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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 a 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



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-y, 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 PISK/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 p110y 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 4™ century B.C. when
Aristotle defined it as a distinct organ in his book “Historia Animalium” (in Greek “[epi
Ta {wa 1oTopiar”), 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 (Bushardo, 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).

12
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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

13



intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic neoplasms
(MCNSs). In MCNss, 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 pl6INK4A/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 BRCAZ2. 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 KRAS®'*, More
specifically, the first in vitro selective KRAS®?C 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 |
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class antigens, were among the observed effects. AMG150 is currently in the clinical
trial stage, offered as treatment for KRAS®'?C 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 p21XP* 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 p110y 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 p110a™1%47R in the pancreas initiated ADM, resulting in
PanINs (from PanIN-1A to PanIN-3), and exhibiting an almost identical phenotype to
Kras®'?® — 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 Kras®?® 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 (Esetr,
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 (llic and llic 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 (Kirkegard, 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 (NoOthlings, 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
(Nothlings, 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 (Le") (Fuca1-2GalB1-3(Fuca1-4)GIcNAcB1-) is derived from the H type 1 antigen
(Fuca1-2GalB1-3GIcNAcB1-) which is formed after the addition of an a2-fucosyl
residue (a2Fuc) to the type 1 chain (GalB1-3GIcNAcB1-) by the secretor enzyme
fucosyltransferase 2 (FUT2). Fucosyltransferase 3 (FUT3) is responsible for the
addition of an a4Fuc to the type 1 and the H type 1 chain, resulting in Lewis a (Le?)
(Galp1-3(Fuca1-4)GIcNAcB1-) or Lewis b. For the production of Le?only FUT3 activity
is essential- and therefore it is a monofucosylated carbohydrate, whereas for Le® 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 Le? 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 a, 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 Le®® and variable in Le®"* ones.
Although CA19.9 expression should be null in Le®* 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

(lwao, 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 Tsgl01 (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 MVBSs, 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 HelLa 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)P, 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/RAB7Y 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-Il and —lIl, so that subsequent
exosomal cargo proteins can be ubiquitin—free, prior to the ILVs release into the
multivesicular endosomes (MVESs) lumen. ILVs formation can also take place in an
ESCRT-independent manner, which results in CD63-enriched vesicles. In general,
exosome hiogenesis 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 | exosomal expression exerts
immunosuppressive activity such as inhibition of natural killer (NK) and CD8" cells
activation (Kshirsagar, Alam et al. 2012), whereas MHC class Il expression acts as
an immune stimulant. It is not a coincidence that MHC class Il 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, Gercel-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 (Yafiez-M6, Siljander et al.
2015), as well as their potential as source of biomarkers and as means of drug
delivery (Gyorgy, 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 (Gyoérgy, Médos 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-HCI 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 -200°C (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 (1lnm-6um), however it is not
suitable for polydisperse samples (Szatanek, Baj-Krzyworzeka et al. 2017). Under the
last decade, a technigue 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 1ZON and applied with
the gNano 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 <1um 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.
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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-18 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, Frihbeis, Frohlich 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 (Kramer-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, Bgtker 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 Ca?* 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-Il 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 LFAL, 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 (mMRNA and miRNA), a proportion of which are absent from
the donor cells’ cytoplasm (Valadi, Ekstrom et al. 2007). Exosomes derived from
glioblastoma tumours primary cells were enriched in the mRNA of a specific splice
variant of EGFR, the EGFRUVIII, 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 EGFRUVIII status via a non-invasive method is of great value (Skog,
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Wirdinger 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 (Sanchez, 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 (ERY) 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
Whnt/B-catenin signalling cascade in colorectal cancer (Hu, Wang et al. 2019).

Nevertheless, multiple evidence shows towards the bidirectional relationship existing

37



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-B, 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 a-smooth muscle actin (a-SMA) (Webber, Steadman et
al. 2010). Conversely, exosomes derived from naive 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-Panabiéres 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
Il 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-a 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 3-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, Rios-Marco, Martin-Fernandez 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, Grlner et al.
2012, Navas, Hernandez-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 a-ketoglutarate (a-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-
la, 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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Oncogenic and Non-Malignant Pancreatic Exosome Cargo
Reveal Distinct Expression of Oncogenic and Prognostic
Factors Involved in Tumor Invasion and Metastasis

Aikaterini Emmanouilidi, Dino Paladin, David W. Greening,* and Marco Falasca*

Exosomes are small extracellular membrane vesicles important in intercellular
communication, with their oncogenic cargo attributed to tumor progression
and pre-metastatic niche formation. To gain an insight into key differences in
oncogenic composition of , human r lig epithelial and
pancreatic cancer cell models and purified and characterized resultant
exosome populations are utilized. Proteomic analysis reveals the selective
enrichment of known exosome markers and signaling proteins in comparison
to parental cells. Importantly, valuable insights into oncogenic exosomes (362
unique proteins in comparison to non-malignant exosomes) of key metastatic
regulatory factors and signaling molecules fundamental to pancreatic cancer
progression (KRAS, CD44, EGFR) are provided. It is reported that oncogenic
exosomes contain factors known to regulate the pre-metastatic niche
(S100A4, F3, ITGBS, ANXAT1), clinically-relevant proteins which correlate with
poor prognosis (CLDN1, MUCT) as well as protein networks involved in
various cancer hallmarks including proliferation (CLU, CAV1}, invasion
(PODXL, ITGA3), metastasis (LAMP1, ST14) and immune surveillance escape
(B2M). The presence of these factors in oncogenic exosomes offers an
understanding of select differences in exosome composition during
tumorigenesis, potential components as prognostic and diagnostic
biomarkers in pancreatic cancer, and highlights the role of exosomes in

pancreas, is the most common type of
pancreatic cancer (more than 90% of
cases)." Unfortunately, less than one-
fourth of diagnosed patients present with
a resectable tumor, and few of them sur-
vive 5 years post-operatively.” These facts
demonstrate the urgent need to under-
stand the molecular mechanisms of pan-
creatic cancer and to identify novel and
more effective diagnostic and prognostic
biomarkers."!

Toward this, many studies have focused
on body fluid-derived biomarkers such
as cell-free nucleic acids, circulating tu-
mor cells and proteins, and extracellu-
lar vesicles (EVs), namely exosomes.
Exosomes are endosomal-derived small
EVs that facilitate intercellular commu-
nication in physiological and malignant
conditions.”! Exosomes carry molecules
such as oncoproteins and oncopeplides,
RNA species, lipids, and DNA fragments
from parental to recipient cells, initiat-
ing phenotypic changes.’l Emerging ev-
idence suggests that exosomes have cru-

mediating crosstalk between tumor and stromal cells.

1. Introduction

Pancreatic cancer is very difficult to detect and diagnose and is
largely considered incurable, with a 5-year survival rate limited
to =7%./"l Pancreatic cancer can be of endocrine or exocrine na-
ture; however, pancreatic ductal adenocarcinoma (PDAC) arising
from exocrine cells and most commonly found in the head of the
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cial roles in cancer development, includ-

ing pre-metastatic niche formation and

metastasis.” 7] While the complexities
surrounding the therapeutic potential of exosomes continue to
be unraveled,® the use of exosomes as diagnostic tools is of sig-
nificant focus for the field. In pancreatic cancer, efforts have been
focused toward the use of exosomes in understanding cell com-
munication and disease biology!l and in diagnostic and thera-
peutic procedures.!”]

Previous studies have identified glypican-1 (GPC1),*" differ-
ent types of mucins, the multidrug resistance protein 1 (MDR1)
and the cystic fibrosis transmembrane conductance regulator
(CFTR) in these vesicles, highlighting the potential of exosomes
as circulating markers of pancreatic cancer!'"! Further, pancre-
atic cancer exosomes have been shown to target and modulate
pre-metastatic niche formation in the liver through macrophage
migration inhibitory factor (MTF), initiating profound phenotypic
changes in the liver to coordinate metastasis.’? In addition, ex-
osomal integrin expression has been shown to be of prognostic
value, in regard to determining the organotropic metastasis dis-
semination to the liver and lung.™*!

Interestingly, although a number of studies have performed
proteomic analysis of pancreatic cancer-derived exosomes, the
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field still requires further detail regarding comparisons to their
non-malignant counterpart. In an effort to exploit the property of
the exosomes to serve as a source of circulating disease markers,
and at the same time gain insights into the molecular events of
pancreatic malignancy, we performed biophysical characteriza-
tion and proteomic analysis of human pancreatic cancer-derived
exosomes as well as non-malignant pancreatic epithelial models
from pancreas duct cells, in comparison to parental cells. The
potential clinical value of exosomes was supported by the fact
that our approach identified several known and established
biomarkers of pancreatic cancer in oncogenic exosomes. We
further provide a correlation between the mutational landscape
of cancer models in this study, and their composition within
exosomes, indicating that even within cancer exosomes there is
selective composition based on the oncogenic cells producing
these EVs. We reveal key differences in exosomes derived from
pancreatic cancer cells, which will from now on be referred
to as “oncogenic” or “malignant,” including metastatic and
epithelial-to-mesenchymal promoting factors (S100A4, SDCBP),
and signal transduction components (HMGB1, LGALS3, MET,
ITGA3, ARFG). It is becoming increasingly clear that in addition
to the soluble-secreted cytokines and chemokines that mediate
cell communication at primary and secondary tumor sites, !
extracellular membranous vesicles, including exosomes, are
important regulators of the tumor microenvironment and
metastatic dissemination.

2. Experimental Section

2.1. Cell Culture and Maintenance

Pancreatic cancer cell lines AsPC-1, BxPC3 and MiaPaCa2, as
well as immortalized pancreas duct cells hTERT-HPNE were ob-
tained from ATCC, and human pancreatic duct epithelial (HPDE)
cells were kindly provided from Prof Hemant Kocher (Queen
Mary University of London). Pancreatic cancer cell lines used
had genomic mutations in the following genes (Sanger COSMIC
database): AsPC1 (CDKN2A, FBXW7, KRAS, MAP2K4, TP53);
BxPC3 (CDKN2A, MAPK2K4, SMAD4, TP53); MiaPaCa2 (KRAS,
TP53). AsPC-1 and BxPC3 cells were routinely cultured in RPMI-
1640 medium (Sigma) supplemented with 10% FBS (Bovo-
gen Biologicals), MiaPaCa2 and hTERT-HPNE in Dulbecco’s
modified Fagle’s medium (DMEM) (Sigma) supplemented with
10% and 5% FBS respectively, and HPDE cells were main-
tained in Keratinocyte-SFM (Life Technologies) supplemented
with 0.05 mL bovine pituitary extract (BPE) and 0.005 pg mL™*
human recombinant EGF (Life Technologies). All media were
supplemented with 100 units mL~" penicillin and 0.1 mg mL""
streptomycin. Cells were maintained in humidified incubators at
37 °C with 5% CO,.

2.1.1. Cell Line Characterization

Cells were seeded in a 96-well plate (3000 cells per well) in
media containing either FBS or commercial exosome-depleted
FBS (Thermo Fisher Scientific) and were incubated together
with Cytotox Red (Essen Bioscience) dye for 72 h, allowing for
quantification of dead cells. Cells were subsequently stained with
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Significance Statement

In this study, we comprehensively investigated the proteome
of exosomes from both human pancreatic cancer cell lines and
non-malignant human pancreatic epithelial cell lines. Applying
proteomic analysis, we identified 362 proteins uniquely ex-
pressed in oncogenic exosomes, most of them related to pan-
creatic cancer progression such as key metastatic regulators
and signaling molecules. We believe that our study will open
new lines of investigation to further explore the pathological
role of cancer cell-derived exosomes as well as the physiological
role of non-malignant epithelial exosomes—importantin the
understanding of exosome biology and intercellular signaling.

Vybrant Green Stain (Thermo Fisher Scientific), allowing for the
quantification of total cells. Visualization and quantification of
the stained nuclei were carried out using Incucyte Zoom Live-
Cell Analysis system (Essen Bioscience) and GraphPad Prism
v6.01 used for statistical analysis (two-way ANOVA, Sidak’s
multiple comparisons test). Data are shown as the average of
three independent experiments performed in triplicates +SEM.

2.2. Exosome Isolation

Cells were seeded in 245 x 245 x 25 mm Corning culture dishes
(500 cm” each—two per biological replicate, approximately 4 x
10° cells per dish) in their respective medium, with FBS re-
placed with exosome-depleted FBS (Thermo Fisher Scientific) to
avoid cross-species exosome contamination. The average seed-
ing density was 4 x 10° cells per dish, and cells were grown until
~80% confluency. After 72 h following incubation, conditioned
medium (CM) was collected and pooled (50 mL total), and cen-
trifuged at 450 x g for 5 min followed by 2000 x g for 10 min at
4 °C, to remove cell debris and apoptotic vesicles. CM was then
passed through a 0.22 pm filter to remove microvesicles, and the
flow-through subjected to ultracentrifugation at 100 000 x g for
2 h at 4 °C. The remaining pellet was resuspended in PBS and
washed (100 000 x g for 2 h at 4 °C), and the pellet reconstituted
in PBS, aliquoted, and stored at —20 °C.I") Freeze-thaw cycles
were limited to a single thaw phase.

2.3. Whole Cell lysate

Cells grown in 245 x 245 x 25 mm Corning culture dishes
(500 cm? each) were washed twice with ice-cold PBS, and cells
exposed to 300 pL of 4x Laemmli sample buffer (62.5 mm
Tris-HC, pH 6.8, 10% glycerol, 1% LDS, 0.005% bromophenol
Blue) (BioRad). Samples were left on ice for 10 min, scraped,
before being stored at —80 °C. Prior to total protein quantitation,
cell lysates were centrifuged at 14 000 x g for 5 min.

2.4. Protein Quantification

Sample protein quantification was determined using either 1D
SDS-PAGE/SYPRO Ruby (Thermo Fisher Scientific) protein
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staining densitometry as described™! or microBCA assay
(Thermo Fisher Scientific).

2.5. Western Blotting

For exosomal lysis prior to western blotting, samples were re-
suspended in RIPA buffer (NaCl 150 mm, Nonidet P-40 1%,
Sodium deoxycolate 0.5%, EDTA 2.5 mm, SDS 0.1%, Tris-HCI
25 mum). Prior to electrophoresis, lysed samples (cells and exo-
somes, 15 pug) were heat treated at 95 °C for 5 min. Samples were
electrophoresed on a 10% polyacrylamide gel at 120 V and trans-
ferred to a 0.45 pm nitrocellulose membrane, using the Trans-
Blot SD cell (BioRad, #170-3940). Membranes were blocked for
1 h at room temperature (RT) with 3% BSA-TBST 0.05%, and
probed with the indicated primary antibodies overnight at 4 °C.
All antibodies were purchased from Cell Signaling Technology
and were used at a dilution of 1:1000, apart from TSG101 (Novus
Biologicals, 1:500) and Glypican-1 (GeneTex Inc., 1:1000). Mem-
branes were washed in TBST (3 x 10 min) at RT, followed by
incubation with secondary anti-mouse or anti-rabbit antibodies
(1:20 000) for 1 h at RT and visualized with ChemiDoc MP Imag-
ing System (BioRad).

2.6. Scanning Electron Microscopy

Exosomes (reconstituted in PBS, from 50 mL of CM), were mixed
with equal volume of 5% glutaraldehyde (Sigma) on a covered
glass coverslip and left overnight at RT. Samples underwent se-
rial dehydration with 10, 20, 40, and 90% ethanol solution, and
coverslips mounted on aluminium stubs using carbon conduc-
tive tape. Imaging was performed by the Microscopy and Micro-
analysis Facility, John de Laeter Centre, Faculty of Science and
Engincering, Curtin University, Bentley, WA.

2.7. Mass Spectrometry-Based Proteome Profiling

Proteomic sample preparation was performed as described,"® in
biological triplicate (with technical duplicate).!'” Briefly, protein
samples (10 pg) were lysed in SDS sample buffer and proteins
denatured at 95 °C (5 min). Proteins were separated by SDS-
PAGE (150 V, 15 min) and visualized by Imperial Protein Stain
(Thermo Fisher Scientific). Samples were excised into equal frac-
tions (n = 2), reduced with 2 mm tri(2-carboxyethyl)phosphine
hydrochloride (TCEP) (Sigma-Aldrich, C4706) at 22 °C for
4 h on gentle rotation, followed by alkylation with 25 mwm
iodoacetamide for 30 min at 25 °C in the dark, and digested with
trypsin (Promega, V5111) at a 1:50 enzyme-to-substrate ratio for
16 h at 30 °C*®l . The peptide mixture was acidified to a final
concentration of 2% formic acid, 0.1% trifluorocacetic acid (TFA)
and centrifuged at 16 000 x g for 15 min. Subsequently, peptides
were purified and extracted using reverse-phase C18 StageTips
(Sep-Park cartridges, Waters, MA) in 85% v/v acetonitrile (ACN)
in 0.5% v/v formic acid (FA). Peptides were lyophilized and
acidified with buffer containing 0.1% FA, 2% ACN.

Proteomic experiments were performed in biological
triplicate, with technical replicates (n = 2), with MIAPE-
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compliance.”?’/ A nanoflow UPLC instrument (Ultimate 3000
RSLCnano, Thermo Fisher Scientific) was coupled online to
a Q-Exactive HF Orbitrap mass spectrometer (Thermo Fisher
Scientific) with a nanoelectrospray ion source (Thermo Fisher
Scientific). Peptides were loaded (Acclaim PepMap100, 5 mm
x 300 pm id., p-Precolumn packed with 5 pm C18 beads,
Thermo Fisher Scientific) and separated (BioSphere C18 1.9 pm
120 A, 360/75 pm x 400 mm, NanoSeparations) with a 120-min
gradient from 2-100% v/v phase B (0.1% v/v FA in 80% v/v
ACN) (2-100% 0.1% FA in acetonitrile (2-40% from 0~100 min,
40-80% from 100-110 min at a flow rate of 250 nL min™*
operated at 55 °C.

The mass spectrometer was operated in data-dependent mode
where the top 10 most abundant precursor ions in the survey scan
(350-1500 Th) were selected for MS/MS fragmentation. Survey
scans were acquired at a resolution of 60 000, with an MS/MS
resolution of 15 000. Unassigned precursor ion charge states and
singly charged species were rejected, and peptide match disabled.
The isolation window was set to 1.4 Th and selected precursors
fragmented by HCD with normalized collision energies of 25
with a maximum ion injection time of 110 ms. Ion target values
were set to 3e6 and 1e5 for survey and MS/MS scans, respectively.
Dynamic exclusion was activated for 30 s. Data were acquired us-
ing Xcalibur software v4.0 (Thermo Fisher Scientific). Raw mass
spectrometry data are deposited in PeptideAtlas (#PASS01331).

2.8. Database Searching and Protein Identification

Raw data were pre-processed as described?'! and processed
using MaxQuant”” (v1.6.0.1) with Andromeda (v1.5.6), using
a Human-only (UniProt #71 785 entries) sequence database
(January 2018). Data were searched as described'” with a
precursor ion tolerance of 10 ppm, fragment tolerance of 0.5 Da
and minimum peptide length 6, with false discovery rate <1%
at the peptide and protein levels, tryptic digestion with up to
two missed cleavages, cysteine carbamidomethylation as fixed
modification, and methionine oxidation and protein N-terminal
acetylation as variable modifications, and data analyzed with
label-free quantitation (LFQ).?!l LFQ intensities for all unique
and razor peptides were included, with zero intensity values
replaced with a constant value of 1 (imputation, constant value)
to calculate fold change ratios. As a result, LFQ intensity values
were averaged, LFQ intensity values were normalized for protein
length, and fold change ratios calculated. Contaminants, and
reverse identification were excluded from further data analysis.
Protein identifications were accepted, if they reached greater than
99% probability (protein FDR < 1%) and contained at least two
identified unique peptides (g-values < 1%). Resulting p-values
were adjusted by the Benjamini-Hochberg multi-test adjustment
method for a high number of comparisons®! and statistics
performed as previously described.”! For pathway analyses,
Kyoto Encyclopedia of Genes and Genomes (KEGG) and NIH
Database for Annotation, Visualization and Integrated Discovery
Bioinformatics Resources 6.7 (DAVID) resources were utilized
using recommended analytical parameters.” For gene ontology
enrichment and network analyses, UniProt (www.uniprot.org)
database resource (biological process, molecular function) was
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utilized. Interaction mapping and protein association pathways
were performed using STRING (https://string-db.org/). For such
pathway and enrichment analyses, Homo Sapiens background
genome was utilized. Differentially expressed proteins were iden-
tified using the criteria: Fold change ratios >+2.0 and p < 0.05,
with identifications in at least two biological sample replicates.
Clustering of samples was performed by principal component
analysis (PCA) and visualized using ggplot2”’] and ggfortify
(https://cran.r-project.org/web/packages/ggfortify/index.html).

The heat map of proteins was performed using gplots
(https://cran.r-project.org/web/packages/gplots/index.html).

3. Results and Discussion

This study aimed to analyse the composition of pancreatic can-
cer cell-derived exosomes in comparison to their non-malignant
counterparts, toward understanding how malignancy alters onco-
genic cargo exosome for the potential to determine molecular
drivers of pancreatic cancer and as disease-specific biomarkers.

3.1. Exosome Isolation & Characterization from Cancer and
Non-Cancer Models

A complete workflow for the isolation and characterization of
exosomes from human non-malignant pancreatic duct models
(HPDE, hTERT-HPNE) and cancer cell models (AsPC1, BxPC3,
and MiaPaCa?) is provided (Figure 1A and Figure S1, Supporting
Information). Cells maintained in exosome-depleted FBS were
shown to have limited effect on cell viability over 72 hours - there-
fore we utilized 72 h incubation for CM collection (Figure S2A—
C, Supporting Information). For exosome isolation, CM was dif-
ferentially centrifuged and filtered (0.22 pm), prior to ultracen-
trifugation. To confirm enrichment of exosome markers, west-
ern immunoblotting was performed (relative to cell lysate coun-
terpart) using TSG101 and the absence of endoplasmic reticu-
lum marker calnexin, confirming that exosomes based on their
protein marker enrichment were identified in all models (Fig-
ure 1B). Further, exosomes were morphologically characterized
using SEM (Figure 1C), confirming their spherical shape and size
within the reported range of 30-150 nm.¥)

3.2.Pr ic Analysis of E: Reveal Distinct Protein

Y

Composition to Parental Cells

3.2.1. Exosomes Exhibit Unique and Distinct Cargo in Comparison
to Their Corresponding Cell Line

We next compared the protein profiles of purified exosomes and
parental cells using GeLC-MS-MS. MS-based proteomics analy-
sis revealed 2748 cellular and 1294 exosomal proteins across all
sample groups.

In comparison to parental cells, 1023 proteins were expressed
in both exosomes and their corresponding cell line, while 271
proteins were specific to exosomes, indicating the select en-
richment in exosomes of these lowly-expressed proteins in cells
(Figure 2A). Of these, various tetraspanin components including
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TSPAN4/5/6/7/8/9/14/15, and CD63, in addition to CD9, CD59,
CD81, CD82, and exosomal marker proteins TSG101 and Alix
(PDCDG6IP), were identified, several components of which have
been extensively reported associated with exosome formation.!””
This indicates that we have specifically enriched for exosomes
in this study.

Based on global heatmap protein expression correlation
revealed key differences between exosome and cell lysate pro-
files, and a high degree of similarity in biological replicates
for each sample group (Figure 2B). KEGG pathway and GO
analysis based on DAVID database revealed that exosomes are
significantly enriched in proteins involved in the complement
and coagulation cascades (hsa04610, 4.20E-08), focal adhesion
(hsa04510, 1.40E-02), and cell adhesion molecules (hsa04514,
1.20E-03), and proteins associated with extracellular matrix
and receptor interaction (hsa04512, 4.00E-06), and endocytosis
(hsa04144, 8.10E-03) (Figure 2C).

3.2.2. Distinct Cell Profiles b
Pancreatic Cancer

Non-Malig Epithelial and

We report significant differences in cellular protein composition
between non-malignant epithelial and pancreatic cancer models.
A total of 1534 proteins were commonly identified between both
cell groups, while 389 proteins were specific to non-malignant
cells, and 263 proteins were identified in malignant cells only. For
differential protein expression (LFQ ratio = 2 or = —2, p < 0.05),
590 (27% total) proteins were significantly upregulated in malig-
nant cells, while 435 (20% total) proteins were downregulated in
expression relative to non-malignant cells (Figure S3, Supporting
Information).

Non-malignant epithelial cells uniquely express proteins
that act as tumor suppressors and sustain the physiological
cellular processes such as ARFIP1," NESP*'l HNRNPH1,*” and
ACY1.”¥ Other proteins uniquely identified in non-malignant
epithelial cells include—but are not restricted to—TNFAIP2,
P4HA2, FLNC, CSH1, CDH13, ITGA1, FGF2, COL1A2, and
COL5AT.

Furthermore, other proteins of interest enriched in cancer
cells include Histone H2A type 1-C, aldehyde dehydrogenase
(dimeric NADP-preferring), 28S ribosomal protein S29 (mito-
chondrial), Guanine nucleotide-binding protein G(I)/G(S)/G(O)
subunit gamma-5, ribosomal RNA small subunit methyltrans-
ferase NEP1 and HIG1 domain family member 2A (mito-
chondrial). It is clear that, in these pancreatic cancer cells,
select proteins are identified as enriched in comparison to
their non-malignant counterparts, suggestive to play impor-
tant functional roles in the development and progression of
tumorigenesis.

3.2.3. Proteomic Analysis Depicts Differences in Malignant and
Non-Malignant Exosomes Cargo, and Reveals Novel Oncogenic
Exosome Cargo

We next questioned whether the composition of exosomes dif-

fered between pancreatic cancer and non-malignant states. For
exosomes, GeLC-MS/MS profiling**! identified a total of 1294
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Figure 1. Isolation and characterization of non-malignant pancreatic epithelial and pancreatic cancer cell exosomes. A) Experimental workflow for
exosome isolation from non-malignant (HPDE, hTERT-HPNE) and cancer (BxPC3, MiaPaCa2, AsPC1) cell conditioned media. B) For Western blotting,
cell lysate and exosome preparations (10 pg) were separated by 1D-SDS-PAGE, electro transferred, and probed with GAPDH, exosome marker TSG101
and the endoplasmic reticulum marker, calnexin. C) Exosomes were viewed with scanning electron microscopy (SEM). Scale bar 200 nm.
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Figure 2. Proteome profiling of cancer and non-malignant pancreatic exosomes. A) Proteins from cancer and non-malignant exosomes and their corre-
sponding cell lysates (hTERT-HPNE, HPDE, AsPC1, BxPC3, MiaPaCa2) were separated by 1D-SDS-PAGE, gel sections subjected to in-gel tryptic digestion,
with mass spectrometry-based proteomic profiling performed. Venn diagram of cell and exosome proteome (all models combined) reveal 1023 proteins
commonly identified, while 1725 (62.8% unique identifications) and 271 (20.9% unique identifications) proteins were specific for each sample group, re-
spectively. B) Correlation expression heatmap of exosome (E) and cell lysates (CL) for each biological replicate (n = 3). C) KEGG Pathway analysis based
on DAVID Bioinformatics Resource knowledgebase of proteins specifically identified in exosomes (relative to cells), representing significant enrichment
(p < 0.05) of pathways associated with complement and coagulation cascades, ECM-receptor interaction, cell adhesion molecules, endocytosis, and
focal adhesion.
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Figure 3. Proteomic profiling reveals global characterization of exosomes. A) Correlation expression heatmap of exosome samples for each biological
replicate (n = 3). B) A five-way Venn diagram of proteins identified in exosomes, with 157 proteins commonly identified in all five exosome models, while
uniquely identified exosomal proteins for each model include 143 proteins (MiaPaCa2), 344 proteins (HPDE), 49 proteins (hTERT-HPNE), 67 proteins

(AsPC1), and 35 proteins (BxPC3), respectively.

proteins, comprising 880 and 932 in cancer and non-malignant
exosomes, respectively, and 518 proteins common to both exo-
some types, as shown in the Venn diagram in Figure 3B. A global
analysis of all five cellular and exosomal models showed that not
only the exosomal protein cargo is distinct from the cellular one,
but also that the abundance of the components highly differs, as
depicted in Figure 3A. In regard to the proteins common between
malignant and non-malignant exosome models, many are in-
volved in exosome biogenesis (e.g., proteins involved in the endo-
somal sorting complex required for transport (ESCRT) machin-
ery such as PDCD6, PDC6IP/Alix), coordination of intracellular
vesicle trafficking (e.g., tetraspanins such as CD9 and CD82,*")
SDCBP, small Rab GTPases such as RAB1B, RAB5C, RAB7A,
RAB10, RAB14, RAB11B, and RAB35°%), and annexins such as
ANXA1, ANXA2, ANXA4, ANXAS, and ANXA11.%7 Overall, 66
of the 1294 exosomal proteins identified in this study (5.1%) have
not been reported in ExoCarta (Table S1, Supporting Informa-
tion), including mucin-2 and claudin-11.

3.3. Exosomes Contain Distinct Protein Biomarkers in Pancreatic
Cancer

Importantly, we report several known pancreatic cancer biomark-
ers in exosomes from pancreatic cancer models, including signif-
icant upregulated expression of CD151, LGALS3BP, and histone
H2BE, . as reported by Castillo et al.,.*® We have also identified
members of the claudins (CLDN) family in cancer-derived
exosomes, such as claudin-1 and -3 (CLDN1, CLDN3). CLDN1
promotes breast cancer though interaction with EPCAM, Ephrin
B1 (EFNB1), and CD9,*” with both EFNB1 and CD9 being sig-
nificantly upregulated in our cancer-derived exosomes. Claudins
have been reported to co-express with mucins, proteins known
for their contribution to pancreatic cancer progression,*” and
we are the first to report the significant upregulated expression
and detection of MUC5B uniquely in pancreatic cancer-derived
exosomes, along with the identification of other members
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of the mucin family including MUC1, 4, 2, 5AC, 17, and
13.

In our study, GPC1 was identified in both malignant and
non-malignant epithelial exosomes, in accordance to Castillo
et al.* Another protein of interest is the Macrophage migration
inhibitory factor (MIF), exclusively identified in exosomes de-
rived from a metastatic model of pancreatic cancer (MiaPaCa2
cells). Importantly, in agreement with previous studies,*! we
have also detected tetraspanin-8 (Tspan8), hepatocyte growth fac-
tor receptor (MET), and significant elevated expression of CD44
antigen in malignant exosomes. A complete table of known
PDAC biomarkers identified in our exosomes, along with rele-
vant references, can be found in Table 1.

To provide further insights into the composition of malig-
nant exosomes, we analyzed the 50 highly upregulated proteins
in our cancer-derived exosomes (including all upregulated pro-
teins irrespective of the significance of this change in expres-
sion) to reveal >60% have been reported to correlate with poor
prognosis in pancreatic cancer according to the Human Protein
Atlas!*! (Table S2, Supporting Information). Interestingly, Serine
protease 23 (PRSS23), significantly upregulated in expression in
malignant exosomes, has been demonstrated to correlate with
poor prognosis. Serine proteases have been previously proposed
to be candidate biomarkers in pancreatic cancer screening.**
Another key component identified in malignant exosomes was
the G protein—coupled receptor, class C, group 5, member A
(GPRCS5A), which promotes pancreatic cancer cell proliferation
and migration.* Further, ADP-ribosylation factor 6 (ARFG6), a
mutant KRAS downstream target which acts through ¢-Myc to
sustain the Warburg effect (pro-metabolic function) in pancreatic
cancer cells,* and has been previously detected in exosomes se-
creted from different tumors,!“**7 but not pancreatic cancer.

Our study underlines the importance of oncogenic exosome
cargo, the potential to further understand the molecular function
of these cargo, and the potential for use in liquid biopsies as
carriers of prognostic and diagnostic PDAC biomarkers (in
the case of PRSS23). Further, such insights provide leads to
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Table 1. Known exosomal pancreatic cancer biomarkers, verified in our study.

Non-malignant

pancreatic exosome

LFQ (mean LFQ
Protein intensity, models:

LFQ ratio

Oncogenic pancreatic {oncogenic and

exosome LFQ (mean LFQ non-malignant p-Value (Benjamini-
intensity, models: AsPC1, pancreatic exosome  Hochberg multi-test

accession Protein description Gene name hTERT, HPNE) BxPC3, MiaPaCa2) cargo) adjustment method) Reference
P48509 CD151 antigen cD151 279629.8 603368.5 22 4.19E-04 el
Q08380 Galectin-3-binding LGALS3BP 5344900.3 9471908.8 18 1.41E-04

protein
Q16778 Histone H2B type 2. HIST2H2BE 1215003.9 43260935.6 356 4.06E-76
U3KQKO Histone H2B HIST2H2BF 231755.0 117445783 50.7 1.53€-83
P35052 Glypican-1 GPC1 86599.2 1237769 14 NS ol
P16070 CD44 antigen CD44 162537.1 3995243 25 2.70E-05 ol
P08581 Hepatocyte growth MET ND 23344.0 23344.0 NS

factor receptor
P19075 Tetraspanin-8 Tspan8 1108931.1 ND 9.018E-07 NS
P14174 Macrophage migration ~ MIF ND 532402.9 5324029 NS 0z

inhibitory factor

ND, not detected; NS, non-significant.

further understand oncogenic transformation of pancreatic
cancer (as distinct from non-malignant counterparts), and the
capacity of exosomes to potentially mediate changes in their local
environment, to facilitate changes in cell metabolism (ARF6) as
well as resistance to chemotherapy (GPRC5A, MUC-1, PCDH1).

3.4. Understanding the Composition of Non-Malignant
Exosomes

To gain insight into the composition of non-malignant exo-
somes, we analyzed the distinct proteome profile of exosomes
from non-malignant models (relative to composition of exo-
somes from pancreatic models) (Figure 4A). Among the signif-
icantly enriched components in the non-malignant exosomes in-
cluded Rho GDP-dissociation inhibitor 1 (ARHGDIA), involved
in Rho GTPases activation/ inactivation cycle and associated
with several cancers including breast, non-small cell lung, and
glioma 8! Other insulin secretion-related proteins identified in
non-malignant exosomes include the significantly enriched ex-
pression of hypoxia upregulated protein 1 (HYOU1)*” and iden-
tification of activin A (INHBA).

Our data reveal that non-malignant pancreatic exosomes are
also significantly enriched in protein cargo implicated in con-
trolled cell adhesion (GTP binding/GTPase activity, extracellular
matrix and receptor interaction) (RAN, TGM2, RAB1B;RABIC,
FSCN1, LAMB3) and metabolic signaling pathways includ-
ing glycolysis, gluconeogenesis, the TCA cycle and amino
acid biosynthesis (PKM, TPI1, PFKL, G6PD, PGM1, MDH1/2,
PGAM1) (Figure 4B), as well as proteins crucial for spatiotempo-
ral regulation of insulin secretion (PARK7, DYNLL1).

3.5. Cancer Cell Mutational Landscape Reflects Differences in
Oncogenic Exosome Protein Cargo

We further correlated the mutational background of different
pancreatic cell models, and how this affected the composition
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of exosomes. Previously, in colorectal cancer-derived exosomes,
mutant KRAS status dramatically affected the composition
of the exosome proteome.’® It is interesting to note that
regarding KRAS wild-type exosomes (HPDE, hTERT-HPNE,
BxPC3) CTNNBI1 was uniquely detected and CAPZA1, RSU1
and TLDC1 were uniquely and significantly expressed. Inter-
estingly, although the Ras suppressor protein 1 (RSU1) has
been previously identified in exosomes derived from ovarian*’!
and squamous carcinoma,'l this is the first study identifying
this specific protein in non-malignant epithelial pancreatic
cell-derived exosomes, but not in the respective cancer-derived
ones.

3.6. Oncogenic E: Contain C Known to
Modulate Metastatic Niche and Tumor Progression

Tumor-derived exosomes have been reported to have the ability
to facilitate tumor growth and metastasis.">*>**l Importantly,
pancreatic cancer exosome proteome was shown to contain sev-
eral key metastatic factors known to regulate the pre-metastatic
niche and metastasis.”**** Several mediators of tissue invasion,
intravasation and metastasis were upregulated in the malignant
exosomes, including Hepatocyte growth factor receptor (MET),
Disintegrin and metalloproteinase domain-containing protein
9 (ADAMY) and significant differential expression of galectin-3
(LGALS3) (Table 2). Importantly, in pancreatic cancer exosomes,
we report the identification of CLDN1, YES1, EGFR, and GPC1
with the differential expression of these proteins in malig-
nant exosomes validated by antibody-based western blotting
(Figure 4C). Protein enrichment analysis revealed that angiogen-
esis, innate immune response and cell adhesion were among the
pathways that exhibited significant enrichment (p < 0.05) in ma-
lignant exosomes compared to their non-malignant counterpart
(Figure 4D). Interestingly, CLDN1 and EGFR were identified
based on mass spectrometry and western immunoblotting in
all three malignant exosomal groups and were not detected in
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Table 2. Proteins implicated in cancer hallmarks, upregulated in our malignant exosomes.

Non-malignant
pancreatic exosome
LFQ {mean LFQ

Oncogenic pancreatic
exosome LFQ (mean LFQ

LFQ ratio
{oncogenic and
non-malignant

p-Value (Benjamini-

Protein intensity, models: intensity, models: AsPC1, pancreatic exosome  Hochberg multi-test  Molecular
accession  Protein description Gene name  hTERT, HPNE) BxPC3, MiaPaCa2) cargo) adjustment method)  function/process
P11279 Lysosome-associated LAMP1 ND 251181.9 251181.9 NS Metastasis
membrane
glycoprotein 1
Q9Y5Y6 Suppressor of ST14 ND 34206.6 34206.6 2.20E-43
tumorigenicity 14
protein
000592 Podocalyxin PODXL ND 119833.9 119833.9 NS Invasion
QSUGM3 Deleted in malignant DMBT1 ND 45255.1 45255.1 1.07E-20
brain tumors 1
protein
Q7Ls576 Cytoplasmic CYFIP1 10558.5 38907.7 37 1.12E-13
FMR1-interacting
protein 1
P26006 Integrin alpha-3 ITGA3 249308.6 892615.4 3.6 6.01E-11
P39060 Collagen alpha-1(XVIll)  COL18A1 ND 427081.6 427081.6 NS Angiogenesis
chain
060637 Sushi repeat-containing  SRPX2 ND 276854.5 276854.5 NS
protein SRPX2
Q99828 Calcium and [a]:3] ND 60516.7 60516.7 2.20E-41
integrin-binding
protein 1
Q13443 Disintegrin and ADAM9 ND 50123.2 50123.2 NS
metalloproteinase
domain-containing
protein 9
PO8S81 Hepatocyte growth MET ND 233440 233440 NS
factor receptor
075340 Programmed cell death  PDCD6 280329.0 1103649.2 39 8.92E-16
protein 6
P09429 High mobility group HMGB1 ND 1323834.6 1323834.6 NS Migration
protein B1
P17931 Galectin-3 LGALS3 ND 306782.3 306782.3 1.02E-47
QoUIwW2 Plexin-A1 PLXNA1 ND 35694.4 35694.4 2.69E-59
P98160 Basement HSPG2 230718.6 1558232.8 6.8 2.24E-37
membrane-specific
heparan sulfate
proteoglycan core
protein
P04083 Annexin A1 ANXA1 1344711.0 7732107.9 5.8 2.82E-13
000560 Syntenin-1 SDCBP 2439015.7 8844407.2 36 7.64E-09
015230 Laminin subunit alpha-5  LAMAS 1134714 377880.0 33 2.35E-43
P06748 Nucleophosmin NPM1 ND 970785.0 970785.0 NS Proliferation
P10909 Clusterin cLy ND 720947.0 720947.0 NS
P02786 Transferrin receptor TFRC 18853.5 365814.0 19.4 3.46E-39
protein 1
Q03135 Caveolin-1 CAV1 406482.6 1785445.2 4.4 1.75E-12
Q3WUM4 Programmed cell death ~ PDCD6IP 6433103 2046532.3 32 1.58E-10
6-interacting protein
Q9Y265 RuvB-like 1 RUVBL1 98968.4 259527.6 26 4.76E-03
ND, not detected; NS, non-significant.
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Figure 4. Exosome proteome reveals key insights into oncogenic and non-malignant cargo. A) A two-way Venn diagram of exosome proteome indicating
combined non-malignant (W\TERT-HPNE, HPDE) and malignant (AsPC1, BxPC3, MiaPaCa2) models, respectively. B) KEGG Pathway and GO analysis
based on DAVID Bioinformatics Resource knowledgebase of proteins uniquely identified in non-malignant exosomes, representing significant enrich-
ment (p < 0.05) of pathways associated with cell adhesion, GTP binding/GTPase activity, metabolic processes, ECM organization, and endoplasmic
reticulum protein processing. C) For Western blot validation exosomes lysates were probed with anti-claudin1, anti-YES1, anti-EGFR, and anti-GPC1
primary antibodies. TSG101 was used as a loading control and GM130 as a negative exosomal marker. D) Gene Ontology (GO) analysis based on
DAVID Bioinformatics Resource knowledgebase of proteins uniquely identified in malignant pancreatic exosomes, representing significant enrichment
(p < 0.05) of pathways associated with cell adhesion, innate immune response, integrin binding and signaling, and angiogenesis.

non-malignant exosomes, raising the potential of these markers
as key factors in pancreatic cancer exosome biology.

Exosomes have been found to enhance the migrating po-
tential of cancer cells via Wnt signaling upregulation.”” In
our analysis, we have detected multiple Wnt-related proteins
which are upregulated in the cancer-derived exosomes, the
proteins known to modulate and promote tumor progression.
These include, the significant upregulation of syndecan-1
(SDC1), caveolin-1 (CAV1), and nicastrin (NCSTN). Other
migration-promoting proteins identified include the collagen
alpha-1(XVIII) chain (COL18A1), galectin-3 (LGALS3) (p <
0.05), sushi repeat-containing protein (SRPX2), podocalyxin
(PODXL)—which is correlated with poor prognosis in PDAC,!
calcium and integrin-binding protein 1 (CIB1) (p < 0.05), and
plexin-A1 (PLXNA1) (p < 0.05).

We further report various components in cancer exosomes
previously attributed to pre-metastatic niche formation®~1213
(Table 3). A number of factors have a specific contribution
in the formation of the pre-metastatic microenvironment, in-
cluding primary tumor hypoxia and bone marrow-derived cell
(BMDC) recruitment which promotes immunosuppression,
among others.”” The potential for tumor-derived exosomes to
control the establishment of organ-specific pre-metastatic niches
has been demonstrated by select integrins." In this study, we
report unique identification of ITGBS and significant differential
expression of ITGB4 (attributed as key selectors for liver and lung

Proteomics 2019, 19, 1800158 1800158

tropism, respectively®) in cancer-derived exosomes. Immune
system-related proteins upregulated in the PDAC exosomes in-
clude the high mobility group protein B1/2 (HMGB1/2), mem-
brane cofactor protein (CD46), Complement C4-A (C4A;C4B),
and DNA-dependent protein kinase catalytic subunit (PRKDC).
Another distinct exosomal protein which is implicated in im-
munosuppression, is the prostaglandin E2 synthase (PTGES3).
Other proteins upregulated in our cancer exosomes and related
with pre-metastatic niche formation are Annexin A1 (ANXA1),%%
(MET)*® and protein S100-A4 (S100A4).1!

3.7. Selective Enrict or D gul of Alternative

Splicing Regulators in Cancer Cells and Exosomes

Alternative splicing (AS) is the main reason behind the immense
protein diversity occurring in nature and defects in the AS pro-
cess have been shown to reiterate hallmarks of cancer. Two
major protein groups with competing functions in AS are the
serine and arginine-rich (SR) proteins and the heterogeneous
nuclear ribonucleoproteins (hnRNPs). An analysis of proteomic
composition regarding SRs identified SRSF7, 10, 11, 2, 9, 6, 1,
and 3 in both malignant and non-malignant cell models, with
only SRSF1 and SRSF3 significantly upregulated, while SRSF1,
7,2, 3, and 6 were uniquely expressed in the cancer-derived
exosomes.

(90f12) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Proteins detected in the malignant exosomes, known to contribute in the pre- metastatic niche formation.

Non-malignant

pancreatic exosome

LFQ (mean LFQ
Protein intensity, models:

Oncogenic pancreatic
exosome LFQ (mean LFQ  non-malignant
intensity, models: AsPC1,  pancreatic exosome

LFQ ratio

{oncogenic and

p-Value (Benjamini-
Hochberg multi-test

accession  Protein description Genename  hTERT, HPNE) BxPC3, MiaPaCa2) cargo) adjustment method) ~ Reference
P08581 Hepatocyte growth MET ND 23344.0 233440 NS 1601
factor receptor

P18084 Integrin beta-5 ITGBS ND 627728 62772.8 NS 12
P16144 Integrin beta-4 ITGB4 64385.3 475123.7 7.4 4.78E-63

P26447 Protein $100-A4 S100A4 ND 917297.0 917297.0 NS 1611
P04083 Annexin Al ANXA1 1344711.0 7732107.9 5.8 2.82E-13 1591
P16070 CD44 antigen CD44 162537.1 399524.3 25 2.70E-05 7l

ND, not detected; NS, non-significant

A number of hnRNPs show significant upregulation in can-
cer cells, including hnRNP-H2/UL2/AS/A2B1/U/C/F/A0/M,
whereas only hnRNPC is significantly upregulated in cancer
exosomes. The differential expression of SR (splicing enhancers)
and hnRNP (splicing suppressors) proteins in malignant and
non-malignant cells and corresponding exosomes depicts the
importance of AS in cancer and its effect on a number of cancer
hallmarks. Among the proteins analyzed in the current study,
proteins known for their altered AS pattern and their severe
impact in PDAC progression were identified in both malignant
cells and exosomes, including CD44 and EGFR®” and the iden-
tification of specific isoforms and SR proteins phosphorylation
levels in cell and exosome samples would be of prognostic and
diagnostic significance.

4. Concluding Remarks

The opportunity to exploit exosomes as biomarkers is an area
of intense investigation in biomedical and clinical research. In
an effort to evaluate the significance of exosomes in pancreatic
cancer, not only as sources of biomarkers but also as oncogenic
signaling mediators contributing to disease progression, we per-
formed in-depth proteomic analysis of exosomes from human
non-malignant epithelial and pancreatic cancer cell models, in
addition to their donor cells. We demonstrated the significant up-
regulation of key known malignant factors including various cell
invasive and metastatic components (CLDN1, EGFR), in addition
to proteins known to correlate with poor prognosis (GPRC5A,
PRSS23, and ITGA3). Interestingly, proteins uniquely identified
in the malignant pancreatic exosomes could be categorized into
four clusters including proteins related to extracellular matrix
(for instance disassembly), cancer progression (angiogenesis,
proliferation, autophagy), signaling (integrins, receptor activity),
and stroma regulation. We further identified known modulators
of pre-metastatic niche formation including NCSTN, ANXA1,
and S100A4. A notable remark is the selective enrichment of
the malignant exosomes in AS regulating factors such as SR
proteins, compared to hnRNPs. Importantly, GPC1 was detected
in exosomes from malignant and non-malignant models (Fig-
ure 4C). The non-malignant epithelial cells used in this study
are pancreatic duct epithelial cells immortalized via hTERT
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insertion (WTERT-HPNE) or transformed with HPV oncopro-
teins (HPDE). hTERT insertion is shown to induce genomic
instability and cells acquire epigenetic traits, therefore exhibiting
different phenotypes comparing to their donor counterparts,®*)
whereas HPV-induced immortalization is accompanied by p53
degradation and c-Myc overexpression, among others.* Hu-
man Protein Atlas'“? depicts the differential expression of GPC1
among various cancer, immortalized, and transformed cell lines.
In all cases, due to their ability to undergo limitless divisions,
their inevitable genomic instability (aneuploidy, deletions,
etc.) and their altered epigenetic status, the use of immortal-
ized cells as normal controls should take into account these
limitations.® Castillo et al.*® did not detect GPC1 in pancreatic
cancer-derived exosomes despite the multiple antibodies used
(Abcam (ab137604), Thermo Fisher (PAS-28055 and PAS5-24972)
and Sigma-Aldrich (SAB2700282)); however, they identified
the protein selectively in the non-neoplastic exosomes.**! Yang
etal.® reported that an EV signature including EGFR, EpCAM,
GPC1, WNT2, and MUCI was able to distinguish between
PDAC and other pancreatic conditions with 86% sensitivity
and 81% specificity; nevertheless, GPC1 could not deliver such
results as a single marker.*® In our study, we analyzed exosomes
from two non-malignant and three malignant pancreatic cell
lines and mass spectrometry analysis detected GPC1 in both
malignant and non-malignant exosome types; however, it did
not reveal a significant differential expression in either of the
two groups. Indeed, western blotting analysis confirmed the
presence of GPC1 in both exosome groups. The antibody used
in our study was GTX104557 (GeneTex, Inc), different from
what the two aforementioned studies, or Melo et al. used, which
was discontinued. Discrepancies between different studies can
be attributed to different antibodies, different genetic alterations
occurring during cell passaging and the inevitable gap between
in vitro and in vivo settings. The results of our study in regard to
GPC1 support the notion of the establishment of a combination
of markers rather than individual proteins, in order to success-
fully distinguish PDAC from other pathologic conditions of the
pancreas, taking into account the great genetic heterogeneity of
the disease and the need to screen large populations.

Further studies investigating how different cells following
tumorigenesis alter their exosome composition, and insights
into the functional capacity of these exosomes in transferring,
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initiating, and regulating tumorigenesis in recipient cells remain
in question.
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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 (FASs),
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 | (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 ¢ (PLCg),
cyclooxygenase enzymes and secreted phospholipase A (sPLA?), 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
Pl, 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
cholesteral, 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 (Mdbius, 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, Ozdemir, 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
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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 Medium and
Cells % of FBS
hTERT- Ach®CRL_4023TM Pancreatic 75% _DMEM (Sigma Cat#: D-5030 with
HPNE duct 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 | Pancreatic | Keratinocyte SMF + EGF + bovine
Kocher (Queen Mary duct pituitary extract (ThermoFisher
University of London) Scientific Cat#. 17005042), no FBS
AsPC-1 ATCC®CRL-1682™ Pancreatic RPMI-1640 Medium (SIGMA Cat#.
R8758), 10% FBS
cancer
BxPC-3 ATCC®CRL-1687”" Pancreatic RPMI-1640 Medium (SIGMA Cat#.
R8758), 10% FBS
cancer
MiaPaCa-lI ATCC®CRL—1 420™ Pancreatic DMEM (SIGMA Cat#. D6429), 10%
FBS, 2.5% equine donor serum
cancer
PANC-1 ATCC®CRL-1469™ Pancreatic EII_;,ASEM (SIGMA Cat#. D6429), 10%
cancer
HPAF-II ATCC®CRL_1997TM Pancreatic | MEM (SIGMA Cat#. M4655), 10% FBS
cancer
RWPE-1 ATCC®CRL-1 1609™ | Prostate K_eratinocyte SMF + EGF + bqvine
enithelial pituitary extract (ThermoFisher
P Scientific Cat#. 17005042), no FBS
PNT2 ECACC Prostate RPMI-1640 Medium (SIGMA Cat#.
0
Cat#.95012613 epithelial R8758), 10% FBS
PC-3 ATCC®CRL_1435TM Prostate RPMI-1640 Medium (SIGMA Cat#.
R8758), 10% FBS
cancer
OSE4 Gift from Dr Yu Yu Ovarian RPMI-1640 Medium (SIGMA Cat#.
. . . surface R8758), 10% FBS
(Curtin University) L
epithelial
A2780 ECACC Ovarian RPMI-1640 Medium (SIGMA Cat#.
0
Cat#.93112519 cancer R8758), 10% FBS
Al media was supplemented with 100 units mL™ penicilin  and

0.1 mg mL™* streptomycin (Sigma-Aldrich, Cat#. P4333). Cells were kept in

humidified incubators at 37°C with 5% CO, and passaged routinely.
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3.3.2 Samples collection for lipidomic analysis with mass-spectrometry

For lipidomic analysis, 1.2x10° 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 (CHCl;: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 CHCI3:MeOH. An internal standard mix (in CHCls: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 0.05uM 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
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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 (dAMRM) 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

e 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.

e PBSpH 7.4 (Gibco, REF 10010-023) was added in each tube in order to make
up the volume to 35 ml.

¢ Atotal 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.

e Falcons were centrifuged at 20°C, 400 x g for 40 min, without acceleration and

brake.

o 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 20°C, 300 x g, 10 minutes, with acceleration and brake.

e 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).

e 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 37°C 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 pM.

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 -mercaptoethanol

(2-ME), at a final concentration of 2.5 x 10° 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 ug / 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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e 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 pl) 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 pl, were added in wells of a U-shaped 96-

well plate and were left to incubate for 2 h, at RT, on a shaker.

o Without washing, 12.5 ul of SA-PE were added in each well and the plate was
incubated for 30 min at RT on a shaker.

e 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.

o After the last wash, beads were resuspended in 1X wash buffer (50 ul / well)
and analysed on a BD LSRFortessa (Special Order Research Product).

e 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-Il, 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
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for cell signalling: Pls get cleaved by activated phospholipases and the consequent
products act as second messengers which can either help activate other proteins or
mediate the ERs’ Ca?* 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-Il 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

71



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-Il 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-ll and PC-3
where the ratio is just below 1) (Figure 3.2C), and SM (Figure 3.2D). PI, LPIl 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-1l 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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C Relative expression of lipid classes in exosomes compared to donor cells
(ratio exosomes / cells)
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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/umol 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/umol 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: Gms 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
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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
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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-Il and PANC-
1 were treated with avasimibe- a widely used acyl-CoA cholesterol acyltransferase-1
(ACAT-1) inhibitor, at a concentration of 5 yM and 10 uM 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 pg / 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-Il 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-y, IL-8, IL-18, IL-23 and MCP-1. IFN-y 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 5uM-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-Il avasimibe-exosomes overall decreasing its levels compared to the
respective non-treated PANC-1 and MiaPaCa-Il 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-B 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-y 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-Il 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 25ug/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 n23
independent experiments (apart from “MiaPaCa-Il Ava 10 yM” and “PANC-1 Ava 10 uM’,
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
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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-ll
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 25ug/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-Il Ava 10 yM” and “PANC-1 Ava 10 uM”, 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-y expression
levels in CD4* T cells. (B) IFN-y 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. (1) 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-a expression levels in CD4* T cells. (R) TNF-a
expression levels in CD8* T cells. (S) IL-B expression levels in CD8* T cells. For CD4* T cells,
data are expressed as averages * SEM of n=3 independent experiments (apart from
“MiaPaCa-Il Ava 10 uM” and “PANC-1 Ava 10 uM”, 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-llI-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, Lu 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, Doppler 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-B 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 BXxPC-3, MiaPaCa-Il, AsPC-1, PANC-1
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and HPDES® cell lines revealed higher protein expression in MiaPaCa-1l 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-Il
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
(Molnar, 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-y (IFN-y). 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-y belongs to type Il; the only one involved in the immune
reactions in case of cancer occurrence (Shankaran, Ikeda et al. 2001). Itis 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 | (Ealick, Cook et
al. 1991, Takaoka, Mitani et al. 2000). IFN-y 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-y—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-y signalling and activating relevant inhibitory molecules and alternative pro-
tumorigenic pathways (Castro, Cardoso et al. 2018). Although IFN-y 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-y in combination
with chemotherapy showed markedly shorter overall survival time, compared to those
receiving chemotherapy alone, during a phase lll 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-y 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-y 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-y 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-y, the downstream signalling involving
JAK/STATL1 is abolished (Morey, Pfannkuch et al. 2018). IFN-y 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-y—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-y secretion, MiaPaCa-Il 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-1l 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-y
production (Nakamura, Okamura et al. 1989), and our results for the CD4* cells and
the effects of the MiaPaCa-I1l- 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 Il (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-Il 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-y
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 p110y 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
NDRGL1 phosphorylation, indicating a role of the PDK1/SGKS3 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
p110y 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 NDRGL1. Moreover, combinations of PI3K p110y and PDK1 inhibitors at

suboptimal concentrations exhibit greater potential in inhibiting PDAC cell growth.
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Historical Background

The  3-phosphoinositide-dependent  kinase-1
(PDK1) is a well-studied member of the AGC
kinase subfamily which is implicated in many
physiological functions and when dysregulated
can play a role in cancer, among other pathological
conditions. The AGC kinases can act on tyrosine
(Tyr), serine (Ser), or threonine (Thr) residues of
their substrates and comprise of 60 members, for
most of which there are a number of splice variants
isoforms. For the majority of the AGC kinases,
phosphorylation of the T-loop in the catalytic
domain and the hydrophobic motif in the non-
catalytic region leads to activation of the kinase.
Apart from these two highly conserved motifs, the
turn motif can also be phosphorylated in several
members of the ACG kinases family. In regard to
interaction with their substrates, the specificity of
the kinases is determined by the residues in the
peptide binding site. PDK1 specifically contains a
100 amino acids long pleckstrin homology
(PH) domain which binds to phosphatidylinositol
lipids. Generally, AGC kinases can be activated by
various extracellular stimuli (Calleja et al. 2014).

PDK1 Structure and Function

The origin of PDK is estimated 2.3 billion years
ago and its maintenance and conservation
throughout the eukaryotic species suggest that it
is crucial for survival. Indeed, PDK1 knock-out
mice are not viable and die during the embryonic
development. The actual PDKI1 protein is
556 amino acids long and is comprised of two
main domains: an N-terminal kinase domain and
a C-terminal pleckstrin homology (PH) domain.
The kinase domain itself can be subdivided into
an N-terminal and C-terminal region comprising
the PDKl-interacting fragment (PIF)-binding
pocket and the T-loop (Gagliardi et al. 2015).
PDK1 had initially been known for its role in
glucose metabolism since, following the binding
of insulin to its receptor and subsequent phosphoi-
nositide 3-kinase (PI3K) activation, it would
localize to the plasma membrane together with
Akt and activate it. Akt would then inhibit via
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phosphorylation the glycogen synthase kinase
3 (GSK3), and glucose storage would be facili-
tated (Cohen et al. 1997).

PDK1 Subcellular Localization
and Activation and Deactivation Sites

PDKI1 is characterized as a master regulator of
numerous AGC kinases and understanding how
the kinase itself is regulated, as well as how it
interacts and modulates its substrates both spa-
tially and temporally, is of great interest. PDKI
is one of the major components through which the
PI3K/phosphatase and tensin homologue deleted
on chromosome 10 (PTEN) signaling pathway
regulates various cellular processes. PDKI1 is
found to be constitutively active within the cell
due to a Ser241 trans-autophosphorylation in the
activation segment residue, and it has also been
found in the nucleus, with phosphorylation on a
noncatalytic site (Ser396) inhibiting the nuclear
export regardless of growth factors stimulation.
Different mechanisms contribute to the distribu-
tion of PDK1 within the cells, including anchor-
ing of the protein to the cytosol by binding to
soluble inositol phosphates, and over time various
cases of acute PDK1 regulation have emerged,
such as homodimerization and subcellular locali-
zation. For this kinase, phosphorylation on
Ser/Ther as well as Tyr sites has been reported.
Among major PDK1 phosphorylation sites are
Ser 25, 241, 393, 396, and 410, but only Ser241
is essential for PDK1 to exert its activity. Interest-
ingly, this particular site is also not accessible by
phosphatases and thus it is resistant to protein
phosphatase 2A  (PP2A) activity. Notably,
although Ser241 autophosphorylation is essential
for PDK1 activation, it does not suffice; full acti-
vation is accomplished upon Thr513 #rans—
autophosphorylation within the PH domain, in the
simultaneous presence of phosphatidylinositol
34,5 trisphosphate  (Ptdlns(3,4,5)P3). This
highlights the regulatory role of the PH
domain — PtdIns(3,4,5)P3 interaction in the activa-
tion of PDK 1. Other PDK 1 worth-mentioned phos-
phorylation sites are Ser160, which is PI3K-
dependent and stabilizes the protein’s active

conformation, Ser501, which is PKCO-dependent
and abolishes the proteins’ activity upon platelet-
derived growth factor or insulin stimulation, and,
last but not least, Thr354 and Ser398 and
394 which in cooperation decrease PDK1 activity.
The proximity of these negative-regulating phos-
phorylation sites to formerly described activation
sites leads to the notion that there is a mutual
exclusion governing positive and negative regula-
tive mechanisms.

Apart from phosphorylation, another way of
enhancing and stabilizing PDK1 activity is bind-
ing to regulators or other substrates. For instance,
the interaction between Src protein and PDKI1
gets stabilized by the binding of heat-shock pro-
tein 90 (HSP90) to the latter, which furthermore
increases the kinase’s activation. Notably, both
HSP90 and PDK1 are found in elevated levels in
various cancers, leading to the conclusion that
stabilizing PDK1 is very important in the cancer
context (Calleja et al. 2014).

Apart from anchoring to the plasma mem-
brane, PDK1 can be found predominantly in the
cytoplasm but also in the nucleus, due to the
existence of a nuclear export signal (NES).
Retainment of PDKI1 in the nucleus can be the
result of Leu380/Phe383 mutation, and it is criti-
cal for tumorigenesis since, once in there, PDK1
inhibits the forkhead box O3A (FOXO3A) and
the c-Jun N-terminal kinase (JNK) — thus promot-
ing proliferation and survival, respectively, and
increases intranuclear phospho-Akt. All these
events are correlated with solid tumor progression
and anchorage-independent growth in in vivo
mouse models (Kikani et al. 2012).

PH Domain and PIF Pocket in PDK1
Function

Through its C-terminal PH domain which inter-
acts mostly with PtdIlns(3,4,5)P3, PDK1 is able to
localize at the plasma membrane together with
Akt, in this way phosphorylating the latter at
Thr308 in its activation segment, after it has
changed conformation following interaction
with Ptdlns(3,4,5)P3 or phosphatidylinositol
3.4-bisphosphate (PtdIns(3,4)P2). In in vivo
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models there have been cases where the activation
segment of Akt was still phosphorylated even
when PDK1 was mutated in a way that it could
not interact with phosphoinositides, leading to the
notion that there might be additional components
facilitating PDK1-Akt communication, such as
the five repressor element under dual repression-
binding protein 1 (FREUD1) or the growth factor
receptor-bound protein 14 (GRB14) (Pearce
et al. 2010). GRB14 has been reported to modu-
late PDK1 compartmentalization together with
the insulin receptor which is localized in the
plasma membrane (King and Newton 2004).
Via a docking site in the kinase domain, the PIF
pocket, PDK1 is also able to interact with sub-
strates lacking a PH domain, such as p70
ribosomal S6 kinase (S6K) and serum-and
glucocorticoid-induced protein kinase
(SGK) — once their hydrophobic motifs are phos-
phorylated, and also members of the protein
kinase C (PKC) family. Thanks to these distinct
mechanisms, PDK is able to coordinate the reg-
ulation of its downstream targets and activate
them independently (Pearce et al. 2010). Interest-
ingly, a novel PDK1 target that did not belong to
the AGC kinases family was recently revealed.
More specifically, a study demonstrated that phos-
pholipase Cy1 (PLCy1) activation is controlled by
PDKI, and experiments involving chemical inhi-
bition of PDK1 as well as genetic silencing of
both PDK1 and PLCyl demonstrated that the
two molecules act on the same pathway and are
a prerequisite for cancer cell invasion. Therefore,
PDKI can create a bridge between PI3K signaling
pathway and PLCyl, in which both PDK1 and
PLCy1 would translocate at the membrane fol-
lowing PI3K activation and form a protein com-
plex (Arteaga et al. 1991; Sala et al. 2008; Maurer
et al. 2009; Raimondi et al. 2012). Notably, both
PLCy and PDK1 are found to be overexpressed in
breast cancer especially in case of metastatic
disease.

PDK1 and Cancer Invasion

As aforementioned, dysregulation of the AGC
kinases leads to pathologic conditions, and studies

have reported PDK1 alterations in both genetic
and protein levels in human malignancies. For
instance, whole gene or specific locus amplifica-
tion have been reported in breast (Maurer
et al. 2009) and prostate carcinoma, respectively,
and protein overexpression has been reported in
melanoma, esophageal squamous cell carcinoma,
and acute myeloid leukemia. Moreover, this pro-
tein is involved in different hallmarks of tumor
invasion (Gagliardi et al. 2015). To begin with,
PDK1 is involved in the formation of protrusive
structures in cancer cells called invadopodia. It is
the PI3K pathway that triggers the formation of
these structures and more specifically the p110a
subunit which activates the cascade through
PDK1 and Akt. In fact, this pathway is not only
pivotal for invadopodia formation but also for
their functionality and ability to facilitate cancer
dissemination by degrading the basal membrane
and the extracellular matrix (Murphy and
Courtneidge 2011; Yamaguchi et al. 2011; Kung
et al. 2012). Secondly, it was shown to activate
ROCKI1 kinase and in that way modulating amoe-
boid invasion, in which case when cancer cells
invade a healthy tissue they simply incorporate
between the fibers instead of degrading the extra-
cellular matrix (Sahai and Marshall 2003; Pinner
and Sahai 2008). Finally, PDK1 is implicated in
the so-called mesenchymal and collective type of
cancer invasion through activating MRCKa. In
this case, tumor cells degrade the extracellular
matrix and adhere to its components (Gagliardi
etal. 2014).

Summary

To conclude, PDK1 is a very old and highly
preserved kinase, implicated in physiological
and pathological conditions and with a crucial
role in multiple signal transduction pathways.
Recent findings suggest that PDKI1 loss-of-
function or impairment of its activity can restrain
cancer progression and induce apoptosis, and
interestingly, in vivo work on pancreatic ductal
adenocarcinoma driven by an oncogenic K-Ras
mutation showed that PDK1 conditional ablation
could confer normal life expectancy. This
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emphasizes the importance of the K-Ras/PI3K/
PDKI axis in this specific type of cancer and
makes PDK1 an intriguing target for therapeutic
intervention (Eser et al. 2013). Since K-Ras is
considered to be an “undruggable” target, alterna-
tive ways of targeting this specific pathway have
been explored, such as PDK1 inhibition. Another
alternative way for impairing this axis is to target
microRNAs. For instance, miR-375, which is
upstream of many important oncogenes, has
been found to be downregulated in many cancers
including pancreatic cancer. Overexpression of
this microRNA is shown to suppress the levels
of transcription of pdkl, as well as its protein
levels (reviewed in Ferro and Falasca 2014).
Despite the research carried out up to date, there
are still many aspects that need to be further
elucidated, such as the precise spatial and tempo-
ral PDK1 regulation, as well as the development
of effective and specific inhibitors.
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Abstract: Despite the rapid development in the field of oncology, cancer remains the second cause of
mortality worldwide, with the number of new cases expected to more than double in the coming
years. Chemotherapy is widely used to decelerate or stop tumour development in combination with
surgery or radiation therapy when appropriate, and in many cases this improves the symptomatology
of the disease. Unfortunately though, chemotherapy is not applicable to all patients and even when it
is, there are many cases where a successful initial treatment period is followed by chemotherapeutic
drug resistance. This is caused by a number of reasons, ranging from the genetic background
of the patient (innate resistance) to the formation of tumour-initiating cells (acquired resistance).
In this review, we discuss the potential role of PDK1 in the development of chemoresistance
in different types of malignancy, and the design and application of potent inhibitors which can
promote chemosensitization.

Keywords: PDK1; phosphoinositides; PI3K; chemotherapy; chemoresistance

1. Introduction

1.1. The Journey to PDK1 Discovery

The 3-phosphoinositide-dependent protein kinase 1 (PDK1) was identified in 1997, in a strenuous
attempt by a number of research groups to elucidate the insulin signaling pathway. Around 1990 it had
been observed that within seconds of the interaction of insulin with its receptor, the phosphoinositide
3-kinases Class 1A (PI3K Class 1A) would be recruited to the plasma membrane and would mediate the
generation of phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) from phosphatidylinositol
(4,5)-bisphosphate (PtdIns(4,5)P,). During the same period, protein kinase B (PKB/Akt) was discovered
by a number of research groups and it was shown that within just one-minute following cell stimulation,
insulin could trigger the activation of Akt in a PI3K-dependent manner. The phosphorylation motif
of Akt present in its substrates was determined and many proteins were shown to possess it and
get activated following insulin stimulation, however the theory that another kinase—part of the
PI3K pathway was responsible for these phosphorylations was still being investigated. In 1996,
the interaction between Akt and PtdIns(3,4,5)P3 came to light, yet the activation mechanism of
the first remained unknown. Studies showed that following insulin stimulation, Akt underwent
phosphorylation at Thr308 (activation loop) and Ser473 (hydrophobic motif), with nonsynonymous
substitution of either of the two leading to more than 85% reduction of Akt activation, and that
membrane recruitment was required for phosphorylation of both residues (reviewed in [1]). It was not
until 1997 that a protein responsible for Akt phosphorylation at Thr308 was detected, purified and
cloned. This was the 3-phosphoinositide-dependent protein kinase 1 (PDK1), a protein which interacted
with PtdIns(3,4,5)P3 and PtdIns(4,5)P; through its pleckstrin homology (PH) domain and exhibited a
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dramatic increase in its ability to activate Akt in the presence of these phosphoinositides. The necessity
of these phosphoinositides lies in the facts that they change the configuration of Akt in a way that
the Thr308 residue is much more approachable for PDK1, and that they enable the simultaneous
localization of both PDK1 and Akt in the membrane, allowing for the first to phosphorylate the
latter [2,3]. PDK1 was later shown to phosphorylate more members of the AGC (cAMP-dependent,
cGMP-dependent and protein kinase C) kinase family, including the serum-and glucocorticoid-induced
protein kinases (SGKs), the ribosomal protein S6 kinase beta-1 (56K1) and the protein kinase C (PKC)
(reviewed in [1]). The next step was to elucidate the mechanism behind the regulation of PDK1,
which possesses five constantly phosphorylated Ser residues that remain unaffected by the action of
insulin. One of them, Ser241, is a prerequisite for PDK1 activity and it seems like the protein gets
auto-phosphorylated on that residue [4]. After many observations it was proposed that PDK1 is
constitutively active and that phosphoinositides are responsible for converting its substrate into a form
susceptible to phosphorylation by PDK1 [1].

1.2. Physiological Roles of PDK1 and Its Correlation with Malignancies

The physiological importance of PDK1 was clear in knockout mice which exhibited lethality at
the second embryonic week (E9.5) [5]. Lethality at the embryonic stage was also shown in knock-in
models with mutations of either the PDK1-interacting fragment (PIF) pocket [6] or the PH domain [7].
To overcome the issue of embryonic lethality, any interventions performed in the mouse models would
now be tissue-specific. Muscle and liver PDK1~/~ mice would only be viable for up to 4 months,
and would suffer heart failure, and glucose intolerance followed by liver failure, respectively [8-10].
Pancreas PDK1~/~ mice would be viable but diabetic [11], whereas the models created with conditional
knock-in tissue-specific strategies would exhibit different phenotypes ranging from hyperinsulinemia,
glucose intolerance and smaller body size, depending on the mutation type [12,13]. The studies
performed on hypomorphic mice revealed a number of roles of PDK1, including the management
of gastric acid secretion levels [14] and the stimulation of the Na*/H* exchanger via the serum- and
glucocorticoid-inducible kinase 1 (SGK1) and the consequent regulation of the transport of electrolytes
in the intestine [15]. Decreased PDK1 activity leads to the distortion of amino acid transport in the
jejunum and increased amino acid excretion in the urine, implying defective renal reabsorption and
decreased transport of amino acids in the kidneys and the intestine.

The PDK1 protein is a member of the AGC kinases and it is encoded by the PDPK1 gene, located
at 16p13.3. This specific locus amplification has been correlated with poor survival prognosis in breast
cancer, and has also been detected in lung and prostate cancer [16,17]. In breast cancer in particular,
PDK1 is the means by which upstream lesions such as PTEN, PIK3CA and ERBB2 boost their signal
output and reach to Akt, rendering the cells resistant to PI3K pathway inhibitors [18]. Increasing
evidence suggests that PDK1 plays a pivotal role in cell migration [19], while it is able to control cell
motility via ROCK1 and has a significant effect in three-dimensional (3D) environments [20]. It is
interesting that whereas in monolayer cell culture the downregulation of PDK1 seems to have no
effect, its inhibition in 3D environments decreases cancer cell invasion in an Akt-dependent manner,
suggesting that this could be a target to counteract cancer invasiveness (reviewed in [19,21,22]).
The PI3K pathway is often deregulated in malignancies and exhibits high PtdIns(3,4,5)P3 levels. Being
part of the pathway PDKI is also implicated in cancer, in the majority of the cases though it is the
overexpression that leads to pathologic conditions, rather than mutations. For instance, increase in
gene copy number and protein overexpression have been reported in breast cancer and acute myeloid
leukaemia, among other malignancies [23]. During melanoma initiation, PDK1 is the intermediate
for the PKC regulation by the tissue inhibitor of metalloproteinase-1 (TIMP1), and in later stages
of progression and metastasis, it promotes resistance to anoikis [24]. In non-small cell lung cancer,
glutamine shortage leads to the PDK1/ Akt axis activation, which in turn promotes metastasis [25].
Tissue sample analysis of patients with hepatocellular carcinoma who underwent surgical resection
but where not submitted to any other type of therapy, revealed that the PDK1 mRNA levels were
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the most potent factor regarding time to recurrence (TTR) prediction and were also correlated with
decreased overall survival rate [26].

Due to the great matter of attention drawn to PI3K and Akt as the major molecules in order
to target many aspects of cancer, the role of PDK1 in cancer has been overlooked. However, the
ability of the latter to act independently of them two, has revamped the focus on this molecule
and its pharmacological targeting [7]. Indeed, the ability of PDK1 to drive tumorigenesis in an
Akt-independent manner has been recently demonstrated. More specifically, Vasudevan et al.
demonstrated that in the context of existing PIK3CA mutations, Akt activity is deficient and SGK3
serves as the main PDK1 effector [27]. Mutations in PIK3CA seem to be a late event in tumorigenesis,
and they mostly result in increase of the kinase activity, allowing for PIK3CA to act as an oncogene.
Two significant hotspot mutations of PIK3CA occur in the helical domain in exon 9 (E545K) and the
kinase domain in exon 20 (H1047R) [28,29]. Cells harbouring such PIK3CA mutations exhibit higher
levels of phosphorylated PDK1, and these specific mutations seem to partially control the recruitment
of PDK1 on the membrane. This can be attributed to a function that is not related to the kinase activity
of PIK3CA; for instance maintenance of adaptor-proteins that facilitate membrane recruitment of PDK1
irrespectively of the PH domain. The PIK3CA mutant cells highly depend on SGKS3 for their survival,
and it is possible that PI3K exerts its signaling through the endosomes, where SGK3 localizes and
subsequently engages PDKI1. The study concluded that tumours with PIK3CA mutations exhibit Akt
dependency when there is manifestation of defective feedback regulation or phosphate and tensin
homolog (PTEN) signaling, whereas they exert Akt- independent signaling and they recruit SGK3
when such deficiencies are absent [27]. In addition to this, another study showed that although breast
cancer cells growth is independent of PDK1, their ability for tumour initiation in vitro relies on it,
regardless of their PIK3CA burden. p53 and K-RAS mutated cells are more prone to inhibition of PDK1
than PIK3CA mutated ones, but their growth in 3D conditions remains uninfluenced by Akt inhibition,
in contrast to the ones with mutated PIK3CA. Kinase activity of the molecule is a prerequisite for 3D
growth, but the same does not apply for the PH domain, thus leading to the conclusion that Akt is not
an effector molecule in the tumorigenic activity of PDK1. In line with this, constitutively active Akt
was not able to redeem for PDKT1 loss in regards to 3D growth and its chemical or genetic inhibition
did not alter the PDK1 hyperactivation outcome [30].

Lately, many cases have been reported where PDKI1 is directly or indirectly implicated in
chemoresistance, with its inhibition resulting in re-sensitization of cancer cells to chemotherapeutic
agents, and this is going to be the topic of discussion in the following sections.

2. PDK1 in Chemoresistance

2.1. Ovarian Cancer

Ovarian cancer has a high mortality among women and the PI3K pathway has been shown to
be the main pathway exhibiting aberrant expression and deregulation, affecting the progression of
the disease [31]. The importance of PDK1 in ovarian cancer is underscored by an immunohistological
analysis of the expression of the peroxisome proliferator-activated receptor  (PPARS) and PDK1
in healthy ovary tissue, benign tumours and many malignant subtypes. In this analysis, although
PPARB staining was positive in healthy and benign conditions, PDK1 was absent in 90% of the healthy
tissue specimens. Only one healthy specimen and less than half of the benign ones exhibited weak
PDK1 expression, whereas all malignant as well as borderline tumours were stained positively. These
findings strengthen the notion of the oncogenic capacity of PDK1 in ovarian cancer [32]. Very recently,
Moxley et al. demonstrated that PDK1 is implicated in ovarian cancer via an alternative splicing
product of the Ron receptor tyrosine kinase, named short-form Ron (sfRon) [33]. This protein is absent
from normal ovarian tissue but is strongly expressed in malignant ovarian tumours, especially in one of
the most lethal types, the high-grade serous one. Overexpression of sfRon in OVCAR3 cells resulted in
a more aggressive phenotype both in vitro and in vivo, induced epithelial-to-mesenchymal transition

108



Cancers 2017, 9, 140 40f25

(EMT) reflected by vimentin and N-cadherin upregulation and E-cadherin reduction, and instigated
the PDK1 signaling pathway, which was depicted by increase of pSer241-PDK1 and pThr308-/pSer473
AKT [33]. In agreement to the group’s previous studies, this model revealed that sfRon was dependent
on PI3K signaling to induce EMT, one of the most crucial steps of the pathway being plasma membrane
recruitment of PDKI1, and this PI3K signaling effects were AKT/mTOR-independent [34]. Notably,
PDK1 has previously been held accountable for EMT initiation in gallbladder cancer [35]. The fact
that OVCAR3-sfRon cells had a very firm PDK1 expression compared to the absence of the protein’s
expression in control OVCARS3 cells, reflects the importance of PDK1 in driving aggressiveness in ways
that are not correlated to AKT, and that focus should be given on testing inhibitors of PDK1 alone or in
combination with Ron inhibitors, especially in this type of ovarian cancer [33].

Epithelial ovarian carcinoma (EOC), one of the most dismal malignancies among women, exhibits
chemoresistance via increase of phosphorylated Akt levels, which is achieved by stabilization of the
PDK1 protein by the collagen type XI aplhal (COL11A1). COL11A1-PDK1 binding sequesters the
latter and protects it from degradation via the ubiquitin (Ub)-proteasome pathway (UPP), which
is normally induced by paclitaxel and cisplatin, thus conferring resistance to chemotherapy [36].
COL11A1 is physiologically known to be essential for the cartilage, since its presence allows for
differentiation of the chondrocytes and formation of the collagen fibrils [37]. Its mRNA levels are
significantly elevated in chemoresistant EOC cell lines, compared to chemosensitive ones and is
found to play a role in paclitaxel and cisplatin resistance. Studies on A2780CP70 (cisplatin-resistant)
and A2780 (cisplatin-naive) cells indicated that both paclitaxel and cisplatin- but not doxorubicin
or gemcitabine, induced COL11A1 levels dose- and time-dependently, whereas no similar activity
was observed with the naive cell line. In parallel, the genetic modification of COL11A1 had a clear
impact on the half maximal inhibitory concentration (IC59) of the chemotherapeutic drugs, as its
knockdown increased the responsiveness of the A2780CP70 cells to cisplatin and paclitaxel, and its
overexpression in the naive cell line decreased it. Further experimental work revealed that both drugs
triggered the interaction between the COL11A1 promoter and the CCAAT/Enhancer Binding Protein
Beta (c/EBPB) [36]. Interestingly, the Akt pathway increases the ¢/EBPp expression [38], and chemical
inhibition of the phosphatidylinositol 3-kinase (PI3K) inhibits the aforementioned interaction and
promotes chemosensitivity in A2780 cells. Notably, genetic downregulation of COL11A1 was found to
attenuate the expression of the Akt pathway components such as phospho-Akt and PDK1, which led to
the notion that COL11A1 increased the stability of PDK1 protein. Indeed, COL11A1 silencing promoted
PDK1 degradation through the proteasome pathway and immunoprecipitation assays indicated that
both cisplatin and paclitaxel strengthened the COL11A1-PDK1 binding, whereas PDK1 knockdown in
COL11A1- overexpressing cells was able to reduce ¢/EBPp and phospho-Akt levels [36].

In the context of sensitivity to chemotherapeutic drugs, a specific PDK1 inhibitor termed
2-O-benzyl-myo-inositol 1,3,4,5,6-pentakisphosphate (2-O-Bn-InsPs), had an additive effect in
combination with rapamycin and was able to enhance the effect of paclitaxel on SKOV-3 cancer
cells. This compound inhibited PDK1 with an ICs of 26.5 nM and reduced phosphoThr308-Akt both
in vitro and in vivo, while it was also capable of in vitro impeding mTOR in the low micromolar range,
raising the question of whether it could be further investigated as a dual inhibitor [39].

A very interesting example of the redundant pathways adapted by cancer cells to promote
their survival in different aspects was very recently demonstrated by Gocher et al. Previous studies
have mentioned that Akt can be activated by Ca®*/calmodulin-dependent protein kinase kinase
2 (CAMKK?2) in ovarian, prostate and embryonic kidney cells, however Gocher et al. addressed
the question of whether ovarian cancer resistance to platinum was a consequence of a combined
action of CAMKK and the canonical PI3K pathway. Indeed, CAMKK2 was shown to regulate the
phosphorylation of Akt at both the threonine and serine residues in ovarian cancer cells, and combined
downregulation of the CAMKK2 and PDK1 proteins had comparable effects on Akt phosphorylation,
as did pharmacological inhibition of CAMKK2 and PI3K. This provides significant information that
CAMKK?2 is able to sustain Akt phosphorylation when the PI3K pathway is inhibited. There could be a
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number of explanations for the simultaneous existence of these two pathways for the regulation of Akt.
One possibility could be that the low availability of growth factors in the hypoxic tumour environment
was insufficient for complete activation of the PI3K pathway, so CAMKK2 was an alternative way to
compensate and sustain tumour growth [40]. Alternatively, it is possible that growth factors exploit
the calcium-dependent pathway to modulate the Akt activation levels, as in the case of phospholipase
Ce (PLCe¢), explained in [41].

It is worth mentioning that in cell lines derived from serous epithelial ovarian cancer,
Yes-associated protein 1 (YAP) acts as an oncogene implicated in various cancer characteristics.
Transfection of cells with pSer147-YAP led to significant boost of their colony formation capacity,
in contrast to cells transfected with wild type protein or a mutant with a defective WW domain and at
the same time allowed these cells to surpass contact inhibition in monolayer culture and increased their
invasion and migration potential in transwell assays. Moreover, pSer147-YAP shielded ovarian cancer
cells against Taxol and cisplatin treatment, and in ovarian cancer patients there was an association
between nuclear sequestration of the protein and reduced progression free survival (PFS) [42]. PDK1
plays a very crucial and fine-balanced role in pSer147-YAP related activities, which will be extensively
discussed in Section 3.

2.2. Breast Cancer

Breast cancer is the most common cancer type affecting women worldwide and amplification
of the PDK1 genetic locus is correlated with low survival rates. One fifth of breast tumours exhibit
PDK1 amplification, with increase of the phosphorylated protein (pSer241-PDK1) levels being a
frequent event in this malignancy, which is also present in more than three fourths of metastatic cases.
Both pharmacological and genetic inhibition of PDK1 in vitro have demonstrated its significance
for all steps of breast cancer progression, and in vivo experiments display its role in growth and
metastasis [43]. Anti-oestrogen therapies apply on more than half of breast cancer cases, due to the
expression of oestrogen receptor « (ER«) which automatically categorizes them as oestrogen signaling
dependent. Therapy with tamoxifen is among the most widely used, however almost half of the
patients with an early onset, as well as all patients with metastasis, develop resistance to it. In 2009,
Torns et al. performed both siRNA and compound screening to identify a molecular pathway as a good
candidate for enhancing sensitivity to tamoxifen, with all findings pointing to the PDK1 pathway. More
specifically, the nucleoside derivative triciribine was found to be a potent molecule- inhibitor of PDK1
and was used in further studies which suggested that counteracting the pathway in question could in
fact sensitize breast cancer cells not only to tamoxifen but to also to other types of endocrine therapy
such as fulvestrant (ICI 182780). Moreover, genetic silencing of PDK1 in combination with tamoxifen
result in G1 cell cycle arrest and upregulation of p21Cip1. This was the first study to demonstrate the
suitability of PDK1 as a target towards restoration of sensitivity to tamoxifen [44]. Soon after this, the
aforementioned compound 2-O-Bn-InsP5, was also shown to reduce the survival of breast cancer cells
in vitro in combination with tamoxifen, in a more effective manner than the two drugs did separately.
The same was observed when it was administered in conjugation with curcumin and paclitaxel [39].
As for PDK]1, there is a possibility that it is able to tune signaling cascades initiated by the oestrogen
receptor (ER), thanks to its control over the forkhead box O (Foxo) (discussed in [45]).

In addition to these, OSU-03012, a derivative of celecoxib, a cyclooxygenase-2 (COX2) inhibitor,
which accounts for PDK1 but not COX2 inhibition [46], managed to sensitize breast cancer cell lines to
tamoxifen therapy independently of their ER status and the ER downstream pathway. OSU-03012 was
able to counteract the tamoxifen-induced phosphorylation of Akt in MCF-7 cells, and to some extent in
MDA-MB-231 cells, and restore cell responsiveness to therapy. It is also notable that daily treatment of
MDA-MB-231 tumours in nude mice with a combination of tamoxifen and OSU-03012 resulted in 50%
suppression of tumour growth [47]. This compound exerts its PDK1 inhibitory activity (ICsy of 5 uM)
by competing the adenosine triphosphate (ATP) binding and in parallel it hampers p70%°% and Akt
activation. Further details, as well as chemical structure and properties can be found in [46].
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It is interesting that despite the fact that PDK1 is overexpressed in a number of related cancer cell
lines and patients’ samples [48,49], the current norm for treatment focuses on different components
of the pathway, such as the epidermal growth factor receptor-2, and there is limited ongoing
research on the evaluation of PDKI1 as target. Meanwhile, elevated phospho-PDK1 was correlated to
insusceptibility to gemcitabine-mediated cell death, compared to elevated phospho- Akt, and PDK1
silencing rendered MCF-7 cells more responsive to the drug, than did Akt silencing. These observations
highlight the suitability of PDK1 as a focus point in order to restore chemosensitivity, especially in
regard to gemcitabine, in breast cancer cells [50]. The enhanced gemcitabine resistance conferred
by PDKI1 in contrast to Aktl, can be partially attributed to the fact that PDK1 acts relatively earlier
in the pathway and its activation affects a wider range of molecules, including protein kinase Cex
(PKCa) which has been reported to be overexpressed concomitantly with PDK1 and is implicated
in gemcitabine resistance [51,52]. In addition to that, there is only one phosphorylation site within
the activation loop that is required for PDK1 to become active, and the protein can be also found in
a constitutively activated form. On the contrary, complete Aktl activation is more complicated and
requires for a series of phosphorylations to take place [50]. All together, these findings underscore the
action of PDK1 via an Akt-independent mechanism.

A recent study concluded that PDK1 plays a role in triple negative breast cancer (TNBC)
chemoresistance. More specifically, this type of cancer exhibits aberrant levels of fatty acid-binding
protein 5 (FABP5) which through retinoic acid (RA) delivery is known to enhance the peroxisome
proliferator-activated receptor (3 /6 (PPAR{/5) at the transcriptional level and activate the vascular
endothelial growth factor-A (VEGF-A) and PDK1. Curcumin was able to render TNBC cells sensitive
to retinoid therapy, by restricting the FABP5 expression and reducing RA-induced PDK1 transcription;
with the exact mechanism connecting RA and PDK1 yet to be elucidated [53]. The effects of curcumin
on breast, as well as pancreatic and prostate cancer cells have been shown to be enhanced when
curcumin is combined with 2-O-Bn-InsPs, a specific PDK1 inhibitor [39].

2.3. Acute Myeloid Leukaemia

Acute myeloid leukaemia (AML) is another type of cancer with dismal prognosis due to lack of
responsiveness to chemotherapy and common relapse, accountable for which are leukaemia stem cells
(LSCs). Upon leukaemia patients’ chemotherapy, a small LSCs population that exhibited resilience and
managed to survive, starts to proliferate and turns into the dominant population, paving the way for
disease relapse [54]. The characteristics of LSCs such as quiescence, low division rate and resistance to
therapy, state them an intractable target; yet a recent study indicated PDK1 as a LSCs survival regulator
and thus an appealing target for therapy [55]. Almost half of AML sufferers with poor prognosis exhibit
overexpression of PDK1 [56] and hematopoietic malignancies including AML often exhibit inactivation
of PTEN and Akt activation, which is strongly correlated with poor prognosis. This Akt activation is
in part due to aberrant regulation of other signaling pathways such as Bcl-2-associated death promoter
(BAD) and p53 [57-60]. As abovementioned, recent studies revealed that PDK1 deletion not only had a
positive effect on the lifespan of an MLL-AF9 mouse model and reduced LSCs incidence following
secondary transplantation, but also significantly enhanced p53 and Bax expression [55], both of which
are known for their pro-apoptotic properties [61]. In the clinical setting, tumours with high levels of
p53 are considered more responsive to chemotherapy, whilst Bax downregulation is linked to both
limited drug sensitivity and decreased survival [62,63]. Another interesting observation of the same
study was that PDK1 deletion was coincident with lower Stat5 levels, raising the notion that this might
be the main LSCs maintenance pathway [55], since Stat5 is constitutively active in many types of
leukaemia [64].

2.4. PDK1 and Chemoresistance in Multiple Types of Cancer

Metadherin (MTDH) is an oncogene thought to affect many cancer related pathways such as
PI3K/AKT and Wnt, and its downregulation was shown to increase the chemosensitivity of many
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tumours such as prostate and breast cancer to 5-fluorouracil (5-FU), paclitaxel and doxorubicin;
the exact mechanism though had remained unknown. A recent study came to unravel this
mechanism of action, demonstrating that MTDH protects cancer cells by interfering with the cell cycle
checkpoints and initiating pro-survival cascades. MTDH downregulation resulted in caspase-3 and -8
mediated endometrial cancer cell death, following treatment with tumour necrosis factor-a-related
apoptosis-inducing ligand (TRAIL) and the LBH589 histone deacetylase (HDAC) inhibitor. MTDH
depletion coincides with a decline in PDK1 phosphorylation which renders the cell prone to apoptosis
via the invigoration of Bim expression. A protein of interest in this case is galectin-1, which has a
strong presence in a number of tumour types and is implicated in the PI3K pathway. Knockdown of
this protein was shown to avert PtdIns(3,4,5)P; increase following stimulation with insulin growth
factor 1 (IGF1) in glioblastoma cells, and this study denoted that MTDH-induced galectin-1 increase
might result in an increase of PtdIns(3,4,5)P3 levels and activation of the PI3K cascade. Overall, these
data exhibit that MTDH constitutes a target for more effective chemotherapy, with PDK1 and Bim
playing key role in this procedure [65].

Whilst the constitutively active PDK1 does not undergo any further activation derived from
mitogenic signals [3], its activity is modulated by interactions with other proteins-modulators;
for instance the 14-3-3 protein which reduces its activity [66], the heat shock protein 90 (Hsp90)
which protects it from the activity of the proteasome [67], and the tumour suppressor candidate 4
(TUSC4), which was found to be implicated in cancer cells chemosensitivity. More specifically, TUSC4
negatively regulates the PDK1 downstream cascade, as it is able to form a ternary complex with Src
and PDK1 and attenuate the latter’s Src-induced tyrosine sites phosphorylation; thus, hampering the
S6K and Akt activation. Cells modulated to express TUSC4 were found to be more responsive to
chemotherapeutic drugs including doxorubicin, taxol, cDDP and VP-16, than their control counterparts.
This underscores the significance of PDK1 inhibition in overcoming resistance to anticancer drugs [68].

PDKI1 can be also implicated in chemoresistance through another PDK1-binding protein, the
tongue cancer resistance-related protein-1 (TCRP1), the levels of which are found to be increased in
a number of cancers including pancreatic and ovarian ones [69]. TCRP1 is correlated with cisplatin
resistance in lung cancer [70] and oral squamous cell carcinoma resistance to radiation [71]. Aberrant
expression of this protein induces phosphorylation of PDK1 in a PTEN and PI3K-independent manner;
TCRP1 binds to PDK1 via two amino-acid sequences (T109-A124 and R93-S107) and it is speculated to
promote 14-3-3/PDKI1 dissociation, leaving PDK1 in a monomer configuration that not only has the
ability of auto-phosphorylation, but can also phosphorylate its downstream target, Akt. Nonetheless,
further studies need to be carried out concerning the TCRP1-mediated PDK1 phosphorylation. TCRP1
was shown to induce cell transformation via PDK1 activation, and chemical (OSU-03012) or genetic
downregulation of the latter reversed this phenomenon [69]. A summary of the aforementioned
pathways where PDKI1 is implicated can be found in Figure 1.

3. PDK1 Oncogenic Signaling in Chemoresistance: Beyond AKT

3.1. PDK1-PLK1-MYC Axis

Recently, there have been a number of reports showing that in some cancer cases PDK1 acts
independently of the PI3K pathway to exert its oncogenic properties [27,72,73]. PDK1 has been shown
to act through another route, that of Polo-like kinase 1 (PLK1)-MYC [74]. MYC is a well-studied
oncogene, with its respective protein being involved in the ability of cancer cells, as well as stem
cells, to self-renew [75], and was lately proved to be PDK1-dependent in order to induce HEK cells
transformation. PDKI1 triggers the phosphorylation of PLK1, which is also upregulated in many
cancers, and the latter interacts with MYC, phosphorylates it and results in its accumulation in
cancer cells (Figure 2). MYC-driven breast cancer is shown to be more responsive to PDK1/PLK1
inhibitors than is MYC-independent one, and taking into consideration that a MYC inhibitor is not
currently available in the clinic, targeting the PDK1-PLK1-MYC axis reveals a new potential therapeutic
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approach against MYC-induced cancers. It is also likely that chemoresistance will be affected as well,

since inhibition of either PDK1 or PLK1 resulted in depletion of the CD44*/ CD24 /1% stem cell-like
populations in the MDA-MB-231 cell line, a phenomenon not observed when the PI3K-AKT pathway
was impaired [74].
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Figure 1. Major signaling pathways in chemoresistance and PDK1 implication. PDK1 is implicated
in a number of signaling pathways and cancers. Complex formation with COL11A1 results in PDK1
stabilization and resistance to ubiquitin (Ub)-proteasome pathway degradation in epithelial ovarian
carcinoma, its instigation by sfRON leads to EMT in high-grade serous ovarian cancer, whereas PDK1
inhibition combined with CAMKK?2 inhibition leads to reduction of phospho-Akt levels and decreased
platinum resistance in ovarian cancer. Sensitization of breast cancer cells to drugs such as tamoxifen
and paclitaxel is correlated with the effect and sustaining of PI3K and ER signaling through SGK1/3
and Foxo1/3 isoforms, where components such as PPARB /6 have a stimulating effect, and PDK1
inhibitors such as 2-O-Bn-InsP5 and OSU-03012 have proven to be effective. In other types of cancer,
proteins such as MTDH and TCRP1 are shown to directly or indirectly activate PDK1, and the tumour
suppressor TUSC4 is shown to form a complex with it and negatively regulate the signaling cascade.

—> MYC

Figure 2. The PDKI-PLK1-MYC axis. PDK1, via PLK1 phosphorylation and subsequent MYC
phosphorylation, results in the sequestration of the latter in cancer cells. MYC is known for its
ability to promote self-renewal of cancer cells as well as stem cells, and therefore inhibition of either of
the first two components of the axis leads to depletion of cancer stem-like cells.
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3.2. PDK1-YAP/Hippo Pathway Axis

The Salvador/Warts/Hippo (SWH) pathway, alternatively named Hippo signaling pathway,
was initially discovered and studied in Drosophila, where it coordinates organ size. The main
core of the cascade is comprised of the tumour suppressor proteins Warts (Wts), Salvador (Sav),
Hippo (Hpo) and Mob-as-tumour-suppressor (Mats) and mutations leading to loss of function of
any of them results in an increased proliferation- or hippopotamus-like phenotype. The respective
mammalian homologues are the Latsl/Lats2, Savl or WW45, Mstl/Mst2 and MOBKL1A /1B,
which shape a conserved cassette that responds upon high cell density signals, and inactivates
YAP by phosphorylation. More specifically, the kinase complex formed by Savl and Mst/HIPPO
phosphorylates Lats kinase, which targets the Ser127-YAP and results in its restriction to the
cytoplasmic compartment. Inactivation of the pathway leads in YAP nuclear translocation, where is
acts as a transcriptional activator for genes related with proliferation (reviewed in [76]). This activation
is mediated by TEA domain transcription factors (TEADs) and it has been demonstrated that the
promoter of the connective tissue growth factor (CTGF) gene is bound by the YAP-TEAD1 complex
in MCF10A and NIH-3T3 cells. In cancer cells overexpressing YAP, knockdown of either of the
aforementioned complex components had a major impact on the CTGF mRNA levels, and knockdown
of the CTGF itself abrogated cell growth [77]. In MCF10A serum starved cells which have reached the
point of contact-inhibition, YAP is not detected in the nucleus, however this phenomenon is quickly
reversed by epidermal growth factor (EGF) treatment. EGF acts via the Hippo pathway by inhibiting
Lats, and therefore reduces Ser127 phosphorylation of YAP, promoting its recruitment in the nucleus
and allowing it to exert its transcriptional activity. Treatments with inhibitors of PI3K, PDK1 and
its downstream effectors revealed that it was only the first two kinases that were involved in YAP
phosphorylation and nuclear accumulation, therefore it is the PI3K-PDK1 signal that links EGFR
with the SWH pathway. Further experiments showed that signals unrelated to EGFR, such as horse
serum or LPA, could initiate the PI3K cascade and cause nuclear accumulation of YAP, suggesting that
signals upstream of this pathway are able to inhibit the Hippo cascade. PDK1 forms a complex with
the core SWH pathway proteins (Sav1, Mst, Lats), which can be disrupted following EGF treatment.
This dissociation can be prevented with the use of PDK1 and PI3K inhibitors. Analysis of the complex
showed that since PDK1 lacks the domains needed to directly interact with all the components of the
HIPPO pathway, Sav1 is the mediator molecule. Sav1 relates to PDK1 via its 145-162 residues and
allows for the PDK1-Lats and PDK1-Mst interactions via its WW and SARAH domains, respectively.
The proposed model connecting PDK1, YAP and EGF signaling was that in growth factor signaling
absence, PDK1 is found in the cytoplasm in the form of a complex with the Hippo components, leading
to phosphorylation and cytoplasmic retention of YAP. Cell stimulation with growth factors leads to
plasma membrane recruitment of PDK1 and subsequent disruption of the complex, resulting to Lats
inactivation, pSer147-YAP levels reduction and accumulation of the dephosphorylated protein in the
nucleus, where it acts as a transcriptional activator for growth controlling genes [78] (Figure 3).
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Figure 3. PDK1 and the Salvador/Warts/Hippo (SWH) pathway. When epidermal growth factor
receptor (EGFR) signaling is active, PDK1 is recruited to the cell membrane and the core components
of the HIPPO pathway are not forming a complex, thus YAP protein is in its inactive form and can
insert the nucleus and act as a transcription factor for growth-promoting genes. On the opposite,

in the absence of growth stimuli, a cytosolic complex is formed between the core proteins of the
HIPPO pathway and PDK1, which phosphorylates YAP and renders it in the cytoplasm, excluding its
nuclear entry.

3.3. PDK1-SGK Axis

Aberrant expression of the PIBK/AKT/mTOR pathway is a frequent phenomenon in breast cancer
and it is the result of a PIK3CA mutation, which corresponds to the PI3K p110 catalytic subunit, and
more specifically to isoform «. Regardless of the development of specific PI3Ka inhibitors, not all

tumours are responsive and the molecular mechanisms sustaining this resistance need to be defined.

Even upon complete PI3K/AKT inhibition, there is a remaining mTORC1 activity which allows cancer
cells to overcome PI3Ka- inhibitors treatment [79-83]. The classic pathway by which PI3K triggers
mechanistic target of rapamycin complex 1 (mTORC1) activity, is initiated by G-protein-coupled
receptors (GPCRs) or RTKs. As mentioned in previous sections, AKT is phosphorylated by PDK1 but
can only exert its full activity following phosphorylation by mTORC2. Once fully active, AKT can
inhibit the tuberous sclerosis complex (TSC) by phosphorylating it in four serine and one threonine
residues (51132, 51130, S981, S939 and T1462). The TSC acts as a GTPase activating protein (GAP)
for the Ras homolog enriched in brain (Rheb) GTPase, and its inhibition results in activation of the
latter, which in turn activates mMTORC1. Consequently, AKT phosphorylates the inhibitory subunit
40-kDa proline-rich (PRAS40) causing it to dissociate from the complex, rendering mTORC1 accessible
to substrates (extensively reviewed in [84]). Yet, this seems to not be the case in tumours resistant
to PI3Ka inhibition, as recent research has shown that PDK1 is a new player actively underpinning
this resistance. Experiments using breast cancer cell lines carrying PI3Ka mutations and therefore
resistant to the specific PI3K«- inhibitor BYL719, revealed that the observed residual mTORC1 activity
was PtdIns(3,4,5)P3- and thus AKT- independent, and stands in need of both PIF-binding pocket
and kinase activity of PDK1. Results from simultaneous PI3Kx and PDK1 inhibition using BYL719
and GSK2334470 suggested that resistant cells were acquiring a transcriptional activity dependent
on forkhead box proteins O (FOXOs), and more specifically on FOXO3 which showed robust nuclear
sequestration upon dual treatment [85]. While in the presence of growth stimuli the 14-3-3 proteins
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restrain FOXO proteins in the cytoplasm, their cessation causes dephosphorylation and nuclear
transport of the proteins in question, leading to expression of pro-apoptotic genes [86]. Despite the fact
that FOXO1/3 have been identified as targets of AKT, its complete inhibition does not seem to result
in the expected FOXO3 nuclear translocation in BYL719 resistant cells and so, researchers focused
on the detection of a protein that would comprise a member of the AGC kinases, associate with the
PDK1 PIF-binding pocket and be dependent on its catalytic activity, while it would concomitantly
affect mTORC1 and FOXOs activity in an AKT unbiased manner. Transcriptomic analysis of a
number of breast cancer cell lines with different BYL719-resistance status pointed out to SGK1,
since the phosphorylation levels of its target N-Myc Downstream Regulated 1 (phosphoNDRG1)
were significantly elevated compared to total protein in resistant cell lines [85]. Although SGK1 and
PNDRGI levels vary accordingly in vivo, and AKT has been shown to target NDRG1 in vitro [87,88] as
well as in vivo in the case of mouse models with PDK1 K465E knock-in mutation [89], the significance
of SGK1 in this mechanism was confirmed by the fact that pNDRGI levels were not affected by BYL719
treatment in resistant cells. On the contrary, it was the combination of both the GSK2334470 and
BYL719 inhibitors that sufficed to reduce this phosphorylation. The outcomes of this study showed
that pharmacological targeting of SGK1 was a realistic and achievable objective and that complete
inhibition of mTORC1 requires dual targeting of SGK1 and AKT. Apart from these, another novelty
was the discovery that in fact it is the phosphorylation of TSC2 by SGK1 that is responsible for this
residual mTORCT activation. It should be kept in mind that although AKT and SGK1 may both be
under the control of PDK1 and mTORC2, what makes a big difference is that AKT contains a PH
domain which renders it dependent on plasma membrane recruitment, whereas SGK1 can be active
even when PtdIns(3,4,5)P3 is unavailable. The partial reduction in SGK1 activity that follows PI3Kx
inhibition in resistant cell lines, can be explained by the fact that PtdIns(3,4,5)P5 can affect mnTORC2 in
a mammalian stress-activated protein kinase interacting protein 1 (mSIN1)-dependent manner. There
also exist other intracellular mTORC2 pools with ambivalent localization and different dependency on
growth factors status, which can explain this observation [85].

Apart from SGK1, SGK3 also holds a key role in melanoma resistance to PI3K/Akt inhibition [90].
BRAF mutations, and especially BRAFY™E, are an early and very frequent event in melanoma.
This specific mutation promotes PTEN silencing to sustain the progress from a benign to a malignant
state. It was recently shown that independently of their Akt and PTEN status, melanoma cells are
prone to PI3K or BRAFV6E jnhibition, and even more sensitive to a dual inhibition. Noticeably,
mTORC1/2 inhibition was able to apprehend cell proliferation comparably to BRAFY®WE or PI3K
inhibition. It was further demonstrated that PI3K and BRAFY®E were able to control mTORC1
activity in an AKT-independent manner [91]. Following these studies, another group showed that
SGK3 together with PDK1 are implicated in melanomas harbouring BRAF mutations and wild type
PTEN, which in fact account for more than half the cases of melanomas occurrence. SGK3, being a
substrate of PDK1, acts as its mediator, and inhibition of either of the two kinases leads to cell cycle
arrest at G1 phase. Simultaneous inhibition of PDK1 and PI3K/mTOR or the proteasome exhibits
synergism and has a higher impact on melanoma proliferation [90]. Due to the important role of Akt in
the maintenance of cancer cells, it would be a natural consequence that following extended Akt or PI3K
Class I inhibition, the cells would urge to recompense for that loss. Indeed, a very efficient strategy
undertaken by malignant cells is the upregulation of SGK3, which has a high level of overlapping
targets with Akt and can be activated by hVps34 in a PI3K Class I-independent manner. hVps34 acts by
producing PtdIns(3)P, to which SGK3 can bind via its PX domain and be subsequently phosphorylated
and activated by PDK1, and it is worth mentioning that SGK1 and SGK2 lack a PX domain and depend
on PI3K for their activation. TSC2 phosphorylation and the resulting SGK3 and mTORCT activation
can comprise an Akt-independent cascade responsible for the occurrence of chemoresistance [92].
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3.4. Inhibitors of PDK1

Since its discovery in 1997, PDKI1 has attracted the interest of the research community and a
number of patents have been established by different companies and institutions, including Merck
& Co. (Kenilworth, NJ, USA), Boehringer Ingelheim International GmbH (Ingelheim am Rhein,
Germany), GlaxoSmithKline (Brentford, UK), Novartis International AG (Basel, Switzerland), Biogen
Idec Inc. (Cambridge, MA, USA), Sunesis Pharmaceuticals (South San Francisco, CA, USA), Wyeth
(now Pfizer Inc., Manhattan, NY, USA), Ohio State University, University of London and University
of Bath [93]. It is interesting that in a commentary article, Alessi—a leading scientist in the PDK1
research field—and Peifer specifically emphasize that “just because PDK1 is not on many researchers’
radars does not mean it is not a key anti-cancer target” [45]. It is true that the research community
focuses on different elements of the pathway such as mTOR and Akt, nevertheless inhibition of
PDK1 specifically has an advantage over them, due to the fact that as a key regulator it controls an
impressive number of other kinases including Akt, SGK and ribosomal S6K. Moreover, it is now
well-established that PDK1 activates a unique signaling pathway distinct from the canonical Akt-
and PI3K-dependent pathways. The fact that the protein exists in a single isoform makes it an
even more attractive target for inhibition in malignant conditions [94]. An extensive overview on
PDKI1 inhibitors until 2008, explains in detail how the ATP binding site of PDK1 has been used
as a scaffold to create the majority of the inhibitors and analyses the mechanism of action of all
the known categories, from small molecule inhibitors (bisindolmaleimides, LY333531, LY317615,
UCN-01, substituted thieno[3,2-c]pyridine-7-carboxamides, indolinones, pyridinonyl-PDK1 inhibitors,
N- phenylpyrimidin-2-amines, 4-heterocycloalkyl-2-aminopyrimidines, diazepinones) to tetracyclic
imidazophenanthrenones (imidazo[4,5-c]quinolones, pyrrole derivatives, quinazolines, celecoxib
derivatives, 4-aryl-7-azaindoles, 3,5-diaryl-7-azaindoles, pyrrolo[2,3-d]pyrimidines, pyrazole[1,5-«]
pyrimidines, triazolo[1,5-a|pyrimidines, pyrazolylbenzimidazoles, indazoles, dibenzo[c,f][2,7]-
naphthyridines), 3-hydroxyanthranilic acid and activators/modulators of PDK1 [94]. Apart from
the aforementioned PDK1 inhibitors, one more compound has been recently identified, the inositol
1,3,4,5,6-pentakisphosphate (InsPs), termed 2-O-Bn-InsPs (Figure 4A), which exerts anti-tumour and
pro-apoptotic functions, while at the same time renders cancer cells prone to chemotherapeutic drugs
such as tamoxifen and curcumin. Its mechanism of action is proposed to take place through binding
of the PH domain of PDK1, which results in retention of the latter in the cytosol, thus hampering
phosphorylation and activation of Thr308 of Akt [39,95]. The antineoplastic effects of InsP5 were
validated in vivo, where administration of the drug in an ovarian cancer xenograft resulted in growth
inhibition akin to cisplatin [96]. Moreover, derivatives of 2-oxindole (OXIDs) (Figure 4B), have been
shown to disrupt the PDK1/ Akt pathway and comprise good candidates for non-small cell lung cancer
treatment [97], and these results initiated studies for the synthesis and assessment of new derivatives
within the same family, which gave rise to promising candidates for the targeting of glioblastoma
multiforme (GBM) [98].

Recently, a very potent PDK1 inhibitor termed GSK2334470 (Figure 4C) has been developed by
GlaxoSmithKline and has shown remarkable specificity towards PDK1 (ICs5y ~ 10 nM), when tested
among almost a hundred protein kinases together with members of the AGC-kinase family. This
compound was shown to inhibit the phosphorylation of the SGK T-loop and the NDRG1 protein as
well as the endogenous S6K1 phosphorylation on the Thr229 of the T-loop, following IGF1 stimulation.
Though it was less efficient in decreasing Akt activity compared to PI3K inhibitors, GSK2334470 had a
great impact on components such as GSK3 and FoxO. This can be explained by the fact that both PDK1
and Akt contain PH domains which enable them to bind PtdIns(3,4,5)P3 and co-localize on the surface
of the membrane, remarkably increasing chances of interaction. Thus, even the slightest fraction of
PDK1 escaping GSK2334470 inhibition would be sufficient to activate Akt, which is in agreement with
the observation that cytosolic Akt lacking PH domain (APH-Akt) was more potently inhibited that the
full-length protein. Another notion is that PDK1 anchored to the plasma membrane is less accessible
to the drug than the cytosolic one. It is important to remember that Akt controls a number of functions
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crucial for the cells’ survival, and its inhibition could have severe side effects. Since there are also other
pathways driving tumorigenesis, which are independent of Akt but require SGK, the evaluation of a
compound like GSK2334470 would be of great clinical importance [99]. A structure-based explanation
of the moderate effect of this inhibitor on Akt phosphorylation levels is the reverse allosteric effect,
where the PDK1-substrate interaction mediated by the PIF-pocket, is regulated by the ATP- binding
site (reviewed in [100]). The binding of a compound to the PIF-pocket would probably stabilize the
protein conformation regardless of its activation status at that point in time, and it is speculated to have
higher specificity than ATP- binding site targeted molecules. This was demonstrated in vitro, where
such molecules were shown to be able to inhibit S6K phosphorylation and signaling, but did not affect
Akt (reviewed in [101,102]). Last but not least, following observations in conditional knock-in animal
models expressing a mutated PDK1 PH domain, where Akt was exhibiting partial activation [13], a later
model proposed that PDK1 is able to interact with pSerd473-Akt via the PIF-pocket, and can therefore
be independent of PtdIns(3,4,5)P3 binding. In fact, distortion of the PIF-dependent mechanism was
shown to render Akt more susceptible to PDKI1 inhibitors such as GSK2334470 [103].
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Figure 4. Structures of commonly used PDK1 inhibitors. (A) 2-O-Bn-InsP5 (M. Falasca Laboratory);
(B) OXIDs (S. Rapposelli Laboratory); (C) GSK2334470 (GlaxoSmithKline); (D) MP7 (Merck).

Currently, preclinical testing of GSK2334470 in a number of cancer cases is showing encouraging
results. Advanced breast cancer (ER") is initially treated with CDK4/6 inhibitors, such as palbociclib,
and anti-estrogens, but a number of patients fail to benefit from this therapy due to acquired or de
novo resistance. The use of GSK2334470 was shown to act synergistically with CDK4/6 inhibitors
to promote apoptosis and inhibit cell proliferation, while at the same time it was able to restore
chemosensitivity in cells resistant to palbociclib [104]. The same compound has been shown to
negatively affect the proliferation of multiple myeloma (MM) cell lines and overcome their resistance
to dexamethasone, leaving the non-malignant cells unaffected [105]. Nevertheless, it was found that
the responsiveness of the cells to this inhibitor was proportionally correlated to the expression status
of PTEN, supporting the idea that following loss of PTEN, sole PDK1 inhibition does not suffice to
hamper cancer progression [73]. In this case, although pSer241-PDK1 and pSer2448-mTOR levels were
decreased following GSK2334470 administration, cells exhibiting low PTEN expression maintained
the pSer473-AKT and pSer2481-mTOR levels. Restoration of PTEN levels resulted in decreased levels
of these phosphoproteins and therefore inhibition of their activity, depicting a novel perspective in
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the mechanisms of MM resistance to PDK1 inhibition. The mTOR cascade has been proposed as an
appropriate target in MM, but the existing major barrier is that inhibition of mTORC1/C2 causes
increase in phosphorylation of IGFR-1 in MM cells, and blocks apoptosis. Interestingly, GSK2334470
pro-apoptotic effects cannot be reversed by IGFR-1 upregulation and when combined with PP242
(an inhibitor of mTORC1/C2) it is cytotoxic for both chemosensitive and chemoresistant MM cells.
Collectively, this evidence emphasizes the pro-apoptotic effects of the combination of PDK1 and mTOR
inhibition in MM, independently of the PTEN expression levels [105].

Recently, Sunesis Pharmaceuticals has disclosed data regarding two promising PDK1 inhibitors,
SNS-229 and SNS-510, which seem to be effective in haematological malignancies resistant to Akt and
PI3K inhibition. In contrast with GSK2334470, these inhibitors act via intervention in the PIF-pocket
and disruption of substrate binding, and have shown auspicious in vitro and in vivo preliminary
results, and superiority over GSK2334470 [106,107].

PDK1 inhibition has also been shown to be effective as part of a multitargeted therapy regime.
In regards to GBM, combination of MP7 (Figure 4D) (characterized in [108]) and alisertib which are
PDK1 and Aurora Kinase A (AurA) inhibitors respectively, exhibited higher potential of reducing
both the proliferation of GBM cells and their respective tumorspheres, than sole administration of
each agent. A recently discovered OXID-pyridonyl derivative named SA16 was shown to be a dual
PDK1/AurA pathway inhibitor which successfully reduces cell proliferation and invasiveness, while
inducing the differentiation and subsequent apoptosis of GMB stem-like cells, therefore reducing their
population and pointing towards a solution to GBM chemoresistance [109].

4. Conclusions

Due to the crucial role PDK1 holds regarding the cell physiology, it would be reasonable to argue
that apart from the medical benefit, PDK1 inhibition would have multiple side effects. This protein is a
crucial regulator of signaling pathways so important, that any deregulation would have detrimental
effects. Apprehension would gradually lead to type II diabetes [110], whereas overstimulation would
result in excessive proliferation and malignant conditions [111]. Nevertheless, animal studies showed
that mice with only 10% of the PDPK1 function exhibited a normal phenotype and when crossed with
PTEN*/~ mice, tumour formation capacity was disrupted [112]. Interestingly, there is currently a
number of PI3K inhibitors used in the clinical setting, which have not fulfilled the initial expectations
though. This could be due to inadequate effect on the final target or to the fact that more molecules of
the same pathway need to be co-targeted. This is where PDK1 inhibitors can be introduced and have a
synergistic effect, counteracting invasion, metastasis and chemoresistance [113]. In breast cancer, it was
recently shown that PDK1 inhibition was able to re-sensitize PIK3CA-mutant cells to PI3K« inhibitors
through suppression of SGK1 and reduction of mTORCT1 activity [85]. The PI3K pathway holds an
important role in embryonic stem cell fate, with the main effector being PDK1 [114], and in addition to
the implication of the latter in cancer stem cells maintenance mentioned in previous sections, it has
been shown that dual inhibition of checkpoint kinase 1 (CHK1) and PDKI1 effectively eliminates
glioblastoma stem-like cells responsible for resistance to therapy and tumour recurrence [115]. Given
the crucial role of cancer stem cells in the course of malignancies and their impact on the efficiency of
therapies and the overall survival of the patients, application of the existing knowledge to target PDK1
and continuous efforts for the discovery of new molecules-inhibitors, are of utmost importance.

The significance of PDK1 lies in the fact that in terms of targeted therapy, it can replace undruggable
molecules such as KRAS. KRAS is mutated in approximately 90% of pancreatic cancer cases but
all efforts for its direct targeting have proven unfruitful. Since PDK1 comprises the most crucial
effector downstream of KRAS, it is the best alternative for targeted therapy in this type of cancer.
More specifically, in pancreatic cancer, KRAS mutations result in a constitutively active protein which
upregulates the PIBK/Akt cascade; the suppression of which is not feasible due to loss of PTEN
in earlier stages of the disease (reviewed in [116]). Interestingly, Eser et al. demonstrated that
KRAS downstream effectors exhibit tissue-specificity and provided evidence that PI3K/PDK1 is a
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suitable target in pancreatic ductal adenocarcinoma (PDAC) [117]. Additionally, it seems that a specific
micro-RNA, miR-375 is the missing link connecting these two proteins and its expression is significantly
different in normal versus pancreatic cancer tissues, correlating also with PDK1 expression levels
(reviewed in [116]). Moreover, emerging evidence is pointing towards a role of PDKI1 in the tumour
microenvironment. PDK1 is necessary for the T-cell receptor to convey its signal, for the maturation of
the T-cell, migration of endothelial cells and neutrophils chemotaxis among others, however it was
shown that it is pivotal for tumour angiogenesis, which is one of the hallmarks of cancer, as well as
proliferation and progression (reviewed in [118]).

Due to the key role of PDK1 in a number of cellular functions, it would be reasonable to argue
whether apart from the delivery of beneficial effects, PDK1 inhibition could cause serious side effects
to the subjects in clinical trials. The answer to this question comes via a plethora of preclinical studies
in a variety of animal models for diverse diseases. Early studies in a transgenic adenocarcinoma of
the mouse prostate (TRAMP) model showed that following treatment with OSU-03012, metastasis
occurrence was minimized, as well as lobe proliferation, and in fact all prostate lobes exhibited
a weight reduction. Nevertheless, other compound-related in vivo effects were observed such as
weight loss which could not be counteracted by food intake, and compromise of the Type Il skeletal
myofibers [119]. On the contrary, OSU-03012 was able to cross the blood-brain barrier and exhibit good
drug tolerability and effective tumor growth inhibition in schwannoma xenograft mouse models [120].
In prion and Alzheimer’s disease studies, different mouse models treated with the BX912 PDK1
inhibitor, acquired ameliorated cognitive skills, social behavior and memory, and scored higher
in multiple tasks, comparing to control mice. Further benefits included improved motor function,
prolonged survival and decreased levels of PrP in the brain. However, one model suffered BX912
toxicity at day 350- therefore mitigating the beneficial effects of the inhibitor regarding Alzheimer’s
disease, but not undermining the overall outcomes of the study [121]. In vivo studies have shown that
(GSK2334470 in combination with PP242, an mTORC1/C2 inhibitor, was able to significantly abrogate
tumor growth in xenograft multiple myeloma mouse models, comparing to sole administration of
the inhibitors [105]. Preclinical studies of SNS-229 and SNS-510 in CD/1 mice, carried out by Sunesis
Pharmaceuticals, have shown satisfying oral bioavailability (>90%) and pharmacokinetic properties
(retrieved from https:/ /www.sunesis.com/pap_pdkl.php), and no side effects were reported from
either of the studies. In addition to these, nude mice treated with BX-320 exhibited no observable side
effects, and the number of treated animals that died was equal to the control ones, with deaths being
attributed to the dosing regimen rather than toxicity of the inhibitor [122]. Overall, it can be concluded
that PDK1 inhibition does not result in any serious side effects and can be well-tolerated, a fact that
can pave the way to Phase I clinical trials.

For the reason that Akt plays a multifaceted role in normal and pathologic cellular conditions,
it has been the centre of attention for therapeutic strategies development, overlooking other members
of the AGC family. PDK1 has been an emerging and promising target for anti-cancer therapies,
which through both an Akt-dependent and independent manner is implicated in many aspects of
carcinogenesis. Application of the most potent inhibitors on tumour models will reveal an integrated
picture of the PDK1 abrogation potential in carcinogenesis (discussed in [21]). In parallel with this,
PDK1 could serve well in the field of cancer biomarker discovery, and more specifically act as a
pharmacodynamic (PD) biomarker, in order to measure the biological activity of a protein-target,
following treatment with an inhibitor- candidate. For instance, during kinase drug discovery, the levels
of phosphorylation sites on the kinases- targets are measured and quantified, instead of the levels
of the phosphorylation levels of the protein- substrates, for the reason that the latter can be affected
by pathway cross-talk and compensatory mechanisms. In the case of PDK1, the Thr?'? and Ser*!?
phospho-residues constitute targets for PDK1 inhibitor molecules and their dephosphorylation levels
reflect the potency of the inhibitor. In fact, PDK1 inhibitors type I, which compete for the ATP-binding
site were shown to have an impact on these sites, but not on pSer?*! which resides in the T-loop, as
was shown by immunoaffinity precipitation- mass spectrometry (IAP-MS). Supporting these findings,
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the PDK1 bona fide readouts such as pRSK™22! and pAKT™h308 were not representative of the PDK1
inhibition in prostate cancer cells [123]. There is currently little literature information regarding the
two aforementioned PDK1 phosphorylation sites and their effect on the kinase activity, and further
studies would shed more light on this matter [4,124]. PhosphoSer?*! PDK1 has also been identified
and served as a candidate PD biomarker for the prediction of the efficacy of a DGF-out PDK1 inhibitor
named compound 7 [108].

To conclude, we have here presented a thorough literature review assessing the value of PDK1 in
chemosensitization of cancer cells, analyzed Akt-dependent and independent pathways, and reported
the available inhibitors up to date, while providing information on the preclinical validation of these
inhibitors and the studies outcome, as well as the potential role of PDK1 as a pharmacodynamic
biomarker.
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acute myeloid leukaemia
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Aurora Kinase A

Bcl-2-associated death promoter

CCAAT/Enhancer Binding Protein Beta

CaZ*/ calmodulin-dependent protein kinase kinase 2
cis-diamminedichloroplatinum(IT) / cisplatin /cisplatinum
collagen type XI aplhal

cyclooxygenase-2

connective tissue growth factor

epidermal growth factor

epithelial-to-mesenchymal transition

epithelial ovarian carcinoma

oestrogen receptor o

fatty acid-binding protein 5

forkhead box O

GTPase activating protein

glioblastoma multiforme

G-protein-coupled receptor

histone deacetylase

Hippo

heat shock protein 90

half maximal inhibitory concentration

insulin growth factor 1

Kirsten Rat Sarcoma Viral Oncogene Homolog
Large Tumor Suppressor Kinase 1

lysophosphatidic acid

leukaemia stem cells

Mob-as-tumour-suppressor

mixed lineage leukemia-ALLI- fused gene from chromosome 9 protein
Multiple myeloma

Mps one binder kinase activator-like 1A

messenger ribonucleic acid

mammalian stress-activated protein kinase interacting protein 1
metadherin
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PDAC
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PKB/ Akt
PKC
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RA

RTK
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TIMP1
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Abstract

Background: The very aggressive nature and low survival rate of pancreatic ductal adenocarcinoma (PDAC)
dictates the necessity to find novel efficacious therapies. Recent evidence suggests that phosphoinositide 3-kinase
(PI3K) and 3-phosphoinositide-dependent protein kinase 1 (PDK1) are key effectors of oncogenic KRAS in PDAC.
Herein, we report the role and mechanism of action of PDKI, a protein kinase of the AGC family, in PDAC.
Methods: PDAC cell lines were treated with selective PDK1 inhibitors or transfected with specific PDK1-targeting
SiRNAs. In vitro and in vivo assays were performed to investigate the functional role of PDK1 in PDAC. Specifically,
anchorage-dependent and anchorage-independent growth was assessed in PDAC cells upon inhibition or
downregulation of PDK]1. Detailed investigation of the effect of PDK1 inhibition/downregulation on specific
signalling pathways was also performed by Western blotting analysis. A xenograft tumour mouse model was used
to determine the effect of pharmacological inhibition of PDK1 on PDAC cells growth in vivo.

Results: Treatment with specific inhibitors of PDK1 impaired anchorage-dependent and anchorage-independent
growth of pancreatic cancer cell lines, as well as pancreatic tumour growth in a xenograft model. Mechanistically,
inhibition or downregulation of PDK1 resulted in reduced activation of the serum/glucocorticoid regulated

kinase family member 3 and subsequent reduced phosphorylation of its target N-Myc downstream regulated 1.
Additionally, we found that combination of sub-optimal concentrations of inhibitors selective for PDK1 and the
class IB PI3K isoform p110y inhibits pancreatic cancer cell growth and colonies formation more potently than each
single treatment.

Conclusions: Our data indicate that PDK1 is a suitable target for therapeutic intervention in PDAC and support the
clinical development of PDK1 inhibitors for PDAC.

Keywords: Pancreatic ductal adenocarcinoma, Signal transduction, Targeted therapy, Phosphoinositide 3-kinase, 3-
phosphoinositide-dependent protein kinase 1, Serum/glucocorticoid regulated kinase family member 3

Background
Pancreatic ductal adenocarcinoma (PDAC) is amongst
the five most deadly human malignancies, having a

5-year relative survival rate of ~8% [1]. PDAC is
associated with high-frequency somatic mutations in a
subset of genes, most frequently in the gene encoding
the small GTPase KRAS, which is mutated in the major-
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ity of human PDAC (> 95%) [2]. The genes encoding the
tumour suppressor p53, SMAD4 and p16™*** are also
frequently mutated in PDAC with many other accessory
mutations also being observed at varied frequency [3].
Since their discovery, phosphoinositide 3-kinases
(PI3Ks) have been established as major signalling mole-
cules implicated in different cellular functions such as
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glucose metabolism, cellular proliferation, cellular sur-
vival and angiogenesis. Abnormal PI3K signalling has
been estimated to occur in as many as 50% of all human
malignancies and this pathway is a well-established tar-
get for anti-cancer therapies [4]. The PI3K family com-
prises of eight mammalian isoforms grouped into three
classes. Class TA consists of a catalytic subunit and a
regulatory subunit. The catalytic subunits include p110a,
p110B, or p1108, while the regulatory subunits consist of
p85a, p85f or p55y. Class IB consists of only one cata-
Iytic subunit, p110y, and two regulatory subunits, p87
and p101. We previously reported that p110y is overex-
pressed in human PDAC and plays a key role in pancreatic
cancer cell proliferation [5]. These data were confirmed by
a recent study also reporting increased levels of p110y in
human pancreatic cancer tissues as well as its role in regu-
lation of pancreatic cancer cell growth [6]. Similarly,
p110y overexpression was detected in human hepatocellu-
lar carcinoma (HCC) where the enzyme was also shown
to be a key regulator of cellular proliferation [7].

In response to receptor tyrosine kinases or G-protein
coupled receptors activation, class I PI3Ks catalyse the
phosphorylation of the 3" position of the inositol ring of
phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5) P,]
which leads to the synthesis of the membrane bound
phospholipid  phosphatidylinositol =~ 3,4,5-trisphosphate
[PtdIns(3,4,5) P3] [8]. PtdIns(3,4,5) P; then acts as a
second messenger and regulates both plasma membrane
translocation and activation of several proteins. The
tumour suppressor phosphatase and tensin homolog
(PTEN) inhibits this signalling pathway by dephosphory-
lating PtdIns(3,4,5) P; back to PtdIns(4,5) P>. The best
characterized PI3K/PtdIns(3,4,5) P downstream effector
is the Serine/Threonine-specific protein kinase B (PKB)/
Akt that binds to PtdIns(3,4,5) P; via its pleckstrin
homology (PH) domain. Once at the plasma membrane,
Akt is phosphorylated at its residue Thr308 by the
3-phosphoinositide-dependent protein kinase 1 (PDK1),
which itself associates to the membrane via PH
domain-dependent binding to PtdIns(3,4,5) Ps, and at its
residue Ser473 by other kinases, including the complex
2 of mechanistic target of rapamycin. PDK1 belongs to
the family of AGC kinases and was first discovered in
1997 for its ability to phosphorylate Akt at Thr308.
Although the contribution of PI3K and PI3K-dependent
pathways to cancer development and progression has
been well established for many years, the first major
indication that PDK1 itself might be a viable target in
cancer only appeared in 2005 when Bayascas et al gener-
ated transgenic hypomorphic PDK1 mice [9]. When
these mice were crossed with tumourigenic heterozygous
PTEN*" mice, the prevalence of tumour development
was reduced in mice with deficient PDK1 levels, con-
firming the importance of PDK1 in tumour development
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driven by loss of PTEN [9]. Further evidence of a spe-
cific role for PDKI1 in cancer is provided by the observa-
tion that increased copy number of PDPKI, the gene
encoding for PDKI, is frequently observed in different
cancer types [10-12]. Evidence is also emerging indicat-
ing that PDK1 inhibition can impact on several cellular
functions associated with cancer progression, such as
reduced invasion on Matrigel of breast, prostate and
melanoma cancer cell lines [13-15]. Similarly, stable
downregulation of PDKI inhibited migration of the breast
cancer cell line MDA-MB-231 and metastasis formation
upon implantation of cells in immunodeficient mice [16].
PDK1 has also been shown to be implicated in ovarian can-
cer aggressiveness via a short form of the Ron receptor
tyrosine kinase [17], and COLL11A1 [18], whereas its
pharmacological inhibition had been previously found to be
able to enhance the effect of chemotherapeutic drugs in the
ovarian cancer cell line SKOV-3 cells [19]. Furthermore,
PDKI1 mRNA is correlated with poor survival rates in un-
treated HCC patients and is the most prominent factor in
the time to recurrence prediction, post-operatively [20].

Whilst PDK1 is most commonly associated with Akt
signalling, it has become increasingly evident that the
role of PDK1 in cancer is not limited to Akt activation.
PDK1 can phosphorylate and activate at least 23 AGC
kinases including S6 Kinase, protein kinase C and
serum-and  glucocorticoid-induced protein kinase
(SGK) [21]. The diversity of substrates that can be
activated by PDK1 are of high relevance in cancer sig-
nalling. For instance, the PDK1 substrate serum/
glucocorticoid regulated kinase family member 3
(SGK3) is frequently overexpressed in HCC and its
downregulation reduced both colonies formation and
tumour formation in nude mice [22]. In a subset of
breast cancer cell lines, hyperactivation of PI3K path-
ways was reported to be independent from Akt activa-
tion and it was shown that tumourigenicity of the
cells, as assessed by anchorage-independent growth,
was dependent on PDK1 and SGK3 [23]. This pro-
vided the first evidence to suggest that PDK1 can rep-
resent an Akt-independent molecular target in human
malignancies. It is now well established that PI3K/
PDK1-dependent, Akt-independent signalling path-
ways can contribute to tumourigenesis [24, 25].

A previous study reported that deletion of PDPKI
inhibits KRas“'?"- driven PDAC development in a
transgenic mouse model [26], revealing a key role for
PDK1 in PDAC initiation. Whether pharmacological
inhibition of the enzyme can inhibit PDAC progression
remains to be established. Here we determined the effect
of selective PDK1 inhibitors on PDAC growth in vitro
and in vivo. This study identified PDK1 as a novel
potential target to develop new treatment strategies in
pancreatic cancer.
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Methods

Cell culture and transfection

HPAF-II, AsPC-1, CFPAC-1 and PANC-1 cells were
obtained from ATCC and grown in complete growth
media (Eagle’s Minimum Essential Medium, RPMI-1640
Medium, Iscove’s Modified Dulbecco’s Medium and
Dulbecco’s Modified Eagle Medium, respectively)
supplemented with 10% FBS (Bovogen Biologicals) and
1X Penicillin-Streptomycin-Glutamine (HyClone) at 37°
C in a 5% CO, atmosphere. HPDE cells were kindly pro-
vided by Prof H. Kocher (Queen Mary University of
London) and were cultured in keratinocyte serum-free
medium supplemented with epidermal growth factor
(EGF) and bovine pituitary extract (Life Technologies,
Inc.). hRTERT-HPNE cells were obtained from ATCC and
cultured in 75% DMEM without glucose supplemented
with 25% Medium M3 Base (INCELL Corporation LLC),
5% FBS, 10ng/ml human recombinant EGF, 5.5mM
D-glucose and 750 ng/ml puromycin. For serum starva-
tion, cells were seeded in a 6-well plate at a density of
3.5x 10° cells/well and were serum starved for 24h.
After that, cells were stimulated with media containing
10% FBS for 1h in the presence or absence of the indi-
cated inhibitors.

Downregulation of PDK1 was obtained using the
following siRNAs from Dharmacon: Sequence 1
ON-TARGETplus  Standard GACCAGAGGCCAA-
GAAUUUUU; Sequence 2 ON-TARGETplus Standard
(A4) CAAGAGACCUCGUGGAGAAUU. Downregula-
tion of SGK3 was obtained using the following siR-
NAs from Qiagen: Gene Solution siRNA SI00101003
(SGKL 3) and Gene Solution siRNA SI00287588
(SGKL 6). Cells were transfected using 75nM of
siRNAs and DharmaFECT 1 and DharmaFECT 2
transfection reagents (Dharmacon) according to man-
ufacturer’s instructions.

Cell viability assay

Effect of the drugs on anchorage-dependent growth was
assessed by trypan blue exclusion assay. Briefly, cells were
seeded in 12-well plates at a density of 5 x 10* cells/well
and treated with different concentrations of drugs for 72 h.
Cells were then trypsinized, complete media was added and
10 pl of cell suspension was mixed with trypan blue dye [1].
The mixture was loaded on a Neubauer chamber and the
number of viable cells per mL was calculated as (number of
viable cells / 4) x 10%, corrected for the dilution factor.

Anchorage-independent growth - soft agar assay

In order to assess the long-term effect of the drugs and
the PDK1/SGK3 downregulation on the ability of cells
to form 3D colonies (tumourigenicity), anchorage-
independent growth assays were performed. Six-well
plates were coated with a mixture of 1% noble agar:
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2XRPMI [1:1(v/v)] (bottom layer). Once the first layer
had solidified, a second layer was added, comprising of
0.6% noble agar: 2XRPMI [1:1(v/v)] containing 10,000
cells and supplemented with the required inhibitor or
corresponding vehicle.

Alternatively, 10,000 cells that had been transfected
with siRNAs were plated. After the second layer had so-
lidified, 1x RPMI was added and plates were kept in a
humidified incubator, at 37°C in a 5% CO, atmosphere.
After 5weeks incubation, colonies were fixed and
stained with Crystal Violet (0.05%), visualized with
ChemiDoc XRS+ System (Bio-Rad) and quantified with
Image] software.

Cell lysis and Western blotting analysis

Cells were lysed using cold radioimmunoprecipitation
assay buffer (150 mM sodium chloride, 1.0% NP-40 or
Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, 50 mM Tris HCl, pH 8.0) supplemented
with 1X Protease/Phosphatase Inhibitor Cocktail (100X
stock, Cell Signaling Technology). After sonication at 4°
C, lysates were centrifuged at 10,000 g for 10 mins at 4°
C. Supernatants were transferred to a 1.5ml tube and
protein concentrations were determined using the Direct
Detect Assay-Free cards and the Direct Detect Spec-
trometer (Merck Millipore, Darmstadt, Germany). Sam-
ples (35 pg/lane) were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Membranes
were incubated in TBS containing Tween-20 (0.05% v/v)
and supplemented with 3% bovine serum albumin
(TBST -BSA) at room temperature (RT) for 1 h followed
by overnight incubation with primary antibodies at 4 °C.
The following day, membranes were washed with TBST
at RT (3 x 10 mins), and incubated for 1h at RT with
the appropriate secondary antibody (1:20,000). After
three washes in TBST and one wash in TBS, membranes
were incubated with Clarity Western ECL Blotting Sub-
strates (Bio-Rad) and images were acquired using a Che-
miDoc XRS+ System (Bio-Rad). Primary antibodies used
were: pFoxO1 (Thr24)/FoxO3a (Thr32) (#9464), pAkt
(Thr308) (#4056), pSGK3 (Thr320) (#5642), pNDRG1
(Thr346) (#3217), Akt (#9272), SGK3 (#8156), PDK1
(#3062), NDRG1 (#5196), GAPDH (#5174). All anti-
bodies were purchased from Cell Signaling Technology.
Antibodies were diluted in TBST-BSA (1:1000, apart
from pSGK3, 1:500).

In vivo experiments

Athymic CD-1 nu/nu mice (5-7 weeks old) were pur-
chased from Charles River Laboratories (Calco, LC,
Italy) and maintained under specific pathogen-free con-
ditions with food and water provided ad libitum. The
animals’ health status was monitored daily. Procedures
involving animals and their care were established
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according to the institutional guidelines in compliance
with national and international policies (Autorizzazione
N 484/2016-PR Ministero della Salute). HPAF-II (3.5 x
10°) cells were injected subcutaneously into the right
flank of mice. When xenografts became palpable,
tumour-bearing mice were divided into two groups (1 =
7) with mice receiving MP7 (75mg/kg) or vehicle by
oral gavage (5 days/week) for 3 weeks. For this purpose,
MP7 was administered as a suspension in 0.5% methyl-
cellulose +0.4% tween 80. Tumour volumes were moni-
tored every week using a caliper and volumes were
calculated using the following formula: tumour volume
= (length* width?)/2, The PDKI inhibitor MP7 was syn-
thesized as previously reported [27] and characterized as
described in Additional file 1. For in vivo xenograft
curves, p values were determined by Student’s t-test and
considered significant at p < 0.05. All statistical analysis
was performed with GraphPad Prism 5.0 software.
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Results

PDK1 inhibition reduces pancreatic cancer cell growth

in vitro and in vivo

To investigate the specific role of PDK1 in pancreatic
cancer proliferation, PDAC cell lines were transiently
transfected with two siRNAs specifically targeting the
protein, as well as a non-targeting siRNA (“siControl”).
Downregulation of PDK1 expression reduced AsPC-1,
HPAF-1I and CFPAC-1 anchorage-dependent (Fig. 1 a,
d, g), and anchorage-independent growth (Fig. 1 b, e, h).
Efficient downregulation of PDK1 was confirmed by
Western blotting (Fig. 1 ¢, f, i). We next determined the
effect of PDK1 pharmacological inhibition on PDAC cells.
Four malignant (HPAF-1I, AsPC-1, CFPAC-1, PANC-1)
and two non-malignant pancreatic epithelial cell lines
(hTERT-HPNE, HPDE) were treated with increasing con-
centrations of selective PDK1 inhibitors. Specifically, cells
were treated with the small molecules GSK2334470 (28]
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siControl and are means + SEM of n 2 3 independent experiments performed in duplicate. T-test and GraphPad Prism version 6.0 were used for statistical
analysis, and data from cells transfected with each siRNA were compared to data from cells transfected with siControl. Representative blots confirming
efficient PDK1 downregulation are also shown (cfi,). GAPDH was used as loading control. *p < 005, **p < 001, **p < 0.001, ****p < 00001
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and MP7 [27] as well as the Inositol (1,34,5,6)
pentakisphosphate (InsPs) derivative  2-O-benzyl-InsPs
(2-O-Bn-InsP;) that we previously reported to target PDK1
selectively [29]. We observed that treatment of all cell lines
with each inhibitor significantly and dose-dependently re-
duced the number of AsPC-1 and HPAF-II cells compared
to control cells treated with vehicle (Fig. 2 a-c). Overall,
non-malignant hTERT-HPNE and HPDE cells appeared to
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be slightly or not sensitive to PDK1 inhibition compared to
PDAC cells, with 2-O-Bn-InsP; not having any statistically
significant effect on hTERT-HPNE and HPDE cell numbers
at any tested concentrations (Fig. 2 a-c). Similar results
were obtained in CFPAC-1 (Additional file 2: Figure Sla,b)
and PANC-1 (Additional file 2: Figure S2a,b). Moreover,
treatment of AsPC-1 cells with the three inhibitors signifi-
cantly reduced their anchorage-independent growth, as
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and 2-0-Bn-InsP; (c) for 72 h, and cell viability was assessed. Data are expressed as percentage of control cells treated with vehicle alone (DMSQO)
and are means + SEM of n 2 3 independent experiments performed in duplicate. For each cell line, one-way ANOVA with Dunnett's multiple
comparisons test was used for statistical analysis between each treatment and its corresponding DMSO-treated control. Analysis was performed
with GraphPad Prism version 6.0. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001

40 50

n monolayer culture. Non-malignant epithelial pancreatic cells (\TERT-

136



Emmanouilidi et al. Journal of Experimental & Clinical Cancer Research

assessed by soft agar assays (Fig. 3 a-c, Additional file 2:
Figure S3a). PDKI inhibition also reduced anchorage-
independent growth in CFPAC-1 (Additional file 2: Figure
Slc,d), PANC-1 (Additional file 2: Figure S2¢,d, Additional
file 2: Figure S3b-d), and HPAF-II (Additional file 2: Figure
S4a,b) cells. It has been reported previously that genetic ab-
lation of PDPK1 reduces KRas“'*"- driven PDAC develop-
ment in a transgenic mouse model and that treatment with
a pan class [ PI3Ks inhibitor reduces PDAC progression in
KPC mice, the animal model that most accurately recapitu-
lates the human disease [26]. Whether pharmacological in-
hibition of PDK1 could also affect progression of PDAC
in vivo has not been previously assessed. To investigate this
possibility, HPAE-II cells (3.5 x 10°) were injected subcuta-
neously into the right flank of athymic CD-1 nu/nu mice
(5-7 weeks old) and mice were treated with MP7 (75 mg/
kg) or vehicle, once xenografts became palpable. No body
weight loss was observed during treatments, indicating that
MP7 is well tolerated at the dose used for this study.
Tumour volumes were monitored every week with the use
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of a caliper, and volumes were calculated as described in
the Methods section. Treatment of mice with MP7 signifi-
cantly inhibited tumour growth in vivo (Fig. 3d), indicating
that targeting PDK1 pharmacologically is able to reduce
PDAC progression in vivo.

Taken together these data indicate that PDK1 regulates
PDAC cell proliferation and that inhibition of the
enzyme can efficiently reduce PDAC growth in vitro. At
the same time, our in vivo results, together with previ-
ous evidence using genetic approaches, indicate that
PDKI1 represents a novel important target to counteract
PDAC progression, and that MP7 might represent a
valuable drug to be used for PDAC treatment.

PDK1 regulates SGK3 activation in PDAC cells

In order to gain further insight into the mechanisms in-
volved in the PDK1-dependent regulation of PDAC cell
growth, we next analysed the effect of PDK1 inhibition
on activation of specific signalling pathways. First, we
observed that treatment of AsPC-1 (Fig. 4 a), CFPAC-1
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(Fig. 4 b) and HPAF-II (Fig. 4 ¢) cells with either
GSK2334470 or MP7 efficiently blocked the FBS-
induced phosphorylation of Akt at its residue Thr308, a
bona fide readout of PDKI1 activity, without affecting the
total levels of Akt. Consistent with reduced Akt activa-
tion, inhibition of FBS-mediated FoxO1(Thr24)/Fox-
03a(Thr32) phosphorylation was also detected in these
cells (Fig. 4 a-c). Since PDK1 has been described to
regulate SGK3 activation [30] we next investigated the
effect of PDK1 inhibition on SGK3 phosphorylation at
its residue Thr320 in PDAC cells. Consistent with data
on Akt Thr308, inhibition of PDKI also reduced SGK3
phosphorylation (Fig. 4 a-c). To investigate further the
signalling pathways regulated by PDK1/SGK3 in PDAC
cells we next analysed the effect of PDK1 inhibition on
the metastasis suppressor N-Myc downstream regulated
1 (NDRGI1) which has been recently identified as a
downstream target of SGK3 [30]. SGK3 has been re-
ported to regulate NDRG1 phosphorylation at its residue
Thr346, which leads to degradation of the protein [30].
A clear inhibition of NDRG1 Thr346 phosphorylation
(both in the absence and in the presence of FBS) was de-
tected in AsPC-1 (Fig. 4a), CFPAC-1 (Fig. 4b) and
HPAF-II (Fig. 4c) cells upon treatment with both PDK1
inhibitors. Increased protein levels of NDRG1 were ob-
served in FBS-stimulated AsPC-1 (Fig. 4a) and CFPAC-1
(Fig. 4b) cells upon treatment with both PDK1 inhibitors
compared to FBS-stimulated, untreated cells. Consistent
with data obtained wusing the two inhibitors,

siRNAs-mediated downregulation of PDK1 also clearly re-
duced SGK3 and NDRGI1 phosphorylation in AsPC-1
(Fig. 5a), CFPAC-1 (Fig. 5b) and HPAF-II (Fig. 5¢) cells.
Taken together these data indicate that PDK1 regulates
both SGK3 and NDRG1 in PDAC cell lines. Interest-
ingly, we noticed that downregulation of SGK3
efficiently reduced the number of AsPC-1 (Fig. 6a),
CFPAC-1 (Fig. 6b) and HPAF-II (Fig. 6¢) cells, suggest-
ing that inhibition of PDKI1 can partly affect PDAC cell
proliferation through its effect on SGK3 activation.

Combination of PDK1 and p110y inhibitors strongly
reduces pancreatic cancer cell growth in vitro

Previous work in our laboratory demonstrated a key role for
the PI3K isoform p110y in PDAC cell proliferation [5]. Con-
sistent with our previous report, we observed that treatment
of HPAF-II and AsPC-1 cells with the p1108/y inhibitor
IPI-145 (Infinity Pharmaceuticals, Inc.) significantly and dose
dependently reduced cell growth (Fig. 7a). Similarly, treat-
ment with the more potent p1108/y inhibitor IPI-742 (Infin-
ity Pharmaceuticals, Inc.) reduced cell growth (Fig. 7b) and
colony formation (Fig. 7c) in HPAF-II cells. Reduced cell
growth was also detected in AsPC-1 cells upon treatment
with IPI-742 (Additional file 2: Figure S5a). Importantly, the
detected inhibition was mainly due to the effect of the com-
pound on p110y as in the same experimental conditions the
specific p1108 inhibitor CAL-101 affected cell numbers only
slightly when used at the highest concentration in HPAF-II
(Fig. 7b) while it did not affect AsPC-1 cells at any of the
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concentrations used (Additional file 2: Figure S5a). Consist-
ent with a specific role for p110y, treatment with IPI-549
(Selleckchem), a novel and specific p110y inhibitor, reduced
anchorage-dependent growth of PDAC cells without affect-
ing the non-malignant pancreatic epithelial cell lines (Add-
itional file 2: Figure S5b). Reduced anchorage-independent
growth was also detected in AsPC-1 (Additional file 2: Fig-
ure S5¢, d) and PANC-1 (Additional file 2: Figure S5¢) cells
upon treatment with IPI-549. Interestingly, we observed that
combination of IPI-145 with 2-O-Bn-InsP5 (Fig. 7d) or
GSK2334470 (Fig. 7e) used at sub-optimal concentrations
resulted in enhanced reduction of HPAF-II cell numbers.
Consistent with this, combination of GSK2334470 with
IPI-742 (Additional file 2: Figure S6a) reduced numbers of
AsPC-1 cells more potently than each inhibitor used at
sub-optimal concentrations. A similar trend was observed in
AsPC-1 cells upon combination of IPI-549 with
GSK2334470 (Additional file 2: Figure S6b) and in CFPAC-1
cells upon combination of IPI-549 with either GSK2334470
or 2-O-Bn-InsP; (Additional file 2: Figure S6c). Finally, we
analysed the effect of these combinations on
anchorage-independent growth. Data indicated that treat-
ment with IPI-742 in combination with either GSK2334470
or 2-O-Bn-InsP; strongly reduced the number of HPAF-II
colonies in soft agar assays, when sub-optimal concentra-
tions of each inhibitor were used (Fig. 7f). A similar trend
was observed in AsPC-1 (Additional file 2: Figure S6d) and
CFPAC-1 (Additional file 2: Figure S6e) cells when
2-0-Bn-InsP5 was combined with IPI-549.

Taken together, these data indicate that simultaneous in-
hibition of the PI3K isoform pl10y and PDKI1 affects
PDAC cell growth more potently than inhibition of p110y
or PDKI1 alone, indicating that combination of drugs tar-
geting the two proteins can enhance their effect.

Discussion
In this study, we identified PDK1 as a novel potential thera-
peutic target in PDAC. First, our data demonstrated that
downregulation of the protein using either pharmacological
inhibitors or specific siRNAs reduced PDAC cell numbers
and colonies formation in soft agar assays, indicating that
PDK1 plays a central role in regulation of PDAC cell
growth. Our results are consistent with a previous study
reporting that pancreas-specific deletion of PDPK1 reduced
acinar-to-ductal metaplasia, pancreatic intraepithelial neo-
plasia formation and PDAC formation in a KRas%'*°-dri-
ven transgenic model [26]. Interestingly, ablation of
PDPKI1 did not affect lung tumour formation in
KRas®'?P-driven models of non small cell lung carcinoma
[26], suggesting a specific role for the enzyme during PDAC
development. Whether PDK1 might act specifically down-
stream of mutant KRas in the context of pancreatic cancer
remains to be established [31]. In this respect, it is worth
mentioning that all PDAC cell lines used in our study bear
a KRas mutation in GI12 [32], possibly providing further
evidence of a specific KRas/PDK1 pathway in PDAC [31].
In an effort to define the mechanisms of PDKI-
mediated regulation of PDAC cell growth, we observed
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that PDKI1 regulated both SGK3 and its downstream
effector NDRG1 in PDAC cell lines. Furthermore, down-
regulation of SGK3 using selective siRNAs reduced
PDAC cell numbers, strongly suggesting that PDKI
regulates PDAC cell growth through SGK3 activation, at
least partly. These data are consistent with accumulating
evidence indicating that PDK1 can contribute to cancer
through activation of several downstream effectors.
Indeed, while for many years the potential role of this
enzyme in cancer was almost exclusively associated with
its regulatory role on Akt activation, several recent data
have revealed additional roles for PDK1, independently
of Akt activation [24, 25]. For instance, it was reported
that constitutively active Akt was not able to rescue the
reduced anchorage-independent growth or the increased
apoptosis resulting from downregulation of PDKI1 in
breast cancer cells MDA-MB-231 [13]. Importantly,
SGK3, that can be regulated through PDKI1-dependent
phosphorylation of residue Thr320 within its T-loop, has
been identified as a key regulator of such PI3K/PDK1-de-
pendent, Akt-independent signalling pathways in cancer
[33]. Evidence includes a study demonstrating that

PDK1-mediated SGK3 activation was critical for
anchorage-independent growth in a subset of PIK3CA (the
gene encoding for p110«) mutant breast cancer cell lines
with minimal Akt activation [23]. Similarly, SGK3 was im-
plicated in Akt-independent oncogenic signalling [33]. Our
data strongly suggest that SGK3 is involved in regulation of
PDAC cell growth downstream of PDK1. Whether PDK1
controls PDAC growth solely through SGK3 activation, in
an Akt-independent mechanism, remains to be established.

Our study further demonstrates that pharmacological
inhibition of PDK1, using three distinct chemical com-
pounds, strongly reduced both anchorage-dependent
and anchorage-independent PDAC cell growth in vitro.
Importantly, we also show that chemical inhibition of
PDKI1 reduced growth of PDAC cells in vivo.

Several lines of evidence now support the conclusion
that PDK1 is an important potential therapeutic target
in different cancer types and that its inhibition can prove
beneficial to reduce growth of several cancer cell types.
For instance, we reported that inhibition of PDK1 with
2-O-Bn-InsP; was able to reduce cell numbers in differ-
ent cancer cell lines as well as growth of prostate cancer
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PC3 cells in a xenograft model in nude mice [29]. Simi-
larly, MP7 reduced soft agar colony formation in a sub-
set of cancer cell lines as well as primary tumour
xenograft lines [34]. Results from our study further sup-
ports the conclusion that PDK1 represents an important
molecular target to develop novel therapeutic
anti-cancer strategies. More importantly, our results in-
dicate that inhibition of PDK1 can represent a useful
strategy to counteract progression of PDAC. As there
are very few treatments available for pancreatic cancer
patients which provide a very limited increase in sur-
vival, these results might represent an important step
towards the identification of novel, much needed, thera-
peutic options for this deadly disease.

Finally, we report that inhibition of PDK1 potentiates the
effect of other drugs in PDAC cell lines. We previously
demonstrated that the class IB PI3K isoform pl10y is over-
expressed in PDAC and it has a critical role in PDAC cell
proliferation [5]. Here we show that combination of select-
ive pllOy inhibitors with PDK1-targeting compounds re-
duced anchorage-dependent and independent-growth of
PDAC cells more potently than each treatment alone, when
used at sub-optimal concentrations. [t remains to be estab-
lished whether p110y and PDK1 act on the same or on dis-
tinct signalling cascades to regulate PDAC growth. Indeed,
the enhanced effect of the combined treatment might be
the result of full inhibition of the same signalling pathway,
as opposed to the effect of each compound alone that, used

141



Emmanouilidi et al. Journal of Experimental & Clinical Cancer Research

at sub-optimal concentrations, would inhibit the pathway
only partially. On the other hand, we cannot rule out the
possibility that the combination of the two classes of
inhibitors can overcome mechanisms of resistance and re-
sult in more pronounced inhibition of PDAC cell growth.
In this respect, it is worth mentioning that several lines of
evidence now suggest that PDK1 can have a role in cancer
chemoresistance and that its inhibition can promote che-
mosensitization [35]. Interestingly, SGK3 has been linked
to development of mechanism of resistance to PI3K and
Akt inhibitors [36] therefore it is tempting to speculate that
the additive effect that we detected by using combination
of p110y and PDK1 inhibitors might be due to inhibition of
potential PDK1/SGK3-mediated intrinsic mechanisms of
resistance to p110y inhibitors. Additional studies are now
required to ascertain whether combination of p110y and
PDK1 inhibitors would prove to be more efficient than each
single agent administration in in vivo models of PDAC.

Conclusions

In summary, in this study we demonstrated that inhibition
of PDK1 reduces PDAC cell growth in vitro and in vivo.
These results, together with previous evidence using
genetic ablation of PDPKI, provide a strong rationale to
investigate further the use of PDKI1 inhibitors in
PDAC as novel therapeutic strategies for pancreatic
cancer patients. Our data further suggest that com-
bination of PDK1 inhibitors with selective PI3K inhib-
itors might enhance their anti-cancer activity, possibly
by targeting SGK3-dependent resistance mechanisms.
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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. (Fernandez, 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 TGFf
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, ITGasP4 / ITGasB1-containing exosomes dictate lung tropism
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whereas ITGa,fs 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-y 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 itis 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 (Maclver,
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

612D mutation, and we observed reduced

number of PDAC cell lines bearing the Kras
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 pl110y 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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