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Abstract

Small intestinal neuroendocrine tumours (SI NETSs) are relatively rare, indolent
tumours arising from the enterochromaffin cells of the small bowel. They can be
associated with the development of fibrosis, most commonly in the heart (termed
‘carcinoid heart disease’) or the mesentery around a metastatic deposit (also known as
mesenteric desmoplasia). A concise summary of our current understanding of the
pathophysiology of neuroendocrine fibrogenesis is provided in Chapter 1. The
development of mesenteric fibrosis can be asymptomatic, but in some patients, it can
lead to significant complications, such as bowel obstruction or mesenteric ischaemia.
However, the epidemiology and pathophysiology of mesenteric fibrosis have not been
sufficiently explored. In addition, there is a lack of clinically useful biomarkers for the

detection of image-negative mesenteric desmoplasia.

The first aim of our study was to explore different clinical aspects of mesenteric
desmoplasia and more specifically the epidemiological characteristics and clinical
assessment of mesenteric fibrosis. An additional aim was to delineate further the
pathogenesis of this process and evaluate a non-invasive, blood-based biomarker for

the early detection of fibrosis.

To investigate the clinical and epidemiological aspects of mesenteric desmoplasia, two
large-scale retrospective studies were performed which are described in Chapter 2.
The first study was a survival analysis of approximately 150 fibrotic SI NETs and the
second was a survival analysis of almost 400 metastatic SI NETSs investigating the
effect of mesenteric fibrosis on prognosis in addition to other epidemiological data.
We demonstrated that in a large cohort of almost 400 patients with metastatic small
bowel neuroendocrine tumours the prevalence of mesenteric fibrosis was about 35%
and that 50% of patients with mesenteric metastases had radiological evidence of
desmoplasia. The presence of mesenteric fibrosis was associated with a worse overall
survival compared to patients without mesenteric lymphadenopathy by both univariate
and multivariate analysis. However, in a retrospective analysis of almost 150 patients
with fibrotic small bowel neuroendocrine tumours we did not find a significant
difference in overall survival or complications (bowel obstruction, mesenteric

ischaemia) among patients with mild, moderate and severe mesenteric desmoplasia



(patients were grouped using a radiological scoring system to grade the severity of
desmoplasia). We determined that in midgut neuroendocrine tumours with
radiological evidence of mesenteric fibrosis advanced age (>65) and elevated urinary
5-hydroxyindoleacetic acid (a product of serotonin metabolism measured in the urine)

were independent predictors of survival.

In addition, to explore the pathophysiology of mesenteric fibrogenesis, we performed
a set of co-culture experiments using the small intestinal NET cell lines KRJ-I and P-
STS and the stromal cell line HEK293 and these experiments are described in Chapter
3. This study evaluated the crosstalk between cancer and stromal cells in terms of
effects on cell proliferation, metabolism, gene expression (RT2 PCR Profilers and
RNA sequencing) and protein/cytokine secretion. A reduction in cell metabolic
activity was observed in both KRJ-1 and P-STS cells treated with HEK293 conditioned
media, with no significant changes in cell proliferation. Furthermore, no significant
changes were observed in HEK293 cell proliferation or metabolic activity upon
culturing with conditioned media of cancer cells. The RT2 PCR arrays revealed that
several genes with key regulatory functions in cancer biology and fibrogenesis were
significantly up- or down-regulated in KRJ-1, P-STS and HEK293 cells (fold-
change>2, p<0.05). In addition, RNA sequencing and Ingenuity Pathway Analysis
identified multiple pathways that were significantly activated or inhibited (p<0.05, z
score > |2|). These signalling pathways have a wide range of biological functions, such
as involvement in protein synthesis (e.g. EIF2 pathway) or regulation of cell
metabolism and energy production. Several changes in chemokine and growth factor

secretion were also observed.

A specific pathway that was activated in KRJ-I cells as a result of the paracrine effect
- the integrin pathway - was further investigated in human tissue using qPCR,
immunohistochemistry and Western blotting. This set of experiments is described in
Chapter 4. A total of 34 patients were recruited into this prospective study and the
gene/protein expression was evaluated in patients with graded severity of mesenteric
fibrosis. The fibrosis grading was established using a complex and thorough
assessment of the mesenteric desmoplasia which included a triangulation of different
methodologies incorporating surgical, radiological and histological criteria. Using a
variety of techniques, we provided evidence that the integrin pathway is activated in

the fibrotic mesenteric mass of SI NETs. The detailed analysis of mesenteric
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desmoplasia (incorporating surgical, radiological and histological parameters), that
was used to provide the grading of fibrosis severity, also revealed several cases of
image-negative mesenteric fibrosis. This is a new concept, as traditionally the

diagnosis of mesenteric fibrosis has been based on imaging studies.

Finally, in Chapter 5, we evaluated a novel biomarker — the Fibrosome - that included
5 circulating transcripts from the NETest, which collectively exhibited high
performance metrics for the detection of mesenteric fibrosis, even in the case of image-

negative mesenteric desmoplasia.

In conclusion, this study has provided useful epidemiological data about mesenteric
fibrosis and more specifically regarding its prevalence, effect on overall survival and
clinical outcomes, and has also provided insight into the assessment of the presence
and severity of mesenteric fibrosis, demonstrating for the first time that a radiological
evaluation alone is not sufficient. In addition, this is the first study to provide a
comprehensive understanding of the bidirectional communication of cancer and
stromal cells and we have validated the activation of the integrin pathway in the
fibrotic microenvironment of SI NETs (human tissue). Finally, a novel circulating
biomarker was developed with promising preliminary results, that warrant further

validation in additional independent patient cohorts.



Impact Statement

This study has investigated the poorly understood effects of mesenteric fibrosis on
clinical outcomes, as well as the basic pathophysiology involved with the aim of
identifying key pathways that may have a translational impact on clinical
management. It has also evaluated a novel circulating biomarker for the detection of
mesenteric fibrosis, which may have important clinical utility in cases of image-
negative desmoplasia. This study was an international collaborative project with the
University of Graz in Austria and the Wren Laboratories in the USA, which explored
an area of research that is under-investigated despite the substantial morbidity and
mortality associated with the development of mesenteric fibrosis. The impact of
mesenteric desmoplasia on survival and other clinical outcomes is a topic that has been
previously overlooked, partly because this information was not recorded in national
and institutional databases that were used in other epidemiological studies. This
epidemiological information is likely to be useful for both future researchers and
clinicians. Our survival analysis of patients with fibrotic small intestinal NETs has
identified specific predictors of poor prognosis which may be helpful to guide clinical
management and assist with patient prognostication. Our basic science experiments
have also provided further insight into the pathogenesis of mesenteric fibrosis, which
has improved our understanding of this process and may lead the way for further
studies in this field. In addition, the identification of pathways involved in mesenteric
fibrogenesis is a prerequisite for the development of targeted therapies, and these can
be tested initially in vitro, followed by in vivo human tissue moving forward to
translational medicine. The lack of medical antifibrotic therapies creates a compelling
need for such studies, as currently surgical resection is the mainstay for the
management of mesenteric fibrosis. Furthermore, our study has revealed for the first
time the effect of stroma on cancer progression, and particularly the activation of the
integrin pathway in the fibrotic microenvironment of these tumours. This is a novel
finding and provides a new direction for future research, as previous studies had
mainly focussed on the effect of the cancer cells on the stroma and the stimulation of
fibrosis. Finally, the development of a novel biomarker (derived from the NETest)
with excellent performance metrics for the detection of mesenteric fibrosis is

important given the non-invasive nature of the assessment and the clinical significance



of the early diagnosis of desmoplasia. The methodology used may also be applied in
future studies for the evaluation of other circulating profibrotic transcripts (not
included in the NETest) and the evaluation of additional, non-invasive biomarkers of

fibrosis associated with neuroendocrine neoplasia.
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1. Introduction

Neuroendocrine tumours (NETS) are relatively rare cancers, but their incidence
has increased dramatically over recent decades®. They represent a heterogeneous
group of neoplasms that arise from cells of the diffuse endocrine system and the
most common sites of disease are the gastrointestinal tract followed by the
bronchopulmonary tree!. NETs are often associated with the development of
fibrosis, which may occur at local or distant sites?.

Carcinoid heart disease (CHD) is a common fibrotic complication of
neuroendocrine tumours (typically of small bowel and bronchial origin) that
usually manifests with fibrosis of the right-sided heart valves, although in severe
cases and usually if a patent foramen ovale is present it may also affect the left-
sided chambers®. It can rapidly progress to heart failure, if left untreated, and is a
well-known poor prognostic factor*®. In addition, mesenteric fibrosis in midgut
neuroendocrine tumours is a common finding that has been reported to occur in up
to 50% of cases®’. This usually develops around a metastatic mesenteric lymph
node and has a typical ‘spoke-wheel’ appearance on imaging studies, which is
considered a pathognomonic sign of small intestinal (S1) NETs®. The development
of mesenteric desmoplasia is associated with significant morbidity, because it can
lead to a variety of local complications, such as bowel obstruction, mesenteric
ischaemia and obstructive uropathy®. More recently, its effect on overall survival
has been evaluated in several studies, which have generally shown an association
with poor prognosis’'%13, Although CHD and mesenteric fibrosis are the
commonest carcinoid-related fibrotic complications, fibrosis can develop in many

other sites, including the retroperitoneum, the pleura and the skin4-8,

The association of NETs with fibrosis has been known for a long time. However,
the pathophysiology of this relationship has not been explored in depth and the
underlying mechanisms remain elusive. A small number of review articles have
focused on the area of carcinoid-driven fibrogenesis®!’, including a recent
publication in Cancer from our research group®. In this chapter we will provide a
general overview of our existing knowledge of the mechanisms that drive fibrosis
development in NETs and the reader is referred to our review article for a more

comprehensive analysis of the topic®. This chapter will focus on the role of the
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tumour microenvironment, and discuss the importance of several factors including
serotonin, growth factors, kinins and other peptides that are known to interact with
each other (synergistically or antagonistically), thereby contributing to the

complex pathogenesis of fibrosis (Figure 1.1).

Tumour microenvironmep

Growth
Factors

Kinins and
other
TGFp peptides

CTGF

F
PIE’G: Tachykinins

GRP
FAP-a
Tenascin C

TGFa/EGFR
FGF
VEGF

Pathway cross-talk

Figure 1.1. Schematic representation of our current understanding of the pathophysiology of
fibrosis in NETs. Several factors within the tumour microenvironment play a role in fibrogenesis
and are known to interact with each other. The pathway cross-talk largely accounts for the

complexity of the process, and the difficulty in establishing effective antifibrotic therapies.

1.1.The role of the tumour microenvironment

The tumour microenvironment consists of neoplastic and non-neoplastic cells (e.g.
fibroblasts, epithelial and endothelial cells), as well as a dynamic extracellular
matrix (ECM), which contains both structural proteins (such as collagens) and
other proteins with a wide range of functional properties (such as growth factors)
that can directly interact with the surrounding cells upon their release from the
ECM®. This complex microenvironment plays a critical role in cancer
progression, as well as in fibrogenesis, and the functional interactions between
tumour cells and fibroblasts are largely responsible for the development of

desmoplasia in many types of cancer'®?°, There is very limited literature in the
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field of NETs evaluating the dynamic interactions of cancer and stromal cells
within the tumour microenvironment. Svedja et al assessed the cross-talk of the
enterochromaffin-derived neuroendocrine cell line KRJ-I with HEK293 cells in a
Transwell system (Figure 1.2)%. This study showed that the addition of a 5-
hydroxytryptamine receptor 2B (5-HT2g) inhibitor in the tumour compartment led
to a significant reduction in cell proliferation and profibrotic gene expression
(TGFR1, CTGF, FGF2) not just in the KRJ-I cells but also in the HEK293 cells
(that lack 5-HT2g receptors but have 5-HT2a/c receptors). This suggested that the
effect of the drug on HEK?293 cells was mediated through a reduction in serotonin
secretion by the KRJ-1 cells, which would normally exert a pro-proliferative and
profibrotic effect on HEK293 cells?*.

S_HTZB
receptor
antagonist

KRJ-I cells
compartment)

HEK 293 cells
(lower compartment)

Figure 1.2. Transwell co-culture system of fibroblastic cells (HEK293) and cancer cells (KRJ-1)

representing the small intestinal NET microenvironment. The role of serotonin in fibrosis

development was investigated with the use of a 5-HT2B receptor antagonist?'.

In another study Kidd et al isolated fibroblasts from a patient with a fibrotic midgut

NET, which they were able to culture for 5-7 days. Treatment of these fibroblasts with
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TGFR1 led to a significantly increased expression of CTGF mRNA in the fibroblasts
(relative to untreated fibroblasts) and this suggested a role of the TGFR1-CTGF axis
in the development of carcinoid-related fibrosis?2.

1.2. Serotonin

The role of serotonin in the pathogenesis of carcinoid-related fibrosis is unambiguous
and strong evidence is available that links serotonin secretion with the development
of CHD. Many animal experimental studies?*-*? and numerous prospective®-° and
retrospective®>*1-** clinical studies have demonstrated a clear association between
serotonin levels (often inferred from levels of its metabolite, 5-hydroxyindoleacetic
acid [5-HIAA], in the urine) and the pathogenesis of CHD. The 5-HT2g receptor seems
to be particularly important for the development of cardiac valvulopathy, and this is
also suggested by its involvement in drug-induced valvular heart disease (which has
very similar phenotypic features to CHD)*"°, Although the exact mechanisms of
serotonin-induced fibrogenesis remain elusive, it is known that serotonin has
mitogenic properties in a wide range of stromal cells®®®’ and may induce TGFR

expression in fibroblasts®®7°,

Serotonin may also be involved in the development of mesenteric fibrosis and this is
suggested by the role of serotonin in the cross-talk of KRJ-I and HEK293 cells in a
Transwell system, as described earlier?. In addition, several retrospective studies have
demonstrated an association between urinary 5-HIAA levels and mesenteric
fibrosis™’!, as well as platelet 5-HT with mesenteric mass formation’2. However, the
association of urinary 5-HIAA levels with CHD appears to be stronger compared to
that with mesenteric desmoplasia, which implies that other factors (apart from

circulating serotonin) are likely to be involved in mesenteric fibrogenesis®?.

Serotonin has also been implicated in the development of fibrosis associated with
pancreatic NETs (the so-called ‘sclerosing variant’). This is observed on rare
occasions (<15% of pancreatic NETSs), and these sclerosing tumours have distinct
histopathological features and imaging characteristics, and are often associated with

adverse clinical outcomes and a more aggressive biological behaviour’.
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1.3. Growth factors

Several growth factors have been implicated in the development of carcinoid-related
fibrosis. TGFR (Transforming Growth Factor B) seems to play an important role in
the cross-talk of cancer and stromal cells due to its known ability to induce collagen
synthesis in fibroblasts’®’® and promote tumour growth in neuroendocrine tumour
cells®8L, In a previous study of gastroenteropancreatic NETs by Chaudhry et al®?, the
authors demonstrated expression of all isoforms of TGFR (TGFR1-3) in cancer cells,
while stromal cells expressed TGF2 and latent TGFR binding protein (LTBP).
Interestingly, TGFR receptor 2 immunoreactivity was detected mainly in the stromal
cells and this suggested that TGFR could be involved in the interaction between cancer
cells and fibroblasts to stimulate ECM production®2. Similarly, another study by
Waltenberger et al assessed the role of TGFR in the development of CHD®, The
authors showed that TGFR1 and TGFR3 were immunohistochemically present in
fibroblasts of carcinoid fibrotic lesions, while in unaffected heart valves only a limited
number of fibroblasts were seen, with weak or no staining for TGFR1, TGFR2 and
TGFR3%, In addition, in a different study, staining for the latent form of TGFR1 and
aSMA (alpha smooth muscle actin - a marker of activated fibroblasts) was higher in
fibrotic carcinoid valves compared to healthy valves’. Other members of the TGFR
family, namely activin A and BMP4 (Bone Morphogenic Protein 4), have also been
implicated in the pathogenesis of CHD and mesenteric angiopathy (sclerotic vascular

changes) in midgut NETS, respectively3+%,

In addition, CTGF/CCN2 (Connective Tissue Growth Factor) is a downstream
mediator of TGFR1 that is known to be involved in carcinoid-related fibrogenesis.
Kidd et al demonstrated that mRNA levels of CTGF and TGFR1 were significantly
higher in fibrotic midgut NETs compared to normal mucosa and non-fibrotic (gastric)
carcinoids?2. In addition, these changes were confirmed at protein level by
immunohistochemistry. Serum CTGF levels were also higher in patients with fibrotic
midgut NETs compared to healthy controls and non-fibrotic (gastric) tumours?. In
another study of patients with midgut NETS, elevated serum CTGF levels were
associated with right heart failure and right-sided valvular regurgitation and a
threshold level of >77 pg/l was shown to have the best sensitivity and specificity for

the prediction of right ventricular dysfunction®.

21



Furthermore, PDGF (Platelet-derived Growth Factor) is a known fibrotic mediator in
scleroderma and other fibrotic disorders®’#°. Its role in carcinoid-driven fibrosis has
been investigated in a small number of studies. Chaudhry et al showed that in
gastroenteropancreatic NETs PDGF and PDGF o receptors were expressed in both
cancer and stromal cells, while PDGF R receptors were expressed only in the stromal
component. This indicated that PDGF could be involved in the stimulation of stromal
cells in a paracrine and possibly autocrine manner®2%°,  Another study that included
mainly midgut and pancreatic NETs, demonstrated that stromal cells adjacent to
cancer cells exhibited a stronger immunohistochemical expression of PDGF [
receptors compared to stromal cells which were distant to the tumour. Therefore, a
paracrine effect that could contribute to fibrosis development in the tumour was

suggested®?.

The FGF (Fibroblast Growth Factor) family includes a large number of growth factors
that are known to regulate numerous cellular processes®? and some of these family
members have also been investigated in the context of carcinoid-related fibrosis. As
mentioned earlier, FGF2 (also known as basic FGF) is involved in the cross-talk of
KRJ-l1 and HEK?293 cells??, thereby suggesting a possible role in the desmoplastic
reaction of midgut NETs, but was also strongly expressed in type 3 gastric NETs
associated with diffuse stromal fibrosis®. In another study of gastrointestinal NETs, a
positive correlation was observed between the amount of fibrous stroma and acidic
FGF (aFGF), indicating that oFGF may play a role in fibrogenesis®*. However, plasma
levels of FGF did not appear to be associated with the presence of CHD in midgut
NETs®.

Moreover, TGFa (Transforming Growth Factor o) is known to bind to EGFR
(Epithelial Growth Factor Receptor) and can thereby mediate several cellular
processes, including angiogenesis, tumour cell proliferation and fibrogenesis in
NETs*™?. In a heterogeneous group of gastroenteropancreatic NETs, TGFa was
expressed in most tumours, but EGFR expression was higher in midgut compared to
pancreatic NETs. The authors suggested that TGFa produced by the tumour cells
might bind to EGFR present in cancer and stromal cells, and this in turn could lead to
tumour growth (autocrine mechanism) and also account for the more advanced fibrosis

observed in midgut NETs (paracrine effect)%.

22



In addition, IGF (Insulin Growth Factor) -1 and -2 are known regulators of
neuroendocrine tumour growth®-1% IGF-1 and IGF-1 receptor expression have been
demonstrated in a small series of midgut NETs and stimulation of cultured tumour
cells with IGF-1 induced cell proliferation, indicating that this growth factor may lead
to tumour growth via an autocrine mechanism*®, IGF-1 and -2 can also stimulate
fibroblast proliferation'® and therefore may play a role in the fibrogenesis associated
with midgut NETS.

Finally, VEGF (Vascular Endothelial Growth Factor) is another growth factor that has
been implicated in the development of fibrosis in pulmonary NETs. VEGF is a well-
known proangiogenic factor and in a small series of patients with pulmonary tumorlets
and neuroendocrine cell hyperplasia, tumorlets were seen within hypervascular and
fibrotic areas. A higher expression of VEGF and VEGF receptor 2 was noted in
endothelial cells and increased expression of VEGF receptor 1 was observed in
bronchial epithelial and endothelial cells, compared with healthy lung tissue!®*. A case
report of a pulmonary tumorlet associated with fibrosis also demonstrated strong
expression of TGFR1 and VEGF in the tumour cells, indicating a role of these growth

factors in the development of fibrosis associated with lung carcinoids®®.

1.4. Kinins and other peptides

Kinin peptides (bradykinins and tachykinins) are known to be released in the
circulation during episodes of flushing in patients with carcinoid syndrome and have
been implicated in the development of fibrosis associated with midgut NETs06-108,
Tachykinins substance P and neuropeptide K are mitogenic in fibroblasts!®®1%° and
have been linked to the development of carcinoid heart disease®®. Neurokinin A has

also been associated with fibrotic cardiac involvement*.

In medullary thyroid cancer (which is derived from calcitonin-secreting cells) a
significant association was noted between desmoplasia and expression of tenascin
CH1112 and fibroblast activation protein a (FAPa)!2. Tenascin C is an extracellular
matrix glycoprotein that is upregulated in many malignancies and correlates with
increased cancer invasiveness, while FAPa is a serine protease that is involved in ECM
remodelling during cancer invasion!?. Therefore, it was not surprising that

desmoplastic tumours exhibited a higher prevalence of lymph node metastases*!?.
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Gastrin-releasing peptide (GRP) is another peptide that has been implicated in the
development of fibrosis in pulmonary NETS. In a case report of a patient with a typical
bronchial NET, tumorlets and diffuse idiopathic neuroendocrine cell hyperplasia
(DIPNECH) associated with fibrosis, serum GRP levels were elevated pre-operatively
and returned to normal after lobectomy, indicating that this peptide was secreted by
the tumour cells. Increased immunohistochemical expression of GRP was also noted
in the carcinoids and tumorlets, suggesting that this peptide is produced by the cancer
cells and may be contributing to the dense fibrosis observed around the tumour cells

in a paracrine manner®3,

In addition, neuroendocrine tumour cells secrete numerous other peptides, such as
prostaglandins and interleukins, which have not been investigated in carcinoid-related
fibrogenesis, but are known mediators of chronic inflammation and may act as

profibrotic molecules™411¢,

1.5. Pathway crosstalk

Although several factors and their involvement in fibrosis were described earlier, it
would be naive to assume that these factors act independently via discrete pathways.
In contrast, there is significant cross-talk between these fibrotic mediators and their
downstream signalling cascades®. For example, many growth factors share common
downstream molecules and they may act synergistically or antagonistically to each
other. Some growth factors may also bind to different receptors®. For instance, CTGF
which can bind to IGF receptors, that mediate collagen synthesis, as well as EGFR,
that activate pathways which induce cell proliferation®”. This cross-talk adds
complexity to the pathophysiology of fibrosis in NETs and makes therapeutic

targeting of this pathological process extremely challenging.

In conclusion, NETs are often associated with fibrosis and this development is
generally considered an adverse factor linked with worse clinical outcomes and overall
survival. The area of mesenteric fibrogenesis remains under-investigated and further
research is needed in this field to improve our knowledge of the pathophysiology of

this poorly understood condition, given the substantial morbidity and mortality
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associated with it. This strategy will allow the development of appropriate targeted
therapies. In the following chapters, we will describe our research in this area, which
has mainly focused on the epidemiology and clinical outcomes of mesenteric fibrosis
(Chapter 2), the pathophysiology of the disease using co-culture cell line models
(Chapter 3), the assessment of mesenteric desmoplasia and further delineation of the
pathophysiology by evaluating alterations in gene/protein expression in human tissue
(Chapter 4), and finally, the development of a circulating biomarker for early
detection of fibrosis (Chapter 5).
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Chapter 2

Clinical aspects of mesenteric
fibrosis in midgut neuroendocrine
tumours: Prevalence, clinical

outcomes and effect on prognosis
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2. Clinical aspects of mesenteric fibrosis in midgut neuroendocrine tumours:

Prevalence, clinical outcomes and effect on prognosis

2.1. Introduction

Little is known about the epidemiological features and clinical outcomes associated
with mesenteric fibrosis. This is because most epidemiological and prognostic data
related to neuroendocrine tumours derive from national registries, such as the
Surveillance, Epidemiology and End Results (SEER) database. These analyses are
limited by the lack of detailed clinical information in these registries (such as the
presence of mesenteric desmoplasia on imaging studies) and the inability to trace
individual patient records in order to validate or further explore specific aspects of
their disease or management. In addition, due to the rarity of the disease, many
institutional studies often analyse heterogeneous patient populations to increase the
sample size, which then makes interpretation of the results quite challenging.
Therefore, in order to extend our knowledge of the epidemiological and clinical
aspects of mesenteric fibrosis, we performed two separate large retrospective studies
at the ENETS Centre of Excellence of the Royal Free Hospital.

The first study was a survival analysis of 147 patients with SI NETs associated with
mesenteric desmoplasia. The focus of this analysis was to identify prognostic factors
affecting overall survival in this group of patients, and to assess the effect of the

radiological severity of mesenteric fibrosis on clinical outcomes.

The second study was a retrospective study of 387 patients with metastatic SI NETs
(stage 1V), which evaluated the effect of multiple clinical variables on overall survival,
although our specific aim was to identify (by multivariate analysis) whether
mesenteric fibrosis was a poor prognostic factor for survival in a large group of
patients with the same stage of disease (i.e. stage 1V). We also assessed the prevalence
of mesenteric fibrosis, its association with CHD and urinary 5-HIAA levels. These
two studies have now been published as original articles in Neuroendocrinology!®
and their methodology and results will be presented separately in this chapter,
followed by a combined discussion of their main findings in relation to mesenteric

fibrosis.
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2.2. First retrospective study: Midgut NETs associated with mesenteric fibrosis

2.2.1. Methods

This retrospective study included a total of 147 patients with histopathologically

confirmed SI NETSs and radiological evidence of mesenteric fibrosis. These patients

were treated in our centre during the period 2001-2013. Electronic patient records were

reviewed, and detailed information was collected regarding demographic and clinical

characteristics, biochemical data and survival status (Table 2.1). Data were collected

at baseline (diagnosis), although treatments given during the entire follow-up period

were also recorded, given their impact on disease status and possible effect on overall

survival.

Category of data

Specific information collected

Patient demographics

Clinical

characteristics

Age

Sex

Presenting symptoms

Performance status

Smoking history

Medical comorbidities (including type)

CHD

Secondary malighancy

Medical and surgical treatments relevant to the NET
(including type)

Hospital admissions related to fibrotic complications

Survival status

Tumour

characteristics

Biochemical data

Tumour grade

Extent of liver metastases

Extra-hepatic metastases (including sites)
Radiological severity of mesenteric desmoplasia
Chromogranin A

Urinary 5-HIAA

Table 2.1. Data collected for the first retrospective study of 147 patients with fibrotic SI NETSs.
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NETs were classified into histological grades 1-3 based on their mitotic count and
proliferation index by performing immunohistochemistry using Ki67 antibody
according to the WHO 2010 classification?’.

The extent of liver metastases was classified in 4 categories (absent, occupying <25%,
25-50% or >50% of the liver parenchyma). The assessment was performed by 2

radiologists (Dr Mohammed Khalifa and Dr Henry Walton).

The severity of mesenteric desmoplasia was graded as mild, moderate or severe using
a classification system originally proposed by Pantongrag-Brown et al, which is based
on the number and thickness of radiating fibrotic strands surrounding the mesenteric

mass, as shown below:

Mild desmoplasia <10 thin strands
Moderate desmoplasia >10 thin strands or <10 thick strands
Severe desmoplasia >10 thick strands

The assessment was performed by 2 radiologists independently (Dr Mohammed
Khalifa and Dr Henry Walton) with a good interobserver variability (90% agreement)

and consensus was achieved in cases of discrepancy.

The clinical, pathological, radiological and biochemical data collected were used as
variables for the survival analysis. Non-parametric Kaplan-Meier techniques were
used to estimate the median overall survival (OS) and associated 95% confidence
intervals (Cl). Semi-parametric Cox regression models were used to evaluate the
association of these variables with OS in both univariate and multivariate analyses.
We also assessed the relationship between the number of hospital admissions with
fibrotic complications (bowel obstruction and mesenteric ischaemia) during the
follow-up period and the severity of desmoplasia at diagnosis. A univariate quasi-
poison generalised linear model was used for this statistical analysis. The relationship
of desmoplasia severity and urinary 5-HIAA levels was assessed using a Fisher exact
test. A p value <0.05 was considered statistically significant. The statistical analysis

was performed by statistician Dr Martin Walker (Imperial College London).
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2.2.2. Results

The patients’ mean age was 60 + 23 years and there was an equal representation of
male and female patients (1:1). The median follow-up period was 82 months (range
2-300). A summary of the patient characteristics is provided in Table 2.2.

N=147 %

<65 94 64

Female 72 49

2 8 5

Yes 64 44

Yes 90 61

Yes 16 11
2
N/A 35 24
Yes 17 12
Medical 0-2 126 (86)

comorbidities

Secondary No 122 (83)
malignanc

R e e ay

N/A 6 4

Moderate

N/A 45 31

<25%

>50%

Bone metastases No

Lung metastases No
N/A
Yes

Chromogranin A Normal



Urine 5-HIAA

Primary resection

Type of surgery

Somatostatin
analogues

Interferon

Targeted
radionuclide therapy

5-10 x ULN
>10 x ULN
N/A
Normal

<5 x ULN
5-10 x ULN
>10 x ULN
N/A

No

Yes

None
Bypass

Resection

I*IMIBG
0Yttrium
7_utetium
I*IMIBG and
0Yttrium
OYttrium and
77)_utetium
I*IMIBG and
77)_ytetium

lleo-ileal
Ileo-colonic
Gastro-
enterostomy
Defunctioning

jejunostomy

Defunctioning
ileostomy

Small bowel
resection
Right

hemicolectomy

27
39
19
37
39
25
22
24
68
79
46
22
13

79
38

41

136

11
53

(18)
(@71
(13)
(25)
(27)
(17)
(15)
(16)
(46)
(54)
(31)
(15)

(54)

(93)

(7
(36)

Table 2.2. Patient characteristics in a cohort of 147 fibrotic SI NETs. (ULN: Upper limit of normal)

During the follow-up period most patients (77.5%) required at least one admission for
management of abdominal complications, while about a third (30.5%) were admitted
two or more times. Many of these patients underwent surgical interventions for their
SI NETSs during follow-up. 54% of cases underwent primary resection, 15% had a
surgical bypass operation, while 31% did not require surgery. Of those patients who

had primary resection, 72% had elective operations, while 28% needed emergency

surgery either for bowel obstruction or mesenteric ischemia.
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The median OS for this patient cohort was 8.7 years (95% CI 6.8, 9.9) (Figure 2.1)

Survival probability

Years after diagnosis

Figure 2.1. Kaplan-Meier curve demonstrating the OS in a cohort of 147 patients with fibrotic Sl

NETSs

The univariate analysis showed that age>65, hepatic tumour burden>50%, CHD,

chromogranin A (CgA) levels>10 times the upper limit of normal, and urinary 5-

HIAA levels>5 times the upper limit of normal were associated with a significantly

shorter OS. On the other hand, primary resection was associated with a significantly

longer OS. The other clinical parameters showed no significant association with OS

(Table 2.3).
Variable Categories Records HR 95% CI Pr(>|z|)
Age (years)” (0,65] 94 NA
(65,84] 53 3.03 (1.92,4.79)  <0.0001
Sex female 72 NA
male 75 1.27 (0.84,1.92) 0.25
Performance status 0 63 NA
1 76 1.46 (0.93,2.30) 0.10
2 8 2.17 (0.95,4.96) 0.06
Primary Resection” no 68 NA
yes 79 0.45 (0.29,0.69)  0.0001
Type of Surgery” none 46 NA
primary resected 79 0.39 (0.24,0.63)  <0.001
bypass 22 0.68 (0.36,1.28)  0.23
(Cont’d)
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Presenting symptoms no 81 NA
Carcinoid Syndrome

Presenting symptoms at no 55 NA
diagnosis (Gl symptoms

Presenting symptoms no 129 NA
Incidental diagnosis

Smoking no 82 NA

Other Malignancy no 122 NA
seconda

Liver Metastases” none 38 NA

25%-50% 14 1.62 (0.72,3.65)  0.24

Bone Metastases no 124 NA

Lung Metastases no 133 NA

Distant Metastases no 95 NA

Carcinoid Heart Disease” no 127 NA
Sy 11 2855  (L44,449 0001
Chromogranin A normal 20 NA
~ <Suppernormallimit 42 109 (049,244 08
5-10 upper normal 27 1.65 (0.72,3.78)  0.23
limit

Urine 5-HIAA" normal 37 NA
~ <Suppernormallimit 39 173  (0.89,333) 010
5-10 upper normal 25 2.31 (1.13,4.71)  0.02
limit

Somatostatin analogues no 11 NA

Interferon no 136 NA

Radionuclide thera no 94 NA

Tumour Grade 1 73 NA

P
>

NA NA

[2,10] 45 1.46

(0.96, 2.23)

0.08

(2,5] 21 0.75 (0.39,1.41) 0.37
Table 2.3. Univariate analysis of predictors of OS in 147 patients with fibrotic SI NETs (*p<0.05)
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Kaplan-Meier curves showing the survival probability of patients with fibrotic SI
NETSs stratified by variables identified as significant by univariate analysis are shown
in Figure 2.2.

e S & 5
- Type of Surgery - Liver metastases
© _| none o | none
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|2 2
3 3
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e e J
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0 5 10 15 20 25 0 5 10 15 20 25
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o o
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e e
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Figure 2.2. Kaplan-Meier curves stratified by clinical and biochemical variables that showed a
statistically significant association (p<0.05) with OS (by univariate analysis) in desmoplastic Sl
NETs.

The multivariate analysis showed that only age>65 and urinary 5-HIAA levels>10
times the upper limit of normal remained statistically significant and predictive of a
shorter OS (Table 2.4).
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Variable HR 95% CI p
Primary resection 0.54 (0.26, 1.11) 0.09
Bypass surgery 0.86 (0.32, 2.30) 0.77
Carcinoid heart disease 0.93 (0.35, 2.46) 0.88
CgA <5 times ULN 1.02 (0.34,3.02) 0.98
CgA 5-10 times ULN 1.05 (0.30, 3.64) 0.94
CgA >10 times ULN 1.36 (0.39, 4.76) 0.63
Urine 5-HIAA <5 times ULN 1.47 (0.57, 3.77) 0.42
Urine 5-HIAA 5-10 times ULN 1.95 (0.66, 5.82) 0.23
Urine 5-HIAA >10 times ULN" 5.82 (1.74, 19.42) 0.004
Volume of liver metastases <50% 1.10 (0.51, 2.41) 0.80
Volume of liver metastases >50% 1.31 (0.46, 3.75) 0.61
Age >65" 4.89 (2.53, 9.45) <0.0001

Table 2.4. Multivariate analysis of factors associated with OS in 147 fibrotic SI NETs (*p<0.05).

The severity of desmoplasia did not affect OS at a statistically significant level (Figure

2.3a) and did not correlate with the number or annual frequency of hospital admissions

during the follow-up period (Figures 2.3b and 2.3c).

,‘3 - Desmoplasia
mild
moderate

Q4 severe

o

o |

o

Admissions

Survival probability
0.4
1

0.2
1

0.0

Years after diagnosis

10

o

o o

| -

— . L -

I T
mild

Desmoplasia

moderate severe

Admissions per year
3
|

° °
o

i = ==

T I I
mild moderate severe

Desmoplasia

Figure 2.3. Kaplan-Meier curves demonstrating the OS of patients with fibrotic SI NETs

stratified according to the severity of desmoplasia (A). Number (B) and annual frequency (C) of

hospital admissions with abdominal complications during follow-up in patients with mild,

moderate and severe desmoplasia.
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There was no significant association between the desmoplasia severity and urinary 5-
HIAA levels (p=0.64), but there was a positive association between the severity of
fibrosis and hepatic tumour burden (p=0.017), suggesting that patients with extensive

desmoplasia had more advanced metastatic disease in the liver.
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2.3. Second retrospective study: Metastatic midgut NETSs

Although the severity of mesenteric desmoplasia did not seem to significantly affect
OS or other clinical outcomes in patients with fibrotic SI NETSs, we were interested to
assess whether the presence of mesenteric fibrosis was associated with a shorter OS.
We therefore evaluated a large cohort of 387 patients with SI NETs with and without
mesenteric fibrosis. In order to limit patient heterogeneity (which was shown to be a
significant limitation in previous studies involving SI NETS), we selected patients with
the same stage of disease (stage 1V).

2.3.1. Methods

This retrospective study included 387 patients with metastatic (stage 1) SI NETs
treated in our centre from 2000-2014. Demographic, clinical and biochemical data
were collected using electronic patient records and the specific information for each
data category is provided in Table 2.5.

Category of data Specific information collected
Patient demographics Age

Sex
Clinical data Presenting symptoms

Symptom duration before diagnosis

Medical comorbidities

Secondary malignancy

CHD

Medical and surgical therapies relevant to NET

Survival status

Tumour characteristics Grade
Extent of liver disease
Extrahepatic metastases (including site)
Locoregional lymph node metastases
Desmoplasia

Biochemical data CogA
Urinary 5-HIAA

Table 2.5. Data collected for a cohort of 387 patients with metastatic SI NETs
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SI NETs were histologically graded (grade 1-3) using the WHO 2010 classification?’.
The extent of the liver disease was evaluated by 3 radiologists (Dr Lee Grant, Dr
Anthie Papadopoulou and Dr Lorna Woodbridge) based on the volume of liver
parenchyma replaced by tumour (no liver disease, <25%, 25-50% or >50%).
Interobserver variability was not assessed in this study, and the extent of liver disease
volume reported by each specialist radiologist was used for the analysis. The presence
of mesenteric desmoplasia was also assessed radiologically. The presence of a
mesenteric mass with surrounding fibrotic strands and a typical ‘spoke-wheel’

appearance was considered pathognomonic.

These clinical, radiological and biochemical parameters were used as variables for the
survival analysis of this large patient cohort of 387 metastatic SI NETs. Non-
parametric Kaplan-Meier techniques were used to estimate the median OS and 95%
ClI both overall and in strata defined by the exploratory variables described earlier. A
semi-parametric Cox regression model was used to identify (in a univariate fashion)
statistically significant predictors of survival (using a Bonferroni correction for
multiple testing). A multivariate Cox regression model was fitted to a subset of
subjects with complete data for variables identified as statistically significant at
univariate analysis. In addition, we evaluated the association of mesenteric fibrosis
with CHD. The association of urinary 5-HIAA levels with both CHD and mesenteric
fibrosis was also assessed. A Fisher’s exact test was used to evaluate these
associations. A p value<0.05 was considered statistically significant. The statistical

analysis was performed by statistician Dr Martin Walker (Imperial College London).

2.3.1. Results

Patients in this cohort had a mean age (xSD) of 60 (x12) years and there was a
balanced representation of male and female sex (1.2:1). The median follow-up period
was 62.9 months (range 2.4-348). The majority (94.5%) of patients had liver
metastases. Mesenteric lymphadenopathy was present in 64.6% of cases, and

approximately half of those patients (54%) had mesenteric desmoplasia.

A summary of patient baseline characteristics is provided in Table 2.6.
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‘Characteristc
Age

Sex

Onset of symptoms prior to diagnosis

Presenting symptoms

Tumour grade

Liver tumour burden

Carcinoid heart disease

Mesenteric lymphadenopathy

Bone metastases
Lung metastases
Other distant metastases

Medical co-morbidities

Secondary malignancy

Chromogranin A

Urinary 5-HIAA levels

Table 2.6. Patient baseline characteristics in a cohort of 387 metastatic midgut NETs. (ULN:

Upper limit of normal)

<65

>65

Female

Male

No symptoms

<12 months

12-36 months

>36 months

N/A

Incidental diagnosis
Abdominal symptoms
Carcinoid syndrome

Carcinoid syndrome and abdominal

symptoms

N/A

1

2

3

N/A

None

<25%

25-50%

>50%

N/A

No

Yes

No

Present without desmoplasia
Present with desmoplasia
No

Yes

No

Yes

No

Yes

Diabetes mellitus
Hypertension
Ischaemic heart disease
Chronic renal failure
Congestive cardiac failure
Gastrointestinal
Breast

Prostate
Gynaecological
Other

Normal

<5 x ULN

5-10 x ULN

>10 x ULN

N/A

Normal

<5 x ULN

5-10 x ULN

>10 x ULN

N/A

39

228
159
179
208
38
116
56
103
74
38
140
63
94

52
201
127
6
53
21
96
26
45
199
326
61
137
114
136
335
52
365
22
373
14
33
114

52
83
63
105
84
58
90
38
64
137

59
41
46
54
10
30
14
27
19
10
36
16
24

13
52
33
2

14
5

25
7

12
51
84
16
35
29
35
87
13
94
6

96
4

o
©

P NDWNDNDNOODN

=
w

21
16
27
22
15
23
10
17
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Patients in this cohort of advanced SI NETS received a wide range of medical and
surgical treatments, which are summarised in Table 2.7. All patients were commenced
on somatostatin analogues at baseline and upon progression, treatment escalation to
peptide receptor radionuclide therapy (PRRT) was the usual choice (40%). Surgical
resection of the primary tumour (and mesenteric mass, if present) was performed
within 6 months of diagnosis in 45% of cases (of which, 58% elective, 26%
emergency, 16% unknown), while 5% had a surgical bypass and the remaining 50%
did not have any surgical intervention at baseline (i.e. within 6 months of diagnosis).
A small proportion of patients had surgery during the follow-up period (>6 months
after diagnosis).

Systemic therapies Somatostatin analogues
Interferon 26 7
PRRT 153 40
1311-MIBG 37 10
Chemotherapy 39 10
Surgical intervention Primary resection within 6 months of 173 45
diagnosis
> Elective 100 26
o Curative intent 48 12
o Palliative (symptomatic) 31 8
o Palliative (prophylactic) 13 3
o Incidental finding 2 1
o N/A 6 2
> Emergency 45 12
o Bowel obstruction 30 8
o Perforation 7 2
o Mesenteric ischaemia 8 2
> N/A 28 7
¢ Small bowel resection 79 20
+» Right hemicolectomy 77 20
<+ N/A 17 4
Surgical bypass within 6 months of diagnosis = 18 5
Primary resection at follow-up (>6 months 23 6
after diagnosis)
Surgical bypass at follow-up 4 1
Liver resection at follow-up 13 3
Transarterial 41 11

embolization
Table 2.7. Treatments during the follow-up of 387 patients with metastatic SI NETS.
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The median OS in this patient cohort was 101 months (95% CI 84, 118) (Figure
2.4).
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Figure 2.4. Kaplan-Meier curve demonstrating the overall survival in a cohort of 387 patients

with metastatic SI NETs.

The univariate analysis (after application of the Bonferroni correction for multiple
testing) showed that the following parameters were associated with shorter OS at a
statistically significant level: age>65, hepatic tumour burden>50%, mesenteric
lymphadenopathy with and without associated desmoplasia, bone metastases, CHD,
CgA levels>5 times the upper limit of normal, urinary 5-HIAA levels>5 times the
upper limit of normal and grade 2 and 3 tumours. On the other hand, primary resection
at baseline was predictive of a longer OS. Other clinical variables were not associated

with OS (p>0.05). The results of the univariate analysis are shown in Table 2.8.
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Variable
Age

Sex
Onset of

symptoms prior
to diagnosis

Presenting
symptoms

Tumour grade

Liver tumour
burden

Carcinoid heart
disease

Mesenteric

lymphadenopath

y

Bone metastases

Lung metastases

Other distant
metastases

Diabetes mellitus

Hypertension

Ischaemic heart
disease

Category
<65

>65

Female

Male

No symptoms

<12 months
12-36 months
>36 months
Incidental
diagnosis
Abdominal
symptoms
Carcinoid
syndrome
Carcinoid
syndrome and
abdominal
symptoms

1

2

3

None

<25%
25-50%
>50%
No

Yes
No

Present without
desmoplasia
Present with
desmoplasia
No

Yes

No

Yes

No

Yes
No
Yes
No
Yes
No

Records
228

159

179

208

38

116
56
103
38

140

63

94

201
127

21

96
26
45
326

61
137

114

136

335
52
365
22
373

14
353
33
272
114
364
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HR

2.23

1.01

1.89
2.08
1.71
1.66
1.74

1.89

2.55
11.43

1.99
1.54
5.03

1.85

1.84

1.75

1.97

1.28

1.63

0.69

0.88

95% ClI
1.93, 2.53

0.72,1.30

1.29, 2.51
1.42,2.75
1.09, 2.33
1.06, 2.26
1.09, 2.39

1.27,2.50

2.22,2.88
10.49,
12.37

1.05, 2.93
0.41, 2.66
4.07,5.99

1.49,221

1.43,2.24

1.42,2.09

1.56, 2.37

0.63,1.92

1.02, 2.39
0.05,1.33

0.56,1.21

P value

<0.001

0.96

0.04
0.03
0.09
0.09
0.09

0.04

<0.001
<0.001

0.15
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0.94
0.57

0.03
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0.67
0.04
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<0.001

0.67

<0.001"

<0.001*

<0.001*

Table 2.8. Univariate analysis of predictors of overall survival in 387 patients with metastatic Sl

NETSs. Adjusted p-values (Bonferroni correction for multiple testing) are indicated in the relevant

column.

Kaplan-Meier curves of the OS of patients with metastatic SI NETSs stratified by

variables identified as statistically significant by univariate analysis are shown in

Figure 2.5.
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Figure 2.5. Kaplan-Meier curves of OS in 387 patients with metastatic SI NETSs stratified by
factors identified as statistically significant by univariate analysis (having applied a Bonferroni

correction for multiple testing).
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The multivariate analysis showed that the following variables were associated with a
statistically significantly shorter OS: age>65, mesenteric metastases with and without
desmoplasia, presence of liver metastases and bone metastases, while CHD showed a
trend towards significance. Primary resection was associated with a longer OS (Table
2.9). Further analysis of this result based on patient symptomatology showed that the
benefit of surgical resection was limited to symptomatic patients, while those who
were diagnosed incidentally did not demonstrate a significant survival benefit with
surgery compared to conservative management (median OS [95% CI] 12.1 years
[9.34, 14.9] versus 9.67 years [2.3, 17.0], log-rank test, p=0.25).

Variable Category HR 95% ClI p-value
Age >65 1.98 1.46, 2.68 <0.001
Surgery Primary resection 0.51 0.37,0.70 <0.001
Surgical bypass 0.79 0.41, 1.53 0.487
Presence of liver metastases 2.49 1.01, 6.15 0.048
Mesenteric With desmoplasia 1.83 1.29, 2.60 0.001
lymphadenopathy
Without 1.84 1.21,2.79 0.004
desmoplasia
Bone metastases 1.54 1.01, 2.34 0.045
CHD 1.46 0.99, 2.13 0.052

Table 2.9. Multivariate analysis of predictors of OS in 387 patients with metastatic SI NETs. The

presence of mesenteric lymphadenopathy with a desmoplastic reaction was an adverse factor

associated with a hazard ratio (HR) of 1.83 which was highly significant (p=0.001).

Next, we assessed the relationship of 5-HIAA with fibrotic complications of
neuroendocrine neoplasia (CHD and mesenteric fibrosis). As expected, there was a
strong relationship with CHD (p<0.001) (Table 2.10a). In addition, there was a
positive (but less potent) association with mesenteric fibrosis (p=0.02) (Table 2.10b).
However, there was no significant correlation between CHD and mesenteric fibrosis
(p=0.72) (Table 2.10c).
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a. Association of CHD with urinary 5-HIAA levels (Fisher’s exact test, p<0.001)

Urinary 5-HIAA levels No CHD CHD N

Normal 57 1 58
<5 ULN 84 6 90
5-10 ULN 31 7 38
>10 ULN 41 23 64
TOTAL 213 37 250

b. Association of mesenteric fibrosis with urinary 5-HIAA levels (Fisher’s exact test, p=0.02)

Urinary 5-HIAA levels ~ No mesenteric Mesenteric Mesenteric N
lymphadenopathy lymphadenopathy lymphadenopathy
without with desmoplasia
desmoplasia
Normal 20 18 20 90
<5 ULN 30 18 42 64
5-10 ULN 4 13 21 38
>10 ULN 22 23 19 58
TOTAL 76 72 102 250

C. Association of CHD with mesenteric fibrosis (Fisher’s exact test, p=0.72)

Mesenteric lymphadenopathy No CHD CHD N

None 113 24 137
Present without desmoplasia 96 18 114
Present with desmoplasia 117 19 136
TOTAL 326 61 387

Table 2.10. Association of CHD (a) and mesenteric fibrosis (b) with urinary 5-HIAA levels in a

large institutional series of metastatic SI NETs. The correlation of mesenteric desmoplasia with

the presence of CHD is also shown (c). (ULN: Upper limit of normal, CHD: Carcinoid heart

disease)
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2.4. Discussion

There is limited literature regarding the epidemiology and clinical outcomes
associated with mesenteric fibrosis in midgut neuroendocrine tumours. As mentioned
earlier, this is due to the lack of information about the radiological presence of fibrosis
in cancer registries, and the fact that most previous retrospective studies of SI NETs
do not make a distinction between fibrotic and non-fibrotic patients. Our data and
those of others’!'8 suggest that the presence of mesenteric fibrosis is associated with
worse clinical outcomes, and in our metastatic SI NET cohort a shorter OS. However,
the severity of mesenteric fibrosis (graded radiologically) did not appear to affect OS
or the likelihood of abdominal complications in fibrotic SI NETSs. This may be because
the amount of fibrosis per se is not a crucial factor, and perhaps the location of the
mesenteric mass (in relation to other vital structures, such as small bowel loops and
mesenteric vessels) is more important for the development of complications and the
effect on survival. The impact of mesenteric fibrosis on overall survival mainly
reflected disease-specific survival, since the cause of death was related to the tumour
in at least 70% of cases (predominantly related to disease progression and severe
CHD). This is in keeping with the literature which suggests that the principal cause of
death in patients with advanced SI NETs is disease-related, usually due to CHD or
cachexia due to disease progression or mesenteric-intestinal involvement*. Therefore,
although a minority of patients will die of local complications (e.g. bowel obstruction
or perforation), mesenteric fibrosis may also be a (previously unrecognised) risk factor
for disease progression, which was the cause of death in most of our patients with
advanced SI NETs. The mechanisms through which mesenteric fibrosis could
contribute to cancer progression are currently unclear, but we believe that the liaison
of cancer cells with fibroblasts within the fibrotic microenvironment may promote
cancer cell invasion, migration and metastasis. This phenomenon is known to exist in
other cancer types!® and is supported by our experimental work (Chapter 4).
Interestingly, another study from Germany also showed that desmoplastic SI NETSs
were a more aggressive patient cohort (compared to non-fibrotic tumours) with a
higher prevalence of distant metastases and a significantly shorter progression-free
survival*8, This is perhaps not surprising, since the presence of desmoplasia is a
known risk factor for cancer progression in many cancerst®, and not simply an

association with cancer, because this is supported by functional studies of tumour-
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stromal interactions'®. Certainly, a better understanding of this phenomenon is needed
in neuroendocrine neoplasia. Several studies have assessed the effect of mesenteric
lymphadenopathy on OS, without specifically evaluating the presence of desmoplasia.
Hellman et al showed that the presence of pathological lymph nodes in the mesentery
was linked to shorter OS and this effect was independent of the presence of liver
disease’®. Similarly, Landry et al demonstrated that more aggressive
lymphadenectomy was associated with better OS in midgut NETs*?°,

Primary tumour resection (with en block resection of the mesenteric mass, if present)
was associated with a significantly longer OS in our metastatic SI NET cohort, but the
benefit of resection was limited to symptomatic patients. Although there is certainly a
potential surgical bias in retrospective analyses, a relatively recent systematic review
of studies assessing the effect of primary resection in midgut NETs with unresectable
liver metastases concluded that there was a trend towards better OS in the surgical
group. Similar to our data, another study from Uppsala showed that prophylactic
primary resection in stage 1V SI NETs conferred no survival benefit in asymptomatic
patients*?°. The ENETS guidelines also suggest that primary resection in the setting of
metastatic disease should be reserved for symptomatic patients, while in asymptomatic

cases an individualised multidisciplinary approach is essential*?!,

Another interesting finding was that the prevalence of desmoplasia (by radiological
detection) in our metastatic SI NET cohort was 35%. This is in keeping with other
studies®!?, although the evaluation of mesenteric fibrosis by standard cross-sectional
imaging is problematic and does not always correlate with the histological assessment
of fibrosis®. Our observations from the multidimensional assessment of mesenteric
desmoplasia that we performed prospectively in 34 surgically-resected SI NETS
(Chapter 4) revealed several discrepancies between the radiological detection of
mesenteric fibrosis and the surgical and histopathological findings, indicating that

radiology often underestimates the true prevalence of fibrosis.

The role of circulating serotonin in the development of mesenteric fibrosis is also an
area of controversy. In our metastatic SI NET cohort there was a positive association
between urinary 5-HIAA levels and mesenteric fibrosis, although this was less potent
than the (known) association of urinary 5-HIAA and CHD. This suggests that other

factors apart from serotonin are likely to be involved in the pathogenesis of mesenteric
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desmoplasia and clearly several other factors are known to be implicated in this
process (such as TGFR and CTGF)®. In our cohort of fibrotic SI NETs we did not find
a significant association between the severity of desmoplasia and urinary 5-HIAA
levels, which again suggests that other molecules are responsible for the progression
of fibrosis. Clearly, a better understanding of the pathways leading to fibrosis is
needed, including the role of possible changes in serotonin metabolism at a local level
in the mesentery. Other studies have also evaluated the association of urinary 5-HIAA
levels and a significant link has been shown in some!?7!, but not all® the studies. In
addition, the presence of significantly elevated urinary 5-HIAA levels appeared to be
associated with a significantly shorter OS in our cohort of fibrotic SI NETSs and this
was independent of other factors (such as CHD). The mechanisms through which
elevated serotonin can affect OS remain elusive, but perhaps it is a risk factor for
disease progression given the known mitogenic properties of serotonin on
neuroendocrine tumour cells®22, Interestingly, another study of SI NETs also
demonstrated that elevated urinary 5-HIAA levels were associated with poor

prognosis by multivariate analysis?®.

Finally, the association of mesenteric fibrosis with other carcinoid-related fibrotic
complications, and particularly CHD, has not been evaluated in other studies. Our data
showed that these two fibrotic complications of SI NETs do not usually co-exist,
which suggests that the pathophysiology of these fibrotic conditions is substantially
different. This is perhaps not surprising because the microenvironment of the
mesentery and the heart valves is completely different and certainly the most
significant distinction between the two conditions is the presence of cancer cells in the
mesenteric microenvironment which can directly interact with other stromal cells that
are in close proximity. In contrast, the fibrosis in the heart valves is driven mainly by
fibroblasts stimulated by tumour-derived circulating factors, of which serotonin seems
to be the most important, since it can stimulate cell proliferation and collagen synthesis
in fibroblasts, although other factors such as TGFp are also known to play a role?*,
Unfortunately, the pathophysiology of CHD remains largely unknown and further
research would be needed to understand the differences in the underlying mechanisms
between mesenteric and cardiac fibrogenesis, which would account for our

observation that these conditions do not usually co-exist.
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In conclusion, these retrospective studies from our centre have provided useful
epidemiological information about mesenteric fibrosis in midgut NETs both in terms
of its prevalence, and its effect on OS and other clinical outcomes. However, we
clearly need to gain a better understanding of the pathophysiology of mesenteric
desmoplasia, and in particular the pathways of disease development, as well as the
role of local serotonin in this process. The pathogenesis of CHD appears to be different
and probably less complex, but requires also investigation in separate, appropriately
designed studies. In the following two chapters we will focus on the pathophysiology
of mesenteric fibrosis by evaluating the functional interaction of neuroendocrine
tumour cell lines with stromal cells (Chapter 3), as well as changes in gene and
protein expression in fibrotic and non-fibrotic midgut NETs (Chapter 4).
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Chapter 3

Investigation of the pathophysiology
of mesenteric fibrosis in midgut
neuroendocrine tumours using an in
vitro model of the fibrotic mesenteric

microenvironment
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3. Investigation of the pathophysiology of mesenteric fibrosis in midgut
neuroendocrine tumours using an in vitro model of the fibrotic mesenteric

microenvironment

3.1. Introduction

As described in Chapter 1, only a small number of studies have included functional
assessments of the mesenteric fibrotic microenvironment and as a result the complex,
dynamic processes that underlie the pathophysiology of fibrosis in SI NETs remain
elusive. The lack of progress in elucidating the mechanisms of mesenteric fibrogenesis
is also due to significant limitations of previous studies. These include, for example,
the use of models that are not representative of the mesenteric microenvironment, such
as the use of the BON-1 cell line (which is of pancreatic origin and therefore not
representative of an enterochromaffin cell line’?®) or AKR-2B (mouse) fibroblasts
(not of human origin) to investigate the paracrine effect in the work of Beauchamp
and colleagues®?®. Other studies have used appropriate models of the mesenteric
microenvironment, but are limited by the investigation of only a small number of
factors (such as CTGF), rather than assessing entire pathways of disease?>??, which
would have contributed to a better understanding of the underlying pathophysiology.
The investigation of pathways of disease is of paramount importance in a complicated
process, such as fibrosis, where multiple factors are involved, often with significant
cross-talk between different pathways®. Therefore, the development of antifibrotic
therapies would require a deep understanding of these complex interactions, as

targeting a single factor (such as CTGF) is unlikely to be effective.

In our in vitro study of the mesenteric tumour microenvironment we aimed to
investigate the crosstalk of human SI NET cell lines (KRJ-I and P-STS) with a human
stromal cell line (HEK?293). This required a collaboration with the University of Graz,
Austria (Prof Roswitha Pfragner), as the KRJ-I and P-STS cell lines were not widely
available and could be used only in the institution in which they were developed. A
Mutual Transfer Agreement was signed in December 2017, in order to allow us access
to P-STS/KRJ-I cell derivatives (RNA/cell culture supernatants) and their analysis was
performed in our laboratory (Institute for Liver and Digestive Health, UCL). These

cancer cell lines were established from small bowel carcinoids and are a suitable
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enterochromaffin model!?"12¢, The HEK293 cell line is a stromal cell line of human
origin. Despite being one of the most commonly used cell lines in cell biology studies,
its precise origin is still debated, but they have been used as a fibroblast model in
several studies?®, including a recent study by Svedja and colleagues, that investigated
the cross-talk of HEK293 with KRJ-1 cells in a Transwell system?L.

Before embarking on this study, we performed a preliminary set of experiments in our
laboratory using BON-1 cells (as a NET cell line) and assessed their crosstalk with
HEK293 cells. Although this model was not representative of the SI NET
microenvironment (since BON-1 is a pancreatic neuroendocrine tumour cell line),
these experiments were important to optimise several aspects of the co-culture system
prior to our collaboration with the University of Graz and to demonstrate the feasibility
of this study. These experiments will also be described in this section, although they
served mainly as a pilot study prior to using a more appropriate in vitro model of the

mesenteric microenvironment.

3.2. Materials and methods
3.2.1. Investigation of the crosstalk between BON-1 and HEK293 cells

Preliminary co-culture experiments were performed using the pancreatic
neuroendocrine tumour cell line BON-1 and the fibroblastic cell line HEK293 and
changes in gene expression (single gene expression), cell proliferation and metabolism

were assessed.

The BON-1 cell line was a kind gift from Prof Tim Meyer, UCL Cancer Institute and
the HEK293 cell line was a kind gift from Dr Alan Holmes, Division of Medicine,
UCL.

Conditioned media of both cell types (BON-1 and HEK?293) were initially collected.
Briefly, cells were plated in Petridishes (10cm) at a cell density of 2 million cells per
dish using 8 ml of complete medium (Dulbecco's Modified Eagle Medium [DMEM]
supplemented with 10% of Fetal Bovine Serum [FBS] and 1% pen-strep) (day 1).
After 24h cells were washed twice with 8ml of HBSS (without Ca/Mg) and serum
starved with 8ml of serum free medium (DMEM supplemented with 0.5% FBS and
1% pen-strep) (day 2). 48 h later the conditioned media of both cell types were
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collected in 15ml falcon tubes and centrifuged at 1500rpm for 8 minutes. Supernatants
were then transferred into new 15 ml falcon tubes and stored at -20°C (day 4).

To assess changes in gene expression, cells were plated in 6-well plates at a cell
density of 500,000 cells/well using 2ml of complete medium per well (day 1). After
24h (day 2), cells in rows 2 & 3 (see Figure 3.1) were washed twice with HBSS and
serum starved (using 2 ml of serum free medium per well). 24h later (day 3) the culture
media from the third row of cells were removed and 2 mls of conditioned media of the
other cell type were added (e.g. HEK293 conditioned media were added on BON-1
cells and vice versa). 48h later (day 5), RNA was extracted from the cells using the

RNAeasy Mini Kit (Qiagen®) and changes in gene expression were assessed.

Rowi lsoviw sovilw leowiw

ROW 2 BON-1(SFM) BON-1(SFM) BON-1 (SFM)
ROW 3 BON-1(CondM) ~ BON-1(CondM)  BON-1(CondM)
ROW1 | HEK293(CM) HEK293 (CM) HEK293 (CM)
ROW 2 HEK293(SFM)  HEK293(SFM)  HEK293 (SFM)
ROW 3 HEK293 (CondM)  HEK293(CondM)  HEK293 (CondM)

Figure 3.1: Experimental design to investigate changes in gene expression occurring due to the
crosstalk between neuroendocrine tumour cells (BON-1) and stromal cells (HEK293). Each row
of cells has 3 biological repeats representing the same experimental condition. CM: Complete medium,
SFM: Serum Free Medium, CondM: Conditioned medium of the other cell line (e.g. Conditioned
medium of stromal cells added to cancer cells)

Changes in cell proliferation were assessed using the BrdU ELISA assay. This assay
detects 5-bromo-2’-deoxyuridine (BrdU) incorporated into cellular DNA during cell
proliferation using an anti-BrdU antibody. When cells are cultured with labelling
medium that contains BrdU, this pyrimidine analog is incorporated in place of
thymidine into the newly synthesized DNA of proliferating cells. After removing
labelling medium, cells are fixed and the DNA is denatured with a fixing/denaturing

solution. Then a BrdU mouse monoclonal antibody (detection antibody) is added to
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detect incorporated BrdU. An anti-mouse 1gG, HRP (Horseradish peroxidase)-linked
antibody is then used to recognise the bound detection antibody. HRP substrate TMB
(tetra-methylbenzidine) is added to develop colour. The magnitude of the absorbance
for the developed colour is proportional to the quantity of BrdU incorporated into cells,
which is a direct indication of cell proliferation.

To measure changes in cell proliferation, BON-1 and HEK?293 cells were plated in 96-
well plates at a density of 20,000 cells/well using 200 ul of complete medium per well
(day 1). After 24h, cells in columns 2 and 3 (see Figure 3.2) were washed once with
200 pl of HBSS and then 200 pl of serum free medium was added in each well (day
2). After a further 24h, all media were removed, cells were washed once with HBSS
and media changed (200 pl of complete medium/well were added in column 1, 200 pl
of serum free medium/well in column 2, and 200 pl of conditioned medium of the
other cell line were added in column 3 (e.g. HEK 293 conditioned media were added
to BON-1 cells). In addition, 20 pl of BrdU were added in each well. After 24h,
changes in cell proliferation were measured using the cell proliferation ELISA assay,

BrdU (colorimetric assay) and changes in absorbance were read at 370nm (day 4).

s |ouw_Jcoumacoum ouwa oum |

BON-1(CM)  BON-L(SFM) BON-1(CondM)  HEK(CM)  HEK(SFM)  HEK(CondM) BLANK
BON-L(CM) BON-1(SFM) BON-1(CondM)  HEK(CM)  HEK(SFM)  HEK(CondM)  BLANK
BON-1(CM)  BON-L(SFM) BON-1(CondM)  HEK(CM)  HEK(SFM)  HEK(CondM)  BLANK
BON-L(CM) BON-L(SFM) BON-1(CondM)  HEK(CM)  HEK(SFM)  HEK(CondM)  BLANK

Figure 3.2: Experimental design to investigate changes in cell proliferation occurring due to the
crosstalk between neuroendocrine tumour cells (BON-1) and stromal cells (HEK293). Columns 1-
3 represent different experimental conditions with 4 biological repeats for each condition. CM:
Complete Medium, SFM: Serum-Free Medium, CondM: Conditioned medium of the other cell line
(e.g. HEK 293 conditioned media added on BON-1 cells).

Changes in cell metabolism were measured using the MTT assay. This assay is based
on the conversion of water soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) compound to an insoluble formazan product. Viable
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cells with active metabolism convert MTT into formazan (mitochondrial
dehydrogenases of viable cells cleave the tetrazolium ring, which results in reduction
of MTT to insoluble formazan crystals). Dead cells, on the other hand, lose this ability
and therefore show no signal. Thus, colour formation serves as a useful marker of only
the viable cells. The measured absorbance at 590nm is therefore proportional to the

number of viable cells.

To measure changes in cell metabolic activity, BON-1 and HEK293 cells were plated
in 96-well plates at a density of 20,000 cells/well using 200 ul of complete medium
per well (day 1) using an experimental design similar to that shown in Figure 3.2. After
24h, cells in columns 2 and 3 (see Figure 3.2) were washed once with 200 pl of HBSS
and then 200 pl of serum free medium was added (day 2). After a further 24h, all
media were removed, cells were washed once with HBSS and media were changed.
200 pl of complete medium/well were added in column 1, 200 pl of serum free
medium/well in column 2 and 200 pl of conditioned medium of the other cell line/well
were added in column 3 (e.g. HEK 293 conditioned media were added on BON-1
cells) (day 3). After 24h, 40 ul of MTT (Sigma; St Louis, MO, USA) was added in
each well. After a 2h incubation for HEK293 cells and a 1h incubation for BON-1
cells (as cancer cells are more metabolically active than stromal cells) the optical

density was read at 590 nm using a microplate reader (day 4).

3.2.2. Investigation of the crosstalk between KRJ-1/P-STS cells and HEK293 cells

For this set of experiments, we collaborated with the University of Graz, Austria (Prof
Roswitha Pfragner) and were able to have access to P-STS/KRJ-I cell derivatives
(RNA/cell culture supernatants). Due to the nature of the Mutual Transfer Agreement
between UCL and the University of Graz, we could not have access to the actual
cancer cell lines, but only their derivatives. Thus, the experiments involving culturing
of cells, cell proliferation and cell metabolism studies were performed at the
University of Graz, and the experiments involving the analysis of RNA and cell culture
supernatants were performed in our laboratory (Institute for Liver and Digestive
Health, UCL) after shipment of the cell derivatives. The analyses of all the results

were also performed by our team at UCL.
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The cancer cell lines KRJ-I1 and P-STS have been isolated from SI-NET primary
tumours and are not widely available?”1?8, Thus, in a first set of experiments designed
to explore new genes important in tumour-stromal interactions in SI-NETS, a
screening platform was optimised, which consisted of fibroblast cells (HEK293) and
SI-NET cell lines (P-STS and KRJ-I) to screen for paracrine effects. Initially, both cell
lines were cultured in the same medium (1:1 dilution of Ham’s F12 and DMEM [4.5
g/l glucose] supplemented with 10% FBS and 1% pen strep) at a cell density of 2
million cells in 8ml of media, followed by 48h of serum starvation to obtain
conditioned media. These were centrifuged at 1500 rpm for 8 minutes and stored at -
80° C.

Changes in cell proliferation and cell metabolic activity of cancer cells (P-
STS/KRJ-1) after treatment with conditioned media of fibroblasts were assessed by
means of the BrdU ELISA (CellTiter 96 Aqueous, Promega) and WST-1 assay (Cell
proliferation reagent WST-1, Roche), respectively. The water-soluble tetrazolium
(WST) assay is equivalent to the MTT assay, and detects the metabolic activity of the
respiratory chain of cultured cells. The assay is based on changes in the light
absorbance resulting from the metabolism of WST-1 into formazane by mitochondrial
succinate reductase. Similarly, changes in cell proliferation and metabolism were
investigated in fibroblastic cells (HEK293) treated with conditioned media of SI-NET
cells (KRJ-I/P-STS). These in vitro culture experiments were performed at the
University of Graz, Austria, where the SI NET cell lines (KRJ-I1/P-STS) were initially
developed!?”128 and were based upon our previous in vitro experiments with the BON-
1 cells (described earlier). In brief, to assess changes in cell proliferation, KRJ-I, P-
STS and HEK?293 cells were plated in 96 well plates at a density of 25,000 cells per
well using 100 pl of complete medium (1:1 dilution of Ham’s F12 nutrient mixture
and DMEM supplemented with 10% FBS and 1% pen-strep) per well. After 24h, cells
in conditions 2 and 3 (see Figure 3.3) were washed once with 100 pl of Ca?* Mg*
free phosphate buffered saline (CMF-PBS) pH=7.4 and then 100 ul of serum free
medium (1:1 dilution of Ham’s F12 nutrient mixture and DMEM supplemented with
0.5% FBS and 1% pen-strep) was added in each well. Spinning steps were required at
each washing step or change in media for KRJ-I cells, since these are floating
(suspension) cells. After a further 24h, all media were removed, cells washed once

with washing buffer and media were changed (100 ul of complete medium/well were
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added in condition 1, 100 pl of serum free medium/well in condition 2. In condition
3, for KRJ-I and P-STS cells, 100 pl of conditioned medium of the HEK293 cell
line/well were added, while for HEK293 cells, 100 ul of conditioned medium of the
KRJ-1 and P-STS cells were added. In addition, 10 pl of BrdU was added in each well.
After 24h, changes in cell proliferation were measured using the cell proliferation
BrdU ELISA assay (Cat No 11 647 229 001), as previously described.

3
COND MED [of COMND MED
HEK293 cells) [ef HEK293
cells)
Ch SFM COND MED i SFR COND MED
CM SFM COND MED i SFM COND MED
CM SFM COND MED M SFM COND MED
HEK293
[ . \
1 3 3
COND MED COND MED
(of KR cells) | (of P-5TS cells)

CM SFM COMD MED COND MED
{of KR cells)  [of P-5TS cells)

CM SFM COMD MED COND MED
[of KR1-I cells) {of P-5T5 cells)

CM SFM COMD MED COND MED

{of KRI cells)  [of P-STS cells)

Figure 3.3. Experimental design to investigate changes in cell proliferation due to the crosstalk
between neuroendocrine tumour cells (KRJ-1/P-STS) and stromal cells (HEK293). Columns 1-3
represent different experimental conditions with 4 biological repeats for each condition. CM: Complete
Medium, SFM: Serum-Free Medium, CondM: Conditioned medium of the other cell line (e.g. HEK
293 conditioned media added on KRJ-I and P-STS cells)
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To assess changes in cell metabolic activity, KRJ-1, P-STS and HEK293 cells were
plated in 96 well plates at a density of 25,000 cells per well using 100 pl of complete
medium (1:1 dilution of Ham’s F12 nutrient mixture and DMEM supplemented with
10% FBS and 1% pen-strep) per well. After 24h, cells in conditions 2 and 3 (see Figure
3.3, as the plate design used was similar to the one used for the BrdU assay) were
washed once with 100 pl of CMF-PBS (Ca Mg free phosphate buffered saline) pH=7.4
and then 100 pl of serum free medium (1:1 dilution of Ham’s F12 nutrient mixture
and DMEM supplemented with 0.5% FBS and 1% pen-strep) were added in each well.
After a further 24h, all media were removed, cells were washed once with washing
buffer and media were changed (100 pl of complete medium/well were added in
condition 1 and 100 pl of serum free medium/well in condition 2. In condition 3, for
KRJ-I and P-STS cells, 100 pl of conditioned medium of the HEK293 cell line/well
were added, while in HEK293 cells, 100 pl of conditioned medium of the KRJ-I and
P-STS cells were added). After 24h, 10 pl of WST-1 reagent was added in each well
and changes in cell metabolic activity were measured (WST-1 assay, Roche, Cat. No.
11 644 807 001).

To assess changes in gene expression, cells (KRJ-1, P-STS and HEK293) were plated
in 6-well plates at a cell density of 500,000 cells/well using 2ml of complete medium
(1:1 dilution of Ham’s F12 and DMEM [4.5 g/1 glucose] supplemented with 10% FBS
and 1% pen strep) per well (day 1). After 24h (day 2), KRJ-1 and P-STS cells in rows
2 & 3 and HEK293 cells in rows 2-4 (see Figure 3.4) were washed twice with CMF-
PBS and serum starved (using 2 ml of serum free medium per well). 24h later (day 3)
culture media were changed in all the wells. In row 1, the old media were removed,
cells were washed twice with CMF-PBS and 2ml of complete media were added in
each well. In row 2, the old media were removed, washed twice with CMF-PBS and
2ml of serum free media were added in each well. For KRJ-1 and P-STS cells, the old
media were removed from row 3, cells were washed twice with CMF-PBS and 2ml of
HEK?293 conditioned media were added. For HEK293 cells, the old media were
removed from rows 3&4, cells were washed twice with CMF-PBS and 2 ml of
conditioned media of the cancer cells, KRJ-I and P-STS, were added in each well of
rows 3&4, respectively. 48h later (day 5), cell culture supernatants were collected.

RNA was extracted from cells, using the RNeasy mini kit (Qiagen®) and stored at -
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80°C. The cell culture supernatants and extracted RNA were then sent to our laboratory
(Institute for Liver and Digestive Health, UCL).

ROW 2 KRJ-1 (SFM) KRJ-1 (SFM) KRJ-1 (SFM)

ROW 3 KRJ-1 (CondM) KRJ-1 (CondM) KRJ-1 (CondM)
fowi  lpssiew)  lpssiow) |pstsiow) |

ROW 2 P-STS (SFM) P-STS (SFM) P-STS (SFM)

ROW 3 P-STS (CondM) P-STS (CondM) P-STS (CondM)

ROW 1 HEK (CM) HEK (CM) HEK (CM)

ROW 2 HEK (SFM) HEK (SFM) HEK (SFM)

ROW 3 HEK (CondM KRJ-I)  HEK (CondM KRJ-1)  HEK (CondM KRJ-1)

ROW 4 HEK (CondM P-STS) HEK (CondM P-STS) HEK (CondM P-STS)

Figure 3.4: Experimental design to investigate changes in gene expression due to the crosstalk
between neuroendocrine tumour cells (KRJ-1/P-STS) and stromal cells (HEK293). Each row of
cells has 3 biological repeats representing the same experimental condition. CM: Complete medium,
SFM: Serum Free Medium, CondM: Conditioned medium of the other cell line (e.g. Conditioned
medium of stromal cells added to cancer cells. Note that HEK293 cells were treated with conditioned
media of both KRJ-1 and P-STS cells).

Next, changes in gene expression profile in HEK293 fibroblasts were assessed using
the “Human Fibrosis” RT?Profiler PCR Array (Qiagen®) which contains 84 genes
encoding ECM remodelling enzymes, TGFR signaling molecules and inflammatory
cytokines, as well as additional genes important for fibrosis development. Moreover,
the Bio-rad® RT?Profiler PCR Array “Human Molecular Mechanisms Of
Cancer” was employed for the P-STS/KRJ-I cancer cells. This panel includes 92
target genes linked to important cancer-related pathways, and its results can suggest

pathways that are potentially activated or inhibited in tumour cells.

Briefly, in order to perform the RT2 PCR Profiler arrays, cells were washed twice with
cold PBS before being lysed directly in the well with 3-mercaptoethanol containing
lysis buffer provided in the RNeasy Mini kit (QIAGEN, Denmark), followed by the
use of QIA shredder spin columns (QIAGEN). Subsequent RNA preparation was done
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according to the protocol for the RNeasy Mini kit. RNA concentration was determined
using a NanoDrop Spectrophotometer.

RT2 PCR Profiler Human Fibrosis (Qiagen®)

The Human Fibrosis RT PCR Profiler (Qiagen®) was used to investigate changes in
gene expression in the HEK?293 cells (stromal cells in our in vitro model). Samples
were prepared from pooled RNA extracted from HEK293 cells using the RNeasy Mini
Kit (Qiagen®). More specifically, 3 RNA samples from the same experimental
condition (0.33 pg per sample) were pooled together. cDNA synthesis based on 0.33
ug total RNA of each pooled sample was performed using the RT2First Strand Kit
(Qiagen®). Real-time PCR was performed in triplicate for each pooled sample using
the RT2 gPCR SYBR green mastermix and Human Fibrosis RT2 Profiler PCR 96-
well Array (Catalogue number PAHS-120Z, Qiagen®) and the following PCR cycling
program (holding stage: 10 min 95°C (1 cycle), cycling stage: 15 s 95°C plus 60 s
60°C (40 cycles), melt curve stage: 15 s 95°C, 1 min 60°C, 30 s 95°C, 15 s 65°C).

The PCR array data passed the Qiagen online quality control. Data analysis of relative
gene expression was performed using the AACt method. Array analysis of the results
was performed using the software provided by the Qiagen web portal
(http://www.giagen.com/geneglobe) and normalization was done on automatic HKG

(housekeeping gene) panel.
RT2 PCR Profiler Molecular Mechanisms of Cancer (Bio-rad®)

The Molecular Mechanisms of Cancer RT2 PCR Profiler was used to investigate
changes in gene expression in the KRJ-1 and P-STS cells (tumour cells in our in vitro
model). Samples were prepared from pooled RNA extracted from HEK293 cells using
the RNeasy Mini Kit (Qiagen®). More specifically, 3 RNA samples from the same
cell type and experimental condition (0.33 pg per sample) were pooled together.
cDNA synthesis based on 0.33 ug total RNA of each pooled sample was performed
using the iScript gDNA Clear cDNA synthesis kit (Bio-rad®). Real-time PCR was
performed in triplicate for each pooled sample using the RT2 gPCR SYBR green
mastermix and Molecular Mechanisms of Cancer RT2 Profiler PCR 96-well Array

(Bio-rad®) and the following PCR cycling program (holding stage: 10 min 95°C (1
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cycle), cycling stage: 15 s 95°C plus 60 s 60°C (40 cycles), melt curve stage: 15 s
95°C, 1 min 60°C, 30 s 95°C, 15 s 65°C).

The PCR array data passed the Bio-rad online quality control. Data analysis of relative
gene expression was performed using the AACt method. Array analysis of the results
was  performed using the Bio-rad PrimePCR  Analysis software
(http://www.biorad.com) and normalization was done on automatic HKG
(housekeeping gene) panel.

Changes in gene expression in both cell types (cancer and stromal cells) were further
investigated with RNA sequencing (UCL Genomics), using the following
methodology:

Library preparation

100ng total RNA were processed using the NEBNext RNA Ultra Il kit with Poly A+

selection (p/n E7760 & E7490) according to manufacturer’s instructions.

Briefly, mRNA was isolated from total RNA using paramagnetic Oligo dT beads to
pull down poly-adenylated transcripts. The purified mRNA was fragmented using
chemical hydrolysis (heat and divalent metal cation) and primed with random
hexamers.  Strand-specific first strand cDNA was generated using Reverse
Transcriptase in the presence of Actinomycin D. This allowed for RNA dependent
synthesis while preventing spurious DNA-dependent synthesis. The second cDNA

strand was synthesised using dUTP in place of dTTP, to mark the second strand.

The resultant cDNA was then “A-tailed” at the 3” end to prevent self-ligation and

adapter dimerisation.

Full length xGen adaptors (IDT), containing two unique 8bp sample specific indexes,
a unigue molecular identifier (N8) and a T overhang were ligated to the A-Tailed
cDNA. Successfully ligated cDNA molecules were then enriched with limited cycle
PCR (14 cycles — the actual number was dependent on the amount of input RNA). The
high-fidelity polymerase employed in the PCR was unable to extend through uracil.
This meant only the first strand cDNA was amplified for sequencing, making the

library strand specific (first-strand).
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Sequencing

Libraries to be multiplexed in the same run were pooled in equimolar quantities,

calculated from Qubit and Bioanalyser fragment analysis.

Samples were sequenced on the NextSeq 500 instrument (Illumina, San Diego, US)
using a 75bp single read run with a corresponding 8bp unique molecular identifier
(UMI) read.

Data Analysis

Run data were demultiplexed and converted to fastq files using Illumina’s bcl2fastq
Conversion Software v2.19. Fastq files were then aligned to the human genome UCSC
hg38 using RNA-STAR 2.5.2b then UMI deduplicated using Je-suite (1.2.1). Reads
per transcript were counted using FeatureCounts and differential expression was

estimated using the BioConductor package SARTools, a DESeq2 wrapper.

All annotation and sequences were obtained from Illumina iGenomes

(http://emea.support.illumina.com/sequencing/sequencing_software/igenome.html)

RNA sequencing data were further analysed by Ingenuity Pathway Analysis (IPA)
in collaboration with Dr Dong Xia (Royal Veterinary College, London). Both generic
and tissue-specific (using the following selections: small intestine, lymph node,
fibroblast [both primary tissue and cell line] and immune cells) IPA analyses were
performed. However, to avoid an unnecessarily complicated presentation of our
results, we have included here only the generic IPA analyses, which are probably more
useful, as the Qiagen IPA software does not include a specific option for
‘neuroendocrine tumour’-related pathways. The tissue-specific analysis was also
useful in some selected cases, where the generic analysis was inadequate, and this will

be discussed later.

Furthermore, it is known that cytokine and pro-inflammatory factor production and
release are important in tumour development. To further dissect the stromal-tumour
interaction on cytokine and inflammatory protein secretion profile, the conditioned
media of cancer cells and fibroblasts were collected and a Bio-Plex Pro™ Human
Cytokine 27-plex Assay (BioRad - Luminex) was performed. The Bio-Plex Pro™
assays are essentially immunoassays using magnetic fluorescently dyed microspheres

(also known as beads), each with a distinct spectral address to allow detection of
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individual analytes within a multiplex suspension. The assay principle is similar to
that of a sandwich ELISA, as shown in Figure 3.5. Capture antibodies directed against
the desired biomarker (analyte) are covalently coupled to the beads. Coupled beads
react with the sample containing the biomarker. After a series of washes to remove
unbound protein, a biotinylated detection antibody is added to create a sandwich
complex. The final detection complex is formed with the addition of streptavidin-
phycoerythrin conjugate. Phycoerythrin serves as a fluorescent indicator (or reporter).
When a multiplex assay suspension is placed into the Luminex-based reader, a red
(635nm) laser illuminates the fluorescent dyes within each bead to provide bead
classification. At the same time, a green (532nm) laser excites phycoerythrin to
generate a reporter signal. A high-speed digital processor manages data output, and
the Bio-Plex Manager ™ software presents data as median fluorescence intensity
(MFI). The concentration (pg/ml) of analytes bound to each bead is proportional to the
MFI of the reporter signal and is also provided by the software.

Biotinylated

detection antibody
Green laser (532nm)

Red laser (635nm)

Streptavidin

analyte
Magnetic
bead . .
Reporter signal

Capture antibody

Bead classification

Figure 3.5. Schematic representation of bead-based multiplex assay using Luminex technology.

PE: Phycoerythrin fluorescent reporter

The cell culture supernatants were analysed using the Bio-Plex Pro™ Human
Cytokine 27-plex Assay (BioRad - Luminex). In brief, as the levels of each analyte in

the cell culture supernatants were unknown, we used undiluted samples, as well as 1:2
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and 1:4 dilutions of each sample (using serum free medium as the diluent). Standards
(1-8) were also prepared using serum free medium as diluent and following a serial
dilution technique as per manual protocol. The blank solution consisted of serum free
medium. Next, coupled beads were diluted from a 10x stock concentration (575 pl)
to a final 1x concentration (5,750 ul) using assay buffer (5,175 ul) as a diluent. Diluted
(1x) coupled beads were vortexed for 30 seconds at medium speed and 50 pl was
transferred to each well of a 96-well plate. The plate was placed on a magnet and each
well washed twice with 100ul of Bio-Plex wash buffer. The plate was then taken off
the magnet and 50 pl of each sample (undiluted, 1:2, 1:4), standard (1-8) and the
blank were added in each well of the 96-well plate. The plate was covered with sealing
tape and incubated on a shaker at 850 rpm for 30 minutes at room temperature. The
plate was then placed on a magnet and each well washed three times with 100 pl wash
buffer. Next, the plate was taken off the magnet and the 1x detection antibody
solution (3,000 pl) was prepared (by diluting 300 ul of 10x stock detection antibodies
with 2,700 ul of detection antibody diluent). 25 ul of 1x detection antibody solution
was added in each well. The plate was covered with a sealing tape and incubated on a
shaker at 850 rpm for 30 minutes at room temperature. The plate was then placed on
a magnet and each well washed three times with 100 ul wash buffer. Next, the 1x
streptavidin-phycoerythrin (SA-PE) solution (6,000 pl) was prepared by diluting
the stock 100x SA-PE solution (60 ul) with 5,940 ul assay buffer. 50 pl of 1x SA-PE
solution was added in each well. The plate was covered with sealing tape and
incubated on a shaker at 850 rpm for 10 minutes at room temperature. The plate was
then placed again on the magnet and each well washed three times of 100 ul of wash
buffer. The plate was subsequently taken off the magnet and the beads were re-
suspended in 125 ul of assay buffer per well. The plate was covered and shaken at 850

rpm for 30 seconds at room temperature before placing the plate on the reader.

3.3. Results

3.3.1. Investigation of the crosstalk between BON-1 and HEK?293 cells: Single gene

expression

A set of preliminary co-culture experiments was performed using the pancreatic

neuroendocrine tumour cell line BON-1 and fibroblastic cell line HEK293. Changes
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in single gene expression were assessed in a set of pro-fibrotic genes (IL-8, TGFpI,
TGFBR1, TNF, NFkB2, CCL2, CXCL2) known to be expressed by the BON-1 and/or
HEK?293 cells?2 130134 A prief description of the role of these genes is given in Table
3.1.

IL8 Proinflammatory chemokine involved in
neutrophil chemotaxis

TGFB1 Growth factor involved in fibrosis

TGFBR1 TGFp receptor

TNF Growth factor involved in inflammation
(acute phase response), apoptosis and
fibrosis

NFKB2 Transcription factor induced by TNF and

other signalling pathways. Involved in
inflammation and cell proliferation

CCL2 Cytokine involved in inflammation
(monocyte, memory T cell and dendritic
cell chemotaxis)

CXCL2 Chemokine involved in immunoregulatory
and inflammatory processes

Table 3.1. Brief description of the function of a set of profibrotic genes expressed by BON-1
and/or HEK?293 cells. Changes in gene expression were measured in BON-1 and/or HEK293 cells
after exposure to the conditioned media of the other cell type (e.g. HEK293 conditioned media on BON-
1 cells), in order to investigate their potential involvement in the crosstalk between cancer and stromal

cells.

CCL2 expression was significantly upregulated in HEK293 cells treated with BON-1
conditioned media relative to control. NFKB2 expression was significantly
upregulated in BON-1 cells treated with the conditioned media of HEK293 cells
relative to control, while IL-8 expression was significantly downregulated in BON-1
cells treated with conditioned media of HEK?293 cells relative to control (Figure 3.6).

No other significant changes were noted in the evaluated genes.
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Figure 3.6. Changes in pro-fibrotic gene expression observed in BON-1 and HEK293 cells
following exposure to the conditioned medium of the other cell line (presented as fold change to
control [serum free medium]). CM: Complete medium, SFM: Serum free medium, CondM:
Conditioned medium of the other cell line (e.g. HEK293 conditioned medium on BON-1 cells). In
BON-1 cells there was a significant downregulation of IL-8 (*p<0.05) and a significant upregulation of
NF«B2 (*p<0.05) in response to exposure to HEK293 conditioned media. In HEK293 cells there was
a significant upregulation of CCL2 in response to BON-1 conditioned media (*p<0.05). Results are

from one experiment with 3 samples per condition (n=3).

No significant changes were noted in cell proliferation (BrdU assay) or cell
metabolism (MTT assay) in either the BON-1 or HEK293 cells after treatment with

the conditioned media of the other cell line (compared to control) (Figure 3.7).
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Figure 3.7. (A) Changes in cell proliferation in BON-1 and HEK?293 cells measured using a BrdU
assay. No significant changes were noted in BON-1 cells cultured with HEK293 conditioned media
compared to control. Similarly, no significant changes were seen in HEK293 cells cultured with BON-
1 conditioned media compared to control. (B) Changes in cell metabolic activity of BON-1 and
HEK?293 cells measured using an MTT assay. No significant changes were noted in BON-1 cells
cultured with HEK293 conditioned media compared to control. Similarly, no significant changes were
seen in HEK293 cells cultured with BON-1 conditioned media compared to control. CM: complete
media, SFM: serum free media, Cond M: conditioned media.

3.3.2. Investigation of the crosstalk between KRJ-1/P-STS and HEK293 cells

A reduction in cell metabolic activity was observed in both KRJ-I and P-STS cells
treated with HEK293 conditioned media (Figure 3.8), with no significant changes in
cell proliferation (Figure 3.9).
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Figure 3.8. Changes in cell metabolic activity observed in the SI NET cell lines KRJ-1 and P-STS
in different experimental conditions. Changes in absorbance were assessed using the WST-1 assay.
Absorbances were read at 450/650nm and measured 2 hours after adding the WST-1 reagent. A
statistically significant reduction in cell metabolic activity was seen in KRJ-I and P-STS cells treated
with HEK293 conditioned media compared to control (serum free media) (*p=0.0002). Results are from
2 independent experiments (n= 8 samples per condition). CM: complete media, SFM: serum free media,
HCM: HEK?293 conditioned media.
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Figure 3.9. Changes in cell proliferation observed in KRJ-1 and P-STS cells in different
experimental conditions. Changes in absorbance were assessed using the BrdU assay. Absorbances
were read at 405/650nm. No statistically significant changes were noted in cell proliferation of KRJ-I
and P-STS cells exposed to HEK293 conditioned media compared to control. Results are from one
experiment with 3 samples (n=3) per condition. CM: complete media, SFM: serum free media, HCM:
HEK?293 conditioned media.
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Furthermore, no significant changes were observed in HEK293 cell proliferation or
metabolic activity upon culturing with conditioned media of cancer cells (Figure
3.10).
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Figure 3.10. (A) Changes in cell proliferation in HEK293 in different experimental conditions.
Changes in absorbance were assessed using the BrdU assay. Absorbances were read at 405/650nm. No
statistically significant changes were noted in cell proliferation of HEK293 cells exposed to KRJ-I and
P-STS conditioned media compared to control. Results are from one experiment with 3 samples (n=3)
per condition. (B) Changes in cell metabolic activity of HEK293 cells in different experimental
conditions. Changes in absorbance were assessed using the WST-1 assay. Absorbances were read at
450/650nm and measured 2 hours after adding the WST-1 reagent. No statistically significant changes
in cell metabolic activity were seen in HEK293 cells treated with KRJ-I and P-STS conditioned media
compared to control (serum free media). Results are from 2 independent experiments (n= 8 samples per
condition). CM: complete media, SFM: serum free media, HCM: HEK293 conditioned media.

The RT PCR Profiler “Molecular Mechanisms of Cancer” revealed that several genes
with important roles in cancer biology were significantly (fold-change>2, p<0.05) up-
or down-regulated in cancer cells treated with HEK293 conditioned media. More
specifically, KRJ-1 cells exhibited a significant upregulation of the following genes:
PIK3R1, NFKB2, ITGAV, MAPK1, MAX and MAP2K1 (Figure 3.11), while P-STS

70



cells responded with a significant downregulation in the following genes: Grb2 and
FADD (Figure 3.12). These changes are summarised in Table 3.2.

I
t g

PIK3R1 2.61-fold Grb2 -4.48-fold
NFxB2 2.25-fold FADD -3.95-fold
ITGAV 2.91-fold
MAPK1 2.27-fold
MAX 2.19-fold
MAP2K1 11.93-fold

Table 3.2. Summary of significant changes (>2-fold, p<0.05) in gene expression in cancer cells
KRJ-1 and P-STS treated with HEK 293 conditioned media compared to control. Fold changes are
shown for each gene. Red up arrow indicates upregulation and green down arrow indicates down-

regulation.
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sampha 2 vs sampla 1

Relative Normalized Expression of sample 2

Figure 3.11. Volcano plot representing changes in gene expression in KRJ-I cells treated with
HEK?293 conditioned media. Each dot in this graph represents a gene included in the RT Profiler
“Molecular Mechanisms of Cancer”. The y-axis represents the p-value and genes with statistically
significant changes (p<0.05) are represented above the blue horizontal line of the graph. The x axis
indicates the fold change (compared to control) and genes located to the right of the red vertical line
have a fold up-regulation of >2, while genes located to the left of the vertical green line have a fold
down-regulation of >2. Thus, the genes in the right upper corner of this Volcano plot (PIK3R1, NFKB2,
ITGAV, MAPK1, MAX and MAP2K1) have a fold up-regulation of >2, which is statistically significant
(p<0.05). Results are from 1 experiment with 3 samples (n=3) per condition. In the graph, sample 2
indicates KRJ-I cells treated with HEK293 conditioned media; Sample 1 refers to KRJ-I cells in serum

free media.
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SAMPLE 2 vs SAMPLE 1

Relative Normalized Expression of SAMPLE 2

Figure 3.12. Volcano plot representing changes in gene expression in P-STS cells treated with
HEK?293 conditioned media. Each dot in this graph represents a gene included in the RT Profiler
“Molecular Mechanisms of Cancer”. The y-axis represents the p-value and genes with statistically
significant changes (p<0.05) are represented above the blue horizontal line of the graph. The x axis
indicates the fold change (compared to control) and genes located to the right of the red vertical line
have a fold up-regulation of >2, while genes located to the left of the vertical green line have a fold
down-regulation of >2. Thus, the genes in the left upper corner of this Volcano plot (Grb2 and FADD)
have a fold down-regulation of >2, which is statistically significant (p<0.05). Results are from 1
experiment with 3 samples per condition. In the graph, sample 2 indicates P-STS cells treated with

HEK293 conditioned media; sample 1 refers to P-STS in serum free media.

To assess changes in gene expression of HEK293 cells, the “Human Fibrosis” RT PCR
Profiler was used. HEK293 cells treated with KRJ-1 conditioned media exhibited a
significant downregulation of the following genes: MMP8, TGFB3 and ITGBS8
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(Figure 3.13), while no significant changes were noted in gene expression of HEK293
cells treated with P-STS conditioned media (Figure 3.14).
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Figure 3.13. Volcano plot representing changes in gene expression in HEK293 cells treated with
KRJ-1 conditioned media. Each dot in this graph represents a gene included in the Human Fibrosis
RT Profiler. The y-axis represents the p-value and genes with statistically significant changes (p<0.05)
are represented above the black horizontal line of the graph. The x axis indicates the fold change
(compared to control) and genes located to the right of the second vertical dotted line (shown as red
dots) have a fold up-regulation of >2, while genes located to the left of the first vertical dotted line
(shown as green dots) have a fold down-regulation of >2. Thus, the genes in the left upper corner of
this Volcano plot (MMP8, TGFB3 and ITGBS) have a fold down-regulation of >2, which is statistically

significant (p<0.05). Results are from 1 experiment with 3 samples per condition. In the graph, group
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1 refers to HEK293 cells treated with KRJ-1 conditioned media, while the control group is HEK293

cells in serum free media.
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Figure 3.14. Volcano plot representing changes in gene expression in HEK293 cells treated with
P-STS conditioned media. Each dot in this graph represents a gene included in the Human Fibrosis
RT Profiler. The y-axis represents the p-value and genes with statistically significant changes (p<0.05)
are represented above the black horizontal line of the graph. The x axis indicates the fold change
(compared to control) and genes located to the right of the second vertical dotted line (shown as red
dots) have a fold up-regulation of >2, while genes located to the left of the first vertical dotted line
(shown as green dots) have a fold down-regulation of >2. In this Volcano plot no genes exhibited a
fold-change of >2 that is statistically significant. Results are from 1 experiment with 3 samples per
condition. In the graph, group 1 refers to HEK293 cells treated with P-STS conditioned media, while
the control group is HEK293 cells in serum free media.
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Changes in gene expression in KRJ-I, P-STS and HEK293 cells were further assessed
with RNA sequencing (UCL Genomics) (using 3 samples per condition from one
experiment) and Ingenuity Pathway Analysis (IPA) (Qiagen Bioinformatics) was
performed to identify transcriptional pathways that are significantly activated or
inhibited (p<0.05, z score > |2|) as a result of the cross-talk between cancer and stromal

cells.

In KRJ-I cells the following pathways were activated: NF-KB activation by viruses,
Tec kinase signalling, dendritic cell maturation, TREML1 signalling, role of NFAT in
regulation of the immune response, cdc42 signalling, PI3K signalling in B
lymphocytes, TNFR1 signalling, integrin signalling, neuroinflammation signalling
pathway, IL-8 signalling, cardiac hypertrophy signalling and phospholipase
signalling, while the RhoGDI signalling pathway was inhibited (Figure 3.15).

Anatysis:2 KRIHCMaKRISTM complete

B postiverscore|| rcorn= 0| [ Mrnegutve rscore | o acy palten avabible | Rallo

5.0
45 o
40 o
7 -
Q -
230
g
éZ.S
220
15
1.0
0.5

0.0

on
0w g
H
oo
o0
o7
oo
o8
004
o
0z
001
o

IL-8 Signaling

TREM1 Signaling = |

TNFR1 Signaling

Cdc42 Signaling
Integrin Signaling mer—

RhoGDI Signaling nr—

Tec Kinase Signaling
Pathway

NF-kB Activation by Viruses
Dendritic Cell Maturation
Immune Response
PI3K Signaling in B Lymphocytes mmms
Neuroinflammation Signaling
Cardiac Hypertrophy Signaling
Phospholipase C Signaling

Role of NFAT in Regulation of the |

©20002018 DUAGEN. A1 ights esanad.

Figure 3.15. IPA analysis showing transcriptional pathways that are significantly altered in KRJ-
I cells treated with HEK293 conditioned media. The x-axis represents the pathways identified.
Orange bars represent pathways whose transcription is activated, while blue bars represent pathways
whose transcription is inhibited. The y-axis (left) shows the -log of the p-value calculated based on the
Fisher’s exact test. The horizontal orange line represents the threshold of statistical significance

(p<0.05). The ratio (y-axis, right [represented by the orange points]) is calculated as follows: number
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of genes in a given pathway that meet cut-off criteria, divided by the total number of genes that make
up that pathway.

In P-STS cells treated with HEK293 conditioned media the following pathways were
significantly activated: EIF2 signalling, oxidative phosphorylation and Gas signaling,

while the superpathway of cholesterol biosynthesis was inhibited (Figure 3.16).
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Figure 3.16. IPA analysis showing transcriptional pathways that are significantly altered in P-
STS cells treated with HEK293 conditioned media. The x-axis represents the pathways identified.
Orange bars represent pathways whose transcription is activated, while blue bars represent pathways
whose transcription is inhibited. The y-axis (left) shows the -log of the p-value calculated based on the
Fisher’s exact test. The horizontal orange line represents the threshold of statistical significance
(p<0.05). The ratio (y-axis, right [represented by the orange points]) is calculated as follows: number
of genes in a given pathway that meet cut-off criteria, divided by the total number of genes that make
up that pathway.
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In HEK?293 cells treated with KRJ-1 conditioned media, the following pathways were
significantly activated: EIF2 signaling, oxidative phosphorylation, superpathway of
serine and glycine biosynthesis, while the aryl hydrocarbon receptor and AMPK

pathways were inhibited (Figure 3.17).
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Figure 3.17. IPA analysis showing transcriptional pathways that are significantly altered in
HEK?293 cells treated with KRJ-I conditioned media. The x-axis represents the pathways identified.
Orange bars represent pathways whose transcription is activated, while blue bars represent pathways
whose transcription is inhibited. The y-axis (left) shows the -log of the p-value calculated based on the
Fisher’s exact test. The horizontal orange line represents the threshold of statistical significance
(p<0.05). The ratio (y-axis, right [represented by the orange points]) is calculated as follows: number
of genes in a given pathway that meet cut-off criteria, divided by the total number of genes that make

up that pathway.
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In HEK293 cells treated with P-STS conditioned media, the following pathways were
significantly activated: NRF2-mediated oxidative stress response and oxidative
phosphorylation, while the GP6 signalling pathway was inhibited (Figure 3.18).
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Figure 3.18. IPA analysis showing transcriptional pathways that are significantly altered in
HEK?293 cells treated with P-STS conditioned media. The x-axis represents the pathways identified.
Orange bars represent pathways whose transcription is activated, while blue bars represent pathways
whose transcription is inhibited. The y-axis (left) shows the -log of the p-value calculated based on the
Fisher’s exact test. The horizontal orange line represents the threshold of statistical significance
(p<0.05). The ratio (y-axis, right [represented by the orange points]) is calculated as follows: number
of genes in a given pathway that meet cut-off criteria, divided by the total number of genes that make

up that pathway.

Intriguingly, a significantly different pattern of pathway activation or inhibition was
noted in HEK293 cells in response to KRJ-1 and P-STS conditioned media, despite the
fact that these two cancer cell lines (KRJ-1 and P-STS) were both established from a
primary SI NET (Figures 3.19 and 3.20).
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Figure 3.19. Heat map comparison of pathway scores for HEK293 cells treated with KRJ-1 (left

column) and P-STS (right column) conditioned media. The score magnitudes are shown as a gradient
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colour from light to dark orange for induced pathway activity, and from light to dark blue for suppressed
pathway activity.
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Figure 3.20. A. Venn diagram demonstrating the differential expression in upregulated genes
between HEK293 cells treated with conditioned media of KRJ-I (left circle) and P-STS cells (right
circle). There was a small overlap (6.8%) in gene expression, but the majority of upregulated genes
were differentially expressed. B. Venn diagram demonstrating the differential expression in
downregulated genes between HEK?293 cells treated with conditioned media of KRJ-1 (left circle)
and P-STS cells (right circle). There was a small overlap (7.9%) in gene expression, but the majority

of downregulated genes were differentially expressed.

In addition, we evaluated changes in cytokine/chemokine and growth factor
secretion by performing a 27-plex Luminex assay using cell culture supernatants of
KRJ-I, P-STS and HEK293 cells. As mentioned earlier, this assay allows the
simultaneous measurement of a panel of cytokines/chemokines and growth factors in
culture media. We compared the concentration of these proteins in cell culture
supernatants of cancer cells treated with HEK293 conditioned media versus control
(cancer cells in serum free media). We also assessed the concentration of these
proteins in cell culture supernatants of HEKZ293 cells treated with cancer cell
conditioned media versus control (HEK293 cells in serum free media). It should be
noted that these proteins were also present in the conditioned media that were used to

treat the cells and this was taken into account during data interpretation. Changes in
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gene expression for these specific cytokines/chemokines and growth factors were
assessed using our RNA sequencing data and this data provided some further
information for the interpretation of the results. A >2-fold up- or down-regulation was
considered as a threshold to determine a significant change in gene expression. We
observed three different main patterns of response, which are outlined below along
with some examples which are provided for clarity:

1. A discordance between gene expression and protein secretion (i.e. no
significant change at RNA level with a significant increase or decrease in the
levels of secreted proteins)

In this pattern of response, there was no significant change in gene expression, but
there was a significantly higher or lower protein concentration in the cell culture media
of cells exposed to conditioned media of the other cell line relative to control (cells in
serum free media). Our interpretation of this pattern of response is that the significant
increase or decrease in protein concentration is mainly due to the concentrating or

diluting effect of the conditioned media that were added to the treated cells.

An example is given in Figure 3.21 which illustrates changes in FGF2 levels measured
in cell culture supernatants of HEK293 cells. FGF2 protein levels were significantly
higher in the culture media of HEK293 cells treated with KRJ-1 conditioned media,
compared to HEK293 cells in serum free media. There was a 0.91-fold change
(p=0.11) in FGF2 gene expression in HEK293 cells treated with KRJ-1 conditioned
media (relative to control). Of note, the concentration of FGF2 protein in KRJ-1
conditioned media was significantly higher (as shown in the graph) and it is likely that
the increase observed in FGF2 protein levels reflects the relatively high FGF2

concentration in the KRJ-1 conditioned media that were added to treat HEK?293 cells.
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Figure 3.21. FGF2 concentration (pg/ml) in cell culture supernatants of HEK293 cells as
measured with a 27-plex Luminex assay. FGF2 protein levels were significantly higher in culture
media of HEK293 cells treated with KRJ-I conditioned media relative to control. In the absence of
significant changes in FGF2 gene expression, this is likely to mainly reflect the significantly higher
FGF2 concentration in the conditioned media that were added to the treated cells, as shown in the graph.
An unpaired t-test was used for statistical comparison. Results are from 1 experiment with 3 samples
per condition. HEK SFM indicates HEK conditioned media, KRJ-I SFM refers to KRJ-I conditioned
media, and HEK KCM indicates culture media of HEK cells treated with KRJ-I conditioned media.

2. A concordance between gene expression and protein secretion

In this pattern of response, there was a significant change (>2-fold) in gene expression
with a significant change in protein secretion in the same direction. For example, as
shown in Figure 3.22, MCP-1 levels were significantly higher in cell culture media of
HEK293 cells treated with KRJ-1 conditioned media compared to control (HEK293
cells in serum free media). This change was accompanied by a significant upregulation
(3.3-fold) in MCP-1 gene expression, which is likely to have contributed to the higher
protein levels measured in cell culture supernatants. However, MCP-1 was also
present in conditioned media of KRJ-1 cells (as shown in the graph), that were added
to treat HEK293 cells. Therefore, some of the measured MCP-1 in treated HEK293

cell culture supernatants may have conceivably been produced by KRJ-I cells. It is
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difficult to be absolutely certain about the source of the MCP-1, as the in vitro half-
lives of most cytokines in different experimental conditions are not known and also

depend on handling and storage conditions*®.
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Figure 3.22. MCP-1 concentration (pg/ml) in cell culture supernatants of HEK293 cells as
measured with a 27-plex Luminex assay. MCP-1 levels were significantly higher in cell culture
supernatants of HEK293 cells treated with KRJ-1 conditioned media (relative to control) and a 3.3-fold
upregulation was also noted in MCP-1 gene expression. Therefore, an increase in MCP-1 transcription
appears to be accompanied by higher secretion of MCP-1 in cell culture supernatants, but the possibility
that some of the measured MCP-1 protein derived from the KRJ-I conditioned media (that were added
on treated HEK293 cells) cannot be excluded. An unpaired t-test was used for statistical comparison.
Results are from 1 experiment with 3 samples per condition. HEK SFM indicates HEK conditioned
media, KRJ-1 SFM refers to KRJ-I conditioned media, and HEK KCM indicates culture media of HEK

cells treated with KRJ-1 conditioned media.

3. No significant changes in protein secretion

In this pattern of response, there was no significant change in protein secretion
between treated cells and controls. This suggests that the crosstalk of cancer and
stromal cells did not affect secretion of these cytokines/chemokines or growth factors.
An example is shown in Figure 3.23. Here, there was no significant change in IL-7
secretion between KRJ-1 cells treated with HEK293 conditioned media relative to

control (KRJ-1 cells in serum free media) (p=0.7844). Similarly, there was no
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significant change in gene expression of IL-7 in treated KRJ-1 cells relative to control
(0.8-fold change, p=0.15).

Cell line Fold-change in
gene expression

KRIJ-T 0.8

= ] L5
wn [=] w
] | 1

L

IL-7 {pg/ml)

wn
1

=

T
KRJSFM HEKSFM KRJHCM

Figure 3.23. IL-7 concentration (pg/ml) in cell culture supernatants of KRJ-I cells as measured
with a 27-plex Luminex assay. No significant changes were observed at gene expression or protein
secretion level in KRJ-I cells treated with HEK293 conditioned media compared to control (KRJ-I cells
in serum free media). An unpaired t-test was used for statistical comparison. Results are from 1
experiment with 3 samples per condition. KRJ SFM indicates KRJ-1 conditioned media, HEK SFM
refers to HEK conditioned media and KRJ HCM indicates culture media of KRJ-I cells treated with

HEK conditioned media.

Table 3.3 summarises the results of the 27-plex Luminex for measured
cytokines/chemokines and growth factors in cell culture supernatants of KRJ-I, P-STS

and HEK?293 cells, which are grouped appropriately based on their pattern of response.
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KRJ-1(HCM vs SFM) | P-STS (HCM vs SFM) HEK293 (KCM vs SFM) | HEK293 (PCM vs SFM)

1 IL-1p Fotaxin  IL-8 IL-6 IL-17A MCP-1
IL-1ra FGF2 IL-7 Eotaxin
IL-6 G-CSF 1L-8 FGF2
IL-8 IP-10 IL-9 PDGE-
IL-9 MCP-1 BB
IL-10 MIP-1 IL-10 MIP-1B
IL-13 MIP-1B IL-12 TNF
IL-17A IL-13
2 IP-10 IP-10
MCP-1
3 IL-7 IL-1p MIP-1B PDGF-BB G-CSF IL-1p  IL-10 MIP-1B
IL-12 IL-6 IL-17A  TNF IL-6 IL-17A TNF
PDGF-BB IL-7  Eotaxin IL-7  Eotaxin
TNF IL-9 FGF2 IL-8 IP-10
IL-10 MCP-1 IL-9 PDGF-BB

Table 3.3. Patterns of response in cytokine/chemokine and growth factor secretion in KRJ-I, P-
STS and HEK?293 cells. As described in the text, three main patterns of response were observed, when
the RNA sequencing and 27-plex Luminex data were reviewed jointly for these cytokines/chemokines
and growth factors. SFM: Serum Free Medium, HCM: HEK293 conditioned media, KCM: KRJ-I
conditioned media, PCM: P-STS conditioned media.

3.4. Discussion

In our preliminary experiments, the crosstalk of neuroendocrine tumour and stromal
cells was initially investigated using a co-culture model of BON-1 and HEK293 cells.
As mentioned earlier, this model has the significant limitation that the BON-1 cell line
is a pancreatic neuroendocrine tumour cell line and therefore it is not ideal for studying
the mesenteric tumour microenvironment. A comparison of BON-1 with the small
intestinal KRJ-I cells revealed significant differences in gene expression and receptor
profile expression, wide variability in neuroendocrine marker transcript levels and
substantially different responses in proliferative and secretory studies, suggesting that
the BON-1 cell line is not an appropriate enterochromaffin cell neuroendocrine tumour
model'®, However, a recent study from Sweden questioned the authenticity of the
KRJ-I cell line due to its lymphoblastoid phenotype, while the P-STS cell line was
considered to represent a genuine small intestinal neuroendocrine tumour cell line®3®,

Unfortunately, it is generally accepted that NET cell lines as a model for human cancer
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have significant limitations, are often not widely available or well characterised and
this poses significant challenges in basic science experiments aiming to delineate
cancer biology®’. However, our preliminary experiments with the BON-1 and
HEK?293 cells were important to demonstrate the feasibility of this study and optimise
several aspects of the co-culture system prior to the collaboration with the University
of Graz, which gave the unique opportunity to study the crosstalk of KRJ-I and P-STS
cells with the fibroblastic HEK293 cells. These experiments have delineated further
the complex interactions within the tumour microenvironment, and these dynamic
processes seem to involve multiple signalling pathways and factors, sometimes with
significant crosstalk involved in the regulation of downstream mediators. Certainly,
these in vitro data would need to be validated in human tissue. However, our functional
studies using appropriate cell line models of the mesenteric microenvironment provide
the first in-depth analysis of the tumour-stromal interactions in this context and are a
platform that can be utilised to investigate pathways of disease, instead of assessing
single factors (such as CTGF or VAP-1) as in previous studies. This structured
approach is more likely to advance our knowledge and improve our understanding of

mesenteric fibrogenesis in SI NETSs.

In our preliminary experiments we did not find a significant crosstalk between BON-
1 and HEK293 cells. We did not identify any significant changes in cell proliferation
or metabolic activity and there were only a few changes in gene expression in response
to conditioned media of the other cell line. This is perhaps not surprising, considering
the relative lack of stromal fibrosis in pancreatic NETs (pNETS). Although a so-called
‘sclerosing variant’ of pNETs has been described, it is rare and accounts for less than
15% of cases. This variant has distinct pathologic features and biomarker expression
profiles, and a significantly higher percentage of these tumours are serotonin-secreting
neoplasms compared with non-fibrotic pNETS®. In our experiments, we found that
CCL2 expression was significantly upregulated in HEK293 cells after exposure to
BON-1 conditioned media. CCL2 (also known as monocyte chemoattractant protein-
1 [MCP-1]) is a potent monocyte-attracting chemokine, which plays an important role
in tumour-stromal interactions and is known to promote tumour progression**¢, MCP-
1 has several key roles in tumorigenesis, due to its ability to directly stimulate
proliferation, cell migration and angiogenesis**®. In BON-1 cells NFKB2 expression

was significantly upregulated, while IL-8 expression was downregulated in response
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to HEK293 conditioned media. NFKB2 is a transcription factor that regulates
inflammation, survival, proliferation and other biological processes. It has been
previously shown (in a mouse model) that increased NFKB2 activity can lead to fatal
lung inflammation, characterised by diffuse alveolar damage, marked peribronchial
fibrosis and a significant accumulation of myofibroblasts in the lungs®*°14°, Cytokines
(such as IL-8, IL-6 and other molecules) are secreted in the tumour microenvironment
by both cancer and stromal cells and are also known to play an important role in
inflammation and tumour progression'*!. We observed a downregulation of IL-8 in
BON-1 cells (in response to HEK293 conditioned media) and no other changes in gene
expression were detected as a result of the BON-1/HEK?293 crosstalk. These findings
are in keeping with the rare development of fibrosis in pancreatic neuroendocrine

tumours®.

There are only a few studies in the literature that have investigated the crosstalk of
neuroendocrine tumour and stromal cells. As mentioned earlier, Svejda et al used a
Transwell co-culture system to investigate the cross-talk of small intestinal KRJ-I cells
and HEK?293 stromal cells?’. The authors demonstrated that targeting the 5-HT2B
receptor of KRJ-1 cells with an antagonist (PRX-08066) led to inhibition of
proliferation and serotonin secretion, as well as reduced synthesis of profibrotic
growth factors (TGFB1, CTGF, FGF2). In addition, this led to inhibition of
proliferation and reduced synthesis of profibrotic growth factors (TGFB1, CTGF,
FGF2) in HEK293 cells despite the absence of a 5-HT2B receptor in these cells,
suggesting that there is a cross-talk between cancer and stromal cells which contributes
to the development of fibrosis?*. An older study by Beauchamp et al investigated the
effect of BON-1 conditioned media on AKR-2B (mouse) fibroblasts!?. The authors
showed that BON-1 conditioned media stimulated DNA synthesis, soft agar growth
and TGFB1 and fibronectin gene expression in AKR-2B fibroblasts. They also
demonstrated the presence of several different molecules in the BON-1 conditioned
media, including TGFB1, TGFB2, TGFB3, TGFa, PDGF-f chain and basic FGF (also
known as FGF2). The authors suggested that this model provided evidence that
multiple growth factors are involved in the desmoplastic reaction accompanying
carcinoid tumours. Of course, there are several significant limitations to this study,

which do not make it representative of the mesenteric tumour microenvironment of
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midgut NETS, such as the use of a pancreatic neuroendocrine tumour cell line (not of
small intestinal origin) and mouse fibroblasts (not of human origin).

In view of the limited literature in this research area, in collaboration with the
University of Graz, we performed a detailed assessment of the crosstalk of SI NET
cell lines KRJ-1 and P-STS with the stromal cell line HEK293. We observed a
significant reduction in cell metabolic activity of KRJ-I and P-STS cells in response
to HEK293 conditioned media, but the physiological significance of this finding is
unclear, particularly as there was no change in cell proliferation. On the other hand,
HEK?293 cell proliferation and metabolic activity did not change significantly upon

exposure to KRJ-I1 and P-STS conditioned media.

The RT PCR Profiler arrays revealed that several changes in gene expression occurred
as a result of the paracrine effect. KRJ-1 cells exposed to HEK?293 conditioned
media demonstrated a significant upregulation of the following genes: PIK3R1,
MAPK1, MAP2K1, NF-kB2, ITGAV and MAX. The first 3 of these genes encode
proteins that are components of the MAPK (mitogen-activated protein kinases) and
MmTOR (mammalian target of rapamycin) pathways (Figures 3.24 and 3.25),
suggesting that these pathways are activated in KRJ-1 cells during tumour-stromal
interactions. Both these pathways have a central role in the pathophysiology of
carcinogenesis, as they regulate critical biological functions, such as cell survival,
proliferation, angiogenesis and ‘death-related’ pathways (apoptosis and
autophagy)®" 142143 There is also significant cross-talk between these pathways via
feedback loops'#?1%4, The PIK3R1 gene encodes the regulatory unit of PI3K
(Phosphatidylinositol 3-kinase), known as p85a. PI3K also has a catalytic unit
(PIK3CA or pl110a). PI3K is considered a key upstream component of the mTOR
pathway (Figure 3.24), which is known to be activated in both SI NET cell lines (KRJ-
I, P-STS, L-STS and H-STS)!*4 and neuroendocrine tumours!*. The mTOR inhibitor
everolimus has also been shown to be effective in the clinical management of non-
functioning small bowel NETs'#147 although it is not known to affect the
desmoplastic reaction in the mesentery. The MAPK1 (mitogen-activated protein
kinase 1) gene encodes the ERK2 (extracellular signal-regulated kinase 2) protein,
which is a downstream mediator of the MAPK pathway!*314¢ and MAP2K1 encodes
the MEK1 (mitogen-activated protein/extracellular signal-regulated kinase 1) protein,

which together with MEK2, are the exclusively specific activators of ERK1/2143
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(Figure 3.25). The MAPK pathway is known to play a critical role in neuroendocrine
neoplasia® !4, as well as in other cancers'*®, due to its known ability to regulate
multiple physiological processes, such as cell proliferation, differentiation, invasion

and metastasis®’ 143,

AMPK

mTOR

EIF4EBPI

Figure 3.24. Simplified schematic overview of the mTOR pathway. Extracellular stimuli (such as
growth factors) regulate the mTOR pathway. Activation of this pathway may alter several cellular
processes, such as cell proliferation and protein synthesis. AMPK: 5’-adenosine monophosphate-
activated protein kinase, PI3K: Phosphatidylinositol 3-kinase, PDPK1: 3-phosphoinositide dependent
protein kinase 1, mTOR: mammalian target of rapamycin, TSC: Tuberosis sclerosis complex,
EIF4EBPL: eukaryotic translation initiation factor 4E-binding protein, RPS6KB1: ribosomal protein S6

kinase, RPS6: ribosomal protein S6.
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Figure 3.25. Simplified schematic overview of the RaffMEK/ERK pathway. Extracellular stimuli
(such as growth factors) regulate the Raf/MEK/ERK pathway typically via the adapter protein Grb2
(Growth factor receptor-bound protein 2), the guanine nucleotide exchange factor Sos (Son of
sevenless) and the small GTPase, Ras. Activation of this pathway results in increased cell proliferation
and cell survival. MEK: mitogen-activated protein/extracellular signal-regulated kinase, ERK:

extracellular signal-regulated kinase.

The ITGAYV (integrin subunit alpha v) gene encodes integrin av. Integrins are a family
of transmembrane receptors composed of two subunits, a and p1*°. These receptors
allow the interaction of cells with the extracellular matrix and play important roles in
cell signalling®®®. Several signalling pathways (including MAPK and mTOR) are
activated by integrin av, which may regulate a wide range of cellular processes in
cancer biology, including proliferation, chemotaxis, epithelial-to-mesenchymal
transition, invasion and metastasis'*>-*! (Figure 3.26). The integrin pathway was also
shown in the IPA analysis to be significantly activated in KRJ-I cells treated with

HEK293 conditioned media (Figure 3.15) and will be discussed in more detail later.
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Figure 3.26. Simplified schematic overview of the integrin pathway. The ECM contains matrix (e.g.
collagens, fibronectin) and non-matrix proteins (e.g. growth factors such as TGFp). These can interact
with the integrin receptors, which can transmit ‘outside-in’ signals via multiple downstream pathways,
including the MAPK and mTOR pathways. These pathways affect multiple cellular processes
ultimately leading to cancer progression. Integrins are also involved in a complex cross-talk with TGFp,
as well as in ‘inside-out’ signalling, whereby receptor activation can alter integrin-binding

capacity521%3,

The NF-kB2 gene encodes NF-kB2/p52, which is generated from a large precursor
protein known as p100 via the non-canonical NF-xB pathway'®*. NF-kB2/p52 is a
transcription factor which does not act as a single protein, but instead forms NF-xB
dimers with other NF-kB proteins. Upon activation of the NF-kB pathway by specific
stimuli these dimers are able to translocate to the nucleus and activate the transcription
of target genes, which are involved in immunity, inflammation and cell survival®>*,
Therefore, sustained activation of the NF-xB pathway is implicated in the
development of autoimmune diseases and cancer, particularly haematological
malignancies™*. The pathway ‘NF-xB activation by viruses’ was activated in KRJ-I
cells treated with HEK293 conditioned media, as shown in the IPA analysis (Figure
3.15), suggesting that the activation of this pathway may be important in the cross-talk

of SI NET and stromal cells. In addition, it is interesting that in our preliminary
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experiments this gene was also found to be upregulated in BON-1 cells treated with
HEK?293 conditioned media.

The MAX (Myc-associated protein X) gene encodes Max, which acts as a partner for
Myc and together these proteins form a dimeric transcription factor, that regulates the
expression of multiple genes. The Myc/Max complex targets genes that are involved
in a wide range of biological processes, including ribosome biogenesis, protein
translation, cell-cycle progression and metabolism, and therefore regulate multiple
functions, such as cell proliferation, survival and differentiation (Figure 3.27)*>>. It is
also interesting that Myc protein translation is activated by mTORC1 (mTOR complex
1)!%°, a downstream mediator of the mTOR pathway, which is activated in KRJ-I cells
(as described earlier).

Cell cycle

Signal transduction

000

Transcription

transcription translation activation L .
Protein biosynthesis

MYC gene MYC mRNA
Cell adhesion and

cytoskeleton

DNA repair

Metabolism

Figure 3.27. The Myc oncoprotein can regulate a wide range of cellular biological processes by
altering the transcription of multiple genes (thus called a ‘super-transcription factor’). This
requires an activated mTOR pathway and dimerization with its partner, Max, with which it forms a

heterodimeric transcription factor, known as the Myc-Max complex.

The RT Profiler ‘Molecular Mechanisms of Cancer’ revealed that in P-STS cells
treated with HEK293 conditioned media, the following genes were significantly
down-regulated: Grb2 and FADD. The Grb2 gene encodes the Grb2 (Growth factor

receptor-bound protein 2), which was briefly mentioned in Figure 3.25. This is a key
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adaptor protein involved in intracellular signal transduction, linking cell surface
receptors to downstream signalling pathways, such as the MAPK cascade. It is known
to play a critical role in oncogenesis, due to its ability to affect many cellular processes
involved in the multi-step cascade of cancer metastasis, such as cell adhesion,
extracellular matrix remodelling, cell motility, tumour angiogenesis and tumour cell
dissemination®®. Thus, the downregulation of Grb2 seems paradoxical, as it would
have a protective effect against tumour growth. On the other hand, FADD (Fas-
associated via death domain) is another cytosolic adaptor protein, which is recruited
to ligated death receptors, such as Fas (Figure 3.28). It is involved in apoptosis
signalling due to its ability to interact with pro-caspase 8, which is then activated to
caspase 8. This in turn can activate downstream executioner caspases 3 and 7, which
can lead to apostosis'®”18, Therefore, the downregulation of FADD would usually
promote tumour growth through inhibition of apoptosis. Although FADD is a critical
mediator of cell death pathways, it may in some cases promote cell growth through

activation of NF-«B signalling pathways, but this is less common®®71%,

o — . Death receptor ligand

Death receptor

Pro-caspase 8
f Caspase 8

| Downstream |

ﬂ caspases /

APOPTOSIS

Figure 3.28. Simplified schematic overview of the extrinsic pathway of apoptosis mediated by
FADD. Upon ligand binding on a death receptor (such as Fas receptor by its ligand FasL) FADD is
recruited to the cell surface and activates caspase 8. Caspase 8 catalyses the activation of downstream

caspases that induce apoptotic cell death.
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The Human Fibrosis RT PCR Profiler was applied to HEK293 cells. HEK293 cells
exposed to KRJ-1 conditioned media exhibited a significant downregulation of
MMPS8, TGFp3 and ITGB8. MMP8 (metalloproteinase 8), also known as
collagenase-2, is a metalloproteinase that has the ability to degrade fibrillar collagens,
as well as other substrates, such as other extracellular matrix proteins, proteases,
growth factors and chemokines™®. It is involved in a wide range of inflammatory
disorders, in which it is usually associated with progression of inflammation, while in
cancer a dual role of MMP8 (tumorigenic and tumour suppressive) has been
reported®®®. Although the precise role of MMP8 in cancer progression seems to depend
on the type and stage of the tumour, in most cases wild-type MMP8 exhibits a tumour
suppressive activity by inhibiting cell migration, invasion and metastasis. However,
mutant MMP8 enhances tumorigenic phenotypes'®®. Therefore, the downregulation of
MMP8 in HEK293 cells suggests that these cells could exert a pro-proliferative effect
on cancer cells (in a paracrine manner). In addition, TGFB3 was downregulated in
treated HEK293 cells and this reflects a profibrotic response, as TGFB3 is known to
have antifibrotic effects in several conditions, such as wound healing and systemic
sclerosis'®1162, Furthermore, ITGBS8, which was downregulated in HEK293 cells
treated with KRJ-I conditioned media, is involved in the synthesis of integrin avf8.
This integrin acts as a cell surface receptor for the latency-associated peptide (LAP)
of TGFp. Binding of latent (inactive) TGFB to avp8 leads to recruitment of the
metalloproteinase 14 (MMP14), which cleaves the LAP peptide and therefore
activates TGFP with induction of fibrosis!®®. Therefore, reduction of ITGBS

expression in HEK293 cells suggests an antifibrotic effect.

In this in vitro model no changes were seen in gene expression in HEK293 cells
exposed to P-STS conditioned media using the Human Fibrosis RT Profiler. This

suggests a weak paracrine effect in this direction.

In addition, the IPA analysis provided information about specific signalling pathways
that are activated or inhibited in these cell lines as a result of the paracrine effect. In
KRJ-I cells treated with HEK 293 conditioned media, the following pathways were
activated: NF-xB activation by viruses, Tec Kkinase signalling, dendritic cell
maturation, TREML1 signalling, role of NFAT in regulation of the immune response,
cdc42 signalling, PI3K signalling in B lymphocytes, TNFR1 signalling, integrin

signalling, neuroinflammation signalling pathway, IL-8 signalling, cardiac
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hypertrophy signalling and phospholipase signalling, while the RhoGDI signalling
pathway was inhibited (see Figure 3.15).

The integrin signalling pathway is of particular interest, as several components of
this pathway were also shown to be upregulated at gene expression level in KRJ-I cells
in the Molecular Mechanisms of Cancer RT Profiler (Figure 3.11). This pathway was
shown to be significantly activated in our RNA sequencing and IPA analysis data
(Figure 3.29).
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Figure 3.29. Activation of the integrin pathway in KRJ-I cells treated with HEK?293 conditioned

media. As shown in the figure, this pathway involves downstream activation of the MAPK, mTOR and
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other signalling cascades that ultimately affect multiple cellular processes, such as tumour invasion,
cell motility and adhesion.

The integrin pathway is a complex pathway, and a more simplified representation is
provided in Figure 3.26. As previously mentioned, integrins consist of an o and f-
subunit and form transmembrane proteins, which bind extracellularly to ECM
components, such as fibronectin and several members of the laminin and collagen
families'®. They transduce signals into the cell (‘outside-in’ signalling) via multiple
signalling pathways, including the Ras/Raf/MEK/ERK and mTOR pathways, which
were also shown to be transcriptionally active in treated KRJ-1 cells. These pathways
regulate a wide range of cellular processes, including cell adhesion, proliferation,
survival and migration, which contribute to cancer progression'®>1%_1n addition, there
is extensive crosstalk between integrins and TGFf signalling, which is important in
both cancer progression and fibrosis development!®4. Integrins also participate in
‘inside-out’ signalling, whereby receptor activation can regulate integrin-binding
activity'®2153, The integrin pathway is investigated in vivo in Chapter 4. Although this
pathway is known to contribute to cancer progression in other cancers!®41¢ its role in
the mesenteric microenvironment of carcinoid tumours has not been previously
explored. It is interesting however that a recent study by Bosch and colleagues
demonstrated that patients with small bowel NETs associated with a desmoplastic
reaction are a more aggressive cohort with a significantly shorter progression-free
survival, and a higher prevalence of distant metastases, lymphatic vessel and
perineural invasion compared to patients with non-fibrotic tumours*'®, We have also
shown recently that mesenteric fibrosis is associated with a significantly shorter
overall survival in patients with advanced midgut NETs!! (see Chapter 2), and it is
possible that the fibrotic microenvironment may mediate tumour progression by this

and other pathways in these tumours.

NF-kB activation by viruses is another pathway that was activated in KRJ-1 cells
treated with HEK293 conditioned media (Figure 3.30). This pathway is known to be
activated by oncogenic viruses and particularly human T-cell leukaemia virus 1
(HTLV1), Kaposi sarcoma-associated herpesvirus (KSHV), and Epstein-Barr virus
(EBV). These viruses encode specific oncogenic proteins that are able to activate the
NF-kB pathway via the canonical and non-canonical route®”. Deregulation of the NF-

kB pathway is known to lead to abnormal transcription of multiple target genes,
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involved in inflammatory and immune responses, as well as in cell survival and
proliferation. As a result, activation of this pathway by oncogenic viruses is associated
with the development of wide range of malignancies, such as adult-T cell leukaemia
(HTLV-1), Kaposi sarcoma (KSHV) and Burkitt’s lymphoma (EBV)!®’. Therefore,
this pathway may also play a role in the survival and growth of cancer cells within the

fibrotic microenvironment of midgut NETSs.
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Figure 3.30. Schematic representation of the NF-kB activation by viruses pathway, that was found
to be activated in KRJ-1 cells treated with HEK293 cells. As shown in the figure, this pathway can
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be activated by a variety of oncogenic viruses (such as EBV, HSV, CMV and HIV), which through
various signalling cascades can promote nuclear translocation of NFkB. This in turn leads to
transcription of multiple genes that control many cellular processes, such as anti-apoptosis and the

immune response.

In addition, the Tec kinase signalling pathway was found to be activated in treated
KRJ-I cells. Tec kinases are a family of non-receptor tyrosine kinases, which are
known to play a role in lymphocyte development and transformation®®®. They can be
activated by binding of various antigens on antigen receptors of B- and T-
lymphocytes, as well as by other types of receptors, such as integrins and receptor
tyrosine kinases. Tec kinases can lead to activation of multiple downstream mediators
(such as NF-kB and PLCy [phosphoinositide phospholipase C]), which can control a
wide range of cellular processes, including cell survival and proliferation, and
constitutive activation of this pathway is associated with lymphoproliferative
disorders®®®. Here, it is interesting to mention the recent paper by Hofving et al which
reviewed the phenotype of gastroenteropancreatic (GEP) NET cell lines and
concluded that KRJ-1 cells are of lymphoblastoid origin*¢. This will be discussed later

in some more detail.

The dendritic cell maturation was another pathway, which was activated in treated
KRJ-I cells. This is a complex pathway (Figure 3.31), which is critical for dendritic
cell maturation. Dendritic cells are characterised as the ‘gatekeepers of the immune
system’, but this ability depends on a cellular differentiation program, called
‘maturation’, which allows them to activate antigen-specific naive T-cells!®®-1",
Dendritic cells play an important and complicated role in cancer. They normally have
the ability to induce anti-tumour immunity and control tumour growth, but often the
tumour microenvironment can reduce their survival and functionality, or may alter
their activity towards an immunosuppressive and tolerogenic phenotype that may
support tumour progressioni®. Although at first sight it seems strange that the
dendritic cell maturation pathway is activated in cancer cells (which do not undergo
this cellular process), this pathway exerts many of its effects by downstream activation
of the canonical and non-canonical NFkB pathways. As shown in Figure 3.31, we
believe that the main reason why this pathway is ‘activated’ in the IPA analysis is the
fact that many components of the canonical and non-canonical NF-kB pathways are

activated in KRJ-1 cells. The IPA analysis was performed using a ‘generic’ approach,
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but when a more ‘tissue-specific’ approach was used, the NF-«xB activation by viruses
pathway remained significantly activated in KRJ-I cells, while the dendritic cell
maturation pathway was no longer significantly activated (Figure 3.32).
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Figure 3.31. Overview of the dendritic cell maturation pathway, that was activated in treated

KRJ-I cells.
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Figure 3.32. ‘Tissue-specific’ IPA analysis of pathways activated in KRJ-I cells treated with
HEK?293 conditioned media. This was based on a specific selection of options (see methodology
section) and showed that the dendritic maturation pathway was no longer significantly activated based

on a more stringent search, as this is not a cancer-specific pathway.

Furthermore, the TREM-1 signaling pathway was found to be activated in KRJ-I
cells in response to HEK293 conditioned media. This pathway is known to play a role
in the inflammatory response of myeloid cellst’>. The TREM-1 receptor (triggering
receptor expressed on myeloid cells-1) is able to phosphorylate (upon its activation)
multiple proteins, including the adaptor protein DAP12 (DNAX activation protein of
12kDa), phospholipase Cy, ERK1/2 and NF-kB (via the canonical pathway), which
ultimately lead to the transcription of genes involved in inflammation, such as
cytokines and chemokines'’2. In addition, the TREM-1 pathway is able to induce
reactive oxygen species (ROS) production, which can lead to apoptosis in
neutrophilst’2. Therefore, this pathway may have a role in cancer development by
maintaining an inflammatory response within the tumour microenviroment, which is

important for cancer progression.
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The role of NFAT in regulation of the immune response and phospholipase
signalling are closely linked pathways that were found to be activated in KRJ-I cells
as a result of the paracrine effect. NFAT (nuclear factor of activated T-cell) is a
transcription factor that is regulated by the phosphatase calcineurin, which controls its
transport from the cytoplasm to the nucleus by dephosphorylation (Figure 3.33).
NFAT proteins are able to alter target gene expression, which is important in many
physiological and pathological biological processes, including regulation of the
immune system, inflammation, angiogenesis and development and metastasis of
cancer!”. As shown in Figure 3.33, activation of the NFAT pathway starts with
receptor activation (e.g. Toll-like receptors, G-coupled receptors etc.) which leads to
phospholipase C activation. This process catalyses the hydrolysis of PIP2
(phosphatidylinositol-4,5-bisphosphonate) to DAG (diacylglycerol) and IP3 (inositol-
1,4,5-triphosphate). DAG activates PKC (protein kinase C), which in turn can activate
a number of signalling pathways (e.g. Ras/Raf/ERK, NF-kB, Akt), that play important
roles in carcinogenesis and metastasis*’*. On the other hand, IP3 binds to its receptor
(IP3R) on the endoplasmic reticulum (ER), resulting in calcium efflux from the ER to
the cytoplasm. This activates the calcium sensor STIM, which binds and activates a
channel (Orail) in the plasma membrane, that allows influx of calcium and formation
of the calcium/calmodulin/calcineurin complex. This complex dephosphorylates
NFAT, which can translocate to the nucleus and lead to target gene transcription.
These genes play important roles in inflammatory disorders, and in cancer
development, cell proliferation, angiogenesis, metastasis and drug resistance’317,
The NFAT pathway is also known to interact with other major oncogenic pathways*’3,
Therefore, this pathway may play a role in the growth of neuroendocrine tumours

within the fibrotic microenvironment.
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Gene
expression

Figure 3.33. Simplified schematic overview of the NFAT and phospholipase pathways, which are
activated in KRJ-I cells in response to HEK293 conditioned media. DAG: diacylglycerol; IP3:
inositol-1,4,5-triphosphate; NFAT: nuclear factor of activated T-cell; PIP2: phosphatidylinositol-4,5-
bisphosphonate.

In addition, the cdc42 signalling pathway was activated, while the RhoGDI
signalling pathway was inhibited in KRJ-I cells exposed to HEK293 conditioned
media. These two pathways are very closely linked and will be discussed together.
The Rho GTPases, such as Cdc42 and RhoA, are Ras-related small GTP-binding
proteins that perform several important cellular functions, such as regulation of cell
morphology and motility, transcriptional regulation and ROS production'’®. Their
activation is controlled by a number of regulatory factors, as shown in Figure 3.34.
Inactive cdc42-GDP binds to GDI (guanine nucleoside dissociation inhibitor). The
dissociation from GDI is accomplished by GDF (GDI displacement factor), which in
turn allows GEF (guanine nucleotide exchange factor) to incorporate GTP to cdc42.
Active cdc4?2 is then able to bind to effector proteins and initiate various signalling
pathways, which regulate multiple cellular functions. GAP (GTPase activating
protein) acts as a negative regulator of cdc42 signalling®’’. Deregulation of the cdc42
signalling pathway can lead to several pathogenic processes related to cancer, such as
cellular transformation, changes in cell metabolism, formation of invadopodia and

filopodia, invasion and cell migration'”.
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Figure 3.34. Simplified schematic overview of the regulation of Rho GTPases. Activation of the
Cdc42 pathway can initiate multiple downstream pathways that affect a wide range of cellular functions,
such as cell division, enzyme activity and cell adhesion'””. GDI: guanine nucleoside dissociation
inhibitor; GDF: GDI displacement factor; GEF: guanine nucleotide exchange factor; GAP: GTPase

activating protein.

In addition, the PI3K signalling in B lymphocytes was activated in KRJ-1 cells
treated with HEK293 conditioned media. This pathway has been presented previously
(see Figure 3.24). In B lymphocytes PI3K signalling is initiated downstream of the B-
cell receptor and it plays an important role in B cell growth and proliferation’, It is
known to regulate B cell development and differentiation, cell metabolism and
mitochondrial function. Pathological activation of this pathway is associated with the
development of B cell-derived malignancies, such as diffuse large B cell
lymphomas!’®. As mentioned earlier, the PI3K-Akt-mTOR pathway is also involved
in other cancers, including neuroendocrine neoplasms, and its activation within the

fibrotic microenvironment of midgut NETs needs to be validated in vivo.

TNFR1 signalling pathway is another pathway that was found to be activated in KRJ-
I cells in response to the paracrine effect. TNF is a growth factor involved in the

pathogenesis of many inflammatory disorders, including inflammatory bowel disease
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and rheumatoid arthritis. By binding to its receptor TNFR1, it can activate the
canonical NF-xB pathway and lead to the transcriptional upregulation of many
proinflammatory genes®’®. This pathway has two sequential “cell death checkpoints”,
and if these are disrupted (under pathological conditions), this pathway can induce
apoptosis and necroptosis'’®. Therefore, the usual role of this pathway is the
development of an inflammatory response and the transduction of survival signals,

which are clearly important for cancer progression.

The IL-8 signalling pathway was also significantly activated in KRJ-I cells treated
with HEK293 conditioned media. This is a complicated pathway and is shown in
Figure 3.35. IL-8, also known as CXCL8 (C-X-C motif ligand 8), is a chemokine that
is produced by many cell types and can bind to two receptors, CXCR1 (IL-8RA) and
CXCR2 (IL-8RB). These receptors are then able to initiate a number of signalling
cascades, the most important of which are the PI3K/Akt, phospholipase C/protein
kinase C (PLC/PKC) and Ras/Raf/ERK pathways'®. These pathways regulate critical
cellular functions and ultimately lead to cell proliferation, invasion, angiogenesis and
metastasis'®. 1L-8 is upregulated in a wide range of malignancies, including breast,
prostate, lung and ovarian cancer, due to its ability to contribute to multiple hallmarks
of cancer'® but its role in neuroendocrine neoplasia within the fibrotic

microenvironment has not been previously explored.
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Figure 3.35. Schematic overview of the IL-8 signalling pathway, which was activated in KRJ-I

cells in response to HEK293 conditioned media. As shown in the figure, IL-8 binds to its receptors

108



(CXCR1 and CXCR2) and can thereby initiate several signalling cascades, the most important of which
are the PI3K/Akt, phospholipase C/protein kinase C (PLC/PKC) and Ras/Raf/ERK pathways. These
pathways regulate critical cellular functions and ultimately lead to cell proliferation, invasion,
angiogenesis and metastasis.

The neuroinflammation signalling pathway was also activated in treated KRJ-I
cells. This is also another complicated pathway (Figure 3.36) which is involved in
immune and inflammatory responses in the central nervous system and the
pathophysiology of neurodegenerative diseases!®l. This pathway is activated in
macrophages in the central nervous system (called microglia) in response to
pathogens, infection or injury, and leads to the production of inflammatory mediators
and chemokines (such as IL-1f and TNFa), which cause neuronal dysfunction,
damage and cell death!8l. Multiple signalling cascades are activated downstream of
cell surface receptors, including the PI3K/Akt, MAPK and NF-kB pathways, which
lead to transcription of proinflammatory genes. In addition, the neuroinflammation
pathway leads to the production of ROS and gaseous signalling molecules (nitric
oxide), which also contribute to cell death and inflammation®®!. Whether these
pathways contribute to inflammation within the cancer microenvironment of midgut
neuroendocrine tumours and therefore promote tumour growth needs to be

investigated in vivo.
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Figure 3.36. Neuroinflammation pathways. (From Shabab et al. International Journal of

Neuroscience. 2017. Reprinted with permission)

The cardiac hypertrophy signalling pathway was also activated in KRJ-I cells
exposed to HEK293 conditioned media. This complicated pathway (see Figure 3.37)
is involved in cardiac remodelling and incorporates a wide range of biological
processes, including gene transcription, protein synthesis, changes in cell metabolism,
inflammatory responses and cell death'®2, These processes are driven by a number of
signalling cascades, the most important of which are the IGF1-PI3K-Akt pathway,
MAPK signalling, the phospholipase C pathway and calcium-dependent pathways*®2,
Although ‘cardiac hypertrophy’ per se is not a cancer-related process, many of the
pathways illustrated in the pathway figure are known to play critical roles in
oncogenesis and most of them have been presented earlier. This shows clearly the
complex pathway crosstalk that may be involved in the pathophysiology of mesenteric
fibrosis, which most probably involves complicated pathway networks, rather than
simply single factors that have been the focus of most previous studies of mesenteric

fibrosis in neuroendocrine tumours.
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Figure 3.37. Schematic overview of the cardiac hypertrophy signalling. (From Tham et al. Arch
Toxicol 2015 89:1401-1438. Reprinted with permission).

In P-STS cells treated with HEK293 conditioned media the following pathways
were significantly activated: EIF2 signalling, oxidative phosphorylation and Gas
signaling, while the superpathway of cholesterol biosynthesis was inhibited. EIF2
(eukaryotic initiation factor 2) signalling is a pathway that is involved in protein
synthesis. It is of critical importance for cell survival and plays a major role in the
integrated stress response!®. 1t will be described in more detail later. Gas signalling
is another pathway that involves gaseous signalling molecules, such as carbon
monoxide (CO), nitric oxide (NO) and hydrogen sulphide (H2S). These
gasotransmitters play important roles in several cellular processes, including
proliferation, cytoprotection and apoptosis. They exert many of their effects on cell
function through their ability to regulate potassium channel activity in
mitochondria®®*. In addition, the oxidative phosphorylation pathway (Figure 3.38)
was activated in P-STS cells treated with HEK293 conditioned media. The

mitochondrial oxidative phosphorylation system is an important functional unit
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comprising of the electron transport chain (complexes I-1V) and the ATP synthase
(complex V), which are involved in energy production!®, The oxidative
phosphorylation machinery is also involved in ROS production and apoptosis'®®. The
activation of this pathway in neuroendocrine tumour cells is interesting, because most
cancers do not rely on respiration to meet their energy demands, but instead they
depend on glycolysis. This switch from aerobic to glycolytic energy production
(known as the Warburg effect) is a typical metabolic change in de-differentiated
cancers. However, the majority of midgut neuroendocrine tumours are well-
differentiated with a low proliferation index (Ki67) and do not exhibit increased
glucose metabolism, as also evidenced by the generally low tracer uptake of these
tumours on ®*F-FDG PET imaging studies 8. On the other hand, the superpathway
of cholesterol biosynthesis was inhibited in P-STS cells exposed to HEK293
conditioned media. Lipid biogenesis is thought to play an important role in cancer
growth and signalling®’, but to the best of our knowledge changes in lipid metabolism
and their effect on disease progression have not been investigated in small bowel
neuroendocrine tumours. Sterol composition of cell membranes is known to affect
many membrane-based properties, such as receptor signalling and vesicular

trafficking, and thus cholesterol homeostasis plays a critical role in cell growth®’.
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Figure 3.38. Schematic representation of the oxidative phosphorylation pathway, which was

activated in P-STS cells treated with HEK293 conditioned media.

In HEK293 cells treated with KRJ-I conditioned media, the following pathways
were significantly activated: EIF2 signaling, oxidative phosphorylation, superpathway
of serine and glycine biosynthesis, while the aryl hydrocarbon receptor and AMPK
pathways were inhibited. The EIF2 pathway plays a key role in the regulation of
protein synthesis and is shown in Figure 3.39. The elF2 (eukaryotic initiation factor
2) is a protein that mediates the binding of the initiator methionyl-tRNA to the
ribosome for initiation of translation of all cytoplasmic mMRNAs. Therefore, this
pathway is important for overall protein synthesis in eukaryotic cells!®3, As shown in
the figure, this pathway is also regulated by other signalling pathways, which are
normally activated by insulin and growth factors, and are mediated downstream by
PI3K-Akt and MAPK signalling cascades, respectively. This adds some complexity
to this pathway and illustrates the effect of hormones and growth factors on cell
metabolism. In addition, the elF2 pathway is known to play a role in the integrated

stress response. As shown in figure 3.36 (left section), the cell responds to stress
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signals by activating several elF2 kinases, which phosphorylate the eIF2 subunit o and
inhibit global protein synthesis. At the same time, under stress conditions the
translation of a few specific mRNAs is paradoxically upregulated (e.g. ATF4). These
are involved in the synthesis of specific proteins that regulate the stress response and

the induction of apoptotic pathways'®,
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Figure 3.39. Schematic representation of the EIF2 signalling pathway, which was activated in
HEK?293 cells treated with KRJ-I conditioned media. As shown in the figure, this pathway controls

global protein synthesis and its activation can be influenced by several external factors, such as

hormones (insulin), growth factors and oxidative stress.

The oxidative phosphorylation pathway was also activated in HEK293 cells treated
with KRJ-I conditioned media, suggesting an increase in cell energy production as a
result of the paracrine effect, as described earlier. In addition, the superpathway of
serine and glycine biosynthesis was activated in HEK293 cells exposed to KRJ-I
conditioned media. This is a pathway that provides precursor molecules for protein

synthesis, nucleic acid production and lipogenesis'®. It is also involved in cell
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antioxidant capacity and therefore is considered important for cell survival and
proliferation®®, On the other hand, the aryl hydrocarbon receptor (Ahr) pathway
was inhibited in HEK293 cells treated with KRJ-1 conditioned media. This pathway
regulates the expression of genes that are involved in a wide range of cellular
processes, including cell growth, cell-cell adhesion and matrix remodelling'®. The
Ahr signalling pathway can alter ECM composition by regulating the expression of
ECM proteins (e.g. collagen | and IV), but also the expression and activity of
proteolytic enzymes, such as metalloproteinases®®®. In addition, it plays an important
role in cell-matrix interactions by regulating the expression of important membrane-
associated proteins, such as integrins'®. It is also known to contribute to matrix
remodelling by interacting with a number of other signalling pathways, such as the
TGFP and oestrogen receptor pathways!®. This is interesting, because a recent
publication from Rotterdam suggested that young female patients (<52 years) with
midgut neuroendocrine tumours were less likely to have a desmoplastic mesenteric
mass and suggested a possible role of sex hormones in the pathogenesis of mesenteric
fibrosis'?. The crosstalk between the Ahr and oestrogen receptor pathway in the
process of matrix remodelling may provide a pathophysiological basis for this
interesting observation (which the authors could not explain in their paper). The
AMPK pathway was also inhibited in HEK293 cells in response to KRJ-1 conditioned
media (Figure 3.40). AMPK (adenosine monophosphate -activated protein kinase) is
an enzymatic complex which regulates cell metabolism. It is activated in low-energy
conditions (low ATP/high AMP) and generally switches off ATP-consuming
pathways (such as fatty acid and cholesterol synthesis), while it activates ATP-
generating pathways (such as glycolysis and fatty acid oxidation)!®. As mentioned
earlier, it also inhibits mMTOR complex 1 and therefore also has an antiproliferative
role, which is enhanced further by its ability to act on the cell metabolic status®.
Therefore, the effect of cancer cells on the cell metabolic activity and proliferation of

stromal cells needs to be further explored in fibrotic midgut neuroendocrine tumours.
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Figure 3.40. Schematic representation of the AMPK pathway, which was inhibited in HEK293
cells treated with KRJ-1 conditioned media. As shown in the figure, AMPK is an enzyme that has a
central role in cellular metabolism due to its ability to activate ATP-generating pathways, such as fatty

acid oxidation, while it inhibits energy consuming pathways, such as fatty acid biosynthesis.
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In HEK 293 cells treated with P-STS conditioned media the following pathways
were significantly activated: NRF2-mediated oxidative stress response and oxidative
phosphorylation, while the GP6 signalling pathway was inhibited. NRF2 signalling
in oxidative stress is an important pathway that plays a major role in cell survival in
the context of oxidative stress (Figure 3.41). Under these conditions a number of
downstream mediators (e.g. MAPK cascade, PI3K/Akt and protein kinase C) are
activated and ultimately lead to the nuclear translocation of NRF2. In the nucleus
NRF2 binds with other proteins (such as Jun) and forms heterodimeric transcription
factors which control the expression of a wide range of genes encoding detoxifying
enzymes and antioxidant proteins'®’, These mechanisms are important for cell
protection against oxidative stress, prevention of apoptosis and survival’®t. The role
of oxidative stress in carcinoid-related fibrogenesis has not been sufficiently explored,
except in one study which investigated the role of oxidative stress in the development
of cardiac fibrosis'®2. Therefore, the involvement of this pathway in mesenteric
fibrosis of midgut carcinoids requires further evaluation. In addition, the activation of
oxidative phosphorylation in HEK293 cells treated with P-STS conditioned media

suggests a paracrine effect on mitochondrial metabolism of stromal cells.
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Figure 3.41. Schematic overview of the pathway NRF2 signalling in oxidative stress, which was
activated in HEK?293 cells treated with P-STS conditioned media. Oxidative stress and ROS
generation promote NRF2 nuclear translocation. NRF2 is a trancription factor that controls multiple
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genes involved in the oxidative stress response, such as antioxidant proteins and detoxifying enzymes.
This pathways is important for cell survival in oxidative stress conditions.

In addition, the GP6 signalling pathway was inhibited in HEK293 cells treated with
P-STS conditioned media, as shown in figure 3.42. This pathway is involved in
platelet activation and thrombosis. GP6 is found in platelets and megakaryocytes and
is a platelet receptor, which interacts with ECM proteins, such as collagen and
laminin'®, This interaction leads to the activation of a downstream pathway,
sequentially involving PI3K, phospholipase C (PLC) and protein kinase C (PKC) and
calcium mobilisation into the cytosol, which results in integrin alIbp3 activation. This
integrin is important for platelet adhesion and aggregation in disrupted blood vessels
and this process leads to thrombosis formation®, It seems a bit strange that this
pathway is inhibited in HEK293 cells (in both the generic and tissue-specific IPA
analyses), as it is a platelet-specific pathway and its physiological significance in this
context remains unclear.
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Figure 3.42. Schematic overview of the GP6 signalling pathway, which was found to be inhibited

in HEK?293 cells treated with P-STS conditioned media.
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Apart from changes in gene expression, we investigated changes in
cytokine/chemokine and growth factor secretion by performing a 27-plex Luminex
on cell culture supernatants of KRJ-1, P-STS and HEK293 cells. These results were
then reviewed alongside the RNA sequencing data to identify consistent alterations at
both mRNA and protein level as a result of the paracrine effect. Using this approach,
3 distinct patterns of response were identified. Cytokines/chemokines and growth
factors that were included in the second pattern of response (i.e. significant
upregulation at both mRNA and protein level after exposure to conditioned media of
the other cell line) are likely to represent proteins, whose expression is altered as a
result of the paracrine effect. On the other hand, in cases where there was
inconsistency between mRNA and protein expression, the changes at protein level in
the culture media of treated cells (with conditioned media of the other cell line may be
explained by the presence of these proteins in the conditioned media that were used
for the cell treatments. Alternatively, the discordance between RNA and protein
expression data may be due to post-transcriptional and/or post-translational
modifications!®+1%’. A wide range of post-translational modifications exists and some
of these may affect protein levels after biosynthesis. For example, ubiquitination is an
evolutionary conserved process with a cardinal role in proteostasis, whereby ubiquitin
or ubiquitin-like proteins are added to target proteins, and this event may direct
proteins for proteasome degradation®®®®?, In addition, miRNAs are small, non-coding
RNA molecules that have been investigated in neuroendocrine neoplasia'®, and are
known to regulate not only transcriptional but also post-transcriptional gene
expression through a variety of different mechanisms'®%. Finally, discrepancies
between RNA and protein measurements in the cell culture supernatants, may relate
to the fact that the protein is not secreted after its biosynthesis in the cell. This issue
could be further explored by simultaneous measurements of protein levels in cell
lysates and cell culture supernatants, which were not performed in our experiments,
as the focus was on the secretome of the cells, which is important in cell-to-cell

interactions.

In HEK293 cells treated with KRJ-I conditioned media there was a significant
upregulation of MCP-1 at both gene expression and protein level in the culture
supernatants of these cells. MCP-1 (monocyte chemoattractant protein 1), also

known as CCL2 (CC chemokine ligand 2), is an important cytokine which is not only
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involved in inflammatory responses, but is also known to be secreted in the tumour
microenvironment by both cancer and stromal cells, depending on the tumour type!®.
MCP-1 plays an important role in cancer development and progression'®®. Therefore,
in our in vitro model we believe that the conditioned media of KRJ-I cells contain
certain factors that stimulate the secretion of MCP-1 by HEK293 cells and this
response may in turn allow the survival and metastatic spread of the cancer cells in
midgut neuroendocrine tumours. It is interesting to note that MCP-1/CCL2 was also
upregulated at mRNA level in HEK293 cells treated with BON-1 conditioned media
in our preliminary experiments, although we did not assess protein secretion in this
model. In addition, IP-10 (interferon y-inducible protein 10, also known as
CXCL10) was significantly upregulated at both mRNA and protein secretion level in
P-STS cells treated with HEK293 conditioned media, as well as in HEK293 cells
treated with KRJ-1 conditioned media. CXCL10 is an angiostatic factor that is secreted
by both tumour and stromal cells in the tumour microenvironment'®®. It plays an
important role in anti-tumour immunity by regulating the function of CD4+ T helper
cells and effector CD8+ cells, but also may have a direct suppressive effect on cancer
cellst®. It can also reduce tumour growth by inhibiting angiogenesis®®. The role of
CXCL10 in fibrogenesis is more complex and seems to depend on the model
studied?®®2%L, For example, in the heart CXCL10 seems to play an antifibrotic role
following ischaemic cardiac injury?®, while in the liver it induces chronic
inflammation, which eventually leads to liver fibrosis in chronic hepatitis C
infection?®. Therefore, the role of this cytokine in the development of fibrosis in

midgut neuroendocrine tumours would need to be investigated further.

In conclusion, this study has provided a comprehensive analysis of the crosstalk of
two enterochromaffin-derived neuroendocrine tumour cell lines, KRJ-I and P-STS,
with a stromal cell line, HEK293. Unlike previous studies that have focussed on single
profibrotic factors, such as TGFB1 and CTGF, this analysis of an in vitro model of the
mesenteric tumour microenvironment has revealed pathways of disease that provide
further insight into the mechanisms of fibrogenesis in midgut neuroendocrine tumours.
As described earlier, multiple pathways appear to be involved in these complex
interactions, and many of those signalling cascades play important roles in both
carcinogenesis and fibrosis. There is also significant crosstalk between these

pathways, which further complicates the underlying processes. An intriguing result,
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however, was the fact that different pathways were activated or inhibited in KRJ-I and
P-STS cells, even though these cell lines are both derived from primary midgut
neuroendocrine tumours. Similarly, different pathways were activated or inhibited in
HEK?293 cells treated with KRJ-1 and P-STS conditioned media, suggesting that there
are differences in the secretome of these cancer cells. Although a recent paper
challenged the neuroendocrine origin of the KRJ-1 cell line'®, this cell line has been
well-characterised in previous studies that have demonstrated its enterochromaffin
origin'?®2%2_ Therefore, it is quite difficult to explain the different results observed in
the IPA analysis between these two cell lines. One possible explanation (other than
the potential different origin of these cell lines) is that this discrepancy is due to
heterogeneity of cancer cells within the primary tumour. It may be that the KRJ-I cell
line represents a pro-metastatic cell and it may have its known ‘lymphoblastoid’
phenotype as part of an escape mechanism which facilitates invasion and metastasis,
while the P-STS cell line may be more typical of cells in the primary tumour without
metastatic potential. This unpublished hypothesis was suggested by Dr Mark Kidd,
who was involved in the characterisation of the KRJ-1 cell line!?, but of course this
remains to be proven. If this assumption were true, it would also explain the more
significant cross-talk that we observed between KRJ-1 and HEK293 cells, compared
with the relatively weak interaction between P-STS and HEK?293 cells, because it is
known that fibrosis tends to develop around the mesenteric mass and not the primary
tumour. However, at present this is an unclear area which requires further clarification
and research. Of course, our results would need to be further validated in vivo and
could lead to the development of previously unrecognised druggable targets for

mesenteric fibrosis.
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Chapter 4

Assessment of mesenteric
desmoplasia in midgut
neuroendocrine tumours and
further delineation of the
pathophysiology of mesenteric

fibrosis using human tissue
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4. Assessment of mesenteric desmoplasia in midgut neuroendocrine tumours
and further delineation of the pathophysiology of mesenteric fibrosis using

human tissue

4.1. Introduction

The assessment of mesenteric fibrosis is a problematic area, because there is very
limited literature on the multidimensional evaluation of fibrosis using a triangulation
of different methodologies. In clinical practice and in most studies the presence of
mesenteric desmoplasia is determined radiologically and is defined as a mesenteric
mass (a pathological lymph node measuring > 10mm) with radiating soft tissue strands
in a typical ‘spoke-wheel’ pattern’’. However, often there are atypical appearances,
such as subtle spiculation around the mesenteric lymph node or a ‘misty’ mesentery,
but a histopathological correlation with these unusual radiological patterns is
lacking®®. In addition, often there may be a solitary mesenteric mass without evident
mesenteric desmoplasia on radiology, but it is unclear whether this radiological
appearance rules out the presence of minimal desmoplasia around the lymph node.
The accurate evaluation of mesenteric desmoplasia using a multidimensional approach
is therefore essential for research studies investigating the pathophysiology of
mesenteric fibrosis, in order to accurately classify patients as ‘fibrotic’ or ‘non-
fibrotic’. This approach may also allow the development of different categories of
severity for mesenteric fibrosis. This is of critical importance for the evaluation of
changes in gene and protein expression in different groups of patients, which may
provide further insight into the mechanisms of mesenteric fibrogenesis, as we will

discuss later in this chapter.
Chapter 4 includes two parts, which are closely linked:

The first part focuses on the multidimensional assessment of mesenteric fibrosis in
34 patients with midgut neuroendocrine tumours enrolled in our study. This includes
a triangulation of cross-sectional imaging, intra-operative (surgical) evaluation and
histological measurements (Figure 4.1). Using this approach, we were able to group

patients in different categories of mesenteric fibrosis severity.
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Figure 4.1. A multidimensional assessment of mesenteric desmoplasia incorporating radiological,

surgical and histological criteria was performed to accurately evaluate the severity of fibrosis and

categorise patients in different groups.

The second part of this chapter focuses on changes in gene and protein expression in
these different patient groups. A preliminary study was initially performed to assess
changes in gene expression in the first 26 patients recruited in the study, using a set of
genes that have been previously implicated in the development of mesenteric fibrosis
in midgut neuroendocrine tumours®. As we will discuss later, this was performed to
assess the robustness of our methodological approach and evaluate if differences in
gene expression are seen among different (fibrotic and non-fibrotic) patient groups.
We then investigated the integrin pathway in our entire cohort of 34 patients. This
pathway was shown to be activated in cancer cells (KRJ-1) exposed to HEK293

conditioned media, as demonstrated in our in vitro functional studies (Chapter 3).

These two parts will be presented separately, followed by a combined discussion of

the main findings.
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4.2. Multidimensional assessment of mesenteric desmoplasia in midgut

neuroendocrine tumours
4.2.1. Methods

A total of 34 patients with midgut neuroendocrine tumours were prospectively
recruited into this study. A summary of their clinical characteristics is provided in
Table 4.1.

Patients with midgut NETs who underwent surgery
(n=34) n (%)

Age (meanzSD) 61+13
Sex

Male 23 (68%)
Female 11 (32%)
Grade

1 21 (62%)
2 13 (38%)
Extent of disease

Localised 3 (9%)
Locoregional 9 (26%)
Metastatic 22 (65%)
Mesenteric mass 31 (91%)
Liver metastases 17 (50%)
Distant extrahepatic 10 (29%)
metastases

Macroscopic mesenteric 25 (74%)
fibrosis

Medical therapy

Octreotide LAR 10 (29%)
Lanreotide Autogel 8 (24%)
Surgical therapy

Small bowel resection 1(3%)
Right hemicolectomy (RO) 24 (71%)
Right hemicolectomy (R1) 9 (26%)

Table 4.1. Demographic and clinical characteristics of patients with midgut NETs enrolled in the

study.

A multidimensional assessment of mesenteric fibrosis was used to evaluate the
accuracy of standard cross-sectional imaging for the detection of fibrosis and
categorise patients in different fibrosis severity groups. The components of this

assessment are described below:
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A. The radiological severity of mesenteric desmoplasia was based on the scoring
system originally proposed by Pantongrag-Brown et al® using the following

categories:

‘ Category Criteria

No radiological evidence of mesenteric | Absence of radiating strands
desmoplasia

Mild desmoplasia <10 thin radiating strands
Moderate desmoplasia >10 thin strands or <10 thick

strands
Severe desmoplasia >10 thick strands

B. The histological assessment of mesenteric fibrosis was based on the histological
slide with the maximum amount of fibrous tissue. The histological slide was stained

with a collagen stain (Sirius Red) and two parameters were measured:

1. The width of the thickest fibrous band surrounding the mesenteric mass. This
technique was used previously by Pantongrag-Brown et al and showed a correlation
with the radiological assessment of mesenteric fibrosis®. In their publication,
Pantongrag-Brown et al introduced a new histological parameter, the so-called
fibrosis grade’, which is based on the maximum width (grade 1: width<lmm, grade

2:1-2mm, grade 3:>2mm)?2,

2. The Collagen Proportionate Area (CPA), which represents the percentage of
collagen in the stroma surrounding the mesenteric metastatic tumour. This is a
quantitative method of measuring fibrous tissue using digital image analysis and has
been validated in liver cirrhosis by the Royal Free department of cellular

pathology?%3:204,

A simplified schematic representation of these histological measurements is provided

in Figure 4.2.
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1 <1mm

2 1-2 mm
3 >2 mm
CPA:

Percentage of collagen in selected/'

area (tumour /fibrotic segment) |

Figure 4.2. Schematic representation of histological slide containing mesenteric tumour tissue
(light blue) surrounded by fibrosis (orange). The width of the thickest fibrotic band can be
measured (maximum width). The histological grade is calculated based on the maximum width.

The Collagen Proportionate Area (CPA) can also be measured in a selected area containing the

mesenteric tumour and surrounding fibrotic component, as shown (dotted line).

Optimisation/characterisation of the inter-observer variability

The cross-sectional imaging (CT/MRI scan) and histology (mesenteric mass with
surrounding fibrosis) were assessed independently by 2 assessors with good inter-
observer variability. There was a 91% agreement in the radiological assessment of
mesenteric desmoplasia between the two assessors. In a small number of cases (n=3)
a minor discrepancy was observed between the two assessments and consensus was
reached between the assessors to determine the radiological severity of the mesenteric
desmoplasia after a final review of the imaging studies. The inter-observer variability
in the histological measurements is shown in Figure 4.3. There was a very good
correlation for both CPA (Spearman’s correlation r=0.86998, p<0.0001) and width of
fibrous band measurements (Spearman’s correlation r=0.9174, p<0.0001) between the
two assessors. In the case of minor discrepancies (<20% difference between the two
assessments) the mean value of the two assessments was calculated and used for our
analysis. In the small number of cases with more significant discrepancies (>20%
difference between the two assessments), consensus was reached between the two
assessors regarding the CPA and width of fibrous band measurements after a final

review of the histology slides.
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Figure 4.3. A. Interobserver correlation of CPA measurements between assessors 1 and 2
(r=0.86998 [95% CI 0.7487, 0.9347], p<0.0001). B. Inter-observer correlation of fibrous band

maximum width between assessors 1 and 2 (r=0.9174 [95% CI 0.8366, 0.9591], p<0.0001).

C. An intra-operative assessment of the extent of mesenteric fibrosis in relation to the

entire small bowel mesentery was also provided using the following categories:

Category Criteria

No desmoplasia

No mesenteric fibrosis

Mild desmoplasia

Mesenteric fibrosis involving <25% of the small bowel

mesentery

Moderate

desmoplasia

Mesenteric fibrosis involving 25-50% of the small bowel

mesentery

Severe desmoplasia

Mesenteric fibrosis involving >50% of the small bowel

mesentery

This assessment was provided by the same operating surgeon (Mr Olagunju Ogunbiyi,

Department of Colorectal Surgery, Royal Free Hospital performed the macroscopic

assessment of mesenteric desmoplasia in all the cases). Two examples of this

assessment are illustrated in Figure 4.4.
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Figure 4.4. Surgical assessments of mesenteric fibrosis in midgut neuroendocrine tumours. (A)
Non-fibrotic midgut neuroendocrine tumour diagnosed at double-balloon enteroscopy performed to
investigate overt, obscure gastrointestinal bleeding. A tattoo mark is seen indicating the site of the

primary tumour. (B) Moderately fibrotic mesenteric mass involving several loops of small bowel.

4.2.2. Results
4.2.2.1. Correlation of surgical and radiological assessments of mesenteric fibrosis

There was a statistically significant correlation between the clinical (surgical and
radiological) methods of assessment of mesenteric fibrosis (Fisher’s exact test,

p=0.014), as shown in Table 4.2.

Surgical
None Mild Moderate Severe Total
Radiological None 9 5 1 0 15
Mild 3 2 1 0 6
Moderate 0 7 1 1 9
Severe 0 4 0 0 4
Total 12 18 3 1 34

Table 4.2. Correlation of surgical and radiological assessment of mesenteric desmoplasia. Overall,

a statistically significant correlation (Fisher’s exact test, p=0.014) was observed.
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4.2.2.2. Correlation of radiological and histological assessments of mesenteric
fibrosis

Correlations were assessed using the fibrosis grade, maximum width and CPA.
There was no statistical correlation between the fibrosis grade and the radiological
assessment of fibrosis (Fisher’s exact test, p=0.129) (Table 4.3).

Fibrosis Grade

0 1 2 3 Total
Radiological None 3 6 3 3 15
Mild 0 0 1 5 6
Moderate 0 4 2 3 9
Severe 0 2 2 0 4
Total 3 12 8 11 34

Table 4.3. Correlation of fibrosis grade and the radiological assessment of mesenteric fibrosis.

There was no statistical correlation between these methods of assessment.
Similarly, the maximum width of fibrous bands did not correlate with the radiological

assessment of mesenteric fibrosis at a statistically significant level (Kruskal-Wallis
test, p=0.08) (Figure 4.5).
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Figure 4.5. Correlation of the radiological assessment of mesenteric fibrosis with the maximum

width of fibrous bands. There was no statistical correlation between these methods of assessment.

On the other hand, the correlation of CPA with the radiological assessment of
mesenteric fibrosis was statistically significant (One-way ANOVA test, p=0.02)
(Figure 4.6).
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Figure 4.6. Correlation of CPA measurements with the radiological assessment of mesenteric
fibrosis. This correlation was statistically significant (One-way ANOVA, p=0.02) and after adjusting
for multiple comparisons a significantly higher CPA was noted in the moderately fibrotic radiological

group vs. non-fibrotic radiological group (p=0.03) and a trend towards significance was seen in the
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CPA difference in the severely fibrotic radiological group vs. the non-fibrotic radiological group

(p=0.07).

Interestingly, in several cases there was histological evidence of fibrosis around the

mesenteric mass which was not seen radiologically, as shown in Figures 4.7 and 4.8.
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Figure 4.7. Correlation of the radiological presence of mesenteric fibrosis with histological

measurements of fibrosis. In several cases, there was histological evidence of fibrosis which was not

seen at imaging studies. MF: Mesenteric fibrosis.

Figure 4.8. Correlation of ®®Ga PET/MRI (A), CT abdomen (B) and histology (C) in a patient with
a midgut neuroendocrine tumour. (A+B) A gallium-avid mesenteric mass is seen without
surrounding desmoplasia on imaging. (C) However, on histology a thin fibrotic capsule is seen

surrounding the mesenteric lymph node (lymph node diameter ~14mm), indicating the presence of

image-negative mesenteric desmoplasia.
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4.2.2.3. Correlation of surgical and histological assessments of mesenteric fibrosis

The surgical evaluation of mesenteric desmoplasia was correlated with the histological
fibrotic grade, the width of fibrous bands and the CPA. There was no statistically
significant correlation between the fibrotic grade and the surgical assessment (Fisher’s

exact test, p=0.264), as shown in Table 4.4.

Fibrosis Grade

0 1 2 3 Total
Surgical None 3 3 3 3 12
Mild 0 8 4 6 18
Moderate 0 0 1 2 3
Severe 0 1 0 0 1
Total 3 12 8 11 34

Table 4.4. Correlation between the surgical assessment of mesenteric fibrosis and the fibrosis
grade. There was no statistically significant association between these assessments (Fisher’s exact test,

p=0.264).

However, a statistically significant correlation was noted between the surgical
assessment of desmoplasia and width of fibrous bands on histology (One-way

ANOVA test, p=0.04) (Figure 4.9).
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Figure 4.9. Correlation of surgical assessment of mesenteric desmoplasia with width of fibrous

bands. There was a statistically significant relationship between these assessments (One-way ANOVA
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test, p=0.04) and after adjusting for multiple comparisons a significant difference was noted in the

moderately fibrotic surgical group vs. the non-fibrotic group (p=0.01).

In addition, there was a statistically significant association between CPA and the
surgical assessment of fibrosis (One-way ANOVA test, p=0.02) (Figure 4.10).
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Surgical assessment

Figure 4.10. Correlation of surgical assessment of mesenteric desmoplasia with CPA. There was a
statistically significant relationship between these assessments (One-way ANOVA, p=0.02) and after
adjusting for multiple comparisons a significant difference was noted in the mildly fibrotic vs. the non-

fibrotic surgical group (p=0.03) as well as the moderately fibrotic vs. non-fibrotic surgical group

(p=0.04).

4.2.2.4. Optimal cut-off points of histological parameters (maximum width and CPA)

for the prediction of clinical fibrosis

A receiver operating characteristic (ROC) curve was used to establish the optimal cut-
off points of CPA and maximum width of fibrous bands that predicted with the best
sensitivity and specificity the presence of clinical (radiological and/or surgical)

fibrosis.
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A width of fibrous band > 0.505mm and a CPA >37.6% were identified as the optimal
cut-off points (Width of fibrous bands: AUC 0.751 [95% CI 0.535, 0.967], p=0.027
and CPA (AUC 0.804 [95% CI 0.634, 0.975], p=0.007) (Figure 4.11).
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Figure 4.11. Receiver operating characteristic (ROC) curve used for the evaluation of the optimal
cut-off points of histological parameters (CPA, width of fibrous band) for the prediction of clinical

(radiological and/or intra-operative) fibrosis. A width of fibrous band > 0.505 mm and a CPA >

37.6% were identified as the cut-off points with best sensitivity and specificity.

4.2.2.5. Development of different patient groups of mesenteric fibrosis severity

A total of 34 patients were grouped in different categories of mesenteric fibrosis

severity:
1. Non-fibrotic group: No evidence of mesenteric fibrosis (n=3)

2. Minimally fibrotic group: Only histological (but no clinical evidence of) fibrosis
(n=6). In this group of patients, a mesenteric metastasis was present and surrounded

by a small amount of fibrosis detected only histologically.

3. Mildly and severely fibrotic groups: These patients had evidence of clinical fibrosis
(n=25). The group of patients with clinical fibrosis was further sub-divided into 2

smaller subgroups: A group of patients with mild fibrosis (n=14) and another group
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with advanced fibrosis (n=11). A scoring system was developed to group patients in
different categories of clinical fibrosis severity. This scoring system incorporated
surgical (macroscopic), radiological and histological parameters, which have been
described previously (Table 4.5).

A total score of 6 was arbitrarily chosen as a cut-off point to allow a fairly equal
distribution of patients in the two subgroups of clinical fibrosis (mild <6, advanced
>0).

Interestingly, the non-fibrotic group was characterised by the absence of a mesenteric
mass, while all patients with a mesenteric metastasis had evidence of fibrosis
development, and the extent of the desmoplastic reaction varied significantly, from
minimal (detected only histologically) to more advanced.

0: None 0: None 0: None

1: <25% of small  1: <10 thin strands 1: Yes, but CPA<37.6% AND width of fibrous

bowel mesentery band <0.505 mm

2: 25-50% of 2: >10 thin and <10 2: Yes, CPA>37.6% OR width of fibrous
small bowel thick strands band >0.505 mm

mesentery

3: >50% of small  3: >10 thick strands 3: Yes, CPA>37.6% AND max width
bowel mesentery >0.505mm

Table 4.5. Scoring system used to assess the severity of mesenteric fibrosis. This system is not
validated, but incorporates surgical, radiological and histological measurements, therefore allowing for
a more objective, multidimensional assessment of the severity of mesenteric fibrosis. CPA: Collagen
Proportionate Area.
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4.3. Investigation of the pathophysiology of mesenteric fibrosis using human

tissue

4.3.1. Evaluation of genes that have been previously implicated in mesenteric

fibrogenesis associated with midgut neuroendocrine tumours
4.3.1.1. Methods

A preliminary evaluation of changes in profibrotic gene expression was initially
performed in the first 26 patients enrolled into the study. Fresh frozen tissue of normal
small bowel mucosa, primary tumour and mesenteric mass of recruited patients was
prospectively collected and stored in the RFH-UCL Biobank. The study protocol for
the tissue analyses was approved by the RFH-UCL Biobank Ethics Committee
(reference ID NC2017.003, IRAS ID 208955).

Several profibrotic genes (CTGF, TGFB1, TGFB3, FGFR1, PDGF B receptor, TNF,
COL1A1, COL3AL, EGFR, FGF2) were assessed and their expression was evaluated
by gPCR in the normal mucosa, primary tumour and mesenteric metastasis of patients
with different degrees of mesenteric fibrosis severity (ranging from none to advanced
using the classification system described earlier). More specifically, fresh frozen tissue
samples of normal mucosa, primary tumour and mesenteric mass were homogenised
using a TissueLyser Il (Qiagen) and RNA was extracted using the RNeasy Mini Kit
(Qiagen). RNA concentration and purity were determined using a NanoDrop 2000
spectrophotometer and an aliquot was analysed on a denaturing gel using
electrophoresis to check the quality of isolated RNA. 400 ng of total RNA were used
for reverse transcription using the High Capacity cDNA Reverse Transcription Kit
(Thermo Fisher Scientific). The following Assays-on-Demand primers were used:
CTGF (Hs00170014), TGFB1 (Hs00998133), TGFB3 (Hs01086000), FGFRI
(Hs00241111), PDGF B receptor (Hs01019589), TNF (Hs00174128), COL1Al
(Hs00164004), COL3Al (Hs00943809), EGFR (Hs01076090) and GAPDH
(Hs02786624). RT-qgPCR was performed on an ABI 7500 Fast Sequence Detection
System using the Tagman Universal Mastermix (Thermo Fisher) and the following
PCR conditions: 50° for 2 mins, then 95° for 10 mins, followed by 40 cycles at 95°C/15
s and 60°C/1 min. Gene expression was normalised to normal SI mucosa (control)

using GAPDH as a housekeeping gene.
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Many of the selected genes have been previously investigated in smaller studies of
NET-related fibrogenesis. One of these genes is known to be expressed only by tumour
cells (TGFB3), some only by stromal cells (FGFR1, PDGF [ receptor), while the
remaining genes are expressed by both the tumour and stromal components (TGFp1,
CTGF, FGF2, EGFR)®. We also investigated a few additional genes which have not
been previously assessed in NET-related fibrosis studies, but are either known stromal
markers (COL1Al, COL3Al) or are involved in fibrosis development in other
conditions (TNF).

The research questions for this analysis were the following:

1. In fibrotic midgut neuroendocrine tumours:
(a) Are there differences in profibrotic gene expression between normal and
tumour tissue (primary & metastatic)?
(b) Are these differences evident in each of the fibrosis severity groups (minimally
fibrotic, mildly fibrotic and severely fibrotic)?
2. In non-fibrotic midgut neuroendocrine tumours:
(a) Are there differences in profibrotic gene expression between normal and
tumour tissue?
(b) How does this compare with fibrotic NETs (with paired normal and
primary tumour tissue)?
3. In midgut neuroendocrine tumours are there differences in profibrotic gene
expression between different types of tumour tissue (primary and metastatic)

among different fibrosis groups (unpaired samples)?
4.3.1.2. Results
4.3.1.2.1 Fibrotic SI NETs

In fibrotic SI NETs, as expected, there was a significant upregulation in gene
expression of most of the selected genes (CTGF, TGFB1, TGFB3, COL1A1, COL3Al,
PDGF f receptor, FGFR1) in the desmoplastic mesenteric mass compared to control
(normal SI mucosa). Significant upregulation in gene expression was also noted in
some genes (TGFB1, COL1A1, COL3Al, PDGF B receptor, FGFR1) in the primary
tumour compared to control (normal SI mucosa). In addition, a significantly higher
expression was seen in several genes (TGFB1, CTGF, COL1A1, TGFpB3, PDGF B

receptor, FGFR1) in the desmoplastic mass compared to the primary tumour. Finally,
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no significant differences in gene expression were seen between the desmoplastic
mass and the normal mucosa for a small number of selected genes (TNF, FGF2,
EGFR), suggesting that these are unlikely to play a major role in carcinoid-related
mesenteric fibrogenesis. The qPCR results for each of the selected genes are illustrated
in Figures 4.12-4.21. Data in each of these figures are shown for the entire group of
fibrotic SI NETs (A), as well as for each fibrotic subgroup separately, i.e. minimally
fibrotic (B), mildly fibrotic (C) and severely fibrotic (D).
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Figure 4.12. TGFp1 expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of
TGFB1 was seen in the mesenteric mass compared to normal mucosa and primary tumour tissue. In
addition, TGFB1 expression was significantly higher in the primary tumour compared to normal
mucosa. Data are also shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly
fibrotic (C) and severely fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test.
Levels of statistical significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS:

normal mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.13. CTGF expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of
CTGF was seen in the mesenteric mass compared to hormal mucosa and primary tumour tissue. Data
are also shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly fibrotic (C) and
severely fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test. Levels of
statistical significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal

mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.14. TGFP3 expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETSs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of
TGFp3 was seen in the mesenteric mass compared to normal mucosa and primary tumour tissue. Data
are also shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly fibrotic (C) and
severely fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test. Levels of
statistical significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal

mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.15. COL1A1 expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETSs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of
COL1A1 was seen in the mesenteric mass compared to normal mucosa and primary tumour tissue. In
addition, COL1A1 gene expression was significantly higher in the primary tumour compared to normal
mucosa. Data are also shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly
fibrotic (C) and severely fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test.
Levels of statistical significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS:

normal mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.16. COL3A1 expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of

143



COL3A1 was seen in the mesenteric mass compared to normal mucosa. In addition, COL3A1 gene
expression was significantly higher in the primary tumour compared to normal mucosa. Data are also
shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly fibrotic (C) and severely
fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test. Levels of statistical
significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal mucosa, T-TIS:

primary tumour tissue, M-M: mesenteric mass.
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Figure 4.17. PDGF receptor f§ expression in the normal mucosa, primary tumour and mesenteric
mass of fibrotic SI NETS. (A) Inthe entire group of fibrotic SI NETS, a significantly higher expression
of PDGF receptor  was seen in the mesenteric mass compared to normal mucosa and primary tumour
tissue. In addition, PDGF receptor  gene expression was significantly higher in the primary tumour
compared to normal mucosa. Data are also shown for each fibrotic subgroup separately, i.e. minimally
fibrotic (B), mildly fibrotic (C) and severely fibrotic groups (D). Statistical analysis was performed
using a Wilcoxon test. Levels of statistical significance are indicated by asterisks: *p<0.001, **p<0.01,

***n<0.05. N-TIS: normal mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.18. FGFR1 expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETSs. (A) In the entire group of fibrotic SI NETS, a significantly higher expression of
FGFR1 was seen in the mesenteric mass compared to normal mucosa and primary tumour tissue. In
addition, FGFR1 gene expression was significantly higher in the primary tumour compared to normal
mucosa. Data are also shown for each fibrotic subgroup separately, i.e. minimally fibrotic (B), mildly
fibrotic (C) and severely fibrotic groups (D). Statistical analysis was performed using a Wilcoxon test.
Levels of statistical significance are indicated by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS:

normal mucosa, T-TIS: primary tumour tissue, M-M: mesenteric mass.
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Figure 4.19. FGF2 expression in the normal mucosa, primary tumour and mesenteric mass of

fibrotic SI NETs. No significant differences were seen in the mesenteric mass compared to control

(normal mucosa) in the whole group of fibrotic SI NETs (A) and the various subgroups (B-D).

Statistical analysis was performed using a Wilcoxon test.

tumour tissue, M-M: mesenteric mass.
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Figure 4.20. TNF expression in the normal mucosa, primary tumour and mesenteric mass of

fibrotic SI NETs. No significant differences were seen in the mesenteric mass compared to control
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(normal mucosa) in the whole group of fibrotic SI NETs (A) and the various subgroups (B-D).
Statistical analysis was performed using a Wilcoxon test. N-TIS: normal mucosa, T-TIS: primary

tumour tissue, M-M: mesenteric mass.
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Figure 4.21. EGFR expression in the normal mucosa, primary tumour and mesenteric mass of
fibrotic SI NETs. No significant differences were seen in the mesenteric mass compared to control
(normal mucosa) in the whole group of fibrotic SI NETs (A) and the various subgroups (B-D).
Statistical analysis was performed using a Wilcoxon test. Levels of statistical significance are indicated
by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal mucosa, T-TIS: primary tumour tissue,

M-M: mesenteric mass.

4.3.1.2.2. Non-fibrotic SI NETs

In non-fibrotic SI NETS, there was no mesenteric mass present and changes in gene
expression were assessed in the primary tumour compared to normal SI mucosa. No
significant changes were noted in profibrotic gene expression in the primary tumour

compared to control (n=3 patients), as shown in Figure 4.22.
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Figure 4.22. Gene expression in the normal mucosa and primary tumour of non-fibrotic SI NETSs.
No significant changes were noted in the expression of selected profibrotic genes (A-J). Statistical

analysis was performed using a Wilcoxon test. N-TIS: normal mucosa, T-TIS: primary tumour tissue,

M-M: mesenteric mass.
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4.3.1.2.3. Differences in profibrotic gene expression between different types of tumour
tissue among different fibrosis groups

In this analysis, normalised gene expression between primary tumour and mesenteric
mass was compared among different fibrosis subgroups using unpaired samples. A
Kruskal-Wallis test was performed, and group differences were assessed using a
Dunn’s correction for multiple comparisons. The results of this analysis for each of
the selected genes are shown in Figures 4.23-4.32. Generally, as demonstrated in these
graphs, a significant upregulation in profibrotic gene expression was noted in the
mesenteric mass of patients with established clinical fibrosis (mildly and severely
fibrotic groups). This indicates that the mesenteric metastasis of fibrotic SI NETSs
exhibits a unique pattern of profibrotic gene expression, which is not present in other
tissue types, where a desmoplastic reaction is not seen (such as the primary tumour of
fibrotic and non-fibrotic SI NETS).
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Figure 4.23. CTGF gene expression in different tissue types categorised by mesenteric fibrosis
severity. CTGF expression was significantly higher in the mesenteric mass of mildly fibrotic and

severely fibrotic patients compared to normal mucosa. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.24. TGFp1 gene expression in different tissue types categorised by mesenteric fibrosis
severity. TGFB1 expression was significantly higher in the mesenteric mass of mildly fibrotic and
severely fibrotic patients compared to normal mucosa. In addition, TGFB1 expression was substantially

higher in the mesenteric mass of severely fibrotic tumours compared to the primary tumour of non-

fibrotic tumours. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.25. TGFp3 gene expression in different tissue types categorised by mesenteric fibrosis
severity. TGFB3 expression was significantly higher in the mesenteric mass of mildly fibrotic and
severely fibrotic patients compared to normal mucosa. In addition, TGFB3 expression was substantially
higher in the mesenteric mass of severely fibrotic tumours compared to the primary tumour of non-

fibrotic tumours. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.26. COL1A1 gene expression in different tissue types categorised by mesenteric fibrosis

severity. COL1AL expression was significantly higher in the mesenteric mass of mildly fibrotic and

severely fibrotic patients compared to normal mucosa. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.27. COL3A1 gene expression in different tissue types categorised by mesenteric fibrosis

severity. COL3A1 expression was significantly higher in the mesenteric mass of severely fibrotic

patients compared to normal mucosa. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.28. PDGF receptor B gene expression in different tissue types categorised by mesenteric

fibrosis severity. PDGF receptor 3 expression was significantly higher in the mesenteric mass of mildly

and severely fibrotic patients compared to normal mucosa. In addition, PDGF receptor 3 expression

was substantially higher in the mesenteric mass of mildly and severely fibrotic patients compared to the

primary tumour of non-fibrotic patients. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.29. FGFR1 gene expression in different tissue types categorised by mesenteric fibrosis

severity. FGFR1 expression was significantly higher in the mesenteric mass of mildly fibrotic and

severely fibrotic patients compared to normal mucosa. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.30. FGF2 gene expression in different tissue types categorised by mesenteric fibrosis

severity. No significant differences were noted. (T-TIS: primary tumour, M-M: mesenteric mass)
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Figure 4.31. TNF gene expression in different tissue types categorised by mesenteric fibrosis

severity. No significant differences were noted. (T-TIS: primary tumour, M-M: mesenteric mass)

153



EGFR

Mormal 5l mucosa (n=24)
Mon-fibrotic [T-TIS) (n=3)
Minimally fibrotic (T-TIS) (n=3)

EGFR fold change to control

Minimally fibrotic (MM) [n=2)

. B _ &
Mildly fibrotic (T-TIS) (n=10) ‘E»O&‘d-.‘s'@é"é‘.}é&\é"é%éa S
Mildly fibrotic (MM) (n=9) N

o5 a0 &F e @& T F

P i

Severely fibrotic (T-TIS) (n=9) & = F G o

{'\@\"‘ @1?&8‘* _‘@5\ od’b- o

. A

Severely fibrofic (MM) (n=8) & 955‘@ LS

Figure 4.32. EGFR gene expression in different tissue types categorised by mesenteric fibrosis

severity. No significant differences were noted. (T-TIS: primary tumour, M-M: mesenteric mass)

4.3.2. Evaluation of the integrin pathway

As described in Chapter 3, our in vitro functional experiments suggested that the
integrin signalling pathway is significantly activated in KRJ-1 cells exposed to
HEK293 conditioned media. Both our RNA sequencing and Ingenuity Pathway
Analysis (IPA), as well as the RT PCR Profiler data indicated that the integrin pathway
(shown in Figures 3.23 and 3.26) is important for tumour-stromal interactions in the
indirect co-culture model utilising KRJ-1 and HEK293 cells. Therefore, we decided to
evaluate this pathway in human tissue collected prospectively from fibrotic and non-
fibrotic patients with midgut NETs. The integrin signalling pathway is known to play
a critical role in both cancer-related fibrogenesis and tumour progressioni®4. As
mentioned earlier, integrins can interact with the TGF pathway and other components
of the ECM, such as fibronectin, and can induce multiple transduction pathways
intracellularly'®*1%® These actions can collectively promote cell growth, epithelial-
mesenchymal transition and metastasis>*'4, The role of the integrin pathway has not

been previously explored in midgut NETSs in relation to fibrogenesis.
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4.3.2.1. Methods

A total of 34 patients enrolled into this study, and were grouped into non-fibrotic,
minimally fibrotic, mildly and severely fibrotic groups, as described earlier. Fresh
frozen tissue of normal small bowel mucosa, primary tumour and mesenteric mass of

recruited patients was prospectively collected and stored in the RFH-UCL Biobank.
Components of the integrin pathway were assessed by a variety of different methods:

gPCR (gene expression). qPCR was performed as previously described (see
section 4.3.1.1) The following genes were assessed: COL1Al1l, COL3AL,
fibronectin, TGFB1, ITGAV (due to its significant upregulation in KRJ-I cells
exposed to HEK conditioned media, as shown in our RT PCR Profiler data),
ITGAX (due to its significant upregulation [2.1-fold, p<0.0001] in KRJ-I cells
exposed to HEK conditioned media, as shown in our RNA sequencing data). We
used the following Assays-on-Demand primers: COL1Al (Hs00164004),
COL3A1 (Hs00943809), FN1 (Hs01549976), TGFB1 (Hs00998133), ITGAV
(Hs00233808), ITGAX (Hs00174217) and GAPDH (Hs02786624). Normalised
gene expression was evaluated in both the primary tumour and mesenteric
metastasis of all patients, using normal SI mucosa as control and GAPDH as a
housekeeping gene. Statistical comparisons were performed using parametric or
non-parametric tests, as appropriate, and GraphPad Prism® version 8 was used for
the statistical analysis.

Immunohistochemistry (protein localisation). The following proteins were
assessed: collagen I and 111, fibronectin, TGEB1, ITGAV, ITGAX and proliferation
index Ki67. The immunohistochemistry for most of these proteins was performed
by Mr Andrew Hall (Sheila Sherlock Liver Centre, Royal Free Hospital) except
for Ki67 which was performed by the NHS laboratory of the Academic
Department of Cellular Pathology as part of the routine diagnostic evaluation of
resected tumours. Tissue samples of 3 patients per group (non-fibrotic, minimally
fibrotic, mildly and severely fibrotic) were wused for evaluation by
immunohistochemistry. Sections from normal SI mucosa, primary and mesenteric
tumours were submitted for immunohistochemical examination. Antibody
optimisation for each of the evaluated proteins was based on suggested guidelines

in the antibody data sheet provided by the vendor. The optimisation was carried

155



out on positive and negative control material by using variable antigen retrieval
times, primary anybody dilutions and detection kit incubation times. This was an
iterative process that resulted in an individual optimised protocol for each of the 6
antibodies (Collagen I, Collagen III, TGFB1, Fibronectin, Integrin alpha X,
Integrin alpha v). Tissue sections were cut on a rotary microtome at 4pum thickness
and placed on Leica X-tra® adhesive glass slides (sectioning). Slides were
incubated overnight (16-20 hrs) at 37°C (incubation), were deparaffinised in
xylene and rehydrated in graded alcohols (hydration). Thereafter, antigen
retrieval was performed as per summary in Table 4.6. Slides were either placed
into 1 litre of Sodium Citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0) and
micro-waved or pressure cooked for a length of time according to antibody
optimisation (Table 4.6) or trypsinised. Trypsinisation was carried out with 0.5%
Trypsin and 0.5% Chymotrypsin in a pH 7.4 TBS with 1% calcium chloride at
37°C. Next, staining was performed: On a staining tray, a hydrophobic pen was
used to draw round the slides and the section was covered in TBS Tween wash
buffer and left for 5 minutes. Slides were washed with TBS for 5 minutes at room
temperature between each of the subsequent steps. Appropriate H>O2 and protein
blocks were applied for 5 minutes each. Slides were incubated for 1 hour in
optimised concentration of primary antibody, then the detection kit was applied
(25 minutes post primary block, followed by NovoLink™ polymer for 25
minutes). The slides were then developed by incubation with diaminobenzidine
(DAB) horseradish peroxidase (HRP) substrate for 3-5 minutes. Finally, the slides

were counterstained in haematoxylin and mounted (counterstaining).
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Primary antibody Host Company Product code Pre-treatment Dilution

Collagen | Rabbit | AbCam ab34710 Trypsinisation for 30 mins 1:200
pAb

Collagen 11l Rabbit | AbCam ab7778 Citrate buffer and microwave for 20 mins 1:300
pAb

Fibronectin Rabbit | Abcam ab2413 Citrate buffer and microwave for 10 mins 1:200
pAb

CD11c (Integrin Rabbit | Abcam ab52632 Tris-EDTA and microwave for 10 mins 1:500

alpha-X/beta-2) pAb

Integrin alpha v Rabbit | Abcam ab179475 Citrate buffer and microwave for 20 mins 1:250
pAb

TGFB1 Rabbit | Abcam ab92486 Citrate buffer and microwave for 20 mins 1:75
pAb

Table 4.6. Summary of primary antibodies,

immunohistochemistry.

pre-treatments and dilutions used for

Western blot analysis (protein quantitation). Western blotting was performed
using tissue samples of randomly selected patients from each of the mesenteric
fibrosis groups (non-fibrotic [n=3], minimally fibrotic [n=3], mildly fibrotic [n=6]
and severely fibrotic [n=3]). Normal mucosa, primary tumour and mesenteric
metastatic tissue (5mg/sample) was lysed in protein lysis buffer (300 pl/sample)
and protein concentrations were measured with a microBCA assay (ThermoFisher
Scientific). Samples were pooled using a Western blot design which is shown in
Figure 4.33. During sample pooling equal amounts of protein (8jg) were loaded
for each sample and thus a total of 24g of protein was loaded in each well. Total
proteins were separated on 4-12% GenScript SurePAGE ™ gels and transferred to
PVDF membranes. The membranes were incubated with blocking buffer (5%
BSA) for 1h and incubated with primary antibodies overnight at 4°C. Primary
antibodies used were as follows: ITGAV (1:2,000; AbCam), p44/42 MAPK (Erk
1/2) (1:1,000; Cell Signaling), phospho-p44/42 MAPK (Erk 1/2) (1:1,000; Cell
Signaling), S6 ribosomal protein (1:1,000; Cell Signaling), phospho-S6 ribosomal
protein (1:1,000; Cell Signaling), GAPDH (1:200; Santa Cruz). Blots were
incubated with peroxidase-coupled secondary antibodies (1:10,000 anti-rabbit
IgG, HRP-linked antibody; Cell Signaling for all of the above primary antibodies
except for GAPDH, or 1:10,000 goat anti-mouse 1gG-HRP secondary antibody;
Santa Cruz for GAPDH) for 1 h, and protein expression was detected with

SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher Scientific).
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Band intensity was measured using Image J and GAPDH served as a loading

control.

(3 pairs POOLED in each group)

NES 1 2 3 4 8 9 10
MM N T N T M
(Mormal mucosa) (Primary tumour) (Mesenteric mass)
NON FIBROTIC GROUP N T
MINIMALLY FIBROTIC GROUP N T M
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N T M
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Colour coding

—

Figure 4.33. Design of Western blot analysis. Sample pooling was performed (3 samples pooled in

each well), in order to allow evaluation of all the different mesenteric fibrosis groups in the same blot

(Non-fibrotic [n=3], minimally fibrotic [n=3], mildly fibrotic [n=6] and severely fibrotic patients
[n=3]). MM: Molecular Marker.

4.3.2.2. Results

4.3.2.2.1. gPCR results

In non-fibrotic tumours, there were no significant differences in gene expression

between the primary tumour and normal SI mucosa for any of the evaluated genes
(TGFpB1, COL1A1, COL3Al, fibronectin, ITGAV and ITGAX), as shown in Figure

4.34.
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Figure 4.34. Normalised gene expression of several genes involved in the integrin signalling
pathway (A-F) in non-fibrotic midgut NETs. No significant differences were seen between the
primary tumour and control (normal SI mucosa). N-TIS: normal small intestinal mucosa, T-TIS:

primary tumour tissue.

In contrast, in fibrotic midgut NETS, there was a significantly higher expression of
all the evaluated genes in the mesenteric mass compared to control (normal SI mucosa)
and primary tumour tissue. In addition, gene expression in the primary tumour was
higher compared to control (normal SI mucosa) for most genes (TGFB1, COL1AI,
COL3Al, ITGAV, ITGAX). These results are shown in Figures 4.35-4.40
collectively for the entire group of fibrotic midgut NETs (panel A), as well as
separately for each of the different groups of mesenteric fibrosis severity, i.e.

minimally fibrotic (panel B), mildly (panel C) and severely fibrotic (panel D).
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Figure 4.35. Changes in gene expression of TGFp1 in fibrotic midgut NETs. (A) In the entire group
of fibrotic midgut NETs (n=26) a significant stepwise increase was noted in TGFB1 expression in the
primary tumour and mesenteric mass, suggesting that this profibrotic gene is highly expressed in the
fibrotic mesenteric metastasis. (B-D) Patterns of TGFB1 gene expression are shown separately for each
of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic (n=5), mildly fibrotic
(n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated by asterisks:
*p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary tumour tissue,

M-M: mesenteric mass.
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Figure 4.36. Changes in gene expression of collagen | (COL1A1) in fibrotic midgut NETs. (A) In
the entire group of fibrotic midgut NETs (n=26) a significant stepwise increase was noted in collagen |

expression in the primary tumour and mesenteric mass, suggesting that this profibrotic gene is highly

expressed in the fibrotic mesenteric metastasis. (B-D) Patterns of collagen | gene expression are shown

separately for each of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic (n=5),

mildly fibrotic (n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated by
asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary

tumour tissue, M-M: mesenteric mass.
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Figure 4.37. Changes in gene expression of collagen 111 (COL3AL1) in fibrotic midgut NETs. (A)

In the entire group of fibrotic midgut NETs (n=26) a significant stepwise increase was noted in collagen

I11 expression in the primary tumour and mesenteric mass, suggesting that this profibrotic gene is highly
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expressed in the fibrotic mesenteric metastasis. (B-D) Patterns of collagen Ill gene expression are
shown separately for each of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic
(n=5), mildly fibrotic (n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated
by asterisks: *p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary

tumour tissue, M-M: mesenteric mass.
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Figure 4.38. Changes in gene expression of fibronectin in fibrotic midgut NETs. (A) A significantly
higher gene expression of fibronectin was observed in the mesenteric mass compared to the primary
tumour and normal mucosa. (B-D) Patterns of fibronectin gene expression are shown separately for
each of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic (n=5), mildly fibrotic
(n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated by asterisks:
*p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary tumour tissue,
M-M: mesenteric mass.
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Figure 4.39. Changes in gene expression of ITGAV in fibrotic midgut NETSs. (A) In the entire group

of fibrotic midgut NETs (n=26) a significant stepwise increase was noted in ITGAV expression in the

primary tumour and mesenteric mass, suggesting that this profibrotic gene is highly expressed in the

fibrotic mesenteric metastasis. (B-D) Patterns of ITGAV gene expression are shown separately for each

of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic (n=5), mildly fibrotic

(n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated by asterisks:

*p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary tumour tissue,

M-M: mesenteric mass.
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Figure 4.40. Changes in gene expression of ITGAX in fibrotic midgut NETSs. (A) In the entire group

of fibrotic midgut NETs (n=26) a significant stepwise increase was noted in ITGAX expression in the

primary tumour and mesenteric mass, suggesting that this profibrotic gene is highly expressed in the
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fibrotic mesenteric metastasis. (B-D) Patterns of ITGAX gene expression are shown separately for each
of the different groups of mesenteric fibrosis severity, i.e. minimally fibrotic (n=5), mildly fibrotic
(n=11) and severely fibrotic (n=10). Levels of statistical significance are indicated by asterisks:
*p<0.001, **p<0.01, ***p<0.05. N-TIS: normal small intestinal mucosa, T-TIS: primary tumour

tissue, M-M: mesenteric mass.

Finally, we assessed normalised gene expression in the primary tumour and
mesenteric mass across different groups of mesenteric fibrosis severity. As shown
in Figures 4.41-4.46, generally a significantly higher expression of the evaluated
genes was seen in the mesenteric mass of midgut neuroendocrine tumours, which was
consistently elevated particularly in patients with severe fibrosis. This further validates
the role of the evaluated genes of the integrin signalling pathway in the neoplastic

fibrotic microenvironment of midgut NETS.
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Figure 4.41. Normalised gene expression of TGFp1 in the primary tumour and mesenteric mass
of midgut NETs across different groups of mesenteric fibrosis severity (unpaired samples). TGFB1
gene expression was significantly higher in the mesenteric mass of minimally, mildly and severely
fibrotic patients compared to normal SI mucosa. In addition, TGFB1 gene expression was significantly
higher in the mesenteric mass of patients with severe fibrosis compared to the primary tumour of non-
fibrotic patients. A Dunn’s correction for multiple comparisons was performed and adjusted p-values

are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour tissue, MM: mesenteric mass.

164



N-TIS
T-TIS (nane)

T-TIS (minimal)
MM (minimal)
T-TIS {mild)
MM [mild)
T-TIS (severe)

MM (severe)

1

1

Fold change (Col I)

* %

50+

A
00+ *
80 (=]
v % *p (adjusted)=0.0006
0 - 4 . == ﬁ%& o . **p (adjusted)=0.0011
-50 T T T T T T T T
2 o M MDD & @
o & &E & & E
L P R S
ISR \ﬁ“ &&{9 & & &%
LS O

Figure 4.42. Normalised gene expression of collagen 1 (COL1Al) in the primary tumour and

mesenteric mass of midgut NETs across different groups of mesenteric fibrosis severity (unpaired

samples). COL1A1 gene expression was significantly higher in the mesenteric mass of mildly and

severely fibrotic patients compared to normal SI mucosa. A Dunn’s correction for multiple comparisons

was performed and adjusted p-values are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour

tissue, MM: mesenteric mass.
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Figure 4.43. Normalised gene expression of collagen 111 (COL3AL1) in the primary tumour and

mesenteric mass of midgut NETs across different groups of mesenteric fibrosis severity (unpaired

samples). COL3A1 gene expression was significantly higher in the mesenteric mass of severely fibrotic

patients compared to normal SI mucosa. A Dunn’s correction for multiple comparisons was performed

and adjusted p-values are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour tissue, MM:

mesenteric mass.
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Figure 4.44. Normalised gene expression of fibronectin in the primary tumour and mesenteric

mass of midgut NETSs across different groups of mesenteric fibrosis severity (unpaired samples).

Fibronectin gene expression was significantly higher in the mesenteric mass of severely fibrotic patients

compared to normal SI mucosa. A Dunn’s correction for multiple comparisons was performed and

adjusted p-values are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour tissue, MM: mesenteric

mass.
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Figure 4.45. Normalised gene expression of ITGAV in the primary tumour and mesenteric mass

of midgut NETs across different groups of mesenteric fibrosis severity (unpaired samples).

ITGAV gene expression was significantly higher in the mesenteric mass of minimally, mildly and

severely fibrotic patients compared to normal SI mucosa. A Dunn’s correction for multiple comparisons

was performed and adjusted p-values are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour

tissue, MM: mesenteric mass.
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Figure 4.46. Normalised gene expression of ITGAX in the primary tumour and mesenteric mass
of midgut NETs across different groups of mesenteric fibrosis severity (unpaired samples).
ITGAX gene expression was significantly higher in the mesenteric mass of minimally and severely
fibrotic patients compared to normal SI mucosa. A Dunn’s correction for multiple comparisons was
performed and adjusted p-values are shown. N-TIS: normal SI mucosa, T-TIS: primary tumour tissue,

MM: mesenteric mass.

4.3.2.2.2. Immunohistochemistry

The localisation of these proteins (i.e. in the tumour cells, stromal cells or the extra-
cellular matrix) was further investigated by immunohistochemistry in the tissue of 12

patients (3 patients per fibrosis severity group).

TGFB1 was present in the cytoplasm of both tumour cells and stromal cells and was
weakly expressed in the extracellular matrix. An example is shown in Figure 4.47,
which illustrates the localisation of TGFB1 within the primary tumour of a mildly
fibrotic midgut NET.
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Figure 4.47. TGFp1 expression in the primary tumour of a mildly fibrotic midgut NET. TGFf31

was expressed in the cytoplasm of both cancer (black arrow) and stromal cells (red arrow) but was

weakly expressed in the extracellular matrix (40x magnification).

Collagen I and 111 and fibronectin were highly expressed in the extracellular matrix,
while the tumour cells did not stain for any of these proteins. Some examples are
shown in Figures 4.48-4.51.
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Figure 4.48. Collagen | expression in the primary tumour (A) and mesenteric mass (B) of a patient
with advanced mesenteric fibrosis. The collagen | was present in the extracellular matrix, while the

tumour cells did not stain. The mesenteric mass contained more stroma compared to the primary

tumour, as expected. (Magnification 10x in primary tumour, 4x in mesenteric mass).

Figure 4.49. Collagen | expression in the primary tumour of a non-fibrotic patient. This patient
had no mesenteric metastasis and therefore no fibrosis in the mesentery. However, it is clearly seen that
collagen | was expressed in the stroma of the primary tumour. The tumour cells did not stain for collagen
I. (magnification 10x)
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Figure 4.50. Collagen 111 expression in the primary tumour (A) and mesenteric mass (B) of a

patient with mild fibrosis. Collagen 111 was present in the extracellular matrix, while the tumour cells

did not stain for collagen Il1. (Magnification 10x in both the primary and mesenteric mass).

Figure 4.51. Fibronectin expression in the primary tumour (A) and mesenteric mass (B) of a

patient with severe fibrosis. Fibronectin was expressed in the extracellular matrix, while the tumour

cells did not stain for fibronectin. (magnification 10x in both the primary tumour and mesenteric mass).

Integrin a subunit v (ITGAV) was expressed in both tumour and stromal cells, and
generally ITGAV expression was stronger in stromal cells compared to tumour cells,
as shown in Figure 4.52. In some cases, ITGAV expression was weak in the cancer

cells, as shown in Figure 4.53.
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Figure 4.52. ITGAV expression in the primary tumour (A) and mesenteric mass (B) of a patient

with severe mesenteric fibrosis. ITGAV was expressed in both the tumour and stromal cells.

(Magnification 20x in both the primary tumour and mesenteric mass).

Figure 4.53. ITGAV expression in the primary tumour of a non-fibrotic patient. ITGAV was

expressed in the stroma, while the tumour cells showed weak expression (magnification 10x).
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Integrin o subunit X was expressed in inflammatory cell aggregates, although there
were only few inflammatory cells within the midgut neuroendocrine tumours, as

shown in Figure 4.54.
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Figure 4.54. ITGAX expression in the mesenteric mass of a patient with severe mesenteric

fibrosis. ITGAX was expressed within inflammatory cell aggregates (red arrow), but both the tumour

and stromal cells did not stain for ITGAX. (magnification 10x).

The Ki67 proliferation index was also evaluated in the primary tumour and mesenteric
mass of these 12 cases (3 patients per mesenteric fibrosis severity group). As shown
in Figure 4.55, there were no significant differences between Ki67 proliferation
indices in the primary tumour and mesenteric mass in any of the patient groups.
Generally, the Ki67 index in the mesenteric mass was similar to the Ki67 index in the
primary tumour, except for one patient in the advanced fibrosis group, in whom the

Ki67 index was 5% in the mesenteric mass and 1% in the primary tumour.

172



10—
8- o
SN
x
S
2 49 _L T A
© 2-
Y ole IJ_I AlA vy e|e === OO
0- L
-2 T T T T T T T
Y N 2 N D N
AP IPORINIPOIIN
&/ &/ . \ &/ ) \ «/ ) \
& ¢ o O e O
;Q(, ;\}Q O’\, .\Q O\' .\(, O\'
3 . R RS
&S L& N O
*‘\\ \ﬁ\\ fz\r§ \ﬁ\\ ~©\A \*s\\ R
S EEN @2
& & ¢ 2

Figure 4.55. Ki67 proliferation index in the primary tumour and mesenteric mass across different

patient groups of mesenteric fibrosis severity. There were no statistically significant differences

among different types of tissue and across different patient groups (Kruskal Wallis test, p=0.9586).

4.3.2.2.3. Western blot

Two Western blots were performed, which evaluated the protein expression of ITGAV
and the activation of its downstream signalling pathways, mTOR (S6 and phospho-
S6) and MAPK (Erk 1/2 and phospho-Erk 1/2), as shown in Figures 4.56-4.57.
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Figure 4.56. Western blot of pooled samples demonstrating the protein expression of ITGAV and
downstream mTOR signalling (S6, phospho-S6) in fibrotic and non-fibrotic patients with SI

NETs. GAPDH served as loading control. N: normal mucosa, T: Primary tumour, M: Mesenteric mass
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Figure 4.57. Western blot of pooled samples demonstrating the protein expression of ITGAV and
downstream MAPK signalling (Erk 1/2, phospho-Erk 1/2) in fibrotic and non-fibrotic patients
with SI NETs. GAPDH served as loading control. N: normal mucosa, T: Primary tumour, M:

Mesenteric mass
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4.3.2.2.3.1. ITGAV protein expression

ITGAV protein expression was highest in the mesenteric metastasis of patients with
advanced fibrosis as shown in Figures 4.56 and 4.58. However, ITGAV protein
expression was not significantly different between normal tissue, tumour tissue and
metastasis, when all samples were pooled together in these 3 tissue categories. As
shown in Figure 4.58, this is due to heterogeneity in protein expression among
patients. For example, ITGAV expression was lower in the metastasis of minimally
fibrotic patients (F1) compared to control (normal mucosa), while in patients with
advanced fibrosis (F4) the expression was higher than that in normal mucosa.
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Figure 4.58. Densitometry analysis of Western blot shown in Figure 4.56. ITGAV protein
expression was highest in the mesenteric metastasis of patients with advanced fibrosis (F4). NF: Non-
fibrotic, F1: Minimally fibrotic, F2/F3: Mildly fibrotic, F4: Severely fibrotic.

4.3.2.2.3.2. mTOR signalling pathway

The presence and activation (phosphorylation) of protein S6 (a downstream mediator
of the mTOR pathway) was evaluated, as illustrated in Figures 4.56 and 4.59. As
shown in Figure 4.59, significant heterogeneity was noted in the activation of the S6
protein within the mesenteric metastasis of SI NETs. For example, in some cases (F1,
F3 and F4 groups) there was lack of protein expression, while in other cases (F2) there

was an increased p-S6:S6 ratio suggesting pathway activation.
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Figure 4.59. Densitometry analysis of Western blot shown in Figure 4.56. There was substantial
heterogeneity in S6 protein expression and activation within the fibrotic mesenteric mass of patients
with SI NETSs. In some cases (F2) there was an elevated pS6:S6 ratio, suggesting activation of the

MTOR pathway, while in other cases (F1, F3 and F4) there was lack of protein expression. NF: Non-

fibrotic, F1: Minimally fibrotic, F2/F3: Mildly fibrotic, F4: Severely fibrotic.

4.3.2.2.3.3. MAPK signalling pathway

The presence and activation (phosphorylation) of Erkl and Erk2 (downstream
mediators of the MAPK signalling pathway) were assessed, as illustrated in Figures
4.57 and 4.60. As shown in Figure 4.60, the p-Erk1/2: Erk1/2 ratio was consistently
higher in the mesenteric mass of patients with SI NETs compared to normal mucosa
and when samples were grouped together in 3 tissue categories (normal, primary
tumour and metastasis), the p-Erk1/2:Erk1/2 ratio was significantly higher (p<0.05) in

the metastasis compared to control (normal mucosa).

176



0.6 I
- 0.6+ :
E 0.4 « 0a
X 0.4-
w
: : T
L o
o 0.24 wgad
*p=0.049
0.0+ T 1 0.0~ M -Ir M
A A 4 4 4
S“:S e“‘;"Q‘%“i"«"*«'&éﬁ"-’&q&%“

Figure 4.60. Densitometry analysis of Western blot shown in Figure 4.57. The p-Erk1/2: Erk1/2

ratio was significantly higher in the mesenteric metastasis of SI NETs compared to normal mucosa,
suggesting activation of the oncogenic MAPK pathway in the metastasis. NF: Non-fibrotic, F1:

Minimally fibrotic, F2/F3: Mildly fibrotic, F4: Severely fibrotic.

4.4. Discussion

The present study is the first report of a prospective correlation of surgical,
radiological and histopathological findings of mesenteric fibrosis associated with
midgut NETSs. In general, these different evaluation methods of mesenteric fibrosis
correlated well with each other, but in certain cases some discrepancies were noted. In
this section we will discuss in more detail the triangulation of different methodological
approaches for the evaluation of mesenteric fibrosis. It is quite surprising that we could
identify only one old, small, retrospective study published by Pantongrag-Brown et al
nearly 25 years ago, that evaluated the severity of mesenteric fibrosis by both
radiological and histological criteria in midgut NETs with a mesenteric mass.
Interestingly, in this study 21 cases with an associated mesenteric mass were evaluated
by both methods (computed tomography and histology) and fibrotic tissue was
detected histologically in all those cases®. This is in keeping with our finding that the
presence of a mesenteric mass was invariably associated with the development of

fibrosis, although sometimes this was not detected on imaging studies and was only
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seen histologically as a “fibrous capsule’ (Figure 4.8). This is a quite unusual pattern
which has not been reported previously and is distinct to the typical ‘stellate’ or
‘spoke-wheel’ appearance, which is described in the literature as a pathognomonic
sign of a midgut carcinoid with associated mesenteric desmoplasia. Although typically
the diagnosis of mesenteric desmoplasia is based on radiological criteria and is
defined as a mesenteric mass with surrounding soft tissue strands, our data
demonstrate clearly that cross-sectional imaging often underestimates the presence of
fibrosis. As illustrated in Figure 4.7, despite the absence of mesenteric fibrosis on
cross-sectional imaging in 15 of our cases, there was often histological evidence of
fibrosis which could be quantified by histopathological measurements (CPA or width
of fibrous bands). This is also demonstrated in Table 4.3, which shows that in 12 out
of 15 cases with no radiological evidence of a desmoplastic reaction, there was
histological evidence of fibrosis (graded using the histological fibrosis grade of the
mesenteric mass). These patients had a histological fibrosis grade of 1 (n=6), 2 (n=3)
or 3 (n=3), indicating that in some cases there was histologically dense fibrous tissue
around the mesenteric tumour, which was not detected on cross-sectional imaging.
Furthermore, it is interesting that in 6 out of 15 cases without mesenteric fibrosis at
radiological assessment, there was evidence of mesenteric desmoplasia intra-
operatively (macroscopically), which was usually graded by the operating surgeon as
mild (n=5), or less often as moderate (n=1). This suggests that cross-sectional imaging
may not only underestimate microscopic mesenteric fibrosis (that can be detected
histologically), but also more pronounced fibrosis that can be detected
macroscopically at the time of surgery. Perhaps, it is for this reason that in a previous
study on the role of CTGF in mesenteric fibrogenesis published by Kidd et al, the
authors decided to use surgical criteria for the determination of mesenteric fibrosis
with additional histological confirmation, rather than the usual/standard radiological
criteria, which appear to be less accurate??. We found however that the radiological
and surgical grading of mesenteric fibrosis tended to correlate at a statistically
significant level (Fisher’s exact test, p=0.014), suggesting that the number and
thickness of soft tissue strands detected radiologically were predictive of the amount
of desmoplasia encountered intra-operatively. This indicates that there was a
statistically significant correlation between macroscopic evaluations (radiological and
surgical) of mesenteric fibrosis. In addition, the radiological assessment of mesenteric

fibrosis correlated at a statistically significant level with the CPA (p=0.02), while its
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association with the width of fibrous bands did not quite reach the level of statistical
significance (p=0.08). This may suggest that the CPA is a better predictor of the
radiological severity of mesenteric desmoplasia. A retrospective study by Pantongrag-
Brown et al demonstrated that in a group of 21 midgut NETs associated with a
mesenteric mass, a correlation was noted between the histological fibrosis grade
(determined by the width of fibrous bands) and the radiological severity of mesenteric
desmoplasia, which marginally missed the threshold of statistical significance
(Fisher’s exact test, p=0.06)8. Although several studies have shown that the presence
of soft tissue strands around a mesenteric mass correlates with the presence of fibrosis
on histology®!!8, this is the first study to show that the absence of mesenteric
desmoplasia on imaging studies does not rule out the presence of mesenteric fibrosis,

which was often detected during surgery or histologically.

It is interesting to note that the surgical assessment of mesenteric fibrosis correlated
at a statistically significant level with both the radiological assessment (Fisher’s exact
test, p=0.014), as well as the histological parameters CPA (p=0.02) and width of
fibrous bands (p=0.01). Although this indicates that the intra-operative assessment of
mesenteric desmoplasia may be more accurate than the radiological assessment, it is
important to note that the macroscopic surgical appearances were not always very
precise either. For example, as shown in Table 4.2, in 3 out of 12 cases without
macroscopic evidence of mesenteric fibrosis at surgery, there was mild fibrosis on
imaging (<10 thin strands). In addition, as demonstrated in Table 4.4, in 9 out of 12
cases without obvious macroscopic fibrosis at surgery, there was histological evidence
of fibrosis. These patients had a histological fibrosis grade of 1 (n=3), 2 (n=3) or 3
(n=3), indicating the histological presence of dense fibrosis around the mesenteric

tumour in some cases.

These observations suggest that macroscopic assessments of mesenteric fibrosis are
often inaccurate and that histological measurements should be the gold standard for
the determination of mesenteric fibrosis. The CPA was able to predict the presence of
clinical (radiologically and/or surgically detected) desmoplasia at a statistically
significant level (p=0.007) with an AUC of 0.804. The width of fibrous bands was also
predictive of clinically detectable fibrosis (p=0.027) with an AUC of 0.751.
Obviously, although these histological measurements appear to be accurate measures

for the presence of mesenteric fibrosis, the most significant limitation is that a surgical

179



resection specimen is required for histological assessment. Therefore, the
development of circulating biomarkers for the pre-operative detection of image-
negative mesenteric desmoplasia may have important clinical utility and will be
discussed in more detail in Chapter 5. As with other histological measurements,
another limiting factor is that the histological parameters are subject to sampling error
and that they do not capture residual or unresectable fibrosis that is not included in the

resection specimen.

Given the fact that each methodological approach of mesenteric fibrosis assessment
has inherent limitations, we decided to use a multidimensional assessment of
mesenteric desmoplasia, which incorporated radiological, surgical and histological
measurements. Although this methodology has not been validated in other patient
cohorts, it is more likely to accurately reflect the severity of mesenteric fibrosis. Using
this multidimensional evaluation, we grouped patients in different categories of
mesenteric fibrosis severity, i.e. non-fibrotic, minimally fibrotic, mildly and severely

fibrotic, as described earlier.

Initially, we performed a preliminary study which included the first 26 patients
recruited in our study and investigated a set of profibrotic genes that have been
previously implicated in the pathogenesis of mesenteric fibrosis. In this initial study
we observed a significant upregulation of CTGF expression in the mesenteric mass of
fibrotic SI NETs compared to control (normal SI mucosa) and the primary tumour
(matched samples). The role of CTGF in fibrosis development was first shown in a
previous study by Kidd et al, in which 5 patients with midgut NETs (2 of those had
intra-operative and histological evidence of fibrosis) and 5 patients with type 1 gastric
NETs (considered as ‘non-fibrotic’ controls) were enrolled. The authors demonstrated
a significantly higher expression of CTGF and TGFI in primary SI NET tissue
compared to normal mucosa and type 1 gastric NET tissue. These differences were
also shown at protein level (by immunostaining for CTGF and TGFf1 and use of an
automated tissue microarray reader to determine protein expression) in a different
group of 36 SI NET cases (of which 15 were associated with fibrosis) and 7 cases with
type 1 gastric NETs. The authors also showed that serum CTGF levels were higher in
patients with SI NETs (n=16), compared to patients with type 1 gastric NETs (n=7),
other GI carcinoids (n=6) and normal controls (n=10). Finally, the intestinal stellate

cell was isolated from one patient with a fibrotic SI NET. Functional studies with
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TGFP1 stimulation of the intestinal stellate cells led to significant upregulation of
CTGF expression compared to unstimulated cells, demonstrating that CTGF acts as a
downstream mediator of TGFP signalling pathways in the tumour microenvironment
of amidgut NET?2. Although this study is quite interesting, perhaps its most significant
limitations are the small number of SI NET patients evaluated in the gene expression
(n=5) and functional (n=1) studies, the heterogeneous patient cohorts used in the
different analyses (midgut NETS, type 1 gastric NETSs, other Gl carcinoids), and most
importantly the fact that the mesenteric mass (which is the main area of fibrosis
development) was not evaluated in any of the assessments (instead, only the primary
tumour was assessed). The role of CTGF in the cross-talk of SI NET and stromal cells
was also shown in another study by Svejda et al?, which has been described in
Chapter 1.

In addition, we found that in fibrotic SI NETs, TGFB1 and TGFp3 were significantly
over-expressed in the mesenteric mass, compared to control (normal SI mucosa) and
the primary SI tumour (matched samples). The involvement of TGFB1 in the
development of fibrosis associated with midgut NETs was shown in the studies of
Kidd et al and Svejda et al, which have been described in Chapter 12%?2, In an older
study from Uppsala, Chaudhry et al investigated the expression of TGF1, 2 and 3, as
well as the latent TGFB-binding protein (LTBP) and TGFP receptor II (TGFBRII) in a
mixed patient cohort with midgut (n=20), foregut (n=1) and pancreatic (n=7) NETS.
The authors observed that most tumour tissues expressed all TGFp isoforms, while
LTBP was only weakly expressed (by immunohistochemistry). On the other hand,
stromal cells expressed mainly TGFB2 and LTBP, whereas TGFB1 and TGFB3 were
only weakly expressed. TGFBRII was expressed mainly in the stromal cells. The
authors suggested that the TGFp signalling pathway may be involved in the interaction
of tumour and stromal cells, thus contributing to the desmoplasia observed in carcinoid
tumours®. However, this study was limited by the lack of functional experiments (to
demonstrate a cause-effect relationship), the significant heterogeneity of the patient
cohort and the evaluation of mainly primary tumours (liver metastases were also
included in 3 cases, but the mesenteric mass which is the main area of fibrosis

development was not included).

Moreover, we observed a significant upregulation of PDGF-B-R in the mesenteric

mass of fibrotic midgut NETs, compared to control (SI mucosa) and primary tumour

181



tissue (matched samples). The involvement of PDGF pathways in the development of
NET-associated fibrosis was shown in two old studies from Uppsala published in the
1990s. In the first study, Chaudhry et al examined 20 cases of midgut NETs and 5
pancreatic NETs. They demonstrated by immunohistochemistry and in situ
hybridisation that PDGF and PDGF o receptor were expressed by both tumour and
stromal cells, while PDGF [ receptors were expressed only in the stroma. They
therefore hypothesised that PDGF may be involved in the growth of carcinoid tumours
in an autocrine fashion and in the stimulation of stromal cells by paracrine and possibly
autocrine mechanisms®. In the second study, Funa et al examined a heterogeneous
cohort of patients that included midgut NETs (n=26), pancreatic NETs (n=8),
phaeochromocytoma (n=1), parathyroid carcinoma (n=1) and non-neuroendocrine
carcinomas (n=22). The authors investigated the presence of PDGF [ receptor by
immunohistochemistry and demonstrated that while PDGF [ receptors were expressed
in the majority of carcinoid tumours, they were expressed rarely (10%) in the non-
neuroendocrine carcinomas. In addition, stromal cells adjacent to tumour cells
demonstrated a higher expression of PDGF B receptors compared to stromal cells
located distant to the tumour cell clusters, suggesting that the tumour cells may induce
the expression of PDGF f receptors on adjacent stromal cells. Furthermore, stromal
cells in the mesenteric lymph nodes showed a higher expression of PDGF 3 receptors
compared to stromal cells in liver metastases and the primary tumour®. The latter

finding is in keeping with our gene expression analysis in fibrotic midgut NETSs.

In addition, in this study we found that FGF2 (also known as bFGF) was expressed at
similar levels in the primary tumour, mesenteric mass and normal mucosa, but its
receptor FGFR1 was expressed at higher levels in the primary tumour compared to
control (normal SI mucosa) and at even higher levels in the mesenteric mass. The role
of FGF pathways in NET-related fibrogenesis has been explored in only a few studies.
FGF2 was shown to be overexpressed by KRJ-1 and HEK?293 cells as a result of their
cross-talk in the study by Svejda et al, which has been described in Chapter 12,
Chaudhry et al examined 23 midgut NETs and 7 pancreatic NETs and showed that
FGF2 was expressed by both tumour and stromal cells, while its receptor was
expressed only by stromal cells?®®. Bordi et al examined 27 patients with type 1 or 2
gastric carcinoids and 17 patients with type 3 gastric carcinoids and showed by

immunohistochemistry that FGF2 was expressed in the majority of these tumours.
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MRNA analysis (Northern blot) was also performed in 2 of these cases and
demonstrated FGF2 gene expression in the tumour tissue (one case was a type 1 gastric
NET and the other case was a type 3 gastric NET). The authors also observed diffuse
stromal fibrosis associated with some of these tumours and suggested that FGF2 may
be involved in fibrogenesis. FGF2 is also thought to be involved in the development

of desmoplasia associated with other cancers, such as scirrhous gastric carcinoma®,

We also investigated several genes (COL1Al, COL3A1l, TNF) which have been
implicated in the pathogenesis of fibrosis in other conditions but have not been
evaluated in the field of NETs. COL1Al was significantly upregulated in the
mesenteric mass of fibrotic NETs compared to control (normal SI mucosa) and the
primary tumour. COL3A1 was also over-expressed in the mesenteric mass compared
to control (SI mucosa). COL1A1 and COL3AL are known stromal markers. COL1A1
is one of the genes involved in the synthesis of type | collagen, which represents
approximately 85% of collagen synthesized by fibroblasts of the skin and internal
organs®®®. TGFp is the major cytokine acting extracellularly which stimulates the
transcription of the proalphal and proalpha2 (Type 1) collagen genes during tissue
fibrosis?%. Therefore, it is not surprising that the TGFB1 upregulation observed in the
mesenteric mass was accompanied by an upregulation of COL1AL, as this is a
downstream mediator in the development of tissue fibrosis. In addition, COL3 is
another type of collagen that also forms part of the extracellular matrix?®” and its gene
(COL3A1) was upregulated in the mesenteric mass, where the desmoplastic reaction
is known to develop. We also investigated TNF expression in this study but did not
find a significant difference in gene expression between the mesenteric mass and the
normal SI mucosa or the primary tumour. TNF is a proinflammatory cytokine involved
in the pathogenesis of many inflammatory diseases, such as rheumatoid arthritis and
Crohn’s disease?®. It is known to have both profibrotic and antifibrotic properties?°,
Its profibrotic effects are mediated through inflammation, tissue destruction and
repair, while it is also known to have antifibrotic effects by directly inhibiting
extracellular matrix protein synthesis in fibroblasts in vitro?®®, Therefore, it may be
that we did not observe significant changes in TNF expression, as fibrosis in the
mesenteric mass is not primarily driven by inflammation, unlike other diseases, such
as Crohn’s disease or non-alcoholic steatohepatitis (NASH), where longstanding

inflammation is the main driver of fibrosis development.
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Finally, in this preliminary study we investigated EGFR gene expression in the tissue
of patients with midgut NETs and found no significant change between the mesenteric
mass and normal mucosa in fibrotic SI NETs. However, EGFR expression was
significantly lower in the primary tumour tissue, and the reason for this is at present
unclear. The role of Transforming Growth Factor a (TGFa) and its receptor EGFR in
relation to desmoplasia development has been investigated in a previous study from
Uppsala. This study included a heterogeneous group of gastroenteropancreatic NETS,
and TGFa was found to be expressed in approximately 90% of cases, but EGFR
expression was significantly higher in the tumour and stromal component of midgut
compared to pancreatic neuroendocrine neoplasms. The authors suggested that this
difference may account for the more pronounced fibrosis observed in midgut
carcinoids. They also hypothesized that TGFa produced by tumour cells could bind to
EGFR expressed by stromal and tumour cells and contribute to the associated
desmoplastic reaction and neovascularisation perhaps by a paracrine mechanism and
to tumour cell growth by an autocrine mechanism®. These are assumptions and the
role of TGFa/EGFR would need to be further explored in other studies that include
functional experiments to demonstrate their involvement in the development of

fibrosis in midgut NETSs.

This preliminary study is one of the largest studies on mesenteric fibrogenesis
associated with midgut NETS. It essentially confirmed the involvement of many of the
known profibrotic genes in mesenteric fibrogenesis, such as TGFB1 and CTGF, but
showed that other factors (such as FGF2) that were previously implicated in carcinoid-
related fibrosis may not be so important, since no significant changes in gene
expression were seen in the fibrotic mesenteric mass. We also explored the role of
some profibrotic genes that have not been previously assessed, such as TNF. In
addition, perhaps more importantly, this was a useful way to assess our study
methodology and it was encouraging to see clear differences in gene expression of
known profibrotic genes within the mesenteric mass compared to the normal SI
mucosa and the primary tumour. We were then able perform a larger study which
included 34 cases with midgut neuroendocrine tumours using the same methodology
and investigated a new pathway (the integrin signalling pathway), that we identified

in our in vitro functional cell line experiments.
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We investigated several components of the integrin signalling pathway in SI NETs
using a variety of techniques, namely gPCR (gene expression), immunohistochemistry
(protein localisation) and Western blot (protein quantitation). At gene expression
level, there was a significant upregulation of the evaluated genes (TGFp1, COL1AI,
COL3AL, fibronectin, ITGAV and ITGAX) in the mesenteric mass compared to
control (normal SI mucosa) in fibrotic patients. In addition, the expression of most of
the evaluated genes (TGFB1, COL1A1, COL3Al, ITGAV, ITGAX) was significantly
higher in the primary tumour of fibrotic patients compared to control, while in non-
fibrotic patients there was no significant difference in gene expression of any of the
evaluated genes between the primary tumour and SI mucosa. This suggests a
significant activation of the integrin pathway at mMRNA level. The protein localisation
of these components of the integrin pathway was assessed by immunohistochemistry.
We also evaluated integrin ITGAV and the activation of downstream signalling
pathways mTOR (protein S6) and MAPK (proteins Erk1/2) by Western blot analysis
in a subgroup of patients (n=15) with representation of all the different mesenteric
fibrosis severity groups. The protein expression of ITGAV was highest within the
mesenteric metastasis of patients with advanced fibrosis, but some heterogeneity was
noted in the protein expression of this integrin subunit within the mesenteric mass of
other patient groups. In addition, there was a significantly (p<0.05) higher p-Erk1/2:
Erk1/2 ratio within the mesenteric metastasis of fibrotic patients (compared to normal
mucosa), suggesting activation of the MAPK pathway. Given the heterogeneous
expression of ITGAV in the mesenteric mass of fibrotic subjects, the activation of the
MAPK pathway in the metastasis may be mediated by additional, non-ITGAV related
pathways. However, this finding supports the hypothesis that the fibrotic tumour
microenvironment exerts a pro-proliferative effect in cancer cells and plays a role in
cancer progression, likely through multiple pathways as suggested by our in vitro cell
line experiments (Chapter 3). Furthermore, there was some heterogeneity in the
phosphorylation of protein S6 within the mesenteric metastasis of fibrotic patients, but
it is interesting that this protein was absent in the primary tumour tissue of non-fibrotic
patients. Protein S6 is a downstream mediator of the mTOR pathway that stimulates
protein synthesis, cell growth and cell proliferation®®. Collectively, these results
suggest activation of the integrin pathway at least in some patients with mesenteric
fibrosis. The heterogeneity observed in the expression of some of the investigated

proteins most likely reflects the small sample size (n=3 patients per fibrosis group)
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and possibly biological variation in the tissue. Therefore, evaluation of the
involvement of these proteins in an independent and larger patient cohort would be

required.

The integrin signalling pathway is known to play a role in carcinogenesis and affect
the metastatic potential of many cancers and the role of integrin av has been
investigated in the context of various malignancies, such as laryngeal and
hypopharyngeal squamous cell carcinomas?®, metastatic melanoma?1212,
colorectal®®?, lung?42%5, breast?'421” and prostate cancer?®. In laryngeal squamous cell
carcinomas increased ITGAYV protein expression has been shown to be associated with
poor differentiation and lymph node metastases, indicating its role in the tumour
microenvironment for invasive and metastatic growth?'°218, In addition, in metastatic
melanoma ITGAV protein expression was strongly associated with the duration of
disease-free survival®'!, while in colorectal cancer increased ITGAV gene and protein
expression were associated with a higher prevalence of perineural invasion?*2°,
Furthermore, in lung adenocarcinoma increased ITGAV expression was associated
with a higher frequency of lymph node metastases?* and in the human lung cancer
cell line A549 integrin av was found to exert a proliferative effect through the
downstream activation of Erk1/22%°. Further evidence for the involvement of ITGAV
in cancer cell migration and metastasis was demonstrated in athymic rats, in which
high av integrin expression in several cancer cell lines of different origins led to a
higher frequency of brain metastases. In this animal model, av integrin appeared to
mainly regulate cancer cell adhesion, invasion and metastasis, rather than cell
proliferation and tumour growth, since the mean brain tumour volume after direct
intracerebral inoculation of cancer cells overexpressing ITGAV (using a pTag-integrin
expression vector) versus cancer cells with normal ITGAV expression (using an empty
vector) was not significantly different 22°, This is interesting and mirrors our
observations in which an increased ITGAV gene expression was noted in the
mesenteric metastatic lymph node of fibrotic SI NETs, compared to the primary
tumour and normal mucosa, but the proliferation index Ki67 was not significantly
different between the primary tumour and the metastasis. Thus, ITGAV may be
involved more in the metastatic potential of cancer cells, rather than cell proliferation.
In addition, ITGAYV is involved in angiogenesis, which may also facilitate tumour

growth independently to the direct effects of the integrin signalling pathway on cancer
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cell proliferation??!. Interestingly, integrin ovp3 has been investigated in a
heterogeneous group of neuroendocrine tumours due to its known role in angiogenesis
and the potential for therapeutic targeting, but large variations were noted in gene
expression (>100-fold)??2. The use of %*Cu-NODAGA-c(RGDyK), a novel PET tracer
targeting integrin avP3, has also been evaluated in nude mice with human
neuroendocrine tumour xenografts (H727 cell line derived from a human bronchial
carcinoid)??. A significant correlation was noted between tumour tracer uptake and
integrin avP3 expression, indicating the potential of this novel PET tracer to detect
angiogenesis in this animal model of neuroendocrine neoplasia??®. Furthermore,
ITGAV is known to play an important role in fibrosis development in many chronic
fibrotic conditions and some malignancies, mainly through regulation of TGFf
activity in the extracellular matrix, and a variety of inhibitors have been evaluated in
animal models??*. Several small molecule inhibitors (such as cilengitide) and function-
blocking monoclonal antibodies have been developed and have shown promising
results as antifibrotic agents in this context??*, This may be an interesting avenue to
explore in cell line models evaluating the interaction of SI NET cell lines (or primary
SI NET cells) and fibroblasts. A recent study assessed the effect of a novel integrin
avpB3-targeted dendrimer that was modified to deliver the mTOR inhibitor, rapamycin,
in an in vitro co-culture model of prostate cancer cells and fibroblasts?®. This study
demonstrated that this agent could effectively reduce fibroblast-mediated prostate
tumour progression and metastasis, indicating the potential use of such drugs in the

context of carcinogenesis induced by the fibrotic microenvironment?®.

We also investigated another integrin, ITGAX, also known as CD11c. This integrin
subunit was significantly (2.1-fold, p<0.0001) upregulated in KRJ-I cells exposed to
HEK293 conditioned media, as shown in our RNA sequencing data. Although this
integrin was highly upregulated in the mesenteric metastasis of fibrotic SI NETs
compared to normal mucosa and the primary tumour, the immunohistochemistry
demonstrated that this integrin subunit was expressed in inflammatory cell aggregates
within the tumour. This may suggest an involvement of inflammatory cells in the
fibrotic process within the tumour microenvironment. ITGAX is mainly expressed in
dendritic cells, and at lower levels in granulocytes, monocytes, natural Killer cells and
activated T- and B- lymphocytes?®226, Thus, this integrin plays a role in antigen

presentation and immune stimulation, but is also known to interact with the certain
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components of the coagulation system, such as fibrinogen and kininogen??®. ITGAX
has been investigated in the context of various malignancies, such as chronic
lymphocytic leukaemia??® and prostate cancer??’, where it is considered to be a poor
prognostic marker, while in other malignancies, such as gastric cancer, it is associated
with a more favourable prognosis??. In addition, ITGAX is known to play a role in
cancer angiogenesis by activating the PI3K/Akt downstream signalling pathway,
which in turn stimulates VEGF-A overexpression in blood vessel endothelial cells??°,
Interestingly, this integrin seems to also play a role in fibrogenesis. For example, bone-
marrow derived CD11c+ dendritic cells contribute to the development of cardiac
inflammation and fibrosis in the context of haemodynamic overload in mice, through
the presentation of cardiac self-antigens to T-cells?*. In addition, CD11c+ resident
macrophages surround dead hepatocytes and are able to trigger hepatic fibrosis
development in a murine model of non-alcoholic steatohepatitis?®!. Therefore, the role
of the immune cells within the tumour microenvironment in fibrogenesis of SI NETs

requires further exploration.

In conclusion, in this study we used a multidimensional assessment of mesenteric
fibrosis to accurately classify patients in terms of their desmoplasia severity. In an
initial pilot study, we evaluated the expression of several known profibrotic genes and
showed a significant upregulation of most of these genes within the fibrotic mesenteric
mass. Subsequently, we assessed a novel pathway, the integrin signalling pathway, in
the tissue of patients with SI NETs and demonstrated significant differences between
fibrotic and non-fibrotic subjects. Therefore, this pathway appears to play a role in
carcinogenesis and may promote the invasion, metastasis and survival of cancer cells
(together with other pathways) within the fibrotic microenvironment but may also
contribute to fibrosis development through its known interaction with the TGFf
pathway. Since ITGAV inhibitors are available, functional co-culture studies
evaluating their role as antifibrotic agents should be undertaken. This will provide
further evidence for the involvement of this pathway in the crosstalk of SI NET cells
with fibroblasts and may lead to the development of novel drug treatments. The role
of the immune system in the fibrotic neoplastic microenvironment also needs to be
investigated further. Clearly, the mesenteric fibrotic microenvironment is a nidus of
complex interactions that promote both carcinogenesis and fibrogenesis. These

mechanisms need to be evaluated in a systematic way, in order to better understand
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the underlying pathophysiology and develop effective antifibrotic and antineoplastic
drugs.
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Development of a circulating
biomarker for the prediction of
mesenteric fibrosis in midgut

neuroendocrine tumours
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5. Development of a circulating biomarker for the prediction of mesenteric

fibrosis in midgut neuroendocrine tumours

5.1. Introduction

As discussed in Chapters 1 and 2, the presence of mesenteric fibrosis in midgut NETs
is associated with significant morbidity and may affect patient prognosis. The
mortality observed in fibrotic tumours may be related to direct complications of the
fibrotic mesenteric mass, such as the development of bowel obstruction or perforation
secondary to advanced mesenteric ischaemia, but it is also possible that the liaison of
cancer cells with resident fibroblasts can promote tumour cell survival, proliferation
and migration leading to disease progression. This is supported by a retrospective
study conducted in Munich, Germany, which demonstrated that fibrotic SI NETs were
associated with a significantly higher prevalence of distant metastases, lymphatic
vessel invasion, perineural infiltration and a shorter progression-free survival
compared to non-fibrotic tumours'®®, In addition, our basic science data on the
crosstalk of SI NET cell lines KRJ-1 and P-STS with stromal cells (HEK293) suggest
that many pro-proliferative pathways are activated in cancer cells as a result of the
paracrine effect (Chapter 3). Therefore, the early detection of mesenteric fibrosis in Sl

NETSs is important for patient management and prognostication.

However, as discussed in Chapter 4, the assessment of mesenteric desmoplasia
remains a problematic area and several discrepancies were noted between different
methods of assessment (radiological, surgical and histological). In particular, the
radiological detection of fibrosis, which is the standard method of diagnosis of
mesenteric desmoplasia in clinical practice, was inaccurate in many cases, especially
when small amounts of fibrosis were present, which could be measured histologically
using the width of fibrous bands or the Collagen Proportionate Area (CPA), as detailed
in Chapter 4 (Figure 5.1). Thus, the development of non-invasive biomarkers with
high accuracy for the early detection of desmoplasia would be of critical importance.
Currently, there is a lack of clinically useful biomarkers for fibrosis in midgut NETS.
Although several non-invasive biomarkers (plasma activin A, serum CTGF, urinary
5-HIAA, plasma neuropeptide and substance P, plasma neurokinin A) have been

investigated in the context of carcinoid heart disease®, only a few studies have assessed
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the utility of non-invasive biomarkers in mesenteric fibrosis. This reflects the notion
that mesenteric desmoplasia is a ‘local’ process confined to the mesentery, while
carcinoid heart disease is a ‘systemic’ process'®. The presence of mesenteric fibrosis
has shown significant correlation with urinary 5-HIAA levels in some studies'*"%,
suggesting that circulating serotonin may play a role in its development. In addition,
serum CTGF levels were significantly higher in fibrotic S| NETs compared to controls
and non-fibrotic gastrointestinal NETs (type 1 gastric carcinoids)?2. However, these
biomarkers have not gained acceptance in the detection of mesenteric fibrosis and

require further validation.
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Figure 5.1. Correlation of radiological detection of mesenteric fibrosis with histological findings
(width of fibrous bands around the mesenteric mass and collagen proportionate area [CPA]) in
34 patients with midgut NETs. Microscopic evidence of fibrosis was identified histologically in cases
where the radiology (CT imaging) did not show clear evidence of desmoplasia. While the width of
fibrous bands did not differ significantly (median 0.75mm vs. 1.47mm in non-fibrotic and fibrotic
tumours, respectively, p=0.1349, Mann-Whitney test), the CPA was significantly different (median
33.4% vs. 65.40%, in non-fibrotic and fibrotic tumours, respectively, p=0.01, Mann-Whitney test). Data
are from 34 patients classified as non-fibrotic (n=15) and fibrotic (n=19) by radiological detection.

The NETest is a PCR-based tool that measures a panel of 51 circulating transcripts
(mRNA), which are specific to neuroendocrine neoplasia. This blood-based

multianalyte was derived through complex mathematical algorithms and has shown,
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albeit in limited publications, an excellent sensitivity and specificity for the diagnosis
of neuroendocrine tumours, the prediction of disease progression and response to
therapy?®2. This molecular signature is often described as the ‘fingerprint’ of a
neuroendocrine tumour due to its excellent performance metrics and its ability to
capture the hallmarks of neuroendocrine neoplasia®2%3, We hypothesised that a
subset of genes within this 51-gene panel with defined roles in fibrosis development
may be predictive of mesenteric desmoplasia. We therefore analysed blood samples
of patients taken pre-operatively (prior to surgical resection of the primary SI NET
and desmoplastic mesenteric mass) and assessed the predictive accuracy of this blood-
based biomarker for the detection of mesenteric fibrosis. This study was performed in
collaboration with the Wren laboratories, Branford, USA (Dr Mark Kidd and Prof
Irvin Modlin), that developed the NETest. A Mutual Transfer Agreement was signed
between the UCL-RFH Biobank and the Wren Laboratories LLC in September 2017
to facilitate this study.

5.2. Methods

A total of 20 patients were included in the biomarker assessment study (a subset of 19
patients from the mesenteric desmoplasia evaluation study described in Chapter 4,
and an additional patient who had extensive mesenteric fibrosis and unresectable
disease, who was not included in the desmoplasia assessment study, since no histology
was available). The demographic and clinical characteristics of this patient cohort are
provided in Table 5.1. No patients had carcinoid heart disease or other fibrotic

conditions.
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Patients with midgut NETs who underwent surgery
(n=20) n (%)

Age (meanzSD) 63110
Sex

Male 13 (65%)
Female 7 (35%)
Grade

1 13 (65%)
2 7 (35%)
Extent of disease

Localised 2 (10%)
Locoregional 5(25%)
Metastatic 13 (65%)
Mesenteric mass 18 (90%)
Liver metastases 10 (50%)
Distant extrahepatic metastases 5(25%)
Macroscopic mesenteric fibrosis 17 (85%)
Medical therapy

Octreotide LAR 6 (30%)
Lanreotide Autogel 7 (35%)
Surgical therapy

Small bowel resection 1(5%)
Gastro-jejunal bypass 1(5%)
Right hemicolectomy (RO) 10 (50%)
Right hemicolectomy (R1) 8 (40%)

Table 5.1. Demographic and clinical characteristics of patients with midgut NETs included in the

study.

The presence of mesenteric fibrosis was assessed using a multidimensional approach,
incorporating radiological, surgical and histological parameters, as described in
Chapter 4. Two analyses were performed (Figure 5.2). In the first analysis, the fibrosis
assessment was based on macroscopic criteria (radiology, surgical assessment) and
confirmed histologically (where tissue was available for assessment). This grouping
method resulted in 3 patients classified as ‘non-fibrotic’ and 17 as ‘fibrotic’. In the
second analysis, patients were grouped based on the presence or absence of
microscopic fibrosis. This grouping strategy resulted in 2 patients classified as ‘non-
fibrotic’ and 18 as ‘fibrotic’. This methodology was used to assess the predictive
ability of the biomarker for the detection of ‘established’ (clinically evident or

macroscopic), as well as ‘early’ (preclinical or microscopic) fibrosis.
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Figure 5.2. Schematic overview of mesenteric fibrosis assessment and allocation of patients with
midgut NETSs into fibrotic and non-fibrotic groups. In the first analysis (blue dashed line) patients
with macroscopic (radiological and/or surgical) evidence of fibrosis were included in the fibrosis group
and their fibrosis was confirmed histologically (where tissue was available), while the non-fibrotic
group consisted of patients without macroscopic fibrosis. In the second analysis, patients with

macroscopic and microscopic evidence of fibrosis were included in the fibrotic group (red dashed line).

A total of 31 blood samples were collected pre-operatively (within 24h of surgery) in
5ml EDTA tubes and stored in -80°C within 2 hours of collection (samples
immediately stored on ice/4°C after sampling). These samples were shipped on dry ice

to the Wren laboratories, USA for analysis (NETest measurements).

A two-step manual technique protocol (RNA isolation with cDNA synthesis and
gqPCR) was used, as previously described?®*. In brief, transcripts (MRNA) were
isolated from 1ml EDTA-collected blood samples using the mini blood kit (Qiagen).
The RNA quantity was 50ul (RNA quality >1.8 Azeo:280 ratio, RIN>5.0). cDNA was
produced from 50ul RNA using a High Capacity Reverse transcriptase kit (Life
Technologies: cDNA production 2000-2500 ng/ul) and stored in -80°C. gPCR was
performed (384-well plate, HT-7900) with the cDNA (200 ng/pl) and 16ul of
reagents/well (Universal Master mix Il with UNG, Life Technologies, triplicate wells)
(50°C 2 min, 95°C 10 min, then 95°C 15s, 60°C 60s for 40 cycles). PCR values of NET
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marker genes were normalised to the housekeeping gene (ALG9) and gene expression
was quantified against a population control (calibration sample), as previously

described?3°:2%6

For this study, which was conducted in collaboration with Wren Laboratories,
Branford, CT USA, we assessed a subset of 5 circulating transcripts (from the entire
51-gene molecular signature) with known roles in fibrosis, namely: CTGF, CD59,
APLP2 (amyloid precursor-like protein 2), FZD7 (frizzled homolog 7) and BNIP3L
(BCL2 Interacting Protein 3 Like). Statistical analysis was performed with Mann-
Whitney test, ROC curve analysis and binary logistic regression, as appropriate, using
Graphpad Prism version 8 and SPSS version 25 statistical packages.

5.3. Results

In this small cohort of patients there was one patient who did not appear to have
obvious mesenteric desmoplasia at macroscopic assessments of fibrosis (radiological
and surgical), although some minimal fibrosis was detected histologically (Figure
5.3). In this case, a thin fibrous capsule was seen around a small (~14mm) mesenteric
lymph node. Although the natural history of mesenteric mass formation is not well
documented in the literature, this small fibrotic lymph node would conceivably have
developed into a larger fibrotic mesenteric mass, if it had been left in situ. Therefore,
the ability of a biomarker to detect both macroscopic and microscopic fibrosis may be
of clinical utility in anticipating the development of fibrosis, when this is not evident
using clinical macroscopic assessments. On the other hand, a biomarker that can detect
‘established’ desmoplasia may also be useful, particularly if this is not seen at
radiology (and can be noted only intra-operatively). Thus, we performed two analyses
looking at the predictive ability of the 5 circulating transcripts from the NETest
(CTGF, CD59, APLP2, FZD7 and BNIP3L) to define a profibrotic phenotype by
macroscopic (i.e. established, clinically evident fibrosis) and microscopic (i.e.

including cases with so called ‘pre-clinical’ or minimal fibrosis) criteria.
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Figure 5.3. Review of surgical (A), radiological (B) and histological (C) assessments in a patient

with a midgut NET. (A) The midgut primary tumour and mesenteric lymph node were removed
laparoscopically. A small, soft palpable lymph node was seen intraoperatively with no obvious
surrounding fibrosis. (B) Similarly, the CT scan showed a small lymph node with some subtle
spiculation, but no evident desmoplasia with the typical ‘stellate pattern’. (C) The histological slide of
the lymph node with Sirius red staining showed a fibrotic capsule around the small (~14mm) metastatic
lymph node. This minimal amount of fibrous tissue, as expected, was not obvious at macroscopic

assessments.

5.3.1. Analysis using a macroscopic assessment of mesenteric fibrosis to define a

fibrotic phenotype

Circulating transcript levels of APLP2, BNIP3L, CD59 and CTGF were significantly
higher in non-fibrotic compared to fibrotic tumours. FZD7 levels did not differ

significantly between the two groups (Figure 5.4).
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Figure 5.4. Normalised circulating gene expression in fibrotic (F) and non-fibrotic (NF) patients
using macroscopic criteria to define a fibrotic phenotype. APLP2, BNIP3L, CD59 and CTGF

transcript levels were significantly higher in the blood of non-fibrotic patients.

ROC curve analysis demonstrated that three of the selected circulating transcripts from
the NETest (APLP2, BNIP3L and CD59) could independently predict a fibrotic
phenotype at a statistically significant level (p<0.05). The metrics of each individual
transcript for the detection of clinically-evident mesenteric fibrosis were the
following: APLP2 (AUC 0.830, 95% CI 0.584, 1.000, p=0.13), BNIP3L (AUC 0.940,
95% CI 0.855, 1.000, p=0.001), CD59 (AUC 0.820, 95% CI 0.548, 1.000, p=0.016),
CTGF (AUC 0.733, 95% CI 0.466, 1.000, p=0.08) and FZD7 (AUC 0.427, 95% ClI
0.166, 0.688, p=0.582) (Figure 5.5).
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Figure 5.5. Receiver Operating Characteristic (ROC) Curve analysis demonstrating the ability of
5 circulating transcripts from the NETest (APLP2, BNIP3L, CD59, CTGF and FZD7) to define
a fibrotic phenotype by macroscopic criteria. Three of these circulating transcripts (APLP2, BNIP3L
and CD59) could independently predict a fibrotic phenotype at a statistically significant level (p<0.05).
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In addition, the mathematical combination of these 5 circulating transcripts achieved
an AUC 0.867 (95% CI 0.625, 1.000, p=0.006) (Figure 5.6) and could differentiate
between fibrotic and non-fibrotic patients with an accuracy of 93.5% (Table 5.2).
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Figure 5.6. Receiver Operating Characteristic (ROC) Curve analysis demonstrating the ability of
the combination of 5 circulating transcripts from the NETest (APLP2, BNIP3L, CD59, CTGF
and FZD7) to define a fibrotic phenotype by macroscopic criteria. The mathematical combination
of these transcripts achieved an AUC 0.867 (95% CI 0.625, 1.000, p=0.006).

Predicted
Fibrosis
Observed F NF Percentage Correct
Fibrosis F 25 0 100.0
NF 2 4 66.7
Overall Percentage 93.5

Table 5.2. A predictive model utilising 5 circulating transcripts from the NETest (APLP2,
BNIP3L, CD59, CTGF and FZD7) was able to predict the presence of macroscopic (evident by

radiology and/or surgical assessment) mesenteric fibrosis with an accuracy of 93.5%. F: Fibrotic
group, NF: Non-fibrotic group
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5.3.2. Analysis using a microscopic assessment of mesenteric fibrosis to define a

fibrotic phenotype

In this analysis, we included patients with macroscopic and microscopic (minimal)
mesenteric fibrosis in the fibrotic group and assessed the ability of the 5 circulating
transcripts from the NETest (APLP2, BNIP3L, CD59, CTGF and FZD7) to define a
fibrotic phenotype. Circulating mRNA levels of APLP2, BNIP3L, CD59 and CTGF
were higher in non-fibrotic compared to fibrotic tumours, while FZD7 mRNA levels

did not differ significantly (Figure 5.7).
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Figure 5.7. Normalised circulating gene expression in fibrotic (F) and non-fibrotic (NF) patients
using microscopic (histological) criteria to define a fibrotic phenotype. APLP2, BNIP3L, CD59 and
CTGF transcript levels were significantly higher in the blood of non-fibrotic patients.

ROC curve analysis demonstrated that four circulating transcripts (APLP2, BNIP3L,
CD59 and CTGF) could independently predict the presence of mesenteric fibrosis at
a statistically significant level (p<0.05). More specifically, the metrics for each
individual transcript were the following: APLP2 (AUC 0.962, 95% CI 0.888, 1.000,
p=0.001), BNIP3L (AUC 0.969, 95% CI 0.912, 1.000, p=0.001), CD59 (AUC 0.969,
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95% CI 0.904, 1.000, p=0.001), CTGF (AUC 0.785, 95% CI 0.510, 1.000, p=0.047)
and FZD7 (AUC 0.377, 95% CI 0.095, 0.659, p=0.390) (Figure 5.8).
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Figure 5.8. Receiver Operating Characteristic (ROC) Curve analysis demonstrating the ability of
5 circulating transcripts from the NETest (APLP2, BNIP3L, CD59, CTGF and FZD7) to define
a fibrotic phenotype by microscopic criteria. Four circulating transcripts (APLP2, BNIP3L, CD59
and CTGF) could independently predict a fibrotic phenotype at a statistically significant level (p<0.05).

The mathematical combination of the 5 circulating transcripts achieved an AUC of
1.000 (95% CI 1.000, 1.000, p<0.001) (Figure 5.9) and a predictive model based on
the combination of these transcripts exhibited an accuracy of 100% for predicting the
presence of mesenteric fibrosis (Table 5.3). This demonstrated the ability of these 5
circulating transcripts to determine the presence of desmoplasia, not only when it was
clinically (macroscopically) evident, but also at a very early stage, when it was
detected only histologically.
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Figure 5.9. Receiver Operating Characteristic (ROC) Curve analysis demonstrating the ability of
the combination of 5 circulating transcripts from the NETest (APLP2, BNIP3L, CD59, CTGF
and FZD7) to define a fibrotic phenotype by microscopic criteria. The mathematical combination
of these transcripts achieved an AUC of 1.000 (95% CI 1.000, 1.000, p<0.001).

Predicted
Fibrosis
Observed F NF Percentage Correct
Fibrosis F 26 0 100.0
NF 0 5 100.0
Overall Percentage 100.0

Table 5.3. A predictive model utilising 5 circulating transcripts from the NETest (APLP2,
BNIP3L, CD59, CTGF and FZD7) was able to predict the presence of microscopic mesenteric

fibrosis with an accuracy of 100%. F: Fibrotic group, NF: Non-fibrotic group.
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5.4. Discussion

The assessment of mesenteric fibrosis is a problematic area and an accurate
classification is important for clinical and research purposes. We have shown that a
radiological diagnosis, which represents the standard method of assessment in clinical
practice, is not a sensitive tool, as it has significant limitations, particularly in cases of
minimal fibrosis. A predictive biomarker with a high sensitivity and specificity for
mesenteric fibrosis may therefore be of clinical utility. Although serum CTGF has
been shown to be elevated in midgut NETs compared to normal controls and non-
fibrotic gastrointestinal NETs??, these results have not been validated in other studies
and therefore this biomarker has not gained acceptance. In the present study we
evaluated a subset of 5 genes from the NETest that are related to fibrosis and assessed
their performance metrics in the detection of macroscopic and minimal (microscopic)

fibrosis.

The NETest is a PCR-based 51 transcript signature that has an excellent (>90%)
sensitivity and specificity for the diagnosis of gastroenteropancreatic NETS, and is
known to outperform conventional secretory biomarkers, such as chromogranin A%
235231238 | addition, this molecular signature correlates with disease status?3®24° and
captures the hallmarks of neuroendocrine neoplasia (proliferome, growth factor
signalome, metabolome, secretome [general and progressive], epigenome, apoptome,
plurome and SSTRome)?*. The NETest has also been shown to predict response to
somatostatin analogue therapy?3®, peptide receptor radionuclide therapy (PRRT)?42243,

operative resection and ablation strategies®**.

Given the ability of this multianalyte to act as a “liquid biopsy” that can yield
biologically relevant, real-time information about the tumour and capture the
multidimensionality of neuroendocrine neoplasia, we hypothesised that a subset of 5
genes from the NETest (APLP2, BNIP3L, CTGF, CD59 and FZD7) that are involved
in fibrosis may be a clinically useful and accurate biomarker of mesenteric fibrosis. In
this small cohort of 20 patients, who did not have carcinoid heart disease or other
fibrotic disorders, these 5 circulating transcripts could accurately predict the presence
of macroscopic and microscopic fibrosis (100%). These genes (with the exception of
CTGF) have not been investigated in the context carcinoid-driven fibrosis, although

they have been linked to fibrosis in other conditions. FZD (Frizzled) are seven-
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transmembrane receptors that bind Wnt proteins and mediate the canonical and non-
canonical Wnt signalling pathways. Wnt signalling plays important roles in tissue
development and repair, as well as carcinogenesis, but more recently it has also been
implicated in fibrogenesis?*>24®, FZD7 in particular has been shown to mediate TGFp-
induced pulmonary fibrosis via the non-canonical Wnt signalling pathway and lead to
the expression of collagen I, fibronectin, CTGF and a-SMA in lung fibroblasts?*’.
FZD7 has also been assessed in SI NETSs as part of a molecular signature that was able
to differentiate primary SI neuroendocrine tumours from normal EC
(enterochromaffin) cell preparations?®, Although FZD7 could not independently
predict the presence of mesenteric fibrosis, its use within the 5 circulating transcript
predictive model led to an accurate classification of fibrosis. In addition, CTGF is a
known mediator of fibrosis, which acts downstream of TGFP, and has been
investigated in carcinoid-related desmoplasia and other fibrotic conditions®2224°_ It is
somewhat surprising however that circulating CTGF mRNA levels were significantly
higher in non-fibrotic compared to fibrotic tumours. This may reflect some
discordance between tissue and blood CTGF mRNA levels, since in our preliminary
tissue analyses (Chapter 4) CTGF gene expression was higher in the mesenteric mass
of fibrotic tumours compared to primary tumours and normal mucosa. BNIP3L is also
implicated in cardiac fibrosis, where it is known to promote TGFf expression in
cardiac fibroblasts?°. It is noteworthy that circulating BNIP3L mRNA levels were
higher in non-fibrotic compared to fibrotic tumours, which seems paradoxical, but
(similar to CTGF) these may not necessarily accurately reflect BNIP3L gene
expression at tissue level. Conceivably the levels of circulating transcripts in the blood
might be affected not only by the levels of gene expression in the tissue, but also the
size of the primary tumour and fibrotic mesenteric mass, as well as treatments (e.g.
somatostatin analogues), and although this is currently not known, such factors may
account for some of the possible differences between tissue and blood transcript levels.
Moreover, CD59 is a regulator of complement activation and inhibits the formation of
the membrane attack complex (MAC). The complement system is involved not just in
innate immunity and adaptive responses, but also in tissue repair and fibrosis?>12%2,
Thus, CD59 may be viewed as a regulator of fibrosis and the increased circulating
transcript levels observed in non-fibrotic compared to fibrotic tumours may be
pathophysiologically relevant. Finally, APLP2 is widely expressed in human cells and

has been implicated in cancer progression. A recent study in Drosophila demonstrated
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that APLP2 expression promotes cell migration by inducing matrix metalloproteinase
MMP1 expression, which in turn leads to basement membrane degradation3,
Therefore, this protein may play a role in extracellular matrix remodelling and its

precise role in carcinoid-related fibrosis needs to be further investigated.

In conclusion, this study has investigated the role of a novel circulating biomarker
(derived from the NETest) in the detection of mesenteric fibrosis. This biomarker
exhibited excellent metrics with an accuracy of 100% for macroscopic and
microscopic mesenteric fibrosis, which suggests that it may provide additional
information and perhaps guide patient management in cases of image-negative
mesenteric desmoplasia. Of course, these findings would need to be externally
validated in additional and larger patient cohorts. In addition, it would be useful to
assess expression of these genes in the tissue (both primary tumour and mesenteric
metastasis) at both mRNA and protein level to gain a better understanding of their role
in fibrosis development. Furthermore, the role of this molecular signature in other
fibrotic complications of neuroendocrine tumours (such as carcinoid heart disease)
would need to be explored, as well as its specificity for carcinoid-related fibrosis in
patients with other fibrotic conditions (such as scleroderma). These studies will define
the role of this promising novel biomarker and delineate its clinical utility in a variety

of clinical applications.
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Chapter 6

Concluding remarks
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6. Concluding remarks

NETs often are associated with diverse fibrotic complications, which can lead to
devastating clinical sequelae and cause considerable morbidity and mortality.
However, our knowledge of the biologic basis of this relationship is relatively limited.
Because to our knowledge there are no established medical therapies for the
prevention or regression of fibrosis in patients with NETS, there is an unmet need for
meaningful investigations into the pathophysiology of this association. In this thesis
we have investigated several clinical aspects of mesenteric fibrosis as well as its
pathophysiology in small intestinal neuroendocrine neoplasms and have evaluated a
biomarker for fibrosis detection. The area of mesenteric fibrogenesis has not been
adequately explored in the literature.

Our clinical retrospective studies highlighted the clinical importance of this condition
and demonstrated that patients with mesenteric fibrosis have a worse prognosis
compared to non-fibrotic patients. Interestingly, the shorter overall survival in these
patients was mainly due to disease progression rather than local intra-abdominal
complications, such as bowel obstruction. This led us to hypothesise that the
development of fibrosis may have an impact on the natural history of the disease,
which is a new concept in neuroendocrine neoplasia. At the same time, a few other
retrospective studies from different centres were published and these also showed that
desmoplastic tumours were associated with a shorter progression-free survival. This
further supported our original hypothesis. Although our clinical studies were limited
by their retrospective design and the fact that they were based at a tertiary referral
centre, they provided important information about clinical outcomes in desmoplastic
neuroendocrine neoplasms and were published as original articles in

Neuroendocrinology.

We then investigated the pathophysiology of mesenteric fibrosis in vitro and in human
tissue. The in vitro studies were performed in collaboration with the University of
Graz in Austria. Although this collaboration was fruitful and useful for allowing the
utilisation of appropriate small intestinal neuroendocrine tumour cell lines for our
project, there were significant limitations in terms of our ability to independently
manage the cell line experiments and further validate the results in vitro by altering

various experimental conditions. However, these cell line experiments revealed that
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multiple genes, cytokines and pathways could potentially be implicated in the cross-
talk of cancer and stromal cells within the tumour microenvironment. Many of these
pathways are involved not only in fibrosis development but also cancer progression,
thus highlighting a possible bidirectional effect in the interplay of cancer cells and
fibroblasts within the mesenteric microenvironment. This work was presented as an
oral lecture at the Digestive Disease Week (San Diego, 2019) and received positive
feedback due to novel concepts that it introduced in the field. However, it is clearly
limited by the fact that it was based on one independent experiment and the results
were not validated in vitro with the use of other co-culture models (for example, the
use of another stromal cell line or primary fibroblasts).

We then validated one of the pathways in human tissue of patients that we recruited
prospectively during the period of the study. The prospective nature of the project was
critically important, because it allowed us to investigate the accuracy of radiological
measurements of mesenteric fibrosis and correlate these with intra-operative
appearances and histological measurements. This triangulation of methods to assess
mesenteric desmoplasia demonstrated that radiological evaluations of fibrosis (which
are the standard technique to diagnose mesenteric fibrosis in clinical practice) are often
inadequate. Using this methodology, we were able to classify our patients more
accurately with a multidimensional assessment of fibrosis. This may be an approach
that other researchers in the field could potentially use to further investigate this area.
In our in vivo study we evaluated the integrin signalling pathway (which was activated
in KRJ-I cancer cells in the functional in vitro experiments) in fibrotic and non-fibrotic
subjects. We showed that several components of this pathway were transcriptionally
upregulated in the mesenteric mass of fibrotic patients, but we observed some
heterogeneity in protein expression among fibrotic subjects. This work demonstrated
a new pathway that could be involved in the pathophysiology of mesenteric
fibrogenesis which has additional roles in carcinogenesis and angiogenesis, thus
showing how the fibrotic microenvironment may potentially promote cancer growth.
This study has been accepted as an oral lecture at the Digestive Disease Week
(Chicago, 2020). The main limitations of this study are the relatively small numbers
of patients, particularly non-fibrotic subjects. Due to the lack of symptoms and
abdominal complications in patients without mesenteric fibrosis, these patients do not

usually undergo surgical resection, and so enrolling such cases in the study becomes
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very challenging. Multicentre studies may allow the inclusion of more cases for tissue
analyses.

Finally, in collaboration with the Wren Laboratories (USA) we investigated a new
biomarker for fibrosis detection in small intestinal NETSs - the ‘NETest Fibrosome’.
The NETest is a panel of 51 circulating transcripts that have demonstrated a sensitivity
and specificity of about 95% for the diagnosis of neuroendocrine neoplasia in several
previous studies. Here, we evaluated a subset of 5 circulating transcripts from the
NETest in terms of their ability to predict a fibrotic phenotype in a small cohort of 20
patients, of who only 2 had no evidence of fibrosis histologically. The NETest
Fibrosome showed very promising results in this setting and this work has now been
published as an original article in Endocrine. However, clearly this study is limited by
small patient numbers and a disproportionately low number of non-fibrotic cases.
Therefore, it is difficult to draw safe conclusions from this study and the results will
need to be validated in additional, larger and ideally multicentre patient cohorts.

In summary, this project was based on international collaborations with both the
University of Graz (Austria) and the Wren laboratories (USA). We have attempted to
address several clinical aspects of mesenteric fibrosis and also look at the
pathophysiology of this process. Future clinical studies could aim to investigate why
only some patients with mesenteric fibrosis tend to develop severe abdominal
complications while others remain asymptomatic. Our data have shown that the
amount of fibrous tissue is not a determining factor, as patients with mild, moderate
and severe desmoplasia did not have significant differences in terms of survival and
abdominal symptoms. Other clinical factors, such as the size of the mesenteric mass
and its location in relation to other vital structures (e.g. mesenteric vessels, bowel
loops) may be more important and require investigation as predictors of fibrotic
complications. The use of computer-based technologies to analyse imaging studies
(radionomics) and predict surgical complications may be an interesting avenue to

explore and other centres are currently evaluating this approach.

More basic science studies evaluating the cross-talk of cancer cells with fibroblasts in
the mesenteric microenvironment are needed. The use of appropriate cancer cell lines
is particularly important and only a few small intestinal neuroendocrine tumour cell

lines are available, which are not very well characterised and not widely available and
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this is a challenging issue. It may be more appropriate to use primary fibroblasts and
primary cancer cells isolated from patients with small bowel NETs in co-culture
models. To this date only simple co-culture systems have been used to investigate the
interplay of cancer and stomal cells in NETs (e.g. Transwell system). The role of more
complex co-culture systems (such as 3D systems) requires consideration. In addition,
the role of other cell types, such as endothelial, epithelial and inflammatory cells in
this process requires further investigation, as these cells may play an important role in
fibrosis development and may be appropriate therapeutic targets. Furthermore, it is
important to validate the role of any identified pathways by selecting appropriate drug
targets and assessing the role of therapeutic agents in cell line models. Unfortunately,
there are currently no suitable animal models or organoids for small intestinal NETs

to evaluate drug treatments.

In addition, further studies are needed using human tissue to better understand the
pathophysiology of mesenteric fibrosis. As mentioned earlier, it is important to
develop a clear definition of mesenteric fibrosis in order to be able to accurately
classify patients in appropriate categories. Collaborative programs are essential to
increase patient numbers for such studies, particularly the number of non-fibrotic
cases, which are difficult to recruit. Tissue microdissection would be useful to separate
cancer cells from fibrotic stroma and study gene and protein expression separately in
these tissue types. This may provide further insight into the underlying mechanisms
of mesenteric fibrogenesis and oncogenesis. The investigation of epigenetic changes
in NETs as a driver of fibrogenesis is another promising area for future research.
Common epigenetic alterations (DNA methylation, posttranscriptional modifications
of histones, and noncoding RNAs) are known to contribute toward the pathogenesis
of fibrosis in many chronic fibrotic disorders, such as systemic scleroderma and
cardiac, kidney, and pulmonary fibrosis. This may be an exciting avenue for future
research in NET-related fibrosis. The role of oxidative stress in the development of
fibrosis in patients with NETSs is another interesting research area that requires further

exploration.

Furthermore, the evaluation and development of non-invasive biomarkers of fibrosis
could have important clinical implications. Such biomarkers potentially could predict
the development of fibrosis at an early preclinical stage or help to stratify patients into

different categories of risk of fibrotic complications, perhaps alongside other clinical
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information. This would be important not only for prognostication purposes, but also
for targeting patients at highest risk of poor outcomes with experimental antifibrotic
therapies. Our study has also highlighted the various limitations of radiological
assessments and clearly cases of image-negative fibrosis are common. Therefore, a
non-invasive, circulating biomarker of fibrosis may have important clinical utility for
the identification of microscopic fibrosis. Collaborative efforts are needed to increase
patient numbers for such studies, especially the number of non-fibrotic subjects. The
evaluation of proteins as circulating biomarkers also requires consideration, as
proteins are more stable than circulating transcripts and may have better applicability
and clinical utility.

In conclusion, our study has advanced our existing knowledge regarding the clinical
implications and pathophysiology of mesenteric fibrosis. This process appears to be
complex and remains poorly understood. More research is needed using appropriate
cell line models, which may also serve as a platform for the evaluation of antifibrotic
drug therapies. Collaborative studies are also required to better understand the
pathophysiology of this process using human tissue and to develop non-invasive
biomarkers in order to detect and monitor fibrosis development in these patients.
Finally, there is a lot to be learnt from other disciplines where research in fibrosis has
progressed more rapidly (such as rheumatology or hepatology) and therefore
collaboration with researchers in the field of fibrosis in such disciplines would be

beneficial to further advance our knowledge in this field.
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List of publications during PhD
research fellowship

*Laskaratos FM, Mandair D, Hall A, Alexander S, von Stempel C, Bretherton J,
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30153671
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229



*Laskaratos FM, Rombouts K, Caplin M, Toumpanakis C, Thirlwell C, Mandair D.
Neuroendocrine tumors and fibrosis: An unsolved mystery? Cancer. 2017 Dec
15;123(24):4770-4790. doi: 10.1002/cncr.31079. Epub 2017 Nov 7. PMID:
29112233

Laskaratos FM, Walker M, Naik K, Maragkoudakis E, Oikonomopoulos N, Grant L,
Meyer T, Caplin M, Toumpanakis C. Predictive factors of antiproliferative
activity of octreotide LAR as first-line therapy for advanced neuroendocrine
tumours. Br J Cancer. 2016 Nov 22;115(11):1321-1327. doi:
10.1038/bjc.2016.349. Epub 2016 Nov 3. PMID: 27811856

(* directly arising from the PhD thesis)

230



List of conference abstracts during
PhD research fellowship

2019:

*Laskaratos F, Levi A, Schwach G, Pfragner R, Xia D, Toumpanakis C, Mandair
D,Rombouts K, Caplin M. Delineation of the pathogenesis of mesenteric
fibrosis in midgut neuroendocrine tumours using an in vitro model of the
neoplastic fibrotic microenvironment. Oral lecture at DDW, San Diego, USA,
May 2019

*Laskaratos F, Hall A, Alexander S, von Stempel C, Bretherton J, Luong TV, Watkins
J, Ogunbiyi O, Toumpanakis C, Mandair D, Caplin M. Is computed
tomography an accurate diagnostic modality for the detection of mesenteric
fibrosis in midgut neuroendocrine tumours? Poster presentation at DDW, San
Diego, USA, May 2019

*Laskaratos F, Mandair D, Shah R, Luong TV, Watkins J, Ogunbiyi O, Caplin M,
Toumpanakis C. Circulating transcripts of profibrotic genes in the NETest can
identify mesenteric fibrosis in midgut neuroendocrine tumours. Poster
presentation at 16th Annual ENETS conference, Barcelona, Spain, March
2019

*Laskaratos F, Shah R, Ogunbiyi O, Mandair D, Caplin M, Toumpanakis C.
Circulating transcript analysis (NETest) assessment in the follow-up of
resected midgut neuroendocrine tumours. Poster presentation at 16th Annual
ENETS conference, Barcelona, Spain, March 2019.

Laskaratos F, Cox N, Woo WL, Khalifa M, Ewang M, Navalkissoor S, Quigley A,
Mandair D, Caplin M, Toumpanakis C. Assessment of changes in mesenteric
fibrosis after Peptide Receptor Radionuclide Therapy (PRRT) in midgut
neuroendocrine tumours. Poster presentation at 16th Annual ENETS
conference, Barcelona, Spain, March 2019.

2018:

Laskaratos FM, Megapanou M , Papantoniou D , Hayes A, von Stempel C, Phillips E,
Furnace M, Kousteni M, Shah H, Mandair D, Caplin M, Toumpanakis C.
Predictors of antiproliferative effects of Lanreotide Autogel as first-line
therapy for gastroenteropancreatic neuroendocrine tumours. Oral lecture at
Digestive Disease Week (DDW) conference, Washington DC, USA, June
2018

Laskaratos F, Shah R, Banks J, Smith J, Jacobs B, Galanopoulos M, Walton H, Khalifa
M, Mandair D, Caplin M, Toumpanakis C. Antiproliferative effect of above-
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label doses of somatostatin analogues for the management of
gastroenteropancreatic neuroendocrine tumours. Poster presentation at DDW
conference, Washington DC, USA, June 2018

Galanopoulos M, McFadyen R, Evans N, Naik R, Drami |, Varcada M, Ogunbiyi O,
Luong TV, Watkins J, Clark |, Laskaratos F, Mandair D, Caplin M,
Toumpanakis C. Challenging the current criteria for right hemicolectomy in
appendiceal neuroendocrine neoplasms. Poster presentation at DDW
conference, Washington DC, USA, June 2018

Laskaratos FM, Megapanou M , Papantoniou D , Hayes A, von Stempel C, Phillips E,
Furnace M, Kousteni M, Shah H, Mandair D, Caplin M, Toumpanakis C.
Predictors of Antiproliferative Effect of Lanreotide Autogel (LA) as First-Line
Therapy for Advanced Neuroendocrine Tumors (NETS). Poster presentation at
the 15th Annual ENETS Conference, Barcelona, Spain, March 2018

Laskaratos FM, Shah R, Banks J, Smith J, Jacobs B, Galanopoulos M, Walton H,
Khalifa M, Mandair D, Caplin M, Toumpanakis C Antiproliferative Effect of
Above-Label Doses of Somatostatin Analogues (SSA) for the Management of
Neuroendocrine Tumors (NETS). Poster presentation at the 15th Annual
ENETS Conference, Barcelona, Spain, March 2018

Galanopoulos M, McFadyen R, Evans N, Naik R, Drami |, Varcada M, Ogunbiyi O,
Luong TV, Watkins J, Clark I, Laskaratos F, Mandair D, Caplin M,
Toumpanakis C. Reassessment of Risk Factors Associated with Locoregional
Lymph Nodal Metastases in Well-Differentiated Appendiceal Neuroendocrine
Neoplasms. Poster presentation at the 15th Annual ENETS Conference,
Barcelona, Spain, March 2018

2017:

Laskaratos FM, Shah R, Banks J, Jacobs B, Smith J, Galanopoulos M, Mandair D,
Caplin M, Toumpanakis C. Shortened interval of octreotide LAR
administration for the treatment of advanced neuroendocrine tumours (NETS).
Poster at UKINETS 2017, London, UK

Laskaratos FM, Banks J, Shah R, Smith J, Jacobs B, Galanopoulos M, Caplin M,
Mandair D, Toumpanakis C. Above-label doses of lanreotide Autogel for the
treatment of advanced neuroendocrine tumours (NETS). Poster at UKINETS
2017, London, UK

Galanopoulos M, McFadyen R, Evans N, Naik R, Drami I, Varcada M, Ogunbiyi O,
Luong T, Watkins J, Clark |, Laskaratos FM, Mandair D, Caplin M,
Toumpanakis C. Prophylactic right hemicolectomy in Appendiceal
Neuroendocrine Neoplasms: challenging the current indications. Poster at
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Toumpanakis C, Caplin M, Despott E. Double-balloon enteroscopy (DBE) is
useful and effective for the diagnosis, assessment and management of small
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bowel neuroendocrine tumours (SBNETS): a case series from a national
tertiary referral centre. Poster at UKINETS 2017, London, UK

Murino A, Bailey J, Telese A, Laskaratos FM, Koukias N, Vlachou E, Luong T,
Mandair D, Caplin M, Toumpanakis C, Despott E. Endoscopic submucosal
dissection (ESD) of gastric and rectal neuroendocrine tumours (NETS). Poster
at UKINETS 2017, London, UK

*Laskaratos F, Diamantopoulos L, Walker M, Khalifa M, Walton H, Koffas A,
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USA. Also accepted as poster at the 14th ENETS 2017 conference in
Barcelona, Spain.

Koffas A, Demetriou G, Gvozdanovic A, Brooks PR, Horan CJ, Laskaratos FM,
Garcia Hernandez J, Mullan M, Grant L, Papadopoulou AM, Mandair D,
Caplin ME, Toumpanakis C. Predictive factors of survival in patients with
pancreatic neuroendocrine tumors. Poster at the DDW 2017 conference in
Chicago, USA. Also accepted as poster at the 14th ENETS 2017 conference in
Barcelona, Spain.

Mandair D, Demetriou G, Diamantopoulos L, Devakumar H, Popat R, Laskaratos F,
Caplin M, Toumpanakis C. Predictors of outcome in patients treated with
Peptide Radio-labelled Receptor target therapy (PRRT). Poster presentation at
the American Society of Clinical Oncology (ASCO) conference, Chicago,
USA, June 2017. Also presented as poster at the 14th ENETS 2017 conference
in Barcelona, Spain.

Mandair D, Diamantopoulos L, Demetriou G, Laskaratos F, Toumpanakis C, Caplin
M. Typical bronchial NETs as a misleading biology. Poster presentation at the
American Society of Clinical Oncology (ASCO) conference, Chicago, USA,
June 2017. Also presented as poster at the 14th ENETS 2017 conference in
Barcelona, Spain.

Demetriou G, Crawford A, Guarino S , Ogunbiyi O , Varcada M , Koffas A ,
Laskaratos FM , Hernandez Garcia J , Mandair D , Caplin M , Toumpanakis
C. Clinical Outcomes in Small Neuroendocrine Tumours Treated with
Intestinal Surgery in Tertiary Centre. Poster at the 14th ENETS 2017
conference in Barcelona, Spain.

(* directly arising from the PhD thesis)
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Prizes/awards during PhD research
fellowship

06/2019: AGA (American Gastroenterological Association) Certificate of
Recognition for DDW oral lecture ‘Delineation of the pathogenesis of mesenteric
fibrosis in midgut neuroendocrine tumours using an in vitro model of the neoplastic
fibrotic microenvironment’, San Diego, USA

03/2019: European Neuroendocrine Tumour Society (ENETS) Travel Grant. This
travel grant (awarded by ENETS to a maximum of 10 candidates annually) covered
the costs of participation at the Annual ENETS conference in Barcelona, Spain.

01/2019: IPSEN research grant (£96,500) awarded following several research
meetings with IPSEN and a competitive application, to investigate the
pathophysiology of mesenteric fibrosis in midgut neuroendocrine tumours and the
effect of telotristat etiprate on fibrogenesis

03/2018: Second prize for best poster in Clinical Category at 15th Annual ENETS
Conference (abstract: “Antiproliferative Effect of Above-Label Doses of

Somatostatin Analogues for the Management of Neuroendocrine Tumours™)

12/2017: UK and Ireland Neuroendocrine Tumour Society (UKINETS) Travel
Grant

03/2017: European Neuroendocrine Tumour Society (ENETS) Travel Grant

234



