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Abstract

Pancreatic  Neuroendocrine  Neoplasms (PanNENs) are rare, highly
heterogeneous tumours. There have been significant recent advances in our
knowledge of genomic events underlying their pathogenesis. However, treatment
decisions remain largely based on tumour stage and grade which is inadequate,
the current classification paradigm failing to capture the significant heterogeneity in

tumour biology.

The first aim of my thesis was to establish a large registry for PanNENs and then
clinically phenotype the patients included. The next aim was to develop a novel
assay to subtype PanNENs, based on our previously derived PanNETassigner

molecular subtypes, and to establish if the subtypes assigned were prognostic.

The PanNEN registry and PanNETassigner assay were successfully developed.
Clinical data and tissue samples from the registry were used to test, validate and
refine this assay. The assay demonstrated that the metastasis-like primary-1

subtype (MLP-1) was associated with a poor prognosis.

Novel therapeutic options are required in PanNENs and trials of immunotherapy
are underway, although knowledge of the immune microenvironment in this
disease is lacking. The last aim of my thesis was therefore to describe immune

related gene expression across the PanNETassigner molecular subtypes.

The poor prognosis MLP-1 subtype had an immune high phenotype, associated
with hypoxic tumours and signalling within damage-associated molecular pattern
pathways. The immune gene expression profile demonstrated generates the
hypothesis that the MLP-1 subtype may be more amenable to an
immunotherapeutic approach than other subtypes.

Overall, my thesis demonstrates that molecular subtyping can be used to provide
valuable additional information both regarding prognosis and the immune
microenvironment in PanNENs. The assays and hypotheses developed here now
require additional testing in pre-clinical mechanistic studies, larger cohorts of
patients and prospective clinical trials. With such further validation the
PanNETassigner subtypes may pave a way forward for a more personalised

approach for patients with this rare tumour type.
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1 Introduction

1.1 Epidemiology of Pancreatic Neuroendocrine Neopl  asms

Neuroendocrine neoplasms (NENSs) are rare and heterogeneous tumours
with widely varying morphologies and behaviours. NENs arise in multiple
organs, originating in different neuroendocrine cells across the body. Over
65% occur in the Gl tract, known as Gastroenteropancreatic (GEP) NENs'.
Whilst GEP-NENs remain a rare cancer, their incidence has significantly
increased in recent decades to 5.25/100,000/year, according to
Surveillance, Epidemiology and End Results (SEER) program data®.
Moreover, as many GEP-NENs are slow growing, with a reasonable length
of survival even with metastatic disease, their prevalence is relatively high

and rising®*°.

This rising incidence of GEP-NENs has been documented across the
globe®"®° The aetiology for this increase is likely multifactorial, attributed
to an aging population, improved detection due to the growing use of
screening endoscopies and cross-sectional imaging, improved data capture
by registries and an increased awareness of the disease both in the

medical and in the general population®*.

Pancreatic neuroendocrine neoplasms (PanNENs) are the 3™ most
common GEP-NEN, after small bowel and rectal NENs, with an incidence
of 0.33-0.48/100,000/year®? (Figure 1.1 A and B). After Pancreatic Ductal
Adenocarcinoma (PDAC), PanNENs are the second most common

epithelial cancer of the pancreas, with an overall mortality rate of 60%'%**.

Sporadic PanNENs can present at any age, but the highest incidence is
found in patients between the ages of 30 and 60, with no significant
difference in incidence between men and women®?. In the past, a large
proportion of PanNENs were thought to be functional, secreting hormones
resulting in specific patterns of symptoms. However, as diagnostic

techniqgues have improved and more non-functional tumours are being

13



identified, it is now believed that over 60% of PanNENs are non-
functional®.

Overall survival (OS) varies significantly between patients, from under 1 to
over 20 years, and is influenced by a number of factors including disease
stage (Figure 1.1 C). Although PanNENSs tend to be slow growing, in the
region of 60% of patients will have nodal metastases at diagnosis, and 30%
will have liver metastases'®. 5-year survival ranges from 60-100% for
localised disease to 25% for metastatic disease™. In dedicated centres the
5-year survival for metastatic disease can be over 60%, highlighting the
importance of specialised care for this rare tumour type®. Although
relatively good in oncological terms, these prognoses remain life-limiting for

the majority and significantly worse for many patients.

14



Figure 1.1 Incidence (A), Prevalence (B) and Median  OS according to
Stage and Grade (C) for PanNEN Patients (1973-2012)
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Figure 1.1 is modified from Trends in the Incidence, Prevalence, and
Survival Outcomes in Patients With Neuroendocrine Tumors in the United
States (JAMA Oncol.2017;3(10):1335-1342.doi:10.1001/jamaoncol.2017.0589)
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1.2 Clinical Features and Diagnosis of PanNENs

As with all NETSs, presenting symptoms for PanNENs may be initially mild
and non-specific such as abdominal pain, nausea, weight loss and
anaemia. Pain can be caused by mass effect from the primary tumour itself
or from liver capsule pain, due to metastatic liver disease. For patients with
non-functional tumours a high index of suspicion is therefore required and
diagnosis may be delayed for many years®. Patients with functional
tumours, may have specific patterns of symptoms according to the peptide

hormone released, making them more easily recognisable (Table 1.1)*".

The 4 classic functional PanNENs are Insulinomas, Gastrinomas,
Glucagonomas and VIPomas®. Insulinomas and Gastrinomas tend to be
diagnosed earlier, due to the significant symptoms caused by large
volumes of peptides released, whereas Glucagonomas and VIPomas may
be diagnosed later. Other functional tumours, such as somatostatinomas,
GRFomas, ACTHomas, PTHrPomas and PanNETs causing Carcinoid

syndrome, are less common®’.

The diagnosis of a PanNEN is based on the clinical picture, blood and urine
tests for secreted peptides and amines, a variety of imaging modalities,
including somatostatin receptor (SSTR) scintigraphy or SSTR PET/CT
scans for well differentiated NENs, and histopathologylg. Both European
and American NET societies have published extensive guidelines regarding

the diagnostic pathway'*?°?!

. These investigations enable the patient’s
tumour to be classified according to tumour type, grade and stage, which in
turn facilitates risk stratification and treatment planning. However, there are
significant limitations regarding the precision of the current classification
paradigm and its ability to personalise treatment planning in this very

heterogeneous disease.
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Table 1.1 Functional Syndromes Associated with PanN ENs

Tumour (Syndrome) Symptoms Associated Peptide Incidence (per
million/year)
Insulinoma Confusion, sweating, dizziness, weakness, Insulin 1-2
(Hypoglycaemia syndrome) unconsciousness, relief with eating
Gastrinoma Diarrhoea with or without severe peptic ulceration Gastrin 1-2
(Zollinger-Ellison syndrome)
Glucagonoma Necrolytic migratory erythema, weight loss, diabetes Glucagon 0.1
(Glucagonoma Syndrome) mellitus, stomatitis, diarrhoea, DVT, depression
VIPoma Profuse watery diarrhoea and marked hypokalaemia, Vasointestinal polypeptide 0.1
(Verner-Morrison Syndrome) hypochlorhydria (VIP)
Somatostatinoma Cholelithiasis, weight loss, diarrhoea, steatorrhoea, Somatostatin <0.1
(questionable if syndrome exists) diabetes mellitus, achlorhydria
ACTHoma Weight gain, round face, menstrual changes, hirsutism, ACTH (Adrenocorticotropic <0.1
(Cushing’s Syndrome) hypertension, bruising, depression, dorsal fat pad, hormone)
abnormal glucose tolerance
PTHrPomas (Hypercalcaemia) Symptoms due to raised calcium PTHrP (Parathyroid hormone <0.1
related peptide)
GRFoma (Acromegaly) Enlarged hands and feet, coarsened facial features, GRF(Growth hormone Unknown

thickened skin, excessive sweating, skin tags, fatigue and
muscle weakness

releasing factor)

Carcinoid Syndrome

Dry flushing, palpitations, diarrhoea, abdominal pain,
wheezing, carcinoid heart disease, pellagra

Serotonin

< 50 total cases
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1.3 Staging of PanNENs

A number of different staging systems have been proposed for PanNETS,
the European Neuroendocrine Tumour Society (ENETSs) and the American
Joint Committee on Cancer/ Union for International Cancer Control
(AJCC/UICC) TNM classifications being the most commonly used?. Whilst
both have been shown to be prognostic, the ENETs PanNET specific
classification previously demonstrated superiority over the 7™ edition AJCC
system in predicting patient outcomes?. The AJCC classification was
subsequently altered, introducing a PanNET specific system, to bring it
closer to the ENETSs classification in the 8" edition in 2017 (Table 1.2).

Table 1.2 ENETs /8" edition AJCC TNM Classifications

ENETs and AJCC/UICC 8 ™ Edition*

TX Tumour cannot be assessed

TO No evidence of primary tumour

T1 Tumour limited to the pancreas, <2 cm

T2 Tumour limited to the pancreas, 2 to 4 cm

T3 Tumour limited to the pancreas, >4 cm; or tumour invading
the duodenum or common bile duct

T4 Tumour invading adjacent organs (stomach, spleen, colon,

adrenal gland) or the wall of large vessels (celiac axis or the
superior mesenteric artery

NX Regional lymph nodes cannot be assessed
NO No regional lymph node involvement

N1 Regional lymph node involvement

MO No distant metastasis

M1 Distant metastases

Stage | T1 NO MO

Stage IIA T2 NO MO
Stage |IB T3 NO MO

Stage IIIA T4 NO MO
Stage 1IB Any T N1 MO

Stage IV Any T Any N M1

*Note PanNECs are staged separately in AJCC system, alongside PDAC
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The prognostic ability of the ENETs/8" edition AJCC has been since
compared to the 8" edition AJCC classification for exocrine pancreatic
cancer (EPC), which includes an N2 category for involvement of 4 regional
lymph nodes. This analysis concluded that the EPC classification was
superior, although noted that the differences were minimal®. A further
modified ENETs classification with prognostic significance has also been
proposed, with slightly altered staging groups®*.

A clear consensus staging system to avoid confusion, to ensure guidelines
are appropriately followed and to enable accurate comparable research
would be ideal, but it is not yet clear which classification will fill this space.
At present, it is reasonable to use the ENETs/8th edition AJCC
classification and indeed this is referred to in current guidelines®.
Whichever staging system is ultimately used, its prognostic ability is

complemented by histopathological grading of the tumour.

1.4 Histopathological Classification of PanNENs

To improve the classification and management of heterogeneous GEP-
NENs the ENETs devised a grading system, adopted by the World Health
Organisation (WHO) in 2010%%. In this tiered classification, NENs are
divided into 3 grades, according to various histopathological features and
the tumour’s proliferative index, assessed by Ki-67% or Mitotic Index (MI).
The Ki-67 Index is a measure of active cell cycling using monoclonal
antibody staining and the Ml is an assessment of the proportion of cells with

visible chromosomes?®.

The main division in the WHO classification is between well and poorly
differentiated tumours; the former grouped as grade 1/2 NETs and the latter
labelled grade 3 Neuroendocrine Carcinomas (NECs). The 3 grades have
been demonstrated to have prognostic significance across multiple studies,
with grade 1 tumours (Ki-67<3%) having the best prognosis and grade 3
tumours (Ki-67>20%) the worst®®!! (Table 1.3 and Figure 1.2).

This split between well and poorly differentiated tumours also appears to be

biologically relevant as clear differences have been documented in genetic
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alterations between the two groups. Well differentiated NETs may have
mutations including MEN1, DAXX/ATRX, TSC and NF1 but poorly
differentiated NECs are more likely to have p53, CDKN2A or RB mutations,
or share alterations associated with PDAC such as KRAS or SMAD4

mutations?’282°

Figure 1.2 Examples of poorly and well differentiat ed GEP-NENs

Haematoxylin and Eosin (H&E) staining showing a well differentiated (A)
and a poorly differentiated GEP-NEN (B). Ki-67 monoclonal antibody
staining demonstrating a tumour with a low Ki-67 index (C) and a high Ki-67

index (D). Images provided by histopathologist Monica Terlizzo.

Whilst the WHO grading system has significant value, there remains
substantial heterogeneity of disease behaviour within the grades. Further,
there is controversy as to the optimum Ki-67 cut-offs used to assign grade,
with various alternative cut-offs proposed in the literature (Table 1.4). For
example, a number of groups have advocated a higher Ki-67 threshold for
grade 2 disease, at 5%, which may improve the prognostic value of the

classification or subdividing grade 3 disease at a Ki-67 of 55%3%3132

The heterogeneity within the classification system was in part recognised
by the WHO, who published an update to their 2010 classification in 2017,
adding a 3 well differentiated NET subgroup, NET grade 3. Tumour
samples classified as NET grade 3 are well differentiated but have a Ki-67>

20% (Table 1.5). Patients within this new NET grade 3 subgroup are
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reported to have a somewhat worse prognosis than grade 2 NET patients,
but a better prognosis than grade 3 NEC patients®®. However, the WHO
2017 update did not alter the Ki-67 cut-off between grade 1 and 2 disease,
or include any maximum Ki-67% for the new grade 3 PanNET group and

the problem of heterogeneity within grades persists.
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Table 1.3 Selected Studies demonstrating the progno

stic value of WHO grade in PanNETs

Study Population (n) Ki-67 cut -offs investigated Endpoint Prognostic Significance Reference (Year)
PanNET (61) 2% oS Prognostic in univariate La Rosaetal. *
Non-functional analysis (1995)
PanNET (324) 2% o) Prognostic on multivariate Ekeblad et al. **
Mixed analysis (2008)
Foregut NET (PanNET 131) 2%, 3-20% and >20% oS Prognostic on multivariate Pape et al. *
Mixed analysis (2008)
Garcia-Carbonero et
GEP-NET (PanNET 288) 2% vs. >20% 0S Prognostic on multivariate al.%
Mixed analysis (2010)
PanNET (131) 2%, 3-20% and >20% (o) Prognostic on univariate but Khan et al. ¥
Mixed not multivariate analysis (2013)
PanNET (166) 2%, 3-20% and >20% 0S Prognostic on multivariate Bu et al. ®
Non-functional analysis (2018)

22




Table 1.4 Selected studies demonstrating the progno

stic value of alternate Ki-67 index cut-offs in Pan

NETs

Study Population (n) Ki-67 cut-offs investigated Endpoint Prognostic Significance Reference (Year)
PanNET (54) 5% 0S Prognostic on multivariate Pelosi et al. *°
Functional and Non-functional analysis (1996)
PanNET (274) 5%, 6-20% and >20% (OFS) Prognostic on multivariate Scarpa etal. *°
Resected analysis (2010)
PanNET (202) 5% PFS Prognostic on multivariate Panzuto et al. *°
Advanced analysis (2011)
PanNET (1072) 4.85% oS Prognostic on multivariate Rindi et al. **
Resected analysis (2012)
PanNET (131) 5%, 6-20% and >20% [o)S] Prognostic on multivariate Khan et al. ¥’
Mixed analysis (2013)
GI-NEC (305) 55% 0S Prognostic on univariate but Sorbye et al.
Mixed not on multivariate analysis (2013)
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Table 1.5 WHO Classification of GEP-NENs from 2010 and 2017

WHO 2010 WHO 2017
m “
Well NET Grade 1 <3% Well NET Grade 1 <3%
Differentiated Differentiated
NET NET Grade 2 3-20%  NEN NET Grade 2 3-20%
NET Grade 3 >20%
Poorly NEC Grade 3 >20% .
Differentiated (small cell or Poorly NECGrade 3 >20%
NEC large cell) Differentiated (small cell or
NEN large cell)

In clinic, this heterogeneity of disease behaviour within grades causes
significant problems. It may manifest as a patient having a lower grade
tumour (1/2) which behaves more like a grade 3 tumour and perhaps
should be treated more aggressively upfront and vice versa. However,
currently there is no way to predict such disease behaviour at baseline or to
determine which patients may require treatment intensification or indeed
de-escalation, sparing them unnecessary treatment and attendant side
effects. There is a clear unmet clinical need for novel prognostic and
predictive markers to complement grade and stage, guide prognostication

and support individualised treatment decisions.

1.5 Molecular Biology and Subtypes of PanNENs

The majority of pNENs are sporadic, but they may occur as part of one of
the familial cancer syndromes, such as Multiple Endocrine Neoplasia 1
(MEN1), Von Hippel Lindau (VHL), Neurofibromatosis type 1 and Tuberous
sclerosis®®. Studying the genetic mutations seen in these syndromes and
the molecular profiling of sporadic PanNENs have been key steps in
understanding the development and progression of these tumours, with

whole-genome analysis recently published?®.

Recurrent genetic alterations have been described in four main pathways in
sporadic PanNETs: telomere maintenance (DAXX/ATRX), chromatin
remodelling (SETD2, ARID1A, MLL3), mTOR pathway activation (PTEN,
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TSC1/2, DEPDCS5) and DNA damage repair (CHEK2, BRCA2, MUTYH,

ATM), with MEN1 inactivation influencing all four pathways®®" %.

Chromosomal instability (CIN) has also been noted as a feature of GEP-
NETs*** It has been suggested that in PanNET CIN may be a result of
mutations in MEN1/DAXX/ATRX leading to chromosomal gains and
losses™*. Interestingly, high levels of CIN appear to be associated with a
trend towards improved prognosis in PanNET but a poorer prognosis in
small intestinal (SI) NET, although these results require additional

mechanistic studies and validation in a larger population***?,

As for CIN, attempts have been made to associate mutations and other
molecular features with prognosis or treatment response in PanNENSs, but
the majority of studies have been small and retrospective in nature, often
covering mixed populations, with at times conflicting results*®. Strong,
clinically relevant conclusions cannot yet be drawn. For example
DAXX/ATRX mutations and alternative lengthening of telomeres (ALT)
have been associated with a poor prognosis across a number of
studies®*®#’ 8 hut with an improved prognosis in one study?® and with no
significant difference in survival in analysis of the PanNET patients in the
RADIANT trials**.

Due to the complexity and heterogeneity of NENs, a number of groups
have elected to take an integrated approach to studying their molecular

biology, defining molecular or transcriptomic subtypes.

One group used DNA microarray analysis, quantitative real-time PCR and
hierarchical clustering in a small group of PanNETs (n=19) to reveal a
‘benign’” and ‘malignant’ cluster, which correlated with the WHO
histopathological classifications used at the time, being well-differentiated
endocrine tumours (WDETSs) and well-differentiated endocrine carcinomas
(WDECs)*. Molecular subtypes have also been reported in SI-NETs and in
pulmonary NENs, where they were found to have prognostic

significance®*°.

Our laboratory previously defined 3 molecular subtypes in sporadic

PanNENs based on an integrated analysis of gene expression (221 genes),
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microRNA (30 miRs) and mutations (targeted mutational profiles of MEN1,
DAXX/ATRX, TSC2, PTEN and ATM), collectively named the
PanNETassigner signature®’. The existence of these three transcriptional
subtypes was supported by Scarpa et al. who reported three similar

subtypes using RNA-sequencing®.

The three PanNETassigner subtypes, Metastasis-like-primary (MLP),
Insulinoma-like and Intermediate, each have specific features as described
below (Figure 1.3). As yet their prognostic significance has not been
assessed, although the MLP subtype was found to be associated with

metastases®’.

Figure 1.3 PanNETassigner Molecular Subtypes

Insulinoma-like

25% of patients

Usually Functional

Low Metastatic
Potential

Grade 1/2

TSC2, PTEN, ATM
mutations

The association noted between these molecular subtypes and grade of
disease is particularly interesting. grade 1/2 PanNETs are heterogeneous,
associated with all three molecular subtypes, whereas grade 3 tumours are

predominantly associated with the MLP subtype.

These data led to the hypothesis that subtyping using the PanNETassigner
signature may be able to facilitate patient stratification, in addition to grade
and stage. For example, potentially being used to select those grade 1/2
patients falling into the MLP subtype, whose disease biology may cause the
tumour to behave more aggressively than would be expected according to

grade alone (see Chapters 2 and 3).
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1.6 Current Treatment of PanNENs

PanNET survival increased from 2000-2004 to 2009-2012 (HR 0.56, 95%
Cl 0.44-0.70)3. This may be in part due to the increased number of active
treatments available, thanks to a number of large, international studies,
conducted despite the inherent difficulties associated with research into
rare diseases. However, the impact of lead time bias due to improved
detection and length time bias in light of the indolent nature of many

PanNETSs should not be overlooked.

To help clinicians navigate the increasing complex PanNEN treatment
landscape, extensive guidelines have been published, both in Europe, with
UKINETS and ENETS guidelines in 2012 and 2016 respectively, and in
America, with the North American NET Society (NANETSs) guidelines
updated in 2013 and the NCCN guidelines which are currently being
updated®*2%5223 The treatment paradigms outlined are largely based upon
grade and stage of disease, alongside tumour functionality and
somatostatin receptor (SSR) status, as there are no other validated

prognostic and/or predictive biomarkers routinely used in clinical practice.

Treatment is aimed at controlling tumour growth and functional symptoms.
Surgery remains the only curative treatment, but PanNEN patients
frequently present with advanced disease, when this is often impossible.
When surgery is not an option, patients with grade 3 NECs tend to be
treated aggressively with immediate platinum-based chemotherapy
doublets, whereas patients with grade 1 and 2 NETSs, are frequently treated
with a less aggressive approach. Initially a combination of watchful waiting
and somatostatin analogues (SSAs) may be used, before more intensive
treatment with chemotherapy (including streptozocin, dacarbazine,
doxorubicin, 5FU and temozolomide), targeted agents (sunitinib and
everolimus), peptide receptor radionuclide therapy (PRRT) and targeted

liver metastasis treatments when initial treatment fails (Table 1.6).

The best treatment for grade 3 NET disease is not yet clear, but it has been

suggested that streptozocin and temozolomide regimens be used, rather
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than cisplatin based doublets, and that other treatment options considered
for grade 1 and 2 patients be considered, in light of grade 3 NET’s similar
molecular profile and SSR expression™®**. Patients with functional disease
are treated with SSAs and other therapies targeted to the specific functional

syndrome in question.

There is a lack of trial evidence directly comparing active treatments or their
sequencing and meta-analyses of existing trial data are limited by the
variations in patient populations and response criteria®. There are also
difficulties associated with assessing the effectiveness of therapies for well
differentiated NETSs, due to the more indolent nature of the disease, disease
stabilisation rather than objective shrinkage as a response and PanNET's

relatively long survival, making survival assessments challenging.

Despite the variety of treatment options available for PanNENs, novel
therapeutics are urgently required, particularly for those patients with more
aggressive or advanced disease. Patients should be encouraged to enter
clinical trials where available and a broad range of trials are currently on-

going for PanNEN patients, including trials of immunotherapy.

Early data from a small number of immunotherapy studies suggest that a
proportion of PanNET patients may benefit from such treatments. For
example, the KEYNOTE 028 study of Pembrolizumab reported a clinical
benefit in PD-L1 positive PanNET patients (NCT02054806)%°. As for all
PanNEN treatments, biomarkers are required to define the patients most
likely to benefit from an immunotherapeutic approach and a more in-depth
understanding of the immune landscape in this disease is required to inform
potential future combination studies, to enable a higher proportion of

patients to respond (see Chapter 4).

As yet, there is no gold standard treatment, clear order of therapies or
strong evidence base to determine which patients may benefit from the
more aggressive treatment options earlier, according to clinical,
pathological or molecular characteristics. Decisions are made based on
disease bulk, stability of disease, the side effect profile of particular

therapeutics, patient preferences and the availability of particular
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treatments. Novel biomarkers which could help to predict the behaviour of
PanNETSs, alongside grade and stage, would be a highly clinically relevant
addition to the treatment paradigm. This need for novel biomarkers has
been highlighted as a priority in consensus meetings of leaders in the field,
both in America and in Europe in recent years®"®.
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Table 1.6 Range of Treatment Options available for

Advanced PanNET

Therapy Situation Benefit Toxicity Key Trial
Watch and Wait G1/2 stable disease No toxicity N/A N/A
Somatostatin Gl/low G2 (Ki-67<10%), Control hormone Well tolerated, nausea, bloating, steatorrhoea, glucose intolerance, | PROMID®
Analogues low tumour burden, stable | secretion in functional | gallstones CLARINET®
Ocreotide disease, minimal tumours, increased
Lanreotide symptoms due to tumour PFS, long acting

bulk
(Note Octreotide trial in
midgut only)

preparations

Targeted Treatments
Sunitinib

Progressive G1/G2 but not
overly symptomatic patient

Increased PFS,

Infections, myelosuppression, thyroid dysfunction, hypoglycaemia,
psychiatric disorders, headache, taste changes, cardiac disorders,
hypertension, thromboembolism, bleeding, GI disorders including
perforation, rash, hand-foot skin reactions, skin discolouration,
arthralgia, proteinuria, renal impairment, delayed wound healing

Raymond et al. **

Targeted Treatments Progressive G1/G2 but not | Increased PFS, Infections, myelosuppression, hyperglycaemia, insomnia, rash, RADIANT-2%
Everolimus overly symptomatic patient | Control of refractory headache, bleeding, hypertension, thromboembolism, pneumonitis, | RADIANT-3%
hypoglycaemia Gl disorders, arthralgia, proteinuria, cough, diabetes, stomatitis,
hypercholesterolaemia, oedema, epistaxis, liver dysfunction
Chemotherapy Progressive or bulky Increased PFS and Standard chemotherapy toxicities dependent upon regimen, Moertel et al. ***®
STZ/5FU, G1/G2, G3 NEN, higher objective including myelosuppression, nausea, hair loss, and renal Kouvaraki et al.®
Doxorubicin/5FU symptomatic patient response rates dysfunction Dilz et al. *’
CAPTEM, Cisplatin Kunz et al. ®®
Doublets (NEC) Sorbeye et al.*?
Peptide Receptor Progressive, SSTR Improved PFS Neutropenia,thrombocytopenia and lymphopenia, hepatic and renal | NETTER-1%

Radionuclide Therapy

positive PanNET

dysfunction, leukaemia, myelodysplatic syndrome

Brabander et al. "°

(PRRT) (NETTER-1 midgut only)
Liver Directed Uncontrolled functional, Control symptoms Surgical complications and high risk of recurrence Limited trials
Therapy non-functional with De Baere et al.”

Surgery/ Embolisation

symptomatic liver disease
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1.7 Biomarkers in PanNENs

Due to the heterogeneity of PanNEN disease behaviour discussed and
wide range of potential treatment options, there is a significant unmet need
for novel biomarkers in clinic®”*®. Biomarkers are required to facilitate early
diagnosis, aid prognostication, predict and detect recurrence after surgery,

and predict and monitor response to treatment.

Current PanNEN guidelines recommend the use of stage and grade as
prognostic biomarkers and also suggest the use of a number of biomarkers
to aid diagnosis and in some cases follow-up **#"2. These include CgA,
pancreatic peptide (PP) and Neuron Specific Enolase (NSE), although all
three have significant limitations and relatively poor sensitivity and

specificity">.

To date, the majority of biomarkers studied for PanNENs have been
monoanalytes, considering just one variable such as CgA, NSE or PP. It
has been suggested that multianalyte biomarkers may become more
important in the future in this disease due to their more multidimensional
nature®’. It also seems likely that a multi-modal approach will be required,
incorporating molecular imaging, which has been employed to good effect
in the field of theranostics in NENs, alongside tissue and serum based

assays.
Novel Prognostic Biomarkers

As the prediction of prognosis in PanNENs is so difficult, for well
differentiated PanNETSs in particular, much effort has been made to identify
new prognostic biomarkers to complement grade and staging. Many novel
biomarkers have been investigated, with some of the most promising
including circulating tumour cells (CTCs) and molecular assays for
variables such as the presence of ALT, or particular microRNAs (miRNAS),
although their clinical significance is as yet uncertain (Table 1.7). Further
mechanistic research and prospective validation is required for all of these

potential biomarkers before they could be taken forward into clinical
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practice. To date, therefore, grade and stage remain the only validated

prognostic biomarkers routinely used.

It is to be hoped that prospective longitudinal trials such as the Uppsala
University Biomarker Study of Pancreatic Neuroendocrine Tumours
(NCT03741517), the Princess Margaret Hospital NET-SEQ study
(NCT02586844) and the Royal Marsden PaC-MAn Study (NCT03840460)
will shed further light on key biological changes in PanNENs throughout the
course of the disease and in response to treatment, highlighting further
potential biomarkers and clarifying the clinical significance of those already
being considered.
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Table 1.7 Selected Potential Prognostic Biomarkers

investigated in PanNEN

Marker

Details

References

Chromogranin A (CgA)

Elevated baseline CgA associated with reduced PFS and OS and CgA a prognostic factor for patients
treated with everolimus

BUT false elevations associated with PPIs, renal/hepatic impairment, hypertension etc.

Poorly differentiated disease less likely to secrete CgA and association with poor prognosis not
consistent through all studies

11,74,75,76,59

Pancreastatin

Elevation of baseline pancreastatin associated with poor PFS/OS for resected PanNET or post
chemoembolization and an increase in pancreastatin after starting SSAs associated with poor
prognosis

BUT assay not widely available and can be non-specific

77,78

Neuron specific enolase (NSE)

Elevated versus non-elevated baseline NSE associated with reduced PFS and OS

£

MEN1 and DAXX/ATRX

Mutations in DAXX/ATRX with or without MEN1 mutations associated with increased OS
BUT DAXX/ATRX mutations and alternative lengthening of telomeres (ALT) have also been associated
with a poor prognosis across a number of studies

28,29,46,47,48

mTOR

High expression of mTOR or its activated downstream targets associated with adverse clinical
outcomes

79

PTEN/ TSC1/ TSC2/ DEPDC5

PTEN, TSC2, TSC1 and DEPDCS5 loss of function mutations have all been associated with a reduction
in OS

48,29,80

CDKN1B (p27)

Loss of CDKN1B expression associated with decreased survival in GEP-NETs

81

CTCs

1 CTC in 7.5ml blood associated with reduced PFS and OS and changes in CTCs associated with
OS in various NETSs including PanNETS, best prognostic group being patients with 0 CTCs before and
after treatment

82,76

Chromosomal instability (CIN)

Higher CIN demonstrated trend towards increased OS in PanNET patients

s

CK19

In a number of studies CK19 expression correlates with PanNET OS
BUT not in all studies, only when detected with the RCK108 antibody and mainly in insulinomas

83,84

SSTR2a

Tissue SSTR-2a but not SSTR-5 expression associated with improved OS

85

KIT

KIT expression associated with low OS on univariate but not multivariate analyses

84

MicroRNAs (miR)

miR-21 overexpression correlated with high Ki-67 and liver metastases

86,87
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Imaging Biomarkers

Due to the difficulties associated with evaluating disease stabilisation as a
treatment response using standard measures, such as RECIST, and the
indolent behaviour of many NENSs, there has been much interest in the use
of functional imaging. This has been aided by the expression of SSTRs in
GEP-NETs, which may be targeted by radionuclides attached to

somatostatin analogues.

®Gallium (Ga) PET (DOTATATE/TOC/NOC) has demonstrated its
superiority over Octreoscan and is now regarded as the gold standard SRS
in NENs®®3, Both ®*Ga-DOTATATE and *®Ga-DOTANOC PET scans have
been demonstrated to have prognostic value in advanced NETS, including
PanNETs*%% This result is not surprising as well differentiated, low
grade tumours tend to have the highest avidity on ®®Ga-PET scans.
However, this causes difficulties in assessing higher grade tumours and in
interpreting response to treatment, as a reduction in avidity may represent a
treatment response or grade progression in the tumour. Therefore ®*Ga-
PET scans are most useful for aiding clinical decision making for grade 1/2
NETSs, particularly as a predictive biomarker regarding PRRT eligibility and
SSA treatment, but not as helpful for determining treatment response or for
NEC patients.

FDG-PET scans are complementary to ®8Ga-PET scans as they are more
likely to be positive in tumours with high rates of proliferation, grade 3 NET
and NEC. A positive FDG-PET scan has been associated with rapidly
progressive disease and reduced OS in advanced GEP-NETs**%. Due to
their contrasting qualities it has been suggested that results from the two
types of PET scan, ®Ga and FDG, be combined as a “NETPET score” of 1-
5%, This score has prognostic value with the patients with ®®Ga negative
and FDG positive disease, a score of 5, having the poorest prognosis,

although further validation is required®*.
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Predictive biomarkers

In addition to the aforementioned SRS and PRRT/SSA treatment, a range
of predictive biomarkers have been considered in PanNENs. Biomarkers
which could predict response to systemic treatments for patients with
advanced PanNEN are particularly appealing. Such biomarkers would
enable patients to be spared significant potential side effects, not to
mention the considerable costs to the provider, should the treatment be

deemed unlikely to be of benefit.

For the targeted agents sunitinib and everolimus, multiple biomarkers have

been considered, although as yet none are used in clinical practice.

Potential predictors of clinical outcome for sunitinib include baseline levels
of stromal cell-derived factor-1 (SDF-1 ) and soluble vascular endothelial
growth factor receptor-2 (SVEGFR-2)>"®. For everolimus, however, levels
of baseline VEGF pathway biomarkers were not predictive of efficacy in the
RADIANT-3 trial population®®. Low baseline VEGF-A, placental growth
factor (PIGF), and sVEGFR-1 were identified as potential prognostic factors
for PanNET progression on everolimus®. Early data has also suggested
that assessment using IHC for p-AKT in patient tissue may be used to
select patients with activity within the PISK/AKT/mTOR pathway required

for everolimus efficacy, but this requires further investigation®”.

The methylation pattern of the DNA damage repair enzyme O-6-
methylguanine-DNA methyltransferase (MGMT) and a subsequent
reduction in its expression has been associated with an increased
sensitivity to alkylating chemotherapy drugs such as temozolomide®. In
PanNETs, MGMT promoter hypermethylation and low MGMT expression
has been associated with response to temozolomide®'%. Further
prospective testing is required before MGMT testing could be incorporated
into the guidelines but this approach has been used in other tumour types,

such as glioblastoma™®*.

The potential predictive biomarkers discussed above are all monoanalytes,
usually investigated based on an understanding of the specific treatment’s

mechanism of action. The NETest, initially developed as an mRNA based
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liquid biopsy to diagnose NENS, is a potential predictive biomarker with a
different approach'®. The multianalyte assay measures the expression of
51 genes in 1ml of blood and provides a score of disease status: high,
intermediate or low, based on an algorithmic analysis'®. The NETest has
been reported to have a high specificity and high sensitivity, both 94%, in
detecting PanNEN'®,

To expand the utility of the NETest, Modlin et al. completed a regulatory
network analysis and identified 8 gene “omic” clusters with relevance in
NET biology. The activity within these clusters is used to scale the NETest
score with a view to better defining an individual tumour’s biology'®. The
updated NETest has now been investigated in a number of clinical settings
beyond diagnosis in pancreatic and other NENs. In a small GEP-NET study
(n=35) the test was able to predict residual/recurrent disease after
surgery'® and in another GEP-NET study (n=28) to predict disease
progression on SSA approximately 5 months before progressive disease

was visible on routine imaging*°®

. More recently, the NETest was combined
with grade and used as a PRRT predictive quotient (PPQ) with an accuracy of
>90% at predicting efficacy of PRRT treatment in NETs'®". Whilst the blood
based NETest appears to have great potential for clinical use, as yet it is
not clear how it may best be used to guide clinical management; for
example, it is not clear whether stopping treatment when the NETest
predicts disease progression prior to its appearance on imaging would be
beneficial, particularly when treatment lines may be limited. Further
validation of the NETest in a larger cohort is awaited, with a prospective
study of “clinical utility” in 200 GEP-NET and pulmonary NET patients due

to complete in December 2020 (NCT02948946).

Another novel approach to predictive biomarkers has been to consider a
metabonomic phenotyping strategy for NENs. In one small study of mixed
NENs (n=28) differences in hippurate metabolism measured in urine
samples were used to differentiate between SI-NET and PanNET, between
functional and non-functional tumours and between metastatic and

localised disease®®.
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The number and variety of approaches to find novel biomarkers for
PanNENs underline the need and determination in the field to improve the
current classification paradigm, to enable more personalised treatment,
based on a patient’s disease biology, to overcome the challenges caused
by the inherent heterogeneity in this disease.
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1.8 Hypothesis

The clear unmet clinical need for novel biomarkers to enable individualised
risk-adapted therapeutic strategies for PanNEN patients, alongside the
opportunity to investigate whether the PanNETassigner molecular subtypes
previously defined by our laboratory could help meet this need, led to my

thesis.

Novel therapeutic approaches are also required for PanNENs, with
immunotherapy an obvious area for exploration. However, as yet little is
known about the immune landscape in PanNENs. My thesis therefore also
considers immune related gene expression in PanNENs and how this is

stratified by the PanNETassigner molecular subtypes.

The hypothesis for my thesis is that the PanNETassigner molecular
subtypes may be used to refine prognostication, improve classification and
provide a means to divide patients with different immune phenotypes for

PanNEN patients.
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1.9 Research Aims

To test this hypothesis my thesis has the following aims:

1.

To establish a large, well annotated clinical registry for PanNENs
(Chapter 2)

To clinically phenotype and assess disease heterogeneity in the

patients included in this registry (Chapter 2)

To develop and validate a novel gene expression assay based on
the PanNETassigner molecular signature and subtypes (Chapter
3)

To assess the prognostic significance of the molecular subtype
assigned by this assay in PanNEN patients from the registry
(Chapter 3)

To describe immune related gene expression across the
PanNETassigner molecular subtypes, and consider possible
causes for differential expression and any potential therapeutic

opportunities this may afford (Chapter 4)

39



2 Establishing a PanNEN Registry (PaNACeA study)

Abstract

Objective

The unmet need for novel biomarkers to enable a more personalised
approach for PanNEN patients is accepted with worldwide consensus in the
field. Due to the rarity of PanNENSs, it has been difficult to conduct the
translational studies required to develop such biomarkers. This is due to a
lack of robust datasets including both tissue samples and matched clinical
data. We therefore sought to establish such a dedicated PanNEN registry,

including patients of all grades and stages of disease.

Design

The PaNACeA study was developed to support the retrospective collection
of clinical data and matched tissue for this PanNEN registry. The registry
covered two sites, the Royal Marsden Hospital (RM), London and the ARC-
NET Research Centre, Verona University. For the RM cohort, all of the
patients diagnosed with PanNEN between 1st Jan 2004 and 1st September
2014 were included (n=77). The Verona cohort consisted of 2 groups of
patients (n=205). 45 patients were part of a legacy collection from previous
pathology studies conducted at the ARC-NET centre, collected between
1988 and 2005. The remaining 160 patients were consecutively recruited
and consented between 2011 and 2014 under the ARC-NET biobank
protocol. A prospective analysis of tumour grade was performed on tumour
samples where possible. The entire registry was clinically phenotyped.
Survival analyses were conducted using Kaplan-Meier methodology. Cox-
proportional hazards regression analysis was used in univariate and

multivariate analyses.
Results

Clinical data was collected for 282 patients and tissue samples for 257.

Patient characteristics were consistent with those previously published
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(median age 56, 56% men, over 90% sporadic and 80% non-functional
tumours). The RM and Verona cohorts differed with regard to stage of
disease and surgical intervention, with a much larger proportion of the RM
cohort having advanced disease (70% stage IV versus 17% in the Verona
cohort) and a smaller proportion of the RM cohorthaving curative intent

surgery (29% versus 100% in the Verona cohort).

The median follow up for the entire cohort was 31 months, median OS was
79 months and the 5 year survival rate was 59%. For grade 2 patients there

was a large range in OS with an IQR of 3.6-8 years.

On multivariate analysis stage (stage IV vs. Stage I/ll/Ill) (p<0.001) and
grade (p<0.009) were independent poor prognostic factors. For the whole
cohort, as Ki-67 index increased by 1 unit the risk of death increased by
1.3%.

Conclusion

A large international registry for PanNEN clinical data and tissue was
successfully developed. The consistency with previously published data
across patient characteristics and survival analyses provides assurance
that the dataset is of good quality and representative of PanNENs more
generally. As such, the registry provides a robust sample set for biomarker

correlation to be discussed in the next chapters.

Whilst stage and grade were independently prognostic in registry patients,
Ki-67 analyses also demonstrated the arbitrary nature of dividing patients
into grades using this continuous variable. The clinical phenotyping and
survival analyses here once more note the substantial heterogeneity in this
disease, particularly regarding survival for grade 2 patients. There remains
a significant unmet clinical need for biomarkers to allow clinicians and
patients to navigate this heterogeneity in grade 2 disease. These data
therefore highlight the need to develop novel means of stratifying patients
according to their disease biology and provide support for the further
investigation of a potential role for the PanNETassigner molecular subtypes

in this setting.
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2.1 Background and Rationale

Research into rare cancers is challenging, and as a result outcomes for
patients with such tumours are often worse than for those with more
common malignancies'®. Many studies to date have understandably
grouped together a wide variety of NENs from different sites, to ease
recruitment and increase sample size. However, it has become apparent
that even NENSs originating from subtly different sites in the gastrointestinal
tract may represent very different diseases, making it sometimes difficult to
deduce clinically relevant findings, even from studies restricted to GEP-
NENs'°.

PanNENs themselves are a highly heterogeneous group. As outlined in
Chapter 1, this heterogeneity has driven a search for reliable biomarkers to
improve prognostication and enable a more tailored approach to treatment
selection. As developing biomarkers has been established as a key area of
unmet need in PanNENSs, large robust datasets of tumour samples and
matched clinical data devoted specifically to this disease are of the utmost

importance, to enable the required translational work®®.

To this end, we sought to establish a large registry dedicated to PanNENSs,
collecting patient data and tissue samples from the Royal Marsden Hospital
(RM) and ARC-NET, Verona. This registry aimed to include patients with all
stages and grades of disease, who had received a wide range of
treatments. Data obtained would be used to understand the heterogeneity
of PanNEN disease behaviour in registry patients. Clinical phenotyping
would be conducted to ensure that the patients included were
representative of PanNEN patients more broadly, which in turn would
support the application of any conclusions from subsequent translational

work to a wider PanNEN population.
This chapter outlines the development of the retrospective PaNACeA study,

under which the registry was established, and the analysis of the clinical

phenotyping data obtained.
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2.2 Methods

2.2.1 Securing Funding

With support from Naureen Starling and Anguraj Sadanandam, the Chief
Investigator (Cl) and scientific lead for the study, respectively, | wrote a
successful application for an NIHR Biomedical Research Centre (BRC)
flagship grant as a co-applicant. The PaNACeA study (Pancreatic
Neuroendocrine Assigner signature Class Assessment) was awarded
£224, 910 (BRC no. 910 A144 (W92360)).

Funding for the ARC-NET biobank was provided by the Italian Ministry of
Research, Association of Cancer Research and Foundation for Diseases of

the Pancreas.

2.2.2 Patient and Public Involvement

| approached the NET Patient Foundation charity to request their opinion on
and input into our funding application for the PaNACeA study and a
PanNEN registry. Having reviewed the project they provided the following

statement of support:

“On reading the proposal for the study | feel that the premise of the study
resonates well with the current situation. Classification of these complex
tumours has aided general pathways for care but the unique individual
nature of each patient does require a more in-depth approach. Grade 2
NETS are a difficult group where variation in the presentation is quite
extensive. Low Ki-67 with aggressive nature vs. 15% Ki-67 with relatively
indolent behaviour in some cases. The question is why? We wholly support
your research proposal as will the NET patient community, who through
research have shown that their greatest fear is the fear of the unknown / the
future. By gaining an understanding of what tumour type they have and the
implications of their individual tumour we will be able to give some
indications as to what the future may hold. I look forward to the involvement

of the NET patient community with this study.” Catherine Bouvier — Director
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| subsequently set up a patient focus group of 4 NET patients who kindly
provided opinions on the priority research questions, the lay summary,

protocol and plans for dissemination of the results of the study.

2.2.3 PaNACeA Study Set up and management
With the support of the GI unit clinical trials team, | then set up the

PaNACeA study (Protocol in Appendix 2.1). Study set up included:

Preparing the RM Committee for Clinical Research (CCR)
application and presenting the study at the CCR meeting to obtain
approval following scientific peer and research governance review
(CCR4476, 18/04/2016)

Liaising with the Research Ethics Committee (REC) and obtaining
approval (16/LO/0984, 27/05/2016)

Completing the Integrated Research Application System (IRAS)
application and obtaining HRA approval (194534, 08/08/2016)
Writing the protocol

Setting up the clinical databases (for clinical and histopathology
data)

Setting up the Material Transfer agreement and the contract with
ARC-NET, Verona

Once the PaNACeA study opened (September 2016), | was the trial

physician. My responsibilities in this role included:

Day-to-day oversight of the study, including working with the
biological specimens co-ordinators to ensure sample retrieval
Liaising with the team in Verona regarding tissue samples and to
support consistent clinical data collection

Liaising with the finance teams at the ICR and RM and managing the
study budget

Preparing reports for Trial Management Group Meetings (TMG) and
BRC and REC Annual Progress Reports (APR)

Preparing study amendments

Collecting clinical data for RM patients
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Laboratory work as detailed in Chapters 3 and 4

2.2.4 PanNEN Registry Design
PaNACEeA is a retrospective translational tissue collection study. The study
includes separate registries for both PanNEN and non-pancreatic GEP-
NEN patients but only data from the PanNEN registry are included in this
thesis (Protocol in Appendix 2.1).

Primary objective
To establish a large international registry of clinical data and

matched tissue samples, dedicated to PanNEN patients.

Secondary Obijectives
To clinically phenotype all patients included in the registry
To assess the impact of stage, grade and other clinical variables on

survival for registry patients

Inclusion Criteria for PanNEN registry
Histological diagnosis of PanNEN
Treatment received at RM or ARC-NET, Verona

Tissue sample available and/ or clinical data available

Exclusion Criteria for PanNEN registry

Other primary cancer at or before diagnosis

2.2.5 Consent

In this study the data and tissue are link-anonymised. The Human Tissue
Authority (HTA) code of practice for consent states that if the tissue is
anonymised then tissue taken from living patients that does not have
consent for future research may be used in ethically approved research
projects without the patient’s consent (HTA: Code of Practice 1 on Consent,
from paragraph 127 to 129). Hence, as agreed with the REC, we did not

routinely seek specific consent for the purpose of this study. The patients
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included from the Verona biobank were routinely consented prior to

surgery, as part of the biobank protocol.

2.2.6 Clinical Data Collection

| devised a database for clinical data collection and then collected and
checked the clinical data for the RM patients. | liaised with Rita Lawlor,
ARC-NET Verona, to arrange the clinical data collection for the Verona

patients and then combined the two datasets.

Essential data fields included patient demographics, symptoms leading to
diagnosis, tumour size, tumour functionality, baseline investigations, tumour

differentiation, Ki-67 index, staging, treatment and survival.

2.2.7 Tissue Collection and Histological Assessment s

PanNEN tumour tissue (fresh frozen and/or Formalin Fixed Paraffin
Embedded (FFPE)) was collected, where available. Tumour sections were
submitted for immunohistochemical (IHC) examination by an expert
pathologist (for RM cohort patients by Monica Terlizzo/ Daniel Nava
Rodrigues and for Verona cohort patients by the ARC-NET pathology
team). Slides were reviewed and cut as described in section 3.2.3. Ki-67
index, differentiation and M| were analysed to determine tumour grade
according to the WHO 2010/2017 classification. Ki-67 was analysed on
2,000 tumour cells in an area of high staining and expressed as a
percentage of stained cells. Ml was assessed according to standard ENETs
criteria. On light microscopy, mitotic figures were evaluated in at least 40
high power fields (HPF), with results expressed by the number of mitoses
per 10 HPF. We elected to use the WHO 2010/2017 Ki-67 recommended
cut-offs for grade, with grade 2 disease having a Ki-67 index between 3%
and 20%, rather than the 5% cut-off proposed by a number of groups’.
In light of the debates surrounding the optimum cut-offs we also analysed

Ki-67 as a continuous variable.

2.2.8 Statistical Analyses
| wrote the statistical analysis plan (SAP) in conjunction with statistician Ria

Kalaitzaki (see protocol in Appendix 2.1 for full details).
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Sample size

Sample size was limited by the number of patients who were treated for
PanNENs at the Royal Marsden Hospital and at the University of Verona
within the site specific time points, and for whom clinical data and/or tumour
tissue was available for analysis. Since the registry opened we have had
the opportunity to develop an additional collaboration with Dr. Raj
Srirajaskanthan’s team, Kings College Hospital. This collaboration will
enable the collection of clinical data and FFPE samples for another cohort
of approximately 300 PanNEN cases, including 150 resections and 30
patients with grade 3 PanNEC. | wrote an amendment to the PaNACeA
protocol to include this additional cohort and with trial coordinator Richard
Crux arranged for regulatory approval (Substantial amendment 1, approved
02/11/2018). | have since liaised with the team at Kings to ensure
consistent clinical data collection and tissue preparation. As the first 40
samples were received in the Sadanandam laboratory in April 2019, they

will not be included in this thesis.

Analysis

Statisticians Henry Nanji and Ria Kalaitzaki performed the survival analyses
and | completed the clinical phenotyping analysis and interpreted the
results. The majority of the statistical analysis is descriptive, reported using
percentages. Categorical data were described using counts and
percentages and compared using the Chi-squared (X?) test. Continuous
data were described using medians and inter-quartile ranges (IQR). Means
were compared using a two-sided, paired T-Test. A two sided p value of
less than 0.05 was considered statistically significant. Survival analyses
were conducted using Kaplan-Meier methodology. Overall survival (OS)
was defined as time from the date of diagnosis to death of any cause. Cox-
proportional hazards regression analysis was used in univariate and

multivariate analyses.

2.2.9 Overview of my role
As described above, | secured funding for, set up and subsequently
managed the PaNACeA study and PanNEN registry. Dr Naureen Starling,

as the CI for the study had overall oversight.
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2.3 Results

2.3.1 Clinical Data Collection, Tissue Retrieval an d Central Review

Clinical data were collected for 282 patients. For the RM cohort, all of the
patients diagnosed with PanNEN between 1st Jan 2004 and 1st September
2014 were included (n=77). The Verona cohort consisted of 2 groups of
patients (n=205). 45 patients were part of a legacy collection from previous
pathology studies conducted at ARC-NET (1988- 2005). The remaining 160
patients were consecutively recruited and consented under the ARC-NET
biobank protocol (2011-2014). Whilst clinical data was matched for the
majority of variables, data was missing for a small number of categories in
the Verona cohort (ethnicity, baseline investigations, symptoms and
treatments). Thus some analyses are for the whole cohort whilst others are

specific to the RM cohort.

Tissue was collected for 257 patients (FFPE samples for 57 RM patients
and fresh frozen samples for 200 Verona patients, with FFPE tissue also
available for 44 Verona patients) (Figures 2.1 and 2.2). For the Verona
cohort, central histopathology review had been conducted prospectively for
all tissue. For the RM cohort we planned to conduct a similar central review.
However, due to challenges collecting the tissue, grade was ultimately
assigned from central Ki-67 review for 10 patients, from central Ml review
using H&E slides for 8 patients, and from the original diagnostic
histopathology reports for 44 patients and grade remained unknown for 15

patients (Figure 2.2).

Figure 2.1 Clinical Data and Tissue Collection for the Verona Cohort

205 patients with resected PanNEN Excluded
identified from ARC-NET database (n=5)
Tissue
l unavailable
R for 5
"|  patients
v included in
Clinical Data (n=205) Tissue (n=200) tge clinical
- . . atabase
Clinical data retrospectively FFPE and fresh frozen tissue
collected for all 205 patients from were previously prospectively
patient records collected for the legacy collection
and the ARC-NET biobank, with
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Figure 2.2 Clinical Data and Tissue Collection for

the RM Cohort
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* For the 21 patients graded by MI, 8 had previously unknown grades, 11 original
grades were concordant with central review and 2 discordant. When discordant,
the original grades were used.

*When there was limited tissue available, tissue for laboratory analyses was
prioritised over central histopathology review

*** Eor the 10 patients graded by Ki-67 index, 2 had previously unknown grades, 6
original grades were concordant with central review and 2 were discordant. When

discordant the original grades were used.

2.3.2 Patient Demographics across the entire cohort

The patients had a median age of 56 years and there was a slightly higher
proportion of men (56%) compared to women (44%). For the patients
where ethnicity had been documented, there was a higher representation of
white patients (81%) compared to other ethnic backgrounds. The vast
majority of patients had sporadic disease (92.5%). For those patients with
familial disease, MEN1 was the most frequently documented familial
syndrome (48%) (Table 2.1)

2.3.3 Tumour and Disease Characteristics across the entir e cohort

The proportion of patients with WHO 2010 grade | and 2 disease was
similar (44% and 41% respectively), with a smaller number having grade 3
disease (8%). Of the patients with grade 3 disease, using the WHO 2017
classification, 52% had a poorly differentiated tumour (grade 3 NEC) and
43% had a well differentiated tumour (G3 NET) (Table 2.1).

Overall, the number of patients with Stage Ill and IV disease was similar at
approximately 30% each. Fewer patients had Stage | and Il disease (15%
and 24% respectively). 38% of patients with non-metastatic disease had
nodal involvement at baseline. 31% of patients had metastatic disease at
baseline, with 29% of all patients having metastatic liver disease. 80% of

the patients in the registry had curative intent surgery.
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Table 2.1 Patient Demographics and Baseline Disease

Characteristics

Characteristic All Patients RM Verona p value

(n=282) (n=77) (n=205) (RM vs.
(%) (%) Verona)

Age at diagnosis*

Median 56 63 56 p=0.15

(range) (17-87) (17-87) (17-84)

Sex*

Male 156 (56%) 42 (55%) 114 (56%) p=0.84

Female 125 (44%) 35 (45%) 90 (44%)

Ethnicity **

White 56 (81%) 56 (81%) N/A N/A

Asian 7 (10%) 7 (10%)

Black 5 (7%) 5 (7%)

Mixed 1(1%) 1(1%)

Sporadic/ Fami lial***

Familial 21 (7.5%) 0 (0%) 21 (10%) p=0.003

Sporadic 259 (92.5%) 77 (100%) 182 (90%)

Familial Syndrome

MEN1 10 (48%) 10 (48%) 0 (0%) 10 (48%) N/A

VHL 3 (14%) 3 (14%) 0 (0%) 3 (14%)

Not documented 8 (38%) 8 (38%) 0 (0%) 8 (38%)

Grade

Grade 1 124 (44%) 27 (35%) 97 (47%) p<0.001

Grade 2 117 (41%) 23 (30%) 94 (46%)

Grade 3 23 (8%) 12 (16%) 11 (5%)

Unknown 18 (6%) 15 (19%) 3 (1%)

Grade 3 NET/NEC

G3 NET 10 (43%) 0 (0%) 10 (90%) N/A

G3 NEC 12 (52%) 11 (92%) 1 (10%)

G3 differentiation unknown 1 (4%) 1 (8%) 0 (0%)

Differentiation

Well 258 (92%) 56 (72%) 202 (99%) p<0.001

Poorly 12 (4%) 11 (14%) 1 (<1%)

Unknown 12 (4%) 10 (13%) 2 (1%)

Stage

I 41 (15%) 5 (6%0) 36 (18%) p<0.001

Il 67 (24%) 11 (14%) 56 (27%)

I 80 (28%) 5 (6%0) 75 (37%)

v 88 (31%) 54 (70%) 34 (17%)

Unknown 6 (2%) 2 (3%) 4 (2%)

N1 at diagnosis (Stage I-1lIb)

Stage Illb 72 (38%) 4 (19%) 68 (41%) p=0.05

Stage I/1l/llla 116 (62%) 17 (81%) 99 (59%)

Liver Metastasis at diagnosis

Yes 81 (29%) 47 (61%) 34 (17%) p<0.001

No 199 (71%) 30 (39%) 169 (82%)

Unknown 2 (1%) 0 (0%) 2 (1%)

Curative Intent Surgery

Yes 227 (80%) 22 (29%) 205 (100%) p<0.001

No 55 (20%) 55 (71%) 0 (0%)

*n=281 **n=69 ***n=280 n=21

n=23

n=188

Note percentages in the table have been rounded. Categorical data were described using

counts and percentages and compared using the X’ test. Continuous data were described

using medians and means were compared using T-Test.
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2.3.4 Differences in Characteristics of the RM and Verona Cohorts

The demographics of the RM and Verona cohort were well matched
regarding age and sex. A higher proportion of the Verona cohort had a
familial syndrome (p=0.003).

As would be expected due to the origins of the cohorts, the characteristics
of the RM and Verona cohorts differed substantially when considering stage
or grade of disease and curative intent surgery (all p< 0.001). All of the
patients in the Verona cohort underwent curative intent surgery, with only
17% having metastatic disease. In the RM cohort, the majority of patients
presented with advanced disease (70% metastatic) and less that 30% had

curative intent surgery (Table 2.1 and Figure 2.3).

Figure 2.3 Proportions of patients according to ENE TS Stage
A RM Cohort (n=77)
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2.3.5 Baseline Symptoms and Investigations

Baseline symptoms and investigations were assessed in the RM cohort,
and apart from functionality which was assessed across all 282 patients
(Table 2.2). The majority of patients had non-functional disease (79%). For
patients with functional disease, insulin was the most frequently secreted
hormone (43%).

88% of RM patients reported at least one symptom at diagnosis (Figure
2.4). Abdominal pain and weight loss were each reported by over 50%

patients, with diarrhoea and fatigue in over 20%.

Chromogranin A and B (CgA and B) were measured in 82% of the RM
cohort. CgA was elevated in a higher proportion of patients than CgB (62%
vs. 33%). All of the RM patients had a baseline CT with a high proportion
(74%) also having Somatostatin Receptor Scintigraphy (SRS). Endoscopic
Ultrasound Scans (EUS), Magnetic Resonance Imaging (MRI) and Positron

Emission Tomography scans (PET) were used less frequently (Table 2.2).

Figure 2.4 Baseline Symptoms in RM Cohort (n=77)
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M Abdominal Pain
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m Diarrhoea
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m Dysphagia

1 Gl Bleeding

1 Flushing

68/77 RM cohort patients reported baseline symptoms. Between them these 68
patients reported 131 symptoms, which are shown in the pie-chart above, divided
into 8 categories. Abdominal pain and weight loss were the most common

symptoms, each experienced by over 50% patients as outlined in Table 2.2.
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Table 2.2 Baseline Symptoms and Investigations

Characteristic n=77(%)
Functionality*
Functional 56 (20%)
Non-Functional 229 (79%)
Unknown 3 (1%)
Hormone Secreted if Functional **
Insulin 24 (43%)
Gastrin 15 (27%)
Glucagon 8 (14%)
ACTH/Cortisol 3 (5%)
Somatostatin 3 (5%)
PP 1 (2%)
Serotonin 1 (2%)
VIP 1 (2%)
Symptoms
Yes 68 (88%)
No 9 (12%)
Symptoms reported
Abdominal Pain 42 (55%)
Weight Loss 41 (53%)
Diarrhoea 16 (21%)
Fatigue 16 (21%)
Hypoglycaemia 6 (8%)
Dysphagia 5 (6%)
Gl Bleeding 4 (5%)
Flushing 1 (1%)
Chromogranin A ***
Elevated 39 (62%)
Normal 24 (38%)
Chromogranin B ***
Elevated 21 (33%)
Normal 42 (67%)
Baseline Imaging Investigations
CT Yes 77 (100%)
No 0 (0%)
SRS Yes 57 (74%)
No 20 (26%)
MRI  Yes 18 (23%)
No 59 (77%)
EUS Yes 14 (18%)
No 63 (82%)
PET Yes 13 (17%)
No 64 (83%)

*N=282 *n=56 **n=63
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2.3.6 Systemic Treatment

Data on systemic treatments administered was only available in the RM
cohort (n=77). The most common treatments were chemotherapy, SSAs
and watchful waiting, but a broad range of treatments were given (Figure
2.5). For those patients who received chemotherapy, multiple different
regimens were used (Figure 2.6).

Figure 2.5 Systemic Treatments Administered in the RM Cohort
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Figure 2.6 Chemotherapy Regimens Administered in RM cohort
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2.3.7 Survival Analyses

For the entire cohort (n=282), 63 (22%) of the patients were dead and 186
(66%) were alive at the time of analysis, with 33 (12%) lost to follow up. Of
the 33 patients lost to follow up censoring data was available for 7 patients.

Survival data was therefore available for 256 patients overall.

Median follow up was 31 months. According to site, the median follow up
was 45.3 months for RM and 27 months for Verona. As would be expected
due to the different characteristics of the 2 cohorts and the longer follow up
for the RM cohort, the death rate was higher in the RM cohort at 56%
compared to the Verona cohort at 10%.

The last death occurred at 98.5 months for a RM patient and no other later
deaths occurred except for one ARC-NET patient at 262 months. Due to
the high influence of this data point, which stretched the observations, the
analysis time was truncated at 100 months (~8 years). This reduced the
number of patients included in the survival analyses by 22, from 256 to 234.
In the 100 months’ time period, 62 deaths were observed (43 in the RM

cohort and 19 in the Verona cohort).
Data for 234 patients were used to conduct the following survival analyses.
Median Overall Survival (OS)

OS was assessed for the entire cohort and according to stage and grade
(Figures 2.7-2.9 and Table 2.3). Survival time of living patients was
censored on the last date a patient was known to be alive or lost to follow-
up. Median OS for the entire cohort was 79 months (95% CI 50.0-NE). Due
to the low number of deaths occurring in ENETS stages |, II, I, these were
combined and investigated versus stage IV disease. Survival was improved
for stages I/1l/1ll combined compared to stage IV and this was statistically
significant (log-rank test p <0.001). There was also a statistically significant

difference in OS for the three grades (log-rank test p <0.001).
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Figure 2.7 OS in all patients (All grades/Stages)
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Figure 2.8 OS according to ENETs stage (combined I/ 1l/lll vs. IV)
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Figure 2.9 OS according to WHO 2010 Grade
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Table 2.3 Median OS, 2 year and 5 year survival rat es
Median (months) 2 year (%) 5 year (%)
(95% CI) (95% CI) (95% CI)
Entire Cohort
(n=234) 79 80.1 59.3
(50.0-NE) (73.6-85.1) (47.8-69.1)
According to Stage
I/0/111 (n=150) 96 95.1 84.3
(84.0-NE) (89.8-97.6) (69.3-92.3)
IV (n=81) 28.1 52.9 25.1
(19.8-48.7) (40.3-64.1) (13.0-39.2)
According to Grade
Grade 1 NE 89 67.5
(n=102) (NE) (80.9-94.5) (47.5-81.3)
Grade 2 79 84.2 62.1
(n=98) (56-96) (74.1-90.6) (43.1-76.5)
Grade 3 13.5 19.5 NE
(n=20) (6—-NE) (1.6-52.4) (NE)
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Univariate Analysis

On univariate analysis grade, baseline lymph node involvement/ liver
metastases and stage were identified as statistically significant poor
prognostic factors (Table 2.4). Results were adjusted for cohort of origin
(RM/ Verona).

Table 2.4 Univariate Analysis

Variables [HR [95% ClI [p value
Grade

Grade 1 1.00

Grade 2 2.05 1.19-3.53 0.03
Grade 3 13.19 6.35-27.43 <0.001
N1 at diagnosis

No 1.00

Yes 2.25 1.45 - 3.49 0.002
Liver Metastasis at diagnosis

No 1.00

Yes 2.76 1.69-4.51 0.001
Stage

11711 1.00

1Y 4.22 2.43-7.30 <0.001
Elevated baseline CgA/ B

Not Elevated 1.00

Elevated 1.18 0.56 - 2.47 0.657

Multivariate Analysis
Stage and grade were the only factors found to be significant at the 5%

level on multivariate analysis (Table 2.5).

Table 2.5 Multivariate Analysis

Variable HR 95% CI p value
Stage

/11 1.00

v 4,12 1.97 - 8.64 <0.001
Grade [<0.009]*
Grade 1 1.00

Grade 2 1.37 0.69 —2.73 0.359
Grade 3 4.43 1.67-11.7 0.003

1: overall effect
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The risk of death was 12% higher for patients with ENETSs stage IV disease
compared to stages I/1l/lll (log-rank p < 0.001).

A higher grade was also associated with an increased risk of death (HR
increased from 1 to 1.37 to 4.43 relative to the reference group, grade 1,
log-rank p < 0.001). Although the HR was not significant when grade 2 was
compared to grade 1 disease (p=0.359).

As Ki-67 index increased by 1 unit, with all other variables held constant,

the risk of death increased by 1.3%.
2.3.8 Assessment of Heterogeneity across and within Grades

There was a statistically significant difference between grades for all of the

variables listed in Table 2.6.

Table 2.6 Heterogeneity across and within grades

Variable Grade 1 Grade 2 Grade 3 Significance*
Disease Extent (n=264)

1/ 105 (85%) 72 (61%) 8 (35%) p<0.001

v 18 (15%) 43 (37%) 15 (65%)

Unknown 1 (<1%) 2 (2%) 0 (0%)

N1 at diagnosis (Stages I-11lb) (n=185)

Yes 26 (25%) 39 (54%) 7 (88%) p<0.001
No 79 (75%) 33 (46%) 1 (13%)

Liver Metastases at diagnosis (n=274)

Yes 17 (13%) 44 (38%) 10 (43%) p<0.001
No 117 (87%) 73 (62%) 13 (57%)

Curative Intent Surgery (n=277)

Yes 112 (90%) 98 (82%) 12 (35%) p<0.001
No 12 (10%) 21 (18%) 22 (65%)

Median OS (n=220)

Median NE 79 135 p<0.001**
IQR (51.5-NE) (44.4-96) (6-24)

Tumour Size (n=201) (mm)

Median 29 45 35 p<0.001 for
Mean 31 48 39 G1lvs. G2%**
IQR 15-45 30-69 25-50

* Categorical data described as counts and percentages and compared using X test,
continuous data described with medians and means, with means compared using T-Test.
**Survival differences compared using log-rank test

***G1 vs. G3 and G2 vs. G3 not significant
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However, a wide range of behaviour was also evident within each grade,
particularly within grade 2 disease (Table 2.6). For example, whilst the
majority of localised grade 1 patients had node negative disease and the
majority of localised grade 3 patients had nodal involvement, for the grade
2 patients there was a roughly even division (54% with nodal involvement
vs. 46% node negative). Further, although the majority of grade 2 patients
had localised disease, a sizeable minority had metastatic disease (37%).
Grade 2 patients also had a wide range of tumour sizes (IQR 30-69mm)
and a large range in OS, with an IQR of between 3.6 years and 8 years.
These data highlight the substantial heterogeneity of disease behaviour

within grade 2 patients.
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2.4 Discussion

In this chapter, | have described the set-up of a large, international PanNEN
registry (within the PaNACeA study) and presented clinical phenotyping

and survival analyses for the 282 patients included to date.

Clinical data was collected across the 2 study centres, RM and ARC-NET,
Verona for patients diagnosed with PanNEN between 1988 and 2014. The
majority of the data was collected for the entire registry, with baseline

symptoms, investigations and treatments being specific to the RM cohort.

The characteristics of the 2 cohorts differed significantly, as all of the
patients in the Verona cohort (n=205) had undergone curative intent
resections, whereas the majority of the RM cohort patients (n=77) had
advanced, metastatic disease (70%) and had systemic treatment rather
than surgery. As such, the two cohorts are complementary, covering a

broader range of disease than either would have done alone.

The demographics reported for the entire PanNEN registry (n=282) are
consistent with published literature, with a median age of diagnosis of 56
years, a roughly equal split between men and women, a large majority of
patients having non-functional, sporadic disease, with MEN1 being the
most common of the familial cancer syndromes documented and insulin the

most commonly secreted hormone!!t144%112.113,

Tumour and disease characteristics were also assessed across the entire
cohort (n=282). Using the WHO 2010/17 Ki-67 cut-offs outlined, there was
a smaller percentage of grade 3 tumours (8%) versus grade 1 and 2
tumours (44% and 41% respectively). Tumour differentiation fits this
pattern, with the vast majority of patients having well differentiated disease
(92%). This distribution of grade and differentiation is as expected, as
205/282 patients were from the Verona cohort where all patients underwent
curative intent resections. A large, international cohort of 1072 PanNEN
patients who had undergone surgery reported a similar distribution with

6.8% grade 3 patients™.
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The distribution of stage across the whole cohort is also broadly consistent
with the literature, with perhaps a slightly higher frequency of stage Ill and
IV patients***1*2_ This is likely to be due to the influence of the RM cohort
as the majority of patients in the RM cohort had stage IV disease (70%)
versus only 17% of the Verona cohort. In the Verona cohort, a relatively

large percentage of patients had stage llIb disease (37%).

The high proportion of patients with stage Illb (any T N1 MO) disease is
reflected in the percentage of patients with nodal disease at baseline, with
38% patients with localised disease having nodal involvement. Most
patients (67%) had localised disease at baseline and the majority of
patients who presented with stage IV disease had liver metastases (81/88,
92%). This observation is consistent with studies reporting the liver as the

most frequent site of metastasis for GEP-NETs***,

PanNEN symptoms are often non-specific, contributing to diagnostic delays
and often incorrect initial diagnoses'®*"*8. Within the RM cohort, where the
majority of patients had metastatic non-functional disease, 88% of patients
reported at least one symptom at baseline. The top 4 symptoms reported
here, abdominal pain, weight loss, diarrhoea and fatigue are non-specific,
as expected. All 6 RM patients with insulinomas reported symptoms of
hypoglycaemia, highlighting the more symptomatic pattern observed with

functional tumours.

CgA/B were assessed in 82% of the RM cohort at baseline. CgA was
elevated in almost twice as many patients as CgB (62% vs. 33%). As the
patients in the RM cohort were diagnosed between 2004 and 2014, CgB
was routinely measured for the majority. However, more recently the
routine measurement of CgB has fallen out of practice due to its limited
utility'®. That only 33% of cases in the RM cohort had an elevated CgB
supports this decision. CgA is still routinely measured and is recommended
as a circulating biomarker by the ENETs consensus guidelines 2016,
Although CgA performed better than CgB in the RM cohort only 62%

patients had a baseline elevation, supporting the need for improved
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biomarkers in this disease and agreeing with concerns raised in the

literature about the performance of CgA®18,

All of the patients in the Verona cohort had curative intent surgery versus
only 29% in the RM cohort. This low proportion of patients undergoing an
operation in the RM cohort is understandable as patients would commonly
be referred to RM for systemic treatment, with more advanced disease. It is
likely this low percentage of operated patients will have contributed to the
survival figures for the RM cohort, as radical surgery has been linked to

improved survival in PanNET.

Systemic treatment data was only available in the RM cohort. The range of
systemic therapies received by the 77 RM patients highlights the complexity
of treating PanNENSs. If anything the situation for patients today is even
more complex as, for the majority of the RM cohort everolimus, sunitinib
and PRRT were not treatment options at the time. Studies such as
SEQTOR, where the optimum sequencing of everolimus and chemotherapy
is being investigated, may help to clarify the treatment paradigm. Yet, what
is really required are prognostic and predictive biomarkers to help select
therapy for those patients who require it, whilst sparing the others toxicity

from unnecessary or ineffective treatments.

Survival analyses were conducted across the whole registry. At a median
follow up of 31 months, 63 (22%) patients had died, 186 (66%) were still
alive and 33 (22%) patients were lost to follow up. As would be expected,
the death rate was higher in the mainly metastatic RM cohort at 56%,

compared to the Verona cohort at 10%.

The median OS (79 months) and 2 and 5 year survival rates (80% and 59%
respectively) reported are comparable to other PanNEN studies and SEER
registry data, particularly when noting the high proportions of stage Illb and

IV patients®"1914,

Due to the low number of deaths occurring in patients with ENETS stage |,
Il and Il disease, these were combined and investigated together versus
stage IV disease. Survival was improved for stages I-1ll compared to stage

IV disease (p <0.001). Stage IV disease remained a poor prognostic factor
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on multivariate analysis, associated with a 12% higher risk of death than
stage I-1ll disease. As for OS, the 2 and 5 year survival rates for early and

advanced disease are in line with the literature**°,

Using the WHO recommended Ki-67 cut-offs for grade, there was a
statistically significant difference in OS across the three grades (p <0.001)
but 5 year survival rates were very similar between grade 1 and 2 disease
(67% and 62%) demonstrating the difficulties of assigning prognosis in well
differentiated PanNETs. Whilst grade overall was prognostic on multivariate
analysis (p <0.009), the Hazard Ratio (HR) was not significant for grade 2
versus grade 1 disease, as previously described by Scarpa et al. and

leading to the proposal for a 5% cut-off''°.

When, however, Ki-67 was assessed as a continuous variable there was a
1.3% increase in the risk of death for each 1% increase in Ki-67 index. This
level of increased risk of death is akin to that previously presented, where a
1% increase in Ki-67 was linked to a 2% increased risk of metastasis. This
study reported a hazard ratio for progression of 1.02 for each increasing
unit in Ki-67% unit (p < .001)*.

Analysing Ki-67 in this manner makes both biological and statistical sense
as Ki-67 is a continuous variable and dichotomization of such variables may
result in reduced power in regression models and loss of information
regarding individual differences'®. This analysis demonstrates that grade is
a purely arbitrary division and again highlights the need for improved
methods of sub-dividing PanNEN patients with biological relevance and

prognostic significance.

The limitations of dividing PanNEN patients into grades based on these
arbitrary limits are particularly evident for grade 2 patients. This group of
patients demonstrates substantial heterogeneity of disease behaviour in the

registry patients, with an OS IQR of between 3.6 years and 8 years.

The PanNEN registry has a number of limitations. To include as many
PanNEN patients with matched clinical data and tissue as possible, the
data collected here encompassed a broad time period (1988-2014). The

available treatments varied significantly over the time period, which may
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have impacted upon OS. Further, patients’ disease was reported and
classified differently at various time points, creating challenges for

consistent data collection.

These challenges of consistent data collection underline the importance of
minimum dataset documentation for all patients, particularly for those with
rare diseases. In recent years, the various guidelines including PanNENs
have recognised this and frequently specified a minimal dataset for

inclusion in pathology and staging reports for PanNENs*?721%1,

Consistent data collection, histopathology techniques and reporting were all
made more challenging by the PanNEN registry encompassing 2 sites in
different countries. However, as discussed above, minimum datasets will
make such studies easier in the future. The development of ENETs Centres
of Excellence (CoE) across Europe since 2009 has also supported a more
standardised approach and will continue to facilitate such international

collaboration, essential for studies in this rare disease.

Another limitation is the retrospective nature of the PanNEN registry.
Collecting both data and tissue samples retrospectively can be problematic,
especially over a long time period. This is highlighted by the lower than
expected number of tissue samples available for the RM cohort for central
histopathology review or further analysis. The development of prospective
biobanks, such as the ARC-NET protocol, is therefore of paramount
importance to enable high quality translational work. Since working on the
PanNEN registry, with CI oversight (Naureen Starling), | set up the PaC-
MAn Study to support the prospective collection of tissue and other

samples from patients with newly diagnosed PanNEN.

Notwithstanding these limitations, the PanNEN registry described here,
including clinical data for 282 patients and matched tissue for 227 patients,
is a valuable resource for this rare tumour type. In light of the consistency
with previous PanNEN studies regarding patient demographics, tumour and
disease characteristics and survival analyses, the clinical phenotyping of

the registry provides assurance that the dataset is of good quality and
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representative of a wider population. As such, the registry provides a robust

sample set for biomarker correlation, to be discussed in the next chapters.

Whilst stage and grade were independently prognostic, Ki-67 analyses also
demonstrated the arbitrary nature of dividing patients into grades using this
continuous variable. The clinical phenotyping and survival analyses
reported here once more note the significant heterogeneity in this disease,
particularly for grade 2 patients. There remains a significant unmet clinical
need for biomarkers to enable clinicians and patients to navigate this
heterogeneity in grade 2 disease. These data therefore highlight the need
to develop novel means of stratifying patients according to disease biology,
in addition to stage and grade, and provide support for further investigation
of the potential role of the PanNETassigner molecular subtypes in this

setting (Chapter 3).
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3 Development of the PanNETassigner Assay

Abstract

Objective

Treatment decisions in PanNENs are currently determined by grade and
stage of disease. However, as demonstrated in Chapter 2 and elsewhere,
grade is an arbitrary measure and, due to the significant level of within
grade heterogeneity of disease behaviour, particularly for grade 2 patients,
this paradigm is inadequate. Gene expression signatures have been used
extensively in other tumour types to guide treatment decisions. A similar
index for PanNENS, to improve patient prognostication and classification,
would be highly clinically relevant. The aim of this chapter was to develop
and validate a novel gene expression assay based on the PanNETassigner
molecular subtypes previously defined by our laboratory, and then to

assess the prognostic significance of the subtypes assigned by this assay.

Design

A custom assay of 228 genes was developed using the NanoString
nCounter gene expression platform, based on the PanNETassigner
signature. The ability of this novel PanNETassigner NanoString assay to
derive subtypes was assessed in a training set of PanNEN patient samples
(n=48). The concordance of subtypes derived using the novel assay with
subtypes previously derived using microarray was assessed (n=19). The
assay was tested in a further 96 fresh frozen samples and reproducibility
was assessed. Significance Analysis of Microarrays (SAM) was performed
to refine the 228 gene PanNETassigner assay to 78 robust genes and
centroids were derived for each subtype. The refined assay, called the
Nano-PanNET assay, was then validated using FFPE tissue (n=58). An
RNAseq validation cohort (n=98) was also used to assess the centroids
derived and concordance between platforms and between FFPE and fresh
frozen tissue was assessed. Prognosis according to PanNETassigner

subtype assigned was evaluated using Kaplan-Meier methodology.
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Results

A novel 228 gene PanNETassigner NanoString assay was successfully
developed and demonstrated to have 95% concordance with previous
subtyping results using the microarray platform. Replicates confirmed assay
reproducibility. A refined 78 gene Nano-PanNET assay was developed and
validated using FFPE tumour tissue. The analyses demonstrated 91%
concordance of gene expression using the refined 78 gene assay in fresh
frozen and FFPE samples. 92% concordance was demonstrated across
RNAseq and NanoString platforms, using the 78 gene centroids. Survival
analyses revealed that patients assigned the MLP-1 subtype had a poor
prognosis, with a 5 year survival rate of 60%, whilst patients with the

Insulinoma-like subtype had a good prognosis, 5 year survival rate 100%.

Conclusion

A novel robust 78 gene Nano-PanNET assay has been developed which
can subtype patient samples using both fresh frozen and FFPE tissue.
Patients assigned the MLP-1 subtype have been demonstrated to have a
poor prognosis, with a 15% lower 5 year survival rate than any of the other
PanNETassigner molecular subtypes. Approximately 20% of PanNENSs fall
into the MLP-1 subtype and this subtype is represented across all 3
PanNEN grades. Additional validation in a larger cohort is now required to
establish if the Nano-PanNET assay developed here is prognostic on
multivariate analysis and could be optimised for use in clinic. If so, the
Nano-PanNET assay may potentially be used to improve current
classification strategies, enabling a more personalised approach for

PanNEN patients.
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3.1 Background and Rationale

As previously outlined, treatment decisions for PanNEN patients are
currently based on stage and grade of disease, alongside functionality and
SSTR status, as there are no other validated prognostic and/or predictive
biomarkers routinely used in clinical practice for patient stratification. Yet
there is significant heterogeneity of clinical behaviour within grades and

controversy remains as to the optimum Ki-67 index cut-offs3%31:32,

From data presented in Chapter 2, for patients in the PanNEN registry, risk
of death increased overall by 1.3% per unit increase in Ki-67% value,
irrespective of grade of disease. This demonstrates again that Ki-67 is a
continuous variable for risk of death and that dividing patients into 3 grades
according to fixed Ki-67 cut-offs is an arbitrary division, rather than a
separation of disease according to distinct biological differences. Further,
patients with grade 2 disease demonstrated highly heterogeneous disease
behaviour with an OS IQR of 3.6-8 years. There is therefore an unmet
clinical need for novel biomarkers which can separate patients according to
their tumours’ biology and to complement grade to predict prognosis and

guide treatment decisions for PanNEN patients.

Our laboratory previously defined 3 PanNEN molecular subtypes, based on
an integrated analysis of gene expression, microRNA and mutations, and
collectively named the PanNETassigner signature (see Chapter 1). The
subtypes described are Insulinoma-like, Intermediate and metastasis like
primary (MLP), which can be sub-divided into MLP-1 and MLP-2. The
prognostic value of these molecular subtypes has not previously been
examined, although metastatic disease was found to be associated with the
MLP subtype®'.

Associations between these subtypes and grade of disease were previously
investigated. Grade 1 and 2 PanNETs were found to be heterogeneous,
variably associating with all three molecular subtypes, whereas grade 3
tumours were exclusively associated with the MLP subtypes®’. These data

and the association of the MLP subtype with metastases, led to the
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hypothesis that our molecular classification of PanNEN into subtypes may
provide a useful tool for additional patient stratification, according to tumour

biology.

Expression signatures have been used extensively in other tumour types,
particularly breast cancer. The Prosigna test measures risk of recurrence’??
and the breast cancer Genomic Grade Index predicts response to
chemotherapy and separates subtypes of breast cancer'?®. The Breast
Cancer Index (BCI) stratifies breast cancer patients into three risk groups
and provides an assessment of tumour recurrence’®. A similar index for
GEP-NETS, to improve patient prognostication and classification, would be

highly clinically relevant.

Various platforms have been used to develop such clinical assays,
including the NanoString nCounter system. This platform uses digital
molecular barcoding to enable the detection and quantification of the
expression of up to 800 genes in a single sample. NanoString supplies a
range of standard assays (including the immune profiling panel used in
Chapter 4) but also allows researchers to design their own custom assays,

using the Elements™ technology program.

For such custom assays, nCounter Elements™ supply a TagSet, consisting
of a fluorescently labelled reporter tag and a biotinylated universal capture
tag, and the target-specific oligonucleotide probe pairs (A and B) are
supplied by the researcher to match their genes of interest. The reporter
tags and capture tags hybridize to the target specific oligonucleotide probes
A and B, which in turn hybridize to the RNA target. The complete structure

is known as a tag complex (Figure 3.1).
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Figure 3.1 nCounter Elements ™ Tag Complex

Reporter Tag Selected probes procured

by end user
o b ’—‘—‘ Universal Capture Tag
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Barcode 1 Tag TOO1

QU0 QU CATCCTCTTCTTTTCTTGGTGTTGAGAAGATGCTC

Barcode 2 Tag TOO2

Q0 Q00 CACAATTCTGCGGGTTAGCAGGAAGGTTAGGGAAC

! |
Barcode 3 Tag TOO3

Modified from NanoString Elements™ training slide set (Sept 2016)

The unique pattern of six colour spots on each reporter tag create the
barcodes required for data collection and the capture tag facilitates
immobilisation of the hybridized complex in an nCounter cartridge, which is
imaged using a digital analyser. As the assay uses direct digital detection of
messenger RNA (mRNA), both reverse transcription and amplification of
complementary DNA (cDNA) using polymerase chain reaction (PCR) are
not required, eliminating potential amplification bias. Gene expression is
measured by counting the number of times a barcode for a specific gene is
detected (Figure 3.2).

This platform has been demonstrated to be favourable over various other
technigues based upon a number of features including sensitivity, technical
reproducibility, robustness (particularly with low quality FFPE samples), and
in light of its practicality as a lower cost clinical application'®. Further the

technology has already been used to develop a number of clinical assays
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across multiple tumour types, including the aforementioned Prosigna Breast

Cancer Prognostic Test!?6:127:128.129,130.131

Figure 3.2 NanoString Hybridization and Decoding Pr  ocess
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Modified from NanoString Elements™ training slide set (Sept 2016)

The first aim of this chapter was to develop, refine and validate a novel
gene expression assay based on the PanNETassigner molecular subtypes

using the nCounter platform.

The second aim was to use this Nano-PanNET assay to assess the
prognostic significance of the PanNETassigner subtypes in a sizeable
cohort of PanNEN patients. The ultimate ambition was to establish if the
Nano-PanNET assay could potentially, with further validation, be used to
refine the current classification paradigm, to enable a more personalised

approach to treatment for PanNEN patients.
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3.2 Methods

3.2.1 PanNEN Tissue Samples and Clinical Data

PanNEN tissue samples and matched clinical data were collected from
ARC-NET, Verona and RM, London, within the PanNEN registry
(PaNACeA study CCR4476, Research Ethics Committee approval
reference 16/LO/0984, May 2016) as described in Chapter 2. Microarray
gene expression data from work previously conducted by our lab was also
used for validation purposes and these samples are described as the

Microarray cohort (n=19).
Verona Cohort

RNA isolated from fresh frozen tissue was provided for 200 patients from
the Verona cohort. RNA isolated from matched normal pancreatic tissue
was provided for 20 of these patients. RNA from selected samples was
used for NanoString (n=144) and RNAseq analyses (n=98). For 44 patients,
RNA extracted from FFPE tissue was also provided, which was used for

NanoString analyses alone.
RM Cohort

27 FFPE samples were collected as described in Chapter 2 (Figure 2.2).

RNA was extracted and used for NanoString analyses.

Microarray Cohort

The PanNEN gene expression data for the Microarray cohort was originally
from Missiaglia and colleagues, Verona (GEO Omnibus ID GSE73338; ref
34), and had been used by our lab previously in the original development of

the PanNETassigner molecular subtypes®!®

. Gene expression in this
cohort was assessed using an 18.5 K Human oligo-microarray from the
Ohio State University Cancer Centre and analysed using R and

Bioconductor as described!®>133134

. Data from the 19 samples which
overlapped with samples from the Verona cohort were used in validation

analyses.
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Figure 3.3 details the analyses carried out across these samples and
Figure 3.4 provides an overview of the steps involved in the development of

the PanNETassigner assay.

Figure 3.3 Overview of Tissue Samples and Analyses Performed

PanNEN Registry (PaNACeA Study)

Microarray Verona Cohort RM Cohort
Cohort (n=19) (n=200) (n=27)

Fresh Frozen n=144 Fresh
Fresh Frozen Frozen

N=19* n= 98
(RNAseq)
Training set
n= 48*

Microarray
expression y-— N Refined 78
data from 19 Overall 228 gene assay gene

overlapping tested in 144 samples Refined 78 centroids Refined 78

gene assay . gene assay
sampliens e Data from these samples validated validated validated

were used to refine the 228 using 44 using using 14
concordance

gene assay to 78 genes samples bl samples
analyses for data from

the 228 gene Survival analyses 44 samples

assay conducted using data from
97 of these samples

*19 samples overlapped between the Microarray and Verona cohorts
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Figure 3.4 Overview of the project to develop, refi  ne and validate a
novel PanNETassigner NanoString Assay

* Novel 228 gene PanNETassigner

uuuuuuuuuuuuuu

* Novel 228 gene assay tested (n=48 Fresh
Frozen Training set samples)

J

» Subtyping results obtained using novel 228 R
gene assay compared to those previously
obtained using Microarray data (n=19
overlapping samples)

* Novel 228 gene assay tested in additional
samples (n=96 Fresh Frozen samples)

J

\
» Data from all 144 samples used to refine the
228 gene assay to a 78 gene assay and
centroids developed for each subtype

J
~N

» Survival analyses conducted according to
PanNETassigner subtype (n=97/144 Fresh
Frozen samples)

J

~N

» 78 gene assay validated in FFPE tissue
(n=44 Verona, n=14 RM) and centroids
validated using RNAseq data (n=98 Fresh
Frozen samples Verona)

J

 {-C-C-C-C-C -4

76



3.2.2 228 gene PanNETassigner NanoString Assay Deve lopment

A panel of 228 genes (including 30 housekeeping genes) was selected for
a NanoString Elements™ custom assay, based on our PanNETassigner
signature®’. Target specific probes were designed by NanoString. Probes
were checked using Basic Local Alignment Search Tool (BLAST), an
algorithm for comparing biological sequence information with established
sequence databases, to confirm identity and optimum isoform coverage.
Final probes were selected and ordered from Integrated DNA Technologies

and the corresponding TagSets from NanoString Technologies.
3.2.3 Wet Lab Techniques

Nucleic Acid Extraction and quality/quantity assess ment

For the RM cohort samples, haematoxylin and eosin (H&E) slides cut from
tissue blocks successfully obtained through the PanNEN registry were
assessed by an experienced Gastrointestinal Histopathologist (Monica
Terlizzo), as described in the slide protocol below. If tumour content was
limited, slides for RNA extraction were prioritised over slides for central

histopathology review.
Protocol for PanNEN registry slides

1. 1x H&E slide cut for each available block

2. Histopathologist reviewed (tumour content/cellularity) and advised
which block to use.

3. Histopathologist outlined tumour on the H&E slide for the chosen
block to enable macrodissection before RNA extraction

4. Biological specimens team then cut the chosen block as follows:

. H&E (4 micron thick) 1st slide

. 1 slide for Ki-67

. 5-7 slides (at 7 micron thick) for RNA extraction
. 6-10 Additional slides for IHC

. H&E (4 micron thick) last slide
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The 5-7 selected tissue sections for RNA extraction then underwent
deparaffinization, macrodissection and processing (RecoverAll™ Total
Nucleic Acid Isolation Kit AM1975 protocol) (Figure 3.5). Quality and
guantity of extracted RNA was assessed using NanoDrop-2000
Spectrophotometer and Agilent RNA-6000 Bioanalyzer systems,

respectively.

Figure 3.5 Macrodissection Process

V

H+E slide with tumour outlined Slides after tumour has been
used to guide macrodissection removed for RNA extraction

For the Verona cohort similar processes were followed but samples were
not macrodissected. Here Allprep Qiagen was used for 184 fresh frozen
samples and GuSCN for 16 fresh frozen samples as previously
described™®. For the FFPE samples RecoverAll™ was used, as in the RM

samples.

RNA was diluted for the NanoString experiments. 100ng RNA was loaded
in 5 L (dilution 20ng/ L) when possible. However, for the RM samples
70ng in 7 L was used (dilution 10ng/ L) due to the quantity of RNA

available.

nCounter Elements ™ Process

Oligonucleotide probe pools were created and hybridized to
reporter/capture Tags and these Tags were hybridized to the RNA target,
according to the NanoString Elements™ manual (version 2, Sept 2016) as
previously described®*®**". Following hybridization, samples were purified,
orientated and immobilised in their cartridge using the nCounter Prep
Station before being loaded into the Digital Analyser (Figure 3.2). The
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molecular barcodes were counted and decoded, results stored as a
Reporter Code Count (RCC) file. The RCC files were analysed alongside
the Reporter Library Files (RLFs), containing details of the custom probes

and housekeeping genes selected.

RNA sequencing (RNAseq) (n=98)

In the Verona RNAseq samples, gene expression was assessed by
RNAseq as previously described™®. RNAseq was carried out by the Mayo
Clinic Core Facility, Rochester. RNA was diluted (200ng/20uL) and quantity
and quality assessed using Qubit® Fluorometer and Agilent RNA 6000
Bioanalyzer. A column based DNA extraction method was used before
RNAseq libraries were prepared using PolyA selection and RNA library
prep using NEBNext-Ultra RNA Directional kit to produce lllumina
compatible libraries. The libraries were sequenced using a HighSeq2500

with Paired-Ends 2x100 and targeted depth of 50 million reads/sample.

3.2.4 Bioinformatics Techniques

nSolver ™ v3.0 analysis

The nSolver™ software analysis package was used to perform Quality
Control (QC) and normalisation of the expression data from the NanoString
assays. QC steps included assessment of assay metrics (field of view
counts/binding density), internal Code Set controls (6 positive and 8
negative controls to assess variations in expression level according to
concentration and to correct background noise respectively) and principal
component analysis to assess batch effect. Following QC steps, raw data
were normalised to housekeeping genes selected using the geNorm

algorithm within nSolver™.

Integrative Latent Variable Model (iLVM)

The Integrative Latent Variable Model (iLVM) was used to measure
concordance between subtyping using the microarray and NanoString
platforms. The 19 samples from the Microarray cohort which overlapped
with the Verona cohort were used for this analysis. Specifically, we

assessed the concordance of subtypes attributed using the novel
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NanoString assay with those previously attributed to these 19 samples
using the PanNETassigner multi-omics signature and microarray data.
Subtypes were attributed in the 19 Verona cohort samples using
NanoString gene expression data and the Integrative Latent Variable Model
Method (iLVM). iLVM is a dimension reduction method, which uses
latent/unobserved variables to identify clusters within data, designed in
house (Gift Nyamundanda). It was chosen as a method here as it is good at
finding clusters in data even when only small numbers of variables are

available (n=19).

Assignment of Subtypes using 228 gene PanNETassigne  r NanoString
Assay (n=144)

Normalised expression data was log, transformed and median centred.
Genes with  20% zero expression were removed to overcome background
artefact/noise as described™°. To assess potential batch (or technical)
effects between different runs of NanoString assay experiments we used
our exploBATCH computational tool**. exploBATCH contains a tool
findBATCH, which uses probabilistic principal component analysis with
covariates, to assess batch effects by identifying those principal
components that are associated with the given batch information. Those
principal components with 95% confidence interval (CI) not containing zero
will inform significant batch effect in the data and are corrected with

ComBat'*,

ComBat estimates how much each gene’s expression is proportional to the
batch for every gene. A regression model is then applied to remove this
effect. A form of unsupervised clustering, Non-negative Matrix Factorisation
(NMF), was subsequently used to determine PanNETassigner subtypes,

applied using the R/BioConductor platform as previously described*?143,

Refinement of 228 Gene PanNETassigner NanoString As  say

A smaller, robust panel of differentially expressed genes was derived from
the 228 gene panel using Significance Analysis of Microarrays (SAM).
SAM, distributed by Stanford University in an R-package, is a non-
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parametric statistical technique using multiple permutations to assess
whether gene expression changes are statistically significant'**. 78 genes
were selected for the Refined PanNETassigner NanoString assay, named
the Nano-PanNET assay. Prediction Analysis for Microarrays (PAM)
centroids were then created for every gene for each PanNETassigner
subtype using these 78 genes. The PAM centroid may be considered as
the average expression of a particular gene in that subtype, scaled by
variability***. PAM centroids can be used for single sample prediction and

PAM analysis was performed using R-based pamr tool.

Validation of Refined 78 gene Nano-PanNETAssay

The same bioinformatics techniques were used in the validation samples, to
assess and correct batch. Pearson Correlation was then used to score
each sample’s gene expression data against the PAM centroids, giving a
Pearson Correlation score for each subtype and subtypes were assigned.
Concordance was then assessed both across platforms and between FFPE

and fresh frozen samples.

Survival Analyses

OS according to molecular subtype attributed by the PanNETassigner and
Nano-PanNET assays was assessed using Kaplan Meier methods and Cox
regression was used to compare survival rates between subtypes and
investigate if grade and molecular subtype were independent prognostic
variables. R statistical computing (http://www.r-project.org) was used for all

calculations.
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3.2.5 Overview of my role

PanNEN patient samples and Clinical Data
The tissue samples and clinical data utilised in the development of the
Nano-PanNET assay are from the PanNEN registry. My role in the set-up

and management of this registry is described in detail in Chapter 2.

228 gene PanNETassigner NanoString Assay Developmen  t

Based on our lab’'s PanNETassigner signature, | selected a panel of
subtyping and housekeeping genes for the 228 gene PanNETassigner
NanoString assay. | worked with NanoString to arrange the design of target
specific probes for the novel panel. | checked all 228 probes using the
Basic Local Alignment Search Tool (BLAST), an algorithm for comparing
biological sequence information with established sequence databases, to
confirm identity and optimum isoform coverage. | then selected the final
probes, with the support of Anguraj Sadanandam, and ordered them from
Integrated DNA Technologies alongside the TagSets from NanoString.

Wet Lab Work
With the support of Chanthirika Ragulan (Higher Scientific Officer), | carried

out the following lab work:

All NanoString work for 144 samples analysed using the 228 gene

assay

NanoString work for 44 fresh frozen samples using the 78 gene
Nano-PanNET assay (NanoString work for 36/44 FFPE samples
using 78 gene assay was carried out by Krisha Desai, Post-Doctoral

Training Fellow, after | had taught her the processes involved)

Sourced quotes for RNAseq work and prepared samples for RNAseq

(including appropriate RNA dilutions and quality control)

Visited ICR core facility to watch and understand the RNAseq

workflow
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All RM cohort sample work including macrodissection, RNA
extraction, quality and quantity assessments and NanoString work

using 78 gene Nano-PanNET assay

Bioinformatics Work
With the support of Gift Nyamundanda, Kate Eason and Anguraj
Sadanandam (Bioinformaticians), | carried out the following bioinformatics

work:

NSolver and nCounter Advanced analyses for NanoString data,
including all quality control assessments (validated by Chanthirika

Ragulan)
Used TreeView and Cluster 3.0 to assess gene expression
Survival Analyses (validated by Gift Nyamundanda)

Liaised with bioinformaticians to select appropriate clinical data for

multivariate analyses and interpreted the results

Generated figures in Adobe lllustrator and PowerPoint

The remainder of the bioinformatics work was carried out by Gift

Nyamundanda and validated by Anguraj Sadanandam.

Communication of Results
I have communicated data from this chapter as follows:

| presented this project as a poster at the NIHR Research Leaders of
the Future meeting, Leeds 2016. (A translational study in
Gastroenteropancreatic Neuroendocrine tumours (GEP-NETSs) to
validate and assess a new molecular classification (PaNACeA)).

With Anguraj Sadanandam, | wrote an abstract based on data from

this chapter, selected for oral presentation at ENETs 2018.
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(Development of a multiplex biomarker assay to subtype pancreatic
neuroendocrine tumours (PanNETs) with distinct prognosis and
mutations).

| presented this project at the ICR Conference as an oral
presentation, London 2018. (A translational study in Pancreatic
Neuroendocrine tumours (PanNETS)).

| am in the process of preparing a manuscript (including

figures/tables) for submission, with support from the co-authors.
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3.3 Reslults

3.3.1 Initial Testing of 228 gene PanNETassigner Na nhoString Assay
(n=48)

228 gene PanNETassigner NanoString assay

The 228 gene assay PanNETassigner NanoString assay, hereafter referred
to as the 228 gene assay, was successfully developed as described in
methods. The final 228 genes and those genes removed following BLAST

analysis are detailed in Supplementary Table 3.1 (Appendix 3).

Quality and Quantity of RNA for Fresh Frozen sample s from Verona
Cohort (n=144)

For the 144 samples processed with the 228 gene assay the median RNA
concentration was 222ng/ L, range 2.8 to 4099ng/ L. RNA Integrity
number (RIN) ranged from 6.5 to 10.

228 gene assay Test Set (n=48)

The 228 gene assay was effectively performed on a test set of 48 fresh
frozen samples from the Verona cohort. Gene expression data was
successfully generated and analysed within nSolver. All samples formally
passed the nSolver QC steps as described in methods. However, 4
samples were flagged for review and these were omitted from further
analysis. 3 samples were flagged due to just lower than threshold (0.95)
linearity on positive controls which was thought to be caused by RNA
purification issues. 1 sample was flagged due to having a slightly increased

binding density (2.4) which was attributed to an excess of RNA.

3.3.2 Suitability of the NanoString platform

As described in methods, subtyping details were already available for 19/48
from the test set, from microarray data used in our previous Cancer
Discovery publication®*. Before developing the assay further we wished to
confirm that the NanoString platform could be used to accurately assign
PanNETassigner subtypes. We therefore assessed the concordance
between subtypes previously assigned using microarray data and subtypes

assigned here using the novel 228 gene assay. We used iLVM to cluster
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the NanoString gene expression data to assign subtypes, as the low
number of samples available (n=19) made other techniques such as PAM
and Pearson correlation less reliable.

Using the NanoString gene expression data for the 19 samples, iLVM
identified 3 clusters, corresponding to the Insulinoma-like, the Intermediate
and the MLP PanNETassigner subtypes. The concordance between the
subtypes assigned using iLVM with the original subtypes was assessed.
The misclassification error rate was 5% with 18/19 samples correctly
classified (Figure 3.6 and Table 3.1).

Figure 3.6 Strong Concordance between subtypes deri  ved from

Microarray data and NanoString data (iLVM)
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Figure A 1/19 samples assigned a different subtype by iLVM using 228 gene
assay data vs. microarray data. This is seen as a green circle, representing a
sample which was assigned as Intermediate according to microarray data but MLP

according to NanoString data.

Figure B. This proportion plot highlights the 95% concordance seen with the 2
platforms, with just 1 sample misclassified.
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Table 3.1 Subtypes Assigned using Microarray Data a
Assay (n=19)

Misclassified sample highlighted in red

nd 228 gene

Sample | Microarray Subtype | Nanostring iLVM Subtype
1634T MLP MLP

1635T MLP MLP

1637T MLP MLP

1638T Intermediate Intermediate
1644T Insulinoma Insulinoma
1649T Intermediate Intermediate
1650T Intermediate Intermediate
1656T MLP MLP
1657T* Intermediate MLP

1660T MLP MLP

1665T Intermediate Intermediate
1672T Insulinoma Insulinoma
1913T MLP MLP

191471 MLP MLP

1921T Insulinoma Insulinoma
1923T Intermediate Intermediate
1929T MLP MLP

1934T Intermediate Intermediate
1935T Intermediate Intermediate

3.3.3 Further Testing of the 228 Gene Assay (n=96)

Having demonstrated the suitability of the NanoString platform to assess
PanNETassigner subtypes, we went on to perform the 228 gene assay on
an additional 96 samples. Gene expression data was successfully
generated and analysed within nSolver. All 96 samples formally passed the

nSolver QC steps as described in methods with no flagged samples.

The data from the test set of 48 samples and from the additional 96
samples were then combined. The 144 samples overall included 6
replicates and 7 matched normal tissue samples. Heatmaps of the results
for the tumour samples and replicates are shown below (Figures 3.7 and
3.8).
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Figure 3.7 Heatmap of gene expression data from the 228 gene Assay

(n= 127, 6 replicates, 7 normal and 4 flagged samples removed)
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Figure 3.8 Technical Reproducibility of the 228 gen e Assay

(n=6 replicates)
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Replicate Samples

The 6 replicate samples were processed using the 228 gene assay 4 months
apart. The replicates all demonstrated a high correlation of gene expression (~1),
confirming the assay’s technical reproducibility.
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3.3.4 Subtyping using the 228 gene Assay (n=144)

We next used the NanoString gene expression data from the 144 samples
to assign PanNETassigner subtypes. As described in methods only the
genes with >80% non-zero expression were included. Here of the 198
genes (228 genes with the 30 housekeeping genes removed), 7 genes
were removed from the subsequent analyses due to 20% zero expression
(Figure 3.9).

Figure 3.9 Genes with  20% zero expression removed from analysis
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Batch Effect Assessment and Correction

To assess any batch effects between different runs of nCounter platform
experiments we used exploBATCH as described in methods (Figure
3.10)*° As this did demonstrate a batch effect, ComBat was used to

correct this.
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Figure 3.10 exploBATCH analysis of batch effect for 228 Gene Assay
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This figure shows probabilistic Principal Components (pPC) and their 95%
confidence intervals. If the confidence interval crosses O then there is no batch
effect. A Here pPC2’s confidence interval doesn't cross 0, demonstrating a batch
effect, which required correction B Demonstrates that the batch effect has been

removed using ComBat.

Non-negative Matrix Factorisation (NMF) and Rank Su  rvey

NMF was applied to the gene expression data for 127 samples (6
replicates, 7 matched normal samples and 4 flagged samples removed
from the original 144 samples) across 191 genes (30 housekeeping and 7
genes with high levels of zero expression removed from original 228

genes)#1431%5 Thjs clustering paradigm revealed 4 subtypes.

The silhouette and cophenetic quality measures, which form part of the
NMF analysis, support 4 subtypes (Figure 3.11). For each sample, the
silhouette analysis considers the distance between each gene’s expression
level and the expression level for that gene in the subtype as a whole (the
subtype’s centroid). Following multiple runs (100), the number of subtypes
chosen minimises the variability of gene expression between samples of
the same subtype and maximises the variability between samples of
different subtypes. The cophenetic analysis measures how robust the 4
subtypes are, considering if the process were repeated how many times

each sample would be allocated to the same subtype.
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Figure 3.11 Cophenetic and Silhouette Analyses asp  art of NMF
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Cophentic and Silhouette analyses support 4 subtypes as both cophenetic

coefficient and silhouette width fall for subtype numbers above 4.

Silhouette width was used again, this time from a single run, to determine

the most representative samples for each subtype. Non-representative

samples were removed as they may represent samples with mixed

subtypes. Here 14 samples were removed, leaving the 113 most robust

samples which were subsequently used to refine the 228 gene panel

(Figure 3.12).

Figure 3.12 Single Run Silhouette to determine most

samples for further analysis of PanNETassigner subt ypes
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In the silhouette plot the
samples with a silhouette width
of <0, on the left of the plot,
represent potentially mixed
samples and were removed
before analyses were
conducted to select the final
genes for the refined panel
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3.3.5 Development of the Refined 78 gene Nano-PanNE T Assay

Gene expression data from the 113 remaining samples was then used to

refine the 228 gene assay. SAM, a univariate approach to assess

differentially expressed genes as described in methods, was used to select

the smallest number of genes which could be used to differentiate the

PanNETassigner subtypes (Figure 3.13)"**. This approach selected 78

genes (Supplementary Table 3.2, Appendix 3.2) for the Nano-PanNET

assay.

Figure 3.13 SAM used to derive refined 78 gene Nano -PanNET Assay
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This figure demonstrates that if the
228 panel is refined to 78 genes the
misclassification error rate remains
low (2%) but as the number of
genes is reduced further the
misclassification error rate
increases. Therefore 78 genes were
selected for the final refined panel.

PAM was then used to derive centroids for each of the 78 genes in each of
the 4 PanNETassigner subtypes (Figures 3.14 and 3.15)'*.
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Figure 3.14 PAM Centroids for Refined 78 gene Nano- PanNET Assay
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The PAM centroids represent the average expression pattern for each of
the refined panel of 78 genes in each of the 4 subtypes
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Figure 3.15 Heatmap of Expression of selected 78 ge
