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ABSTRACT

Background and Aims: Over 80% of patients with pancreatic ductal adenocarcinoma
(PDAC) are diagnosed with concurrent metastases. Over the last 50 years,
conventional treatment approaches have had little impact on the course of this
disease. Therefore, the development of new treatment strategies to control PDAC is
needed. We propose the use of 3D extracellular matrix (ECM) scaffolds that could
redefine in vitro models of PDAC and preclinical testing of novel therapies.

Methods: Decellularised human pancreata and livers were characterised for the
elimination of cellular material and preservation of ECM proteins and micro-
architecture using histology, immunohistochemistry (IHC) and quantification kits. Both
primary (PANC-1 and MIA PaCa-2) and metastatic pancreatic tumour cells (PK-1)
were seeded onto 5 mm? scaffolds, as well as 2D cultures. Histological analyses were
used to confirm cell attachment and migration/invasion. Further, changes in protein
expression (IHC) and gene expression (QPCR and RNAseq) were evaluated at day 14
post reseeding. Treatments with doxorubicin and Gemcitabine were performed,;
viability (AlamarBlue), protein expression (IHC) and gene expression (RNAseq)
analyses were performed to test therapy-resistance in the 3D systems.

Results: All primary PDAC cell lines were able to migrate and invade the pancreas
scaffolds whereas several of these cells were only able to attach superficially onto the
liver scaffolds. PK1 cells were able to exclusively migrate and invade the liver scaffolds
and only attached superficially onto the pancreatic scaffolds. These differences were
supported by significant deregulations in gene and protein expression (i.e. MMP9,
WNT1, B-CATENIN) between pancreas scaffolds, liver scaffolds and 2D culture.
Interestingly, both primary and metastatic cells were found significantly more resistant
to all chemotherapy treatments in the 3D models when compared to 2D cultures, even
though confocal microscopy confirmed the uptake of drugs into the cells.
Conclusion: Our results suggest that primary and metastatic pancreatic cancer cells
manifest a conserved invasive behaviour depending on the 3D ECM structure of origin.
Moreover, there is an evident alteration in cell response to different cancer-therapies
in the presence of a natural ECM niche. These observations provide a proof of concept
for the development of an effective bio-engineered model for drug discovery, therapy

screening and biomarker discovery.
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IMPACT STATEMENT

Pancreatic ductal adenocarcinoma (PDAC) accounts for over 90% of all pancreatic
cancers and affects over 350,000 new cases per year globally. PDAC is currently
considered the fourth leading cause of cancer death and is projected to become the
second biggest cancer killer by 2030. The striking similarity between incidence and
fatalities highlights the dismal prognosis of this disease. The median survival is less
than 6 months, and the 5-year survival rate is between 3-5%. This low survival rate is
multifactorial, mainly attributed to its aggressive biology, its capacity to rapidly
disseminate to the lymphatic system and distant organs and its resistance to
conventional therapies. This is further complicated by PDAC’s relatively asymptomatic
clinical course. Indeed, this disease is almost incurable, with patients commonly

diagnosed at a metastatic or locally advanced stage

Therapeutic options are limited and until recently, there was no standard second-line
chemotherapy option. Despite intensive research, the median survival time of patients
with PDAC has remained nearly constant during the last four decades. Currently,
surgery followed by adjuvant therapy remains the standard of care for patients with
resectable and non-metastatic PDAC. Unfortunately, tumour recurrence rates are high
after resections, reaching up to 70%. There is a clear lack of translation between initial
clinical response and overall survival. Several studies have attempted to understand
the underlying reasons for such therapeutic failure. The two most common theories
involve biological chemoresistance and physiological chemoresistance. However,
investigating these theories is not straightforward. Whatcott and colleagues highlight
this issue, stating, “...studies of its [physiological chemoresistance] clinical relevance

are made difficult by the lack of good models to study their effects.”

With this in mind, my thesis introduced the use of 3D extracellular matrix (ECM)
scaffolds that could redefine in vitro models of PDAC and preclinical testing of novel
therapies. Decellularised human pancreata and livers were seeded with both primary
and metastatic PDAC cells. The resultant models demonstrated a conserved tissue-
specific cell behaviour depending on the 3D ECM of origin. Moreover, there was an

evident alteration in cell response to different cancer-therapies in the presence of a
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natural ECM niche. These observations provide validated and effective bio-
engineered in vitro models for therapy screening, development and biomarker

discovery.

Indeed, the models presented in this thesis have been utilised by other academic
research groups to study (i) patient derived xenograft cells, (i) photodynamic
therapies, (iii) pancreatic neuroendocrine tumours and (iv) NK cell immunotherapy. All
the work carried out as part of these collaborations is currently being prepared into
manuscripts for publication. Additionally, the models, techniques and datasets
presented here have been licensed to a UCL spin-out biotechnology company, Engitix
Therapeutics, to identify novel drug targets and effective therapeutics for PDAC.
Finally, the decellularised pancreata described here can further be utilised to produce
tissue-specific ECM hydrogels for high throughput screening for drug discovery.
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* CHAPTERT -

“I think there are two keys to being creatively productive. One
is not being daunted by one's fear of failure. The second is

sheer perseverance.” : :
- Mary-Claire King
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1. INTRODUCTION

1.1 Background and Vision

Over 50% of patients with pancreatic cancer are diagnosed at the metastatic stage
and die due to the debilitating metabolic effects of their unrestrained growth (1).
Despite efforts in the past 50 years, conventional treatment approaches have had little
impact on the course of this aggressive neoplasm. Therefore, the development of new
treatment strategies to control cancer growth and metastasisation is of immediate
urgency. Fulfilment of this challenging task relies on our knowledge of the cellular and
molecular biology of both primary and metastatic pancreatic cancer and the use of
suitable 3D extracellular matrix (ECM) models will undoubtedly help defining individual

and collective aspects of this complicated process.

1.1.1 Three Dimensional Scaffolds

Tissue engineering has recently emerged as an exciting field for both regenerative
medicine and in vitro 3D cell cultures (Figure 1). The focal point of tissue engineering
since its emergence has been biomaterials, as it is the most understudied and
challenging component amongst the three pillars of tissue engineering, i.e. scaffolds,
cells, and growth factors. All biomaterials have one role, and that is to mimic the ECM,
which is composed of multiple protein components depending on the tissue source.
Although some tissue contain the same components such as collagen,
glycosaminoglycans, fibronectin and different growth factors, it is according to
Martinez-Hernandez and Amenta, “the different concentrations, ratios, and
associations of these components that result in an ECM tailored to the needs and
functions of specific organs” (2). Therefore, the ECM components define cellular

processes required for sufficient function of tissues and organs (3, 4).
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1.1.1.1 Biological Scaffolds: Decellularised Tissue

Decellularised tissue scaffolds are derived by stripping tissues or organs of their native
cellular material while attempting to retain as much of the ECM components,
microarchitecture and microscale biomechanical properties and functions as possible,
in the form of the ECM. There are many strategies available to achieve this, and the
best combination depends on the composition of individual tissues (further described
in section 1.2).

THREE MECHANICAL CHEMICAL NATIVE
DIMENSIONALITY PROPERTIES COMPLEXITY ORGANIZATION

Artificially fabricated 3D scaffolds
3D gels of natural ECM components
Cell-derived 3D matrices

Decellularized tissue and organ scafolds

Figure 1. Schematic comparison of different 3D scaffolds. Decellularised tissue and cell-derived
matrices comprise all four characteristics of 3D scaffolds; three dimensionality, mechanical properties,
chemical complexity and native organisation. Artificially fabricated and gel scaffolds are less complex
and only possess some of these features. Image from Evangelatov et al (5)

1.1.1.2 Biological Scaffolds: Natural Polymers

Natural polymers are those derived from “natural sources” such as animal/human
tissue or plants. These include polymers derived from the ECM such as; collagen,
laminin, elastin, fibronectin and GAGs. Collagen, a family of at least 29 members (6),
is the most abundant protein in all mammals (7). They serve different functions but are
all defined by a triple helix of proline rich tripeptide Gly-X-Y (8). Collagen scaffolds
have been investigated concerning heart valves (9), lung cancer (10), pancreas
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cultures (11), renal regeneration (12) among others. An advantage of collagen
scaffolds includes the abundance of the protein, which could also represent one of its
disadvantages; where collagen 1, 3 and 4 can be produced with relative ease but the
remaining collagens are rarer and much harder to isolate. Additionally, another evident
disadvantage is the cross-linkers used to maintain the 3D architecture which usually
involves cytotoxic substances e.g. glutaraldehyde (13).

Chitosan is an example of a natural polymers found on the exoskeleton of crustaceans
and insects or the cell wall of fungi (14). It is produced from chitin to form a linear
polysaccharide of de-acetylated and acetylated glucosamine (15) which can be cross-
linked to produce scaffolds (16). Chitosan based scaffolds, usually in combination with
other polymers, have been studied for several tissue engineering applications that
include skin (17-19), bone (20, 21), cartilage (22-24), liver (25, 26) and pancreas (27-
29) among others. Chitosan scaffolds are commonly fabricated into two forms;
hydrogel or sponges, which have similar advantages but different disadvantages.
Advantages of chitosan include biodegradability (30, 31), bio- and cyto-compatibility
(32) and modifiable mechanical properties (33-35). However, chitosan is very hard to
solubilise (36) and chitosan hydrogel was found to produce uncontrollable dissolutions
(37) along with undesirable cross-linking (38). On the other hand, chitosan sponges

were found to shrivel and have low porosity (39).

Agarose is another natural polymer extensively used in the field of tissue engineering.
It is extracted from Agar which is found in the algae Rhodophyta and is also a linear
polysaccharide of repetitive agarobiose (40). Agarose scaffolds are most commonly
produced either as layers of fibres or as hydrogels. Examples of agarose fiber
scaffolds that have been used for tissue engineering include application in wound
healing (41, 42) and neural tissue repair (43). Agarose hydrogels make them more
suitable for a larger amount of scaffold applications which include that for cartilage (44,
45), vascularisation (46), spinal cord (47), pancreas (48) and liver (49). Agarose is an
appropriate material in the field of tissue engineering as it's easily accessible, highly
soluble, biodegradable and biocompatible (50). A few notable disadvantages of using

agarose include difficulties in pre-encapsulating cells within the scaffold due to a high

21| Page



gelling temperature, even though successful efforts into reducing the gelling point, but
with a higher cost, have been established.

1.1.1.3 Synthetic Scaffolds

These scaffolds are compossed of synthetic polymers produced through a chemical
process. The major classes of degradable polymers used in the field of tissue
engineering are polyesters, polyether esters and polyurethanes because of their ability
to be easily tailored to suite desirable mechanical properties, pore sizes and
degradation kinetics. Examples of polyesters include polyglycolic acid (PGA),
polylactic acid (PLA) and their copolymers. PGA is used extensively as a mesh, due
to its rapid degradation in vivo (51). Whereas, PLA is less prone to degradation owing
to its higher degree of hydrophobicity (52). PLA can be produced in different forms
that include L or D enantiomers (PLLA and PDLA) and a combination of both (PDLLA)
(53). These forms have shown to be highly successful for cell attachment and
proliferation (54). Further, copolymerisation of PGA and PLA (PLGA) has been
fabricated and used extensively in tissue engineering as it combines the advantageous
properties of both polymers. Indeed, it is one of the most used synthetic polymer in
tissue engineering (55) and has been utilised for liver (56), skin (57), skeletomuscular
(58-60) and nerve studies (61). As a result of extensive studies on polyesters, their
limitations are very well recognised and include acidic by-products (62), non-specific
signalling to cells (63) and an inflammatory response (64) and graft necrosis (65) when
implanted.

Polyether esters are most commonly found in the field of tissue engineering as
polyethylene glycol (PEG) and polybutylene terephthalate (PBT). Indeed, the
combination of PEG and PBT as scaffolds has attracted much research due to their
elasticity and stiffness, respectively (66). This research has focused mainly on bone
regeneration, as has been demonstrated by several groups, which presented an
excellent capability of PEG/PBT to adhere bone marrow stromal cells and enhance
bone bonding (67). PEG and PBT have also been explored for other tissue, mainly for
microencapsulation of cells, including hepatocytes (68) and islet cells (69). Studies
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have shown that unmodified polyether esters, when transplanted, cause ROS
induction and injury to endogenous tissue (70), while coated/modified polyether esters

resulted in a reduction of protein absorption within the scaffolds (71).

Polyurethanes have been regarded unworthy in the field of tissue engineering for
many years due to its toxic by-product 2,4-diaminotolene (72). This has recently
changed when research on the conjugated form of polycarbonate urethanes (PCU), a
polyurethane, with polyhedral oligomeric silsesquioxane (POSS) was found to
eliminate the degradation of 2,4-diaminotolene and form a strong and highly
viscoelastic nanocomposite (73). POSS-PCU has been used extensively for vascular
tissue engineering due to its ability to increase the viability of endothelial cells (74).
Additionally, POSS-PCU has been explored for cardiovascular bypass grafts (75),
lacrimal ducts (76), and tracheas (77). Overall, not enough studies have been
performed on POSS-PCU for limitations to be determined, however transplanted
POSS-PCU tracheas proved to be controversial with all patients being deceased
shortly after the procedure (78). Additionally, comparisons of different trachea grafts
after transplantation in animals showed that POSS-PCU had worst morbidity and

mortality compared to Herberhold and decellularised grafts (79).

1.1.2 2D versus 3D cultures

2D cultures have represented the primary approach used in molecular and cell biology
research. Much of the 21st century’s scientific breakthroughs have taken place on 2D
cell cultures. However, 2D cell cultures have also demonstrated various limitations
depending on the cell type used. A significant limitation associated with 2D cultures is
irregular cell growth, which was represented by Hess et al. using a human
glioblastoma cell line U87-MG (80). Such limitations include the unnatural, stiff and flat
(monolayered) polystyrene dishes, which results in denatured and distorted cells (80).
Additionally, the area of the cell attached to the plastic is not suitable for cellular
uptake, and this makes cell survival a more significant challenge (81). Therefore, 2D
cultures significantly alter cell morphology, which is highly regulated by cell-matrix and
cell-cell attachment.
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To overcome these limitations, 3D cultures were introduced. Naderi et al. observed
that in 3D cultures, the growth environment mimics the natural conditions of organs
and tissues (82). This nature of 3D cultures promotes physical cell-cell attachments
and helps to generate cells with natural structures and compositions (83, 84). Also, 3D
bioscaffolds allow cells to have more gap junctions than 2D cultures (85). Gap
junctions’ advance cell-cell communication through the exchange of molecules,
electrical currents, and ions (Figure 2). This property of 3D bioscaffold cultures, and
more specifically decellularised scaffolds, encourages gene expression in cells and

thus overcomes the unnatural signal transduction experienced with 2D cultures (86).
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Absence of exogenous signalling factor gradients Presence of exogenous signalling factor gradients
Stiffness of material is >2 GPa Stiffness of material in the region of 1-20 KPa
Lack of ECM-specific bioactive cues Presence of ECM-specific bioactive cues
Cell-cell interactions only on x-y plane Cell-cell interactions on all planes

Figure 2. Schematic comparing effect of 2D and 3D cultures on cells. 3D culture microenvironments
maintain essential cellular cues. Image adapted from Baker and Chen (87)
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1.1.3 Animal Models versus 3D Decellularised Scaffolds

Animal models are critical in experimental testing as they can be used to investigate
disease progression and to study the impact of drugs in vivo. According to Hartung,
like all models, animal models too have their limitations (88). One of the critical barriers
associated with animal models in experimental testing is the insufficient correlation
between animal/rodent experiments and humans. Moreover, where same
experimental procedures were performed on distinct animal species, the correlation
was found to be only 70% (88). In this regard, animal model experiments have critical
inaccuracies. The second major limitation considers variation in the pharmacology of
drugs between humans and animals. There are usually significant differences
regarding drugs pharmacokinetics between humans and animals. This makes it
difficult to directly relate results obtained from animal model experiments to human
conditions (89).

With the introduction of decellularised scaffold as 3D in vitro cultures, many of the
limitations connected with animal models can be eliminated. To begin, Robinson
states that 3D bioscaffold cultures can overcome inaccuracies experienced while
using animal models, by helping researchers detect potential changes that will take
place in humans (90). This is because bioscaffold cultures use preserved human
matrices (91). Using decellularised scaffolds, human cells and tissues that resemble
the natural human organs can be produced. This makes it possible to predict the real
toxicological impacts that a drug may have on humans (90). An additional benefit of
3D bioscaffold cultures is that the ethical issues encountered with animal models could
be eliminated (92).

1.1.4 Importance of 3D Cultures for Pharmaceuticals

Pharmaceutical companies are becoming increasingly wary of the expenses incurred
in exploring and developing new drugs. In 2010, Eli Lily and Company conducted a
study to estimate the costs incurred in drug discovery and development (93). Using

data from 2008 and of thirteen major pharmaceuticals, the study found that $1.8 billion
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was the entire cost incurred while producing a single drug (93). Despite the staggering
amounts spent on drug discovery and development, drug failures are witnessed in
many companies, and these failures are typically detected during human clinical trials
(93). At the heart of drug failures lie inadequate and unreliable drug screening
processes that primarily depend on 2D in vitro cell cultures (Figure 2), or on animal
models (94).

3D bioscaffold cultures can be introduced to help pharmaceuticals overcome this
challenge, by closing the gap between 2D cultures and animal models as well as
animal model and human trials. Growing cells in decellularised scaffolds enables
drugs to be tested on native in vitro human tissue and cells (95, 96). Thus, the potential
toxic effects and ineffective components of drugs can be established and investigated
adequately before the clinical trials (97). 3D bioscaffold cultures also deliver
exhaustive culture information, which is predictive of the in vivo drugs responses and
representative of tissue morphology (98). In summary, the features that 3D
bioscaffolds can offer will significantly advance drug screening processes, which
would help pharmaceuticals reduce costs connected with failed drugs and animal

experiments (99).

1.2 Tissue Decellularisation

Several factors need to be taken into consideration when attempting to develop an
effective decellularisation protocol. This is due to the distinct composition of the
different types of tissue. A good example of this high ECM variability between different
tissues/organs would be healthy pancreas tissue compared to healthy tendon tissue;
i) the pancreas is composed of more than 8 cell types (100), whereas tendons are
composed of only two (101, 102). ii) The pancreas has a hydroxyproline density of
20,000-34,000 ug/g of dry tissue (103) compared to the tendon’s 12,000-20,000 ug/g
of dry tissue (104). iii) The pancreas is packed as layers of ECM interconnected by

supporting connective tissue (105), whereas tendons have a fibril and fascicle packing
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ECM structure (106). These factors are only 3 out of many variables that can affect
the decellularisation profile of the tissue in hand and therefore, for optimal results, the
reagents and protocols employed should not only be generalised to the specific tissue
type, but also to specific characteristics of the tissue, e.g. disease or healthy. This
section will review the mechanisms and reagents used in literature for tissue
decellularisation (Table 1), while focusing on those that can be most useful for healthy

pancreas tissue.

1.2.1 Physical Forces

Regardless of the reagents used, there should always be some sort of mechanical or
physical aspect to the protocol. Tissue placed in reagents in a static state would
certainly not cause it to decellularise. The two main reasons for this is that 1) the
reagents need to be flushed through the tissue to be able to reach into its core and 2)
a mechanical and physical stress to the cells would lead to a much more efficient cell
lysis. It is the mechanical and physical forces that lead to faster and more efficient

decellularisation protocols/systems.

1.2.1.1 Temperature

Researchers have extensively used freeze-thaw cycles for tissue decellularisation.
The rationale behind such cycles is to cause cell lysis by the ice crystals forming during
freezing. The protocol normally includes freezing the tissue to around -75 °C and then
rapidly thawing it back to around 37 °C. This method has proved to be extremely
effective at breaking cells apart in several tissue types, including adipose tissue (107),
lung (108), tendons (102, 109), ligaments (110) and nerve (111). The freeze-thaw
protocol needs to be carefully controlled as the ice-crystals can also disrupt the ECM
ultrastructure. This has been demonstrated by both Prasertsung et al. while
decellularising porcine skin, and Hopkinson et al. while decellularising amniotic

membrane (112, 113). While freeze-thaw cycles have been used for low ECM density,
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e.g. lung decellularisation, the effort needed to keep all condition exceptionally
controlled could eclipse the advantages of using such a method (114). It is clearly
noticeable that using freeze-thaw cycles for decellularisation is more useful and less
destructive to tissues with denser ECM. Such limitations explain the lack of

publications that use freeze-thaw cycles for liver decellularisation.

1.2.1.2 Agitation

Agitation is the mechanical abrasion of cells within the tissue. Several
techniques/systems have been used to cause this effect. These can be summed up
into two categories, direct and indirect mechanical agitation. Sonication is a form of
indirect mechanical agitation, in which sound waves (>20 kHz) are used to agitate
particles within the cells, which in turn causes cell lysis. Sonication is not a common
technique, but has been used by several labs for tissue decellularisation, including
heart and small intestine tissue (115-118). The reason for this is that, similar to freeze-
thaw cycles, sonication cannot be used during the whole protocol, and is mainly used
as an additional step within a protocol. Therefore, sonication is usually followed by
another agitating process during chemical and enzymatic treatments for it to be
effective (118, 119). Olivier et al. tested several decellularisation techniques, which
included sonication, and found that sonication on its own is ineffective for complete
tissue decellularisation. The only exception to this is a novel system developed by
Azhim et al., which allows for continuous sonication, at 170 kHz frequencies, while
aortic tissue is being treated with chemical reagents. Azhim and collaborators
managed to slightly reduce the overall time needed for complete decellularisation
(120, 121).

Another system used for agitation is a shaker, which involves a flat board moving in
horizontal rotational oscillations. The first use of such agitation for the purpose of
decellularisation was performed by Brendel et al. in 1989 (122). Since then, many labs
have picked up on this, and it has become the most commonly used technique for
direct mechanical agitation during decellularisation (122-128). Unfortunately, none of

the papers that mention the use of a shaker reveal the speed of the oscillation used,
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and only one patent does (124). Yet again, the patent by Bishopric et al. describes the
speed in rpm (110 rpm precisely), not in G-force, which does not indicate anything
without diametric measurements of the shaker’s plate (124, 129). This could explain
why no one else describes the speed, as it is difficult to calculate the diameter of

movement of a shaker.

Direct and indirect mechanical agitations have similar effect on the tissue. If all other
variables are null (e.g. time, chemical and enzymatic reagents), then both direct and
indirect agitation results in a well preserved ECM. Thus, the challenge lies in the
exploitation of these agitations, and to what extent they can be used to compromise

between time and ECM preservation.

1.2.2 Hypotonic and Hypertonic Solutions

Hypotonic and hypertonic solutions are primarily used to cause an osmotic shock to
the cells, leading to the burst of the cells. Hypotonic solutions lead to the flow of water
from the solution into the cells in an attempt to equilibrate the water concentration
inside and outside the cell. The opposite is true for hypertonic solutions. It is assumed
that a hypertonic solution has a greater effect on the nucleus in comparison to the
actual cell membrane. Regardless, almost all decellularisation techniques include
some sort of hypotonic or hypertonic solution (125, 130, 131). A hypotonic solution
usually consists of distilled water, although in some cases TRIS buffer has been added

to the distilled water to make it more hypotonic (124).
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1.2.3 Chemical Agents

1.2.3.1 Acids and Bases

Acids and bases are known for their catabolic effect on proteins. Acids tend to oxidize
proteins and cellular debris whereas bases usually reduce them. This causes the
denaturation of proteins by disrupting the quaternary, tertiary and secondary structure
of proteins. Furthermore, acids and bases disrupt nucleic acids thereby, breaking
down RNA and DNA. De Filippo et al. showed that using ammonium hydroxide as part
of the decellularisation protocol resulted in the removal of cellular remnants (132).
Peracetic acid, best known for sterilisation, is also used during decellularisation. It is
alleged that peracetic acid is useful for DNA and RNA removal, as it is effective at
breaking down the phosphate backbone and therefore, making the removal of nucleic
acids from tissue much more efficient (133). Other acids including; hydrochloric acid
(84), acetic acid (134) and sulphuric acid (135) have also been recognised as positive
additives to decellularisation protocols. Although the aforementioned is desirable for
decellularisation, acids also affect the ECM equally. Many acids including those
mentioned above have displayed undesirable effects; mainly by lysing essential
molecules such as glycosaminoglycans (GAGSs) from collagenous tissue (136). Bases
on the other hand are usually avoided as decellularisation reagents. Bases are known
for their aggressive mode of action. In this case, they have a catastrophic effect on
growth factors within the ECM. They also decrease the mechanical properties of the

tissue in hand. This is due to the cleavage of collagen fibrils (137).

1.2.3.2 lonic and Non-ionic Detergent

All publications involving tissue decellularisation use at least one ionic or non-ionic
detergent within their decellularisation protocol. There is no perfect detergent and each
detergent has both its advantages and disadvantages. As mentioned earlier, the
efficiency of decellularisation greatly depends on the time of exposure of the tissue to
the reagents, which in turn varies significantly according to; (i) the type of tissue, (ii)
the species of which the tissue has been obtained from, (iii) age of the donor and (iv)

the state of the tissue (i.e. diseased versus healthy).

30|Page



Non-ionic detergents function by cleaving lipid-lipid and lipid-protein interactions. On
the other hand, they cannot process protein-protein interactions, meaning that ECM
proteins should be preserved following non-ionic treatment (138). One non-ionic
reagent that has stood out from the rest is Triton X-100. Searching for the topic “triton”
and “decellul*” results in 227 publications on webofknowledge.com, which is only
bettered by “SDS” (see ionic reagents) resulting in 269 publications. As expected,
Triton X-100 differed greatly in its efficiency to remove cells between tissues. A study
by Dahl et al. demonstrated that using Triton X-100 was not effective enough at
eliminating cellular or nuclear debris from vessels (125). Whereas another study by
Grauss et al., found that using Triton X-100 on aortic valves was efficient at removing
nuclear material, but ineffective at removing cellular debris (139). In another study on
mice livers, Triton X-100 managed to completely decellularise the tissue (140).
Regardless of the decellularisation efficacy, in all three mentioned studies, Triton X-
100 managed to preserve collagen’s integrity, but left almost no GAGs attached. It is
obvious that Triton X-100 can be beneficial for tissue decellularisation, but again, all
factors mentioned earlier should be considered, including other chemical/enzymatic

reagents that could be used in conjunction with Triton X-100.

On the other hand, ionic detergents, whose mode of action is almost the opposite to
that of non-ionic detergents, are effective in disrupting protein-protein interactions,
meaning they are successful at destroying cellular debris, but also at destroying key
components of the ECM. Two widely used ionic detergents are Sodium dodecyl sulfate
(SDS) and Sodium deoxycholate (SDC). Starting with SDS, it appears that it is the
most effective detergent if all variables are considered. Most publications, regardless
of the tissue used, seem to agree that SDS removes most of the cellular components
and manages to break down the nuclear membrane, leaving behind a small fraction
of nuclear waste (91, 130, 141-145). Unfortunately, all papers also agree that SDS
alters the ECM, disrupting the integrity of collagen (91, 130, 141-145). It also removes
GAGs from the ECM, although not to the extent of Triton X-100 (146). Another
limitation of SDS is the fact that it is very hard to wash out of the tissue, some
researchers have solved this issue by following SDS with Triton X-100, but as
mentioned earlier, this would be catastrophic to anyone wishing to preserve GAGs
(147).
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SDC is very similar to SDS, with the exception that SDC removes more of the cellular
components and breaks down the nuclear membrane (91, 130, 141-145). It is argued
in several publications that SDC causes greater damage to the ECM than SDS, but it
is hard to prove such claims, as SDC is ineffective on its own, and therefore it is hard
to prove that SDC is solely responsible for the damage. SDC is usually also followed
by some sort of DNA/RNA extracting agent (e.g. nucleases) (148).

1.2.3.3 Other reagents

Other reagents are also used for decellularisation, including zwitterions and chelating
agents. These reagents are commonly combined to ionic or non-ionic detergents.
Zwitterions are special because they contain both ionic and non-ionic properties. An
example of a zwitterion used in decellularisation is 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). CHAPS and zwitterions, in general,
are harsher on ECM proteins, as they are a stronger protein inhibitor. Petersen et al.
attempted to decellularise lung tissues with a high concentration of CHAPS, and no
ionic or non-ionic reagents (149). The authors managed to demonstrate that collagen
was fully retained, but there was a significant decrease in the amount of elastin and

GAGs available after decellularisation (149).

Chelating reagents are ions that form a specific ring shape and bind to metal ions
(150). This makes chelating reagents useful in detaching cells from the ECM. This is
accomplished by breaking the calcium and magnesium ions needed for cell
attachment (151). EDTA, the most used chelating agent and similar to CHAPS, is
hardly ever used on its own. Other reagents, e.g. SDS, SDC or Triton X-100 need to
be used prior to EDTA to lyse cells into debris, which would then allow EDTA to work
more efficiently at flushing cell debris out the ECM (123, 152, 153).
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1.2.4 Enzymatic Reagents

Enzymatic reagents can be categorised into: (i) enzymes that aim to detach cells from
the ECM, e.g. trypsin and (ii) those that aim to break down and remove nuclear
material, e.g. nucleases. Trypsin is widely used in 2D cultures to detach adherent cells,
and therefore, in conjunction with EDTA, was used much more frequently during the
late 1990s and early 2000s for the decellularisation process. With time, investigators
realised that trypsin has drastic effects on the ECM and almost completely removed
elastin, fibronectin, laminin and GAGs (123, 152, 153). Nucleases on the other hand,
have little or no effect on the ECM, but are not without an adverse effect on the overall
outcome of tissue. Nucleases are used when other reagents e.g. SDS, SDC or Triton
X-100, do not manage to remove enough nuclear material, under what is accepted
(“<50 ng dsDNA per mg ECM dry weight”) (154). The amount of DNA removed has
been demonstrated to have a direct correlation to agitation speed. In other words,
faster agitation speed would result in a better flow of reagents through the tissue, which
in turn would result in a more efficient flush of nuclear material out of the tissue (154).
Nevertheless, increasing speed of agitation could result in a higher ECM damage.
Therefore, as most protocols use mild agitation, nucleases are often used (126, 130,
149, 155); though, nucleases are hard to remove from the tissue, and therefore there
have been arguments regarding the immunogenic response that can be caused by the

nucleases themselves.
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Method
Physical forces
Snap freezing

Direct mechanical
agitation

Sonication

Chemical Agents

Acids and Bases

Hypotonic and
Hypertonic solutions

Non-lonic detergents

Triton X-100

lonic detergent

Sodium dodecyl sulphate
(SDS)

Sodium deoxycholate
(SDC)

Zwitterionic detergents

CHAPS

Mode of action

Intracellular ice crystals disrupt
cell membrane

Can cause cell lysis, but more
commonly used to facilitate
chemical exposure and cellular
material removal

Can cause cell lysis by disrupting
cell membrane

Solubilises cytoplasmic
components of cells, disrupts
nucleic acids, tend to denature
proteins

Cell lysis by osmatic shock,
disrupt DNA-protein interactions

Disrupts lipid—lipid and lipid—

protein interactions, while leaving
protein—protein interactions intact

Solubilises cytoplasmic cells and
nuclear cellular membrane tends
to denature proteins

Very similar mechanism to SDS

Exhibit properties of non-ionic
and ionic detergents

Effects on ECM

ECM can be disrupted or
fractured during rapid freezing

Aggressive agitation can disrupt
ECM as the cellular material is
removed

Aggressive sanitation can disrupt
ECM as the cellular material is
removed

May damage collagen, GAG,
and growth factors

Effectively lyses cells, but does
not effectively remove cellular
residues

Mixed results; efficiency
dependent on tissue, removes
GAGs

Removes nuclear remnants and
cytoplasmic proteins; tends to
disrupt native tissue structure,
remove GAGs and damage
collagen

Mixed results with efficacy
dependent on tissue thickness,
some disruption of ultrastructure
and removal of GAG

Efficient cell removal with ECM
disruption similar to that of
Triton X-100

Ref.

(102,
107-114)

(122-
129)

(115-
121)

(84, 132-
134)
(135-
137)
(124,
125,
130,
131)

(125,
138-140)

(91, 130,
141-145)

(91, 130,
141-145,
148,
150)

(149)
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EDTA

Enzymes

Nucleases

Trypsin

Chelating agents that bind divalent

metallic ions, thereby disrupting
cell adhesion to ECM

Catalyze the hydrolysis of
ribonucleotide and
deoxyribonucleotide chains

Difficult to remove from the
tissue, could invoke an immune
response

No isolated exposure, typically
used with enzymatic methods

(e.g., trypsin)

Difficult to remove from the
tissue, could invoke an immune
response

Prolonged exposure can disrupt
ECM ultrastructure, removes
ECM constituents such as
collagen, laminin, fibronectin,
elastin, and GAG, slower
removal of GAG compared to
detergents

(123,
150-153)

(126,
130,
149,
154,
155)

(123,
152,
153)

Table 1. Decellularisation methods; mode of action and effect on the ECM. Adapted from Crapo et
al. 2011 and Gilbert et al. 2006 (150, 154).

13

Pancreas Anatomy, Function and Diseases

1.3.1 Macro and Microanatomy of the Pancreas

In a retroperitoneal manner, the pancreas is situated at the level of the first lumbar

vertebrae (L1) and the third lumbar vertebrae (L3) (156). On average, the pancreas is

15 cm in length, 3 cm in breadth, 1.5 cm in thickness and weighs about 100 grams

(157, 158). The head of the pancreas is the most extensive section, while the tail is

the thinnest. Superior to the pancreas lays the lesser sac, the transverse mesocolon

is situated on its anterior, and the greater sac is to its inferior (Figure 3) (158).

The head of the pancreas is located within the concavity of the duodenum on the right

side of the human body and is elongated inferiorly and medially to cover the region

posterior to the superior mesenteric vessels (SMV) (Figure 3) (159). The inferior half
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of the head extends towards the left side of the human body forming the uncinate
process that is located between SMV and aorta. Its neck is the constricted portion of
the gland lying anteriorly to the SMV while the body is a horizontal portion that lies
behind the stomach and the lesser sac. The splenic vein is situated dorsally to the
body whereas the neck is located between the celiac trunk and the SMV and has an
average length of 1.5 cm. The tail is located near the hilum of the kidney touching the
anterior side of the spleen while the body and the tail run obliquely upward towards
the left at the anterior part of the aorta and the left kidney ducts carry bile away from
hepatocytes into larger ducts and the gallbladder (Figure 3) (160, 161).

Common hepatic artery

Celiac trunk Splenic artery

Inferior vena cava

Stomach (cut)
Hepatic portal vein
Spleen

Portal triad < ' Hepatic artery proper

(Common) bile duct
Right free margin of lesser omentum
Suprarenal gland

Duodenum
Right kidney
(retroperitoneal)

Left
colic
(splenic)
flexure

Attachment
of transverse
mesocolon

Right colic
(hepatic)
flexure

Transverse
colon (cut)
Transverse Left kidney (retroperitoneal)

lon (cut)
colon (cut) Attachment of

transverse mesocolon

Inferior mesenteric vein
(retroperitoneal)

Jejunum (cut)

Middle colic artery and vein
Superior mesenteric artery and vein

Duodenojejunal flexure

Uncinate process Root of mesentery (cut)

Figure 3. Gross anatomy of the pancreas and its anatomical relationships. Image obtained from
Zambirinis and Allen (162).
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Figure 4. The vasculature of the pancreas. The arterial supply is derived from branches from both the
superior mesenteric artery and the celiac trunk. The splenic artery, a branch from the celiac trunk,
provides the dorsal pancreatic, inferior pancreatic and various other branches along the neck, body,
and tail of the pancreas. The gastroduodenal artery, a branch from the hepatic artery of the celiac
trunk, provides arterial supply to the head of the pancreas via the anterior and posterior
pancreaticoduodenal arteries, whereas the inferior pancreaticoduodenal branches from the superior
mesenteric artery, provide for the uncinate process. The venous drainage of the pancreas follows a
similar pattern as the corresponding arterial supply, with the head of the pancreas being drained by
the pancreaticoduodenal veins into the portal vein or the superior mesenteric vein (SMV), whereas the
neck, body, and tail of the pancreas drain into the splenic vein prior to its merger with SMV to form the
portal vein. Image obtained from Cesmebas et al. (163)

1.3.2 Pancreas Cells and their Microscopic Organization

The pancreas is made up of majorly three groups of cells: acinar cells, ductal cells,
and pancreatic islet cells (Figure 5). The secretory unit of the pancreas is known as
the acini and comprises ~85 % of pancreatic cells (164). Acini are composed of
clusters of acinar cells that form lobules engulfed by connective tissue septa. The
acinus is made up of one layer of pyramid-shaped broad-based cells that are attached
to a basal lamina. The acinus’ secretion is emptied into its lumen and enters the duct

system through the ductules. The acinus lumen is lined with both acinar and
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centroacinar cells. The centroacinar cells present in the acinus form the ductules,
which deliver acinar secretions into intercalated ducts, which then convey these

secretions to intralobular ducts that join interlobular ducts with the main duct (165).

Pancreatic polypeptide-
producing PP cell

Pancreatic duct

Somatostatin-

Insulin-producing producing § cell

[ cell

Glucagon-producing
a cell

Exocrine /

acinar cells

Blood capillary

Figure 5. Microanatomy of the pancreas. An Islet of Langerhans within several acini and ducts. Image
from Efrat and Russ (100).

Ductal cells, which make up 10 % of all the pancreatic cells, line the epithelium of ducts
that convey enzymes secreted by acinar cells into the duodenum (166). Additionally,
ductal cells are involved in the secretion of bicarbonates needed to neutralize the
acidity of chyme. These cells are characterised by unspecialized cytoplasm, which
contains mucin granules, microvilli, cilium, and extensively interlinked plasma

membrane (167).

Finally, the pancreas is made up of cell clusters known as the islet of Langerhans
which are ovoid in shape (168). Islets of Langerhans make up ~4.5% of the total
pancreatic cells, are mostly endocrine and are enclosed by the acini (169). The islets
of Langerhans’ are in the range of 75 and 175 micrometres in dimension and can

reach about 1.5 million cells per normal pancreas (170).
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In between the islet cells, numerous blood capillaries are present, which are partially
delimited by reticular fibrils and Schwan cell sheath derived from autonomic nerve
fibres entering these cells (171, 172). Even though the Schwann cells cover most parts
of the islet surface, the axons are found along with the capillaries (171, 172). On
average, 75 % of the islets cells are B-cells, 20 % a-cells, and 5 % &-cells. The B-cells
are primarily situated in the centre of the islet, whereas the a-cells and &-cells are
located at the periphery (173). C-cells are rarely found in humans while E-cells do not
occur in humans (173). The islets of Langerhans can be categorized into two types:
juxtaduodenal islets whose function is to secrete insulin as well as pancreatic

polypeptide and juxtasplenic islets which secrete both insulin and somatostatin (174).

1.4 Pancreatic Ductal Adenocarcinoma

1.4.1 Concept, Epidemiology and Pathophysiology

Over 90% of all pancreatic cancers are represented by pancreatic ductal
adenocarcinoma (PDAC) (175). PDAC affects over 53,000 new cases per year in the
USA, and is currently considered as the fourth leading cause of cancer death (176).
In fact, it is projected to become the second biggest cancer killer in the United States
by 2030 (177). The striking similarity between incidence and fatalities highlights the
dismal prognosis of this disease. The median survival is less than 6 months, and the
5-year survival rate is between 3-5%. Across Europe, the 5-year overall survival
ranges from 2-9% (178-180).

This low survival rate is multifactorial, mainly attributed to its aggressive biology, its
capacity to rapidly disseminate to the lymphatic system and distant organs and its
resistance to conventional therapies. Indeed, this disease is almost incurable as
patients are commonly diagnosed at a metastatic or locally advanced stage, which is

mostly due to PDAC’s asymptomatic clinical course (181).
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1.4.2 Diagnosis and Staging

As mentioned earlier, one reason that PDAC is a highly lethal disorder is its asymptotic
phenotype, which makes it very hard to diagnose at an early stage. This is partly due
to the lack of understanding of the biological behaviour and the ineffective screenings
for this disease. Only 15% of patients are eligible for surgical therapy (182), which
currently represents the only potentially curative strategy. Significant efforts have been
made to find the appropriate serum-and-imaging biomarkers to help early detection
and predict response to treatment. Currently, imaging, such as computerised
tomography scans, magnetic resonance imaging, ultrasound,
cholangiopancreatography, somatostatin receptor scintigraphy, positron emission
tomography, and angiography, can be utilised to diagnose PDAC (183). Blood tests
and biopsies are also recognised means of diagnosis (183).

Pancreatic Ductal Adenocarcinoma can be categorised into four stages according to
the American Joint Committee on Cancer (AJCC) staging system, which is provided
in Table 2 below, and whose details were obtained from AJCC’s website (183). In
many cases, diagnosis takes place at Stage Ill or IV, complicating attempts at

successful treatment (184).
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1A

1B

The tumour is confined to the top layers of pancreatic duct cells and has not
invaded deeper tissues. Tumour cells have not spread outside the pancreas. These
tumours are sometimes referred to as pancreatic carcinoma in situ or pancreatic
intraepithelial neoplasia Ill.

The tumour is confined to the pancreas and is 2 cm across or smaller. The cancer
has not spread to nearby lymph nodes or distant sites.

The tumour is confined to the pancreas and is larger than 2 cm across. The cancer
has not spread to nearby lymph nodes or distant sites.

The tumour is growing outside the pancreas but not into major blood vessels or
nerves. The cancer has not spread to nearby lymph nodes or distant sites.

The tumour is either confined to the pancreas or growing outside the pancreas but
not into major blood vessels or nerves. The cancer has spread to nearby lymph
nodes but not to distant sites.

The tumour is growing outside the pancreas and into nearby major blood vessels or
nerves. The cancer may or may not have spread to nearby lymph nodes. It has not

spread to distant sites.

The cancer has spread to distant sites.

Table 2. Stages of pancreatic cancer as defined by AJCC. Adapted from AJCC (183).

41| Page



1.4.3 Precursor Lesions

Following genetic reprogramming of normal pancreatic ductal cells is a multi-step,
histologically defined progression towards a PDAC diagnosis. Current knowledge
postulates that PDAC is not formed de novo; but rather, in situ, is preceded by distinctly
characterised non-invasive precursor lesions. The three major subtypes are
pancreatic intraepithelial neosplasia (PanIN), intraductal papillary mucinous

neoplasms (IPMNs) and mucinous cystic neoplasms (MCNSs) (Figure 6) (185).
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Figure 6. Progression of three distinct precursor lesions preceding PDAC. Image obtained from Distler
etal. (185).
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PanIN is the most common of the three pre-lesions and is, histologically, situated in
the smaller pancreatic ducts and characterised by varying cytological and architectural
atypia. Development can be classified into three tiers: low-grade PanIN-1la or 1b,
intermediate PanIN-2 or high-grade PanIN-3 lesions. The latter high-grade PanIN-3
lesion has the greatest potential for invasive progression whereas low-grade PanINs
can be found in normal pancreatic tissue and in patients with chronic pancreatitis
(186). Low to high-grade progression is determined by a compendium of genetic
modifications, thought to be driven by KRAS activation, which ultimately gives way to

an invasive phenotype (Figure 7) (187).
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Figure 7. The PanIN precursor lesion model. A Schematic image representing the genetic,
morphological and extracellular changes that occur when normal cells progress towards carcinoma.
Image obtained from Wérmann and Algiil (188).
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IPMNs and MCNs are macroscopic cystic lesions and are typically non-invasive (189).
Both are associated with high carcinoembryonic antigen (CEA) presence in the cyst
fluid (190). IPMNs are mucin-producing tumours of the epithelial duct — main (MD) or
branch (BD) type. An estimated third of IPMNs are associated with invasive
carcinoma. MCNs are the most infrequent precursor lesion and occur predominantly
in females (185). Similar to IPMNs, MCNs are mucinous lesions and about a third
become invasive. In contrast, there is no association with the epithelial duct, but rather

a single lesion located at the body or tail of the pancreas (191).

1.4.4 Therapies

Therapeutic options are limited, and until recently, there was no standard second-line
chemotherapy option. Despite intensive research, the median survival time of patients
with PDAC has remained nearly constant during the last four decades (192). Indeed,
the majority of PDAC cases are detected at an advanced stage with over half of
patients being diagnosed at a metastatic Stage IV (Table 3) (193). Only 9% of patients
are detected at a local stage owing to the asymptotic nature of PDAC and a lack of
effective screening modalities for early stage tumours. As mentioned earlier, currently,
surgical resection with neoadjuvant treatment presents the only opportunity for a
curative outcome; unfortunately, this is not an option for the majority as 80-95% of

patients are ineligible for resection at diagnosis (194).
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5-year survival

Location Proportion of cases Stage
rate
Local — primary site 9% I—11A 37.4%
Regional — locally advanced to regional 27% B =il 12.4%
lymph nodes
Distant — metastasised to other sites in 539% " 2 9%
the body
Unknown 11% Unstaged 5.6%

Table 3. Relative Pancreatic Cancer 5-year Survival by Stage. Statistics represent location, proportion
of cases, their staging and the 5-year survival rate between the years of 2009-2015 as collected by NIH
SEER (193, 195).

The management of PDAC is usually determined according to the tumour-node-
metastasis (TNM) classification, i.e. is the cancer localised, regional or metastasised.
A diagnosis, by method of imaging (see section 1.4.3) (196), will elucidate the
possibility of resection and the most effective therapeutic decision can be determined
accordingly. Operative procedures depend on tumour size and location: Whipple

procedure, distal pancreatectomy, or total pancreatectomy (197).

The standard for first-line therapy is debatable, but Gemcitabine has proven to be the
most promising candidate as a combination therapy for the past decade (198). In 2010,
Conroy et al suggested FOLFIRINOX, a combination treatment of 5-FU, leucovorin,
irinotecan and oxaliplatin, over Gemcitabine as a first-line standard (199).
FOLFIRINOX has since been approved by the National Institute for Health and Care
Excellence (or NICE) as a first-line option for locally advanced and metastatic patients
well enough to tolerate the toxicities (196). The second-line standard offers
Gemcitabine combination chemotherapy or if this has failed first-line then oxaliplatin-
based chemotherapy as the second-line treatment (196). Differences in survival rates
for Gemcitabine combination therapy or FOLFIRINOX treatment are negligible and the
order of administration has an equal outcome for overall survival (OS) (Table 4) (195,
200).

Treatment personalisation could optimise the effective outcome of chemotherapeutics.
This is essential for second-line treatment where the tumour responds poorly to first-

line treatment. An analysis of the patient response to prior treatment should identify
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specific biomarkers to help confront the molecular events that are causing

chemoresistance.

Median OS VS.
Regimen Description Gemcitabine alone Reference
(months)
Gemcitabine + erlotinib EGFR inhibitor 6.2 vs. 5.9 Moore, M.J. et al, 2007 (12)
Gemutab.lne + nab- Albumin-bound paclitaxel 8.5 vs. 6.7 Von Hoff, D.D. et al, 2016
paclitaxel (13)
Gemcitabine + $-1 Tegafur ('5-FU prodrug), 10.1 vs. 8.8 (vs. 9.7 for S-1 Uena, H. et al, 2013 (14)
gimeracil and oteracil arm)
FOLFIRINOX 5-FU, leucovorin, irinotecan 11.1vs.6.8 Conroy, T. et al, 2010 (10)

and oxaliplatin

Table 4. Multi-drug regimens for treatment of locally advanced and metastatic PDAC. Data
compares median overall survival (OS) in months as a measure of effective outcome

1.4.4.1 Localised Surgically Resectable PDAC

Localised surgically resections are the likely procedure in cases of Stage | and IIA
diagnosis, where tumour is contained to the pancreas and no bigger than around 4 cm
(193). Surgery alone is ineffective; 60-70% of patients experience tumour recurrence
due to micrometastases (195) and comorbidities without systemic treatment, i.e.
chemotherapy and radiotherapy (197). Adjuvant therapy options include Gemcitabine,
fluorouracil (5-FU), Tegafur/gimeracil/oteracil combination (S-1), chemoradiation or
chemoradiation plus the aforementioned cytotoxic agents. Chemotherapy with
Gemcitabine or 5-FU for 6 months following surgical resection has shown to
significantly increase OS (195). NICE guidelines recommend 6 cycles of adjuvant
Gemcitabine plus capecitabine for patients once they recover from surgery (196). A
recent systematic review reports S-1 adjuvant chemotherapy to have the highest OS
(46.5 months) in comparison with other agents, including Gemcitabine combinations
(201).
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1.4.4.2 Regional Borderline Resectable PDAC

Regional borderline resections are the likely procedure in cases of Stage 11B and in
some rare cases Stage Ill diagnosis. Neoadjuvant therapy is often required for
tumours identified as borderline resectable to minimise tumour size prior to surgery.
Currently the best options include Gemcitabine plus nab-Paclitaxel, FOLFIRINOX and
modified FOLFIRNOX, radiotherapy and chemoradiotherapy (195, 202). Neoadjuvant
Gemcitabine, docetaxel, and capecitabine combination has recently been suggested
to be the most beneficial with a high OS of over 42 months (201).

1.4.4.3 Regional, Locally Advanced Unresectable PDAC

Approximately one third of diagnoses are Stage Il and deemed ineligible for surgical
intervention (195). Observed response rates are often poor and so a standard for
management is debatable. NICE guidelines suggest systemic combination
chemotherapy, e.g. Gemcitabine with nab—paclitaxel or Gemcitabine alone for patients
who cannot tolerate the associated high toxicities of other agents (196). Capecitabine
is offered as a radiosensitiser for chemoradiotherapy treatment. A meta-analysis
suggested the benefit of radiotherapy with 5-FU or Gemcitabine for locally advanced
PDAC treatment — about a third of unresectable tumours became resectable cases
and OS was improved (203).

1.4.4.4 Distant and Metastatic PDAC — Stage IV

Most PDAC cases are diagnosed as Stage |V metastatic with a low chance of survival
(Table 3). For first-line treatment, patients who are deemed tolerable to toxicities are
offered FOLFIRINOX or otherwise Gemcitabine in combination with other agents
(196). Often a palliative approach is taken for Stage IV diagnoses; treatment focuses
on improving patient quality of life rather than a curative outcome, as patients are often

not well enough to handle potent cytotoxics.
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The high rates of morbidity and disease recurrence across treatment options has
caused worldwide uncertainty on the adequacy of current PDAC treatment. Looking
ahead to the emergence of randomised clinical trial results and investigations into
novel strategies to combat resistance; the standard for PDAC treatment is likely to,

and is calling for, a change.

1.4.5 Molecular Genetics

As mentioned before, the fast progression into a metastatic disease is a key feature
of PDAC patients, who often succumb from advanced local disease with widespread
metastatic burden early after diagnosis. The well-defined histopathological picture and
molecular profiles of PDAC have provided the framework for the emergence of both
basic and translational research. Novel advances include high-resolution genomic
profiles highlighting potential therapeutic targets (Table 5) (204), and new animal
models reflecting the histopathological staging of human PDAC (205-208).

The aetiology of PDAC is complex, with multiple genetic-environmental interactions
rather than a particular major risk factor (209). At least 5-10% of PDACs can be
attributed to a pathogenic sequence variant in familial cancer genes (209). Main
targets evaluated include EGFR, KRAS, mTOR, MEK, and VEGF, which are not
unusual considering the significant inter-tumour heterogeneity (210-212). In fact,
KRAS gene mutations are identified in more than 90% of PDAC tumours and

systematically associated with a worse prognosis (211-213).

Moreover, the majority of reports indicate a crucial role for autophagy in PDAC
development and survival, more particularly constitutively activated autophagy, as it is
believed to provide the necessary ‘fuel’ to PDAC cells in a nutrient-deprived

environment (214).
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1.4.6 The Tumour Stroma in Pancreatic Cancer

Approximately 90% of PDAC’s primary tumour site is comprised of a stromal
compartment (215). In fact, PDAC is unique in this term, as over 80% of the actual
cancer nodule is accounted for by “scar tissue.” This excess tissue is represented by
several players including; desmoplasia, activated pancreatic stellate cells (PSCs) and
fibroblasts, and inflammatory cells among others (216-222). Similarly, metastatic sites,
e.g., liver metastasis, show pathological resemblance to the primary PDAC tumour
with analogous ECM components (223). This would suggest the involvement of PDAC
cells in recruiting local stromal cells to create an extracellular environment similar to
that of its primary tumour (Figure 8). In an animal model, a correlation was established
between the size of liver metastases and the stroma recruitment, by employing
fluorescent lineage tracing. Another study found that upon the multiplication of tumour
cells and as early as in nano-metastases (2-10 cells), myofibroblasts were found to be
in contact with tumour cells, and the ECM composition recapitulated that of the primary
tumour (224).

Pancreatic stellate cells contribute to both the generation and the embedding of
collagens, fibronectin, stem cells, nerve fibres, macrophages and inflammatory cells
(217). Thus, pancreatic stellate cells contribute to the development of stroma in which
PDAC cells thrive (225). Many factors are involved in the activation of the stellate cells,
such as platelet-derived growth factor (PDGF) (226, 227), transforming growth factor
beta (TGFB) (226, 227), tumour necrosis factor alpha (TNFa), and interleukins 1, 6,
and 10 (IL-1, IL6 and IL10) (228), although the exact mechanism by which PDACs
activate PSCs is still not well understood (229).
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Figure 8. Schematic representation of PDAC stroma. Image obtained from Von Ahrens et al. (230).
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KRAS
transferase)

(farnesyl

MAPK

mTOR

PI3K

EGFR

EGFR/IGFR

EGFR

HER-2

TK

TK

IGFR

VEGFR

Tipifarnib + gem vs. gem

Selumetinib + erlotinib 2nd line

Everolimus + erlotinib

Rigosertib + gem vs. gem

Erlotinib + gem vs. gem

Cixutumumab + erlotinib + gem vs.

erlotinib + gem

Gefitinib + gem

Trastuzumab + cape

Dasatinib

Lapatinib + gem

Ganitumab + gem vs. gem

Axitinib + gem vs. gem

R

SA I

SA Il

R/

R

R b/l

SA I

SA I

SA I

SA I

R

R

Acceptable toxicity profile, but no statistically significant differences in survival
parameters

Modest antitumor activity. Specific molecular subtypes may provide greatest
benefit

Disease progression observed in 15 patients. Study stopped due to impossibility
to achieve pre-planned OS of 6 months

Study was discontinued due to no significant difference in survival

FDA approved

Dual inhibition of EGFR and IGFR did not improve OS or PFS

Promising results, especially in patients with PTEN expression.

No improvement in mOS or PFS; low number of patients and HER2 expression
No activity of single agent dosatinib in metastatic PDAC, no improvement in OS
and PFS

No improvement in survival, small case sample

No improvement in all assessed parameters

No significant survival benefit compared to single agent gem

(231)

(232)

(233)

(234)

(235)

(236)

(237)

(238)

(232)

(239)

(240)

(241)
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VEGF-A Bevacizumab + gem + erlotinib vs. gem  RIII Despite improvement in PFS could be observed (p = 0.0002), no statistically (242)

+ erlotinib significant difference in OS was achieved
VEGF Aflibercept + gem vs. gem RN Discontinued due to no improvement in primary end point, OS (243)
Matrix Matrimastat + gem vs. gem RN No significant differences in all assessed parameters (244)
metalloproteinase
SHH Vismodegib + gem vs. gem RIb/ll No difference in PFS, OS or response rate was noted (245)
PSCs Candesartan + gem SA Il Treatment was well tolerated but failed to show significant activity (246)
Hyaluronic acid PEGPH20 + gem Ib Well tolerated, may be beneficial, especially for patients with high HA levels (13  (247)

months OS)

PSCs PEGPH20/Abraxane vs. Abraxane RII Ongoing (248)
JAK/STAT Ruxolitinib + cape vs. cape RII Well tolerated, slight, but significant improvement in OS and PS (249)
y-secretase
CTLA-4 Ipilimumab + GVAX vaccine vs. RIb/lIl Despite the enhancement of the T cell repertoire (p = 0.031), no significant (250)
Telomerase vaccination ipilimumab increase in OS or PFS was noted

GV1001 + gem + cape/gem + cape R No significant improvement in OS has been achieved (251)

Table 5. Selected targeted therapies and immunotherapies for PDAC. SA, single arm; R, randomized; OS, overall survival; PFS, progression-free survival; RR,
response rate; cape, capecitabine; gem, Gemcitabine. Adapted from Adamska et al (198).
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1.4.7 Chemoresistance

1.4.7.1 General Cancer Chemoresistance

Resistance to chemotherapy treatment causes disease relapse, dissemination and
morbid outcomes for patient OS. Chemoresistance arises when there are challenges
in the local, cellular and/or molecular delivery of an anticancer agent to its target. The
mechanisms promoting a resistance to treatment are related to both pre-existing and
acquired phenotypes regulated by intrinsic genetic factors and the extrinsic tumour

microenvironment.

Chemoresistance can be generally classified in to two broad categories:
innate/intrinsic, due to genetic factors, or acquired resistance where cancer cells
develop resistance after showing initial sensitivity to treatment. This will often occur
within weeks of initiating chemotherapy (252). Genetic factors that regulate signalling
pathways, fundamental to cancer cell behaviour, such as growth, differentiation,
apoptosis, angiogenesis, and motility will certainly influence sensitivity to treatment.
Such include mitogen-activated protein kinase (MAPK), PI3K/Akt, epidermal-growth
factor receptor (EGFR), nuclear factor (NF)-kB and Sonic Hedgehog (SHH) signalling
pathways (252-254).

Mechanism of acquired chemoresistance in cancers can be attributed to a rapid
accumulation of a number of mutations, giving rise to increasing heterogeneity as the
tumour progresses (198). The genotypic variation of the cancer cell subpopulation
results in variations in cancer cell sensitivity and resistance to chemotherapeutics.
After initial treatment, most of the cells targeted will die and the tumour is likely to show
signs of remission. Those cancer cells that survive, having acquired mutations that
allow for an adaptive response to treatment, propagate and so the natural selection of
a chemoresistant subpopulation gives rise to the formation of a new tumour, which is

invulnerable to the treatment.
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For treatment to provide therapeutic benefit, it firstly depends on the drugs ability to
penetrate into the tumour area to access the cancer target. This can be challenging
as stromal changes occur during malignancy to favour chemoresistance and a
physical barrier of various cell types is created between the microvasculature and the
cancer target (255). After access to the tumour environment has been established, a
drug must then prove its metabolic availability and activity to be effective at a cellular

and molecular level.

1.4.7.2 Chemoresistance in PDAC

As mentioned earlier, most pancreatic cancers are unresectable at the time of
diagnosis and less than 20% of patients are able to undergo surgery as a main
treatment option (201) — tumour resection being the only treatment strategy with
curative potential (252). Survival for the majority of patients therefore largely depends
on the available chemotherapeutic treatments. The current treatments available for
pancreatic cancer, however, do not prove to be highly effective (201). Suboptimal
effectiveness can be due to limitations in cellular uptake and metabolic activity of the
drug. This conveys a clinical crisis for pancreatic cancer treatment. Pancreatic cancer
has a 5-year OS rate of <10% worldwide (256), highlighting the unmet need to develop

novel treatment strategies.

PDAC is considered one of the cancers most resistant to chemotherapeutic drugs.
This, combined with the tendency of a delay in diagnosis, makes pancreatic cancer
one of the most fatal cancers (252). The difficulty to treat signifies a poor outcome for
patient prognosis and is illustrated by the fact that the majority of available treatments
for PDAC are mostly palliative with a focus on improving the quality of life for the

patient rather than being able to offer a curative outcome (198).
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1.4.7.2.i Metabolism-Associated Chemoresistance to Current PDAC
Drug Treatment

The current first-line option for late-stage PDAC treatment is Gemcitabine in
combination with other therapeutics (Table 6). The results for survival outcome, OS
and progression-free (PFS), for the current available treatments are not overwhelming.
A recent systematic review for different combinations of Gemcitabine with other agents
reveals the lack of long-term effectiveness in chemotherapy treatment for pancreatic
cancer. The median for OS is currently 8.1 months with highest OS of 35.5 months
(Gemcitabine and Cisplatin) and PFS ranges from 2.4 to 11.0 months (201).

Despite this, Gemcitabine has proven to be the most promising candidate for
chemotherapy treatment since 1997 (257), most effective as a combined therapy.
Acquired chemoresistance in initially sensitive tumours has attracted scientific interest
in recent years as a primary cause for the suboptimal clinical effect that available
treatments for PDAC deliver (Table 7). Genes identified as markers for patient initial
sensitivity to Gemcitabine are often related to the intracellular mechanisms governing
the cellular uptake and metabolism of Gemcitabine (Table 8). Deeper exploration into
the molecular mechanism behind a resistant response to treatment will help pave the

way for development of novel strategies with higher survival benefit.

Gemcitabine, a hydrophilic nucleoside cytidine analogue, requires specialised uptake
to reach the intracellular target. Low levels of human equilibrative nucleoside
transporter (hENT1) expression reduced cellular uptake and has shown to correlate
with worse patient survival outcomes following Gemcitabine treatment (252). In
comparison, several studies report that high levels of hLENT1 expression is associated
with increased OS and disease-free survival (DFS) (252, 258).
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The regulation of several nucleoside enzymes is considered a principal factor for
chemosensitivity. Once inside the cell, deoxycytidine kinase (dCK) metabolically
activates Gemcitabine by phosphorylation and so down-regulation correlates to a
significant decrease in OS (259). The efficacy of Gemcitabine as an anticancer agent
then depends on the incorporation of bio-active metabolites into cancer cell DNA —
inhibiting proliferation. This process inhibits the activity of ribonucleotide reductases
(RR) which catalyse the de novo synthesis of deoxyribonucleotides from
ribonucleotides (198). Up-regulation of RRM1 and RRM2 is therefore linked to
increased resistance and a worse prognosis as cancer cell proliferation is accelerated
(260, 261). Cytidine deaminase metabolically inactivates Gemcitabine metabolites by
deamination. Up-regulation relates to increased resistance, whereas a loss in

expression restores sensitivity to Gemcitabine (262).

Multidrug resistance-associated proteins (MRPSs), i.e. ATP-binding cassette (ABC)
pumps, are key regulators of drug efflux. Active outflow of Gemcitabine strongly
induces chemoresistance — preventing intracellular accumulation (198). A CD133+ cell
subpopulation has shown to correlate with high levels of ABC transporter expression
and related to anti-apoptotic protein expression of Bcl2 (254). Moreover, it has been
suggested that T2R38, a bitter-taste receptor, may play a potential role in stimulating
the up-regulated expression of ABCBL1 thereby increasing resistance, while another,
T2R10, has shown to induce anticancer activities by down-regulated expression of
ABCG2 (263).
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Treatment Phase n Outcome p Reference

Gem vs. 5-FU RFLIII 126 FDA approved 0.0025 (264)
Gem-5FU vs. gem FL I 322 No statistically significant improvement in OS 0.09 (265)
FOLFIRINOX RII/IN 342 FDA approved <0.001 (266)
Abraxane RN 861 FDA approved <0.001 (267)
Erlotinib + gem/gem R 569 FDA approved 0.038 (235)
Gem + cisplatin/gem RN 195 Improved survival, but not statistically significant 0.15 (268)
R 400 Failed to demonstrate improvement 0.38 (269)

PEFG vs. gem 1l 99 Little sample size 0.0008 (270)
Gem + oxaliplatin 1l 313 Significant improvement in response rate and PFS, but not statistically significant OS 0.13 (271)
Gem + capecitabine vs. gem 1l 319 Not statistically significant improvement in OS 0.234 (272)
I 533 Alternative treatment for patients with good PS 0.08 (273)

S-1+gem/gem 1l 834 Not inferior to Gemcitabine. Approved in Japan as alternative <0.001 (274)
Gem + irinotecan Il 360 Good tumour response but no improvement in OS 0.789 (275)

Table 6. Gemcitabine-based combination therapies. FDA, Food and Drug Administration; R, randomized; PS, performance status; OS, overall survival; PFS,
progression-free survival; gem, Gemcitabine; PEFG, cisplatin, epirubicin, fluorouracil, and Gemcitabine combination. Adapted from Adamska et al (198).
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1.4.7.2.ii Stroma/Microenvironment-Associated Chemoresistance

Pancreatic cancer is characterised by the presence of a hypovascularised, densely
fibrous stroma. The total tumour volume is largely comprised of scar tissue, also
known as desmoplasia, which encompasses the malignant epithelial cells (276).
Dense stromal fibrosis is characteristic of PDAC and its main component is pancreatic
cancer-associated fibroblasts (CAFs). CAFs are the main fibrosis-producing cells and
mainly originate from pancreatic stellate cells (PSCs) (277). PSCs encourage a pre-
metastatic niche subpopulation while also increasing chemoresistance by preventing

perfusion into the tumour (230).

PSCs play an important role in the re-modelling of ECM, activated by the local
accumulation of reactive oxygen species, cytokines and growth factors surrounding
defective cells to produce hypoxia and fibrosis (278). PSCs secrete factors which
encourage a chemoresistant phenotype and so by prevention of H202-induced
apoptosis, chemosensitivity is decreased and PDAC cell survival is increased (253).

An attempt to reduce the number of activated PSCs was achieved in mice models by
combination of Gemcitabine with a JAK2 inhibitor. A reduction in fibrosis was shown
to be associated with the inhibition of JAK2/STAT3 pathway (188). JAK2/STAT3
signalling is key to stroma modification, tumour growth and resistance to Gemcitabine
demonstrated in mice models with loss of p53 function (188). P53 is a tumour
suppressor protein directly involved in apoptosis — inactivated in 75% of pancreatic

cancers (253).

Extracellular regulated kinases (ERK) mediate pro-survival pathways related to many
forms of cancer. ERK1/2 is found to be highly expressed by cancer-associated PSCs
and hyperactivity is associated with Gemcitabine resistance in pancreatic cancer
(279). This can be via the upstream regulation of immune factors such as IL-6 (280).
A significant increase in IL-6 expression is seen in pancreatic cancer cells compared
to normal pancreatic cells — receptor blockade combined with chemotherapy in several
murine studies has shown to induce cell death resulting in decreased tumour weight
and improved OS (281).
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Tumour-associated macrophages (TAMs) are the most abundant immune cells in
many solid tumours, including pancreatic cancers (198). Promotion of tumour growth
is achieved by several phenotypic augmentations. TAMs secrete the enzyme cytidine
deaminase which metabolises the bio-active form of Gemcitabine (254). Additionally,
TAMSs have been found to further promote chemoresistance through enhanced STAT3
signalling and increased IGF production (282).

The accumulating presence of signalling factors (e.g. collagen, integrin), inflammatory
cytokines (e.g. IL-6, TNF-a), growth factors (e.g. HGF, EGF, TGF-B) and hypoxia
triggers cells to take on an epithelial-mesenchymal transition (EMT). TAMs are also
considered a potent EMT inducer (255). Cell-to-cell adhesion and polarity is lost;
invasive phenotype gained (253, 283). Observing the effect of mesenchymal
transcription factors, such as Snail, Slug, Zeb1, in knockdown studies has shown to

enhance the sensitivity of CD133+ pancreatic cancer cells to Gemcitabine (253, 284).

59 |Page



Increasing nucleoside
transportation — drug influx

Reducing ATP-bound cassette
pump expression — drug efflux

Nucleoside enzyme activity

Inhibiting epithelial-
mesenchymal transition (EMT)

Stromal depletion strategy

In vivo expression of hENT1 increasing Gemcitabine uptake

Reduced expression of MRP1 by increased expression of runt-
related transcription factor 3 (RUNX3), elevating intracellular
accumulation of Gemcitabine

Deoxycytidine kinase overexpression restores
chemosensitivity in Gemcitabine-resistant cell lines

Downstream anti-apoptotic transcription factor, Slug,
knockdown enhances CD133* pancreatic cancer cells
sensitivity to Gemcitabine

Treatment of Gemcitabine with JAK2 inhibitor in mice models
forms smaller tumours and improves survival

Table 7. Key factors influencing increased sensitivity to Gemcitabine.

(285, 286)

(287, 288)

(289, 290)

(284)

(188)
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Nucleoside transporters — drug hENT1 deficiency in vitro reducing cellular uptake (291)
influx

ATP-bound cassette pumps High levels of ABC transporters related to increased pro- (292)
expression — drug efflux survival proteins, Bcl2
Nucleoside enzyme activity Low levels of deoxycytidine kinase (dCK) reduces (259)

Gemcitabine bio-activation correlating to decreased overall
survival (0OS)

High levels of ribonucleotide reductase (RRM1 and RRM2) (293)
increases rate of ribonucleotide to deoxynucleotide

conversion, correlating to cancer cell proliferation and poorer
prognosis

Cytidine deaminase up-regulation increases catalytic (294)
inactivation of Gemcitabine bio-active metabolites

Epithelial-mesenchymal Mesenchymal transcription factors (e.g. slug, snail, Zeb1) (259)
transition (EMT) increase resistance as PDAC cells take on mesenchymal
phenotype
Extracellular regulated kinase Pro-survival pathway activated downstream of MAPK (295)
(Erk) activation signalling — Erk1/2 activation up-regulates pro-survival
proteins, Bcl2, and down-regulates pro-apoptotic proteins,
Bax
Desmoplastic stroma - fibrosis Loss of p53 function activating JAK2-STAT3 signalling (188)
promotes stromal alterations and tumour growth in mouse
models
Pancreatic stellate cells (PSC) activate Akt and Erk pro- (280)

survival pathways via paracrine SDF-1a/CXCR4 signalling,
with subsequent IL-6 up-regulation

Table 8. Key factors influencing increased resistance to Gemcitabine.
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* CHAPTER 2 -

“I shall endeavour still further to prosecute this inquiry, an
inquiry 1 trust nmot merely speculative, but of sufficient
moment to inspire the pleasing hope of its becoming

essentially beneficial to mankind. - Edward Jenner
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2.1

2. AIM and OBJECTIVES

Human Pancreas Decellularisation

2.1.1 Aim

Eliminate cellular and nuclear material from human pancreata, while preserving the

ECM protein and microarchitecture.

2.2

2.1.2 Objectives

Assess different options to decellularise human pancreata. |.E. agitation vs.
perfusion technigues.

Achieve no visible cellular material on Sirius red staining after decellularisation.

Achieve no visible nuclear material on Haematoxylin and Eosin staining and

DNA quantification of below 150 ng/mg tissue after decellularisation.

Maintain ECM proteins and architecture after decellularisation.

Developing primary and metastatic in vitro PDAC models

2.2.1 Aim

Establish 3D PDAC models capable of stimulating the primary cancer, early

metastasis and established metastasis in vitro.

2.2.2 Objectives

Reseed decellularised pancreas and liver scaffolds with PANC-1, PK-1 and MIA

PaCa-2 cells.

Assess recellularisation at different time points using histological techniques.
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2.3

Investigate key protein expressions and their changes within the different 3D

models.

Explore the effect of the ECM on cancer cells and its progression through

changes in cellular transcriptome.

Chemoresistance in PDAC

2.3.1 Aim

Resemble the in vivo-like characteristics using the 3D in vitro PDAC models to study

chemoresistance in cancer.

2.3.2 Objectives

Assess viability of the PDAC cells in the 3D models after treatment with
Gemcitabine.

Compare changes in viability within the different models and 2D cultures.

Investigate key protein expressions and their changes due to chemotherapy
with the different 3D models

Explore the effect of ECM on chemoresistance through changes in cellular

transcriptome.
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* CHAPTER 3 *

“Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear

less.”
- Marie Curie
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3. METHODS & MATERIALS

3.1 Tissue Retrieval and Preparation

The study was approved by the UCL Royal Free Biobank Ethical Review Committee
(NRES Rec Reference: 11/WA/0077). Informed consent for research was confirmed
via the NHSBT ODT organ retrieval pathway, and the project was also approved by
the NHSBT Research Governance Committee. Donor livers were processed in
accordance with the UCL Royal Free Biobank protocols under the Research Tissue
Bank Human Tissue Act licence, prior to use for research.

Healthy human livers and pancreata, not suitable for transplantation, were obtained,
from the Royal Free BioBank. Pancreata and livers were washed and perfused with
1% Phosphate Buffered Saline (PBS; Sigma Aldrich), respectively, to clear them
from blood. They were then air dried for 10 minutes and frozen at -80 °C.

Human pancreata and liver right-lobes, which were to be decellularised by agitation,
were later partially thawed in a 37 °C water bath and dissected into 5x5x5 mm?3

cubes. The cubes where frozen again at -80 °C for future experiments.

Whole human pancreata, which were to be decellularised by perfusion, were
partially thawed at 4 °C, for 16 hours. The spleen and excess tissue surrounding the
pancreas were carefully removed. The splenic and mesenteric arteries and the
superior mesenteric vein were ligated. Excess duodenal-jejunal tissue was removed
and the proximal duodenum was stapled closed. Finally, all leakages from the
pancreas-duodenum block were ligated and the pancreas was frozen again at -80

°C for future experiments.
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3.2 Pancreas and Liver Cubes Decellularisation

Initially, tissue cubes were thawed in a water bath at 37 °C for 1 hour (hr), followed
by the addition of 1.2 ml of 1% PBS for 15 minutes. Once thawed the cubes were
transferred to 2ml safe-lock tubes (Eppendorf). A standardised 1.5 ml of each
solution was added to its respected tube, placed in the middle column of the
TissueLyser Il (Qiagen) and agitated at 30 Hz for each step. The agitation regime
for the decellularization of the liver cubes is shown in Table 9 [Protocol LA based
on Mazza et al.] (296) and for the pancreas cubes shown in Table 10. The reagent

mixture solution was prepared as follows:

Reagent Mixture Solution: 3% Sodium deoxycholate, BioXtra, 298.0 (Sigma-
Aldrich), 0.5% Sodium dodecyl sulfate, BioXtra, 299.0 (Sigma-Aldrich), 0.3% Triton
X-100 (Sigma-Aldrich), 0.0025% Gibco® Trypsin-EDTA (Life technologies) and
4.3% of Sodium Chloride (Sigma-Aldrich) in deionized water (MilliQ by Millipore) and
stirred for 1 hour using a magnetic stirrer.

Deionised Water (Milli-Q) 2 10
Reagent Mixture 2 1
LAl
Reagent Mixture 4 2
1% PBS solution 5 3

Table 9. Protocol for the decellularisation of human liver cubes by agitation

3.3 Pancreas Decellularisation by Perfusion

Initially, pancreata were thawed in 1% PBS (Sigma-Aldrich) at 4 °C, for 16 hours.
Before decellularisation, the pancreata were cannulated through the portal vein. At
least three pancreata where decellularised; HP1 using a pump and a box without

any pressure regulation (Table 11), HP2 and HP3 were decellularised using the
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Harvard Apparatus ORCA bioreactor. The bioreactor used for the decellularisation
was set up as shown in Figure 6. The software used to control and monitor the
perfusion system was HART v1.0.0.0. The perfusion regimes for the
decellularization of HP2 and HP3 are shown in Table 12 and Table 13, respectively.
After decellularisation was complete, the pancreas was dissected into ~5x5x5 ml
cubes and stored in either: 1X HBSS (Thermofisher Scientific) at 4 °C until future
experiments or fixed in 4% formaldehyde and assessed by histology and

immunohistochemistry.

Protocol Reagents Time Repetition
Deionised Water (Milli-Q) 2

ol

Reagent Mixture 5
1% PBS solution 1
8.7% NacCl solution 2
Reagent Mixture 10
1% PBS solution 1
8.7% NacCl solution 10
Reagent Mixture 10
1% PBS solution 1
8.7% NacCl solution 10
1% PBS solution 30

I e N = = = S B = N

=
(6}

Deionised Water
Reagent Mixture
Reagent Mixture
1% PBS solution
8.7% NacCl solution
Deionised Water
Reagent Mixture
Reagent Mixture
1% PBS solution
Reagent Mixture
Reagent Mixture
1% PBS solution
8.7% NaCl solution
Deionised Water
Reagent Mixture
Reagent Mixture
1% PBS solution
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Table 10. Protocols for the decellularisation of human pancreas cubes by agitation.

Pump
/X\ &
/2NN =
Pump
/AN
N\ /AN
Y V
N
Reagen't Pressure
Reservoir @ Sensor

Key:

A

Organ Chamber

Reagent Reservoir

O

Organ Chamber

PharmaMed Opaque Flexible L/S #18

PharmaMed Opaque Flexible L/S #16

Harvard Apparatus Single Channel, Duel Offset head Pump

Harvard Apparatus Large Organ Chamber

DURAN® GLS 80® 10 Litres bottle

PendoTECH PressureMAT Single-Use Sensor

Figure 9. Bioreactor components and setup for decellularisation.
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Distilled Water (Milli-Q) Non-Recycle 2.5 100

0.1 % SDS solution Non-Recycle 0.5 120

Distilled Water Recycle 1 140

0.1 % SDS solution Recycle Overnight 140

Distilled Water Recycle 1 250

1% SDS solution Recycle 1 300

Distilled Water Recycle 1 400

1% SDS solution Recycle Overnight 400

1% SDS solution Recycle 1 600

Distilled Water Recycle 25 650

1% SDS solution Recycle Overnight 680
N.B. If the outflow at the start of day 4 is still cloudy, repeat steps from day 3 for another day

Distilled Water Non-Recycle 1.5 700

3% Triton X-100 solution Recycle Overnight 700

Distilled Water Non-Recycle 15 750

3% Triton X-100 solution Recycle 4 750

Distilled Water Non-Recycle 0.5 800

3% Triton X-100 solution Recycle Overnight 800

Distilled Water Non-Recycle 1.5 850

Distilled Water Recycle 35 850

3% Triton X-100 solution Recycle Overnight 900
N.B. If the outflow at the start of day 7 is still cloudy, repeat steps from day 6 for another day

Distilled Water Non-Recycle 1 900

Distilled Water Recycle 4 900

Distilled Water Recycle Overnight 900

Distilled Water Non-Recycle 1 1000

Distilled Water Recycle 4 1000

Distilled Water Recycle Overnight 1000

1% PBS Recycle 6 1200

1% PBS Recycle Overnight 1200

1% PBS Recycle 6 1200

1% PBS Recycle Overnight 1200

PAA solution* Recycle 1 750

1% PBS (Sterile) Recycle 2 750

* PAA solution: 0.1% Peracetic Acid and 4% Absolute Ethanol in distilled water

Table 11. Protocol for the decellularisation of whole human pancreas HP1 by perfusion.
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Distilled Water (Milli-Q) Non-Recycle 2.5 5
0.1 % SDS solution Non-Recycle 0.5 55
Distilled Water Recycle 1 6.5
0.1 % SDS solution Recycle Overnight 7.5
Distilled Water Recycle 1 10
1% SDS solution Recycle 1 10
Distilled Water Recycle 1 10
1% SDS solution Recycle Overnight 10
1% SDS solution Recycle 1 15
Increase pressure to 20 mmHg and continue perfusion for 0.5 hours
Distilled Water Recycle 25 20
1% SDS solution Recycle Overnight 20
N.B. If the outflow at the start of day 4 is still cloudy, repeat steps from day 3 for another day
Distilled Water Non-Recycle 15 30
3% Triton X-100 solution Recycle Overnight 30
Distilled Water Non-Recycle 15 325
3% Triton X-100 solution Recycle 4 32.5
Distilled Water Non-Recycle 0.5 325
3% Triton X-100 solution Recycle Overnight 325
Distilled Water Non-Recycle 15 35
Distilled Water Recycle 3.5 35
3% Triton X-100 solution Recycle Overnight 35
N.B. If the outflow at the start of day 7 is still cloudy, repeat steps from day 6 for another day
Distilled Water Non-Recycle 1 40
Distilled Water Recycle 4 40
Distilled Water Recycle Overnight 40
Distilled Water Non-Recycle 1 40
Distilled Water Recycle 4 40
Distilled Water Recycle Overnight 40
1% PBS Recycle 6 30
1% PBS Recycle Overnight 30
1% PBS Recycle 6 30
1% PBS Recycle Overnight 30
PAA solution* Recycle 1 15
1% PBS (Sterile) Recycle 2 30

* PAA solution: 0.1% Peracetic Acid and 4% Absolute Ethanol in distilled water

Table 12. Protocol for the decellularisation of whole human pancreas HP2 by perfusion using

bioreactor.
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Distilled Water (Milli-Q) Non-Recycle 25 5

0.1 % SDS solution Non-Recycle 0.5 55
Distilled Water Non-Recycle 1 6.5
0.1 % SDS solution Recycle Overnight 7.5
Distilled Water Non-Recycle 1 10
1% SDS solution Recycle 1 10
Distilled Water Non-Recycle 1 10
1% SDS solution Recycle Overnight 10
1% SDS solution Non-Recycle 1 15
Increase pressure to 20 mmHg and continue perfusion for 0.5 hours
Distilled Water Recycle 2.5 20
1% SDS solution Recycle Overnight 20
N.B. If the outflow at the start of day 4 is still cloudy, repeat steps from day 3 for another day
Distilled Water Non-Recycle 15 30
3% Triton X-100 solution Recycle Overnight 30
Distilled Water Non-Recycle 15 325
3% Triton X-100 solution Recycle 4 32.5
Distilled Water Non-Recycle 0.5 325
3% Triton X-100 solution Recycle Overnight 325
Distilled Water Non-Recycle 15 35
Distilled Water Recycle 35 35
3% Triton X-100 solution Recycle Overnight 35
N.B. If the outflow at the start of day 7 is still cloudy, repeat steps from day 6 for another day
Distilled Water Non-Recycle 1 40
Distilled Water Recycle 4 40
Distilled Water Recycle Overnight 40
Distilled Water Non-Recycle 1 40
Distilled Water Recycle 4 40
Distilled Water Recycle Overnight 40
1% PBS Recycle 6 30
1% PBS Recycle Overnight 30
1% PBS Recycle 6 30
1% PBS Recycle Overnight 30
PAA solution* Recycle 1 15
1% PBS (Sterile) Recycle 2 30

* PAA solution: 0.1% Peracetic Acid and 4% Absolute Ethanol in distilled water

Table 13. Protocol for the decellularisation of whole human pancreas HP3 by perfusion using

bioreactor.
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3.4 DNA Quantification

Fresh and decellularised tissue samples marked for DNA quantification were retrieved
from the -80 °C freezer and thawed in a 37 °C water bath for 1 hr. The cubes were
then weighed and if necessary, cut to be between 15 and 25 mg in mass. The cubes
were then placed in 1.5 ml microcentrifuge tubes. Twenty ul of proteinase K was added
to each, and then mixed thoroughly using a vortex. The cubes were then placed into
a heating block at 56 °C for at least 16 hrs or until they were completely lysed. The
DNA was then extracted using the QIAGEN DNAeasy Blood and Tissue Kit according
to the manufacturer’s instructions. The extracted DNA was eluted in 200 ul of buffer

AE and was quantified using a NanoDrop ND-2000 spectrophotometer.

3.5 Maintenance of Pancreatic Cells in Culture

Three cell lines were used for this study; PANC-11, MIA PACA-2 (ATCC) and PK-11.
The PANC-1 cell line is a well-established primary adenocarcinoma of ductal origin
obtained from the head of the pancreas of a 56 year old Caucasian male (297). The
MIA PACA-2 cell line is also a primary adenocarcinoma obtained from the head and
tail of the pancreas of a 65 year old male (298). The PK-1 cell line was isolated from
a liver metastasis of carcinoma originating from the body of the pancreas (299). All
cells were cultured in RPMI 1640 Medium (Thermofisher Scientific) supplemented with
2 mM/L glutamine (Thermofisher Scientific), 10% Foetal Bovine Serum (FBS;
Thermofisher Scientific) and 1% 1X Gibco® Antibiotic-Antimycotic (Thermofisher
Scientific). All cells were cultured under standard conditions in a humidified incubator
under 5% CO2z and at 37°C. Once cells reached ~75% confluence, the culture medium
was changed and cells were trypsinised using 0.25% Trypsin-EDTA (Thermofisher

Scientific) and passaged at a split ratio 1:3

1 Kindly provided by Professor Pereira, UCL ILDH.
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3.6 Scaffold Sterilisation and Preparation for Bioengineering

To prepare decellularised tissue for cell culture, scaffolds were sterilised using 1.5 ml
of 0.1% peracetic acid (Sigma) in 4% absolute ethanol (Fisher Chemical) for 45
minutes in an orbital shaker (Staurt) at 700 rpm. This was followed by replacing the
solution with sterile 1X HBSS (Thermofisher Scientific) for 15 minutes in an orbital
shaker (Labnet -Orbit™ M60 microtube shaker).

The sterile scaffolds were then placed in individual wells in a 48 well plate 24 hours
prior to the additions of cells and 1.4 ml of RPMI 1640 Medium supplemented with 2
mM/L glutamine, 10% FBS and 1% 1X Gibco® Antibiotic-Antimycotic was added.

3.7 3D Cell Cultures in Decellularised Scaffolds

Scaffolds were kept overnight in media as mentioned above [day -1]. Just prior to cell
seeding, the scaffolds were transferred to individual wells in a 96 well plate. Cells
(PANC-1, MIA PaCa-2 and PK-1) were re-suspended at a concentration of 0.5 million
cells per 20 ul per scaffold (n=4 per cell line). Cells were drawn up using a pipette and
released on top of the decellularized tissue. Seeded scaffolds were kept for 2 hours in
a humidified incubator at 37 °C with 5% CO:2 allowing cell attachment. This was
followed by addition of 120 pl of culture medium and left in a humidified incubator at
37 °C with 5% CO2 overnight. On the following day, scaffolds were transferred to
individual wells in a 48 well plate and 1.4 ml of culture medium was added. Thereafter,
wells and fresh media were changed every 3 days (Figure 10). At days 7 and 14
following seeding, the scaffolds were placed in either; 4% formaldehyde and assessed
by histology and immunohistochemistry or snap frozen for further gene expression

analysis.
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Figure 10. Schematic presenting the timeline for 3D cell culture.

3.8 Histology and Immunohistochemistry

Fresh, decellularised and bioengineered tissue samples, previously fixed in 4%
formaldehyde, were retrieved, washed in distilled water, dehydrated in a series of
Industrial IDA (Acquascience) and xylene (Acquascience) baths and finally embedded
in paraffin. The samples were then sliced into 4 um sections using a Leica RM2035
microtome (Leica biosystems). All sections were then passed through three histology
grade xylene baths for a minimum of 5 minutes, and then through three IDA baths for

a minimum of 2 minutes, finally ending up in tap water.

3.8.1 Histology
Sections were stained at room temperature as follows:

Haematoxylin and Eosin: Sections were treated with haematoxylin Harris’ formula

(Leica biosystems) for 10 minutes and then washed in tap water for 5 minutes. Next,
the sections were stained with eosin (Leica biosystems) for 3 minutes, and then
washed again with water. The sections were then dehydrated through IDA as quickly

as possible and then placed in histology grade xylene until mounted.

Pico-Sirius Red: Sections were treated with freshly filtered pico-sirius red — F38
(R.A.Lamb; CI-35780) for 20 minutes. The sections were then dehydrated through IDA

as quickly as possible and then placed in histology grade xylene until mounted.
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Elastic Van Gieson: Sections were treated with 0.5% potassium permanganate for 5

minutes and washed thoroughly with distilled water. Next, they were treated with 1%
oxalic acid for 1 minute, washed with distilled water followed by absolute alcohol.
Sections were then stained with neat Miller’s Elastic - (R.A. Lamb; LAMB/080D) for 2
hours, washed thoroughly with 70% industrially methylated spirits (IMS) (Fisher
scientific) and then placed in tap water. The sections were checked under the
microscope and, if necessary, differentiated in 0.5% acid-alcohol (1% HCIl in 70% IDA
ag.). As a final step, the sections were stained with van Gieson (Leica biosystems) for
5 minutes. The sections were then dehydrated through IDA as quickly as possible and

then placed in histology grade xylene until mounted.

3.8.2 Immunohistochemistry

3.8.2.1. Manual Staining

Manual IHC staining was performed by Mr Andrew Hall> as follows; slides were
incubated in 0.5% Trypsin (MP Biomedical) / 0.5% Chymotrypsin (Sigma-Aldrich) / 1%
Calcium Chloride (BDH) in 10% Tris buffered saline (TBS) for 30 minutes at 37 °C.
Slides were then washed in 10% TBS at pH 7.6 with 0.04% Tween-20 (Sigma-Aldrich)
for 5 minutes. The slides were later blocked in peroxide blocking solution (Novocastra)
for 5 minutes and incubated for 1 hour in the following primary antibodies; collagen |
(Rabbit pAb to colll (ab34710), diluted 1:200; abcam), collagen Il (Rabbit pAB to coll3
(ab7778), diluted 1:500; abcam), collagen IV (mouse mAb to coll4 (M0785), diluted
1:25; Dako), fibronectin (mouse mAb to fibronectin (MAB1937), diluted 1:100;
Millipore) and laminin (mouse mAb to laminin a5-chain (MAB1924), diluted 1:200;
Millipore). The slides were then placed for 25 minutes in Novolink™ post primary
(Novocastra), 25 minutes in Novolink™ polymer solution (Novocastra) and developed
with Novolink™ 3,3’ di-amino-benzidine (Novocastra). The slides were finally
counterstained with Mayer's Haematoxylin (Sigma-Aldrich) for 1 minute. All sections

were mounted with DPX (Leica biosystems) and cover slipped.

2 Liver Research Scientist at Royal Free Hampstead NHS Trust. Royal Free Hampstead NHS Trust

76 |Page



3.8.2.2. Automatic Staining

All automated staining was performed on the Leica Bond IlI Automated
Immunostaining platform by UCLPathology®, using Leica Bond Polymer Refine
detection with a DAB chromogen (Leica, DS9800).

MMP-9 (Millipore, MAB3309) was diluted 1/1000 and applied at room temp for 15
minutes, following on-board heat-induced epitope retrieval (HIER) using Leica Epitope
Retrieval 2 (ER2) solution for 20 minutes (high pH).

ASP175 (Cell Signalling, polyclonal D175, #9661) was diluted 1/300 and applied at
room temperature for 40 minutes, following on-board HIER using Leica Epitope

Retrieval 1 (ER1) solution for 30 minutes (low pH).

B-catenin (Leica, clone 17C2, NCL-B-CAT) was diluted 1/50 and applied at room

temperature for 15 minutes, following HIER using ER2 solution for 30 minutes (high
pH).

Ki67 (Dako, clone MIB-1, M7240) was diluted 1/120 and applied at room temperature
for 15 minutes, following HIER using ER2 solution for 20 minutes (high pH).

E-cadherin (Dako, clone NCH-38, M3612) is diluted 1/100 and applied at room

temperature for 15 minutes following HIER using ER2 for 30 minutes.

CD44 (CD44v6, Leica, clone VFF-7, NCL-CD44v6) is diluted 1/50 and applied at room
temperature for 15 minutes following HIER using ER1 for 30 minutes.

yHZ2A (Cell Signalling, monoclonal Ser139, #9718) is diluted 1/480 and applied at room
temperature for 40 minutes, following on-board HIER using Leica Epitope Retrieval 1

(ER1) solution for 30 minutes (low pH).

All slides were observed using a Zeiss Axioskop 40. Images were captured with an
Axiocam IcC5 using Zeiss Axiovision (verison 4.8.2). All images were analysed and

enhanced using Fiji v1.49d (ImageJ Jenkins server).

3 UCLPathology is part of the Pathology Research Department at the UCL Cancer Institute, based at the
Rockefeller Building in UCL's Bloomsbury Campus.
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3.9 RNA extraction and gene expression analysis

3.9.1 RNA Extraction

Total RNA was extracted from 2D and 3D cultures using TRIzol reagent (Qiagen) and
RNeasy Universal Mini Kit (Qiagen) as described by the manufacturer’s instructions.
Briefly, 3D frozen samples were left to incubate at room temperature with 650 pl of
TRIzol in a 2ml safe-lock Eppendorf tube for 20 minutes and was followed by the
addition of 7 mm stainless steel bead. The content was then agitated at 30 Hz for 8
minutes in a TissueLyser Il (QIAGEN). The content of the tube (excluding the bead)
was then transferred to a new 1.5 ml Eppendorf tube and the manufacturer’s protocol
was followed from step 4. For 2D samples, 650 pl of TRIzol was added to the cells
and a cell scraper was used to 2 minutes to scrape the cells off the plastic. The content
of the plate where then transferred to a new 1.5 ml Eppendorf tube and the

manufacturer’s protocol was followed from step 4.

3.9.2 Reverse-Transcription

One milligram of total RNA was reverse transcribed with random primers and
MultiScribe RT enzymes (Applied Biosystems,Paisley UK) as described by the
manufacturer’s instructions. Briefly, the volume equivalent to 1 mg of total RNA was
mixed with nuclease-free water to make up 10 pl. A mastermix of MultiScribe RT

enzymes were prepared as described in

Table 14 and added to the 10 ul of RNA. The samples were then run on a QCycler I
PCR machine (QuantaBiotech) as described in Table 15.
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Component Volume/Reaction (pl)

10X RT Buffer 2
25X dNTP Mix (100 mM) 0.8
10X RT Random Primers 2
MultiScribe™ Reverse Transcriptase 1
RNase Inhibitor 1
Nuclease-free H20 3.2
Total per Reaction 10

Table 14. Preparation of 2X reverse transcription master mix.

Step 1 Step 2 Step 3 Step 4
Temperature (°C) 25 37 85 4
Time 10 mins 120 mins 5 mins 0

Table 15. Program of the thermal cycler.

3.9.3 Real-Time gPCR

Gene expression was measured using TagMan gene expression assays with the
Applied Biosystems® 7500 Real-Time PCR system. TagMan array plate genes are
presented in Table 16 and additional TagMan genes are presented in Table 17.
Expression levels for each gene were calculated using the delta Ct method (300) and
normalized to the Ct of HRPT as reference gene. Graphs depict averages + SEM of

the relative gene expression data (n=3 per group).

Gene Symbol Assay ID Gene Symbol Assay ID
GAPDH Hs99999905_m1 MAP2K2 Hs00360961_m1
HPRT1 Hs99999909_m1 MAPK1 Hs01046830_m1
GUSB Hs99999908 m1 MAPK3 Hs00385075_m1

AKT1 Hs00178289_m1 MDM2 Hs99999008_m1
AKT2 Hs01086102_m1 MMP1 Hs00899658 m1
AKT3 Hs00178533_m1l MMP2 Hs01548727_m1l
ARHGEF7 Hs00388776_m1 MMP3 Hs00968308_m1
BCL2 Hs99999018 m1 MMP7 Hs01042796_m1
BCL2L1 Hs00236329_m1 MMP9 Hs00234579_m1
BIRC5 Hs00153353_m1 NFKB1 Hs00765730_m1
BRAF Hs00269944 m1 NFKB2 Hs00174517_m1
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BRCA2
CCNA2
CCNB1
CCND1
CCND2
CCNE1
CCNE2
CDC42
CDK2
CDK4
CDKN1A
CDKN1B
CDKN2A
CDKN2B
CDKN2C
CDKN2D
CYP2E1l
E2F1
E2F3
E2F4
EGF
EGFR
ELK1
ERBB2
FIGF
GRB2
HBEGF
HSP90AA1
IGF1
IL6
JAK1
JAK2
JAKS
KDR
KIT
KRAS
MAP2K1

Hs01037414 m1
Hs00153138_m1
Hs99999188 m1
Hs00765553_m1
Hs00153380_m1
Hs01026536_m1
Hs00372959_m1
Hs00741586_mH
Hs01548894 m1
Hs00175935_m1
Hs00355782_m1
Hs00153277_m1
Hs00923894 m1
Hs00365249 m1
Hs00176227_m1
Hs00176481_m1
Hs00559367_m1
Hs00153451_m1
Hs00605457_m1
Hs00608098_m1
Hs01099999 m1
Hs01076078_m1
Hs00428286_g1
Hs01001580_m1
Hs01128659_m1
Hs00157817_m1
Hs00181813 m1l
Hs00743767_sH
Hs01547656_m1
Hs00985639_m1
Hs01026983 m1
Hs01078136_m1
Hs00169663 m1
Hs00911700_m1
Hs00174029_m1
Hs00364282_m1
Hs00605615_mH

NOTCH1
PIK3SCA
PIK3CB
PIK3CD
PIK3R1
PIK3R2
PTGS2
RAC1
RAC2
RAF1
RB1
REL
RELA
RELB
RHOA
RHOB
SMAD2
SMAD3
SMAD4
SOS1
SRC
STAT1
STAT2
STAT3
STAT5B
STATG6
TGFA
TGFB1
TGFB2
TGFB3
TGFBR1
TGFBR2
TPS3
VEGFA
VEGFB
VEGFC

Hs01062011_m1l
Hs00180679_m1
Hs00927728_m1
Hs00192399_m1
Hs00381459_m1
Hs00178181_m1
Hs00153133_m1
Hs01025984_m1
Hs01032884_m1
Hs00234119 m1l
Hs01078066_m1
Hs00968436_m1
Hs00153294 m1
Hs00232399_m1
Hs00357608_m1
Hs00269660_ s1
Hs00183425_m1l
Hs00969210_m1
Hs00929647_m1
Hs00362308_m1
Hs00178494 m1
Hs01013989_m1
Hs01013123_m1
Hs00374280_m1
Hs00273500_m1
Hs00598625_m1
Hs00608187_m1
Hs00998133_m1
Hs00234244 m1
Hs01086000_m1
Hs00610318_m1
Hs00234253 _m1
Hs01034249_m1
Hs00900055_m1
Hs00173634_m1
Hs01099203_m1

Table 16. List of TagMan gene in the array plate and their corresponding ID’s.

Gene Symbo

Assay ID

HPRT1

COL1A1

LOXL2
MMP9
TIMP1
WNT1

CTNBB1

Hs02800695_m1
Hs00164004_m1
Hs00234579_m1
Hs00171558 m1l
Hs00158757_m1
Hs00180529_m1
Hs00355049_m1

Table 17. List of individually tested TagMan genes and their corresponding ID’s.
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3.10 Chemotherapy
Drugs were prepared as follows:

Gemcitabine: A stock solution of 1 mM was prepared by solubilising 0.026% (w/v) of
Gemcitabine powder (Gemzar) in distilled water. To obtain the desired drug

concentrations, the stock solution was diluted in culture media.

Doxorubicin: A stock solution of 1 mM was prepared by solubilising 0.058% (w/v) of
Doxorubicin Hydrochloride powder (Sigma-Aldrich) in DMSO (Sigma-Aldrich). To

obtain the desired drug concentrations, the stock solution was diluted in culture media.

3.10.1 Determining Suitable Dosage of Chemotherapeutic Drugs on
2D Cultures

To determine the most suitable concentration of Gemcitabine and Doxorubicin for use
in future 3D experiments; 3x102 cells of PANC-1, 7.5x102 cells of MIA PaCa-2 and
7.5x103 cells of PK-1 cells were seeded on individual wells in a 96-well-plate (n=6 /
condition). Two hundred pL of culture media (see described above) was added to each
well and the cells were incubated for 24 hours in a humidified incubator at 37°C with
5% COz2. Next, 200 pl of 9 different concentrations of Gemcitabine [0.01, 0.02, 0.04,
0.08, 0.1, 0.2, 0.3, 0.4 and 0.5 uM] and Doxorubicin [0.001, 0.005, 0.01, 0.02, 0.05,
0.1, 0.2, 0.5 and 0.8 uM], as well as a negative control of culture medium, was added
to their appropriate wells. Cells were allowed to incubate for an addition 24 hours in a
humidified incubator at 37°C with 5% CO.. Finally, all solutions were discarded and
200 pl of fresh culture medium was added to each well and the cells were allowed to
incubate for 96 hours in a humidified incubator at 37°C with 5% CO2. Cells viability

was then assessed using Alamar Blue (see section 3.11).
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3.10.2 Treatment of 3D Bioengineered Scaffolds with
Chemotherapeutics

Both liver and pancreas scaffolds were prepared and seeded with PANC-1, MIA PaCa-
2 or PK-1, as described in section 3.7, and cultured for 9 days. On the 9" day the
media was discarded and 1.4 ml of 0.5 yM Gemcitabine or 0.5 yM Doxorubicin was
added to the appropriate scaffolds. As a negative control, 1.4 ml of media and as a
positive control, 10% DMSO in culture medium, was added to their respected
scaffolds. The scaffolds were then allowed to incubate in the dark for 24 hours in a
humidified incubator at 37 °C with 5% CO2. Next, the scaffolds were moved to fresh
wells and washed with 1.4 ml 1X HBSS for 5 minutes and 1.4 ml of fresh media was
added to each scaffold. The scaffolds were then allowed to incubate for 96 hours in a
humidified incubator at 37°C with 5% CO2. Cells viability was then assessed using

Alamar Blue (see section 3.11).

3.11 Cell Viability Assay

3.11.1 Cells on 2D Cultures

For experiments performed on 2D plastic, culture media was discarded, and the cells
were washed three times with 200 pl 1X HBSS. Residual HBSS was discarded and
200 pl 10% Alamar Blue (Thermofisher Scientific) in culture media was added to each
well. The cells were allowed to incubate with the Alamar Blue in the dark for 2.5 hours
in a humidified incubator at 37°C with 5% CO..

3.12.2 Cells on 3D Cultures

For experiment performed in 3D scaffolds, culture media was discarded, and the
scaffolds were washed three times with 1.4 ml 1X HBSS. Residual HBSS was
discarded and 1.4 ml of 10% Alamar Blue in culture media was added to each well.
The scaffolds were allowed to incubate with the Alamar Blue in the dark for 2.5 hours
in a humidified incubator at 37°C with 5% CO..
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Fluorescence was read immediately after incubation on a FLUOstar Omega
fluorescence microplate reader (BMG Labtech) and fluorescence was quantified using
excitation and emission wavelengths of 540 nm and 595 nm, respectively. The data
measured in arbitrary units for the treated samples were normalised to the negative

control (non-treated samples) and reduction in percent (%) survival was calculated.

3.12 Confirmation of Doxorubicin Uptake

To confirm the uptake of the chemotherapeutic by the cells in 3D scaffolds,
Doxorubicin’s fluorescence was utilised. PANC-1 and MIA PaCa-2 cells on pancreas
scaffolds and PK-1 cells on liver scaffolds were cultured as described in section 3.7
for 9 days. On the 9" day the media was discarded and 1.4 ml of 0.5 yuM Doxorubicin
or fresh media was added to 3 samples of each condition. The scaffolds were then
allowed to incubate in the dark for 24 hours in a humidified incubator at 37 °C with 5%
COs2. Next, the scaffolds were washed with 1X PBS for 5 minutes, transferred to a
mould with OCT (Agarscientific) and snap frozen in liquid nitrogen. Twenty micrometre
sections were cut using a CRYOTOME FSE cryostat (Thermofisher Scientific). All
sections were then washed 3 times for 5 minutes with 1X PBS and stained with 300
nM DAPI (Thermofisher Scientific) for 1 minutes. Slides had a cover-slip applied and
were imaged with a BX63 microscope (Olympus) using excitation/emission of 405/470
nm (DAPI), 480/525 nm (collagen) and 480/590 nm (Doxorubicin). Images were then
processed with Fiji (ImageJ 1.52i).

3.13 Analysis of Cell Size

To measure the size of the cells in 3D scaffolds, immunohistochemistry images of
MMP9 at 40X were utilised. The images were uploaded into Fiji (ImageJ 1.52i) and
processed by converting the images into RGB. This was followed by ‘colour
deconvolution’ using the HE DAB settings which broke down the image into three sub-
images: Haematoxylin, DAB and Eosin. The ‘threshold’ of the DAB image was then

changed to 92.5% resulting in a black (cells) and white (background) image. Ten cells
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were randomly selected using the ‘wand (tracing) tool’ and their ‘Area’ was measured

in pixels.

3.14 RNAseq

RNA extracted as described in section 3.9.1 were sent for library preparation and
sequencing at the Wellcome Sanger Institute next-generation sequencing facility*
(Cambridge, U.K). PolyA purified opposing strand library kit was used, and 4 samples
per lane were multiplexed in 6 lanes on lllumina HiSeq 2000, 2x75bp, Paired-End
reads. A total of 150/200M reads per sample were mapped to the human genome
GRCh38 reference assembly and stored as cram files. Cram were converted into bam
keeping only reads with quality score above 10 (g>10) using Samtools view (301).
These were then converted into FASTQ files and input into Rosalind (OnRamp). A
threshold of 0.05 for statistical significance (p-value) and a log fold change of

expression with absolute value of at least 0.5 was chosen.

3.15 RNAseq Data Analysis

RNAseq Data was analysed by Rosalind (https://rosalind.onramp.bio/), with a
HyperScale architecture developed by OnRamp Biolnformatics, Inc. (San Diego, CA).
Reads were trimmed using cutadapt (302). Quality scores were assessed using
FastQC (303). Reads were aligned to the Homo sapiens genome build hgl9 using
STAR (304). Individual sample reads were quantified using HTseq (305) and
normalized via Relative Log Expression (RLE) using DESeq?2 R library (306).

All differentially expressed (DE) genes further were analysed on iPathwayGuide
(Advaitabio.com). Methods for pathways analysis (KEGG version 84.0+/10-26 Oct 17),
gene ontology (GODb version 2017-Nov6) and upstream regulators (STRING version

4 The Vallier research at the Wellcome Sanger Institute, Hinxton, Saffron Walden CB10 1SA
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10.5.May14th2017) were automatically processed by the software as described

below.

3.15.1 Pathway Analysis

iPathwayGuide scored pathways using the Impact Analysis method (307-309). Impact
analysis uses two types of evidence: i) the over-representation of DE genes in a given
pathway and ii) the perturbation of that pathway computed by propagating the
measured expression changes across the pathway topology. These aspects are
captured by two independent probability values, pORA and pAcc, that are then
combined in a unique pathway-specific p-value. The underlying pathway topologies,
comprised of genes and their directional interactions, are obtained from the KEGG
database (310-313).

The first probability, pPORA, expresses the probability of observing the number of DE
genes in a given pathway that is greater than or equal to the number observed, by
random chance (314, 315). Let us consider there are N genes measured in the
experiment, with M of these on the given pathway. Based on the user-defined a priori
selection of DE genes, K out of M genes were found to be differentially expressed.
The probability of observing exactly x DE genes on the given pathway is computed

based on the hypergeometric distribution (Figure 11):

M\ N-M
( X ) ( K-x )
N
()
Figure 11. Hypergeometric distribution. Where x is the DE genes, N is the genes measured in the
experiment, M is the genes measured on a given pathway and K is the number of DE genes.

P(X=x|NM,K) =

Because the hypergeometric distribution is discrete, the probability of observing fewer
than x genes on the given pathway just by chance can be calculated by summing the
probabilities of randomly observing O, 1, 2, ..., up to x-1 DE genes on the pathway
(Figure 12):
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Figure 12. Sum of probabilities. Where x is the DE genes, N is the genes measured in the experiment,
M is the genes measured on a given pathway and K is the number of DE genes.

iPathwayGuide calculated the probability of randomly observing a number of DE
genes on the given pathway that is greater than or equal to the number of DE genes
obtained from data, by computing the over-representation p-value: pORA = po(x) = 1
- pu(x-1) (Figure 13):

M\/ N-M
p(x) = 1 - i ( [ )(NK—i )
i=0 ( K)

Figure 13. Over-representation p-value. Where x is the DE genes, N is the genes measured in the
experiment, M is the genes measured on a given pathway and K is the number of DE genes.

The second probability, pAcc, is calculated based on the amount of total accumulation
measured in each pathway. A perturbation factor is computed for each gene on the

pathway using (Figure 14):
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Figure 14. Perturbation factor of an individual gene. Where g represents a given gene and u
represents all the genes directly upstream of g.
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In Figure 14, PF(g) is the perturbation factor for gene g, the term AE(g) represents the
signed normalized measured expression change of gene g, and a(g) is a priori weight
based on the type of the gene. The last term is the sum of the perturbation factors of
all genes u, directly upstream of the target gene g, normalized by the number of
downstream genes of each such gene Nds(u). The value of Bug quantifies the strength
of the interaction between genes g and u. The sign of B represents the type of
interaction: positive for activation-like signals, and negative for inhibition-like signals.
Subsequently, iPathwayGuide calculated the accumulation at the level of each gene,
Acc(g), as the difference between the perturbation factor PF(g) and the observed log

fold-change:

Ace(g,) = PF(g;) - /A\E(g;)

Figure 15. Accumulation of genes. Where g represents a given gene.

All perturbation accumulations are computed at the same time by solving the system
of linear equations resulting from combining the equation of Figure 15. For all genes
on a given pathway. Once all gene perturbation accumulations are computed,
iPathwayGuide computed the total accumulation of the pathway as the sum of all
absolute accumulations of the genes in a given pathway. The significance of obtaining
a total accumulation (pAcc) at least as large as observed, just by chance, is assessed

through bootstrap analysis.

The two types of evidence, pORA and pAcc, are then combined into an overall

pathway score by calculating a p-value using Fisher's method.

3.15.2 Gene Ontology Analysis

For each Gene Ontology (GO) term (316, 317), the number of DE genes annotated to
the term is compared to the number of DE genes expected just by chance.
iPathwayGuide used an over-representation approach to compute the statistical

significance of observing at least the given number of DE genes. The p-value is
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computed using the hypergeometric distribution as described for pORA in the Pathway
Analysis section.

The classical method used above considers all GO terms to be independent. However,
given the nature of gene ontology, consideration of genes multiple times introduces
errors. By definition, all the genes annotated to a GO term are also annotated to all its
ancestors. To overcome this limitation, several methods were proposed to assess the
enrichment of GO terms by considering the structure of the gene ontology. Among
these, iPathwayGuide used the proposed elim and weight pruning methods (318). The
elim pruning method iteratively eliminates the genes mapped to a significant GO term
from more general (higher level) GO terms, while the weight pruning method assigns
weight to each gene annotated to a GO term based on the scores of neighbouring GO

terms.

3.15.3 Predicted Upstream Regulator Analysis

The prediction of upstream regulators is based on two types of information: i) the
enrichment of differentially expressed genes from the experiment and ii) a network of
regulatory interactions from iPathwayGuide’s proprietary knowledge base. The
network is a directed graph in which the nodes represent genes, and the edges
represent regulatory interactions between two genes. A signed edge in this graph
consists of a source gene, a target gene, and a sign to indicate the type of signal:
activation (+) or inhibition (-). To create the network, the analysis selects only those
edges observed in the literature with at least a medium confidence (evidence score
greater than or equal to 400). The analysis considers two hypotheses: i) HA, the
upstream regulator is activated in the condition studied and ii) HI, the upstream

regulator is inhibited in the condition studied.

The analysis divides the set of all the genes obtained from NCBI Gene database into
several subsets based on the measurements in the experiment and the definitions
shown in Figure 16 and Figure 17. Let the sign of a measured DE gene be the sign of
the log fold change value: (+) for up-regulated genes and (-) for down-regulated genes.
A gene is a target gene if it corresponds to a node in the network that has at least one

incoming edge. iPathwayGuide define a consistent gene as a target DE gene such
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that the sign of the gene is consistent both with the type of the signal and with the
hypothesis considered. Formally, by definition, a target DE gene g is consistent with
Hypothesis HA if and only if an incoming edge e exists such that sign(g) = sign(e). In
other words, this describes the situation when the upstream regulator is predicted as
activated, the signal is activation and the target DE gene is up-regulated, or the signal
is inhibition and the target DE gene is down-regulated (see panel A in Figure 16). A
target DE gene g is consistent with Hypothesis HI if and only if an incoming edge e
exists such that sign(g) # sign(e). This second case captures the situation in which the
upstream regulator is inhibited, the signal is inhibition and the target DE gene is up-
regulated, or the signal is activation and the target DE gene is down-regulated (see
panel B in Figure 16).

A) DE target genes consistent with B) DE target genes consistent with I(U__')J upstream regulator
upstream regulator predicted as activated upstream regulator predicted as inhibited
~ ~ * ) DE gene (logFC > 0)
uj (u)
";ﬁ./ ﬂ. - 1 DE gene (logFC <0)
1 /

+ - -+ + -

g L T —  aclivation

+) - +) (-

——— inhibition

Figure 16. Target genes consistent with the hypothesis considered: In panel A, the signs of the DE
genes match the signs of their respective incoming edges, increasing the likelihood that the upstream
regulator u is activated. In panel B, the signs of the DE genes are opposite to the signs of their edges,
increasing the likelihood that the upstream regulator u is inhibited.

)
L u Fa
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.__.- ."I '.I' \ "'\-\.‘_‘ -
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+ 4 + = ;.- ."I | '.\ ,\‘ ._\ H-._\_M
L W Ca AL =/ DE gene {logFC <0)
= + + -+ - -+ & L | A :_
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Figure 17. The set of all genes includes the set of measured genes that are also targets in the
network, or Measured Targets (MT). iPathwayGuide defines the subset of "DE Targets consistent with
the first hypothesis that the upstream regulators are Activated", DTA. For a selected upstream
regulator u, we have the set of "Measured Targets of u" MT(u), "Differentially expressed Targets
downstream of u" DT(u), and the set of "DE targets consistent with the hypothesis HA that u is
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Activated"” DTA(u). The equivalent graphic for the hypothesis HI associated with DTI and DTI(u) is not
shown.

Upstream reqgulators Z-score. For both research hypotheses, the analysis computes a

Z-score for each upstream regulator z(u) by iterating over the genes in DT(u) and their
incoming edges in(g). iPathwayGuide can then compute the p-value corresponding to
the z-score P; as the one-tailed area under the probability density function for a normal
distribution, N(0,1) (Figure 18).

Z Z sign(e) x sign (”) ] Standard Normal Distribution (|z|=2)
__(” o geEDT (u) ecin(g) -
[ > lin(g) :
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Figure 18. Upstream regulators Z-score.

Upstream regulators predicted as activated. Here, the research hypothesis considers
the upstream regulator as activated. For each upstream regulator u, the number of
consistent DE genes downstream of u, DTA(u) is compared to the number of
measured target genes expected to be both consistent and DE just by chance.
iPathwayGuide uses an over-representation approach to compute the statistical
significance of observing at least the given number of consistent DE genes. The p-

value Pact is computed using the hypergeometric distribution (314, 315).

After computing a p-value for both types of evidence, P; and Pact, we need to combine
these two probabilities into one global probability value, Pg that is used to rank the
upstream regulators and test the research hypothesis that the upstream regulators are
predicted as activated in the condition studied. Since only a positive z-score indicates
that the upstream regulator is predicted as activated, we only combine p-values for a

positive z-score. Moreover, to avoid introducing false positives, only P; for significant
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z-scores (z 2 2) are combined. The analysis uses the standard Fisher's method to

combine p-values into one test statistic.

Upstream regulators predicted as _inhibited. In parallel with upstream regulators

predicted as activated, we use Pinn and P; to predict upstream regulators that are
inhibited. Here, the research hypothesis states that the upstream regulators are
inhibited in the conditions studied. For each upstream regulator u, the number of
consistent DE genes downstream of u, DTI(u) is compared to the number of measured
target genes expected to be both consistent and DE just by chance. Using the Fisher's
method as above, the analysis combines Pinn and Pz, where P; is considered only for

significant negative z-scores (z < -2).

3.6 Statistics and Data Analysis

A minimum of three biological replicates were performed for all protocols. Statistical
significance was determined using: (i) an ordinary one-way ANOVA followed by a
Tukey’s multiple comparison test for DNA quantification and qRT-PCR, (ii) a two-way
ANOVA followed by a Tukey’s multiple comparison test for cell viability analysis and
(iii) a Kurskal-Wallis one-way ANOVA followed by a Dunn’s multiple comparison test
for cell-size analysis. All statistical analyses and graphs were generated on GraphPad

Prism (version 8.1.0)
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* CHAPTER 4 -

“Never neglect an extraordinary appearance or happening. It
may be-usually is, in fact-a false alarm that leads to nothing,
but may on the other hand be the clue provided by fate to lead

you to some important advance.”
- Alexander Fleming
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4. RESULTS

4.1 Decellularisation of Human Pancreata

4.1.1 Decellularisation of Pancreas Cubes by Agitation

Discarded healthy human pancreas cubes were initially decellularised-using protocol
PA1 as described in the methods and materials section (Methods and Materials; Table
10). This method was loosely based on a well characterised decellularisation protocol
for healthy human liver cubes (296) (Methods and Materials; Table 9) and was a
reference point on which future improvements would be based on. This protocol
utilises a high agitation (40 ms-2); (i) to assist in the destruction of cellular membranes
and (ii) to improve the diffusion of reagents through the tissue. The third and final
consideration was the order of different reagents during the decellularisation protocol,
this was decided according to logical scientific reasoning, which involved starting with
deionised water to promote cell lysis through an osmotic shock. Following the
exposure of cellular material, a reagent mixture was exploited to disrupt lipid-lipid, lipid-
protein, protein-protein bonds, nuclear material and metallic ions. Finally, a highly
hypertonic solution (8.7% NaCl) followed by an isotonic solution (1% PBS) was used

to flush out the detached cellular material.

After 2 cycles were completed applying the abovementioned reagents, it was
macroscopically evident that the tissue was not entirely decellularised. Indeed, the
tissue was yellow which commonly indicates the presence of cellular material (Figure
not shown). This observation was followed by histological evidence: Sirius Red (SR),
which is used to observe cellular material by staining it yellow against a red collagen
background. This staining was in perfect agreement with the macroscopic view of the
tissue as it showed a vast amount of cellular debris still intact on the ECM (Figure 19;
e and f). Additionally, Haemotoxylin and Eosin (H&E) staining, which allows for the
identification of nuclear material by staining it blue against a red collagen background,
showed the presence of DNA residues (Figure 19; g and h).
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Figure 19. Histological images of fresh and decellularised pancreas using agitation. SR staining of
fresh pancreas distinctly shows cellular material in yellow (a and b). Cellular material is also present
on scaffolds decellularised using protocol PA1 (e and f), whereas, no cellular material can be seen in
any of the scaffolds decellularised using protocol PA2 (i and j). H&E staining of fresh pancreas is
characterised by nuclear material stained in blue (c and d). This material is clearly present in tissue
decellularised with protocol PA1 (g and h) but is absent in tissue decellularised using protocol PA2 (k
and ). It is also evident that ECM architecture is still preserved in protocols PA1 (e — h) but is not
maintained in protocol PA2 (i —1). Scale bar for 10x images is 200 um and for 40x images 50 um.
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The next step was to try a longer exposure to the reagents. Therefore, keeping most
parameters consistent, 4 cycles of the aforementioned reagents using protocol PA2
was performed (Methods and Materials; Table 10). Macroscopically, there was a
significant progress compared to protocol PA1, as the tissue was much clearer, with
almost no yellow patches observed (Figure not shown). Additionally, there was a loss
to the bulk structure of the decellularised tissue. Microscopically, there was no cellular
debris observed on the SR slides (Figure 19; i and j) and no nuclear material observed
on the H&E slides (Figure 19; k and I). However, the decellularisation of the pancreas
cubes using this protocol was achieved at the expense of the ECM, which was visibly
destroyed. Both H&E and SR staining showed no retention of the ECM architecture
(Figure 19).

4.1.2 Decellularisation of Whole Human Pancreas by Perfusion

Following unsatisfactory results using agitation, the next approach was to attempt
decellularisation of whole pancreata by perfusion. The pancreata were prepared for
decellularisation using the same protocol as for transplantation (Methods and
Materials; Section 3.3). This procedure was performed by a surgeon to ensure no
damage to the pancreas was incurred. Furthermore, to enhance perfusion to the
superficial parenchyma of the pancreas, the duodenum and pancreas were
decellularised en-bloc to allow for the flow of reagents via the pancreaticoduodenal

veins.

Decellularisation of the en-bloc pancreata was achieved within 2 weeks of perfusion.
The protocol used for decellularisation was loosely based on the well-characterised
protocol used for healthy human liver decellularisation (319). During and following
decellularisation the pancreas gradually turned translucent white with the dissolution
of cells (Figure 20). The decellularisation protocol, based on a retrograde perfusion
through the portal vein, utilised the combination of four different cell elimination factors:
i) physical cell-damaging by freezing and thawing, ii) osmotic shock to allow cell lysis,
iii) detergents to destruct chemical bonds; and iv) flow shear stress to allow the

penetration into the parenchyma of the pancreas to eliminate cellular remnants.
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Decell.

HP1

HP2

Figure 20. Macroscopic view of pancreata decellularised using different perfusion protocols.
Yellow/pink tissue is a representative of cellular material, which is the colour of fresh pancreata (a, ¢
and e). The translucent-white colour usually represents decellularised tissue (b, d and f). HP1 is the
first pancreas decellularised using no pressure regulation (a and b). HP2 is the first pancreas
decellularised using a bioreactor (c and d), HP3 is the pancreas decellularised using the most optimal
perfusion protocol within a bioreactor (e and f).

4.1.2.1 Protocol Development for the Decellularisation of the First Human
Pancreas

The first attempt at decellularising of a pancreas, HP1 (Figure 20; a and b) was
performed with no sensors for pressure measurements. The flow rate was incremental

throughout decellularisation and was determined according to the formula used for

% |Page



healthy human liver decellularisation (319). Initially, deionised water was perfused for
several hours to cause an osmotic shock to the cells, thereby disrupting the cell
membrane. This allowed the cellular material to be exposed to further degradation.
Due to the exaggerated amount of cellular material released into the solution from the
pancreas, a low concentration of SDS (0.1%) was initially used. SDS further assists in
lysing the cell membranes as well as the destruction of the nuclear membranes. Once
the excreted cellular content was saturated, the concentration of SDS was increased
to 1% for 2 consecutive days. Again, when the dissolution was further saturated, the
pancreas was perfused with a high concentration of Triton X-100 (3%) indefinitely until
the organ appeared macroscopically decellularised. Triton X-100 is used to; i)
neutralise the SDS and ii) disrupt lipid—lipid and lipid-protein interactions, while leaving
protein-protein interactions intact. The main macroscopic criteria were: i) the whole
organ turned translucent white and ii) the outflow solution was consistently transparent
for one day. Once these standards were satisfied, the pancreas was washed with
deionised water for 2 days followed by 2 days of 1% PBS.

Characterisation for Cellular Elimination

Following decellularisation of HP1, the next step was to evaluate cellular elimination
and ECM preservation of the head, body, and tail of the pancreas. It was important to
analyse all three segments separately as the flow of reagents differs within the
pancreas due to its natural anatomy. The first step was to assess the elimination of
cellular material histologically. H&E staining showed slight evidence of nuclear
material and SR staining was negative for cell remnants in all three segments (Head,
Figure 21 a - d; Body, Figure 21 e - h and Tail Figure 21 i - I). Also, quantification of
DNA using a DNeasy Blood and Tissue kit showed a significant reduction of nuclear
material in all three segments of the pancreas when compared to the fresh pancreas.
Furthermore, there were no significant differences in the quantity of nuclear material
between the three-decellularised segments (Figure 24). However, the quantity of DNA

was still above the standardised criteria of our lab, stated as 100 ng/mg wet tissue.
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Figure 21. Histological images of pancreas HP1 decellularised by perfusion. SR staining of the head
(a and b), body (e and f) and tail (i and j) show no indication of cellular material (yellow). Similarly,
H&E staining show almost no remaining nuclear material in the head (c and d) and tail (k and I) of the
pancreas. There is some blue complexion observed in the body of the pancreas which could indicate
residual nuclear material (g and h). Both SR and H&E staining show an extent of ECM
microarchitectural destruction, which is more evident in the parenchyma of the tissue. Scale bar for
10x images is 200 um and for 40x images 50 um.
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Characterisation for ECM Preservation

As previously mentioned, it is of primary importance for this study to produce
decellularised scaffolds that could be tissue-specific for disease modelling and
regenerative medicine. Thus, it is vital to preserve as much of the ECM as possible,
as it would be inadequate if the decellularised tissue is unable to: (i) re-attach cells or
(ii) represent the native environment. The first step was to analyse the retention of the
ECM architecture, by employing both H&E and SR stainings. The three main features
considered for ECM preservation were the presence of: (i) islets of Langerhans, (ii)
exocrine ECM and (iii) blood vessels. Only the body of the pancreas showed
maintenance of all three structures (Figure 21 e — h); whereas, the head showed
compression of the blood vessels and exocrine ECM (Figure 21 a — d), and the tail

presented deformation and destruction of the exocrine ECM (Figure 21 i —1I).

To further investigate the retention of specific ECM proteins, namely: collagen I,
collagen III, collagen 1V, fibronectin and laminin, immunohistochemistry was
performed on the body of the pancreas, as it was considered unnecessary to evaluate
tissue from the destroyed sections of the pancreas. All stains showed similar patterns
to the native pancreas tissue. Collagen | (Figure 25f), collagen Il (Figure 25g) and
fibronectin (Figure 25h) stained positive for the exocrine ECM, whereas collagen 1V
(Figure 25i) was not strongly evident in the exocrine tissue but was found lining the
ducts. Finally, laminin was present around blood vessels and islets of Langerhans
(Figure 25j).

4.1.2.2 Perfusion - Decellularisation using a Bioreactor

To improve on the promising results obtained by perfusion, the next decellularisation
(HP2) was performed in an ORCA Harvard Apparatus perfusion bioreactor. The
bioreactor can monitor the pressure within the pancreas, and therefore the flow rate
used was in correlation to an incremental pressure gradient. The pressure was
increased gradually to substitute the loss of pressure from the cells. An identical

reagent regime, as to the previous HP1 perfusion decellularisation, was used.
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The elimination of cellular material was histologically evaluated by H&E (Figure 22 c,
d,g, h,kandl)and SR (Figure 22 a, c, e, f, i and j), which showed no signs of nuclear
material or cellular content, respectively. DNA quantification supported the histological
analysis and presented DNA content above 150 ng/mg-wet tissue in all three
segments of the pancreas (Figure 24). This was found to be not significant compared
to native and HP1 pancreas.

Further, for HP3, it was decided to increase the number of fresh reagents used, instead
of recycling them, in order to reduce the amount of cellular material being re-perfused

back into the organ.

The elimination of cellular material was histologically evaluated by H&E (Figure 23 c,
d, g, h, kandl) and SR (Figure 23 a, c, e, f, i and j), which showed no signs of nuclear
material or cellular content, respectively. DNA quantification supported the histological
analysis and presented DNA content below 150 ng/mg-wet tissue in all three segments
of the pancreas (Figure 24). This was found to be significantly lower compared to HP1
and HP2 (p<0.05).

HP3 ECM architecture was notably superior to HP1. The head, body, and tail were
preserved as all three features showed the presence of 1) islets of Langerhans (Figure
25 k — 0; red arrow), 2) exocrine ECM, ducts (Figure 25 n; green arrow) and 3) blood
vessels which were well maintained. Additionally, there were no notable differences in
ECM protein content and distribution of the body of the pancreas in HP3 (Figure 25 k
- 0) when compared to native tissue or HP1.
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Figure 22. Histological images of pancreas HP2 decellularised by perfusion using a bioreactor. SR
staining of the head (a and b), body (e and f) and tail (i and j) show no indication of cellular material
(vellow). Similarly, H&E staining show no residual nuclear material in the head (c and d), body (g and
h) and tail (k and I) of the pancreas. Both SR and H&E staining show preservation of ECM
microarchitecture in the head (a — d) and body (e — h) of the pancreas but indicated some collapse in
the tail (i —I). Scale bar for 10x images is 200 um and for 40x images 50 um.
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Figure 23. Histological images of pancreas HP3 decellularised by perfusion using a bioreactor. SR
staining of the head (a and b), body (e and f) and tail (i and j) show no indication of cellular material
(vellow). Similarly, H&E staining show no residual nuclear material in the head (c and d), body (g and
h) and tail (k and I) of the pancreas. Both SR and H&E staining show preservation of ECM
microarchitecture in the head (a — d) and body (e — h) of the pancreas. SR staining of the tail of the
pancreas (i — I) demonstrates break down of the ECM. Scale bar for 10x images is 200 um and for 40x
images 50 um.
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Figure 24. DNA quantification of fresh and decellularised pancreas. All decellularised tissue had a
significant decrease in DNA content compared to fresh tissue. Additionally, there is a significant
decrease in DNA content between HP3 and both HP1 and HP2. Data are expressed as mean *s.d. *
p<0.05, ** p<0.01 and **** p<0.0001.
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Figure 25. Immunohistochemistry images of fresh and decellularised pancreas. All proteins are
stained dark brown. Fresh pancreas was stained as a positive control and all proteins showed
appropriate staining (a — e). Both pancreata HP1 (f — j) and HP3 (k — 0) showed positive staining for all
5 proteins with some degree of difference between the protocols, particularly laminin (k and o).
Additionally, preserved Islets (red arrows) and ducts (green arrow) can be seen on some slides. All
images were obtained using a 20x objective. Scale bar: 100 um.
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4.2 PDAC Cell Cultures

4.2.1 Histological Characterisation

4.2.1.1 Histopathological Analysis of the Effect of Tissue-Specificity on
PDAC

Following successful decellularisation of pancreas tissue, the next step was to
investigate the ability of pancreas and liver scaffolds to accommodate PDAC cells.
Three cell types were chosen due to their anatomical site of derivation and metastatic
potential; PANC-1 (primary non-metastatic isolated from the pancreas), MIA PaCa-2
(primary metastatic isolated from the pancreas) and PK-1 (metastatic isolated from the

liver).

After 7 days in culture, PANC-1 cells were observed to attach to both pancreas (Figure
26 a - ¢) and liver scaffolds (Figure 26 d - f), without extended migration into the
scaffolds. After 14 days, PANC-1 cells on the pancreas scaffolds invaded deeper into
the parenchymal space as well as the walls of the ducts (Figure 26 g - i). This was not
observed on liver scaffolds, as the cells only partially invaded inwards (Figure 26 j - I).

MIA PaCa-2 cells invaded both tissue types similarly. After 7 days, cells migrated as
singular units into the parenchyma (Figure 27 a - f). Similarly, after 14 days of culture,

cells appeared to maintain their singular invasive behaviour. (Figure 27 g - I).

Finally, PK-1 cells showed similar cell numbers at both day 7 and 14 of culture (Figure
28). There was a distinct difference in behaviour between the liver and pancreas
tissue. PK-1 cells on the liver scaffolds migrated and attached to all major vessels as
well as some smaller vessels (Figure 28 d — f and j — ). This was not observed on the
pancreas scaffolds as the cells created thick layers on the outer layer of the scaffold,

attaching in aggregates (Figure 28 a—c and g —i).
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Figure 26. PANC-1 cells cultured on pancreas and liver scaffolds. After 7 days in culture, H&E staining showed that PANC-1 cells attached to both pancreas
(a —c) and liver scaffolds (d - f), without extended migration into the scaffolds. After 14 days, PANC-1 cells on the pancreas scaffolds invaded deeper into the
parenchymal space as well as the walls of the ducts (g — i). On liver scaffolds, the cells only partially invaded inwards (j —i). Scale bar for 4x images is 500 um,
10x images is 200 um and 40x images 50 um.
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DAY 7 MIA PaCa-2 DAY 14
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Figure 27. MIA PaCa-2 cells cultured on pancreas and liver scaffolds. After 7 and 14 days in culture, H&E staining showed that MIA PaCa-2 cells attached to
both pancreas (a — ¢ and g — i) and liver scaffolds (d — f and j — 1) similarly as singular units. Although, after 14 days (g — 1), the number of MIA PaCa-2 cells
appear to be greater than after 7 days (a — f). Scale bar for 4x images is 500 um, 10x images is 200 um and 40x images 50 um.

107 |Page



DAY 7 PK-1 DAY 14

Pancreas Liver Pancreas Liver
Scaffold Scaffold Scaffold Scaffold

; : i 8 . G T = A
a 4 d B ST o) W

< g ¥ t f .
: \3 ‘ ¥ ) X '\ »; - ( 3 =
F » S

4 x

10 x

40 x

Figure 28. PK-1 cells cultured on pancreas and liver scaffolds. H&E staining showed that PK-1 cells on the pancreas scaffolds created thick layers on the outer
surface of the scaffolds, attaching in aggregates (a — ¢ and g —i). Whereas, after 7 and 14 days in culture, PK-1 cell on the liver migrated and attached to all
major vessels as well as some smaller vessels (d — f and j—I). Scale bar for 4x images is 500 um, 10x images is 200 um and 40x images 50 um.
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4.2.1.2 Immunohistological Analysis of the Effect of Tissue-Specificity on
PDAC

To further investigate the role of tissue-specific ECM on the PDAC cells, IHC staining
was used to study changes in cellular characteristics of PANC-1 and PK-1 cells in
pancreas and liver scaffolds. PANC-1 cells stained for Ki-67, a marker for proliferation,
presented a moderate intensity on both Day 7 (Figure 29a) and Day 14 (Figure 299)
on pancreas scaffolds. Whereas, a high Ki-67 intensity was seen on liver scaffolds on
both day 7 (Figure 30a) and 14 (Figure 30g), which indicated a more proliferative
status of these cells on a metastatic ECM material. ASP175 (cleaved caspase-3), a
marker for apoptosis, was overall not present on neither day 7 or 14 on either the
pancreas (Figure 29 b and h) or liver scaffolds (Figure 30.b and h), although there

were more ASP175 positive cells on day 14 compared to day 7 on both tissues.

To investigate changes in migratory potential of the PANC-1 cells on the different
tissue types, MMP9 (Matrix metallopeptidase 9) staining was performed. MMP9
showed a moderate intensity on all conditions (Figure 29 ¢ and i and Figure 30 ¢ and

i); tissue type (pancreas and liver) and time point (day 7 and 14).

Furthermore, EMT and stemness markers were examined. E-Cadherin, a marker of
“epithelial” cells, was mildly positive on both pancreas (Figure 29d) and liver scaffolds
(Figure 30d) on day 7 but was lost on day 14 (Figure 29j and Figure 30j). Whereas, -
catenin, a promoter of mobility and a mesenchymal phenotype, was moderately
expressed in all conditions (Figure 29 e and k and Figure 30 e and Kk); tissue type

(pancreas and liver) and time point (day 7 and 14).

Finally, CD44, a cancer stem cell marker, was not detected in any of the conditions
(Figure 29 f and | and Figure 30 f and |); tissue type (pancreas and liver) and time point
(day 7 and 14).

PK-1 cells stained for Ki-67, presented a moderate intensity on both day 7 (Figure
31a) and a high intensity on day 14 on pancreas scaffolds (Figure 31g), whereas a
high intensity was seen on liver scaffolds on day 7 (Figure 32a) and a decreased
intensity on day 14 (Figure 32g). ASP175 was not detected on any of the sample

109 |Page



conditions (Figure 31 b and h and Figure 32 b and h); tissue type (pancreas and liver)
and time point (day 7 and 14).

The migratory marker MMP9 presented a moderate to high intensity on PK-1 cells on
the pancreas scaffolds on both time points; day 7 (Figure 31c) and 14 (Figure 31i) but
a very high intensity of MMP9 staining on the liver scaffolds on both time points; day
7 (Figure 32c) and day 14 (Figure 32i).

The EMT marker, E-Cadherin (Figure 31 d and j and Figure 32 d and j) and B-catenin
(Figure 31 e and k and Figure 32 e and k) were shown to be highly expressed in all
conditions; tissue type (pancreas and liver) and time point (day 7 and 14). Finally,
CD44 was moderately expressed on all conditions (Figure 31 f and | and Figure 32 f

and |); tissue type (pancreas and liver) and time point (day 7 and 14).
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Figure 29. Immunohistochemistry analysis of PANC-1 cells cultured on pancreas scaffolds. PANC-1 cells stained for Ki-67 showed a moderate intensity on
both day 7 (a) and day 14 (g). Staining for ASP175 was negative for the majority of the cells; with only a few number of cells presenting a positive stain on day
7 (b) and a greater amount on day 14 (h). Staining for MMP9 was positive with a high intensity on both day 7 (c) and day 14 (i). E-cadherin presented a mild
positive staining on day 7 (d) but was negative on day 14 (j). Staining for 8 catenin presented a moderate expression on both day 7 (e) and day 14 (k). CD44
staining was negative on both day 7 (f) and day 14 (I). All images were obtained using a 20x objective. Scale bar: 100 um.
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Figure 30. Inmunohistochemistry analysis of PANC-1 cells cultured on liver scaffolds. PANC-1 cells stained for Ki-67 showed a high intensity on both day 7
(a) and day 14 (g). Staining for ASP175 was negative for the majority of the cells; with only a few number of cells presenting a positive stain on day 7 (b) and
a greater amount on day 14 (h). Staining for MMP9 was positive with a high intensity on both day 7 (c) and day 14 (i). E-cadherin presented a mild positive
staining on day 7 (d) but was negative on day 14 (j). Staining for 8 catenin presented a moderate expression on both day 7 (e) and day 14 (k). CD44 staining
was negative on both day 7 (f) and day 14 (I). All images were obtained using a 20x objective. Scale bar: 100 um.
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Figure 31. Immunohistochemistry analysis of PK-1 cells cultured on pancreas scaffolds. PK-1 cells stained for Ki-67 showed a moderate intensity on day 7
(a) and a higher intensity on day 14 (g). Staining for ASP175 was negative for the majority of the cells; with only a few number of cells presenting a positive
stain on day 7 (b) and day 14 (h). Staining for MMP9 was positive with a moderate/high intensity on both day 7 (c) and day 14 (i). E-cadherin presented a high
intensity staining on both day 7 (d) and day 14 (j). Staining for 8 catenin presented a high expression on both day 7 (e) and day 14 (k). CD44 staining was

highly expressed on both day 7 (f) and day 14 (). All images were obtained using a 20x objective. Scale bar: 100 um.
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Figure 32. Immunohistochemistry analysis of PK-1 cells cultured on liver scaffolds. PK-1 cells stained for Ki-67 showed a high intensity on day 7 (a) and a
moderate intensity on day 14 (g). Staining for ASP175 was negative for the majority of the cells; with only a few number of cells presenting a positive stain on
day 7 (b) and day 14 (h). Staining for MMP9 was positive with a very high intensity on both day 7 (c) and day 14 (i). E-cadherin presented a very high intensity
staining on both day 7 (d) and day 14 (j). Staining for 8 catenin presented a very high expression on both day 7 (e) and day 14 (k). CD44 staining was highly
expressed on both day 7 (f) and day 14 (l). All images were obtained using a 20x objective. Scale bar: 100 um.
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4.2.2 Genetic Profiling of PDAC Cell Lines in their Natural Tissue

To better understand the gene expression profiles of the three cell lines, gPCR of 93
genes were analysed, using TagMan™ Arrays for human pancreas adenocarcinoma.
For the purpose of this experiment, four technical replicates were pooled from cells
cultured on scaffolds of tissue of their origin, i.e. (i) PANC-1 cells cultured in pancreas
scaffolds, (ii)) MIA PACA-2 cells cultured on pancreas scaffolds and (iii) PK-1 cells
cultured on liver scaffolds. The genes of the array were grouped into 9 categories for
optimisation of analysis, namely: Tissue Remodelling and Angiogenesis,
Cytokines/Growth Factors and Receptors, Oncogenes and Tumour Suppressors, Cell
Cycle Regulators, AKT/PKB Signalling Pathways, TGF/SMAD Signalling Pathways,
JAK/STAT Signalling Pathways, RAS/MAPK Signalling Pathways, and Other PDAC-
Related Genes.

Analyses of the “tissue remodelling and angiogenesis” related genes showed that
GUSB, a hydrolase that degrades glycosaminoglycans, was similar in all three cells
lines. MMP1, a protease that breaks down interstitial collagen, showed similar
expression in MIA PACA-2 and PK-1 cells but a ~5-fold lower expression in PANC-1
cells. MMP2, a protease that denatures type IV and V collagen and elastin, was
similarly expressed in PANC-1 and PK-1 cells but expressed ~500 fold less in MIA
PACA-2 cells. MMP3, a protease that degrades fibronectin, laminin, collagens lll, IV,
IX, and X, and cartilage proteoglycans, had a low expression on all three cell lines.
MMP7, a protease the degrades proteoglycans, fibronectin, elastin and casein, was
not expressed in MIA PACA-2, mildly expressed in PANC-1 cells and moderately
expressed in PK-1 cells, in comparison to the expression of the other
metalloproteinases. MMP9, an enzyme that degrades type IV and V collagens, had a
similar pattern to MMP7 but with higher expression in all three cell lines. VEGFA,
VEGFB and VEGFC, growth factors that regulate the formation of blood vessels and
involved in endothelial cell physiology, were highly expressed in all cell lines, even
though, VEGFA and VEGFB were higher in PANC-1 and PK-1 compared to MIA
PACA-2 cells. FIGF (VEGFD) was expressed much less than the other VEGFs in all
three cell lines. Finally, it is important to note that the metastatic cells, PK-1, has similar

or higher expression of all of the tissue remodelling and angiogenesis related genes;
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GUSB, MMP1, MMP2, MMP3, MMP7, MMP9, VEGFA, VEGFB and VEGFB except
for FIGF (Figure 33).

Analyses of the “cytokines/growth factor and receptors” related genes presented a
similar pattern to those of “tissue remodelling and angiogenesis” where the metastatic
cells, PK-1, had an equal or higher expression in comparison to PANC-1 and MIA
PACA-2 of all genes tested; EGF, EGFR, HBEGF, ERBB2, IGF1, IL6 KDR, NOTCH1
AND KIT. Additionally, the primary PDAC cell line, MIA PACA-2, had a gene
expression profile that was either not present, lower or equal to the other two cell lines
PANC-1 and PK-1. In fact, IGF1, a hormone similar in molecular structure to insulin
and known to be produced by the liver, was not expressed in neither of the primary
tumour cell lines, PANC-1 and MIA PACA-2, whereas IL6, a pro-inflammatory
cytokine, KDR, a VEGF receptor, and KIT, Mast/stem cell growth factor receptor, were
only expressed in PANC-1 and PK-1 but not in MIA PACA-2. EGF, a potent mitogenic
factor that plays an important role in the growth, proliferation and differentiation, and
its receptor, EGFR, has a similar expression pattern between the three cell lines even
though EGF had ~1000-fold lower expression. HBEGF, Heparin Binding EGF Like
Growth Factor, and its receptor, ERBB2, has similar pattern and expression between
the three cell lines. Finally, NOTCH1, a receptor involved in the Notch signalling

pathway, had a similar expression in all three cells (Figure 34).

Analyses of the “oncogenes and tumour suppressors” related genes, similarly, showed
an equal or lower expression of all genes; E2F1, E2F3, E2F4, TP53, MDM2, RB1,
BRCA2, BRAF, BIRC5, BCL2 and BCL2L1, in MIA PACA-2 cells in comparison to
PANC-1 and PK-1 cells. The oncogenes, E2F1, E2F3 and E2F4, transcription factors
that play a crucial role in the control of cell cycle and action of tumour suppressor
proteins, and MDM2, a tumour formation promoter, were found to be higher in the
metastatic cell line PK-1 than the primary cell line PANC-1. Whereas, the tumour
suppressor genes’, TP53 and BRCAZ2, and the apoptosis inhibitor genes’, BIRC2 and
BCL2, presented higher expression in PANC-1 than in PK-1 cells. It is important to
note that BCL2 was expressed more than 15-fold higher in PANC-1 than PK-1 and
MIA PACA-2 (Figure 35).
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Analysis of the “cell cycle regulators” genes, like the above gene groups, showed that
MIA PACA-2 cells had a similar or lower expression of all genes, CCNA2, CCNB1,
CCND1, CCND2, CCNE1, CCNE2, CDC42, CDK2, CDK4, CDKN1A, CDKN1B,
CDKN2A, CDKN2B and CDKN2D, in comparison to the other two cell lines, except for
CDKNZ2C, which was lowest in PK-1. The cyclin dependent kinase inhibitors, CDKN2A
and CDKN2B, were not expressed in any of the three cell lines. The largest differences
in expression were observed in CCNA2, a cyclin, and CDKN2C, a cyclin depended
kinase inhibitor, which were more than 4-fold higher in PANC-1 in comparison to PK-
1. Whereas, the cyclin, CCND2, was expressed >10 fold higher in PK-1 cells in
comparison to PANC-1 cells (Figure 36).

Analyses of the “AKT/PKB signalling pathways” related genes also showed MIA
PACA-2 cells had a similar or lower expression of all genes tested, AKT1, AKT2,
PIK3CA, PIK3CB, PIK3CD, PIK3R1 and PIK3R2 in comparison to the other two cell
lines, except for AKT3 that was lowest in PANC-1 cells. The highlight of this group was
in fact, AKT3 that was >30 fold higher in the metastatic cell line PK-1 in comparison to
the primary cell line PANC-1 (Figure 37).

Analyses of the “TGF/SMAD signalling pathways” related genes also showed that MIA
PACA-2 cells had a similar or lower expression of all genes tested, TGFA, TGFB1,
TGFB2, TGFB3, TGFBR1, TGFBR2, SMAD2 and SMADS3 in comparison to the other
two cell lines, except for SMAD4, which was lowest in PK-1 cells. The highlight of this
group where TGFA and TGFB, which were >200 and >8 fold higher, respectively, in
the metastatic cell line PK-1 in comparison to the primary cell line PANC-1 (Figure 38).

Analyses of the “JAK/STAT signalling pathways” related genes also showed that MIA
PACA-2 cells had a similar or lower expression of all genes tested, JAK1, JAK2,
STATL1, STAT2, STAT3, STATS5B, STAT6 and CYP2E1 in comparison to the other two
cell lines, except for JAK3, which was lowest in PK-1 cells. The highlight of this group
was JAK2, which was >8 fold higher in the metastatic cell line PK-1 in comparison to

the primary cell line PANC-1 (Figure 39).

Analyses of the “RAS/MAPK signalling Pathways” related genes also showed that MIA
PACA-2 cells had a similar or lower expression of all genes tested, GRB2, SOS1,
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SRC, RAF1, KRAS, MAP2K1, MAP2K2, MAPK1, MAPK3 and ELK1 in comparison to
the other two cell lines. The highlight of this group was SRC, a proto-oncogene that
promotes survival, angiogenesis, proliferation and invasion was ~8 fold higher in the

metastatic cell line PK-1 in comparison to the primary cell line PANC-1 (Figure 40).

Finally, further analyses of “other PDAC related genes” additionally showed that MIA
PACA-2 cells had a similar or lower expression of all genes tested, HSP90AAL,
PTGS2, NFKB1, NFKB2, REL, RELA, RELB, RAC1, RHOA, RHOB and ARHGEF?7,
in comparison to the other two cell lines, except for RAC2 that was lowest in PANC-1
cells. The highlight of this group was PTGS2, a cyclooxygenase not usually expressed
in healthy cells but elevated during inflammation, was ~1000 fold higher in the

metastatic cell line PK-1 in comparison to the primary cell line PANC-1 (Figure 41).
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Figure 33. Quantitative comparison of genes related to “tissue remodelling and angiogenesis”. RNA extracted
from PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested

for the relative expression of GUSB, MMP1, MMP2, MMP3, MMP7, MMP9, VEGFA, VEGFB, VEGFC and FIGF.
Numerals over bars represent value of the relative expression (22).
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Figure 34. Quantitative comparison of genes related to “cytokines/growth factors and receptors”. RNA
extracted from PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were

tested for the relative expression of EGF, EGFR, HBEGF, ERBB2, IGF1, IL6, KDR, NOTCH1 and KIT. Numerals over
bars represent value of the relative expression (2-ACT).

Oncogenes and Tumour Suppressors Il PANCA1
5x10-2 L] MIAPaCa-2
| PK-1
= 4x10-2 B 1
&} & B
< - 5
N 3x10-24 ] ]

] 185210°

7.88%10°
| I o0’

W zos<10°

] 0.73x10"

I, ;1 10
7.79x10%
] 1.55x107
O s92x10®
7.80x10°
84x10*
] 1.99x10°
W 287<10°
1 193<10°
] 194x10®
I 7 10°
I 193x10°
I, o <10
O 393x10°

— —
x x
—_— —
o o
A N
] I

7.98x10°

] a.81x10*

] 0.84x
] 9.71x10*
] 9.74x10*

(o2} co
x x
- -
o o
IS IS
1 |

S
x
-
o
IS
1

—

[ -

nd

[a :

I o -
- o o
@ ) % X 3
c 3 9 5
[4h] & & o o
O - | |
p R

©

w

7]

o

| -

Q.

>

()

o

=

=

©

[5)

(e

2x10-4+

0- T T T T T T T

T T
E2F1 E2F3 E2F4 TP53 MDM2 RB1 BRCA2 BRAF BIRC5 BCL2 BCL2L1

[ o0t

123x<10*

=~ 6.06x10°
12110
=~ 6.05x10%

Figure 35. Quantitative comparison of genes related to “oncogenes and tumour suppressors”. RNA extracted
from PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested
for the relative expression of E2F1, E2F3, E2F4, TP53, MDM2, RB1, BRCA2, BRAF, BIRC5, BCL2 and BCL2L1.
Numerals over bars represent value of the relative expression (2-ACT).
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Figure 36. Quantitative comparison of genes related to “cell cycle regulators”. RNA extracted from PANC-1 on
pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested for the relative
expression of CCNA2, CCNB1, CCND1, CCND2, CCNE1, CCNE2, CDC42, CDK2, CDK4, CDKN1A, CDKN1B, CDKN2A,
CDKN2B, CDKN2C and CDKN2D. Numerals over bars represent value of the relative expression (2-ACT).
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Figure 37. Quantitative comparison of genes related to “AKT/PKB signalling pathways”. RNA extracted from
PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested for the

relative expression of AKT1, AKT2, AKT3, PIK3CA, PIK3CB, PIK3CD, PIK3R1 and PIK3R2. Numerals over bars
represent value of the relative expression (2-ACT).
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Figure 38. Quantitative comparison of genes related to “TGF/SMAD signalling pathways”. RNA extracted from
PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested for the
relative expression of TGFA, TGFB1, TGFB2, TGFB3, TGFBR1, TGFBR2, SMAD2, SMAD3 and SMAD4. Numerals
over bars represent value of the relative expression (2-ACT).
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Figure 39. Quantitative comparison of genes related to “JAK/STAT signalling pathways”. RNA extracted from
PANC-1 on pancreas scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested for the

relative expression of JAK1, JAK2, JAK3, STAT1, STAT2, STAT3, STAT5B, STAT6 and CYP2E1. Numerals over bars
represent value of the relative expression (2-ACT).
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Figure 41. Quantitative comparison of “other PDAC related to genes”. RNA extracted from PANC-1 on pancreas

scaffolds, MIA PaCa-2 on pancreas scaffolds and PK-1 on liver scaffolds were tested for the relative expression of

HSP90AA1, PTGS2, NFKB1, NFKB2, REL, RELA, RELB, RAC1, RAC2, RHOA, RHOB and ARHGEF7. Numerals over bars
represent value of the relative expression (2-ACT).
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4.2.3 gRT-PCR Analysis of the effect of Tissue-Specificity and 2D
Plastic on PDAC

Following the analyses of the qPCR array, PANC-1 and PK-1 cells were chosen to
further investigate the influence of the environment on the cells i.e. pancreas scaffolds,
liver scaffolds and 2D plastic plates. Two genes were selected from three different
categories (i) ECM proteins, COL1A1 and LOXL2, (ii) ECM remodelling and migration,
MMP9 and TIMP1, and (iii) Proto-oncogenes of the WNT pathway, WNT1 and
CTNNBL1.

Both PANC-1 (Figure 42a) and PK-1 cells (Figure 43a) showed no significant change
in COL1A1 expression when cultured on the different materials; pancreas scaffolds,
liver scaffolds and 2D plastic plates. LOXL2 expression was not changed in PANC-1
cells cultured on the different material (Figure 42b). Whereas, PK-1 cells in liver
scaffolds presented a significant up regulation of LOXL2 compared to PK-1 cells
cultured in pancreas scaffolds (p<0.005) and 2D plastic (p<0.005), but no significant

change was observed between cells in pancreas scaffolds and 2D plastic (Figure 43b).

PANC-1 MMP9 expression was significantly up-regulated in both the pancreas
(p<0.005) and liver scaffolds (p<0.001) in comparison to 2D plastic, but no significant
change was observed between the pancreas and liver scaffolds (Figure 42c). On the
other hand, interestingly, PK-1 cells in liver scaffolds presented a significant up
regulation of MMP9 compared to PK-1 cells cultured in pancreas scaffolds (p<0.0001)
and 2D plastic (p<0.0001), but no significant change was observed between cells in
pancreas scaffolds and 2D plastic (Figure 43c). PANC-1 TIMP1 expression was
significantly different between all conditions. The highest expression was present in
pancreas scaffolds, which was significantly higher than in liver scaffolds (p=0.0001)
and 2D plastic (p<0.0001). Additionally, the expression of TIMP1 in liver scaffolds was
significantly higher than in 2D plastic (p<0.0001) (Figure 42d). PK-1 TIMP1 expression
was significantly up-regulated in the pancreas scaffolds in comparison to 2D plastic
(p<0.01) but not in comparison to liver scaffolds (p>0.05). Furthermore, no significant

change was observed between the liver scaffolds and 2D plastic (Figure 43d).

PANC-1 WNT1 expression was significantly different between all conditions. The

highest expression was present in pancreas scaffolds, which was significantly higher
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than in liver scaffolds (p<0.005) and 2D plastic (p<0.0001). Moreover, the expression
of WNT1 in liver scaffolds was significantly higher than in 2D plastic (p<0.005) (Figure
42e). PK-1 WNT1 expression was significantly up-regulated in the both pancreas
(p<0.005) and liver scaffolds (p<0.005) in comparison to 2D plastic, but no significant
change was observed between the pancreas and liver scaffolds (Figure 43e). PANC-
1 CTNNB1 expression was significantly up-regulated in the pancreas scaffolds in
comparison to 2D plastic (p<0.05) but not in comparison to liver scaffolds. In addition,
no significant change was observed between the liver scaffolds and 2D plastic (Figure
42f). PK-1 cells showed no significant change in CTNNB1 expression when cultured
on the different materials (Figure 43f).

4.2.4 Next Generation Sequencing Evaluation of the Effect of Tissue-
Specificity on PDAC

To thoroughly examine the influence of the ECM on PDAC cells and to justify the
importance of tissue-specificity, total RNA from the primary cell line, PANC-1, and the
metastatic cell line, PK-1, cultured on both pancreas and liver scaffolds were

sequenced using the RNAseq technique.

When compared PANC-1 cells between pancreas and liver scaffolds, 1,081
differentially expressed (DE) genes were identified out of a total of 20,970 genes with
measured expression. In this experiment, we chose a threshold of p<0.05 for statistical
significance and a log fold change (LogFC) of expression >0.5x. Out of these DE
genes, 600 genes were up-regulated, and 481 genes were down-regulated in the
PANC-1 cells on liver scaffolds when compared to those cultured on pancreas
scaffolds. These data were further analysed in the context of pathways obtained from
the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database, gene ontologies
(GO) from the Gene Ontology Consortium database and network of regulatory
relations from Biological General Repository for Interaction Datasets (BioGRID). In
summary, 42 pathways were found to be significantly impacted. In addition, 1,425 GO

terms and 144 upstream regulators, were found to be significantly (p<0.05) enriched.
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Figure 42. Quantitative gene expression comparison of PANC-1 cells on different materials. PANC-1
cells on pancreas scaffolds, liver scaffolds and 2D plastic were compared for their relative gene
expression of (a) COL1A1, (b) LOXL2, (c) MMPY, (d) TIMP1, (e) WNT1 and (f) CTNNB1. Data are
expressed as mean * s.d. * p<0.05, ** p<0.01, *** p<0.001 and ****p<0.0001.
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Figure 43. Quantitative gene expression comparison of PK-1 cells. PK-1 cells on pancreas scaffolds,
liver scaffolds and 2D plastic were compared for their relative gene expression of (a) COL1A1, (b)

LOXL2, (c) MMPS, (d) TIMP1, (e) WNT1 and (f) CTNNB1. Data are expressed as mean * s.d. ** p<0.01
and **** p<0.0001.
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To best demonstrate the overall impact of tissue-specific ECM on PANC-1 cells, the
1,425 significantly affected GO terms were broken down (Table 18), in order of
significance, into (i) the top 10 most significantly impacted GO terms (Table 18a), (ii)
the GO terms directly related to cell adhesion (Table 18b), (iii) the GO terms directly
related to motility and migration (Table 18c) and (iv) the GO terms directly related to
tissue organisation and angiogenesis (Table 18d).

It was found that 28 GO terms were significantly impacted that directly involved cell
adhesion. Out of these 28 GO terms, “cell-cell adhesion” (Table 18b) and “cell-matrix
adhesion” were studied in further details. Analysis of the “cell-cell adhesion” GO term
showed that there were 90 significantly (p<0.05) DE genes out of a total 765 genes
involved. Of these genes, 69 genes had a LogFC of >0.5 in the liver scaffolds
compared to the pancreas scaffolds (Supplementary Table 1). In contrast, 21 genes
had a LogFC of >0.5 in the pancreas scaffolds compared to the liver scaffolds
(Supplementary Table 1). Analysis of the “cell-matrix adhesion” GO term showed that
there were 28 significantly (p<0.05) DE genes out of a total 196 genes involved. Of
these genes, 20 genes had a LogFC of >0.5 in the liver scaffolds compared to the
pancreas scaffolds (Supplementary Table 2). In contrast, 8 genes had a LogFC of >0.5
in the pancreas scaffolds compared to the liver scaffolds (Supplementary Table 2).

Furthermore, it was found that 21 GO terms were significantly impacted that directly
involved motility and migration (Table 18c). Out of these 21 GO terms, “cell motility”
and “tissue migration” were studied in further details. Analysis of the “cell motility” GO
term showed that there were 115 significantly (p<0.05) DE genes out of a total 1350
genes involved. Of these genes, 87 genes had a LogFC of >0.5 in the liver scaffolds
compared to the pancreas scaffolds (Supplementary Table 3). In contrast, 28 genes
had a LogFC of >0.5 in the pancreas scaffolds compared to the liver scaffolds
(Supplementary Table 3). Analysis of the “tissue migration” GO term showed that there
were 28 significantly (p<0.05) DE genes out of a total 256 genes involved. Of these
genes, 21 genes had a LogFC of >0.5 in the liver scaffolds compared to the pancreas
scaffolds (Supplementary Table 4). In contrast, 7 genes had a LogFC of >0.5 in the
pancreas scaffolds compared to the liver scaffolds (Supplementary Table 4).
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(a) Top 10 Gene Ontology

GOID GO Name Count Count p-value GOID GO Name Count DE Count p-value
DE All All
G0:0022610 biological adhesion 148 1296 8.60E-19 | GO:0007154 cell communication 409 5652 1.80E-13
G0:0007155 cell adhesion 147 1290 1.40E-18 G0:0009888 tissue development 162 1740 2.20E-12
G0:0032501 multicellular organismal process 466 6388 3.00E-17 | GO:0098609 cell-cell adhesion 90 765 2.50E-12
G0:0048731 system development 331 4261 2.40E-14 | GO0:0007275 multicellular organism development 353 4779 2.90E-12
G0:0023052 signalling 411 5640 4.20E-14 | GO:0007166 cell surface receptor signalling pathway 216 2566 4.70E-12
(b) Cell Adhesion Related Gene Ontology
GO ID GO Name Count  Count e | GOID GO Name CountDE U™ o lalue
DE All All
G0:0022610  biological adhesion 148 1296 8.60E-19 | Go:0007157  heterophilic cell-cell adhesion via plasma 8 46 0.00311
membrane cell adhesion molecules
G0:0007155 cell adhesion 147 1290 1.40E-18 | G0:0034113 heterotypic cell-cell adhesion 8 47 0.00357
G0:0098609 cell-cell adhesion 90 765 2.50E-12 | G0:0010810 regulation of cell-substrate adhesion 19 178 0.00391
Go:009g742  Ccell-cell adhesion via plasma-membrane 36 228 7.70E-09 | GO:0034111  negative regulation of homotypic cell-cell adhesion 4 14 0.00565
adhesion molecules
Go:0007156  nomophilic cell adhesion via plasma membrane 28 151 1.00E-08 | GO:0034110 regulation of homotypic cell-cell adhesion 5 24 0.0085
adhesion molecules
. . - positive regulation of cell-cell adhesion mediated by
G0:0034332 adherens junction organization 22 122 6.30E-07 G0:0033634 integrin 2 3 0.00858
. . 0.000005 . . .
G0:0030155 regulation of cell adhesion 62 633 1 G0:0007162 negative regulation of cell adhesion 22 234 0.00905
G0:0031589 cell-substrate adhesion 35 300 0.000018 | GO:0001952 regulation of cell-matrix adhesion 11 97 0.01636
G0:0007160 cell-matrix adhesion 28 196 0.000065 | GO:0022409 positive regulation of cell-cell adhesion 21 233 0.01647
G0:0007229 integrin-mediated signalling pathway 15 95 0.00018 G0:0048041 focal adhesion assembly 9 73 0.01733
G0:0045785 positive regulation of cell adhesion 36 363 0.00038 G0:0033627 cell adhesion mediated by integrin 7 53 0.02417
G0:0034109 homotypic cell-cell adhesion 12 74 0.00061 G0:0051893 regulation of focal adhesion assembly 7 54 0.02651
G0:0022407 regulation of cell-cell adhesion 35 392 0.00285 G0:1903037 regulation of leukocyte cell-cell adhesion 25 315 0.03849
60:0051040 regula.tlon of calcium-independent cell-cell 5 5 0.00297 60:0033630 .posm\{e regulation of cell adhesion mediated by 3 15 0.04494
adhesion integrin
(c) Motility and Migration Related Gene Ontology
GOID GO Name Count Count p-value GOID GO Name Count DE Count p-value
DE All All
G0:0016477 cell migration 110 1227 1.00E-07 | G0:2000147 positive regulation of cell motility 43 431 0.000094
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G0:0030334 regulation of cell migration 71 710 4.70E-07 | GO:0090130 tissue migration 28 256 0.00036

G0:0048870 cell motility 115 1350 7.20E-07 | GO:0010631 epithelial cell migration 24 248 0.00463
G0:0051674 localization of cell 115 1350 7.20E-07 | GO:0090132 epithelium migration 24 251 0.00538
G0:0040012 regulation of locomotion 78 822 0.000001 | GO:1903115 regulation of actin filament-based movement 7 41 0.00618
. 0.000001 e
G0:0040011 locomotion 128 1569 P G0:0030048 actin filament-based movement 14 127 0.00933
. - 0.000002 . . -
G0:2000145 regulation of cell motility 72 756 4 G0:2000146 negative regulation of cell motility 22 244 0.01427
0.000007 . . . .
G0:0006928 movement of cell or subcellular component 141 1821 6 G0:0030336 negative regulation of cell migration 21 232 0.01576
G0:0090131 mesenchyme migration 4 5 0.000042 | GO:0040013 negative regulation of locomotion 23 273 0.02554
G0:0040017 positive regulation of locomotion 46 461 0.000054 | GO:0010634 positive regulation of epithelial cell migration 12 117 0.02571
G0:0030335 positive regulation of cell migration 42 417 0.000092

(d) Tissue Organisation and Angiogenesis Related Gene Ontology

Count Count Count

GO ID GO Name DE All p-value GOID GO Name Count DE All p-value
G0:0043062 extracellular structure organization 48 324 2.30E-10 | GO0:0001763 morphogenesis of a branching structure 20 185 0.00269
G0:0009653 anatomical structure morphogenesis 196 2387 5.90E-10 | GO:0061138 morphogenesis of a branching epithelium 19 173 0.00285
G0:0030198 extracellular matrix organization 47 323 6.60E-10 | GO:0002011 morphogenesis of an epithelial sheet 8 50 0.00528
G0:0009887 animal organ morphogenesis 93 947 1.70E-08 | GO:0035239 tube morphogenesis 30 337 0.00571
G0:0048729 tissue morphogenesis 62 605 1.1E-06 G0:0043542 endothelial cell migration 18 174 0.00677
G0:0001568 blood vessel development 61 603 2.1E-06 G0:0072132 mesenchyme morphogenesis 7 44 0.00915
GO:004g646  2natomical structure formation involved in 87 970 25606 | GO:0097755  positive regulation of blood vessel diameter 8 55 0.00943
morphogenesis
G0:0000904 cell morphogenesis involved in differentiation 60 642 0.00003 G0:0010595 positive regulation of endothelial cell migration 10 78 0.00959
G0:0000902 cell morphogenesis 78 902 0.000031 | GO:0060562 epithelial tube morphogenesis 26 300 0.01329
G0:0048514  blood vessel morphogenesis 51 522  0.000038 | G0:0010769 ;‘?ﬁ:'ritr:‘t’i';gz;e” leiehesEie Rineledliy 2 251 0.01918
G0:0050880 regulation of blood vessel size 19 125 0.000045 | GO:0022603 regulation of anatomical structure morphogenesis 67 955 0.0194
G0:0097746 regulation of blood vessel diameter 18 118 0.000068 | GO:0022617 extracellular matrix disassembly 10 87 0.01973
G0:0001525 angiogenesis a4 439 0.00007 G0:0043534 blood vessel endothelial cell migration 10 88 0.02121
G0:0048858 cell projection morphogenesis 54 587 QETE | Goanngn P g (el 13 134 0.03114

in differentiation
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G0:0120039

G0:0002009

G0:0022612

G0:0097756

plasma membrane bounded cell projection
morphogenesis

morphogenesis of an epithelium

gland morphogenesis

negative regulation of blood vessel diameter

53

46

16

12

584

506

115

74

0.00018

0.00046

0.0005

0.00061

G0:0022604

G0:0043536

G0:0030947

G0:0048754

regulation of cell morphogenesis

positive regulation of blood vessel endothelial cell
migration

regulation of vascular endothelial growth factor
receptor signalling pathway

branching morphogenesis of an epithelial tube

32

13

423 0.03811
36 0.04417
25 0.0445
142 0.04637

Table 18. Gene Ontology terms of RNAseq data of PANC-1 cells on pancreas vs liver scaffolds. The analysis is represented as follows: (a) the top 10 most

significantly impacted GO terms, (b) the significantly impacted GO terms directly related to cell adhesion, (c) the significantly impacted GO terms directly

related to motility and migration and (d) the significantly impacted GO terms directly related to tissue organisation and angiogenesis. Included in the table are

the total number of genes involved in each GO Name (Count All) and the number of differentially expressed genes of each GO Name (Count DE). The GO terms

are ordered in terms of significance (lowest p-value to highest).
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Finally, it was found that 36 GO terms were significantly impacted that directly involved
tissue organisation and angiogenesis (Table 18d). Out of these 36 GO terms,
“extracellular structure organisation” and “angiogenesis” were studied in further
details. Analysis of the “extracellular structure organisation” GO term showed that
there were 48 significantly (p<0.05) DE genes out of a total 324 genes involved. Of
these genes, 39 genes had a LogFC of >0.5 in the liver scaffolds compared to the
pancreas scaffolds (Supplementary Table 5). In contrast, 7 genes had a LogFC of >0.5
in the pancreas scaffolds compared to the liver scaffolds (Supplementary Table 5).
Analysis of the “angiogenesis” GO term showed there were 44 significantly (p<0.05)
DE genes out of a total 439 genes involved. Of these genes, 33 genes had a LogFC
of >0.5 in the liver scaffolds compared to the pancreas scaffolds (Supplementary Table
6). In contrast, 11 genes had a LogFC of >0.5 in the pancreas scaffolds compared to

the liver scaffolds (Supplementary Table 6).

Next, we investigated the cellular pathways that were impacted in PANC-1 cells on the
different scaffold environment. The pathways were scored on iPathwayGuide
according to the Impact Analysis method (see methods and materials). Briefly, impact
analysis uses two types of evidence: i) the over-representation of DE genes in a given
pathway and ii) the perturbation of that pathway computed by propagating the
measured expression changes across the pathway topology. These aspects are
captured by two independent probability values, pORA and pAcc, that are then
combined in a unique pathway-specific p-value. There were 275 pathways that
presented at least one DE gene, of which 42 pathways showed a pathway-specific p-
value of <0.05 (Table 19).

The most significant pathway was “ECM-receptor interaction” (p = 2.8E-8) (Table 19).
Further investigation showed that all DE genes associated with this pathway were up-
regulated in the liver compared to the pancreas (Figure 44). Of these DE genes, 2
were collagens (COL6A2 and COL9A3), 4 were laminins (LAMA3, LAMAS5, LAMB1
and LAMC2) and 6 were integrins (ITGA3, ITGAV, ITGB3, ITGB4, ITGB8 and ITGA10)

among other genes.
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Pathway Name p-value Pathway Name p-value
ECM-receptor interaction 2.85E-08 Phenylalanine metabolism 0.007766242
Axon guidance 4.0919E-06 Hypertrophic cardiomyopathy (HCM) 0.009369155
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 1.43731E-05 Platelet activation 0.009700176
Focal adhesion 2.46856E-05 Tyrosine metabolism 0.013171641
PI3K-Akt signalling pathway 2.65091E-05 Basal cell carcinoma 0.015017373
Cell adhesion molecules (CAMs) 3.06003E-05 Phagosome 0.015903648
Cytokine-cytokine receptor interaction 7.23695E-05 Herpes simplex infection 0.016643962

Proteoglycans in cancer
Pathways in cancer
Regulation of actin cytoskeleton
Rheumatoid arthritis
Protein digestion and absorption
Small cell lung cancer
Hematopoietic cell lineage
Rap1 signalling pathway
cGMP-PKG signalling pathway
Neuroactive ligand-receptor interaction
Human papillomavirus infection
MicroRNAs in cancer
Salivary secretion

0.000118577
0.000198155
0.000510981
0.001574304
0.002602373
0.002661597
0.002874205
0.003108315
0.00346881
0.003600339
0.003885796
0.004604068
0.006003662
0.006465214

Dilated cardiomyopathy (DCM)
Asthma
Transcriptional misregulation in cancer
Malaria
Melanogenesis
Biosynthesis of unsaturated fatty acids
Adherens junction
Thiamine metabolism
TNF signalling pathway
Hepatocellular carcinoma
Cardiac muscle contraction
Vascular smooth muscle contraction
Amphetamine addiction

0.019786764
0.020820893
0.020995067
0.024534235
0.027219514
0.028405508
0.031509676
0.039060021
0.041205411
0.041258291
0.041581419
0.044344645
0.047527816
0.049595291

Cocaine addiction Vasopressin-regulated water reabsorption
Table 19. Significantly impacted pathways from RNAseq data of PANC-1 cells on pancreas vs liver scaffolds. Pathways are ordered by significance (lowest
p-vale to highest).
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The final aspect investigated relating to the RNAseq data of PANC-1 on the different
environments was the prediction of upstream regulators (see methods and material).
Briefly, it is based on two types of information: i) the enrichment of DE genes from the
experiment and ii) a network of regulatory interactions from iPathwayGuide’s
proprietary knowledge base. To create the network, the analysis selects only those
edges observed in the literature with at least a medium confidence (evidence score
greater than or equal to 400). The analysis considers two hypotheses: i) The upstream
regulator is activated in the condition studied and ii) The upstream regulator is inhibited

in the condition studied.

To that note, the top ten hypothesised “activated” upstream regulators were listed in
order of significance (Figure 45a), PCOLCE2 (Figure 45b), PCOLCE (Figure 45c),
HSPA4 (Figure 45d), TP63 (Figure 45e), GLI1 (Figure 45f), ESR1 (Figure 45g),
CXCL12 (Figure 45h), IL13 (Figure 45i), KDM3A (Figure 45j) and LIF (Figure 45k).
Additionally, the top ten hypothesised “inhibited” upstream regulators were listed in
order of significance (Figure 46a), PNPLA2 (Figure 46b), GHSR (Figure 46c), GHITM
(Figure 46d), CEBPD (Figure 46e), PRKG1 (Figure 46f), MAF (Figure 46g), OPRM1
(Figure 46h), NKX3-1 (Figure 46i), TXLNG (Figure 46j) and CRH (Figure 46k).

Further, when comparing between PK-1 cells on pancreas and liver scaffolds, 1,757
DE genes were identified out of a total of 20,860 genes with measured expression.
Similar to the PANC-1 experiment, we chose a threshold of p<0.05 for statistical
significance and a LogFC of expression >0.5x. Out of these DE genes, 467 genes
were up-regulated, and 1,290 genes were down-regulated in the PK-1 cells on liver
scaffolds when compared to those cultured on pancreas scaffolds. Further, these were
then analysed in the context of GO, KEGG pathways and network of regulatory
relations. In summary, 42 pathways were found to be significantly impacted. In
addition, 1,445 GO terms and 220 upstream regulators, were found to be significantly
(p<0.05) enriched.
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Figure 44. Pathway map for ECM-receptor interaction representing the significantly differentially
expressed genes from RNAseq of PANC-1 cells cultured on pancreas vs liver scaffolds. ECM-receptor
interaction (KEGG: 04512) was the most significantly impacted pathway. The pathway diagram is
overlayed with the computed perturbation of each gene. The perturbation accounts both for the gene's
measured fold change and for the accumulated perturbation propagated from any upstream genes
(accumulation). The highest negative perturbation (up-regulated in pancreas scaffolds) would be
shown in dark blue (non-present), while the highest positive perturbation (up-regulated in liver
scaffolds) in dark red. The legend describes the values on the gradient. One gene may be represented
in multiple places in the diagram and one box may represent multiple genes in the same gene family.
A gene is highlighted in all locations it occurs in the diagram. For each gene family, the colour
corresponding to the gene with the highest absolute perturbation is displayed.
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Figure 45. Predicted activated upstream regulators of RNAseq data of PANC-1 cells on pancreas vs
liver scaffolds. (a) Top 10 significant upstream regulators predicted as activated. The x axis
represented the number of DE genes downstream of the regulator. The gene measured expression
bar plot: All the consistent differentially expressed genes that are targeted by (b) PCOLCE2, (c)
PCOLCE, (d) HSPA44, (e) TP63, (f) GLI1, (g) CXCL12, (h) ESP1, (i) IL13, (j) KDM3A and (k) LIF are ranked
based on their measured expression change from most down-regulated (in blue) to up-regulated (in
red) in liver scaffolds compared to pancreas scaffolds. The box and whisker plot on the left summarises
the distribution of all the consistent differentially expressed genes targeted by this upstream
regulator. The box shows the 1st quartile, the median and the 3rd quartile, while the outliers are
represented by circles.
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Figure 46. Predicted inhibited upstream regulators of RNAseq data of PANC-1 cells on pancreas vs
liver scaffolds. (a) Top 10 significant upstream regulators predicted as inhibited. The x axis
represented the number of DE genes downstream of the requlator. The gene measured expression bar
plot: All the consistent differentially expressed genes that are targeted by (b) PNPLA2, (c) GHSR, (d)
GHITM, (e) CEBPD, (f) PRKG1, (g) MAF, (h) OPRM1, (i) NKX3-1, (j) TXLNG and (k) CRH are ranked based
on their measured expression change from most down-requlated (in blue) to up-regulated (in red) in
liver scaffolds compared to pancreas scaffolds. The box and whisker plot on the left summarises the
distribution of all the consistent differentially expressed genes targeted by this upstream regulator.
The box shows the 1st quartile, the median and the 3rd quartile, while the outliers are represented by
circles.
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The 1,445 significantly affected GO terms, were broken down, in order of significance,
as demonstrated before, into (i) the top 10 most significantly impacted GO terms
(Table 20a), (ii) the GO terms directly related to cell adhesion (Table 20b), (iii) the GO
terms directly related to motility and migration (Table 20c) and (iv) the GO terms

directly related to tissue organisation and angiogenesis (Table 20d).

It was found that 20 GO terms were significantly impacted that directly involved cell
adhesion (Table 20b). Out of these 20 GO terms, “cell-cell adhesion” and “negative
regulation of cell-matrix adhesion” were studied in further details. Analysis of the “cell-
cell adhesion” GO term showed that there were 95 significantly (p<0.05) DE genes out
of a total 759 genes involved. Of these genes, 30 genes had a LogFC of >0.5 in the
liver scaffolds compared to the pancreas scaffolds (Supplementary Table 7). In
contrast, 65 genes had a LogFC of >0.5 in the pancreas scaffolds compared to the
liver scaffolds (Supplementary Table 7). Analysis of the “cell-matrix adhesion” GO term
showed that there were 6 significantly (p<0.05) DE genes out of a total 28 genes
involved. Of these genes, 3 genes had a LogFC of >0.5 in the liver scaffolds compared
to the pancreas scaffolds (Supplementary Table 8). In contrast, 3 genes had a LogFC
of >0.5 in the pancreas scaffolds compared to the liver scaffolds (Supplementary Table
8).

Furthermore, it was found that 12 GO terms were significantly impacted that directly
involved motility and migration (Table 20c). Out of these 12 GO terms, “cell motility”
and “tissue migration” were studied in further details. Analysis of the “cell motility” GO
term showed that there were 147 significantly (p<0.05) DE genes out of a total 1350
genes involved. Of these genes, 51 genes had a LogFC of >0.5 in the liver scaffolds
compared to the pancreas scaffolds (Supplementary Table 9). In contrast, 96 genes
had a LogFC of >0.5 in the pancreas scaffolds compared to the liver scaffolds
(Supplementary Table 9). Analysis of the “tissue migration” GO term showed that there
were 32 significantly (p<0.05) DE genes out of a total 254 genes involved. Of these
genes, 10 genes had a LogFC of >0.5 in the liver scaffolds compared to the pancreas
scaffolds (Supplementary Table 10). In contrast, 23 genes had a LogFC of >0.5 in the
pancreas scaffolds compared to the liver scaffolds (Supplementary Table 10).
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Top 10 Gene Ontology

GO ID GO Name Count  Count p-value | GOID GO Name countbE U™ pvalue
DE All All
G0:0000819 sister chromatid segregation 56 228 2.40E-13 G0:0000278 mitotic cell cycle 141 971 1.30E-10
G0:0007059 chromosome segregation 71 338 6.70E-13 G0:0140014 mitotic nuclear division 54 250 1.30E-10
G0:0098813 nuclear chromosome segregation 63 290 2.90E-12 G0:1903047 mitotic cell cycle process 122 809 2.40E-10
G0:0000070 mitotic sister chromatid segregation 40 142 6.60E-12 G0:0000280 nuclear division 71 382 2.60E-10
G0:0051301 cell division 96 562 2.60E-11 G0:0008283 cell proliferation 229 1839 7.70E-10
Cell Adhesion Related Gene Ontology
GOID GO Name Count Count p-value GOID GO Name Count DE Count p-value
DE All All
G0:0007155 cell adhesion 156 1276 1.8E-06 G0:0033631 cell-cell adhesion mediated by integrin 4 12 0.01503
G0:0022610 biological adhesion 156 1283 2.56-06 | GO:0033632 :tge“g'fi:on of cell-cell adhesion mediated by 3 8 0.02512
G0:0030155 regulation of cell adhesion 86 631 8.7E-06 G0:0022408 negative regulation of cell-cell adhesion 20 147 0.02526
G0:0098609 cell-cell adhesion 95 759 0.000089 G0:0010812 negative regulation of cell-substrate adhesion 9 51 0.0273
G0:0022407 regulation of cell-cell adhesion 53 391 0.00051 G0:0001953 negative regulation of cell-matrix adhesion 6 28 0.0283
G0:0007162 negative regulation of cell adhesion 33 229 0.00205 G0:0034110 regulation of homotypic cell-cell adhesion 5 22 0.03489
G0:0033627  cell adhesion mediated by integrin 11 54 0.00528 | GO:0034115 ;‘Zﬁzgi‘:;reg“'ati"" of heterotypic cell-cell 3 9 0.03533
G0:0098742 :er:g;!:i:ffelcc)&:sa plasma-membrane 30 223 0.0086 | GO:0033634 2?:;2':‘3;65;’2?;:;&'( cell-cell adhesion 2 4 0.03895
G0:0033628 ir:fe”g'fitr:"" e I R 8 38 0.01343 | GO:0045785  positive regulation of cell adhesion 4 364  0.04119
G0:0007155 cell adhesion 156 1276 1.8E-06 G0:0033631 cell-cell adhesion mediated by integrin 4 12 0.01503
Motility and Migration Related Gene Ontology
GO ID GO Name Count Count p-value GOID GO Name Count DE Count p-value
DE All All
G0:0016477 cell migration 137 1219 0.00043 G0:0090130 tissue migration 32 254 0.01699
G0:0048870 cell motility 147 1350 0.00103 G0:0010631 epithelial cell migration 31 245 0.01757
G0:0006935 chemotaxis 66 528 0.00107 G0:2000147 positive regulation of cell motility 49 431 0.02393
G0:0060326 cell chemotaxis 32 235 0.0057 G0:0030335 positive regulation of cell migration 47 415 0.02817
G0:0090132 epithelium migration 32 248 0.01231 G0:2000145 regulation of cell motility 79 757 0.03534
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G0:0030334 regulation of cell migration 77 705 0.01456 G0:0040017 positive regulation of locomotion 50 460 0.04561
Tissue Organisation Related Gene Ontology
GO ID GO Name Count  Count p-value | GOID GO Name CountDE U™ Lialue
DE All All

G0:0009653 anatomical structure morphogenesis 261 2315 5.00E-07 G0:0001936 regulation of endothelial cell proliferation 17 104 0.00685

GO:0048646  2natomical structure formation involved in 117 942 0.000019 | GO:0001935  endothelial cell proliferation 19 121 0.00686
morphogenesis

G0:0001568 blood vessel development 77 589 0.0001 G0:1903670 regulation of sprouting angiogenesis 9 43 0.00932

G0:0002040 sprouting angiogenesis 18 82 0.00016 G0:0045765 regulation of angiogenesis 31 238 0.01198

G0:0043062 extracellular structure organization 46 321 0.00035 G0:0061138 morphogenesis of a branching epithelium 23 167 0.01518

G0:0048514 blood vessel morphogenesis 66 509 0.0004 G0:0009887 animal organ morphogenesis 97 917 0.01539

G0:0030198 extracellular matrix organization 45 320 0.00061 G0:0010594 regulation of endothelial cell migration 19 131 0.0156

60:0001937 neg:fmve rjegulatlon of endothelial cell 10 36 0.00065 60:1905332 po§|t|vt? regulation of morphogenesis of an 7 32 0.01649
proliferation epithelium

GO:0001525  angiogenesis 56 426 0.00077 | GO:0022603  regulation of anatomical structure 97 924  0.01858

morphogenesis

GO:0043537  negative regulation of blood vessel 9 31 0.00084 | GO:0001763  morphogenesis of a branching structure 24 180  0.01922
endothelial cell migration

60:0043535 re.gulat.lon of blood vessel endothelial cell 14 67 0.00136 60:1901202 negative regulation of extracellular matrix 5 3 0.02064
migration assembly

G0:2000181 negative regul.atlon of blood vessel 17 90 0.00144 GO:0120039 plasma memb.rane bounded cell projection 62 566 0.02494
morphogenesis morphogenesis

60:0002043 Plood ves.sel endthellaI c'ell proll.feratlon 6 16 0.00145 60:0048754 branching morphogenesis of an epithelial 19 138 0.02569
involved in sprouting angiogenesis tube

G0:0016525 negative regulation of angiogenesis 16 88 0.00295 G0:0048858 cell projection morphogenesis 62 569 0.02745

GO:0043534  blood vessel endothelial cell migration 16 88 0.00295 | GO:0043536 Szﬁ'rt;‘i’;;‘;g;:at“’n of blood vessel endothelial 7 36 0.0304

G0:0043542  endothelial cell migration 26 173 0.00328 | GO:2000351 :ii‘;'easts'm of endothelial cell apoptotic 7 37 0.03482

G0:0035239 tube morphogenesis 42 324 0.00427 G0:0060562 epithelial tube morphogenesis 34 289 0.03502
cell migration involved in sproutin regulation of blood vessel endothelial cell

G0:0002042 . & . P & 9 39 0.00477 G0:1903587 proliferation involved in sprouting 3 9 0.03533
angiogenesis ) .

angiogenesis

G0:0035767 endothelial cell chemotaxis 7 26 0.00505 G0:0000904 cell morphogenesis involved in differentiation 66 621 0.03713

Go:0000049  'c8ulation of cell migration involved in 7 26 0.00505 | GO:0042118  endothelial cell activation 3 10 0.04734
sprouting angiogenesis

G0:0090051 .negatlve -regulat!on of cgll migration involved 5 15 0.00655 G0:2000352 negatlvej regulation of endothelial cell 5 24 0.04893
in sprouting angiogenesis apoptotic process
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. lati ¢ ;
GO:1503671 neg_atlve regu ation of sprouting 6 21 0.0068
angiogenesis

Table 20. Gene Ontology terms of RNAseq data of PK-1 cells on pancreas vs liver scaffolds. The analysis is representing as (a) the top 10 most significantly
impacted GO terms, (b) the significantly impacted GO terms directly related to cell adhesion, (c) the significantly impacted GO terms directly related to motility
and migration and (d) the significantly impacted GO terms directly related to tissue organisation and angiogenesis. Included in the table are the total number
of genes involved in each GO Name (Count All) and the number of differentially expressed genes of each GO Name (Count DE). The GO terms are ordered in

terms of significance (lowest p-value to highest).
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Finally, it was found that 45 GO terms were significantly impacted that directly involved
tissue organisation and angiogenesis (Table 20d). Out of these 45 GO terms,
“extracellular structure organisation” and “angiogenesis” were studied in further
details. Analysis of the “extracellular structure organisation” GO term showed that
there were 46 significantly (p<0.05) DE genes out of a total 321 genes involved. Of
these genes, 20 genes had a LogFC of >0.5 in the liver scaffolds compared to the
pancreas scaffolds (Supplementary Table 11). In contrast, 26 genes had a LogFC of
>0.5 in the pancreas scaffolds compared to the liver scaffolds (Supplementary Table
11). Analysis of the “angiogenesis” GO term showed that there were 56 significantly
(p<0.05) DE genes out of a total 426 genes involved. Of these genes, 18 genes had a
LogFC of >0.5 in the liver scaffolds compared to the pancreas scaffolds
(Supplementary Table 12). In contrast, 38 genes had a LogFC of >0.5 in the pancreas

scaffolds compared to the liver scaffolds (Supplementary Table 12).

Next, we investigated the cellular pathways that were impacted in PK-1 cells on the
different scaffold environment. There were 300 pathways that presented at least one
DE gene, of which 42 showed a pathway-specific p-value of <0.05 (Table 21). The
most significant pathway was “cell cycle” (p = 8.7e-6) (Table 21). Further investigation
showed that all but one DE genes associated with this pathway were down-regulated

in the liver compared to the pancreas (Figure 47).

The final aspect investigated relating to the RNAseq data of PK-1 on the different
environments was the prediction of upstream regulators. The top ten hypothesised
“activated” upstream regulators were listed in order of significance (Figure 48a); E2F4
(Figure 48b), RBL2 (Figure 48c), RBL1 (Figure 48d), SNAI1 (Figure 48e), ILIRN
(Figure 48f), CD151 (Figure 48qg), EFS (Figure 48h), LMX1A (Figure 48i), FBLN5
(Figure 48j) and TRIP6 (Figure 48k). Additionally, the top ten hypothesised “inhibited”
upstream regulators were listed in order of significance (Figure 49a); PLK1 (Figure
49b), AURKB (Figure 49c), INCENP (Figure 49d), CENPS (Figure 49e), MAPRE1
(Figure 49f), CDCAS8 (Figure 49g), CENPH (Figure 49h), MIS12 (Figure 49i), CENPO
(Figure 49j) and B9D2 (Figure 49Kk).
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Pathway Name p-value Pathway Name p-value
Cell cycle 8.68191E-06 Osteoclast differentiation 0.015326962
p53 signalling pathway 5.12703E-05 Progesterone-mediated oocyte maturation 0.020629802
IL-17 signalling pathway 0.000115478 Endocrine resistance 0.021092397

Transcriptional misregulation in cancer
Cytokine-cytokine receptor interaction
Oocyte meiosis
Inflammatory mediator regulation of TRP channels
Metabolism of xenobiotics by cytochrome P450
Amphetamine addiction
MAPK signalling pathway
Chemokine signalling pathway
Pancreas secretion
Drug metabolism - cytochrome P450
Rheumatoid arthritis
Regulation of actin cytoskeleton
NF-kappa B signalling pathway
Cellular senescence
Estrogen signalling pathway
MicroRNAs in cancer
TNF signalling pathway
Leukocyte transendothelial migration

0.000126724
0.000362604
0.000782943
0.001604745
0.001986479
0.002167773
0.003588865
0.003600825
0.005666768
0.006345172
0.009127538
0.009353737
0.010417211
0.013900067
0.014275862
0.014914344
0.015003101
0.015305753

Amoebiasis
Gastric acid secretion
Phospholipase D signalling pathway
Glycolysis / Gluconeogenesis
Ether lipid metabolism
GABAergic synapse
Small cell lung cancer
Bladder cancer
Legionellosis
Complement and coagulation cascades
Malaria
HTLV-I infection
Type Il diabetes mellitus
Epithelial cell signalling in Helicobacter pylori infection
Arachidonic acid metabolism
Phenylalanine metabolism
NOD-like receptor signalling pathway
Starch and sucrose metabolism

0.022011991
0.023341329
0.023469257
0.023519443
0.025369858
0.026881783
0.027421959
0.028993073
0.02931204
0.030661074
0.032292848
0.033049413
0.036519325
0.038771937
0.039085026
0.04019851
0.040456618
0.048147514

Table 21. Significantly impacted pathways from RNAseq data of PK-1 cells on pancreas vs liver scaffolds. Pathways are ordered by significance (lowest p-

vale to highest)
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Figure 47. Pathway map for cell cycle representing the significantly differentially expressed genes from RNAseq of PANC-1 cells cultured on pancreas vs liver scaffolds. Cell
cycle (KEGG: 04110) was the most significantly impacted pathway. The pathway diagram is overlayed with the computed perturbation of each gene. The perturbation accounts
both for the gene's measured fold change and for the accumulated perturbation propagated from any upstream genes (accumulation). The highest negative perturbation (up-
regulated in pancreas scaffolds) is shown in dark blue, while the highest positive perturbation (up-regulated in liver scaffolds) would be in dark red (non-present). The legend
describes the values on the gradient. One gene may be represented in multiple places in the diagram and one box may represent multiple genes in the same gene family. A
gene is highlighted in all locations it occurs in the diagram. For each gene family, the colour corresponding to the gene with the highest absolute perturbation is displayed.
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Figure 48. Predicted activated upstream regulators of RNAseq data of PK-1 cells on pancreas vs liver
scaffolds. (a) Top 10 significant upstream requlators predicted as activated. The x axis represented
the number of DE genes downstream of the regulator. The gene measured expression bar plot: All the
consistent differentially expressed genes that are targeted by (b) PNPLA2, (c) RBL2, (d) RBL1, (e) SNAI1,
(f) ILIRN, (g) CD151, (h) EFS, (i) LMX1A, (j) FBLN5 and (k) TRIP6 are ranked based on their measured
expression change from most down-regulated (in blue) to up-regulated (in red) in liver scaffolds
compared to pancreas scaffolds. The box and whisker plot on the left summarises the distribution of
all the consistent differentially expressed genes targeted by this upstream regulator. The box shows
the 1st quartile, the median and the 3rd quartile, while the outliers are represented by circles.
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Figure 49. Predicted inhibited upstream regulators of RNAseq data of PK-1 cells on pancreas vs liver scaffolds. (a) Top 10 significant upstream regulators predicted as
inhibited. The x axis represented the number of DE genes downstream of the regulator. The gene measured expression bar plot: All the consistent differentially expressed
genes that are targeted by (b) PLK1, (c) AURKB, (d) INCENP, (e) CENPS, (f) MAPRE1, (g) CDCAS8, (h) CENPH, (i) MIS12, (j) CENPO and (k) B9D2 are ranked based on their
measured expression change from most down-regulated (in blue) to up-regulated (in red) in liver scaffolds compared to pancreas scaffolds. The box and whisker plot on the
left summarises the distribution of all the consistent differentially expressed genes targeted by this upstream regulator. The box shows the 1st quartile, the median and the
3rd quartile, while the outliers are represented by circles.
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4.3 Tissue-Specific PDAC Models to Evaluate Chemotherapeutics

4.3.1 Evaluation of PDAC Response to Different Chemotherapy Drug
Dose on 2D Plastic

To be able to investigate and validate the PDAC models for drug screening and
chemoresistance studies, it was important to confirm the ability of these models to
mimic an “in vivo-like” behaviour when treated with established drugs. To that effect,
two chemotherapeutics were chosen (i) Gemcitabine, the most acknowledged
chemotherapy for PDAC patients and (ii) Doxorubicin, one of the most potent and

widely used chemotherapeutic agents, but not recognised for PDAC patients.

The three cell lines, PANC-1, MIA PaCa-2 and PK-1, were first cultured in 2D and a
series of drug concentrations were tested; for Gemcitabine 0.01, 0.02, 0.04, 0.08, 0.1,
0.2, 0.3, 0.4 and 0.5 um and for Doxorubicin 0.001, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2,
0.5 and 0.8 um. The survival of these cells was measured using Alamar Blue and as
a percentage of a control (media with no treatment). PANC-1 cells presented no
significant cell death with Gemcitabine beyond 0.1 um between the incremental drug
concentration and cell survival was at ~60% at the max dose of 0.5 um (Figure 50a,
blue line). This was also very similar with Doxorubicin, that showed no significant
change in cell death from 0.1 um to 0.5 pm, although a significant increase was
present between 0.5 and 0.8 um (Figure 50b, blue line). MIA PaCa-2 cells presented
no significant cell death with Gemcitabine beyond 0.2 um between the incremental
drug concentration and cell survival was at ~15% at the max dose of 0.5 um (Figure
50a, green line). This was also very similar with Doxorubicin, which showed no
significant cell death beyond 0.05 pm between the incremental drug concentrations,
reaching a cell survival of ~10% at a concentration of 0.8 um (Figure 50b, green line).
PK-1 cells presented no significant cell death with Gemcitabine beyond 0.2 um
between the incremental drug concentration and cell survival was at ~20% at the max
dose of 0.5 um (Figure 50a, red line). Although, when treated with Doxorubicin, cell
death kept increasing significantly with the incremental concentration of the drug,

reaching a cell survival of ~15% at a concentration of 0.8 um (Figure 50a, red line).
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Figure 50. 2D cultured PDAC cell treated with chemotherapeutics. PANC-1 (blue), MIA PaCa-2
(green) and PK-1 (blue) were cultured on 2D plastic and treated with a series of incremental
concentrations of (a) Gemcitabine and (b) Doxorubicin.
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4.3.2 Analysis of Cell Response to Chemotherapy in Tissue-Specific
PDAC models

4.3.2.1 Evaluation of Cell Viability

Reflecting on the analyses of the 2D drug concentration results, it was decided, for
consistency, to use 0.5 um for both Gemcitabine and Doxorubicin on all the 3D model
experiments (PANC-1, PK-1 and MIA PaCa-2 on both pancreas and liver scaffolds).
Like the 2D experiments, the survival of these cells was measured using Alamar Blue

and as a percentage of a control (media with no treatment).

Initially, a proof-of-concept experiment was run to assess feasibility of using Alamar
Blue for the 3D scaffolds (n=3). All conditions, PANC-1 on pancreas (Figure 51a) and
liver scaffolds (Figure 52a), MIA PaCa-2 on pancreas (Figure 53a) and liver scaffolds
(Figure 54a) and PK-1 on pancreas (Figure 55a) and liver scaffolds (Figure 56a),
presented a large standard deviation within the individual conditions and no
significance (p<0.05) was observed between any of the treated vs control samples. It
was also observed that there was a big diversity of scaffold size within each condition,
and there was macroscopic correlation between scaffold size and Alamar Blue’s colour

change.

To improve on the previous results, and to reduce the large variation observed,
scaffolds were preselected and organised by macroscopic size prior to cell seeding,
e.g. all pancreas scaffolds for “PANC-1” cell seeding had a macroscopically similar
size and this was the case for all the models. Additionally, the replicate size was

increased to n=5. For this experiment, only Gemcitabine was used as a treatment.

This method revealed to be successful in reducing the standard deviation. Indeed,
PANC-1 on pancreas scaffolds showed a significant reduction in cell survival (p<0.01)
between the treated and untreated models, with the average survival being 89.03%
when treated (Figure 51b). PANC-1 on liver scaffolds also showed a significant
reduction in cell survival (p<0.05) between the treated and untreated models, with the

average survival being 89.19% when treated (Figure 52b).
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MIA PaCa-2 on pancreas scaffolds showed a significant reduction in cell survival
(p<0.05) between the treated and untreated models, with the average survival being
85.44% when treated (Figure 53b). MIA PaCa-2 on liver scaffolds also showed a
significant reduction in cell survival (p<0.05) between the treated and untreated

models, with the average survival being 82.92% when treated (Figure 54Db).

PK-1 on pancreas scaffolds showed no significant reduction in cell survival (p>0.05)
between the treated and untreated models, with the average survival increasing to
101.5% when treated (Figure 55b). Whereas, PK-1 on liver scaffolds showed a
significant reduction in cell survival (p<0.01) between the treated and untreated
models, with the average survival being 71.02% when treated (Figure 56b).

To confirm the success of our results, the previous experiment was repeated with the
exact conditions, but the cells were from a different batch and the pancreas and liver
scaffolds were from different donors. Additionally, Doxorubicin was added again as a
condition and 10% DMSO as a positive control.

PANC-1 cells cultured on pancreas scaffolds presented a significant reduction of 7.960
+ 2.076 in cell survival when treated with Gemcitabine compared to the control
(p<0.05). This was also observed with Doxorubicin, with a significant reduction of
8.443 % 1.457 in cell survival in treated vs control (p<0.05). There was no significant
(p>0.05) difference between samples treated Gemcitabine or Doxorubicin. The
positive control, samples treated with DMSO, showed a significant reduction in cell
survival compared to the control (p<0.05), Gemcitabine (p<0.05) and Doxorubicin
(p<0.05) (Figure 51c).

PANC-1 cells cultured on liver scaffolds presented no significant reduction in cell
survival when treated with Gemcitabine compared to the control (p>0.05). This was
also observed with Doxorubicin (p<0.05). There was no significant (p>0.05) difference
between samples treated Gemcitabine or Doxorubicin. The positive control, samples
treated with DMSO, showed a significant increase in cell survival compared to the
control (p<0.01) and Gemcitabine (p<0.05) but no significant change compared to
Doxorubicin (p>0.05) (Figure 52c).
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Figure 51. Chemotherapeutics treatment
of PANC-1 cell cultured on pancreas
scaffolds. Alamar blue viability test of
PANC-1 cells cultured on pancreas
scaffolds; in the first experiment (a)
treated with 0.5 uM Gemcitabine or 0.5
UM Doxorubicin, in the second experiment
(b) treated with 0.5 uM Gemcitabine, and
in the third experiment (c) treated with 0.5
uM Gemcitabine, 0.5 uM Doxorubicin or
10% DMSO. All results are represented as
a percentage of cell survival in comparison
to untreated cells (control). Data are
expressed as mean #s.d. * p<0.05 and **
p<0.01.
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MIA PaCa-2 cells cultured on pancreas scaffolds presented a significant reduction of
29.22 + 1.997 in cell survival when treated with Gemcitabine compared to the control
(p<0.0005). This was also observed with Doxorubicin, with a significant reduction of
21.78 £ 3.915 in cell survival in treated vs control (p<0.05). There was no significant
(p>0.05) difference between samples treated Gemcitabine or Doxorubicin. The
positive control, samples treated with DMSO, showed a significant reduction in cell
survival compared to the control (p<0.0005), Gemcitabine (p<0.05) and Doxorubicin
(p<0.05) (Figure 53c).

MIA PaCa-2 cells cultured on liver scaffolds presented a significant reduction of 20.67
+ 3.460 in cell survival when treated with Gemcitabine compared to the control
(p<0.005). This was also observed with Doxorubicin, with a significant reduction of
18.64 + 3.095in cell survival in treated vs control (p<0.01). There was no significant
(p>0.05) difference between samples treated Gemcitabine or Doxorubicin. The
positive control, samples treated with DMSO, showed a significant reduction in cell
survival compared to the control (p<0.0001), Gemcitabine (p<0.0001) and Doxorubicin
(p<0.0001) (Figure 54c).

PK-1 cells cultured on pancreas scaffolds presented no significant reduction in cell
survival when treated with Gemcitabine compared to the control (p>0.05). This was
also observed with Doxorubicin (p>0.05). There was no significant (p>0.05) difference
between samples treated Gemcitabine or Doxorubicin. The positive control, samples
treated with DMSO, showed a significant reduction in cell survival compared to the
control (p<0.05) and Gemcitabine (p<0.05) but no significant change compared to
Doxorubicin (p>0.05) (Figure 55c).

PK-1 cells cultured on liver scaffolds presented a significant reduction of 33.90 £ 5.653
in cell survival when treated with Gemcitabine compared to the control (p<0.01). This
was not observed with Doxorubicin, which presented no significant change (p>0.05).
There was also a significant reduction of 42.56 + 4.093 in cell survival when cells were
treated with Gemcitabine compared to those treated with Doxorubicin (p<0.01). The
positive control, samples treated with DMSO, showed a significant reduction in cell
survival compared to the control (p<0.05) and Doxorubicin (p<0.01) but a significant

increase in cell survival compared to Gemcitabine (p<0.05) (Figure 56c¢).
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Figure 53. Chemotherapeutics treatment
of MIA PaCa-2 cell cultured on pancreas
scaffolds. Alamar blue viability test of MIA
PaCa-2 cells cultured on pancreas
scaffolds; in the first experiment (a)
treated with 0.5 uM Gemcitabine or 0.5
uM Doxorubicin, in the second experiment
(b) treated with 0.5 uM Gemcitabine, and
in the third experiment (c) treated with 0.5
uM Gemcitabine, 0.5 uM Doxorubicin or
10% DMSO. All results are represented as
a percentage of cell survival in comparison
to untreated cells (control). Data are
expressed as mean * s.d. * p<0.05 and ***
p<0.001.
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Figure 54. Chemotherapeutics treatment
of MIA PaCa-2 cell cultured on liver
scaffolds. Alamar blue viability test of MIA
PaCa-2 cells cultured on liver scaffolds; in
the first experiment (a) treated with 0.5
uM Gemcitabine or 0.5 uM Doxorubicin, in
the second experiment (b) treated with 0.5
uM Gemcitabine, and in the third
experiment (c) treated with 0.5 uM
Gemcitabine, 0.5 uM Doxorubicin or 10%
DMSO. All results are represented as a
percentage of cell survival in comparison
to untreated cells (control). Data are
expressed as meants.d. * p<0.05 **
p<0.01, *** p<0.001 and ****p<0.0001.

154 | Page



a 150

Cell Survival (%)

b 1504

Cell Survival (%)

Cell Survival (%)

100

50

100

50

150+

100+

50

Experiment 1
1T
[
I 1
AN .
60 6\°e \0\‘0
OQ X S.o
@) O &
& &
Experiment 2
—
1
Control Gemcitabine
Experiment 3
*
*
1
—— -1
1 1 |
> 2 & O
O .
o(i\\,* ’so\(\ ?\0\ o@%
&) N &
0@ O+
(<) Q

Figure 55. Chemotherapeutics treatment
of PK-1 cell cultured on pancreas
scaffolds. Alamar blue viability test of PK-
1 cells cultured on pancreas scaffolds; in
the first experiment (a) treated with 0.5
UM Gemcitabine or 0.5 uM Doxorubicin, in
the second experiment (b) treated with 0.5
UM  Gemcitabine, and in the third
experiment (c) treated with 0.5 uM
Gemocitabine, 0.5 uM Doxorubicin or 10%
DMSO. All results are represented as a
percentage of cell survival in comparison
to untreated cells (control). Data are
expressed as mean # s.d. * p<0.05.
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Figure 56. Chemotherapeutics treatment

of PK-1 cell cultured on liver scaffolds.
Alamar blue viability test of PK-1 cells
cultured on liver scaffolds; in the first
experiment (a) treated with 0.5 uM
Gemcitabine or 0.5 uM Doxorubicin, in the
second experiment (b) treated with 0.5 uM
Gemcitabine, and in the third experiment
(c) treated with 0.5 uM Gemcitabine, 0.5
uM Doxorubicin or 10% DMSO. All results
are represented as a percentage of cell
survival in comparison to untreated cells
(control). Data are expressed as
mean £ s.d. * p<0.05 and ** p<0.01.
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To investigate consistency and reproducibility of using decellularised scaffold PDAC
for drug testing, the results of the previous two experiments were statically compared
for the Gemcitabine treatment. It was observed that there was no significant difference
(p>0.05) between the Gemcitabine treated samples from the experiment 1 and
experiment 2 in PANC-1 cells on pancreas scaffolds (Figure 57a) and liver scaffolds
(Figure 57b), MIA PaCa-2 cells on liver scaffolds (Figure 58b) and PK-1 cells on
pancreas scaffolds (Figure 59a) and liver scaffolds (Figure 59b) and. The only
condition to have a significant difference inter-experiments when treated with

Gemcitabine was MIA PaCa-2 cells on pancreas scaffolds (p<0.01) (Figure 58a).

Finally, the results of the chemotherapy treatments were accumulated to examine the
impact of the material (pancreas scaffolds, liver scaffolds and 2D) on
chemoresistance. PANC-1 cells treated with Gemcitabine had no significant change
in cell survival between the pancreas and liver scaffolds (p>0.05), whereas, there was
a significant reduction in 2D plastic cell survival of 31.10 + 2.529 in comparison to
pancreas scaffolds (p<0.0001) and a significant reduction of 31.46 + 2.529 in
comparison to liver scaffolds (p<0.0001) (Figure 60a).

PANC-1 cells treated with Doxorubicin had a significant reduction of 10.98 + 2.529 in
cell survival in the pancreas scaffolds compared to liver scaffolds (p<0.001).
Additionally, there was a significant reduction in 2D plastic cell survival of 38.54 +
2.529 in comparison to pancreas scaffolds (p<0.0001) and a significant reduction of
49.52 + 2.529 in comparison to liver scaffolds (p<0.0001) (Figure 60a).

PANC-1 cells treated with DMSO, as a positive control, had a significant reduction of
36.97 + 2.529 in cell survival in the pancreas scaffolds compared to liver scaffolds
(p<0.001). Additionally, there was a significant reduction in 2D plastic cell survival of
36.71 + 2.529 in comparison to pancreas scaffolds (p<0.0001) and a significant
reduction of 73.68 + 2.529 in comparison to liver scaffolds (p<0.0001) (Figure 60a).
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Figure 58. Inter-experiment comparison
of Gemcitabine treated MIA PaCa-2 cell
cultured on 3D scaffolds. Alamar blue
viability test of MIA PaCa-2 cells from two
separate experiment (experiment 2 and 3)
presented a significant difference in
percentage of cell survival after treatment
with 0.5 uM Gemcitabine when cultured on
(a) pancreas scaffolds but no significant
difference (p>0.05) when cultured on (b)
liver scaffolds. Data are expressed as
mean * s.d. ** p<0.01.
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Figure 59. Inter-experiment comparison
of Gemcitabine treated PK-1 cell cultured
on 3D scaffolds. Alamar blue viability test
of PK-1 cells cultured on (a) pancreas
scaffolds and (b) liver scaffolds from two
separate experiment (experiment 2 and 3)
presented no significant  difference
(p>0,05) in percentage of cell survival after
treatment with 0.5 uM Gemcitabine. Data
are expressed as mean + s.d.

160 | Page



MIA PaCa-2 cells treated with Gemcitabine had no significant change in cell survival
between the pancreas and liver scaffolds (p>0.05), whereas, there was a significant
reduction in 2D plastic cell survival of 37.09 + 3.440 in comparison to pancreas
scaffolds (p<0.0001) and a significant reduction of 45.64 + 2.529 in comparison to liver
scaffolds (p<0.0001) (Figure 60Db).

MIA PaCa-2 cells treated with Doxorubicin had no significant change in cell survival
between the pancreas and liver scaffolds (p>0.05), whereas, there was a significant
reduction in 2D plastic cell survival of 50.93 + 3.440 in comparison to pancreas
scaffolds (p<0.0001) and a significant reduction of 54.07 £ 2.529 in comparison to liver
scaffolds (p<0.0001) (Figure 60Db).

MIA PaCa-2 cells treated with DMSO, as a positive control had a significant reduction
of 38.04 £ 3.440 in cell survival in the liver scaffolds compared to pancreas scaffolds
(p<0.001). Additionally, there was a significant reduction in 2D plastic cell survival of
46.65 + 3.440 in comparison to pancreas scaffolds (p<0.0001) and a significant
reduction of 8.610 * 3.440 in comparison to liver scaffolds (p<0.05) (Figure 60b).

PK-1 cells treated with Gemcitabine had a significant reduction of 29.58 + 3.411 in cell
survival in the liver scaffolds compared to pancreas scaffolds (p<0.001). Additionally,
there was a significant reduction in 2D plastic cell survival of 64.74 + 3.411 in
comparison to pancreas scaffolds (p<0.0001) and a significant reduction of 35.16 *

3.411 in comparison to liver scaffolds (p<0.0001) (Figure 60c).

PK-1 cells treated with Doxorubicin had a significant reduction of 21.93 £ 3.411 in cell
survival in the pancreas scaffolds compared to liver scaffolds (p<0.001). Additionally,
there was a significant reduction in 2D plastic cell survival of 52.99 + 3.411 in
comparison to pancreas scaffolds (p<0.0001) and a significant reduction of 74.92 +

3.411 in comparison to liver scaffolds (p<0.0001) (Figure 60c).
PK-1 cells treated with DMSO, as a positive control, had no significant change in cell

survival between the pancreas and liver scaffolds (p>0.05). Whereas, there was a

significant reduction in 2D plastic cell survival of 67.46 £ 3.411 in comparison to
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pancreas scaffolds (p<0.0001) and a significant reduction of 68.40 + 3.411 in

comparison to liver scaffolds (p<0.0001) (Figure 60c).
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Figure 60. Comparison of PDAC cells’ response
to chemotherapeutic treatments in 3D
scaffolds vs 2D plastic. Alamar blue viability
test of (a) PANC-1, (b) MIA PaCa-2 and (c) PK-
1 cells cultured on pancreas scaffolds (black
bars), liver scaffolds (grey bars) and 2D plastic,
treated with 0.5 uM Gemcitabine, 0.5 uM
Doxorubicin and 10% DMSO. Data are
expressed as mean + s.d. * p<0.05, ** p<0.01,
*** p<0.001 and ****p<0.0001.
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4.3.2.2 Validation of Chemotherapy Uptake by PDAC Cells

To prove that the chemotherapy drugs were able to reach the cells, the natural
fluorescence of Doxorubicin was utilised. PANC-1, MIA PaCa-2 and PK-1 cells
cultured on pancreas scaffolds were treated with one um for 24 hours. The samples
were then directly frozen and cryo-sectioned. As a control, untreated samples were
also imaged; PANC-1 (Figure 61a; top panel), MIA PaCa-2 (Figure 61b; top panel)
and PK-1 (Figure 61c; top panel) samples did not present any fluorescence in the
Doxorubicin channel (TRITC; red) but did present a positive signal for nuclei (DAPI;
blue) and collagen (FITC; green). On the other hand, all treated samples, PANC-1
(Figure 61a; bottom panel), MIA PaCa-2 (Figure 61b; bottom panel) and PK-1 (Figure
61c; bottom panel) presented a fluorescence for Doxorubicin (TRITC; red), nuclei
(DAPI; blue) and collagen (FITC, green). When the three channels were merged

together, it was evident that Doxorubicin had reached the nuclei (MERGE; purple).

4.3.2.3 Immunohistochemistry Analysis of Treated PDAC Cells

To further investigate the effect of the chemotherapy drugs on the PDAC cells,
immunohistochemical staining for MMP9 (for invasiveness), yH2A (for nuclear
damage) and ASP175 (for apoptosis) was performed. PANC-1 cells on pancreas
scaffolds presented no observable difference in staining intensity for MMP9 between
the control (untreated) sample and Gemcitabine or Doxorubicin treated samples
(Figure 62a; top panel). yH2A staining was negative on the control samples but was
positive on the Gemcitabine treated samples and additionally a high intensity of
staining was present on the Doxorubicin treated samples (Figure 62a; middle panel).
ASP175 staining was also negative in the control samples, which was also the case
in the many cells in the Gemcitabine treated sample and in almost all the cell in the

Doxorubicin treated sample (Figure 62a; bottom panel).
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Figure 61. Validation of Doxorubicin uptake by PDAC cells. Fluorescent imaging of (a) PANC-1, (b)
MIA PaCa-2 and (c) PK-1 cultured on pancreas scaffolds that were not treated (control; top panel) did
not present any fluorescence in the Doxorubicin channel (TRITC; red) but presented a present a positive
fluorescence for nuclei (DAPI; blue) and collagens (FITC; green). All doxorubicin treated samples
(bottom panel), presented a fluorescence on the Doxorubicin channel (TRIRC; red), nucleas channel
(DAPI, blue) and collagen channel (FITC, green). When the three channels were merged together, it is
evident that Doxorubicin had reached the nucleus (purple). All images were obtained using a 20x
objective. Scale bar: 100 um.
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PANC-1 cells on liver scaffolds similarly presented no observable difference in staining
intensity for MMP9 between the control (untreated) sample and Gemcitabine or
Doxorubicin treated samples (Figure 62b; top panel). yH2A (Figure 62b; middle panel)
and ASP175 (Figure 62b; bottom panel) staining’s were both negative on all conditions
(control, Gemcitabine and Doxorubicin). It was additionally notable that there was a
difference in cell morphology between the PANC-1 cells on the pancreas (Figure 62a)
vs liver scaffolds (Figure 62b), where they appeared to be larger and more spherical

in the former and more spindle-like in the latter.

MIA PaCa-2 cells on pancreas scaffolds presented no observable difference in
staining intensity for MMP9 between the control (untreated) samples and Gemcitabine
or Doxorubicin treated samples (Figure 63a; top panel). yH2A staining was dominantly
negative on the control samples but was positive on the Gemcitabine and Doxorubicin
treated samples (Figure 63a; middle panel). ASP175 staining was also negative in the
control samples, which was also the case for most cells in the Gemcitabine and

Doxorubicin treated samples (Figure 63a; bottom panel).

MIA PaCa-2 cells on liver scaffolds similarly presented no observable difference in
staining intensity for MMP9 between the control (untreated) sample and Gemcitabine
or Doxorubicin treated samples (Figure 63b; top panel). yH2A (Figure 63b; middle
panel) and ASP175 (Figure 63b; bottom panel) staining’s were both negative on all
conditions (control, Gemcitabine and Doxorubicin). It was additionally notable that
there was a difference in cell morphology between the MIA PaCa-2 cells on the
pancreas (Figure 63a) vs liver scaffolds (Figure 63b), where they appeared to be
larger, spherical and more dispersed in the former and more cubical and clustered in

the latter.

PK-1 cells on pancreas scaffolds presented no observable difference in staining
intensity for MMP9 between the control (untreated) sample and Gemcitabine or
Doxorubicin treated samples (Figure 64a; top panel). yH2A staining was negative on
the control samples but was faintly positive on the Gemcitabine treated samples and
a moderate intensity of staining was observed on the Doxorubicin treated samples
(Figure 64a; middle panel). ASP175 staining was negative in all samples (Figure 64a;

bottom panel).
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PK-1 cells on liver scaffolds showed an obvious difference in intensity of staining of
MMP9, where cells treated with Gemcitabine had a lighter intensity of staining the
control samples. There was also a mix of MMP9 intensity in the Doxorubicin treated
sample (Figure 64b; top panel). Both, yH2A (Figure 64b; middle panel) and ASP175
(Figure 64b; bottom panel) staining’s were negative on all conditions (control,
Gemcitabine and Doxorubicin). Additionally, there was a clear change in cell
morphology from a spherical-shape in the control sample to a smaller more spindle-
like shape in the Gemcitabine treated cells, and similarly with the Doxorubicin treated
cells (Figure 64b). Furthermore, there was a difference in cell morphology between
the PK-1 cells on the pancreas (Figure 64a) vs liver scaffolds (Figure 64b), where they

appeared to be larger and more cubical in the former.

4.3.2.4 Evaluation of Changes in PDAC Cell Size

After observing the immunohistochemistry staining, it was noticeable qualitatively that
in many conditions there were differences in cell size and shape, therefore, we
proceeded to investigate this quantitatively. The immunohistochemistry images of
MMP9 were computed into Fiji (v1.49d (ImageJ Jenkins server) and processed as
described in the methods and materials. The average surface area of ten randomly

selected cells was measured.

There was significantly greater cell size (p<0.005) in PANC-1 cells cultured in
pancreas vs liver scaffolds in the control (untreated) group (Figure 65a). Additionally,
there was a significant (p<0.05) increase in size in the PANC-1 cells treated with
Gemcitabine vs the control in the liver scaffold group (Figure 65a). There was no
significant change in cell size in the MIA PaCa-2 cells within any condition (Figure
65Db). Finally, for the PK-1 cells, a notable change was observed in the Gemcitabine
treatments, where the cells in the liver scaffold group were significantly (p<0.0005)

smaller than those in the pancreas scaffolds (Figure 65c).
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Figure 62. Inmunohistochemistry analysis of chemotherapy treated PANC-1 cells cultured on 3D scaffolds. PANC-1 cells cultured on 3D scaffolds, were left
untreated (control) or treated with 0.5 uM Gemcitabine and 0.5 uM Doxorubicin, were stained for MMP9 (top panel), yH2A (middle panel) or ASP175 (bottom
panel). Cells on (a) pancreas scaffolds stained positive for MMP9 in all condition. yH2A staining was negative on the control sample but was positive on the
Gemcitabine and Doxorubicin treated sample. There was no difference in staining of ASP175 between the different conditions. Cells on (b) liver scaffolds
stained positive for MMP9 in all condition. yH2A and ASP175 staining was negative in all conditions. All images were obtained using a 20x objective. Scale bar:
100 um.
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Figure 63. Immunohistochemistry analysis of chemotherapy treated MIA PaCa-2 cells cultured on 3D scaffolds. MIA PaCa-2 cells cultured on 3D scaffolds,
were left untreated (control) or treated with 0.5 uM Gemcitabine and 0.5 uM Doxorubicin, were stained for MMP9 (top panel), yH2A (middle panel) or ASP175
(bottom panel). Cells on (a) pancreas scaffolds stained positive for MMP9 in all condition. yH2A staining was negative on the control sample but was positive
on the Gemcitabine and Doxorubicin treated sample. There was no difference in staining of ASP175 between the different conditions. Cells on (b) liver scaffolds

stained positive for MMP9 in all condition. yH2A and ASP175 staining was negative in all conditions. All images were obtained using a 20x objective. Scale bar:
100 um.
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Figure 64. Immunohistochemistry analysis of chemotherapy treated PK-1 cells cultured on 3D scaffolds. PK-1 cells cultured on 3D scaffolds, were left
untreated (control) or treated with 0.5 uM Gemcitabine and 0.5 uM Doxorubicin, were stained for MMP9 (top panel), yH2A (middle panel) or ASP175 (bottom
panel). Cells on (a) pancreas scaffolds stained positive for MMP9 in all condition. yH2A staining was negative on the control sample but was faintly positive on
the Gemcitabine and moderately positive on the Doxorubicin treated sample. There was no difference in negative staining of ASP175 between the different
conditions. Cells on (b) liver scaffolds stained positive for MMP9 in all condition but showed a milder intensity on the Gemcitabine treated sample. yH2A and
ASP175 staining was negative in all conditions. All images were obtained using a 20x objective. Scale bar: 100 um.
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Figure 65. Computational
quantification of treated
and untreated PDAC cell
size in 3D scaffolds.
Immunohistochemistry
images of MMP9 from
treated and untreated (a)
PANC-1, (b) MIA PaCa-2
and (c) PK-1 cells cultured
on pancreas and liver
scaffolds were processed to
obtain the average surface
area of ten randomly
selected cells. Data are
expressed as mean +s.d. *
p<0.05, ** p<0.01 and ***
p<0.001
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4.3.2.5 Next Generation Sequencing Evaluation of the Effect of Gemcitabine
Chemotherapy on Tissue-Specific PDAC Models

To fully examine the influence of the ECM on chemoresistance of PDAC cells. mRNA
from Gemcitabine treated PANC-1 cells cultured on pancreas scaffolds and PK-1 cells

cultures on liver scaffolds were sequenced using the RNAseq technique.

When comparing between Gemocitabine treated and untreated (control) PANC-1 cells
on pancreas scaffolds, 2879 DE genes were identified out of a total of 21,350 genes
with measured expression. In this experiment, we chose a threshold of p<0.05 for
statistical significance and a LogFC of expression >0.5. Out of these DE genes, 2,220
genes were up-regulated, and 659 genes were down-regulated in the Gemcitabine
treated PANC-1 cells when compared to those that were left untreated. These data
were further analysed in the context of pathways obtained from the KEGG database,
GO from the Gene Ontology Consortium database and network of regulatory relations
from BioGRID. In summary, 42 pathways were found to be significantly impacted. In
addition, 1,308 GO terms and 278 upstream regulators, were found to be significantly
(p<0.05) enriched.

To best demonstrate the overall impact Gemcitabine treatment has on PANC-1 cells
cultured on pancreas scaffolds, the 1,308 significantly affected GO terms, were broken
down, in order of significance, (as previously described) into (i) the top 10 most
significantly impacted GO terms (Table 18a), (ii) the GO terms directly related to cell
adhesion (Table 18b), (iii) the GO terms directly related to motility and migration (Table
18c) and (iv) the GO terms directly related to tissue organisation and angiogenesis
(Table 18d).

It was found that 17 GO terms were significantly impacted that directly involved cell
adhesion (Table 18b). Out of these 17 GO terms, “cell-cell adhesion” and “cell-matrix
adhesion” were studied in further details. Analysis of the “cell-cell adhesion” GO term
showed that there were 159 significantly (p<0.05) DE genes out of a total 774 genes
involved. Of these genes, 104 genes had a LogFC of >0.5 in Gemcitabine treated

samples compared to untreated samples (Supplementary Table 13). In contrast, 55
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genes had a LogFC of >0.5 in the untreated samples compared to the Gemcitabine
treated samples (Supplementary Table 13). Analysis of the “cell-matrix adhesion” GO
term showed that there were 41 significantly (p<0.05) DE genes out of a total 199
genes involved. Of these genes, 34 genes had a LogFC of >0.5 in Gemcitabine treated
samples compared to untreated samples (Supplementary Table 14). In contrast, 7
genes had a LogFC of >0.5 in the untreated samples compared to the Gemcitabine

treated samples (Supplementary Table 14).

Furthermore, it was found that 14 GO terms were significantly impacted that directly
involved motility and migration (Table 18c). Out of these 14 GO terms, “cell motility”
and “leukocyte migration” were studied in further details. Analysis of the “cell motility”
GO term showed that there were 229 significantly (p<0.05) DE genes out of a total
1368 genes involved. Of these genes, 189 genes had a LogFC of >0.5 in Gemcitabine
treated samples compared to untreated samples (Supplementary Table 15). In
contrast, 46 genes had a LogFC of >0.5 in the untreated samples compared to the
Gemcitabine treated samples (Supplementary Table 15). Analysis of the “leukocyte
migration” GO term showed that there were 78 significantly (p<0.05) DE genes out of
a total 379 genes involved. Of these genes, 63 genes had a LogFC of >0.5 in
Gemcitabine treated samples compared to untreated samples (Supplementary Table
16). In contrast, 15 genes had a LogFC of >0.5 in the untreated samples compared to

the Gemcitabine treated samples (Supplementary Table 16).

Finally, it was found that 20 GO terms were significantly impacted that directly involved
tissue organisation and angiogenesis (Table 18d). Out of these 20 GO terms,
“extracellular structure organisation” and “sprouting angiogenesis” were studied in
further details. Analysis of the “extracellular structure organisation” GO term showed
that there were 86 significantly (p<0.05) DE genes out of a total 327 genes involved.
Of these genes, 73 genes had a LogFC of >0.5 in Gemcitabine treated samples
compared to untreated samples (Supplementary Table 17). In contrast, 15 genes had
a LogFC of >0.5 in the untreated samples compared to the Gemcitabine treated
samples (Supplementary Table 17). Analysis of the “sprouting angiogensis” GO term
showed that there were 20 significantly (p<0.05) DE genes out of a total 84 genes
involved. Of these genes, 18 genes had a LogFC of >0.5 in Gemcitabine treated

samples compared to untreated samples (Supplementary Table 18). In contrast, 2
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genes had a LogFC of >0.5 in the untreated samples compared to the Gemcitabine
treated samples (Supplementary Table 18).

Next, we investigated the cellular pathways that were impacted by Gemcitabine
treatment of PANC-1 cells on pancreas scaffold. There were 275 pathways that
presented at least one DE gene, of which 42 showed a pathway-specific p-value of
<0.05 (Table 19). The most significant pathway was “Cytokine-cytokine receptor
interaction” (p = 8.59E-06) (Table 19). Further investigation showed that all, but one
(CCR®6), DE cytokine receptor genes associated with this pathway were up-regulated

in the Gemcitabine treated samples (Figure 66).

The final aspect investigated relating to the RNAseq data of Gemcitabine treated
PANC-1 cells on pancreas scaffold was the prediction of upstream regulators. The top
ten hypothesised “activated” upstream regulators were listed in order of significance
(Figure 67a); RBL2 (Figure 67b), RBL1 (Figure 67c), CPSM1 (Figure 67d), E2F4
(Figure 67e), HDACL1 (Figure 67f), E2F5 (Figure 67g), SPDEF (Figure 67h), E2F7
(Figure 67i), FGFR4 (Figure 67j)) and RBBP4 (Figure 67k). Additionally, the top ten
hypothesised “inhibited” upstream regulators were listed in order of significance
(Figure 68a); PLK1 (Figure 68b), AURKB (Figure 68c), CDCAS8 (Figure 68d), INCENP
(Figure 68e), CENPS (Figure 68f), ZW10 (Figure 68g), BUB3 (Figure 68h), CKAP5
(Figure 68i), NUDC (Figure 68j) and CLASP2 (Figure 68k).
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Top 10 Gene Ontology

GO ID GO Name C‘I’)”E"t c‘::I"t p-value | GOID GO Name CT)”E"" c:‘:lnt p-value
G0:0032501  multicellular organismal process 1094 6498 1.70E11 G0:0043062  extracellular structure organization 86 327 1.70E08
G0:0007155  cell adhesion 267 1307 1.40E09 G0:0006261  DNA-dependent DNA replication 47 142 2.10E08
G0:0022610  biological adhesion 268 1313 1.40E09 G0:0032502  developmental process 945 5673 2.60E08
G0:0048856  anatomical structure development 892 5279 4.70E09 G0:0098813  nuclear chromosome segregation 78 290 2.80E08
GO0:0007059 chromosome segregation 88 337 1.70E08 G0:0030198  extracellular matrix organization 85 326 3.20E08
Cell Adhesion Related Gene Ontology
GOID GO Name Count Count p-value GOID GO Name Count Count p-value
DE All DE All
G0:0007155  cell adhesion 267 1307 1.40E09 G0:0022407  regulation of cell-cell adhesion 75 402 0.01368
G0:0022610  biological adhesion 268 1313 1.40E09 G0:0034113  heterotypic cell-cell adhesion 13 49 0.02072
G0:0007156 :‘noe”;"bprzwec :Z:::Sssr':;:'cil"e'sasma 46 150 3.70E07 | G0:0030155 regulation of cell adhesion 113 646  0.0209
G0:0098609  cell-cell adhesion 159 774 0.0000027 | GO:0007159 leukocyte cell-cell adhesion 65 351 0.02378
G0:0098742 ;ZIPL-:;I;:?:SISQ(:SIS; plasma-membrane 53 228 0.000011 G0:1900025 ::f::L\:iéegulation of substrate adhesion-dependent cell 5 13 0.03064
G0:0007229 integrin-mediated signalling pathway 30 94 0.000016 | GO:0061756 leukocyte adhesion to vascular endothelial cell 8 27 0.03432
GO:0016339  calcum-dependent cell-cell adhesion via 11 28 0.00121 | GO:1903037  regulation of leukocyte cell-cell adhesion 59 322 0.0362
plasma membrane cell adhesion molecules
G0:0031589  cell-substrate adhesion 63 304 0.00218 G0:1903039  positive regulation of leukocyte cell-cell adhesion 40 209 0.04162
G0:0007160  cell-matrix adhesion 41 199 0.01289
Motility and Migration Related Gene Ontology
GOID GO Name Cc.;t:znt Cc/).\t:;\ t p-value GOID GO Name c‘;:znt C:\l;ln t p-value
G0:0050900 leukocyte migration 78 379 0.00087 G0:0097530  granulocyte migration 25 112 0.0181
G0:0071621  granulocyte chemotaxis 24 99 0.00738 G0:0071622  regulation of granulocyte chemotaxis 13 49 0.02072
G0:0006928 movement of cell or subcellular component 304 1839 0.00742 G0:0016477  cell migration 206 1242 0.02252
G0:0030593  neutrophil chemotaxis 20 79 0.00839 G0:0090131  mesenchyme migration 3 5 0.02466
GO0:0040011 locomotion 263 1585 0.01049 G0:0002523  leukocyte migration involved in inflammatory response 5 13 0.03064
G0:0048870  cell motility 229 1368 0.01133 GO0:0051546  keratinocyte migration 5 14 0.04208
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G0:1990266  neutrophil migration 21 89 0.01584 G0:0030595  leukocyte chemotaxis 36 186 0.04431
Tissue Organisation and Angiogenesis Related Gene Ontology

GO ID GO Name C‘I’)‘:E"t C‘::I"t p-value | GOID GO Name C‘I’)“E"t C‘::I"t p-value
G0:0043062  extracellular structure organization 86 327 1.70E08 G0:0072132  mesenchyme morphogenesis 12 45 0.02472
G0:0030198  extracellular matrix organization 85 326 3.20E08 G0:0048646  anatomical structure formation involved in morphogenesis 164 978 0.02767
G0:0097755  positive regulation of blood vessel diameter 18 54 0.00042 | G0:0035924 zﬁmal;sresr’onse to vascular endothelial growth factor 11 41 0.02954
GO0:0050880 regulation of blood vessel size 30 124 0.00308 GO0:0045776  negative regulation of blood pressure 11 41 0.02954
G0:0097746  regulation of blood vessel diameter 28 117 0.00487 GO0:0001568  blood vessel development 105 606 0.0319
G0:0022617  extracellular matrix disassembly 21 86 0.01076 | G0:0010575 z:’iﬂts’;i;ig“'a”o” AR RS GG e 8 27 0.03432
GO0:0008015  blood circulation 88 478 0.01144 GO0:0061756  leukocyte adhesion to vascular endothelial cell 8 27 0.03432
G0:0085029  extracellular matrix assembly 10 32 0.01293 G0:0008217  regulation of blood pressure 32 161 0.04036
G0:0002040  sprouting angiogenesis 20 84 0.01658 G0:0010574  regulation of vascular endothelial growth factor production 9 33 0.0424
GO:0010573  V@scular endothelial growth factor 10 35 0.02444 | GO:0048514  blood vessel morphogenesis 91 525  0.04286

production

Table 22 . Gene Ontology terms of RNAseq data of Gemcitabine treated vs untreated PANC-1 cells on pancreas scaffolds. The analysis is representing as
(a) the top 10 most significantly impacted GO terms, (b) the significantly impacted GO terms directly related to cell adhesion, (c) the significantly impacted GO
terms directly related to motility and migration and (d) the significantly impacted GO terms directly related to tissue organisation and angiogenesis. Included
in the table are the total number of genes involved in each GO Name (Count All) and the number of differentially expressed genes of each GO Name (Count
DE). The GO terms are ordered in terms of significance (lowest p-value to highest).
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Pathway Name P-value Pathway Name P-value
Cytokine-cytokine receptor interaction 8.59E-06 Leukocyte transendothelial migration 0.008339
Systemic lupus erythematosus 6.26E-05 Graft-versus-host disease 0.008471
Hematopoietic cell lineage 7.76E-05 Glutathione metabolism 0.009317
Fanconi anemia pathway 0.000107 Phagosome 0.009439
Natural killer cell mediated cytotoxicity 0.000159 Bladder cancer 0.009886
Arginine and proline metabolism 0.000359 Mineral absorption 0.011683
Alcoholism 0.000372 Intestinal immune network for IgA production 0.011726
Regulation of actin cytoskeleton 0.000481 PI3K-Akt signalling pathway 0.013832
Cell adhesion molecules (CAMs) 0.000512 p53 signalling pathway 0.014713
Staphylococcus aureus infection 0.000515 Focal adhesion 0.014719
DNA replication 0.000529 Protein digestion and absorption 0.015031
Amoebiasis 0.00058 Rheumatoid arthritis 0.01515
Type | diabetes mellitus 0.000651 Cocaine addiction 0.020657

Mucin type O-glycan biosynthesis 0.001215 Human papillomavirus infection 0.022005
MicroRNAs in cancer 0.002283 Nicotinate and nicotinamide metabolism 0.022364
ECM-receptor interaction 0.002483 Fc gamma R-mediated phagocytosis 0.027582

Cell cycle 0.002658 Homologous recombination 0.031093
Neuroactive ligand-receptor interaction 0.002928 Cellular senescence 0.033801
Endocrine and other factor-regulated calcium reabsorption 0.003161 Histidine metabolism 0.034583
Antigen processing and presentation 0.003554 Arrhythmogenic right ventricular cardiomyopathy (ARVC) 0.034761
Autoimmune thyroid disease 0.005108 Viral carcinogenesis 0.036202

Table 23. Significantly impacted pathways from RNAseq data of Gemcitabine treated vs untreated PANC-1 cells on pancreas scaffolds. Pathways are

ordered by significance (lowest p-vale to highest).

176 |Page



|]_c,g EC — — |

| CYTOEINE-CYTOKINE RECEPTOR INTERACTION |

i PDGF Family TNF Family IL-17 family
gp130 (ILEST) IL-3RE (CSFIRE) Receptaz
Shaed shed tyosine kinase THFR

Chemolines

CEC subfaily CC subfanily

| 1L2RE

1R

k=

s}

=
=

CEAC subfandly Ho s
ranselution
CXECLL

F19L

04060 623117
(c) Kanehisa Laboratories {c) Advaita Corporation 2019

Figure 66. Pathway map for cytokine-cytokine receptor interactions representing the significantly differentially expressed genes from RNAseq of untreated vs
Gemcitabine treated PANC-1 cells cultured on pancreas scaffolds. Cytokine-cytokine receptor interactions (KEGG: 04060) was the most significantly impacted
pathway. The pathway diagram is overlayed with the computed perturbation of each gene. The perturbation accounts both for the gene's measured fold change and
for the accumulated perturbation propagated from any upstream genes (accumulation). The highest negative perturbation (up-regulated in Gemcitabine treated
samples) is shown in dark blue, while the highest positive perturbation (down-regulated in Gemcitabine treated samples) in dark red. The legend describes the values
on the gradient. One gene may be represented in multiple places in the diagram and one box may represent multiple genes in the same gene family. A gene is
highlighted in all locations it occurs in the diagram. For each gene family, the colour corresponding to the gene with the highest absolute perturbation is displayed.
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Figure 67. Predicted activated upstream regulators of RNAseq data of untreated vs Gemcitabine
treated PANC-1 cells cultured on pancreas scaffolds. (a) Top 10 significant upstream regulators
predicted as activated. The x axis represented the number of DE genes downstream of the requlator.
The gene measured expression bar plot: all the consistent differentially expressed genes that are
targeted by (b) RBL2, (c) RBL1, (d) GPSM1, (e) E2F4, (f) HDAC1, (g) E2F5, (h) SPDEF, (i) E2F7, (j) FGFR4
and (k) RBBP4 are ranked based on their measured expression change from most down-regulated (in
blue) to up-regulated (in red) in untreated samples compared to Gemcitabine treated samples. The
box and whisker plot on the left summarises the distribution of all the consistent differentially
expressed genes targeted by this upstream regulator. The box shows the 1st quartile, the median and
the 3rd quartile, while the outliers are represented by circles.
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Figure 68. Predicted inhibited upstream regulators of RNAseq data of untreated vs Gemcitabine treated PANC-1 cells cultured on pancreas scaffolds. (a)
Top 10 significant upstream regulators predicted as inhibited. The x axis represented the number of DE genes downstream of the regulator. The gene measured
expression bar plot: all the consistent differentially expressed genes that are targeted by (b) PLK1, (c) AURKB, (d) CDCAS, (e) INCENP, (f) CENPS, (g) ZW10, (h)
BUBS3, (i) CKAPS5, (j) NUDC and (k) CLAP2 are ranked based on their measured expression change from most down-regulated (in blue) to up-regulated (in red)
in untreated samples compared to Gemcitabine treated samples. The box and whisker plot on the left summarises the distribution of all the consistent
differentially expressed genes targeted by this upstream regulator. The box shows the 1st quartile, the median and the 3rd quartile, while the outliers are
represented by circles.
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Further, when comparing between Gemcitabine treated and untreated (control) PK-1
cells on liver scaffolds, 1587 DE genes were identified out of a total of 21,259 genes
with measured expression. In this experiment, we chose a threshold of p<0.05 for
statistical significance and a LogFC of expression >0.5x. Out of these DE genes, 1,242
genes were up-regulated, and 343 genes were down-regulated in the Gemcitabine
treated PK-1 cells when compared to those that were left untreated. These data were
further analysed in the context of pathways obtained from the KEGG database, GO
from the Gene Ontology Consortium database and network of regulatory relations from
BioGRID. In summary, 57 pathways were found to be significantly impacted. In
addition, 1,692 GO terms and 418 upstream regulators, were found to be significantly
(p<0.05) enriched.

To best demonstrate the overall impact Gemcitabine treatment has on PK-1 cells
cultured on liver scaffolds, the 1,692 significantly affected GO terms, were broken
down, in order of significance, (as previously described) into (i) the top 10 most
significantly impacted GO terms (Table 24a), (ii) the GO terms directly related to cell
adhesion (Table 24b), (iii) the GO terms directly related to motility and migration (Table
24c) and (iv) the GO terms directly related to tissue organisation and angiogenesis
(Table 24d).

It was found that 14 GO terms were significantly impacted that directly involved cell
adhesion (Table 24b). Out of these 14 GO terms, “cell-cell adhesion” and “leukocyte
cell-cell adhesion” were studied in further details. Analysis of the “cell-cell adhesion”
GO term showed that there were 79 significantly (p<0.05) DE genes out of a total 776
genes involved. Of these genes, 61 genes had a LogFC of >0.5 in Gemcitabine treated
samples compared to untreated samples (Supplementary Table 19). In contrast, 18
genes had a LogFC of >0.5 in the untreated samples compared to the Gemcitabine
treated samples (Supplementary Table 19). Analysis of the “leukocyte cell-cell
adhesion” GO term showed that there were 43 significantly (p<0.05) DE genes out of
a total 352 genes involved. Of these genes, 38 genes had a LogFC of >0.5 in
Gemcitabine treated samples compared to untreated samples (Supplementary Table
20). In contrast, 5 genes had a LogFC of >0.5 in the untreated samples compared to

the Gemcitabine treated samples (Supplementary Table 20).
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Furthermore, it was found that 20 GO terms were significantly impacted that directly
involved motility and migration (Table 24c). Out of these 20 GO terms, “cell motility”
and “leukocyte migration” were studied in further details. Analysis of the “cell motility”
GO term showed that there were 131 significantly (p<0.05) DE genes out of a total
1373 genes involved. Of these genes, 113 genes had a LogFC of >0.5 in Gemcitabine
treated samples compared to untreated samples (Supplementary Table 21). In
contrast, 18 genes had a LogFC of >0.5 in the untreated samples compared to the
Gemcitabine treated samples (Supplementary Table 21). Analysis of the “leukocyte
migration” GO term showed that there were 43 significantly (p<0.05) DE genes out of
a total 382 genes involved. Of these genes, 38 genes had a LogFC of >0.5 in
Gemcitabine treated samples compared to untreated samples (Supplementary Table
22). In contrast, 5 genes had a LogFC of >0.5 in the untreated samples compared to

the Gemcitabine treated samples (Supplementary Table 22).

Finally, it was found that 22 GO terms were significantly impacted that directly involved
tissue organisation and angiogenesis (Table 24d). Out of these 22 GO terms,
“extracellular structure organisation” and “sprouting angiogenesis” were studied in
further details. Analysis of the “extracellular structure organisation” GO term showed
that there were 44 significantly (p<0.05) DE genes out of a total 324 genes involved.
Of these genes, 33 genes had a LogFC of >0.5 in Gemcitabine treated samples
compared to untreated samples (Supplementary Table 23). In contrast, 11 genes had
a LogFC of >0.5 in the untreated samples compared to the Gemcitabine treated
samples (Supplementary Table 23). Analysis of the “sprouting angiogenesis” GO term
showed that there were 18 significantly (p<0.05) DE genes out of a total 83 genes
involved. Of these genes, 12 genes had a LogFC of >0.5 in Gemcitabine treated
samples compared to untreated samples (Supplementary Table 24). In contrast, 6
gene had a LogFC of >0.5 in the untreated samples compared to the Gemcitabine

treated samples (Supplementary Table 24).
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Top 10 Gene Ontology

Count Count Count Count
GOID GO Name DE All p-value GOID GO Name DE All p-value
G0:0007049 cell cycle 333 1786 1.00E-24 | G0O:0000819 sister chromatid segregation 87 227 1.00E-24
G0:0022402 cell cycle process 269 1284 1.00E-24 G0:0098813 nuclear chromosome segregation 97 292 1.00E-24
G0:1903047 mitotic cell cycle process 195 811 1.00E-24 | G0:0051301 cell division 138 568 1.00E-24
G0:0000278 mitotic cell cycle 212 974 1.00E-24 G0:0006260 DNA replication 90 283 1.00E-24
G0:0007059 chromosome segregation 108 339 1.00E-24 G0:0000280 nuclear division 106 385 1.00E-24

Cell Adhesion Related Gene Ontology

Count Count Count Count
GOID GO Name DE All p-value GOID GO Name DE All p-value
GO:1904996  Positive regulation of leukocyte adhesion to vascular 5 7 0.000064 | GO:0007159  leukocyte cell-cell adhesion 43 352 0.00449

endothelial cell
G0:0022610 biological adhesion 139 1308 0.00046 G0:0061756 leukocyte adhesion to vascular endothelial cell 7 29 0.00725
) iti lati f leukocyte cell-cell
G0:0007155  cell adhesion 138 1301  0.00052 | GO:1903039 ggzgzzgeg“ ation orfeukocyte cell-ce 26 208 0.01793
GO:1904994 ~ regulation of leukocyte adhesion to vascular 6 16 0.00111 | GO:0098609  cell-cell adhesion 79 776 0.0203
endothelial cell
G0:0030155 regulation of cell adhesion 74 646 0.0015 G0:0071603 endothelial cell-cell adhesion 2 4 0.03531
GO:1903037  regulation of leukocyte cell-cell adhesion 41 322 000261 | GO:0098742  Cell-cell adhesion via plasma-membrane 26 228 0.0485
adhesion molecules
G0:0022407 regulation of cell-cell adhesion 48 402 0.00436 G0:0022409 positive regulation of cell-cell adhesion 27 239 0.04964
Motility and Migration Related Gene Ontology

Count Count Count Count
GOID GO Name DE Al p-value GOID GO Name DE All p-value
G0:0030335 positive regulation of cell migration 50 421 0.00408 G0:0006935 chemotaxis 57 535 0.02022
G0:2000147 positive regulation of cell motility 50 436 0.00798 G0:1990266 neutrophil migration 13 86 0.0208
G0:0040017 positive regulation of locomotion 52 466 0.01153 G0:2000145 regulation of cell motility 78 770 0.02333
G0:0002687 positive regulation of leukocyte migration 17 116 0.01219 G0:0048870 cell motility 131 1373 0.02563
G0:0002685 regulation of leukocyte migration 22 164 0.01327 G0:1902624 positive regulation of neutrophil migration 6 30 0.03093
G0:0016477 cell migration 122 1243 0.01413 G0:0002042 cell migration involved in sprouting angiogenesis 7 39 0.0353
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G0:0060326 cell chemotaxis 30 244 0.01447 G0:0002689 negative regulation of leukocyte chemotaxis 4 16 0.03562

G0:0050900 leukocyte migration 43 382 0.01766 G0:0002688 regulation of leukocyte chemotaxis 14 103 0.03836
G0:0030593 neutrophil chemotaxis 12 76 0.01879 G0:0071621 granulocyte chemotaxis 13 95 0.04282
G0:0040011 locomotion 151 1589 0.01957 G0:0030334 regulation of cell migration 71 719 0.04707

Tissue Organisation Related Gene Ontology

Count Count Count Count

GO ID GO Name DE All p-value GOID GO Name DE All p-value
G0:0043062 extracellular structure organization 44 324 0.0005 G0:0097756 negative regulation of blood vessel diameter 12 77 0.02067
G0:0045601 regulation of endothelial cell differentiation 9 31 0.00058 G0:0001955 blood vessel maturation 3 8 0.02186
G0:0030198 extracellular matrix organization 43 323 0.00086 G0:0009653 anatomical structure morphogenesis 217 2363 0.02227
G0:0045602 negative regulation of endothelial cell differentiation 4 8 0.00231 G0:0001935 endothelial cell proliferation 17 124 0.02246

GO:0048646  2natomical structure formation involved in 100 961 0.00537 | G0:0072132  mesenchyme morphogenesis 8 44 0.02353
morphogenesis

branching involved in blood vessel

G0:0001568 blood vessel development 66 597 0.006 G0:0001569 . 6 29 0.0265
morphogenesis
GO:0045603 positive regulation of endothelial cell differentiation 5 16 0.00713 | G0:0001937 ;ffl?ft;:t:zimat'o” of endothelial cell 7 37 0.02717
G0:0001936 regulation of endothelial cell proliferation 16 107 0.01228 G0:0001763 morphogenesis of a branching structure 23 187 0.02936
G0:0009887 animal organ morphogenesis 95 937 0.01299 G0:0002042 cell migration involved in sprouting angiogenesis 7 39 0.0353
G0:0010574  'egulation of vascular endothelial growth factor 7 33 0.01494 | GO:0071603  endothelial cell-cell adhesion 2 4 0.03531
production
G0:0048514 blood vessel morphogenesis 56 516 0.01523 G0:0045446 endothelial cell differentiation 13 93 0.03691
G0:0002040  sprouting angiogenesis 13 83 QOED || GoaneseRn el SRR Rl Gt 03 7 40 0.0399
factor stimulus
G0:0010575 positive regula'tlon of vascular endothelial growth 6 27 0.01896 60:1902337 regulation of :?poptotlc process involved in 3 10 0.04146
factor production morphogenesis
G0:0010573 vascular endothelial growth factor production 7 35 0.02042 G0:0035239  tube morphogenesis 36 332 0.04504
G0:0043062 extracellular structure organization 44 324 0.0005 G0:0097756 negative regulation of blood vessel diameter 12 77 0.02067
G0:0045601 regulation of endothelial cell differentiation 9 31 0.00058 G0:0001955 blood vessel maturation 3 8 0.02186
G0:0030198 extracellular matrix organization 43 323 0.00086 G0:0009653 anatomical structure morphogenesis 217 2363 0.02227
G0:0045602 negative regulation of endothelial cell differentiation 4 8 0.00231 G0:0001935 endothelial cell proliferation 17 124 0.02246
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G0:0048646

G0:0001568

G0:0045603

G0:0001936

anatomical structure formation involved in

. 100
morphogenesis
blood vessel development 66
positive regulation of endothelial cell differentiation 5
regulation of endothelial cell proliferation 16

961

597

16

107

0.00537

0.006

0.00713

0.01228

G0:0072132

G0:0001569

G0:0001937

G0:0001763

mesenchyme morphogenesis 8
branching involved in blood vessel 6
morphogenesis

negative regulation of endothelial cell 7
proliferation

morphogenesis of a branching structure 23

44 0.02353
29 0.0265
37 0.02717

187 0.02936

Table 24 . Gene Ontology terms of RNAseq data of Gemcitabine treated vs untreated PK-1 cells on liver scaffolds. The analysis is represented as followed
(a) the top 10 most significantly impacted GO terms, (b) the significantly impacted GO terms directly related to cell adhesion, (c) the significantly impacted GO
terms directly related to motility and migration and (d) the significantly impacted GO terms directly related to tissue organisation and angiogenesis. Included
in the table are the total number of genes involved in each GO Name (Count All) and the number of differentially expressed genes of each GO Name (Count
DE). The GO terms are ordered in terms of significance (lowest p-value to highest).
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Next, we investigated the cellular pathways that were impacted by Gemcitabine
treatment of PK-1 cells on liver scaffold. There were 294 pathways that presented at
least one DE gene, of which 57 showed a pathway-specific p-value of <0.05 (Table
25). The most significant pathway was “DNA replication” (p = 1.92e-16) (Table 25).
Further investigation showed that all 22 DE genes associated with this pathway were

up-regulated in the Gemcitabine treated samples (Figure 69).

The final aspect investigated relating to the RNAseq data of Gemcitabine treated PK-
1 cells on pancreas scaffold was the prediction of upstream regulators. The top ten
hypothesised “activated” upstream regulators were listed in order of significance
(Figure 70a); RBL2 (Figure 70b), E2F4 (Figure 70c), RBL1 (Figure 70d), E2F5 (Figure
70e), E2F7 (Figure 70f), TFDP2 (Figure 70g), LIN52 (Figure 70h), LIN37 (Figure 70i),
LIN54 (Figure 70j) and HDAC1 (Figure 70k). Additionally, the top ten hypothesised
“‘inhibited” upstream regulators were listed in order of significance (Figure 71a);
AURKB (Figure 71b), PLK1 (Figure 71c), CENPS (Figure 71d), INCENP (Figure 71e),
CDCAS8 (Figure 71f), CENPC (Figure 71g), KIF2A (Figure 71h), PPP2R1B (Figure
71i), PPP2R5B (Figure 71j) and PPP2R5C (Figure 71Kk).
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Pathway Name P-value Pathway Name P-value
DNA replication 1.92E-16 B cell receptor signalling pathway 0.006719

Cell cycle 3.66E-07 Pathways in cancer 0.007415
Fanconi anemia pathway 5.67E-07 Influenza A 0.007508
Cytokine-cytokine receptor interaction 9.76E-07 NOD-like receptor signalling pathway 0.009052
Homologous recombination 4.04855E-06 Hepatitis B 0.011463
p53 signalling pathway 4.96104E-06 Human papillomavirus infection 0.013208
HTLV-I infection 7.03032E-06 Salmonella infection 0.014771
IL-17 signalling pathway 1.61597E-05 Chemokine signalling pathway 0.015359
Mismatch repair 2.19759E-05 Salivary secretion 0.016771
Cellular senescence 0.000123291 Bladder cancer 0.019312
MicroRNAs in cancer 0.000137791 Hepatitis C 0.019455
Rheumatoid arthritis 0.000162283 Toxoplasmosis 0.020918
Oocyte meiosis 0.000240853 FoxO signalling pathway 0.021999
NF-kappa B signalling pathway 0.000399501 Antifolate resistance 0.025327
Transcriptional misregulation in cancer 0.000485984 Chemical carcinogenesis 0.028776
Breast cancer 0.000547547 Pyrimidine metabolism 0.030232

TNF signalling pathway 0.000892742 Fluid shear stress and atherosclerosis 0.033095
Nucleotide excision repair 0.001776978 Mineral absorption 0.033322
Primary immunodeficiency 0.001971155 Jak-STAT signalling pathway 0.035286

Small cell lung cancer 0.002321373 Metabolism of xenobiotics by cytochrome P450 0.03626
Base excision repair 0.002434071 Prostate cancer 0.037277
Basal cell carcinoma 0.003186599 Leishmaniasis 0.037779
TGF-beta signalling pathway 0.004003428 Non-small cell lung cancer 0.038832
Progesterone-mediated oocyte maturation 0.004516997 Pancreatic cancer 0.040143
Pertussis 0.004703916 Alcoholism 0.042775
Ovarian steroidogenesis 0.005899033 Non-alcoholic fatty liver disease (NAFLD) 0.043216
Legionellosis 0.006203242 Gastric acid secretion 0.04749

Malaria 0.006244667 Amoebiasis 0.049675

Apoptosis 0.006408973

Table 25. Significantly impacted pathways from RNAseq data of Gemcitabine treated vs untreated PK-1 cells on liver scaffolds. Pathways are ordered by

significance (lowest p-vale to highest).
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Figure 69. Pathway map for DNA replication representing the significantly differentially expressed
genes from RNAseq of untreated vs Gemcitabine treated PK-1 cells cultured on liver scaffolds. DNA

replication (KEGG: 03030) was the most significantly impacted pathway. The pathway diagram is
overlayed with the computed perturbation of each gene. The perturbation accounts both for the gene's
measured fold change and for the accumulated perturbation propagated from any upstream genes
(accumulation). The highest negative perturbation (up-regulated in Gemcitabine treated samples) is
shown in dark blue, while the highest positive perturbation (down-regulated in Gemcitabine treated
samples) in dark red. The legend describes the values on the gradient. One gene may be represented
in multiple places in the diagram and one box may represent multiple genes in the same gene family.
A gene is highlighted in all locations it occurs in the diagram. For each gene family, the colour
corresponding to the gene with the highest absolute perturbation is displayed.
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Figure 70. Predicted activated upstream regulators of RNAseq data of untreated vs Gemcitabine
treated PK-1 cells cultured on pancreas scaffolds. (a) Top 10 significant upstream regulators
predicted as activated. The x axis represented the number of DE genes downstream of the regulator.
The gene measured expression bar plot: All the consistent differentially expressed genes that are
targeted by ((b) RBL2, (c) E2F4, (d) RBL1, (e) E2F5, (f) E2F7, (g) TFDP2, (h) LIN52, (i) LIN37, (j) LIN54
and (k) HDACI1 are ranked based on their measured expression change from most down-regulated (in
blue) to up-regulated (in red) in untreated samples compared to Gemcitabine treated samples. The
box and whisker plot on the left summarises the distribution of all the consistent differentially
expressed genes targeted by this upstream regulator. The box shows the 1st quartile, the median and
the 3rd quartile, while the outliers are represented by circles.
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Figure 71. Predicted inhibited upstream regulators of RNAseq data of untreated vs Gemcitabine treated PK-1 cells cultured on pancreas scaffolds. (a) Top
10 significant upstream regulators predicted as inhibited. The x axis represented the number of DE genes downstream of the regulator. The gene measured
expression bar plot: All the consistent differentially expressed genes that are targeted by (b) AURKB, (c) PLK1, (d) CENPS, (e) INCENP, (f) CDCAS, (g) CENPC, (h)
KIF2A, (i) PPP2R1B, (j) PPP2R5B and (k) PPP2R5C are ranked based on their measured expression change from most down-regulated (in blue) to up-regulated
(in red) in untreated samples compared to Gemcitabine treated samples. The box and whisker plot on the left summarises the distribution of all the consistent
differentially expressed genes targeted by this upstream regulator. The box shows the 1st quartile, the median and the 3rd quartile, while the outliers are
represented by circles.
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* CHAPTER 5 »

“If knowledge can create problems, it is mnot through

ignorance that we can solve them.” .
- Isaac Asimov
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5. DISCUSSION

Decellularised tissue from other organs have previously been utilized as in vitro 3D
scaffolds for human tumour modelling, e.g., liver (320, 321), lung (322, 323), breast
and adipose tissue (324, 325), and intestinal tissue (326, 327). These studies showed
a clear benefit in using decellularised scaffolds to predict in vivo outcomes. Indeed,
Dunne et al., demonstrated that decellularised human adipose scaffolds presented a
more suitable environment for the growth, migration/invasion, morphology, and drug
response of breast cancer cells, MCF-7 and BT474, compared to both Matrigel and
2D plastic cultures (324). In this study, both cell types were resistant to a) doxorubicin,
a drug that does not present positive results in humans, and b) sensitive to lapatinib,
a drug that presents a positive impact in humans. Furthermore, Miyauchi et al.,
demonstrated the use of fibrotic mouse liver scaffolds to model hepatocellular
carcinoma (HCC) (320). This study is the first published work to prove the direct
involvement of the ECM in promoting an EMT phenotype and increasing the

proliferation and chemoresistance of HCC cells.

The novel PDAC platforms presented in this thesis, both the primary and metastatic,
present a perfect model to encourage the principles of the National Centers’ 3Rs (the
replacement, refinement, and reduction of animals in research). The mission of the
National Center, as stated on their website, is to “use the 3Rs principles to accelerate
scientific discovery, support innovation, and technological developments, and address
societal concerns about animal research (328).” These decellularised liver cubes
would, without a doubt, (i) accelerate scientific discovery, (ii) support innovation and
(i) reduce and replace animal use in much scientific research. Lessons learned from
experience in our laboratory showed the difficulty of trying to organise experiments
that involve both cell culture and tissue decellularisation, as both procedures were
time-consuming and difficult to coordinate. The fact that a fresh pancreas can now be
decellularised and further sterilised in less than 10 days would allow many research
groups to develop these decellularised tissue and use them to better predict in vivo

results before the use of animals.
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5.1 Pancreas Decellularisation

The first aim of this thesis was to perform the decellularisation of human pancreata,
as opposed to animal pancreatic tissue. To do so, two approaches were investigated:
agitation and perfusion. Both methods have their advantages and limitations; agitation
is a much faster technique of decellularisation, and only a small portion of the pancreas
is needed. On the other hand, for the perfusion decellularisation technique, the whole
pancreas en-bloc with duodenum is required, as all vessels need to be preserved but

would eventually allow for a much greater number of scaffolds to be available for use.

5.1.1 Elimination of Cellular Debris and Preservation of the ECM

The first piece of pancreas obtained was a small chunk from a
pancreaticoduodenectomy. Therefore, we initially aimed to investigate our successful
liver agitation decellularisation technique on 5x5x5 mm cubes from this pancreas
(296). After the completion of protocol PA1, the cubes have gained size and remained
yellow, which are both negative macroscopic indicators for ECM preservation and
decellularisation, respectively. These observations were confirmed by histology. The
next protocol, PA2, attempted to address these observations by (i) reducing the
frequency of agitation; to preserve the bulk structure and (ii) prolonging the exposure
to reagents; to improve cellular elimination. Similarly, the pancreatic cubes were either
decellularised but destroyed or preserved but not decellularised. On further
investigation, it was found that the human pancreas has thin connective tissue
separating the parenchyma (329, 330). This connective tissue is unable to withstand
the agitating force, thereby causing the bulk structure to disseminate. Additionally, the
use of a mild shaking/mixing instead of agitation i.e. to decellularise pancreatic cubes,
would result in a very lengthy protocol, with longer time points to respect than for

perfusion.
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The next step was to examine perfusion as an option of decellularisation. The first
protocol was a preliminary method of decellularisation and was based on a ‘pump and
a box’ technique, with no additional monitoring equipment. After 7 days of
decellularisation, the pancreas appeared white microscopically and therefore all
reagents were halted, and the organ was washed for several days with distilled water
and 1X PBS. Histological analysis proved the cell remnants, excluding nuclear
material, were eliminated from the decellularised pancreas. Additionally, IHC staining
for vital ECM proteins was consistent with fresh pancreatic tissue. Finally, the most
consistent protocol for decellularisation that resulted in complete decellularisation and
the best preservation of both the bulk structure and microarchitecture of the ECM was
achieved by replicating protocol PA1 with minor modifications; (i) monitoring the
pressure of the tissue and increasing this during the course of decellularisation, (ii)
increasing the flow rate, and (iii) increasing the number of non-recycled reagents. DNA
guantification was lowest in the head of the pancreas (mean 57.3 ng/mg wet tissue),
which is the closest area to the point of in-flow. Immunohistochemistry staining has
also presented a consistent preservation of the vital ECM proteins and indicative

architecture of the pancreas.

Although the phrase “complete decellularisation” was used, it is very hard to define
what “complete” stands for, as it is impossible to remove all cellular debris. Up-to-date
there has been no study that determined what quantity of cellular material or DNA
content remaining within a scaffold would be accepted as “complete” decellularization
with preservation of the ECM and microarchitecture. Although these tissue scaffolds
will only be used for disease modelling and won'’t be implanted, it is still essential to
understand how much cellular debris is deemed satisfactory; thereby not interfering
with experimental integrity. To elaborate; there is no published work that truly
determines the effect of cellular debris and nuclear material on viable cells in culture;
therefore the only indication we have is to decellularise the scaffolds for a standard
fitting for implantation. It is very well understood that membrane-bound antigens cause
a host response, but awareness needs to be raised that cytoplasmic fractions, as well
as DNA, does result in an untoward host response. For example, Nagata et al.,
demonstrated that DNA fragments over 180 bp accumulate in macrophages resulting

in the activation of the innate immune system (331). Furthermore, Zheng at al.,
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showed that DNA remaining in porcine small intestine submucosa caused an
inflammatory response in both mice and rabbits (332). Mitochondria have also been
demonstrated to cause an inflammatory response by the host; this has been verified
by Zhang et al., who showed that impaired mitochondria release damage-associated
molecular patterns which also triggers the innate immune system (333). Therefore, it
is essential to remove as much cellular material as possible from tissue cubes
intended for disease modelling, as these cellular remnants will (i) hinder future cellular

attachment of the reseeded cells and (ii) produce false results during experimentation.

When initiating this project there were no published work related to the
decellularisation of human pancreata, but since then there have been two published
articles related to this matter. In 2016, Peloso et al., decellularised whole human
pancreata using an antegrade perfusion system through three in-flows, namely the
pancreatic duct, the superior mesenteric artery and the proximal stump of the splenic
artery (334). In comparison, the pancreas decellularisation protocol described in this
thesis uses only one in-flow through the portal vein (retrograde), which allows for the
same vascular coverage of the entire organ but reducing the complexity of the system,
e.g. the number of pumps, pressure sensors and surgical skills. Additionally, our
protocol allows for the decellularisation of the pancreas en-bloc with the duodenum in-
comparison to Peloso et al. whom remove the duodenum. This allows for better
perfusion through the head of the pancreas as well as obtaining a decellularised

duodenum for other possible studies.

Further, Peloso et al had superior nuclear material elimination in comparison to the
protocol described here (40 £ 30 ng/mg vs 81 + 31 ng/mg), but Peloso’s protocol
involved the use of DNase, which was avoided in our protocol due to its difficulty to
remove from tissue and its possible effect on future cell culture experiments. Peloso
et al carried out further extensive ECM characterisation experiments that were not
performed in this thesis and should be carried out as future work including (i) Scanning
electron microscopy to visualise the microarchitecture of the ECM, (ii) CAM assay to
study the induction of vascularisation by the scaffold, (ii) quantitative array to

investigates the retention of growth factors, and (iv) biomechanical studies to
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investigate the retention of stiffness properties of the scaffold in comparison to native
pancreas tissue (334).

The second article published also detailing the decellularisation of human pancreata
is that by Sachett et al., in 2018. It provided novel decellularisation methods for the
production human pancreas-derived hydrogels (335). The first protocol involved is the
decellularization of 1 cm? pieces of human pancreata by using agitation but the article
fails to detail the g-force of the agitation making it hard to compare with the agitation
protocols mentioned in this thesis. The decellularised scaffolds produced by this
method showed a significant reduction of nuclear material content in comparison to
native tissue but ~ 5x fold higher than the scaffolds produced by the perfusion-protocol
of this thesis. The second protocol detailed by Sachett et al is truly novel but could
only be used to manufacture hydrogels as it involved the complete homogenisation of

native tissue prior to decellularisation (335).

5.1.2 Reseeding with PDAC cells

Over 50% of patients with pancreatic cancer are diagnosed at the metastatic stage
and die due to the debilitating metabolic effects of their unrestrained growth (1) making
this fast progression into a metastatic disease a key feature of PDAC patients.
Therefore, in addition to the pancreatic scaffolds, liver scaffolds were introduced to
culture PDAC cells. Three cell lines were chosen, PANC-1, MIA PaCa-2, and PK-1.
Interestingly, each cell line presented a distinct cell behaviour profile on the different
scaffolds. PANC-1 cells appeared to invade deeper into the pancreatic tissue than in
the liver scaffolds. PANC-1 cells are defined metastatic, as these cells were isolated
from a patient which was presented with local invasion to the duodenal wall and
metastasis to one lymph node (297). Upon further investigation, many publications
have defined and used PANC-1 cells as their non-metastatic models. Indeed, there is
a correlation with the observed pattern in our models compared to in vivo results from

other groups (336-338). Suemizu et al. tested the metastatic behaviour of 7 PDAC cell
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line in NOG mice. Liver metastasis was evaluated 6 weeks after the inoculation of
1x10* cells, and although PANC-1 cells did attach to the livers, they presented the
lowest surface area increase when compared to the other cell lines (339). Additionally,
PANC-1 cells in both pancreatic and liver scaffolds presented, through IHC, positive
Ki67 and negative ASP17 stainings’, which indicated their proliferative status and the

lack of apoptotic cells, respectively.

MIA PaCa-2 cells showed a similar pattern of invasion in both the pancreatic and liver
scaffolds. Cells seem to migrate in single units rather than groups of aggregates.
When compared to in vivo results in NOG mice MIA PaCa-2 cells showed more than
2 folds increase in liver surface area when compared to any other cell line and had
invaded over 60% of the livers (339). Indeed, other groups have also reported the
ability of MIA PaCa-2 cells to easily metastasise the liver (192, 340, 341), which

correlates with our in vitro model.

PK-1 cells presented very different behaviour between the liver and pancreas
scaffolds. When seeded onto the liver scaffolds, these cells managed to invade and
attach onto all large vessels and many smaller vessels, but not when seeded onto the
pancreas as cells formed thick aggregates on the outer surface of the scaffold, with
no indication of deep invasion. PK-1 cells were isolated from a liver metastasis that
originated from the body of the pancreas (299). Since its isolation by Kobari at al., in
1984, there have only been 13 publications that have used PK-1 in their studies (342-
354). Although, the interesting and obvious difference in behaviour of PK-1 cells
between the liver and pancreas scaffolds makes it a perfect cell line to be studied in
our model. A possible explanation for the specific attachment of these cells to the
vessels of the liver scaffolds and not the pancreas scaffolds is the difference in
fibronectin, laminin and collagen IV content within the vessel matrix. As seen in the
IHC staining of the decellularised scaffolds (Figure 25). It appears that fibronectin,
laminin and collagen IV are more expressed on the vessels of the liver scaffolds than
the pancreas scaffolds. Amikura et al. found that PK-1 cells preferred to attach to
fibronectin compared to other ECM proteins (352). Additionally, PK-1 cells in both
pancreatic and liver scaffolds presented, through IHC, positive Ki67 and negative
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ASP17 stainings’, which indicated their proliferative status and the lack of apoptotic
cells, respectively.

5.2 Retention of Tissue-Specificity within the 3D PDAC Models

5.2.1 Importance of Tissue-specificity for the Accurate Study of PDAC
Biology

Secondary hepatic cancer account for 95% of all hepatic malignancies and the major
cause of death of PDAC is related to the rapid development of liver metastasis.
Bhagwandin et al. perfectly summed up the difficulty of studying metastasis by stating
“The utility of cell lines derived from human PDAC, however, has been compromised
by the failure of tumours produced with such cells to display the robust metastasis that
is so typical of the clinical disease” (338). There is a lack of options available to study
metastasis in vitro but with the emergence of 3D cultures, several assays have been
developed to address the distinct steps of the metastatic cascade. For example
invasion assays commonly use Matrigel, a reconstructed ECM, to monitor cell
movement through the matrix, usually measured in transwell filters (355). Matrigel is
a mixture of laminin, type IV collagen, entactin and heparin sulfate (356), which makes
it an inappropriate in vitro model to study the interactions that determine cancer
development and metastasis. PDACs are epithelial carcinomas, whereas Matrigel is
developed from EHS sarcomas (357), thereby the ECM composition within the tumour
niche would be relatively different, if not extensively unalike. For example, Matrigel is
rich with laminin LM-111, which is absent in most epithelial basement membranes
(358).

The importance of the ECM in dictating cellular behaviour and its role in metastasis
has been previously well documented (3, 4). Our knowledge of the ECM is still novice
but with the emerging techniques and technologies (e.g. decellularisation) we are now
able to build a more defined picture of the heterogeneity of the “inter-organ” ECM. By
reducing the signal to noise ratio, i.e. eliminating the noise produced by cellular
material through decellularisation, Ma et al., were able to identify through proteomics,
that in a healthy human pancreas the seven most abundant ECM proteins were (in
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order of abundance): COL1A1, COL1A2, COL3A1, COL5A2, COL5A2, COL5A1 and
COLB6AL (359). In another study using similar techniques, Verstegen et al., showed
that the seven most abundant ECM proteins in a healthy human liver were (in order
of abundance): COL3A1, COL1Al, COL1A2, COL6A3, COL5A2, COL4A2 and
COLG6A2 (360). Due to the vast amount of ECM proteins, which currently stand at 1066
proteins (361), and their possible combinations and quantities, the cues received by
cells can lead to very different outcomes. Therefore, following the evident
microscopical difference in cell behaviour on the different ECM (pancreas and liver)

observed in our models; we investigated the effect of this in further detail.

In our NGS comparative studies, analysis of the “extracellular structure organisation”
GO term of PANC-1 cells in pancreas vs liver scaffolds showed that there were 48
significantly DE genes. Of these genes, 39 genes had a LogFC of >0.5 in the liver
scaffolds compared to the pancreas scaffolds. In contrast, 7 genes had a LogFC of
>0.5 in the pancreas scaffolds compared to the liver scaffolds. Ten collagen subtypes,
four laminin subtypes and four proteoglycans were up-regulated in the liver scaffolds.
Similarly, the most significantly affected pathway was “ECM-receptor interaction” with
further investigation showing that all DE genes associated with this pathway were up-
regulated in the liver compared to the pancreas.

These finding are in agreement with the theory that when tumour cells metastasise to
distant organs, they are dependent on the successful interaction with the new
microenvironment they enter (362). As explained earlier, the structure and composition
of microenvironments in the distant organs (which in the case of PANC-1 cells is the
liver) are different than in the organ that is the “home” of the primary tumour (which in
the case of PANC-1 cells is the pancreas). An increasing amount of evidence suggest
that the ECM, and modifications thereof, are key factors determining whether
metastatic tumours will develop or not (363). Therefore, comparison with PK-1 cells

are necessary to determine the strength of this theory.

Analysis of the “extracellular structure organisation” GO term of PK-1 cells on
pancreas vs liver scaffolds showed that there were 46 significantly DE genes. Of
these, 20 genes had a LogFC of >0.5 in the liver scaffolds compared to the pancreas

scaffold. In contrast, 26 genes had a LogFC of >0.5 in the pancreas scaffolds
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compared to the liver scaffolds. It is therefore easily noticeable that there is a
difference with PANC-1 cells, as the number of DE genes in this particular GO is more
even in the PK-1 cells. In addition, there were only six collagens that were DE, with
COL9AS3 being up-regulated in the pancreas rather than the liver scaffolds. When
investigating significantly impacted pathways, the “ECM-receptor interaction” pathway
is not present, but rather there is a larger focus on cell-cycle related pathways. Finally,
when investigated upstream regulators, the two most significant regulators in PANC-
1 cells were PCOLCE and PCOLCEZ2, which are upstream of several collagen
subunits whereas the two most significant in PK-1 cells were E2F4 and RBL2, which

are upstream of several cell cycle related genes.

5.2.2 Role of Tissue-specific ECM in Tumour Progression

Initial experiments aimed at investigating MMP9 using IHC techniques. MMP9 is a
protease that is overexpressed during progression of many solid tumour type (364-
369) including PDAC (370). In our comparative analysis, we found no noticeable
change in expression of MMP9 in PANC-1 cells when cultured on liver or pancreas
scaffolds but rather a very noticeable increase was observed in expression of MMP9

in PK-1 cells on liver scaffolds in comparison to pancreas.

Gene expression analysis of MMP9 between cells cultured on pancreas scaffolds, liver
scaffolds and on 2D plastic were in agreement with the IHC results. PANC-1 MMP9
gene expression presented no significant change between the pancreas and liver
scaffolds. However, this was not the case when comparing the 3D models with the 2D
culture, as both 3D models presented a significant up-regulation of MMP9.
Interestingly, PK-1 MMP9 gene expression was not significantly up-regulated between
pancreas scaffolds and 2D cultures but was significantly up-regulated in the liver
scaffolds when compared to pancreas scaffolds and 2D cultures. These results reflect
those presented by Hag et al. which show that “2D plastic” in vitro PANC-1 cultures
express modest amounts of MMP9, and mostly in latent form, whereas PANC-1 in

murine in vivo models produced more MMP9, patrticularly in the active form. This
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suggests that our in vitro 3D models more closely mimic in vivo PDAC behaviour in
comparison to 2D cultures.

The MMP9 results presented here, alongside the histological discrepancies, bring
along a key distinction between migration and invasion. It is very common to consider
migration and invasion as synonyms. However, while “migration” occurs in almost
every (healthy) biological process (371), “invasion”, and in particular “invasion of
carcinomas”, describes the process/ability of a cell to migrate through the ECM of
distant organs (372). Accordingly, PANC-1 cells were able to migrate rather than
invade the pancreatic scaffolds that represents their natural ECM microenvironment;
whereas, they were unable to populate the liver scaffolds because of a lack of invasive
capability.

Studies that compare the migration capabilities of two or more PDAC cell lines are
limited, but a good example of demonstrating differences between migration and
invasion is the comparison between PANC-1 and BxPC-3 cells, an adenocarcinoma
of the body of the pancreas (373). One study by Stahle et al., demonstrated that BxPC-
3 were five times less motile than PANC-1 cells (374). However, when investigating
invasiveness, several reports showed no differences between PANC-1 and BxPC-3
cells (375, 376). Additionally, Tang et al. overexpressed TPFR-2, an inhibitor of MMP9
activity, in PANC-1 cells and presented no reduction in migration but a 60% reduction

in invasion (377).

TIMP1 is a protein that functions by establishing direct associations with several target
MMPs, including MMP9, and irreversibly inhibits their function (378). However, the
gene expression of TIMP1 of PANC-1 in pancreas scaffolds was significantly higher
than in liver scaffolds. Additionally, both PANC-1 3D models had a significantly higher
TIMP1 expression than in 2D plastic. Both these observations directly contradict the
MMP9 results presented earlier. Similarly, PK-1 TIMP1 expressions did not directly
correlate with MMP9 expressions. TIMP1 expression was not significantly changed in
the pancreas scaffolds in comparison to liver scaffolds, but both the 3D models
presented an up-regulated expression. This lack of correlation was addressed by
Zhang et al. using IHC to investigate 256 patients with primary gastric carcinoma
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(879). It was concluded with clear evidence that an imbalance of MMP9 and TIMP1
expression is presented in later stage carcinoma (380).

To best demonstrate the overall impact of tissue-specific ECM and to fully understand
the genotype changes that occur in PANC-1 and PK-1 cells when cultured on
pancreas or liver scaffolds, NGS RNAseq was performed. When investigating PANC-
1 cells, it was found that 21 GO terms were significantly impacted that directly involved
motility and migration. Further investigation into the GO term “cell motility’ revealed
that there were 115 significantly DE genes of which 87 genes had a LogFC of >0.5 in
the liver scaffolds compared to the pancreas scaffolds. In contrast, 28 genes had a
LogFC of >0.5 in the pancreas scaffolds compared to the liver scaffolds. Contradictory
to our previous results, the only MMP that was significantly affected was MMP9, which
was shown to have a LogFC of 0.91 (p<0.0001) in the liver scaffolds in comparison to

the pancreas.

Interestingly, two genes that are known to have an activating role to MMP9 were also
up-regulated in PANC-1 cells cultured on the liver compared to pancreas scaffolds;
namely CDH2 and LEF1. N-cadherin, the protein translated by its gene CDHZ2, is
understood to stimulate collective cell migration. In vitro experiments showed that the
inhibition of N-cadherin in epithelial cells decreases the ability of cells to migrate on
fibronectin (381). Siret et al., presented similar findings when silencing N-cadherin
expression in melanoma cells, which proved to disrupt their ability to invade collagen
matrices (382). Lymphoid enhancer factor 1 (LEF1), which its expression is commonly
altered in different human cancers, was once down-regulated, demonstrated to inhibit
colon cancer viability and invasion in vitro and growth in vivo (383). Additionally, Wang
et al., presented a direct link between LEF1 and MMP9, as the knockdown of LEF1
also down-regulated the expression of MMP9 (383). Overexpression of LEF1 was
studied by Zhao et al., and showed that it was associated to an increased cancer stem
cell-like phenotype (384). Further analysis of our cell motility linked genes showed that
there were no known DE activators of MMP9 that were down-regulated or inhibitors
that were up-regulated. Moreover, DPYSC3, a gene known to block the expression of
MMP9 was down-regulated. Indeed, Yang et al., showed that the knockdown of
DPYSC3 gene promoted metastasis in Lewis lung carcinoma cells both in vitro and in
vivo (385).
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When investigating PK-1 cells, it was found that 12 GO terms were significantly
impacted that directly involved motility and migration. Analysis of the “cell motility” GO
term showed that there were 147 significantly DE genes. Interestingly, and contrary to
PANC-1 cells, there were more genes up-regulated in the pancreas scaffolds in
comparison to the liver. It was found that 51 genes had a LogFC of >0.5 in the liver
scaffolds compared to the pancreas scaffolds and 96 genes had a LogFC of >0.5 in
the pancreas scaffolds compared to the liver scaffolds. Similar to the PANC-1 cells
MMP-9 was up-regulated in the liver scaffolds, nonetheless, MMP1 was also DE
expressed but rather up-regulated in the pancreas scaffolds. However, in the case of
PK-1 cells, the only gene that was DE (up-regulated in liver scaffolds) that is known to

have an activating role to MMP9 was LEF1.

Therefore, in attempt to understand this contradiction in MMP9 expression and its
associated genes between PANC-1 and PK-1 cells, the change in expression between
PANC-1 and PK-1 on liver scaffolds were directly investigated. Interestingly, it was
found that MMP9 was 12.2-fold higher in the PK-1 cells in comparison to the PANC-1
cells. When investigating the difference of the MMP9 LogFCs between PK-1 (liver vs
pancreas scaffolds, Figure 72; red arrow) vs PANC-1 (liver vs pancreas scaffolds,
Figure 72; green arrow) cells, it was found that the increase in expression of MMP9
was 2.5-fold higher in PK-1 cell compared to PANC-1 cells.
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Figure 72. MMP9 gene expression of PK-1 and PANC-1 cells cultured on liver and pancreas scaffolds.
Data presented as Log2 normalised expression. Red arrow represents the LogFC of MIMP9 expression
between PK-1 cells on liver vs pancreas scaffolds. Green arrow represents the LogFC of MMP9
expression between PANC-1 cells on liver vs pancreas scaffolds.

Future work on MMP9 in the PDAC models should include investigating whether
MMP9 is in a latent or active form. As mentioned earlier, MMP-9 directly denatures
ECM proteins, as well as stimulating cytokines and chemokines to regulate tissue
remodelling (386). Latent MMP9 has been shown to bind cell surface receptors, and
hence regulating their respective associated pathways, without the need to be
activated itself. For example, Monferran et al., demonstrated the ability of latent MMP9
to bind to the Ku heterodimer and as a result regulate several downstream processes
(387). Whereas, MMP9 is only able to directly degrade the ECM in an active form
(388), therefore, it is important to conduct a zymography to determine the ratio of
latent/active MMP9 within the different presented models. Finally, it was also
interesting to find that MMP1, MMP10, MMP12, MMP14 and MMP28 were also
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significantly up-regulated in PK-1 vs PANC-1 cells in liver scaffolds and therefore,

further investigation into their role in invasion vs migration should be investigated.

In addition to cell motility, the GO term “tissue migration” was studied in further detail.
Tissue migration is defined as “the process in which the population of cells that make
up a tissue undergo directed movement” (316, 317). When investigating PANC-1 cell
on pancreas vs liver scaffolds, there were 28 significantly DE genes and of these
genes, 21 genes had a LogFC of >0.5 in the liver scaffolds compared to the pancreas.
In contrast, 7 genes had a LogFC of >0.5 in the pancreas scaffolds compared to the
liver scaffolds. Obviously, the majority of these genes are also involved in the GO of
“cell motility”, but four DE genes that were not; namely ACTAL, ACTA2, ACTC1 and

ACTG2, which were all up-regulated in the liver scaffolds.

All four genes, ACTAL, ACTA2, ACTC1 and ACTGZ2, are part of the actin gene family,
which consists of seven isoforms (389). Interestingly, the actin cytoskeleton is highly
involved in early metastasis and EMT of cancer cells. Peng et al., found that a
convergent result of EMT-inducing intrinsic and extrinsic cues is the activation of actin
cytoskeleton remodelling for cell morphological or functional change (390). Kakiuchi
et al., performed a genome-wide analysis of organ-preferential metastasis and
identified all four actin genes; ACTAL, ACTA2, ACTC1 and ACTGZ2, in addition to

ACTB to be predominantly expressed in lung metastasis (391).

Analysis of the “tissue migration” GO term of PK-1 cells in pancreas vs liver scaffolds
showed that there were 32 significantly DE genes. Of these genes, 10 genes had a
LogFC of >0.5 in the liver scaffolds compared to the pancreas scaffolds. In contrast,
23 genes had a LogFC of >0.5 in the pancreas scaffolds compared to the liver
scaffolds. Similar to the PANC-1 analysis, the majority of the DE genes are also

involved in the GO of “cell motility” but one DE gene was not, namely GRHL2.

This finding is in agreement with our hypothesis that PK-1 cells on liver scaffolds
represent a mature PDAC metastasis. Indeed, human metastases examined
histologically appear epithelial in phenotype and resemble the primary tumour (392).
In other words, the metastatic nodules are not mesenchymal. Several theories have

been put forth to explain this issue. The most popular theory is the Mesenchymal-
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Epithelial Transition (MET) (393). GRHL2 is an epithelial-specific transcription factor
that regulates epithelial morphogenesis and differentiation (394). Xiang et al. reported
that GRHL2 determines the epithelial phenotype of breast cancers and promotes

tumour progression (395).

5.3 Tissue-specific PDAC models for the study of Chemoresistance

Resistance to chemotherapy treatment causes disease relapse, dissemination and
morbid outcomes for patient OS. Chemoresistance arises when there are challenges
in the local, cellular and/or molecular delivery of an anticancer agent to its target. The
mechanisms promoting a resistance to treatment are related to both pre-existing and
acquired phenotypes regulated by intrinsic genetic factors and the extrinsic tumour

microenvironment.

Biological chemoresistance can be generally classified into two broad categories:
innate/intrinsic, due to genetic factors, or acquired resistance where cancer cells
develop resistance after showing initial sensitivity to treatment. Biological
chemoresistance will often occur within weeks of initiating chemotherapy (252).
Genetic factors that regulate signalling pathways, fundamental to cancer cell
behaviour, such as growth, differentiation, apoptosis, angiogenesis, and motility will

certainly influence sensitivity to treatment.

For treatment to provide therapeutic benefit, it first depends on the drug’s ability to
penetrate into the tumour area to access the cancer target. This can be challenging
as stromal changes occur during malignancy to favour chemoresistance and a
physical barrier of various cell types is created between the microvasculature and the
cancer target (255). After access to the tumour environment has been established, a
drug must then prove its metabolic availability and activity to be effective at a cellular

and molecular level.
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As mentioned, most pancreatic cancers are unresectable at the time of diagnosis and
less than 20% of patients are able to undergo surgery as a main treatment option (201)
— tumour resection being the only treatment strategy with curative potential (252).
Survival for the majority of patients therefore largely depends on the available
chemotherapeutic treatments. The current treatments available for pancreatic cancer,
however, have not proven to be highly effective (201). Suboptimal effectiveness can
be due to limitations in cellular uptake and metabolic activity of the drug. This conveys
a clinical crisis for pancreatic cancer treatment. Pancreatic cancer has a 5-year OS
rate of <10% worldwide (256), highlighting the unmet need to develop novel treatment
strategies.

PDAC is considered one of the cancers most resistant to chemotherapeutic drugs.
This, combined with the tendency of a delay in diagnosis, makes pancreatic cancer
one of the most fatal cancers (252). The difficulty to treat signifies a poor outcome for
patient prognosis and is illustrated by the fact that the majority of available treatments
for PDAC are mostly palliative with a focus on improving the quality of life for the

patient rather than being able to offer a curative outcome (198).

5.3.1 Increase in Chemoresistance of PDAC cells in Tissue-specific
ECM models

The current first-line option for late-stage PDAC treatment is Gemcitabine in
combination with other therapeutics. The results for survival outcome, OS and PFS,
for the current available treatments are not overwhelming. A recent systematic review
for different combinations of Gemcitabine with other agents reveals the lack of long-
term effectiveness in chemotherapy treatment for pancreatic cancer. The median for
OS is currently 8.1 months with a highest OS of 35.5 months (Gemcitabine and
cisplatin), and PFS ranges from 2.4 to 11.0 months (201). Despite this, Gemcitabine
has proven to be the most promising candidate for chemotherapy treatment since

1997 (257), most effective as a combined therapy.
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Therefore, initial work has focused on proving that our models deliver a more realistic
in vivo “human-like” chemotherapeutic response in comparison to 2D cultures. All
cells, PANC-1, MIA PaCa-2 and PK-1 cells, presented a significantly higher resistance
to both Gemcitabine and Doxorubicin in the 3D scaffolds (pancreas or liver) in
comparison to 2D cultures. Focusing on Gemcitabine, treated PANC-1 cells had no
significant change in cell survival between the pancreas and liver scaffolds and the
difference in survival between the 3D models and 2D cultures was around 30%. When
compared to published work, Wen et al. presented a spheroid-based 3D PDAC culture
model, using the liquid overlay technique, which showed a ~6% difference in PANC-1
cell survival in comparison to 2D cultures at 0.5um Gemcitabine concentration (396).
Similarly, Longati et al. formed compact 3D PDAC spheroids, that also lacked an
endogenous ECM. PANC-1 spheroids of that model showed a 20% increase in cell
survival when treated with 1 um Gemcitabine compared to 2D models (397). Several
other groups reported an increase in Gemcitabine resistance of PANC-1 cells in their
3D models but lacked information for direct comparison with our models. For example,
Yang et al. created PANC-1 spheroids in Matrigels and showed a ~1.5-fold increase
in the IC50 of PANC-1 cells when treated with Gemcitabine (398).

MIA PaCa-2 cells treated with 0.5um Gemcitabine similarly had no significant change
in cell survival between the pancreas and liver scaffolds. The difference in survival
between the pancreas model and 2D cultures was around 37% and between the liver
model and 2D cultures was around 45%. In comparison to published material, Wen et
al. using the same spheroid-based 3D PDAC culture model mentioned above, found
a ~10% difference in MIA PaCa-2 cell survival in comparison to 2D cultures at 0.5um
Gemcitabine concentration (396). Unlike work on PANC-1 cells, Wen et al. was the
only article published that reported a direct comparison of MIA PaCa-2 cell viability

after treatment with Gemcitabine between a 3D and 2D culture.

PK-1 cells treated with 0.5um Gemcitabine were the only cell line that showed a
significant change in cell survival between the pancreas and liver scaffolds, with a
higher resistance in the pancreas scaffolds. The difference in survival between the
pancreas model and 2D cultures was around 65% and between the liver model and
2D cultures was around 35%. Unfortunately, due to a lack of 3D in vitro metastatic
models, there are no published articles that compare a 3D PK-1 model with a 2D

culture, in terms of chemoresistance and particularly Gemcitabine.
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As discussed above, the first line of chemoresistance is that of physiological nature,
with the stromal compartment, particularly the ECM, blocking chemotherapeutics
reaching the tumour cells. The second line of chemoresistance is biological, which
involves (i) reduced drug uptake, (ii) mutations of nucleoside transporters, (i)
increased efflux and (iv) increased expression of anti-apoptotic proteins (399-402).
Therefore, it was important to prove that the chemotherapy drugs were able to reach
the cells through the scaffolds (physiological chemoresistance). Unfortunately, it is
difficult to prove the uptake and localisation of Gemcitabine to the nucleus, as it is not
fluorescent. However, the natural fluorescence of Doxorubicin can be utilised to prove
that chemoresistance observed in the 3D cultures was not just a consequence of the
chemotherapeutics’ inability to penetrate the ECM due to a lack of a functional
vasculature within the 3D models presented. Fluorescent microscopy of cryo-
sectioned Doxorubicin treated PANC-1, MIA PaCa-2 and PK-1 cells cultured on
pancreas scaffolds presented a positive signal for doxorubicin and interestingly this

was localised to the nucleus.

5.3.2 Role of the ECM in Gemcitabine Resistance of PDAC cells

As mentioned earlier, unlike other tumours, PDAC is characterised by the presence of
a hypovascularised, densely fibrous stroma. The total tumour volume is largely
comprised of scar tissue, also known as desmoplasia, which encompasses the
malignant epithelial cells (276). Dense stromal fibrosis is characteristic of PDAC and
its main component, apart from the ECM, is pancreatic cancer-associated fibroblasts
(CAFs). CAFs are the main fibrosis-producing cells and mainly originate from
pancreatic stellate cells (PSCs) (277). Therefore, for an accurate understanding of
PDAC chemoresistance, it is important to take into consideration all the factors that
contribute to the overwhelming failure of tumour response to chemotherapeutics.
However, to build a bottom-up approach, we eliminated many of the variables that
contribute to the extensively dense fibrous stroma and focused only on the influence
of the ECM.
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To study the influence of the ECM on the biological chemoresistance of PDAC, NGS
was deployed on Gemcitabine treated PANC-1 and PK-1 models on pancreas and
liver scaffolds, respectively. When comparing between Gemcitabine treated and
untreated (control) PANC-1 cells on pancreas scaffolds, 2879 DE genes were
identified with a logFC >0.5. Of these, 2220 genes were up-regulated, and 659 genes
were down-regulated in the Gemcitabine treated cells, when compared to those that
were left untreated. These genes contributed to 42 significantly impacted pathways,
1308 GO terms and 278 upstream regulators. When comparing between Gemcitabine
treated and untreated PK-1 cells on liver scaffolds, 1587 DE genes were identified with
a logFC >0.5. Of these, 1242 genes were up-regulated, and 343 genes were down-
regulated in the Gemcitabine treated PK-1 cells, when compared to those that were
left untreated. These genes contributed to 57 significantly impacted pathways, 1692

GO terms and 418 upstream regulators.

5.3.2.1 Role of ECM on the Gemcitabine Metabolism Pathways of PDAC
Cells

To reflect on the results presented by the NGS data, analysis of the chemoresistance
entities associated with Gemcitabine metabolism pathways (Figure 73) were
investigated. Gemcitabine (also known as dFdC) enters PDAC cells through
nucleoside transporters, namely hENT1, hCNT1l and hCNT3. It has been
demonstrated by several groups that patients with low tumour expression of
nucleoside transporters show significantly worse survival compared to patients with
high levels following Gemcitabine treatment (400, 403-405). In our models, the
expression of both hENT1 and hCNT1 were found to be unchanged in both
Gemcitabine treated PANC-1 cells on pancreas scaffolds and PK-1 on liver scaffolds.
The expression of hCNT3 was unchanged in Gemcitabine treated PANC-1 cells on
pancreas scaffolds, but was up-regulated in PK-1 cells on liver scaffolds. Hence, the
ECM alone does not appear to be a sole contributor to Gemcitabine chemoresistance
through the down-regulation of nucleoside transporters, hENT1, hCNT1 and hCNT3.
Indeed, Hesler et al. found that CYR61 negatively regulates the nucleoside
transporters hENT1 and hCNT3 and that the source of CYR61 protein was PSC cells
(406). Additionally, Saiki et al. demonstrated that even though there was a rapid
uptake of Gemcitabine into PK-1 cells, it did not result in any DNA damage (289).
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Figure 73. Gemcitabine: transport, intracellular activation/deactivation and mechanism of
action. CDA: cytidine deaminase, dCK: deoxycytidine kinase, DCTD: deoxycytidylate
deaminase, dFdC: 2’,2'-difluorodeoxycytidine, dFdU: 2’,2’-difluorodeoxyuridine, hENTs and
hCNTs: human nucleoside transporters, NDPK: nucleoside diphosphate kinase, NMPK:
nucleoside monophosphate kinase, RR(M1/M2), ribonucleotide reductase, 5-NT: 5'-
nucleotidase. Image obtained from Amrutkar et al. (252)

After entering the cell, deoxycytidine kinase (dCK) metabolically activates
Gemcitabine by phosphorylating it into Gemcitabine monophosphate (dFdCMP) (407).
Intracellularly, both Nakano et al. and Ohashi et al. have found dCK to be the key rate-
limiting step in the activation and metabolisation of Gemcitabine (408, 409). In our
models, the expression of dCK was unchanged in either Gemcitabine treated PANC-
1 cells on pancreas scaffolds or PK-1 on liver scaffolds. Further, two more
phosphorylations occur in the metabolic activation of Gemcitabine; Gemcitabine
monophosphate to Gemcitabine diphosphate (dFdCDP), by pyrimidine nucleoside
monophosphate kinase, namely CMPK1, and Gemcitabine triphosphate (dFdCTP) by
nucleoside diphosphate kinases, namely, NME1, NME3, NME4, NME6 and NME7
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(410). Similar to dCK, the expression of all the named genes were unaffected by
Gemcitabine treatment in PANC-1 cells on pancreas scaffolds or PK-1 on liver

scaffolds.

Other than the proteins involved in metabolising and activating Gemcitabine to reach
and incorporate into the DNA, some proteins are involved in deactivating and
eliminating Gemcitabine from the cell. Major inactivation of Gemcitabine (dFdC)
occurs through cytidine deaminase (CDA)-induced deamination of Gemcitabine to a
uracil Gemcitabine metabolite (dFdU) (411), which is in turn degraded and excreted
out of the cells. High CDA expression has been shown to correlate with OS in
pancreatic cancer patients, as well as preclinical responses to Gemcitabine (294, 412-
414). In line with this, in vitro findings show that an up-regulation of CDA results in
Gemcitabine resistance, while loss of CDA restores Gemcitabine sensitivity (294, 415,
416). Interestingly, the more resistant PANC-1 cells on our pancreas scaffolds were
found to have a 3-fold higher expression of CDA in the Gemcitabine treated samples
compared to untreated samples, whereas, the more sensitive (but still resistant) PK-1
cells on liver scaffolds had no change in the expression of CDA between Gemcitabine

treated and untreated samples.

Additionally, Cellular 5’ —nucleotidase (5°-NT), another Gemcitabine deactivator,
oopposes the activity of dCK via dephosphorylation of Gemcitabine monophosphate.
This results in partial inactivation of Gemcitabine by preventing formation of
Gemcitabine triphosphate (417). As such, 5-NT levels may be one of the factors
influencing the clinical outcome of Gemcitabine therapy. In our models, the expression
of 5-NT was unchanged in either Gemcitabine treated PANC-1 cells on pancreas

scaffolds or PK-1 on liver scaffolds compared to their respective controls.

Further, Ribonucleotide reductase (RR); a rate-limiting enzyme of the DNA synthesis
pathway, which consists of two subunits RRM1 and RRM2 have proved to be involved
in Gemcitabine resistance. In pancreatic cancer patients treated with Gemcitabine, low
RRML1 levels correlate with high OS whereas high RRM1 expression is linked to poor
survival. This suggests an important role for RRM1 in intrinsic resistance to
Gemcitabine (400, 408, 418). Moreover, inhibition of RR indirectly facilitates

Gemcitabine triphosphate incorporation into DNA. Gemcitabine diphosphate-induced
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inhibition of RR is thus a primary mechanism involved in the potentiation of
Gemcitabine activity (419, 420). In our Gemcitabine treated PANC-1 cells on pancreas
scaffolds and PK-1 on liver scaffolds models, the expression of both RRM1 and RRM2
were highly up-regulated compared to their respective control samples. Notably, Wang
et al. found that in PANC-1 cells, overexpression of both RRM1 and RRM2 is
necessary for the development of Gemcitabine resistance (421). However, in regards
to PK-1 cells in 2D cultures, Nakano et al. found no change of RRM1 expression and
a slight up-regulation of RRM2 after Gemcitabine treatment (404). These results may
indicate an important role of the ECM towards Gempcitabine resistance through the up-
regulation of RRM1 and RRM2 in pancreatic cancer.

5.3.2.2 Role of ECM on the anti-apoptotic pathways of PDAC Cells

As it became clear that the ECM plays a minor role on the Gemcitabine resistance
pathways, we proceeded to investigate the anti-apoptotic pathways. It was evident
that both PANC-1 and PK-1 cells in their respective tissue-specific ECM, increased all
mechanisms involved in cell cycle progression and DNA repair, which (i) indicates that
Gemcitabine reached and incorporated itself into the DNA strands and (ii) the cells
responded by promoting cell cycle progression and proliferation.

The most significantly impacted pathway in PANC-1 cells on pancreas scaffolds
treated with Gemcitabine was the “Cytokine-Cytokine Receptor”’ pathways. Out of all
DE expressed cytokine receptors, 25 receptors except for CCR6, CX3CR1 and LEPR,
were up-regulated in the Gemcitabine treated samples. Of these up-regulated cytokine
receptors, nine are directly involved with the TNF family. Similarly, the fourth most
significantly impacted pathway in PK-1 cells on liver scaffolds treated with
Gemcitabine was the “Cytokine-Cytokine Receptor’ pathways. Out of all DE
expressed cytokine receptors, 13 receptors except for CSF3R and LEPR, were up-
regulated in the Gemcitabine treated samples. Of these up-regulated cytokine

receptors, five are directly involved with the TNF family. TNF represents one of the
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most important activators of the NF-kB “canonical pathway” (422). The NF-kB signal
transduction pathways is implicated in the resistance of numerous solid tumours

against a variety of anticancer drugs (423).

Additionally, significantly impacted pathways in PANC-1 cells on pancreas scaffolds
treated with Gemcitabine include “DNA replication” and “Cell cycle”. Differentially
expressed genes involved in “DNA replication” were all up-regulated in the treated
samples compared to the control. The most up-regulated gene was DNA2, which has
previously been documented to be directly involved with PDAC cell survival and
xenograft tumour growth (424). Moreover, 83% of DE genes involved in “Cell cycle”
were up-regulated in the treated samples compared to the control. Significantly
impacted pathways in PK-1 cells on liver scaffolds treated with Gemcitabine include
“‘DNA replication”, “Cell cycle”, “Homologous recombination” and “Mismatch repair”.
Interestingly, in all these pathways, every single DE gene was up-regulated in the

Gemcitabine treated samples.

Finally, GO terms involved in “Cell adhesion”, “Cell Motility” and “Extracellular structure
organisation” were further analysed. When investigating the GO “Cell adhesion” of
PANC-1 cells on pancreas scaffolds treated with Gemcitabine, fourteen integrin’s were
found to be >0.5 LogFC up-regulated in the treated samples. Whereas when
investigating the GO “Cell adhesion” of PK-1 cells on liver scaffolds treated with
Gemcitabine, only two integrin’s were found to be >0.5 LogFC up-regulated in the
treated samples, ITGAL and ITGAX. These results are in correlation with Iseri et al.,
which studied stepwise selected resistant MCF-7 cells (breast cancer) and found that
the most resistant cells up-regulated several integrin subunit genes (425).

The GO term “Cell Motility” revealed that both MMP1 and MMP9 were >0.5 LogFC up-
regulated in the PANC-1 treated samples. Whereas in the PK-1 cells, MMP1 was up-
regulated and MMP28 was down-regulated in the treated samples. Interestingly, there
is no published work directly linking cell motility to chemoresistance, even though

clinical data links an increase in metastasis in patients that resist chemotherapy (426,
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427). Additionally, down-regulation of MMP28 in the metastatic model (PK-1 on liver
scaffolds) could point towards a decrease in further metastasis in already
metastasised tumours; Jian et al., demonstrated that MMP28 is a promoter of invasion

and metastasis in gastric cancer (428).

Investigation of the GO term “Extracellular structure organisation” showed that in
PANC-1 cell in pancreas scaffolds, eight collagen subtypes namely; COL2A1,
COL3A1, COL4A2, COLBA3, COL7Al, COL8A2, COL9A3, COL11A2 were up-
regulated in the treated samples and two subtypes, COL11A1 and COL5A2 were
down-regulated. Whereas, PK-1 cell in liver scaffolds showed that one collagen
subtype, COL16A1, was up-regulated in the treated samples and three subtypes,
COL5A2, COL6A1 and COL9A2, were down-regulated. The ECM involvement in
chemoresistance in primary vs metastatic PDAC, and other tumours, is not well
understood but could be linked to cancer progression as discussed extensively earlier
(Section 5.2.1).

To be able to gain a better understanding of the results obtained by the NGS data of
Gemcitabine treated PDAC models, healthy pancreatic ductal cells should be cultured
onto both pancreas and liver scaffolds to create a healthy in vitro model as a control
to the existing PDAC models. H6C7 cells are an immortal epithelial cell line
established after transduction of the HPV16-E6E7 genes into primary cultures of
normal pancreatic duct epithelial cells (429). Single clones were isolated that
demonstrated near normal genotype and phenotype (429). The cell line demonstrates
many phenotypes of normal pancreatic duct epithelium, including mRNA expression
of carbonic anhydrase Il, MUC-1, and cytokeratin’s 7, 8, 18, and 19, as well as normal
Ki-ras, p53, c-myc, and p16INK4A genotypes (429). Therefore, H6C7 models, both
Gemcitabine treated and untreated, on pancreas and liver scaffolds should be
sequenced using RNAseq and compared to the PDAC model dataset. This added

comparison should provide insight into false positive PDAC gene expression.
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6. CONCLUSION

In the presented thesis, decellularised human pancreata and livers were utilised as a
scaffold for in vitro primary and metastatic PDAC models, respectively. Decellularised
tissue from other organs have previously been utilised as in vitro 3D scaffolds for
human tumour modelling, e.qg. liver (1, 2), lung (3, 4), breast and adipose tissue (5, 6),
and intestinal tissue (7, 8) but have not been described for PDAC.

When initiating this project, there were no published articles related to the
decellularisation of human pancreata. Therefore, decellularisation protocols from other
human organs had to be optimised to achieve scaffolds that eliminated cellular debris
while preserving the ECM proteins and microarchitecture. After evaluating several
strategies, we achieved successful decellularisation using a retrograde perfusion
protocol. Characterisation of the decellularised pancreata showed no visible nuclear
or cellular material, and DNA content was below 100ng/mg. Additionally, collagen I,

[, IV, laminin and fibronectin as well as the microarchitecture were well preserved.

This technical achievement allowed the use of pancreatic scaffolds, along with liver
scaffolds, as tissue-specific 3D cultures for PDAC cells. The cells chosen were PANC-
1; a primary PDAC cell line with low metastatic potential, MIA PaCa-2; a primary PDAC
cell line with a moderate metastatic potential and PK-1; a PDAC cell line isolated from
the liver metastasis. Initially, histological analysis demonstrated that these cells
exhibited different cellular behaviour depending on the tissue they were cultured on,
i.e. pancreas or liver. Further, gPCR presented an altered expression of several ECM

and EMT related genes between the 3D and 2D cultures.

Next generation sequencing of PANC-1 and PK-1 cells on pancreas and liver scaffolds
presented exciting results that were exploited to identify important biological steps that
progress PDAC from a primary tumour towards a mature metastatic tumour. These
included understanding of the EMT process, initiated by primary cells in early

metastasis and the MET process, initiated in mature metastasis. We further
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established a differentiation between cell migration and invasion, which involved
MMP9 and its associated genes/protein. Additionally, the contribution of PDAC cells
towards ECM remodelling was also investigated; this included distinct differences in

collagen and laminin subunits at the primary and metastatic site.

Finally, primary (PANC-1 on pancreas scaffolds) and metastatic (PK-1 on liver
scaffolds) PDAC models were utilised to examine tissue-specific chemoresistance to
Gemcitabine. Viability assays showed an increase of chemoresistance in the 3D
models in comparison to 2D cultures, despite the drugs reaching the desired target
within the PDAC cells. Similarly, NGS was performed on the 3D models to compare
Gemcitabine treated and untreated (control) samples. It was found that the ECM did
not particularly affect the Gemcitabine resistance pathway but rather prompted
downstream regulators that allowed the PDAC cells to bypass apoptosis and progress
through their cell cycle despite the DNA damage caused by Gemcitabine. Additionally,
the expression of several cell adhesion molecules, as well as cell motility and ECM

regulators were found to be altered in treated samples.

These results suggest that primary and metastatic PDAC cells manifest a conserved
invasive behaviour depending on the 3D ECM structure of origin. Moreover, there is
an evident alteration in cell response to cancer-therapies in the presence of a tissue-
specific ECM niche. These observations provide a proof of concept for the
development of an effective bio-engineered model for novel drug discovery, therapy

screening and biomarker discovery.
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SUPPLEMENTARY TABLES

Gene Name LogFC Gene Name LogFC Gene Name LogFC
CDH11 -1.09717 FOXA1 0.649087 ITGB3 0.870214
TNFSF9 -1.08745 RAC2 0.662903 SDK1 0.890718
MIR221 -1.06334 C1QTNF1 0.663512 WNT4 0.891827
GPNMB -0.97466 TNIP1 0.667743 PCDHA4 0.936849
NLGN3 -0.89107 ROBO1 0.667961 DSP 1.002466

THY1 -0.87067 PIK3R1 0.676702 CCL5 1.017486
TENM4 -0.81353 PCDHGB1 0.686238 ROBO2 1.021972
CDH17 -0.81151 ICAMS 0.695881 PCDH9 1.037069

PKP2 -0.80703 CDH6 0.698081 ITGB2 1.079931
SMAGP -0.74251 CDH3 0.699109 CX3CL1 1.090956
CRTAM -0.72489 ZMIZ1 0.702237 PCDHGB2 1.109778

CAMSAP3 -0.72063 KRT18 0.704785 SHH 1.145736
LAT -0.67417 WNT7B 0.706835 PCDHGB7?7 1.155573
NINJ2 -0.66469 CADM2 0.711529 CTNND1 1.180016
CD55 -0.64321 SOCS1 0.713378 BMP2 1.187065
CD24 -0.64219 FLNA 0.713689 PVRL3 1.190024
HLA-DPA1 -0.64171 ITGAV 0.721223 FLRT3 1.196151

CLDN6 -0.63726 PCDHA12 0.722486 PCDHGC3 1.213508
CEACAM5S -0.63657 IRF1 0.733443 CDH2 1.228326
HLA-DMB -0.63418 ICAM1 0.733484 COL13A1 1.254912

LAG3 -0.60568 CCM2L 0.735048 LEF1 1.277809

COL8A2 0.593315 DSCAML1 0.735879 CD74 1.292739
PCDHA13 0.593387 PRKG1 0.740828 BMP5 1.30098
JUP 0.598673 TNFRSF18 0.752489 CADM1 1.391066
PCDHB2 0.606411 LAMB1 0.78848 PCDHAC2 1.43133
ZNF703 0.633358 EBI3 0.810893 IGF2 1.538668
PLXNB2 0.637171 ICOSLG 0.814256 PCDH7 1.564951
FBLIM1 0.641858 CCL2 0.815711 RET 1.585267
CYFIP2 0.6426 PCDH20 0.835269 PODXL 1.631807
MYH9 0.648624 IL7 0.860877 NTN1 1.746243

Supplementary Table 1. Significantly (p<0.05) DE genes of the GO term “cell-cell adhesion” between

PANC-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated
in the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC
DLC1 -1.30357 COL16A1 0.766148
STRC -0.96018 ITGA10 0.817882
THY1 -0.87067 SORBS1 0.835476
HPSE -0.8297 ITGB3 0.870214

CAMSAP3 -0.72063 WNT4 0.891827
COL5A3 0.590987 LAMAS 0.927203
DDR1 0.618298 CSF1 1.039953
PIK3R1 0.676702 ITGB2 1.079931
ROCK2 0.695743 THBS1 1.138045
ITGAV 0.721223 ITGB4 1.197617
VEGFC 0.72198 COL13A1 1.254912
ITGA3 0.738333 L1CAM 1.541987
BCAM 0.756725

Supplementary Table 2. Significantly (p<0.05) DE genes of the GO term “cell-matrix adhesion”
between PANC-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-
regulated in the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver
scaffolds.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC Gene Name LogFC
PRSS3 -1.88773 PARP9 0.59427859 ICAM1 0.73348414 FMNL3 1.01378196
DPYSL3 -1.74955 DNAHS5 0.59696503 ITGA3 0.73833289 CCL5 1.01748616
DLC1 -1.30357 JUP 0.5986735 SCARB1 0.73944136 PLXNA2 1.01886295
MIR221 -1.06334 EPHB4 0.60390361 PRKG1 0.74082813 CSF1 1.03995271
SPOCK1 -0.99437 CRB2 0.61410118 TNFRSF18 0.75248896 NAV3 1.04602678
GPNMB -0.97466 DDR1 0.61829759 SBK2 0.76431686 SEMA3A 1.05963753
C5AR1 -0.97028 PDGFB 0.61867572 PLXND1 0.7674035 DOCK4 1.06089396
NDRG4 -0.90487 PLXNA1 0.63210075 MDGA1 0.77241622 ITGB2 1.07993132
THY1 -0.87067 ZNF703 0.6333578 AUTS2 0.78094698 CX3CL1 1.09095585
FGF18 -0.85068 PLXNB2 0.63717058 CDKL5 0.78621951 MYO18A 1.10546433
SGK1 -0.84783 SEMA3C 0.64168935 LAMB1 0.78848033 THBS1 1.13804519
VANGL2 -0.83983 S100P 0.64272231 DDIT4 0.78853279 SHH 1.14573574
LRRC16A -0.80972 PLTP 0.64343767 SPOCK3 0.79081754 BMP2 1.18706485
PKP2 -0.80703 MYH9 0.64862416 UNCS5C 0.80460999 FLRT3 1.19615081
CCL20 -0.80383 FLRT2 0.64881195 TNS3 0.80591556 ITGB4 1.1976168
FOXP1 -0.77546 KITLG 0.65077104 LAMA3 0.8090398 PTPRG 1.20350471
ABCC8 -0.72161 EPPK1 0.6530685 CCL2 0.81571097 CDH2 1.22832601
CAMSAP3 -0.72063 DOCK10 0.65928695 SLC8A1 0.82181233 LEF1 1.27780889
FzD3 -0.72052 RAC2 0.66290343 CSPG4 0.83478013 CD74 1.29273942
DNER -0.71285 SOD2 0.66645235 ITGB3 0.87021359 BMP5 1.30097982
VHLL -0.66527 ROBO1 0.66796101 CYGB 0.87474497 NBL1 1.46925771
SEPT12 -0.65851 ROR2 0.67239078 RFFL 0.87484392 LAMC2 1.52369378
CD24 -0.64219 PIK3R1 0.6767019 SDC2 0.87802464 L1CAM 1.54198664
ADRA2A -0.64123 MEGF8 0.6944928 WNT4 0.89182656 RET 1.58526693
CEACAMS5 -0.63657 ROCK2 0.69574304 MMP9 0.9056683 PODXL 1.6318068
SPEF1 -0.62516 COL5A1 0.70432086 LAMAS 0.92720277 NTN1 1.74624333
FCER1G -0.62153 FLNA 0.71368891 AMOTL1 0.93747238 NTRK2 2.00220569
EPHB1 -0.58546 ITGAV 0.72122277 PTPRF 0.95204145 GPC6 2.1780994
KRT16 0.589739 VEGFC 0.72197966 IL16 0.99985363

Supplementary Table 3. Significantly (p<0.05) DE genes of the GO term “cell motility” between PANC-

1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated in the
pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC
PRSS3 -1.88773 ACTA2 0.665242
MIR221 -1.06334 ROBO1 0.667961
FGF18 -0.85068 ROCK2 0.695743
FOXP1 -0.77546 VEGFC 0.72198
ACTC1 -0.77057 ITGA3 0.738333
VHLL -0.66527 SCARB1 0.739441
ACTA1 -0.64587 PLXND1 0.767404
KRT16 0.589739 ITGB3 0.870214
EPHB4 0.603904 MMP9 0.905668
PDGFB 0.618676 AMOTL1 0.937472
ACTG2 0.621538 SEMA3A 1.059638
S100P 0.642722 ITGB2 1.079931
MYH9 0.648624 THBS1 1.138045
EPPK1 0.653069 PTPRG 1.203505

Supplementary Table 4. Significantly (p<0.05) DE genes of the GO term “tissue migration” between
PANC-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated
in the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC
CCDC80 -2.04744 COL11A1 0.784841
ADAMTS14 -1.12897 LAMB1 0.78848
TEX14 -1.04221 TGFBI 0.806245
CTSK -0.73936 LAMA3 0.80904
VHLL -0.66527 ERO1LB 0.815605
LOX -0.64258 ITGA10 0.817882
HAPLN2 -0.59383 VWA1 0.82576
COL6A2 0.588726 ITGB3 0.870214
COL5A3 0.590987 A2M 0.894397
COL8A2 0.593315 MMP9 0.905668
CTSS 0.60158 LAMAS 0.927203
DDR1 0.618298 AGRN 0.92811

PDGFB 0.618676 ELF3 1.048
FLRT2 0.648812 ITGB2 1.079931
ANTXR1 0.672406 ITGB8 1.106503
ICAM5 0.695881 THBS1 1.138045
COL5A1 0.704321 COL12A1 1.172796
COL27A1 0.70495 ITGB4 1.197617
MMP16 0.718714 COL9A3 1.229652
ITGAV 0.721223 COL13A1 1.254912
ICAM1 0.733484 TNC 1.387895
ITGA3 0.738333 HSPG2 1.485561
COL16A1 0.766148 LAMC2 1.523694
BGN 0.784012 SCUBE3 2.239323

Supplementary Table 5. Significantly (p<0.05) DE genes of the GO term “extracellular structure
organisation” between PANC-1 cells cultured on pancreas vs liver scaffolds. Negative numbers
represent genes up-regulated in the pancreas scaffolds. Positive numbers represent genes up-
regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC
MIR221 -1.06334 ITGAV 0.721223
GPNMB -0.97466 VEGFC 0.72198
C5AR1 -0.97028 ARHGAP22 0.737798

THY1 -0.87067 GTF2I 0.764782
FGF18 -0.85068 PLXND1 0.767404
HPSE -0.8297 TGFBI 0.806245
ABCC8 -0.72161 CCL2 0.815711
GATAb6 -0.67181 CSPG4 0.83478
VHLL -0.66527 TYMP 0.851484
KLF5 -0.60257 ITGB3 0.870214
EPHB1 -0.58546 RAMP1 0.918115
COL8A2 0.593315 LAMAS 0.927203
EPHB4 0.603904 LRG1 0.940068
MFGES8 0.633248 FMNL3 1.013782
MYH9 0.648624 ITGB2 1.079931
FAM129B 0.651676 CX3CL1 1.090956
ERAP1 0.654138 THBS1 1.138045
THSD7A 0.658985 TNFAIP2 1.144435
ROBO1 0.667961 SHH 1.145736
PLCD3 0.683223 LEF1 1.277809
ROCK2 0.695743 ANPEP 1.317698
RNF213 0.718118 HSPG2 1.485561

Supplementary Table 6. Significantly (p<0.05) DE genes of the GO term “angiogenesis” between
PANC-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated
in the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
CD177 -1.59416 MYB -0.7728262 BAIAP2L1 -0.5939922
IFNL1 -1.49126 EFNAS -0.7717854 PRKCQ 0.58501766

GPNMB -1.41644 TRPV4 -0.7704627 PODXL 0.58566403
CCL5 -1.3776 ITGB2 -0.7686239 GPAM 0.59628937
DCHS2 -1.25011 FANCA -0.7653011 JAK2 0.60389439
BMP7 -1.24251 PAK1 -0.7512202 CDC42EP1 0.61433451
CEACAM5 -1.21914 ILARN -0.7403331 TGFB2 0.61655389
TNFSF9 -1.21409 EPHB3 -0.7243096 PCDHB12 0.6289464
CDH26 -1.19456 ASS1 -0.7167215 PAWR 0.63323317
SPINK5 -1.19018 IGFBP2 -0.7132156 ADA 0.64654119
SOX2 -1.18763 CSTA -0.6992796 CDH22 0.64795211
NOV -1.17719 IFNL2 -0.6977815 PCDHGB2 0.66861749
IL7R -1.15336 LCK -0.6851232 CLDN9 0.68736016
SERPINE2 -1.08514 MPZL2 -0.6744002 FATA 0.71017894

TNFRSF13C -1.06854 MPZ -0.6739507 AJUBA 0.72350908
ICAM1 -1.06008 PCDH20 -0.6686795 KIRREL3 0.77398744
RGCC -1.05848 PCDHGA12 -0.660833 PODXL2 0.78123857
ITGAM -0.99233 FANCD2 -0.6553723 FSTL3 0.78594447
PRKCA -0.924 NFKBID -0.644206 PCDHB10 0.81556901
GPR98 -0.92114 GNRH1 -0.6420947 RASGRP1 0.83300882
NPNT -0.89297 ITGAX -0.6297261 DOCK8 0.85771488
CD24 -0.88034 BCL6 -0.6274874 B4GALNT2 0.87356239

MAP3K8 -0.87309 SOX13 -0.6251331 AMIGO1 0.89951507
ARG2 -0.87159 CCD(C88B -0.6247316 COL13A1 1.02024721
CNN3 -0.82718 CLDNS8 -0.6202797 LOXL3 1.02444343

PCDHGC5 -0.82656 NR4A3 -0.616361 C1QTNF1 1.03567785
ITGB7 -0.82162 PKD1L1 -0.6115387 MYL9 1.03780381

PCDHA7 -0.81777 PCDH9 -0.6101485 AMIGO2 1.20154702
SOCS1 -0.81661 FOXA2 -0.6050894 FYN 1.25771811
LEF1 -0.8033 SERPINBS8 -0.6050601 KIT 1.55547648

MIR221 -0.79124 CRTAM -0.6022062 FAT3 1.85424553

TNFRSF14 -0.789768974 KLF4 -0.5979297

Supplementary Table 7. Significantly (p<0.05) DE genes of the GO term “cell-cell adhesion” between
PK-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated in
the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC

MIR29C -0.94152
APOD -0.9322
BCL6 -0.62749

SERPINE1 0.766135

THBS1 1.036319

DLC1 1.281306

Supplementary Table 8. Significantly (p<0.05) DE genes of the GO term “negative regulation cell-
matrix adhesion” between PK-1 cells cultured on pancreas vs liver scaffolds. Negative numbers

represent genes up-regulated in the pancreas scaffolds. Positive numbers represent genes up-
regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC Gene Name LogFC
cCL20 -2.22859 ARC 1.002'58589 DNAH2 0. 67567928 SLC16A1 0.704683
NKX2-1 -2.12194 ITGAM -0.99233 GRB7 -0.66801 SLC7A7 0.711692
CEMIP -2.06016 VAV3 -0.99203 BST1 -0.65802 AJUBA 0.723509
CXCL8 -1.80715 GLIPR2 -0.9649 PLAU -0.65586 SIX4 0.724812
EMR2 -1.66369 TREM1 -0.95856 ERBB4 -0.64931 NR2F2 0.735048
CD177 -1.59416 MIR29C -0.94152 ZC3H12A -0.64652 MATN2 0.740288
CDK1 -1.58736 APOD -0.9322 C9orf117 -0.64509 PDGFD 0.75054
GTSE1 -1.48147 PRKCA -0.924 SLC16A3 -0.64467 ABHD6 0.759141

CACNALlI -1.47492 EGR3 -0.92195 GNRH1 -0.64209 SERPINE1 0.766135
KIF14 -1.45562 PRSS3 -0.91032 PROS1 -0.64104 ATP1A4 0.769361
GPNMB -1.41644 CD24 -0.88034 ITGAX -0.62973 SEMASA 0.771361
CCL5 -1.3776 CXCL10 -0.87867 VANGL2 -0.62084 KIRREL3 0.773987
FAM83D -1.37643 ASPM -0.86052 IDH2 -0.61443 PRR5L 0.774888
ARID5B -1.36085 STRIP2 -0.8519 EPHA2 -0.61339 PODXL2 0.781239
ANLN -1.35245 MIR200A -0.84245 HMCN2 -0.60992 SLC9B2 0.794788
CXCL2 -1.33402 ARTN -0.84052 CXCL14 -0.6059 LY6K 0.800187
DEPDC1B -1.24855 INPP5D -0.82199 CcCL17 -0.59824 DDIT4 0.816695
ANGPT4 -1.24596 ITGB7 -0.82162 KLF4 -0.59793 LRP12 0.830377
BMP7 -1.24251 RASGEF1A -0.8042 HDAC5 -0.59499 PTRF 0.83086
CEACAMS -1.21914 LEF1 -0.8033 KIAA1462 -0.59171 LAMA1 0.851213
DLL4 -1.21427 MIR221 -0.79124 RAB13 -0.58904 DOCK8 0.857715
PAX6 -1.18865 TNFRSF14 -0.78977 PLEKHG5 -0.58866 NEURL1 0.960364
NOV -1.17719 BDKRB1 -0.78771 PRKCQ 0.585018 TPM1 0.981029
CXCL3 -1.16718 MIR29B2 -0.7858 PODXL 0.585664 ATOH8 1.018598
HDAC9 -1.14882 STYK1 -0.78311 SIX1 0.593403 THBS1 1.036319
MMP1 -1.14358 TRPV4 -0.77046 SYDE1 0.597586 ACKR3 1.061859
NR4A2 -1.14208 ITGB2 -0.76862 JAK2 0.603894 SPOCK2 1.134625
TP53INP1 -1.13428 PTK6 -0.76567 NDRG4 0.612485 SIRPA 1.198485
MCTP1 -1.12219 PAK1 -0.75122 SLC7A5 0.613291 FYN 1.257718
ECM1 -1.10871 CEACAM6 -0.74658 TGFB2 0.616554 DLC1 1.281306
NR4A1 -1.10778 KIAA0319 -0.74011 L1CAM 0.616703 APOE 1.412475
SERPINE2 -1.08514 SPNS2 -0.73363 PREX1 0.618441 BMPER 1.540242
ICAM1 -1.06008 EPHB3 -0.72431 SATB2 0.630327 KIT 1.555476
RGCC -1.05848 TEKT2 -0.72417 FzD3 0.633093 FN1 2.046472
KALRN -1.05371 ARHGEF16 -0.69505 SOX8 0.635886 SPOCK1 2.192858
HMGB2 -1.03332 LCK -0.68512 ADA 0.646541 MMP9 2.204733
DCLK1 -1.01208 DAB2 -0.68345 EDN2 0.658175

Supplementary Table 9. Significantly (p<0.05) DE genes of the GO term “cell motility” between PK-1
cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated in the
pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC
ANLN -1.35245 EPHA2 -0.61339
ANGPT4 -1.24596 KLF4 -0.59793
DLL4 -1.21427 HDAC5 -0.59499
NOV -1.17719 KIAA1462 -0.59171
HDAC9 -1.14882 RAB13 -0.58904
NR4A1 -1.10778 PLEKHG5 -0.58866
RGCC -1.05848 GRHL2 0.59931
GLIPR2 -0.9649 TGFB2 0.616554
MIR29C -0.94152 NR2F2 0.735048
PRKCA -0.924 SEMASA 0.771361
EGR3 -0.92195 ATOHS8 1.018598
PRSS3 -0.91032 THBS1 1.036319
MIR200A -0.84245 APOE 1.412475
MIR221 -0.79124 BMPER 1.540242
ITGB2 -0.76862 KIT 1.555476
ZC3H12A -0.64652 MMP9 2.204733

Supplementary Table 10. Significantly (p<0.05) DE genes of the GO term “tissue migration” between
PK-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated in
the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
MMP7 -1.42086 ITGB?7 -0.821624 TGFBI 0.71853838
CAPNS2 -1.39645 MIR29B2 -0.785798 SERPINE1 0.76613466
COL9A3 -1.31233 ITGB2 -0.7686239 ANTXR1 0.76837895
VCAN -1.26171 ERO1L -0.7410872 MATN3 0.82482303
SPINK5 -1.19018 LOX -0.7154613 LAMA1 0.8512128
MMP1 -1.14358 NOXO1 -0.6812074 TNC 0.89176507
FBN2 -1.06219 SH3PXD2A -0.6525485 COL13A1 1.02024721
ICAM1 -1.06008 SERPINB5S -0.6336487 LOXL3 1.02444343
RGCC -1.05848 ITGAX -0.6297261 MMP2 1.02947984
CCDhcC8o -1.04392 SCUBE3 -0.6168654 THBS1 1.03631894
EFEMP2 -1.02682 TIMP2 0.61195335 SULF2 1.0903728
ITGAM -0.99233 TGFB2 0.61655389 SPOCK2 1.13462544
CTSK -0.96583 COL4A1 0.62586167 FN1 2.04647206
TEX14 -0.9104 COL4A2 0.64946681 MMP9 2.20473261
NPNT -0.89297 COL27A1 0.66777346
ADAMTSL2 -0.873880773 COL12A1 0.68934855

Supplementary Table 11. Significantly (p<0.05) DE genes of the GO term “extracellular structure
organisation” between PK-1 cells cultured on pancreas vs liver scaffolds. Negative humbers represent
genes up-regulated in the pancreas scaffolds. Positive numbers represent genes up-regulated in the
liver scaffolds.
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Gene Name LogFC Gene Name LogFC
APOE 1.412475 MIR29C -0.94152
EGR3 -0.92195 GRHL2 0.59931
EPHA2 -0.61339 ZC3H12A -0.64652
NR4A1l -1.10778 ANGPT4 -1.24596

KIT 1.555476 GLIPR2 -0.9649
MMP9 2.204733 ANLN -1.35245
BMPER 1.540242 DLL4 -1.21427
PRKCA -0.924 PLEKHG5 -0.58866
PRSS3 -0.91032 KIAA1462 -0.59171
RAB13 -0.58904 NOV -1.17719
NR2F2 0.735048 TGFB2 0.616554
THBS1 1.036319 MIR200A -0.84245

SEMASA 0.771361 ATOHS8 1.018598

KLF4 -0.59793 RGCC -1.05848
HDAC9 -1.14882 MIR221 -0.79124
HDACS5 -0.59499 ITGB2 -0.76862

Supplementary Table 12. Significantly (p<0.05) DE genes of the GO term “angiogenesis” between
PK-1 cells cultured on pancreas vs liver scaffolds. Negative numbers represent genes up-regulated in
the pancreas scaffolds. Positive numbers represent genes up-regulated in the liver scaffolds.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC Gene Name LogFC
ALOX15 -2.79267 PTAFR -1.0971985 PTPN22 -0.7250258 MIR31 0.72244265
RAC2 -2.68247 FANCA -1.0931663 SELPLG -0.7247937 PDESA 0.73947778
CEACAM1 -2.50509 VNN1 -1.0813877 SPN -0.7145446 PCDHB13 0.74058844
ITGAX -2.31944 CcCM2L -1.0624625 MYB -0.7098654 MYO10 0.74586184
SERPINE2 -2.28802 CLDN6 -1.0405689 DUSP10 -0.6999774 FER 0.7630263
TRPV4 -2.28153 LRRC32 -1.0287088 CCL5 -0.697645 ZMIZ1 0.7801022
IL12RB1 -2.17693 TYRO3 -1.0094526 FOXA1 -0.689113 PCDHB12 0.78148174
HLA-DPA1 -2.03373 GPR98 -0.9929397 CLDN10 -0.6835216 ICOSLG 0.78468126
GPNMB -2.022 CDH23 -0.9858096 APOA1 -0.6718077 PCDH7 0.80344718
MPZL2 -1.89508 LEF1 -0.9840931 ROPN1B -0.6703483 IGSF9B 0.83648011
CD74 -1.88116 SDK2 -0.9832996 GAS6 -0.668116 SELE 0.83689907
ICAM2 -1.85394 CRTAM -0.9675702 EPHB3 -0.6659787 PCDHGA6 0.83827385
PKP1 -1.8302 CD177 -0.9549379 DTX1 -0.6626265 PCDHGB3 0.85434312
HLA-DQB1 -1.79758 CD247 -0.9463966 ITGB7 -0.662419 TENM4 0.87173738
TBX21 -1.71061 COL8A2 -0.944453073 C1QTNF1 -0.6423321 CCL2 0.8731857
FANCD2 -1.6043 DMTN -0.9441763 IL23A -0.6397268 PCDHB4 0.87352062
FBLIM1 -1.60056 ELANE -0.9257732 HLA-DPB1 -0.6385546 MIR21 0.89709519
HLA-DMB -1.54712 ITGAM -0.9227877 ARG2 -0.6359145 NFATC2 0.89811958
NRXN2 -1.52932 LCK -0.912555 TARM1 -0.6338255 PCDH20 0.90772335
THY1 -1.5153 CD226 -0.9091498 CCDC88B -0.6311445 PCDHB15 0.92224169
CDHR4 -1.50875 ITGAD -0.9039707 PTPRU -0.6276491 PCDHGA1 0.92904724
ITGB2 -1.49961 CDH16 -0.903424 DCHS1 -0.6252175 CEACAMS5 0.93671055
EFNB2 -1.4686 PKD1L1 -0.9034096 BCL6 -0.6179238 PCDHGA7 0.94021459
CSTA -1.41897 LILRB1 -0.9010952 CADM4 -0.6067712 PCDHB2 1.01291344
ESAM -1.39775 IGF2 -0.8861973 FAT1 0.59228208 PCDHGA4 1.0198819
LAG3 -1.38792 CD4 -0.8762032 CTNND1 0.61851502 PCDHB14 1.02010976
VAV1 -1.34746 MEGF11 -0.8664541 MBP 0.63485876 PCDH18 1.10688279
SNAI2 -1.33468 PLA2G2D -0.8341679 PCDHB16 0.63537461 PCDHGB1 1.11911008
TTYH1 -1.27162 ITGB3 -0.8238936 SERPINB8 0.64142883 CDH11 1.12375343
EBI3 -1.27012 CDH17 -0.8171344 EFNA5 0.64219659 PCDHA12 1.12927213
VTCN1 -1.26369 SOCS1 -0.8110787 PCDHB3 0.6434593 ILIRAPL1 1.13551975
CDH24 -1.26045 ITGA2B -0.8094079 ANXA2 0.64372409 PCDHB11 1.14424166
CARD11 -1.22958 PTPN6 -0.7953639 PCDHB7 0.64448964 CDH1 1.14901757
WNT4 -1.16496 KIRREL2 -0.7934829 HFE 0.65035737 PCDHGA11 1.24476313
ITGA7 -1.13824 CLDN3 -0.7919096 GPAM 0.65145593 PCDHGB7 1.29644383
RET -1.13682 MADCAM1 -0.7828372 KIRREL 0.66287448 PCDHGAS5 1.36404646
CDHR2 -1.11219 NPHS1 -0.7824023 FADD 0.67523645 PCDHGB2 1.3998689
CLDN4 -1.10397 TNFSF9 -0.7762859 CTNNA2 0.67601078 PCDHA4 1.44772093
NFASC -1.10327 CLC -0.7687026 PCDHB8 0.70405226 PCDHGA10 2.01907699
IL1B -1.10257 PAG1 -0.7401949 CD24 0.71918121

Supplementary Table 13. Significantly (p<0.05) DE genes of the GO term “cell-cell adhesion” between
Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas scaffolds. Negative
numbers represent genes up-regulated in the treated samples. Positive numbers represent genes up-
regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
ITGA1 -2.02461 CD36 -1.04752 ITGB4 -0.6859
VWA2 -1.66488 DMTN -0.94418 PLAU -0.66318
LYPD5 -1.56569 GPM6B -0.89356 ITGB7 -0.66242
THY1 -1.5153 BST1 -0.86266 EMILIN1 -0.66099
ITGB2 -1.49961 GREM1 -0.85751 ACTN2 -0.65967

COL17A1 -1.49347 ACVRL1 -0.83248 BCL6 -0.61792
FBLNS5 -1.48431 ITGB3 -0.82389 EFNA5 0.642197
SLCY9A1 -1.35779 NID1 -0.8135 SGCE 0.643114
HPSE -1.28137 ITGA2B -0.80941 CDK6 0.735129
WNT4 -1.16496 MADCAM1 -0.78284 MIR29C 0.809795
ITGA7 -1.13824 MSLN -0.7211 CSF1 0.829861
APOD -1.12345 TESK2 -0.71115 FERMT1 0.864069
KDR -1.11192 ACTN3 -0.70079 COL3A1 0.967188
ITGA1l -1.07083 ACER2 -0.69543

Supplementary Table 14. Significantly (p<0.05) DE genes of the GO term “cell-matrix adhesion”
between Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas scaffolds.
Negative numbers represent genes up-regulated in the treated samples. Positive numbers represent
genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC Gene Name LogFC
DLL4 -3.25736 FBLN1 -1.15039 ITGB3 -0.82389 DCHS1 -0.62522
ATP1B2 -2.85905 GPER1 -1.14808 WNT11 -0.81786 DNAI1 -0.62445
CSF1R -2.82004 RET -1.13682 LDHC -0.81688 PRDM14 -0.62272
RAC2 -2.68247 APOD -1.12345 ITGA2B -0.80941 PROCR -0.6193
AGT -2.6239 KDR -1.11192 ovoL2 -0.80167 PLTP -0.6145
SLC7A8 -2.51275 IL1B -1.10257 TMSB15B -0.80048 ASAP3 -0.61301
CEACAM1 -2.50509 PTAFR -1.0972 PTPN6 -0.79536 GTSE1 -0.60931
LRRC15 -2.32741 SNAI1 -1.09327 BLK -0.79487 INSL3 -0.60783
ITGAX -2.31944 SLC7A7 -1.09042 CNR2 -0.78624 IGFBP3 -0.60542
SERPINE2 -2.28802 EMR2 -1.08711 MADCAM1 -0.78284 DAB2 -0.59899
TRPV4 -2.28153 PROC -1.08067 SERPINF1 -0.76982 SP100 -0.59889
ITGA1 -2.02461 ITGA11 -1.07083 TSPAN1 -0.76023 FAT1 0.592282
GPNMB -2.022 DAPK2 -1.07083 EDNRB -0.75611 TRIM32 0.604928
MDGA1 -1.89531 CXCR2 -1.05565 SCRT1 -0.74603 SLC9B2 0.605593
S100P -1.89356 CHRD -1.04319 ROBO4 -0.74454 RAP2C 0.631687
NR2E1 -1.89031 SLC9A3R1 -1.031 MYPN -0.74377 CXCL3 0.633921
CD74 -1.88116 BCL11B -1.0294 GPX1 -0.74212 NRAS 0.642055
ARHGDIB -1.87448 TYRO3 -1.00945 HBEGF -0.73149 SPARC 0.652447
CCK -1.76763 TNK1 -1.00856 HN1 -0.73107 ARID2 0.655723
STRIP2 -1.75616 NR4A1 -1.00824 ROPN1L -0.72516 POMK 0.664162
ARC -1.73265 EGR3 -1.0057 SELPLG -0.72479 CPNE3 0.664251
TIE1 -1.72014 CSF3R -1.0025 DNAH2 -0.71866 HDAC4 0.674268
TBX21 -1.71061 GLIPR2 -0.99938 SPN -0.71454 FADD 0.675236
MATN2 -1.67192 LEF1 -0.98409 DRD2 -0.71392 CTNNA2 0.676011
MMP1 -1.63336 MIXL1 -0.97522 KIAA0319 -0.70829 THBD 0.694827
CSPG4 -1.5855 KRT16 -0.97299 UTS2 -0.70189 RAPGEF2 0.703202
CYGB -1.54416 LY6K -0.96423 DUSP10 -0.69998 CD24 0.719181
NEURL1 -1.525 KIF20B -0.96164 CCL5 -0.69764 RASGEF1A 0.719873
THY1 -1.5153 PAK6 -0.95996 ARHGEF16 -0.69614 CXCL2 0.722951
ITGB2 -1.49961 CD177 -0.95494 TNS1 -0.69284 PAX6 0.724154
ERBB3 -1.47227 ADORA1 -0.95241 LAMA1 -0.69133 CCDC39 0.729944
LGR6 -1.47155 FOXE1 -0.94719 ITGB4 -0.6859 CDK6 0.735129
EFNB2 -1.4686 DMTN -0.94418 KITLG -0.68115 NTRK2 0.751005
CATSPER1 -1.43612 MCAM -0.94027 TUBB2B -0.67877 DOCK7 0.755921
ECM1 -1.42157 S100A14 -0.93473 ADRA2A -0.67757 FER 0.763026
ESAM -1.39775 ELANE -0.92577 HMCN2 -0.67245 C50rf30 0.76766
HCK -1.36979 ITGAM -0.92279 APOA1 -0.67181 TOP2B 0.768583
CXCR4 -1.36633 TRPM2 -0.92165 SH3BP1 -0.67168 MAGI2 0.808392
SLC9A1 -1.35779 ANLN -0.91884 IDH2 -0.6706 MIR29C 0.809795
VAV1 -1.34746 CALCA -0.91445 MMP9 -0.67045 DNAH7 0.816976
SNAI2 -1.33468 LCK -0.91256 ROPN1B -0.67035 CSF1 0.829861
SIX2 -1.32827 SPOCK3 -0.9075 GAS6 -0.66812 SELE 0.836899
FLT4 -1.32248 CXCL14 -0.87954 CKLF -0.66697 CCBE1 0.843021
TAC1 -1.30766 LAMC2 -0.86914 EPHB3 -0.66598 FERMT1 0.864069
GRB7 -1.30565 WAS -0.86845 FMNL3 -0.66516 MIR24-1 0.864752
P2RY6 -1.29315 BTC -0.86531 PLAU -0.66318 CCL2 0.873186
F10 -1.27371 BST1 -0.86266 ITGB7 -0.66242 CXCL1 0.885114
BST2 -1.27035 GREM1 -0.85751 TEKT2 -0.66195 MIR21 0.897095
PGF -1.25286 CACNA1I -0.85411 ZMYND8 -0.66162 NFATC2 0.89812
SAA1 -1.24488 SLC7A10 -0.85353 CCL22 -0.66147 CX3CR1 0.928086
TERT -1.22986 S100A2 -0.84815 EMILIN1 -0.66099 CEACAMS5 0.936711
CDK1 -1.20932 NLRP12 -0.84039 PPARD -0.65897 HMOX1 0.958588
TNFRSF10D -1.20875 RLTPR -0.84013 IL23A -0.63973 TNS3 0.96558
PDGFRB -1.19244 SPOCK2 -0.83355 GATA2 -0.63818 COL3A1 0.967188
GFRA3 -1.18903 ACVRL1 -0.83248 BAMBI -0.63294 GPC6 1.044765
PSTPIP2 -1.18415 MESP1 -0.83174 PTPRU -0.62765 EPHB1 1.122

WNT4 -1.16496 PRSS3 -0.8243 GPSM3 -0.62725 CCR6 1.271623

Supplementary Table 15. Significantly (p<0.05) DE genes of the GO term “cell motility” between
Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas scaffolds. Negative
numbers represent genes up-regulated in the treated samples. Positive numbers represent genes up-
regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
ATP1B2 -2.85905 EMR2 -1.0871087 KITLG -0.681148
RAC2 -2.68247 DAPK2 -1.0708257 MMP9 -0.6704517
SLC7A8 -2.51275 CXCR2 -1.0556524 GAS6 -0.668116
CEACAM1 -2.50509 CSF3R -1.0024984 CKLF -0.6669657
ITGAX -2.31944 CD177 -0.9549379 ITGB7 -0.662419
TRPV4 -2.28153 ADORA1 -0.9524083 CCL22 -0.6614677
ITGA1 -2.02461 S100A14 -0.9347292 IL23A -0.6397268
CD74 -1.88116 ELANE -0.9257732 GPSM3 -0.627249
TBX21 -1.71061 ITGAM -0.9227877 PROCR -0.6193048
MMP1 -1.63336 TRPM2 -0.9216481 FCER1G -0.5941762
THY1 -1.5153 CALCA -0.9144464 CXCL3 0.63392072
ITGB2 -1.49961 LCK -0.912555 NRAS 0.64205533
ECM1 -1.42157 CXCL14 -0.8795374 FADD 0.67523645
ESAM -1.39775 BST1 -0.8626646 THBD 0.69482725
HCK -1.36979 GREM1 -0.8575133 CXCL2 0.72295138
CXCR4 -1.36633 SLC7A10 -0.8535274 FER 0.7630263
VAV1 -1.34746 NLRP12 -0.8403856 CSF1 0.82986103
GRB7 -1.30565 ITGB3 -0.8238936 SELE 0.83689907
PGF -1.25286 ITGA2B -0.8094079 MIR24-1 0.86475194
SAA1 -1.24488 PTPN6 -0.7953639 CCL2 0.8731857
TNFRSF10D -1.20875 CNR2 -0.7862414 CXCL1 0.88511391
RET -1.13682 MADCAM1 -0.7828372 CX3CR1 0.92808573
APOD -1.12345 EDNRB -0.7561128 CEACAM5 0.93671055
IL1B -1.10257 SELPLG -0.7247937 HMOX1 0.95858789
PTAFR -1.0972 SPN -0.71454462 CCR6 1.27162312
SLC7A7 -1.090416504 CCL5 -0.697645 PROC -1.080666192

Supplementary Table 16. Significantly (p<0.05) DE genes of the GO term “leukocyte migration”
between Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas scaffolds.
Negative numbers represent genes up-regulated in the treated samples. Positive numbers represent
genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
AGT -2.6239 ADAM12 -0.96748 VWEF -0.7242
ITGAX -2.31944 CCDC80 -0.962180259 TLL2 -0.71586
ITGA1 -2.02461 COL8A2 -0.94445 TNXB -0.69708
ADAMTS14 -1.93213 ELANE -0.92577 LAMA1 -0.69133
NR2E1 -1.89031 RAMP2 -0.92451 ITGB4 -0.6859
ICAM?2 -1.85394 ITGAM -0.92279 ADAMTS3 -0.6809
MMP1 -1.63336 HTRA1 -0.91779 MMP9 -0.67045
FBLN2 -1.61509 ACAN -0.91647 GAS6 -0.66812
TEX14 -1.552 ITGAD -0.90397 MFI2 -0.66528
ITGB2 -1.49961 LAMB3 -0.90074 ITGB7 -0.66242
CTSS -1.498 GPM6B -0.89356 MATN4 -0.65351
FBLN5 -1.48431 MMP19 -0.88162 BMP1 -0.64796
CRISPLD2 -1.4723 LAMC2 -0.86914 COMP -0.62382
CTSv -1.45444 GREM1 -0.85751 CHADL -0.60988
SCUBE1 -1.32712 CREB3L1 -0.85097 MPZL3 -0.60612
COL6A3 -1.31434 FBN1 -0.84903 LEPREL4 0.624657
MFAP4 -1.30773 ADAMTS2 -0.84275 ANXA2 0.643724
A2M -1.28521 RLTPR -0.84013 SPARC 0.652447
PXDN -1.26132 COL11A2 -0.83827 COL5A2 0.684266
FBLN1 -1.15039 SPOCK2 -0.83355 MMP16 0.723208
ITGA7 -1.13824 ITGB3 -0.82389 ITGB8 0.744841
KDR -1.11192 TIMP2 -0.82176 FERMT1 0.864069
SPINT1 -1.0976 NID1 -0.8135 COL11A1 0.873176
COL9A3 -1.08005 COL4A2 -0.81343 VIT 0.886095
ITGA11 -1.07083 ITGA2B -0.80941 THSD4 0.905311
ELF3 -1.03765 MADCAM1 -0.78284 VWA1 0.908778
COL7A1 -1.00379 NPHS1 -0.7824 COL3A1 0.967188
COL2A1 -0.99031 VCAN -0.75717 CDH1 1.149018
NCAN -0.97508 HN1 -0.73107

Supplementary Table 17. Significantly (p<0.05) DE genes of the GO term “extracellular structure
organisation” between Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas
scaffolds. Negative humbers represent genes up-regulated in the treated samples. Positive numbers
represent genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC

DLL4 -3.25736 NGFR -1.00195
CEACAM1 -2.50509 LEF1 -0.98409
NR2E1 -1.89031 PPP1R16B -0.93415
E2F8 -1.64375 RAMP2 -0.92451
EFNB2 -1.4686 GREM1 -0.85751
FLT4 -1.32248 ACVRL1 -0.83248
PGF -1.25286 DLL1 -0.79882
KDR -1.11192 HN1 -0.73107
NR4A1 -1.00824 MIR29C 0.809795
EGR3 -1.0057 CCBE1 0.843021

Supplementary Table 18. Significantly (p<0.05) DE genes of the GO term “sprouting angiogensis”
between Gemcitabine treated and untreated (control) PANC-1 cells cultured on pancreas scaffolds.
Negative numbers represent genes up-regulated in the treated samples. Positive numbers represent
genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC

TNFSF18 -2.66403 TNF -0.972367674 HES1 -0.63144
FANCD?2 -1.77561 PDCD1LG2 -0.93236 MALT1 -0.61193
GPNMB -1.60476 SOCS1 -0.90582 BCL10 -0.60303
NR4A3 -1.58174 CDHR4 -0.89059 ETS1 -0.59924
IL7R -1.53267 NPHS1 -0.85872 CLDN1 -0.59707
FANCA -1.51618 BMP2 -0.85804 ILIRN -0.59637
IFNL1 -1.32636 CD274 -0.85759 PTAFR -0.58924
SERPINE2 -1.2945 PRDM1 -0.84612 SDK1 0.59708

TNFRSF13C -1.28545 PKD1L1 -0.83554 CLDN11 0.613844

LCK -1.27266 TENMA4 -0.79777 FAT3 0.631346
PCDHGC4 -1.26119 IL36B -0.79078 MIR141 0.641859
IL23A -1.21732 CDH24 -0.78588 MIR21 0.645077
ITGAL -1.1711 CYP1B1 -0.77977 SCARF2 0.646276
IL6 -1.15117 SPINKS5 -0.77617 PCDH19 0.674031
TNFSF9 -1.14378 RGCC -0.7714 JAM?2 0.712281
ICAM1 -1.12583 ITGAX -0.76768 PYCARD 0.725938
NOV -1.11165 PCDHGC5 -0.76415 PCDHB9 0.782668
IL20RB -1.10036 EPHB3 -0.76376 NRXN2 0.786256
DUSP10 -1.09277 VCAM1 -0.76019 CDH15 0.786768
CD83 -1.09263 CNN3 -0.7357 LIMS2 0.790784
DSG3 -1.08643 LAX1 -0.71848 ZEB1 0.875901
PCDH12 -1.07764 LEF1 -0.71447 PCDHGA11 0.878732
ARG2 -1.07296 TGFB2 -0.69422 AMIGO1 0.879916
ALOX15 -1.03632 LGALS7B -0.68016 PPARA 0.951832
ZP3 -1.00233 S100A9 -0.67765 CDH26 0.984471
CCL5 -0.99358 IRF1 -0.67207
PCDH9 -0.9813 IFNL2 -0.66255

Supplementary Table 19. Significantly (p<0.05) DE genes of the GO term “cell-cell adhesion” between
Gemcitabine treated and untreated (control) PK-1 cells cultured on liver scaffolds. Negative humbers
represent genes up-regulated in the treated samples. Positive numbers represent genes up-regulated
in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
TNFSF18 -2.66403 DUSP10 -1.09277 S100A9 -0.67765
FANCD2 -1.77561 CD83 -1.09263 IRF1 -0.67207
GPNMB -1.60476 ARG2 -1.07296 IFNL2 -0.66255

NR4A3 -1.58174 ZP3 -1.00233 HES1 -0.63144
IL7R -1.53267 CCL5 -0.99358 MALT1 -0.61193
FANCA -1.51618 TNF -0.97237 BCL10 -0.60303
IFNL1 -1.32636 PDCD1LG2 -0.93236 ETS1 -0.59924
TNFRSF13C -1.28545 SOCS1 -0.90582 PTAFR -0.58924
LCK -1.27266 NPHS1 -0.85872 MIR141 0.641859
IL23A -1.21732 CD274 -0.85759 MIR21 0.645077
ITGAL -1.1711 PRDM1 -0.84612 PYCARD 0.725938
IL6 -1.15117 IL36B -0.79078 ZEB1 0.875901
TNFSF9 -1.14378 SPINK5 -0.77617 PPARA 0.951832
ICAM1 -1.12583 VCAM1 -0.76019
IL20RB -1.10036 LAX1 -0.71848

Supplementary Table 20. Significantly (p<0.05) DE genes of the GO term “leukocyte cell-cell
adhesion” between Gemcitabine treated and untreated (control) PK-1 cells cultured on liver scaffolds.
Negative numbers represent genes up-regulated in the treated samples. Positive numbers represent
genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC Gene Name LogFC

CDK1 -3.0105 LCK PAX6 ABL2

1.27266450 0.85129902 0.62871516
FAM83D -2.98748 OLR1 -1.2599 MERTK -0.84164 IL1A -0.62858
KIF14 -2.90442 IL23A -1.21732 CXCL14 -0.8279 MMP1 -0.62628
GTSE1 -2.77547 MKKS -1.19565 ACVRL1 -0.80948 LY6K -0.60416
CCL20 -2.67725 TNFAIP6 -1.17864 GRB7 -0.79805 ARHGEF2 -0.59994
TNFSF18 -2.66403 NRP1 -1.17458 MCAM -0.79622 ETS1 -0.59924
ANLN -2.65604 ARID5B -1.17267 CYP1B1 -0.77977 HMCN2 -0.59899
ARC -2.55045 ITGAL -1.1711 PKN3 -0.77348 LAMA2 -0.59777
ASPM -2.4919 IL6 -1.15117 RGCC -0.7714 ATP1B3 -0.59444
CXCL8 -2.29068 ICAM1 -1.12583 STYK1 -0.77031 TNS1 -0.59373
NOS3 -2.25568 STRIP2 -1.11715 ITGAX -0.76768 NDE1 -0.59224
CXCL3 -2.24984 NOV -1.11165 GPSM3 -0.76766 MYPN -0.59042
DEPDC1B -2.22452 ARHGEF39 -1.10361 EPHB3 -0.76376 PTAFR -0.58924
HMGB2 -2.15558 ATP1B2 -1.10301 SLC9A1 -0.76062 SLC7A8 -0.58657
CXCL2 -2.12538 DAB2 -1.09416 VCAM1 -0.76019 MMP28 0.637767
RELN -2.11535 DUSP10 -1.09277 PADI2 -0.75761 ANG 0.639169
SNAI1 -2.07568 EREG -1.09252 BAMBI -0.74992 MIR21 0.645077
KIF20B -1.69393 JUN -1.05962 LAMA1 -0.72926 PIK3C2B 0.69434
CEMIP -1.6185 PTGS2 -1.03614 FOLR1 -0.71975 JAM2 0.712281
DLL4 -1.60988 Cc5 -1.01235 LEF1 -0.71447 WNT11 0.722929
GPNMB -1.60476 ISL1 -1.0068 NLRP12 -0.70894 PYCARD 0.725938
NEURL1 -1.56931 ZP3 -1.00233 SLC3A2 -0.70711 SOX8 0.73072
EGR3 -1.50583 CCL5 -0.99358 INPP5D -0.70609 CDh81 0.736986
FGFR1 -1.48662 TNF -0.97237 DNAH2 -0.69699 WNTS5B 0.803199
TREM1 -1.48219 MCTP1 -0.94718 TGFB2 -0.69422 DDR2 0.820811
DCLK1 -1.48005 KIAAO319 -0.93631 S100A9 -0.67765 MIR29C 0.822662
APOD -1.44935 BTG1 -0.92813 BTC -0.67455 CSF3R 0.839227
MYLK -1.37205 KALRN -0.92466 NTRK2 -0.67157 TGFBR3 0.862547
CSF1R -1.36107 CCL26 -0.91972 FES -0.66146 MIR29B2 0.86853
HDAC9 -1.3518 FBLN1 -0.89212 KRT16 -0.65908 IGSF10 0.994217
HBEGF -1.3509 EDN1 -0.86354 DOCK4 -0.64832 AZU1 1.038518
NR4A1 -1.31395 BMP2 -0.85804 MDGA1 -0.6405 ACE 1.094919
SERPINE2 -1.2945 CD274 -0.85759 HES1 -0.63144

Supplementary Table 21. Significantly (p<0.05) DE genes of the GO term “cell motility” between
Gemcitabine treated and untreated (control) PK-1 cells cultured on liver scaffolds. Negative humbers
represent genes up-regulated in the treated samples. Positive numbers represent genes up-regulated
in the control samples.
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Gene Name LogFC Gene Name LogFC Gene Name LogFC
CCL20 -2.67725 C5 -1.012348513 INPP5D -0.70609
TNFSF18 -2.66403 ZP3 -1.00233 TGFB2 -0.69422
CXCL8 -2.29068 CCL5 -0.99358 S100A9 -0.67765
CXCL3 -2.24984 TNF -0.97237 IL1A -0.62858
CXCL2 -2.12538 CCL26 -0.91972 MMP1 -0.62628
TREM1 -1.48219 EDN1 -0.86354 ATP1B3 -0.59444
APOD -1.44935 MERTK -0.84164 PTAFR -0.58924
LCK -1.27266 CXCL14 -0.8279 SLC7A8 -0.58657
OLR1 -1.2599 GRB7 -0.79805 MMP28 0.637767
IL23A -1.21732 ITGAX -0.76768 JAM?2 0.712281
ITGAL -1.1711 GPSM3 -0.76766 PYCARD 0.725938
IL6 -1.15117 VCAM1 -0.76019 CSF3R 0.839227
ICAM1 -1.12583 PADI2 -0.75761 AZU1 1.038518
NOV -1.11165 NLRP12 -0.70894
ATP1B2 -1.10301 SLC3A2 -0.70711

Supplementary Table 22. Significantly (p<0.05) DE genes of the GO term “leukocyte migration”
between Gemcitabine treated and untreated (control) PK-1 cells cultured on liver scaffolds. Negative
numbers represent genes up-regulated in the treated samples. Positive numbers represent genes up-
regulated in the control samples.
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PRSS1 -1.76548 RGCC -0.771400821 CAPNS2 -0.60821
TEX14 -1.44793 ITGAX -0.76768 ETS1 -0.59924
VCAN -1.38968 ADAMTS14 -0.76547 LAMA2 -0.59777
FBN2 -1.22595 VCAM1 -0.76019 COL9A2 0.618552
ITGAL -1.1711 SCUBE1 -0.75597 TNXB 0.625285
ICAM1 -1.12583 NID2 -0.74386 JAM2 0.712281
TNF -0.97237 LAMA1 -0.72926 ABI3BP 0.715965
CTSv -0.93116 MMP16 -0.71691 COL5A2 0.808739
VWEF -0.92983 TGFB2 -0.69422 DDR2 0.820811
FBLN1 -0.89212 TNC -0.68956 EFEMP2 0.854315
NPHS1 -0.85872 ECM2 -0.67739 KLK7 0.855494
COL16A1 -0.80378 ADAM12 -0.67679 COL6A1 0.861779
NFKB2 -0.78529 MMP7 -0.65749 MIR29B2 0.86853
CypP1B1 -0.77977 FBLNS -0.63346 LAMB2 0.941772
SPINK5 -0.77617 MMP1 -0.62628

Supplementary Table 23. Significantly (p<0.05) DE genes of the GO term “extracellular structure
organisation” between Gemcitabine treated and untreated (control) PK-1 cells cultured on liver
scaffolds. Negative numbers represent genes up-regulated in the treated samples. Positive numbers
represent genes up-regulated in the control samples.
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Gene Name LogFC Gene Name LogFC
E2F8 -2.62048 NRP1 -1.17458
E2F7 -2.40175 PTGS2 -1.03614
DLL4 -1.60988 ACVRL1 -0.80948
EGR3 -1.50583 LEF1 -0.71447
NGFR -1.48152 ESM1 -0.70353

HDAC9 -1.3518 MIR29C 0.822662
NR4A1 -1.31395

Supplementary Table 24. Significantly (p<0.05) DE genes of the GO term “sprouting angiogenesis”
between Gemcitabine treated and untreated (control) PK-1 cells cultured on liver scaffolds. Negative
numbers represent genes up-regulated in the treated samples. Positive numbers represent genes up-
regulated in the control samples.
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