompanied by 

increased COH biosynthesis, which added to the antitumorigenic phenotype (Yang, 

Bai et al. 2016). Similar effects were observed in later studies with chimeric antigen 

receptor-modified T cells (CART cells) (Zhao, Li et al. 2018).  

 

Apart from exosomes, cytokines are also key players of intercellular communication, 

and in our study we examined a panel of inflammatory cytokines. Interferons comprise 

of three family types and IFN-γ belongs to type II; the only one involved in the immune 

reactions in case of cancer occurrence (Shankaran, Ikeda et al. 2001).  It is comprised 

of two subunits and it can fortify downstream signalling cascades by binding to two 

receptors at a time, and possibly stimulating receptors of IFNs type I (Ealick, Cook et 

al. 1991, Takaoka, Mitani et al. 2000). IFN-γ expression is stimulated by other 

cytokines such as IL-18 and mitogenic signals, while it can be produced by different 

cell populations including T cells and NK cells, and to a smaller scale by APCs and B 

cells. The main pathway through which it exerts its functions is the JAK/STAT, where 
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ultimately STAT1 activates interferon-stimulated genes (ISGs) which contain special 

sequences in their promoters, namely gamma-activated sites (GAS). An example of 

such a gene is the interferon-regulatory factor 1 (IRF1) which controls the interferon-

stimulated response elements (ISREs) and therefore a wide range of cell death-

related cascades. This underscores the crucial role of STAT1 in IFN-γ–mediated 

responses, and how STAT1-deficient tumours can evade immune surveillance. Often 

tumour cells manage to avoid immune surveillance by reducing their responsiveness 

to IFN-γ signalling and activating relevant inhibitory molecules and alternative pro-

tumorigenic pathways (Castro, Cardoso et al. 2018). Although IFN-γ is known for its 

anti-tumorigenic properties, studies have shown that it can also exert the exact 

opposite function. Late stage ovarian cancer patients receiving IFN-γ in combination 

with chemotherapy showed markedly shorter overall survival time, compared to those 

receiving chemotherapy alone, during a phase III clinical trial (Alberts, Marth et al. 

2008).  This unexpected effect can be explained by the results of a recent study 

reporting that CD8+ T cells-secreted IFN-γ induces PD-L1 expression on the surface 

of ovarian cancer cells (Abiko, Matsumura et al. 2015). Similar results were also 

obtained in cases of gastric cancer, where also the implication of the JAK/STAT 

pathway was confirmed (Mimura, Teh et al. 2018). 

 

Interestingly, in our case we observed that co-incubation with avasimibe-exosomes 

reduced the levels of IFN-γ released by T cells. However, it has to be noted here that 

in the aforementioned studies T cells were directly treated with the drug, whereas in 

our case we co-incubated T cells with exosomes released from avasimibe-treated 

PDAC cells, so the mechanism of action might be different. A connection between 

cholesterol metabolism and IFN-γ signalling was recently established through studies 

on Helicobacter pylori (H pylori), which can surprisingly reside in the gastric 

environment despite the host’s inflammatory response against it. Through the Cgt 

enzyme, H pylori can deplete the host’s cells from COH and redistribute it in its own 

membrane. The attacked cells suffer lipid rafts disruption and since lipid rafts serve 

as assembly sited for the two subunits of IFN-γ, the downstream signalling involving 

JAK/STAT1 is abolished (Morey, Pfannkuch et al. 2018). IFN-γ has also been shown 

to increase ACAT-1 expression and therefore promote CE accumulation, and at the 

same time prevent COH efflux (Panousis and Zuckerman 2000). This ACAT-1 

upregulation is achieved via IFN-γ–dependent STAT1 dimerization, nucleus 

translocation and binding to the a GAS site present in the ACAT-1 promoter region 

(Yang, Duan et al. 2001). Given this information, we can propose that by increasing 

IFN-γ secretion, MiaPaCa-II exosomes-treated CD4+ T cells able to increase ACAT-
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1 levels and therefore CE levels in neighbouring cells. CE and COH have a bi-

directional relationship and increase in CE would automatically mean COH increase, 

which would result in higher cell membrane rigidity and inhibition of proliferation. Of 

course, CE accumulation has a profound effect on the exosome-treated T cell itself; 

our preliminary results show that MiaPaCa-II and PANC-1 exosomes reduce T cell 

proliferation compared to non-treated controls, an effect which seems to be reversed 

upon avasimibe treatment. Moreover, it is known that IL-18 stimulates IFN-γ 

production (Nakamura, Okamura et al. 1989), and our results for the CD4+  cells and 

the effects of the MiaPaCa-II- exosomes (treated / non-treated) are in accordance to 

this. 

 

IL-18 is constitutively expressed by PDAC cells and is considered to exert anti-

tumorigenic functions. It is initially expressed as a biologically inactive molecule which 

becomes active upon caspase-1 action. The chemotherapeutic drug 5-fluorouracil (5-

FU) induces apoptotic cascades in pancreatic cancer cells, leading to the release of 

the mature IL-18 molecule (Carbone, Rodeck et al. 2005). The mature IL-18 can be 

bound and therefore regulated by the IL-18 binding protein (IL-18BP), which is 

possible to interfere with the molecules anti-tumorigenic effects. Nevertheless, this 

seems to not be the case as IL-18BP was found to be expressed in lower levels in 

malignant tissue compared to healthy one, which can be seen as a way of protecting 

the pancreas from a potential IL-18 induced inflammation with severe effects. 

However, elevated levels of this cytokine in PDAC patients’ serum is linked to 

unfavourable survival outcome. Patients undergoing therapy with gemcitabine, which 

has minimal impact on the IL-18 levels, exhibited more prolonged survival compared 

to patients receiving gemcitabine in combination with 5-FU or oxaliplatin. This might 

be explained by the fact that IL-18 can instigate invasion via MMPs production and 

ECM degradation, and also target Fas-expressing immune cells by upregulating its 

respective ligand on tumour cells (Carbone, Vizio et al. 2009). Whereas systemic and 

sole IL-18 elevation is pro-tumorigenic, local release by CART cells has been shown 

to be accompanied by IL-12 expression and support the function of T cells (Vidal-

Vanaclocha, Mendoza et al. 2006, Chen, Rui et al. 2012). In addition to this, IL-18 is 

shown to increase the numbers of B regulatory cells- a population which is 

immunosuppressive and keeps a fine balance between healthy states and 

autoimmune diseases or even malignancy, and at the same time promote PD-1 

expression on their surface.  A combined inhibition of this cytokine and the PD-L1 / 

PD-1 axis showed promising results in regards to in vivo pancreatic tumours inhibition, 

and has been proposed as an appealing therapeutic target (Zhao, Shen et al. 2018). 
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IL-8 expression has been shown to enhance the proliferation of pancreatic and liver 

cancer cells and mediate the enhanced expression of sialyl-Lewis antigens on their 

surface, allowing them to adhere to cells of endothelial origin and therefore establish 

a dissemination route (Miyamoto, Shimizu et al. 1998). Its receptor, the C-X-C 

chemokine receptor type 1 (CXCR1), is a GPCR found to be overexpressed in PDAC 

and has been correlated with cancer hallmarks such as invasion and metastasis, as 

well as chemoresistance. In addition to those, its correlation to cancer stemness was 

recently demonstrated, and it has been linked to sphere formation, metastasis to the 

lymph nodes and poor survival. Those effects were shown to be reversible upon 

blockade of the receptor (Chen, Fan et al. 2014). The IL-8 mRNA is known to be 

stabilized by a protein complex comprised of HuR and the cellular retinoic acid binding 

protein II (CRABP-II), of which the latter is significantly elevated in PDAC cases. This 

stabilization sustains the expression of MMPs, leading to lymph node metastasis (Yu, 

Parameswaran et al. 2017). Interestingly, E-LDL uptake has been shown to increase 

the cellular CE content as well as the IL-8 expression in endothelial cells (Suriyaphol, 

Fenske et al. 2002), and in agreement to those findings, we observed a dose-

dependent reduction in IL-8 concentrations in both CD4+ and CD8+ T cells upon 

treatment with exosomes derived from MiaPaCa-II and PANC-1 avasimibe treated 

cells, supporting a link between CE and IL-8 levels.  

 

IL-23 is upregulated in a number of tumours and supresses immune surveillance. It 

has been shown to inhibit CD8+ T cell infiltration and upregulate MMP9, therefore 

mediating invasion. Its inhibition reverses these phenomena, and in vivo data show 

that tumours are unable to grow in hosts lacking either IL-23 receptors or being 

incapable of generating this cytokine endogenously (Langowski, Zhang et al. 2006). 

It has been speculated that its mechanism of action could be via IL-12p70; 

downregulation of the first coincides with upregulation of the latter, subsequent IFN-γ 

production and enhancement of the NK cells cytotoxic activity (Teng, Andrews et al. 

2010). The fact that CD8+ T cells co-incubated with avasimibe-treated PANC-1 

exosomes dose-dependently decrease the levels of their secreted IL-23 can have 

potential clinical impact, as it can restore the capacity of cytotoxic lymphocytes to 

infiltrate the tumour and eliminate it. 

 

The monocyte chemoattractant protein-1 or otherwise known as C-C Motif 

Chemokine Ligand 2 (MCP-1 or CCL2, respectively) was the only one among 25 

cytokines found to be specifically elevated in PDAC patients who had cachexia 
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manifestation and was proposed to be further examined for its biomarker potential 

(Talbert, Lewis et al. 2018). In our case, MCP-1 was the only cytokine that gave a 

statistically significant difference between different treatments in CD4+ T cells.  
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Chapter 4: Targeting PDK1 in pancreatic cancer 

This chapter is displayed in the form of three peer-reviewed articles 

Publication 2 

Emmanouilidi, A., & Falasca, M. (2017). 3-Phosphoinositide-Dependent Kinase 1 

(PDK1). Encyclopedia of Signaling Molecules, 1-4. 

 

Publication 3 

Emmanouilidi, A., & Falasca, M. (2017). Targeting PDK1 for chemosensitization of 

cancer cells. Cancers, 9(10), 140. 

 

Publication 4 

Emmanouilidi, A., Fyffe, C. A., Ferro, R., Edling, C. E., Capone, E., Sestito, S., ... & 

Maffucci, T. (2019). Preclinical validation of 3-phosphoinositide-dependent protein 

kinase 1 inhibition in pancreatic cancer. Journal of Experimental & Clinical Cancer 

Research, 38(1), 191. 

4.1 Articles synopsis 

 

4.1.1 Background 

The 3-phosphoinositide-dependent kinase-1 (PDK1) is comprised of an N- and C-

terminal domain, with the latter being the pleckstrin homology (PH) domain 

responsible for phosphatidylinositol lipids binding. PDK1 is translocated to the 

plasma membrane upon PI3K activation, and activates Akt. A Ser241 trans-

autophosphorylation allows for the proteins’ constitutive activation. Aberrant PDK1 

expression facilitates cancer occurrence; the protein is known for its involvement in 

cancer cells invadopodia formation and its control over collective and mesenchymal 

cell invasion. PDK1 is also involved in chemoresistance in acute myeloid leukaemia, 

ovarian and breast cancer among others, and it is able to exert its functions in a 

PI3K/Akt independent manner, via different pathways including the PDK1-PLK1-

MYC, PDK1-YAP/Hippo and PDK1-SGK axes. The aim of the following study was to 

decipher the mechanism of action of PDK1 in pancreatic cancer.  
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4.1.2 Experimental design in brief 

 A panel of PDAC cell lines was selected for the pharmacological inhibition and 

genetic downregulation of PDK1, and its subsequent effect on anchorage-dependent 

and –independent growth as well as the downstream signalling pathway were 

assessed. The impact of a PDK1 inhibitor on tumour volume was tested in vivo and a 

simultaneous inhibition of PDK1 and the PI3K isoform p110γ was carried out in vitro 

in order to see if proliferation was affected.  

4.1.3 Results in brief 

Both types of PDK1 downregulation efficiently reduced PDAC cell growth in vitro, 

compared to non-malignant epithelial cells and/or untreated controls. A PDK1 

inhibitor, namely MP7, was able to restrict the growth of the tumour in xenografts, 

without exhibiting adverse effects. PDK1 inhibition was shown to reduce Akt and 

FoxO1/FoxO3a phosphorylation, and interestingly it also suppressed SGK3 and 

NDRG1 phosphorylation, indicating a role of the PDK1/SGK3 axis in PDAC. SGK3 

downregulation resulted in reduced cell numbers, suggesting that a part of the PDK1 

effect on PDAC growth is exerted through SGK3. Finally, inhibition of both PDK1 and 

p110γ showed enhanced potential in inhibiting PDAC cell growth, compared to 

administration of each treatment solely. 

4.1.4 Concluding remarks in brief 

Given the crucial role of PDK1 in cell homeostasis, any disruption could have severe 

effects. KRAS being an undruggable target makes PDK1 is an appealing alternative; 

nevertheless an inhibitor is yet not clinically available. We demonstrated that PDK1 

hampers PDAC growth in vitro and in vivo, partly through its downstream effectors 

SGK3 and NDRG1. Moreover, combinations of PI3K p110γ and PDK1 inhibitors at 

suboptimal concentrations exhibit greater potential in inhibiting PDAC cell growth. 
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Chapter 5: General discussion, limitations and future directions 

Despite the advances in the field of oncology and our understanding of the molecular 

biology behind pancreatic cancer, this disease still has a very dismal prognosis and 

comprises a great challenge in regards to early diagnosis. The overwhelming majority 

of PDAC patients receiving standard chemotherapy with gemcitabine, gradually 

presents with signs of chemoresistance and regression (Oettle, Post et al. 2007, 

Neoptolemos, Kleeff et al. 2018). Although gemcitabine has been the first treatment 

option for PDAC patients for more than a decade, two new combination regimens 

have been shown to improve overall survival in clinical trials. More specifically 

FOLFIRINOX- a combination of folinic acid, fluorouracil, irinotecan and oxaliplatin, 

and nab-paclitaxel (Abraxane) together with gemcitabine, have shown to surpass the 

efficacy of gemcitabine as monotherapy.  (Fernández, Salgado et al. 2018, Kim, 

Signorovitch et al. 2018). Factors that affect the selection of one therapy over the 

other include tumour burden and biology. Due to the lower toxicity of 

gemcitabine/Abraxane compared to FOLFIRINOX, it is the treatment of preference in 

case of higher CA19.9 levels and therefore higher tumour burden (Shi and Yu 2019).  

Extracellular vesicles, namely exosomes, are known to be key factors in intracellular 

homeostasis and intercellular communication, and depending on their cargo they can 

exert pro- or anti-tumorigenic functions. They comprise 30-150nm late endosomes-

originating vesicles which attracted the interest of the scientific community in 1983. 

Being secreted by the majority of cell types, they contain a variety of molecules such 

as DNA, RNA types, lipids and proteins, all enclosed in their lipid bilayer membrane. 

Their cargo and their properties have made them appealing tools for liquid biopsies 

development as well as therapeutic agents (Batista and Melo 2019). Two studies 

published in 2015 have put the cancer-derived exosomes in centre stage of a major 

hallmark of cancer; metastasis. The first study successfully described how PDAC-

exosomes containing the macrophage migration inhibitory factor (MIF) educate liver 

cells towards pre-metastatic niche formation. More specifically, they instigate TGFβ 

production from Kupffer cells, which activates the hepatic stellate cells and leads to 

fibronectin production, ultimately resulting in migration of bone marrow cells to the 

liver and formation of a pre-metastatic niche. MIF levels in the exosomes were found 

to be higher in early stage PDAC patients, than those with an already established liver 

metastasis, underscoring the potential of exosomal MIF as a prognostic biomarker 

(Costa-Silva, Aiello et al. 2015). The second study proved that the choice of the 

metastatic site is not a random event, but is in fact governed by the exosomal 

integrins. For instance, ITGα6β4 / ITGα6β1-containing exosomes dictate lung tropism 
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whereas ITGαvβ5 ones show a preference towards liver cells. Moreover, the S100 

proteins family overexpression was also organ specific (Hoshino, Costa-Silva et al. 

2015).  

The main scope of this thesis was to characterize PDAC-derived exosomes both in 

regards to their proteomic and lipidomic cargo, in order to detect proteins and lipids 

of interest, or a PDAC-specific exosomal signature. A significant challenge of this PhD 

was in regards to the exosome isolation and characterization procedure, as those 

techniques were not previously developed in the lab. 

In Chapter 2 of this thesis, exosomes derived from pancreatic epithelial (HPDE, 

hTERT-HPNE) and pancreatic cancer (AsPC-1, BxPC-3, MiaPaCa-II) cell lines were 

characterised according to MISEV criteria and together with their donor cells they 

were submitted to mass spectrometry proteomic analysis. Overall, the cells protein 

content was very distinct from the exosomal one, and also the malignant exosomes 

cargo was very different from the pancreatic epithelial ones. Our malignant exosomal 

preparations were enriched in proteins known to be key players in metastasis such 

as integrins and members of the S100 family, previously verified PDAC biomarkers 

such as GPC-1 and MIF, as well as proteins involved in a number of cancer hallmarks. 

Selected proteins which could be of diagnostic value due to their specific enrichment 

in the malignant exosomes were verified with Western Blotting. The significance of 

this study is that it analysed and compared malignant versus healthy state, and 

exosomes versus donor cells at the same time, whereas most studies focus solely on 

extracellular vesicles and oversee the source. Of course, it has to be taken into 

account that although this is a solid starting point for biomarkers discovery, cell lines 

are not always representative of the actual tumour, as PDAC is a very heterogeneous 

disease. Future studies should focus on verifying those findings in in vivo models, 

such as KPC mice, which successfully recapitulate the progress of the disease in 

humans. Upon successful completion of those studies, verification studies should be 

done in human blood and / or tissue samples, from different PanIN stages, as well as 

IPMNs and healthy donors if possible. 

In Chapter 3, exosomes and cells of pancreatic, prostate and ovarian cancer cell lines 

as well as their respective healthy controls were analysed with LC-ESI MS/MS in order 

to characterize their lipidomic cargo and detect outstanding differences. Indeed, we 

detected a specific enrichment of CE in PDAC-derived exosomes. Previous studies 

have revealed aberrant CE accumulation in tissues of prostate cancer patients 

compared to healthy individuals, a phenomenon attributed to the enhanced activation 
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of the PI3K/ Akt pathway and the inevitable impact on COH homeostasis through 

SREBPs and ACAT-1 regulation. In this study, CE accumulation was correlated with 

increased aggressiveness of the disease (Yue, Li et al. 2014). Earlier studies had 

revealed that CD4+ T cells-derived exosomes could be internalised by cultured THP-

1 cells via PS receptors present on the membrane of the latter, and induce COH 

accumulation (Zakharova, Svetlova et al. 2007). Following this observation 

downstream experiments were performed, where CD4+ and CD8+ T cells isolated from 

healthy donors blood were co-incubated with exosomes derived from avasimibe-

treated PDAC cells, and their proliferation and cytokine expression was assessed. 

Those are lengthy assays involving many steps, and the outcome showed variation. 

Preliminary data were promising, however they should be validated as part of the 

future work, and potentially some steps could be included towards protocol 

optimization. For instance, a pre-enrichment could be performed before the cell 

sorting, with the use of a pan-T cell marker such as CD3, available in commercial kits. 

This is an effective way of quickly separating the T cell population from platelets, 

neutrophils and other blood cells, and minimizing the cell sorting time, but also 

exclude cell types  known to secrete a number of cytokines including IL-8, IFN-γ and 

IL-10 (Fauriat, Long et al. 2010). In this way, the variability of the cytokines expression 

assay could be controlled. Another parameter to consider is that although the kit used 

in this experiments detects a total of 13 cytokines, there are much more of those 

molecules in the human body which affect one another and are kept in a balance 

through strict mechanisms. For instance, IL-18 was among the cytokines discussed 

in Chapter 3. Nevertheless, IL-37 (not included in the available kit) is able to inhibit IL-

18 downstream signalling by hampering the recruitment to its receptor (Nakanishi 

2018). At the same time, the IL-18BP could be quantified, in order to determine the 

free IL-18, as described in (Novick, Schwartsburd et al. 2001). Of course all the above 

apply in case it is decided that this specific cytokine requires further attention, however 

the approach is the same for all other cytokines detected in this study. A major factor 

which impacts the T cells behaviour (including both proliferation and cytokine release) 

is the actual donor. A common flu can cause T cell exhaustion and therefore hamper 

in vitro proliferation despite external co-stimulation with CD3 and CD28 antibodies. 

The metabolism of the T cells is regulated both at transcriptional and 

posttranscriptional level, and the different behaviour of the two T cells subsets of our 

experiment could possibly be explained to a certain extent by this fact (MacIver, 

Michalek et al. 2013). Future experiments could involve lipidomic analysis of 

exosomes derived from patient derived xenografts, which better reflect the tumour 

microenvironment (Tentler, Tan et al. 2012), and further examination of their effects 
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on immune system cells. In addition to this, exosomes can be isolated from the 

plasma of healthy mice and KPC untreated mice (Lee, Komar et al. 2016) in order to 

confirm a similar pattern in CE levels.  

In Chapter 4 we genetically and pharmacologically downregulated PDK1 in vitro in a 

number of PDAC cell lines bearing the KrasG12D mutation, and we observed reduced 

anchorage-dependent and independent growth in all cases. One of the compounds, 

MP7, was also tested in vivo and was able to reduce tumour volume without adverse 

effects such as weight loss. Up to date there is no PDK1 inhibitor available in the 

clinic, as the currently investigated molecules exhibit solubility and pharmacokinetic 

profile issues, as well as side effects. In our study we demonstrated that PDK1 acts 

through SGK3 in the context of pancreatic cancer, and that it has a unique signal that 

can be Akt independent. Our study is the first one to combine simultaneous inhibition 

of the PI3K p110γ isoform and PK1; administration of both inhibitors in suboptimal 

concentrations successfully hampered PDAC cells growth both in an anchorage-

dependent and independent manner. This proves that PDK1 inhibition in pancreatic 

cancer is not redundant and that dual inhibitors could be developed and tested in vivo, 

for better outcomes.  
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