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Abstract
Identification of the molecular alterations that drive cancer is critical for precision
oncology. Profiling of a single tissue biopsy is insufficient to interrogate the full
spectrum of molecular heterogeneity that exists within a patient’s tumour, and is
not without risk to the patient. The analysis of CTCs as part of a liquid biopsy
circumvents this issue and allows single-cell analysis as well as longitudinal
monitoring over time and in response to therapy. The aim of this thesis is to
perform the first molecular characterisation of CTCs derived from NEN patients with
a view to evaluating therapeutic targets and characterising tumour heterogeneity
and evolution at the single-cell level.
Firstly, I developed an assay to enable detection of the therapeutic targets SSTR2
and SSTR5 on individual NEN CTCs. Applied to a cohort of 31 metastatic NEN
patients, I identified an SSTR+ subpopulation in 33% of patients and demonstrated
significant intra- and inter-patient heterogeneity of SSTR expression. Next, I
evaluated the size-based Parsortix platform for CTC enrichment against the gold
standard EpCAM-dependent CellSearch in a pilot study of NEN patients,
demonstrating that a higher number of CTCs could be isolated in a greater
proportion of NEN patients using this technique. Furthermore, the presence of CTCs
with low and absent EpCAM expression was observed for the first time in NEN
alongside significant intra-patient heterogeneity in EpCAM expression. In order to
fully dissect the heterogeneity observed in this early work, I developed DEPArraybased workflows to allow the single-cell evaluation of CTC copy number profiles
using

next-generation

sequencing.

The

developed

methodologies

were

subsequently tested in a representative cohort of NEN patients. By performing
comprehensive copy number profiling of 125 single CTCs, I was able to identify
recurrent and therapeutically relevant rearrangements, such as the amplification of
CDK4/6, MET and BRAF and loss of BRCA2. Unsupervised hierarchical clustering
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demonstrated CTCs with distinct clonal lineages and significant heterogeneity was
seen in CNV profiles between and within patient samples.
In conclusion, this thesis describes successful workflows for the genomic analysis of
CTCs at the single-cell level and is a step towards the implementation of precision
oncology in neuroendocrine patients. This analysis has identified CTC heterogeneity
at the single-cell level with implications for the identification of therapeutic targets,
mechanisms of resistance to therapy, tracking of evolutionary change and
biomarker refinement in NEN.
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Impact Statement
Neuroendocrine neoplasms are an extremely diverse group of cancers that have
steadily increased in both incidence and prevalence, and represent a significant
public health burden. The treatment options available for these tumours have also
expanded but, in the absence of predictive biomarkers, the optimal therapeutic
algorithms have yet to be defined. The development of biomarkers that are able to
predict response, track molecular evolution and anticipate the emergence of
resistance in this heterogeneous population, is therefore a major unmet clinical
need. The results presented in this thesis represent the first analysis of
neuroendocrine CTCs at the molecular level and represent a significant step
towards achieving this goal.
The work presented in this thesis makes several important contributions to the
growing field of ‘liquid biopsy’; (i) identification of therapeutic targets, namely
SSTR2 and SSTR5, on individual NEN CTCs (ii) evaluation of epitope-independent
enrichment platforms for CTC isolation and recovery and (iii) molecular
characterisation of NEN CTCs at a single-cell level.
The development of my assay to detect SSTR2 and SSRT5 on CTCs has been widely
disseminated through publications and presented at academic meetings. It has
been validated to GCLP standard and incorporated into two commercially
sponsored therapeutic trials (Phase IV CALM-NET study [NCT02075606] and Phase
1/2a PEN-221 study [NCT02936323]), for which UCL have served as the analytical
laboratory. These highly productive industrial collaborations are an example of how
my research has had impact through improving the ‘health and wealth of the nation
through research’, a major strategic objective of the National Institute for Health
Research. These trials will provide important external validation of the assay and
establish its utility in the setting of targeted drug delivery.
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Initial data from this project were used to secure further research funding from the
European Neuroendocrine Tumour Society in the form of the Young Investigator
Grant 2017 therefore allowing further research to take place and establishing links
with other junior investigators working within this field in the international
community. Pilot data from the enrichment and CTC isolation platforms was also
used to support a major MRC capital equipment for which the UCL Cancer Institute
was awarded £5M to establish a Single-Cell facility. This has led to productive
collaborations across different UCL departments and with different academic
institutions.
The initial data from single-cell sequencing has revealed potentially actionable
therapeutic targets providing a rationale to conduct stratified clinical trials based on
molecular analysis of CTCs. If successful, this strategy could have a major impact on
the development of personalised therapy for patients with NEN and inform the
development of biomarker driven therapeutic algorithms.
Finally, the research conducted in this thesis has brought together researchers from
different

disciplines,

including

basic

scientists,

medical

oncologists,

gastroenterologists, pathologists and bioinformaticians. Building relationships
within the scientific community and between different specialties is essential for
the future success of neuroendocrine tumour research.
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Chapter 1 Introduction to Neuroendocrine Neoplasms and
Circulating Tumour Cells
1.1

Epidemiology

Population-based studies have demonstrated a 6.4 fold increase in the age adjusted
annual incidence of NENs, from 1.09 per 100,000 in 1973 to 6.98 per 100,000 in
2012 as depicted in Figure 1 (1). This increase in incidence appears consistent across
multiple studies and different geographical regions although is most marked in
North America(1-7). The trend has been attributed to improvements in diagnostic
imaging and pathological expertise leading to the earlier detection of asymptomatic
disease. This theory has been supported by epidemiological studies reporting a
decrease in metastatic disease presentation rates, despite the overall rising
incidence(3). However, early detection alone may not fully explain this trend, as
data from the latest SEER analysis has reported a rise in incidence across all stages
of disease(1).
NENs are remarkable for their heterogeneity in terms of clinical behaviour,
prognosis and primary site, with the most common sites of origin including the GI
tract, pancreas and lungs(8). In SEER 18 (2000-2012), the highest incidences were
1.49 per 100,000 in the lung, 3.56 per 100,000 in gastroenteropancreatic sites and
0.84 per 100,000 persons in NENs of unknown primary. This heterogeneity is also
reflected in survival rates, which differ according to primary site, grade and stage of
disease. Grade 1 NETs have the highest median OS of 16.2 years, as compared to
8.3 years and 10 months for G2 and G3 disease respectively(1). In terms of primary
site, NETs in the rectum and appendix have the best median OS (24.6 and >30 years
respectively), whilst pancreatic and lung NETs have the worst (3.6 and 5.5 years).
This wide range in survival is reflected in the 20-year limited-duration prevalence
rates, which have substantially increased from 0.006% in 1993 to 0.048% in 2012
and are higher than that of other gastrointestinal cancers including hepatobiliary,
oesophageal and pancreatic carcinomas(1). With the advent of new targeted
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therapies, including everolimus, sunitinib and PRRT, the treatment options for NEN
patients have expanded considerably over the last decade and altered patterns of
OS, with patients receiving a NEN diagnosis between 2009-2012 having a 21.3%
lower risk of death compared to those diagnosed in 2000-2004(1).

Figure 1.1 Annual age-adjusted incidence of NENs by site
Figure taken from (1)

1.2

Classification

NENs are neoplasms that arise from enterochromaffin cells located throughout the
body, but most commonly within the GI tract, pancreas and lungs, reflecting the
density of neuroendocrine cells in these locations. The classification of GEP-NENs
has evolved considerably since 1963 when Williams and Sandler originally divided
them into fore-, mid- and hind-gut groups based on the embryological origins of
these tumours(9). Current guidelines according to ENETS and the WHO 2010
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classifications divide these tumours into three grade subgroups based on the
histopathological features of mitotic activity and Ki67 immunostaining. (Table 1.1.)

Grade

Classification

Ki67 Index (%)

G1
G2
G3

NET
NET
NEC

≤2
3-20
>20

Mitotic Index
(mitoses/10 HPF)
<2
2-20
>20

Table 1.1 Grading and classification of NETS and NECS according to WHO classification
(10)
Mitotic index analysis should be based on at least 50 high-powered fields (hpf) in areas with
higher mitotic density. Ki67 index should be assessed on a minimum of 500-2000 cells in
tumour areas with high density.

In cases where the two indices are discordant, the higher of the two is used to
define the final grade. Multiple studies have shown this classification system to be
an independent predictor of survival across different primary sites(11-15). In view
of this and its effect on treatment strategies, a biopsy for the reassessment of Ki67
is often recommended if the clinical progression of disease is more aggressive than
that expected based on an historic biopsy.
There remains some controversy about G3 NECs, which have traditionally been
considered to represent poorly differentiated tumours of either small or large cell
variants. However, there is a subset of NEN patients with histologically welldifferentiated disease associated with high Ki67 indices of >20% that fall into the G3
range. These well-differentiated G3 tumours tend to demonstrate clinical behaviour
that is intermediate to the well-differentiated G2 tumours and poorly differentiated
G3 NECs(16, 17). Furthermore, some studies have demonstrated a subset of
patients within the G3 NEC category defined by a lower Ki67 index (20-55%), who
respond less well to platinum-based chemotherapy but have improved survival
compared to those with a Ki67 >55%(18, 19). This further highlights the
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heterogeneity that may be found within the G3 category. The 2017 WHO
classification for pancreatic NENs formally recognises this heterogeneity and
includes both well-differentiated NET and poorly differentiated NEC within the G3
category(20).
Tumour staging is based on the Tumour, Nodal, Metastasis (TNM) criteria according
to ENETS/UICC classifications(21-23). However this is often simplified into
categories of localized, regional and distant disease in clinical practice (Tables 1.2
and 1.3).
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T - primary tumour
Tx tumour cannot be assessed
T1 < 2cm

N - regional lymph nodes
Nx cannot be assessed
N0 no regional LN involvement

T2 2-4 cm
N1 regional LN involvement
T3 > 4cm or invading duodenum
or bile duct
T4 invading adjacent organs or the
wall of large vessels
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Table 1.2 TNM staging for pancreatic NEN

M - distant metastasis
M0 no distant metastasis
M1 distant metastasis
M1a metastases confined to liver
M1b metastases in at least one
extrahepatic site
M1c both hepatic and extrahepatic
metastases

Stage:
I: T1 N0 M0
II: T2 N0 M0 or T3 N0 M0
III: T4 N0 M0 or any T N1
M0
IV: any T any N M1
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T - primary tumour
Tx cannot be assessed

N - regional lymph nodes
Nx cannot be assessed

M - distant metastasis
M0 no distant metastasis

T0 no evidence of primary tumour
T1 invades laminia propria or
submucosa and ≤1cm

N0 no regional LN

M1 distant metastases

N1 regional LN metastasis < 12 nodes
N2 large mesenteric masses >2cm and/or nodal
deposits (≥12)

M1a metastasis confined to liver
M1b metastasis in ≥1 extrahepatic
site
M1c both hepatic and extrahepatic
metastases

T2 invades musclaris propria or >1cm
T3 invades through muscularis propria
Into subserosal tissue
T4 invades visceral peritoneum or
other organs
for any T add (m) for multiple tumours
Table 1.3 TNM staging for intestinal NEN

Stage:
I: T1 N0 M0
II: T2 N0 M0 or T3
N0 M0
III: T1 N1,2 M0 or
T4 any N M0
IV: any T any N M1

1.3.1 Presentation and diagnosis
Most GEP-NENs are sporadic, but familial syndromes including von Hippel-Lindau,
tuberous sclerosis, multiple endocrine neoplasia 1 (MEN-1) and neurofibromatosis
type 1 may be associated with the development of proximal intestinal and
pancreatic NENs, often described as having a more indolent prognosis than that of
sporadic tumours(24-29). Clinical presentation depends on the site of the primary
tumour and whether it is functional or not, i.e. whether the tumours secrete
hormones responsible for characteristic syndromes of hyper-secretion. The clinical
syndromes associated with functional pancreatic NENs are outlined in Table 1.4.
Approximately 20-30% of metastatic small intestinal NENs may also present with
the typical carcinoid syndrome of diarrhoea, flushing, palpitations and
bronchospasm secondary to the release of biologically active peptides such as
serotonin, dopamine and catecholamines(25). However, the majority of tumours
are non-functional and symptoms are related to the mass effects of the tumour or
its metastases. Frequently reported symptoms include abdominal pain or change in
bowel habit and may be mistaken for other conditions such as irritable bowel
syndrome (IBS). The non-specific nature of these symptoms may lead to delays in
diagnosis and recent UK data has demonstrated significant time intervals between
commencement of symptoms and diagnosis (median time of 36 months for small
bowel NENs and 24 months for pancreatic NENs)(30) but longer delays of up to 7
years have also been reported(2). As a result, patients often present at an advanced
stage when curative treatment is no longer feasible.
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Tumour

Hormone causing
syndrome

Insulinoma
Gastrinoma
VIPoma

Insulin
Gastrin
Vasoactive intestinal peptide

Glucagonoma

Glucagon

Somatostatinoma

Somatostatin

Clinical presentation
Hypoglycaemia
Zollinger-Ellison syndrome of peptic ulceration and diarrhoea
Diarrhoea, hypokalaemia
Diabetes, necrolytic migratory erythema, thrombosis,
depression
Diabetes, diarrhoea, steatorrhoea weight loss, anaemia
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Table 1.4 Syndromes of hormone hypersecretion associated with pancreatic NEN

Pancreatic
localisation
(%)
>97
25-60
>90
>95
55

Diagnosis of NENs is based on clinical presentation, hormone assays, imaging and
histology.
1.3.1 Histology
Histopathological analysis is the gold standard for the diagnosis of NEN. Well
differentiated NENs are characterized morphologically by small tumour cells with
relatively round nuclei and a granular chromatin pattern often described as “salt
and pepper” in appearance(10). Tumour cells stain diffusely for the neuroendocrine
markers synaptophysin and chromogranin due to the presence of small clear
vesicles and large cytoplasmic neurosecretory granules respectively(31). In poorly
differentiated NEC however, chromogranin A and synaptophysin staining may be
absent and tumours demonstrate a “sheet-like” proliferation with irregular nuclei,
high mitotic features and fewer cytoplasmic secretory granules(32).
1.3.2 Functional Imaging
NENs are further characterised histologically by their over-expression of the Gprotein coupled somatostatin receptors (SSTR), of which five subtypes have been
identified(33, 34). The role of somatostatin as a wide-ranging anti-secretory peptide
was first established by Guillemin and Gerich in the 1970s(35), and the subsequent
development of long-acting somatostatin analogues such as Octreotide has been
exploited for the in vivo detection of NEN. The first SSTR-binding radioligands were
labelled with the gamma radiation emitter Indium-111 and used in single photo
emission CT (SPECT). The Octreoscan was approved for use in the 1990s for the
localisation of SSTR2-expressing tumours and remains in use in clinical practise
today. It has demonstrated superiority to conventional forms of imaging such as CT
and MRI in identifying and assessing the stage of NEN, with the exception of
insulinomas, where the small tumour size and low density of SSTR expression
hinders detection(36, 37). More recently, the SSTR2 analogue DOTA-Tyr3octreotate (DOTATATE) has been developed, which binds with higher affinity to
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SSTR2 and is rapidly excreted from non-target sites (Figure 1.2). When radiolabelled
with the positron emitter

68

Ga, it confers higher sensitivity and better resolution

with PET imaging over conventional

111

indium pentetreotide(38-40) and has been

increasingly incorporated into clinical practise.

Figure 1.2 Comparison of functional imaging modalities in a small intestinal NET patient
(a) 68Ga-DOTATATE/PET images demonstrating increased number of lesions and better
resolution compared to (b) somatostatin receptor scintigraphy. Amended from (41)

38

1.4

Management

Patients presenting with early stage disease should be offered surgical resection, as
this remains the only curative treatment option. However, approximately 50% of
patients will present with distant metastases where radical resection may not be
feasible (42). In select cases, palliative surgery or locoregional/ablative therapies
may be suitable for these patients, but the majority will go on to receive systemic
therapy with a view to improving symptom control, controlling tumour growth and
prolonging survival. Treatment as part of a multidisciplinary team is recommended
for all patients in view of the significant heterogeneity seen in NEN, and the
multitude of available treatment options (Figure 1.3).
1.4.1 Somatostatin Analogues
SSA have been used for the management of symptoms associated with hormone
secretion since the 1980s and are first line therapy in functionally active NEN. Two
placebo-controlled studies have subsequently established an antiproliferative role
for the SSTR2 and 5 targeted SSA, namely octreotide and lanreotide, in patients
with advanced NEN. The PROMID study demonstrated an improved time to
progression and disease control rate in well-differentiated intestinal NETs with the
use of octreotide (Median TTP 14.3 months versus 6 months HR=0.34; 95%CI, 0.200.59; P=0.000072)(43). The subsequent CLARINET study included pancreatic and
intestinal NETs with Ki67 <10%. PFS was significantly longer in patients receiving
lanreotide than placebo (median not reached vs median of 18.0 months, P<0.001;
HR=0.47; 95% CI, 0.30-0.73) and 24 month estimated rates of PFS were 65.1%
(95%CI, 54.0-74.1) in the lanreotide arm versus 33% (95% CI, 23.0-43.3) in the
placebo arm(44). On the basis of these studies SSA are recommended as first-line
therapy in well differentiated intestinal NET and can also be used first-line in
pancreatic NET where Ki67 <10%(42). Subgroup analyses from the CLARINET study
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also support the use of these drugs in patients with high (>25%) burden of liver
disease(44).
1.4.2 Targeted Drugs
Two targeted agents are currently approved for pancreatic NET on the basis of large
randomised placebo-controlled studies. Sunitinib is a multiple kinase inhibitor
targeting VEGFR 1-3, PDGR, c-kit, RET and FLT3. Raymond et al reported a two-fold
improvement in median PFS from 5.5 to 11.4 months in the sunitinib arm when
compared to placebo (HR 0.42; 95% CI 0.26-0.66; P=0.001), which led to the FDA
approval of this drug for progressive G1/G2 pancreatic NET, regardless of tumour
burden or Ki67 index(45). At the same time, the phase III RADIANT 3 trial reported a
similar median PFS improvement in G1/G2 pancreatic NETs treated with the mTOR
inhibitor, everolimus (11.4 versus 4.6 months, HR 0.35; 95% CI 0.27-0.45;
P<0.001)(46). Importantly, both of these agents showed only modest response
rates of 9.3% and 5% for sunitinib and everolimus respectively, highlighting their
role in delaying progression rather than radiological shrinkage. Current ENETs
guidelines recommend the use of these agents as first or second-line options with
respect to chemotherapy or subsequent to SSA therapy (Figure 1.3). However, there
are no currently available biomarkers to select those patients most likely to respond
to treatment with either drug, and questions remain over their optimal sequencing
within an increasingly complex treatment algorithm. The ongoing open-label
randomised Phase III SEQTOR trial is aiming to address some of these issues by
investigating the optimal sequence of streptozocin/5-fluorouracil chemotherapy
and everolimus in a unique trial design where patients crossover on progression
(NCT02246127).
In 2016 the results of the phase III RADIANT-4 trial also led to the recommendation
of everolimus in the management of intestinal NETS as second or third line therapy
after failure of SSA or PRRT. This randomised controlled study recruited non40

functional G1/G2 NETs of intestinal, lung or unknown primary and demonstrated a
median PFS of 11.0 months in the everolimus arm versus 3.9 months in the placebo
(HR 0.48; 95% CI 0.35-0.67; P<0.00001)(47). A retrospective subgroup analysis
showed consistent benefit across the different primary sites(47). The RADIANT-2
study also assessed the combination of everolimus plus octreotide versus
octreotide alone in functional NET and demonstrated a PFS benefit for the
everolimus arm (16.4 vs 11.3 months; HR 0.77; 95% CI 0.59-1.00; P=0.026)(48).
1.4.3 Chemotherapy
Chemotherapy may be considered for use in pancreatic NENs who have progressed
or demonstrate a heavy burden of disease. Numerous case series have described
the use of stretozocin-based (STZ) regimens in pancreatic NEN patients, but only a
limited number of phase II and small randomised trials exist and there has been no
trial comparing treatment to placebo. Two seminal randomised controlled trials
conducted by Moertel et al in 1980 and 1992 demonstrated encouraging response
rates of 63% and 69% despite the use of non-conventional methods for the
assessment of response, and the combination of STZ and 5-FU was subsequently
adopted as standard of care. Several studies have since assessed the efficacy of STZ
combinations using standard radiological response criteria and shown considerable
variation in response rates and efficacy (49-54). Most recently, three retrospective
studies investigating STZ in advanced well-differentiated pancreatic NETs were
published and reported similar objective response rates ranging between 28 and
42%, with a high rate of disease control between 72 and 92%(55-58).
There has also been increasing interest in the use of capecitabine/temozolomide
combination chemotherapy. A retrospective study performed by Strosberg et al. in
2011 demonstrated an impressive response rate of up to 70% using this
combination in the first line setting(59) and two further retrospective studies in
2016 reported similar response rates of 47.4 and 54% with additional disease
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stabilization rates of 41.5 and 35%(60, 61). However, there is no randomised data to
prove superiority over the current standard of care with STZ-based regimens.
Intestinal NENs are less chemosensitive than pancreatic NENs and chemotherapy is
not routinely recommended unless patients demonstrate rapidly progressive
disease, are of high grade (Ki67 >20%) or are SSTR negative on functional imaging.
STZ-based regimens have demonstrated response rates varying between 3-25% in
this setting(49, 52, 62, 63) and response rates to temozolomide based regimens
also appear lower than that of pancreatic NENs (64, 65).
Platinum-based chemotherapy is the recommended first-line treatment for G3 NEC.
Inherently a chemosensitive disease, high objective response rates of 40-67% are
seen using platinum/etoposide combinations but patients relapse rapidly and
median PFS remains limited at 4-6 months(19, 66-68). Second line options based on
small retrospective studies include FOLFOX and FOLFIRI, both demonstrating similar
response rates of 29 and 31% respectively and a median PFS <4.5 months (69, 70).
The large multi-centre Nordic NEC study performed a retrospective analysis of 252
NEC patients treated with chemotherapy and reported a RR of 15% to platinumbased chemotherapy in those patients with Ki-67<55%, versus 42% for those with a
Ki67 ≥55%(18). Conversely, median OS was significantly improved in the subgroup
defined by a lower Ki67 index (14 months versus 10 months; P=<0.05). In view of
this, current ENETs guidelines recommend temozolomide-based chemotherapy in
NEC patients with Ki67 <55% (41), however other studies have failed to
demonstrate a clinically useful threshold for Ki67 index allowing reliable selection of
patients for chemotherapy(71). Prospective studies are required to determine
optimal regimens in this group.
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1.4.4 Peptide-receptor radionuclide therapy (PRRT)
PRRT with radiolabelled somatostatin analogues is dependent on SSTR expression
by neuroendocrine tumour cells and allows delivery of a cytotoxic radiolabelled
compound directly to the tumour, with relative sparing of non-neoplastic tissue.
SSTR expressing cells can be targeted using either yttrium-90(72), lutetium-177(73)
or indium-111(74) radionuclides linked to an SSA. Indium-111 emits low energy
gamma photons which are detectable by SPECT gamma cameras, making it useful
for imaging purposes. However, the small particle range of its auger electrons leads
to low tissue penetrance and consequently

111

In has rarely been associated with

objective tumour response(75). Yttrium-90 and Lutetium-177 emit β-particles more
suitable for therapeutic purposes due to their improved tissue penetrance(75).
177

Lu-labelled SSA are increasingly used due to a lower kidney toxicity profile. The

only phase III trial of PRRT was conducted using

177

Lu-DOTATATE in progressive

G1/G2 intestinal NET (NETTER-1) and demonstrated a prolonged median PFS in
patients receiving PRRT compared to high-dose octreotide LAR alone (median PFS
not reached versus 8.4months; HR 0.21; 95% CI 0.13-0.33; P<0.001)(76). Estimated
rate of PFS at month 20 was 65.2% in the 177Lu-DOTATATE group and 10.8% in the
control group. Based on this trial and cumulative data from other retrospective
studies, PRRT is now recommended for G1/G2 intestinal NET as a second-line
treatment after failure of SSA or as third line treatment after progression on
everolimus. There is no prospective data for the use of PRRT in pancreatic NET, but
current ENETS guidelines recommend its use in G1/G2 disease after failure of
medical therapy including SSA, chemotherapy or targeted agents(42).
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Figure 1.3 Treatment algorithm for GEP NET
PRRT – Peptide receptor radionuclide therapy, SSA- Somatostatin analogues, TAEtransarterial embolization, BSC- best supportive care. Adapted from (77).

1.5

Genomic landscape of NET

1.5.1 Intestinal NETs
The genomic landscape of intestinal NET has been investigated with whole genome
and exome sequencing and shown these tumours to have a low mutational burden,
with an average of 0.1 somatic SNV per 106 nucleotides(78). This mutation rate is
similar to lung carcinoids(79), pancreatic NET(80), CLL(81) and AML(82) but lower
than the mutation rates seen in other solid tumours(83-85). Large scale sequencing
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studies have only identified recurrent mutations in the cell cycle regulator CDKN1B,
(cyclin-dependent kinase inhibitor 1B) with a mutation prevalence of 8% in this
patient population(78, 86-88). Heterozygous frameshift mutations in CDKN1B occur
throughout the gene, consistent with the theory that CDKN1B may act as a
haploinsufficient tumour suppressor gene in intestinal NETs. However, expression
of p27 (the protein product of CDKN1B) does not appear to be associated with
mutational status, and furthermore does not correlate with clinical characteristics
or survival(87). Potentially targetable mutations have been identified in genes
including SRC, FYN, KDR and IDH1(87), but the lack of overlap between individual
patients makes wide-scale therapeutic targeting unfeasible. These studies have also
confirmed that the classical oncogenes or tumour suppressor genes implicated in
the development of many solid tumours (for example P52, RB or KRAS) do not
appear to be involved in NET pathogenesis.
The most frequent molecular alteration in intestinal NET is hemizygous deletion of
chromosome 18q, which occurs in more than 60% of tumours(78, 86, 88-91).
Candidate tumour suppressor genes located on chromosome 18 include SMAD2
and SMAD4, but sequencing of these genes has not revealed any mutations(90, 92).
Other reported losses occur on chromosomes 11q, 16, 9, 13 and 3p with potential
tumour suppressor genes identified as p16/CDKN2A on 9p, RYBP on 3p, SDHD,
CASP1, 4 and 5 on 11q and CDH1 on 16q, although these alterations are found in
fewer than 20% of cases (78, 88, 90, 91). Copy number gains in intestinal NET are
seen most commonly on chromosome 4, 5, 7, 14 and 20(78, 88, 93) as shown in
Table 1.5. At least two studies have compared CNV in matched primary and
metastatic tissue and reported an increased frequency in metastatic sites, with the
average number of CNV per tumour being twice as high in liver metastases as
compared to primary tumours (9.5 versus 4.3)(91, 94). This observation is
consistent with cumulative genetic change occurring over the course of tumour
progression. These CNV may prove to be important clinically, and provide further
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information with regards to the natural history and prognosis of the disease.
Karpathakis et al were able to identify three distinct molecular subgroups of
intestinal NET primary tumours based on CNV which correlated with significantly
different PFS(88). Group A were characterised by Chr18 LOH only, Group B had no
large CNV and Group C harboured multiple CNV (PFS not reached at 10 years versus
56 months versus 21 months respectively; P=0.04). Other studies have also
reported gain of chromosome 14 to be a strong predictor of poor survival, possibly
due to the dysregulation of the anti-apoptotic protein DAD1(94).
1.5.2 Pancreatic NETs
Pancreatic NETs also have a low mutational burden of 0.82 per megabase (range
0.04-4.56), which is considerably lower than pancreatic adenocarcinomas (2.64 per
megabase, range 0.65-28.2) or other solid tumours(95, 96). The most frequently
mutated genes are those encoding proteins involved in chromatin remodelling.
MEN1 encodes the transcription factor menin, which in turn recruits the H3K4me3
histone MLL1 complex, which has an essential role in chromatin remodelling and
gene expression. It is well described as the underlying genetic fault in multiple
endocrine neoplasia 1, a rare inherited condition responsible for approximately one
tenth of diagnosed panNETs. Mutations in this gene have also been identified in a
large fraction (44%) of sporadic non-functioning panNET (80, 97), as well as 7% of
insulinomas, 36% of gastrinomas, 67% of glucagonomas and 44% of VIPomas(98).
The first whole exome sequencing study in panNET identified mutations in two
novel genes also strongly implicated in chromatin remodelling(80). ATRX and DAXX
interact to bind and deposit histone variant H3.3 at the telomeres and
centromere(99). Protein loss and/or mutations in DAXX or ATRX are associated with
chromosomal instability(100, 101) and alternative lengthening of telomeres
(ALT)(102), a telomerase-independent method for telomere elongation associated
with aggressive clinical behaviour and poor survival in primary panNET(103).
Mutations in DAXX and ATRX have been identified in 43% of sporadic panNET (23
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and 18% of cases respectively in 68 cases studied)(80) and appear to be mutually
exclusive. Furthermore, in a series of 243 tumours, Marinoni et al were able to
show that ATRX and DAXX loss correlates with advanced tumour stage,
development of metastases and worse overall survival(101). Other groups have
confirmed this association with advanced tumour stage, supporting the hypothesis
that ATRX/DAXX loss and ALT activation is a late event in neoplastic
transformation(101, 102, 104).
Approximately 15% of sporadic panNET also harbour mutually exclusive mutations
in genes encoding members of the mTOR pathway, including PTEN (7.1%), TSC1
(2%), TSC2 (2%) and DEPDC5 (2%)(80, 96). In 2017, the International Cancer
Genome Consortium (ICGC) whole-genome study of 98 panNET primary tumours
was published. This confirmed the previously described mutations involved in
panNET tumorigenesis, with MEN1 (36 cases) as the most commonly detected
driver gene, DAXX (22 cases) and ATRX (11 cases) losses as the second, followed by
mutations in members of the PI3K/mTOR pathway (12 cases)(96). Furthermore,
they were able to define five mutational signatures, including four that have
previously been described in other tumour types (APOBEC, age, BRCA and the
unknown aetiology) and a previously unreported base-excision repair deficiency
signature characterised by germline mutations in the MUTYH gene, coupled with
somatic loss of heterozygosity. Unexpectedly, they also reported a higher than
predicted number of germline mutations, which were described in 17% of patients
without any family history of cancer.
Chromosomal rearrangements have also been investigated in several studies
employing both array comparative genomic hybridization (aCGH) as well as singlenucleotide polymorphism (SNP) approaches and demonstrated a high number of
aberrations in panNET. The highest rate of genomic aberration is seen in nonfunctional panNET and is associated with more advanced disease, with tumours
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>2cm showing significantly more aberrations than those <2cm (105, 106). Loss of
chromosome 11q (where the MEN1 and ATM genes are located) is seen in 13-39%
of cases, as well as 11p (containing WT1 gene) and 6q(105, 107). Recurrent gains
are also seen at 17q (containing ERBB2) 7q (C-MET) and 20q. These patterns of
gains and loss are outlined in Table 1.5. As for intestinal NET, Zhao et al have
demonstrated that metastatic sites have a higher number of chromosomal
aberrations than primary tumours (mean of 17.3 versus 12.5)(108). Loss of
heterozygosity studies using microsatellite markers in panNET have shown frequent
losses including 22q12.1 (75%), 3p23 (74%), 11q13 (67%) and 6p22 (62%)(109).
Furthermore, Ohki et al have demonstrated that 75% of panNET have LOH at 1q31,
corresponding to the PHLDA3 gene, and that this genetic change correlates with
disease progression and poor prognosis(110). Scarpa et al recently described four
subgroups of patients defined by arm length copy number patterns(96). Group 1
was defined by recurrent patterns of whole chromosomal loss and was enriched in
G2 tumours. Group 2 had limited copy number events predominantly affecting
chromosome 11. Group 3 were characterised by polyploidy and had the highest
somatic mutation rate and Group 4 showed whole chromosome aneuploidy.
Recurrent broad regions of loss contained the known tumour suppressors MEN1
and CDKN2A and focal losses suggested EYA1, FMBT1 and RABGAPIL as potential
tumour suppressor genes.
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Alteration
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-1q
-1p
-3p
-6q
-10q
-11q
-11p
-18
+4
+5
+7q
+7p
+9q
+9p
+14
+17q
+20

SI-NET

PanNET

Frequency (%)

Frequency (%)
10-24
3-28
19-27
3-70
3-26
13-39
3-34

61-89
20-33
13-28

Candidate genes

Reference

HHPT2, MDA7, PHLDA3
TP73, CDKN2C, RUNX3
VHL, hMLH1, RARβ, CTNNB1, RASSF1A, RYBP
AIM1
MGMT, PTEN
MEN1, PLCB3, SDHD, TSG11, HHPT, ATM
WT1
SMAD2, SMAD4, DPC4

(105, 110)
(105)
(105)
(105)
(105)
(105)

12-47
6-37
12-43
6-29

HGF, C-MET
ERBB1
VAV2, CDK9, cABL, NOTCH1, LMX1B
JAK2, RAGA, CDKN2A

5-57

ERBB2
AURKA

20-30
17-34

Table 1.5 Chromosomal aberrations in pancreatic and intestinal NET
Only aberrations with frequency >20% are shown.

(86, 89, 90, 93, 94)
(86, 89, 90, 93, 94)
(86, 89, 90, 93, 94)
(105)
(105)
(105)
(105)
(86, 89, 93, 94, 105)
(105)
(105)

1.6

Circulating Tumour Cells

CTCs, first described by Ashworth in 1869, are tumour cells originating from either
primary or metastatic sites that have entered the haematogenous or lymphatic
circulation(111). Despite solid tumours releasing a large number of such cells into
the circulation, only a small fraction have the capacity to survive, seed to distant
organs and give rise to overt metastatic disease; most CTCs have a short half-life of
less than 2.5 hours in the circulation(112, 113) and are apoptotic(114). Identifying
the subpopulation of CTCs capable of initiating distant metastasis remains a major
challenge in this field. In addition to their role in mediating distant metastasis, it has
also been shown that CTCs can re-seed and colonise their tumours of origin,
contributing to the substantial heterogeneity of these tumours(115). CTCs can be
isolated from patient blood samples and may act as non-invasive biomarkers for
early cancer detection, prognostication, detection of recurrent disease and evolving
treatment resistance mechanisms. Other exciting applications include the ability to
culture CTCs in vitro and develop patient specific CTC-derived mouse models to
assess response to available therapies (116, 117). In small cell lung cancer (SCLC),
the response of CDXs to therapy has been shown to closely mirror overall survival of
the corresponding patients and genomic analysis demonstrated that the previously
described characteristics of the tumours were maintained(118). However, there
remain a number of challenges associated with CTC isolation, detection, and
downstream analysis. The major limitation is that CTCs are rare events, present at
very low concentrations in the order of one CTC per ten million leucocytes per ml of
blood(119).
1.7

CTC Isolation Technologies

The number of CTCs in patient samples differs according to the tumour type, stage
of disease and inherent patient-to-patient variability. Although some outliers may
have hundreds or thousands of CTCs/ml of blood, the majority of patients will have
<10 CTCs/ml. Therefore, there is a need for technologies capable of enriching for
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these rare cells without losing or damaging the few CTCs present. CTC detection
may be accomplished through a variety of means, which can broadly be subclassified as those relying on the unique physical properties of CTCs or on their
expression of tumour-specific cell surface markers.
1.7.1 Surface antigen based enrichment of CTCs
Surface antigen based enrichment relies upon the differential expression of surface
markers between cell populations. This strategy can be employed as a means of
positive selection, where CTC-specific cell surface markers are used to extract CTCs
from normal blood cells, or as negative selection i.e. where leucocyte-specific cell
markers are used to remove immune cells from the blood. EpCAM has been widely
used as a CTC-marker for positive selection, as it is commonly expressed in tumours
of epithelial origin, including NET(120, 121). EpCAM is a transmembrane
glycoprotein that is implicated in cell adhesion, signalling, proliferation and
differentiation(122, 123). Broadly speaking, surface-antigen based enrichment
platforms tend to utilise either immunomagnetic beads or microfluidic devices to
achieve CTC enrichment (Table 1.6). The archetypal example of the former is the
CellSearch® platform (Figure 1.4), which employs ferromagnetic beads coated in
anti-EpCAM antibody for the capture of CTCs, which are subsequently identified
according to morphological characteristics, positive expression of cytokeratins and
the absence of the leucocyte marker CD45(124). This is the only platform to date
that has been extensively validated with regards to reproducibility and remains the
only FDA-approved CTC detection technology(124, 125). For this reason, it is widely
used in the CTC research field where it is regarded as the gold standard for CTC
enumeration, and is one of the few platforms to have been used in large-scale
multicentre clinical trials.
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Figure 1.4 Schematic of CTC enrichment by CellSearch® platform

Another EpCAM-dependent CTC detection technology that has been employed in
NEN is the GILUPI CellCollector, which enables in vivo isolation of CTCs through the
use of a functionalised wire with a hydrogel layer covalently coupled to anti-EpCAM
antibodies(126, 127). A peripheral venous cannula is used to introduce the wire
which remains in situ for 30 minutes, during which time it is exposed to
approximately 1 litre of blood, thus maximising the opportunity to capture CTCs. In
NSCLC it has demonstrated a higher sensitivity for capturing CTCs than the
CellSearch® platform and CTCs isolated in this way were successfully characterised
for KRAS and EGFR mutational status(128). Similarly in NEN, Mandair et al observed
higher CTC counts in a greater proportion of patients using the CellCollector versus
CellSearch® and demonstrated that a CTC count ≥7 corresponded to a worse PFS
(HR 3.4, P<0.05)(126). However, it remains a more burdensome method for CTC
isolation for the patient and enumeration is more laborious than with the semi52

automated CellSearch®. Alternative EpCAM-based enrichment platforms include
microfluidic devices such as the CTC-iChip and herringbone CTC-Chip whose flow
patterns are optimised to increase exposure of blood cells to anti-EpCAM
antibodies presented on the chip surface or on microposts contained within the
chip itself (129, 130).
All of these technologies are limited by their dependence on EpCAM as a marker for
positive selection. EpCAM expression may be decreased in CTCs undergoing
epithelial-mesenchymal transition (EMT), which is a key process in tumour
metastasis. The expression of EMT markers is associated with a more aggressive
phenotype, correlated with increased migration and invasion, as well as resistance
to anoikis and apoptosis(131). Therefore, EpCAM-dependent technologies may fail
to enrich for a biologically relevant subpopulation of CTCs with enhanced
metastatic potential. In view of this, there has been increasing interest in using
alternative markers for CTC capture.
The AdnaTest, similarly to CellSearch®, enriches for CTCs through the use of
antibody coated magnetic beads (127). However, it utilises a cocktail of antibodies
specific to the tumour type (e.g. EpCAM and MUC-1 for the AdnaTest Breast™) and
is available for breast, prostate, ovarian and colon cancer. In colon cancer, this
platform has shown superior sensitivity to the CellSearch®, identifying CTCs in 81%
of metastatic CRC patients compared to 21% with CellSearch®(132).
1.7.2 Physical property based enrichment of CTCs
These enrichment platforms take advantage of the differing physical properties of
CTCs compared to leucocytes, including size, deformability, density and electrical
properties(133-135). Dielectrophoresis is an electrokinetic method whereby cells
are moved by asymmetrical displacement of electric fields. Cells of different size,
volume and surface area will have different DEP frequency responses, thus allowing
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an electric field frequency to be chosen that lies in between the crossover
frequencies of different cell types(136). Cells will either be repelled or attracted to
different regions depending on whether the applied field frequency is higher or
lower than their crossover frequency. In this way, different populations may be
isolated indirectly according to their size, volume and surface area. The ApoStream
is one such technology that has already been used for CTC isolation in sarcoma and
breast cancer(134, 137, 138).
Other devices such as the ISET employ filtration-based methods to exclude small
leucocytes whilst retaining the larger CTCs on a porous membrane(139). However,
large leucocytes may remain trapped in the filter, and it can also be difficult to
release captured CTCs from the porous membranes for downstream analysis. The
Parsortix device evaluated in this thesis overcomes this limitation by using both size
and deformability-based selection within a microfluidic cassette, so that captured
CTCs can be recovered using a reverse flow step(135). Although tumour cells have
been demonstrated to be larger and more deformable than blood cells on
average(140, 141), overlapping of their physical properties remains a limitation for
all these platforms and results in some loss of CTCs accompanied by a degree of
leucocyte contamination.
1.7.3 CTC isolation using other biological properties
Some enrichment platforms rely on the biological characteristics of viable CTCs,
such as their secretion of certain proteins and capacity for invasion. Whilst these
methods do not rely on the expression of specific cell surface markers, they do
require CTCs to remain viable in short-term cell culture and to recapitulate their in
vivo phenotype. The EPISPOT assay requires a leucocyte depletion step followed by
the short-term culture of CTCs on a membrane coated with antibodies that capture
proteins secreted by the CTCs(142). CTCs are subsequently detected by secondary
antibodies labelled with fluorochromes. The assay must be adapted according to
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the specific tumour type, for example the release of cytokeratin-19 and MUC1 is
measured in breast cancer. CTC status as measured by the EPISPOT assay correlates
with overall survival in breast cancer and allows metastatic patients to be stratified
into low and high risk groups(143). These assays may be of less use in low grade
NET, where it has historically been difficult to establish tumour-derived cell lines
due to the low mitotic activity of these tumours(144).
1.7.4 CTC isolation
Regardless of the method of CTC enrichment, all single-step platforms lack the
ability to isolate CTCs with 100% specificity and some leucocyte contamination will
persist. The presence of any wild-type DNA from leucocytes poses a significant
challenge for the downstream molecular characterisation of CTCs. This problem was
illustrated by Punnoose et al, who performed EGFR mutation analysis on DNA
extracted from CellSearch®-enriched CTCs in patients with NSCLC receiving
treatment with erlotinib and pertuzumab(145). Only one EGFR mutation was
detected in CTC-derived DNA despite the fact that eight patients had confirmed
EGFR mutation in both archival tissue and on CTCs by immunocytochemistry and
this was attributed to the low sensitivity of mutation assays (1-5%) in a background
of wild-type DNA(146). In order to avoid this contamination, an isolation step is
required following initial CTC enrichment in order to recover single-cells or pure
populations

of

cells.

This

has

historically

been

achieved

by

physical

micromanipulation using a fluorescent microscope combined with micro-pipettes.
The recently developed DEPArray platform provides a semi-automated method that
uses microfluidic cartridges with individually controllable electrodes to create DEP
cages around single-cells for precise isolation and recovery. This platform and its
possible applications are evaluated further in this thesis.
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Technology

Method of CTC enrichment

Method of CTC detection

Reference
(117, 140)

EpCAM-coated medical wire

Immunocytochemistry
RT-PCR for a panel of gene (MUC1,
HER2, EpCAM)
Immunocytochemistry

EpCAM-coated magentic beads coupled with microfluidics

Immunocytochemistry

(142)

EpCAM based selection using microfluidic inertial focusing
chip

Immunocytochemistry

(122)

Herringbone CTC-Chip

EpCAM-coated microposts and microfluidic chip surface

Immunocytochemistry or RT-PCR for
selected genes

(123)

NanoVelcro

EpCAM-based selection using patterned silicon nanowire
microfluidic chip

Immunocytochemistry

(143)

MagSweeper

EpCAM-coated magnetic beads enriched using magnetic rod

Immunocytochemistry

(144)

VeriFAST

EpCAM-based immunomagnetic selection and immiscible
phase filtration

Immunocytochemistry

(145)

Positive selection using cell-surface antigen
CellSearch

EpCAM-coated ferromagnetic beads

AdnaTest

Immunomagnetic beads with tumour specific antibodies

GILUPI cell collector
IsoFlux
pos

CTC-iChip

(141)
(119, 121)
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Technology

Method of CTC enrichment

Method of CTC detection

Reference

Depletion of CD45 positive cells and microfluidic inertial
focusing chip

Immunocytochemistry or RT-PCR for
slected genes

(122)

Microfluidic negative selection of CD45 positive cells

Immunocytochemistry

(146)

Immunocytochemistry

(135)

Immunocytochemistry

(147)

Negative selection using cell-surface antigen
neg

CTC-iChip

Microfluidic Cell
Concentrator

Alternative biological based methods
EPISPOT
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CAM

Short term culture after CD45 depletion. Detection of
proteins shed from viable CTCs.
Density gradient centrifugation and cells applied to CAM for
short term culture

Physical Selection methods
Parsortix

Size and deformability based filtration in microfluidic device

Immunocytochemistry

(128)

ISET
ApoStream

Size based filtration
Application of electric field to isolate cells

Immunocytochemistry
Immunocytochemistry

(132)
(127)

Cluster-Chip

CTC clusters isolated through bifurcating traps in microchip

Immunocytochemistry

(126)

Table 1.6 CTC enrichment platforms

1.8

CTC count as a prognostic and predictive biomarker

Baseline enumeration of CTCs has been shown to be of prognostic value in a variety
of metastatic tumours. The largest datasets relating to this have been obtained
using the CellSearch® platform described above, leading to FDA approval of
CellSearch® for prognostication in breast, prostate and colorectal cancer. CTC
thresholds are tumour-specific, with a CTC count of 5 or more per 7.5ml of blood
corresponding to worse PFS and OS in patients with metastatic breast and prostate
cancer, while a cut-off of 3 has been validated in metastatic colorectal cancer(147149). Subsequent meta-analyses including thousands of patients have confirmed
these thresholds and also shown that survival prediction is significantly improved by
the addition of baseline CTC count to clinico-pathological models(150, 151). In
addition to the FDA-approved indications, the prognostic role of CTCs has also been
demonstrated in other tumour types in the metastatic setting and demonstrated
prognostic thresholds of ≥5 in NSCLC(152), ≥2 in ovarian cancer(153) and
melanoma(154) and ≥1 in NET(155).
The use of CTCs as a prognostic biomarker in non-metastatic disease is hindered by
low overall detection rates but there is convincing evidence for their role in early
breast cancer. In a pooled analysis of 3173 patients across five institutions with
early breast cancer, CTCs were detected in 20.2% of patients, and were associated
with larger tumours, increased lymph node involvement and higher histological
grade(156). Multivariate analysis also confirmed that the presence of CTCs was an
independent prognostic factor for disease-free survival (HR 1.82; 95% CI 1.47-2.26)
and overall survival (HR 1.97; 95% CI 1.51-2.59). This finding was confirmed in early
breast cancer patients treated with neoadjuvant chemotherapy in a recent metaanalysis of 2,156 patients (157). Furthermore, there is evidence of their prognostic
role in early colorectal cancer(158, 159), NSCLC(160), pancreatic cancer(161) and
melanoma(162).
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In addition to their prognostic role, changes in CTC count over time and during
therapy may act as a predictive biomarker and yield useful information as to which
patients are most likely to respond to treatment. In SCLC, a CTC count ≥50 at
baseline is associated with a worse PFS and OS(114). However, the combination of
CTC count at baseline and after one cycle of chemotherapy can be used to predict
response to chemotherapy; patients in Group 1 with <50 CTCs at both time-points
had significantly better survival (median PFS 8.3mths; 95% CI 6.4-10.2months)
compared with those in Group 2 (≥50 CTCs at baseline, <50CTCs after one cycle;
median PFS 4.3mths; 95% CI 2.8-5.7mths) and group 3 had the worst survival (≥50
CTCs at both timepoints; median PFS 4.1mths; 95% CI 1.7-6.4mths). Similar
methods have been applied to other tumour types and demonstrated CTCs to be
strong predictors of treatment outcome in breast (163, 164), colorectal (148),
prostate(165), ovarian(166) and neuroendocrine cancer(167) and have also
demonstrated superiority to other available predictors of response e.g. PSSA, CEA,
Ca125 and CgA in prostate, rectal, ovarian and neuroendocrine cancers
respectively(166-169).
1.9

CTC count to stratify patients for treatment

There has been increasing interest in translating the prognostic and predictive role
of CTCs into clinical decision making by selecting and adjusting treatment according
to CTC count. Krebs et al performed a phase II trial (eSCOUT) of an intensive
chemotherapy regimen consisting of irinotecan, oxaliplatin, tegafur-uracil with
leucovorin and cetuximab in patients with advanced colorectal cancer where CTC
count was determined at baseline using CellSearch®(170). They compared PFS and
OS data with the similarly designed CAIRO2 study investigating capecitabine,
oxaliplatin, bevacizumab ± cetuximab where CTC counts were also available at
baseline(171). For patients with a low CTC count, no difference was found in the
median OS between the two studies (22.2 versus 22.0 months). However, for the
high CTC count group, a significant improvement in median OS was seen for the
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more intensive regime used in eSCOUT (18.7 versus 13.7 months; P=0.001). The
authors concluded that high CTC count might therefore be used to stratify patients
for more intensive treatment. This hypothesis is being tested in an on-going study
randomising patients with ≥3 CTCs to first-line treatment with either FOLFOX and
bevacizumab or FOLFOXIRI and bevacizumab (NCT01640405). The STIC CTC study is
testing the same hypothesis in metastatic breast cancer; in the experimental arm
patients with <5 CTCs at baseline will receive hormone therapy and patients with ≥5
will receive chemotherapy (NCT01710605). Outcomes will be compared to the
standard arm, consisting of clinician choice of therapy regardless of CTC count.
The SWOG S0500 study investigated the issue of whether CTC count should be used
to alter management in 123 high-risk patients with advanced breast cancer. High
risk individuals were defined as those with baseline CTC counts ≥5 that remained
elevated at this level or higher after 21 days of initial chemotherapy
treatment(172). This group were randomly assigned to either continue on the
initially chosen chemotherapy regimen until radiological evidence of progression, or
to switch to an alternative chemotherapy of the physician’s choice. Although the
study confirmed the prognostic significance of CTCs in this patient population, early
switching to alternative chemotherapy did not prolong survival in high-risk
individuals. The opposite approach is being taken in the CTC-STOP study which is
currently in active recruitment. This is a non-inferiority phase III study for patients
with metastatic castration resistant prostate cancer and is investigating whether
serial CTC counts can be used to direct the early discontinuation of docetaxel
chemotherapy without adversely affecting OS (NCT03327662).
1.10 CTCs as a liquid biopsy
In addition to the prognostic and predictive applications of CTC enumeration,
molecular characterization of CTCs could potentially provide a real-time snapshot of
the molecular make-up of a patient’s tumour as part of a “liquid biopsy”. Tissue
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biopsies remain the standard of care for tumour diagnosis, however they may fail to
reflect the full molecular profile of a primary tumour due to intratumoural and
spatial heterogeneity, which can only be addressed by taking multiple biopsies from
different areas(173). Furthermore, primary tissue may not be representative of
metastatic disease as different areas within primary and metastatic sites can
harbour different genomic profiles(174). This may be particularly true for NEN
patients, where metastatic lesions can arise several years after initial diagnosis and
subsequent to multiple lines of therapy exerting selection pressure on unstable
cancer genomes. This hypothesis was recently confirmed in a study by Walter et al,
who demonstrated significant genetic heterogeneity between primary lesions and
hepatic metastases in intestinal NET(175). CTCs may also provide more relevant
genomic information, as these are the cells with the potential to establish
metastatic disease. Unlike tissue biopsies, repeated CTC evaluation during
surveillance or therapy is non-invasive and feasible. Longitudinal sampling during
treatment could be used to monitor the tumour heterogeneity and evolution that
gives rise to resistance, allowing timely alterations to therapy (Figure 1.5).
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Figure 1.5 Use of single CTC analysis to dissect tumour heterogeneity and evolution
(a) Blood sample at baseline detects CTCs originating from both primary and metastatic
sites of disease with dominant CTC clone indicated in yellow. (b) At disease progression on
targeted therapy, dominant resistant clones emerge due to selection pressure (green cells).
(c) At time of progression on second line therapy, there is increasing tumour heterogeneity
reflected in multiple CTC clones detected in blood. Figure taken from (176).

1.11 Genomic profiling of CTCs
The majority of studies undertaking genetic analysis of single CTCs have
investigated CNV and gene mutations. Accurate assessment of point mutations in
single CTCs is highly challenging due to amplification bias introduced by wholegenome amplification and sequencing errors. Therefore, mutational analysis has
mainly been performed using targeted exome sequencing of a defined list of genes
of interest.
1.11.1 CNV in CTCs
Somatic CNV occur frequently in cancer, have prognostic impact and may be used
to guide therapy, e.g. using amplification of the ERBB2 locus to select patients for
therapy with Herceptin(177). Unlike analysis of tumour samples, analysis of CNV in
single CTCs can yield insights into inter- and intra-patient heterogeneity and may be
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tracked longitudinally during therapy. Ni et al used multiple annealing and looping
based amplification cycles (MALBAC) for the WGA of single CTCs derived from lung
cancer patients and showed that all CTCs from individual patients had reproducible
and homogenous patterns of CNV(178). Furthermore, the global CNV patterns were
almost identical between patients with lung adenocarcinoma, with an average of
78% of the gain and loss regions being shared, a finding which has also been
replicated in melanoma(179). Interestingly, patients with small cell lung cancer
exhibited different CNV patterns, implying that CNV are cancer subtype-specific,
despite again showing reproducible CNV patterns in CTCs from any given individual.
The CNV demonstrated in CTCs were more similar to those of the metastatic
tumour than of the primary, suggesting that the analysed CTCs derived from the
metastatic tumour site. Finally, the analysis of CTCs obtained sequentially from a
SCLC patient during therapy showed unchanged CNV patterns over time and were
not affected by drug treatment. This is in contrast to the findings of Dago et al in
metastatic prostate cancer, who demonstrated an evolution in the CTC CNV pattern
in line with response to therapy, followed by further changes on subsequent
progression of disease(180). Magbanua et al also investigated this issue by
performing serial genomic analysis of CTCs over time in metastatic breast cancer
patients and demonstrated differing patterns according to the individual
patient(181). CTCs were isolated at baseline, during treatment and on progression
of disease and copy number analysis performed. In one patient, correlation analysis
demonstrated low concordance between samples taken at baseline and at the
second time-point, but high concordance between the second and third time-points
suggestive of a clonal shift occurring between baseline and the second time-point.
However, a further two patients showed preserved CNV profiles over time, with
high concordance between samples taken at differing time-points and on clinical
progression.
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Carter et al have demonstrated that the CNV patterns observed in CTCs can also
predict response to chemotherapy in SCLC(182). Using a CNV-based classifier 83.3%
of cases were correctly identified as chemosensitive or chemorefractory using CTCs
obtained at baseline, prior to commencing therapy. Interestingly, in patients who
relapsed on therapy, CTC CNV profiles did not switch from chemosensitive to
chemorefractory, indicating that the genetic basis for chemosensitivity is different
to that underlying acquired chemoresistance. Consistent with the findings of Ni et
al, the majority of patients in this study showed homogeneity in CTC CNV profiles,
with 19/31 patients having uniform CNV classification as either chemosensitive or
chemorefractory. However, some intra-patient heterogeneity (where 1-4 individual
CTC calls were in disagreement with the majority) was observed in 12/31 patients,
and in these cases the concordance of the CTC CNV classifier at the single-cell level
dropped to 68%. Whilst yielding a fascinating insight into intra-patient
heterogeneity and the origins of these cells, this clearly represents a challenge for
CTC molecular-biomarker studies.
1.11.2 Mutational analysis in CTCs
Multiple studies have investigated the mutational status of CTCs with a view to
monitoring the use of targeted therapies with activity against specific alterations. In
a study of patients with EGFR mutant NSCLC confirmed on tissue biopsy, CTC EGFR
genotyping had a sensitivity of 92% as compared to only 33% in matched free
plasma DNA(183). Furthermore, serial analyses indicate an increased prevalence of
the T790M resistance allele within CTCs over time, consistent with the clinical
acquisition of resistance to EGFR-directed therapy. Combining CTC- and ctDNAbased analyses allowed T790M genotyping in all patients with available blood
samples, and identified the mutation in 35% of patients in whom a concurrent
biopsy was negative or indeterminate(184). Similarly, mutations in the AR
(androgen receptor) gene are a mechanism of acquired resistance to androgendeprivation therapy in castration-resistant prostate cancer (CRPC), where limited
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tumour tissue may be available for analysis. Jiang et al demonstrated 27 AR
mutations in isolated CTC samples from 20 (57%) of the 35 patients analysed, the
majority of which had been described as acquired mutations in tissue from CRPC
patients. The molecular profiling of CTCs has been limited in some cases by low CTC
counts. Mostert et al detected KRAS and BRAF mutations in CTCs in only 6 (14%) of
43 patients with metastatic colorectal cancer and were unable to correlate tissuebased mutational status with CTCs. Of the 6 patients in whom mutations could be
detected, 5 had CTC counts >3 per 30 ml of blood and the authors concluded that
improved CTC enrichment and mutational analysis approaches were required in
patients with low CTC counts(185). Using the IsoFlux enrichment system, Harb et al
were able to isolate >4 CTCs in 87% of patients and obtained a higher KRAS mutant
rate of 50% in CTCs(186). Interestingly, 46% of patients demonstrated discordance
between the KRAS mutational state in CTCs and in previously acquired tissue
biopsy. This has been confirmed by a recent meta-analysis including 244 patients
with colorectal cancer, which described mutational discordance between CTCs and
primary tissue more pronounced in patients with Stage IV disease(187). Speicher et
al performed massive parallel sequencing of a panel of 68 colorectal-cancer
associated genes to compare the mutational spectrum in matched primary
tumours, metastases and CTCs(188). Mutations in known driver genes such as APC,
KRAS and PIK3CA were identified in primary tissue, metastatic tissue and
corresponding CTCs. However, they also identified mutations in CTCs that were not
seemingly present in either primary or metastatic tissue. To investigate this further,
additional deep sequencing of the primary and metastatic tumours was performed
and demonstrated that the mutations identified exclusively in CTCs were also
present in tissue at a subclonal level. This suggests that CTC analysis is able to
identify rare subclonal genetic alterations that may not be detectable in standard
sequencing of primary or metastatic tumour samples.
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Interestingly, intra- and inter-patient heterogeneity has also been described in the
mutational status of CTCs. In metastatic breast cancer, multiple studies have
demonstrated heterogeneity of PIK3CA mutational status amongst CTCs isolated
from individual patients (189-191). In NSCLC, significant heterogeneity is also seen
in point mutations and INDELs amongst individual CTCs derived from a single
patient(178). De Luca et al performed a 50-gene NGS panel on WGA products of
CTCs isolated from four patients with metastatic breast cancer. The majority of
identified mutations were present in only one CTC from the same patient
highlighting the importance of single-cell analysis to detect intra-patient
heterogeneity and identify rare mutations that may be missed by bulk analysis of
the sample(192).
1.12 Clinical trials incorporating molecular features of CTCs
There has been extensive interest in translating the genetic and molecular analysis
of CTCs into clinical use, but limited interventional studies have taken place to date.
Two small phase II studies have evaluated the role of lapatinib, a tyrosine kinase
inhibitor of the HER2 and EGFR pathways, in metastatic breast cancer patients with
HER2-negative primary tumours and HER2/EGFR-positive CTCs. Both failed to
demonstrate an objective response in any of the enrolled patients(193, 194). The
ongoing Phase III DETECT III study is randomising patients with HER2 negative tissue
and HER2 positive CTCs to receive standard first line therapy +/- lapatinib and its
results are eagerly awaited (NCT01619111). One positive phase II study assessed
the role of CK19 mRNA-positive CTCs in early HER2 negative breast cancer(195).
CK19 is a marker of chemotherapy-resistance and the trial design was to select a
high-risk patient population that may benefit from additional adjuvant treatment.
Patients with HER2 negative breast cancer and detectable CK19 mRNA-positive
CTCs before and after adjuvant chemotherapy were randomised to receive
secondary adjuvant treatment with trastuzumab versus observation. After
trastuzumab administration, 75% of women became CK19 mRNA-negative
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compared to 7.9% in the observation arm and the median DFS was significantly
higher for patients in the treatment arm(195). Treatment selection and monitoring
based on the molecular features of CTCs has the potential to begin a new era of
personalised medicine. However, low CTC counts and intra-patient heterogeneity of
the alterations associated with drug resistance pose ongoing challenges to clinical
decision making. Further single-cell studies are required to investigate how this
heterogeneity at a single-cell level affects response to specific targeted therapies.
1.13 CTCs in NEN
CTCs were first detected in patients with NEN in 2011(120). Initial
immunohistochemistry studies demonstrated that NENs of midgut, pancreatic and
gastric primary displayed strong membranous EpCAM expression with more
variable expression seen in bronchopulmonary NEN. This provided a rationale for
exploring the EpCAM-dependent CellSearch® as an enrichment platform and CTCs
were subsequently detected across the tumour subtypes in 79 patients with
metastatic NEN and the presence of CTCs was noted to be associated with
radiological progression(120). A further study in 176 metastatic NEN patients
demonstrated that 51% midgut NEN and 36% PanNEN patients had ≥1 CTC and that
the presence of CTCs was associated with increased tumour burden, grade and
elevated serum CgA(155). CTC enumeration was also found to be prognostic, with a
threshold of ≥1 CTC per 7.5ml of blood corresponding to a worse PFS and OS (HR
6.6 and 8.0 respectively; P<0.001) (Figure 1.6). CTCs remained prognostic for PFS
and OS when other variables such as grade, tumour burden and CgA were analysed
in multivariate analysis; HR 3.3 (P=0.001) and 3.7 (P=0.003) respectively. By
contrast, CgA was not prognostic (HR 1.5; P=0.4). In view of these encouraging
results, the serial enumeration of CTCs was evaluated as a predictive biomarker of
response to therapies including SSA, chemotherapy, PRRT and trans-arterial
embolization (TAE) in 138 patients with metastatic disease(167). Early posttreatment (3-5 weeks after initiation of therapy) dynamic changes in CTC count
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were significantly associated with radiological response and OS (P<0.001).
Furthermore, these parameters could be used to categorise patients according to
their differing prognosis; patients with 0 CTCs before and after therapy having the
best prognosis, followed by those with ≥50% reduction in CTCs (HR 3.31) and those
with a <50% reduction or increase in CTC count having the worst outcome (HR
5.07).
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Figure 1.6 CTCs as prognostic and predictive biomarkers in NEN
A. Survival curves according to the presence of CTCs B. OS dependent on changes in CTCs at
first post-treatment time point (3–5 weeks) compared with baseline CTC in groups (group
A: 0 CTCs at baseline and 0 CTCs post-treatment; group B: ≥50% reduction in CTCs; group C:
all others). Figures taken from (155, 167).

69

1.14 Hypothesis
As outlined above, CTCs have been identified in metastatic NEN patients using the
CellSearch® platform and their enumeration shown to be both prognostic and
predictive of response to therapy. The hypothesis underpinning this thesis is that
CTCs can also be used as a liquid biopsy in patients with NEN in order to evaluate
therapeutic targets and allow molecular characterisation of tumour heterogeneity
and evolution.
1.15 Aims of this project
The aims of this project are:
-

To develop an assay to allow the detection of SSTR2 and 5 receptors on NEN
CTCs using the CellSearch® platform and correlate these results with tissue
immunohistochemistry. To assess inter- and intra-patient heterogeneity in
SSTR status of CTCs and evaluate concordance between CTCs and tissue.

-

To conduct the first study of epitope-independent enrichment of CTCs in
NEN using the Parsortix platform and compare CTC enumeration with the
current gold standard CellSearch®. Furthermore, to investigate the
characteristics of the captured cells in terms of EpCAM expression.

-

To establish and assess the feasibility of DEPArray-based protocols for the
isolation and molecular characterization of single CTCs and FFPE-derived
tumour cells using a next generation sequencing approach and to evaluate
the impact of any known variables on the quality of DNA obtained through
these methods.

-

To perform low pass whole genome sequencing of single CTCs isolated from
metastatic NEN patients in order to analyse CNV profiles at a single-cell level
and evaluate whether these cells are genetically distinct from one another.
To use the CNV data to investigate heterogeneity at the genomic level both
between and within individual patients and identify potentially actionable
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targets where possible. Furthermore, to perform a similar analysis of singlecells and pools of cells derived from FFPE with a view to tracing the clonal
origins and evolution of CTC subpopulations.
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Chapter 2
2.1

Detection of SSTR2 and 5 expression on NEN CTCs

Introduction

Gastroenteropancreatic

(GEP)

neuroendocrine

neoplasms

represent

a

heterogeneous disease entity with diverse biological and clinical features. They are
characterised histologically by high expression of somatostatin receptors(2), of
which 5 different subtypes have been identified. The most commonly expressed is
SSTR2, followed by SSTR1, SSTR5 and SSTR3, while SSTR4 is the least expressed
subtype(196, 197). This unique expression profile has been successfully exploited
for both diagnostic and therapeutic applications through the use of somatostatin
analogues (SSA), which bind with high affinity to SSTR2 and SSTR5(198). SSA are
commonly used to control symptoms arising from hormone hyper-secretion in
functional NETs, and recent randomized trials have also demonstrated an antiproliferative effect resulting in delayed tumour progression(43, 44). Somatostatin
receptor expression has also been investigated as a potential prognostic factor and
SSTR2a but not SSTR5 expression has been shown to be an independent positive
prognostic factor for survival in pancreatic NEN although prospective validation
remains outstanding(199).
In routine clinical practice, SSTR expression is evaluated by imaging using
scintigraphy or positron emission tomography (PET) but the resolution of these
modalities is insufficient to define intra-tumoural heterogeneity of SSTR expression,
nor is imaging the optimal method to track changes in expression that may arise
during therapy. I hypothesised that SSTR expression could be measured on CTCs
and provide insights into the heterogeneity of expression as well as a means of
tracking expression over time and during therapy. Using the CellSearch® system, it
has previously been demonstrated that CTCs are detectable in patients with NEN
and that their presence is an adverse prognostic factor(120, 155). Additionally, early
changes in CTC numbers predict survival in response to therapy(167). In this chapter
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I describe the development of a CellSearch® based assay for detecting SSTR
expression on CTCs and its application in a cohort of GEP-NEN patients who have
correlative imaging and histological data regarding SSTR expression.
2.2

Methods

2.2.1 Cell Culture
Cell

spiking

experiments

were

performed

using

the

human

colorectal

adenocarcinoma cell line HT29 and human breast cancer cell line MCF-7 purchased
from American Type Culture Collection. MCF-7 cells were cultured in Modified
Eagle’s Medium (MEM, Life Technologies) with 10% FBS, 1mM MEM non-essential
amino acids (Life Technologies) and 2mM L-glutamine (Sigma). HT29 cells were
cultured in McCoy’s 5A medium (Life Technologies) supplemented with 10% FBS
and 2mM L-glutamine. All cell lines were tested on a six-monthly basis for
Mycoplasma infection using the e-MycoTM plus Mycoplasma PCR Detection Kit
(iNtRON Biotechnology) according to manufacturer’s protocols and stored in a
humidified chamber at 37°C and 5% CO2. Cells were harvested using trypsin-EDTA
(T3924-100ML, Sigma).
2.2.2 Generation of SSTR2 and SSTR5 expressing cell lines
Cell lines expressing both EpCAM (for enrichment using CellSearch®) and SSTR2 and
5 were required in order to develop a CTC based assay for SSTR expression. To
achieve this, MCF-7 cells were transiently transfected with a mammalian expression
vector carrying full length human SSTR2 or SSTR5 using GeneJuice reagent
(Novagen) according to the transfection reagent kit protocol under the following
optimized conditions; MCF-7 cells were grown to 80% confluence in MEM medium
with 2 mM Glutamine, 1% Non-Essential Amino Acids and 10% Foetal Bovine Serum
(FBS) in 24 well tissue culture plates at 37oC and humidified with 5% CO2. Plasmid
pcDNA6.2/hSSTR2 (provided by Ipsen) was mixed with the GeneJuice transfection
reagent at a ratio of 1.5μL transfection reagent to 0.5μg DNA and transfection
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performed in complete medium for 48 hours prior to trypsinising and freezing at 80°C in FBS with 10% DMSO. In order to assess the efficiency of the transfection,
cells were grown on glass coverslips and fixed with 4% paraformaldehyde for 10
minutes. Cells were then permeabilised in PBS with 0.5% Tween for 15 minutes and
blocked in PBS with 5% bovine serum albumin (blocking solution) for 30 minutes.
Coverslips were then incubated with 36μg/ml anti-SSTR2 Antibody (UMB1) (Abcam;
ab134152) or 14.8μg/ml anti-SSTR5 Antibody (UMB4) (Abcam; ab109495) in
blocking solution for 1 hour. The primary antibody was washed off with PBS and the
coverslips incubated with Alexa Fluor 488 Goat Anti-Rabbit IgG (H+L) Antibody
A11008 (Invitrogen Life Technologies) diluted 1:200 in blocking solution for a
further hour. The secondary antibody was washed off with PBS and the coverslips
mounted on slides using ProLong® Gold Antifade Mountant with DAPI (Life
Technologies, P-36931). Cells were imaged using the Zeiss Axio M1 microscope and
transfected cells visualized using standard fluoroisothiocyanate (FITC) filters to
confirm SSTR2 and SSTR5 expression respectively. Overall transfection efficiency
was calculated by dividing the number of FITC-positive cells by total number of cells
observed in 3 randomly chosen but representative fields and calculating the mean
value.
2.2.3 CTC Isolation and Enumeration on the Cellsearch Platform
Blood (7.5mls) was collected into CellSave tubes (Veridex LLC) containing a
proprietary optimised cell preservative. All samples were kept at room temperature
and processed within 96 hours using the Celltracks® Autoprep® and Analyzer II®
platform for the semi-automated enrichment and enumeration of CTCs. To
summarise, 7.5ml of blood was mixed with 6ml CellSearch® dilution buffer and
centrifuged at 800g for 10 minutes prior to running on the Celltracks® Autoprep®
system. CTCs were then magnetically separated from other cells in the blood using
ferrofluid nanoparticles conjugated to antibodies targeting EpCAM, prior to

74

aspiration of unbound cells. Cell labelling was then performed with the following
staining reagents:
•

Anti-CK-PE for identification of intracellular cytokeratins 8, 18, and/or 19

•

Anti-CD45-APC for identification of leukocytes

•

DAPI to stain nuclear material

Captured and stained cells were transferred to the sample cartridge, which sits
inside the MagNest cartridge holder. The magnetic field of the holder allows
captured cells to migrate to the analytical surface of the cartridge. The Celltracks
Analyzer II® system then uses fluorescence-based microscopy to perform an
automated scanning procedure of each cartridge before presenting candidate
fluorescent images of CTCs in a gallery formal for final classification by the user
(Figure 2.1). The following criteria were used by two independent operators to
classify cells as CTCs:
•

Positive for CK-PE

•

Positive for DAPI

•

Absent CD45-APC, unless due to spill over from an unusually bright CK-PE
signal.

•

Cell size > 4μm.

•

Size of DAPI smaller than that of CK-PE.

•

At least 50% of the DAPI overlapped or enclosed by CK-PE.

•

Non-fragmented or overly pixelated CK-PE (outline of the cell must be
visible).
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Any discordant results were reviewed together to reach agreement.

Figure 2.1 Image reconstruction from Celltracks Analyser II®
Each row represents a detected ‘event’ presented in gallery format for review by the
operator. The columns depict different staining channels for each given event and the
corresponding antibody is labelled at the top of each column. Events A, B and C are
examples of CTCs which demonstrate a clear nuclear stain (DAPI) surrounded by positive CK
staining (PE filter) in the absence of CD45 signal (APC filter). Event D shows a further CTC
(circled in green) and an additional CK-CD45+ cell (circled in pink), which represents a
leukocyte. Event E does not meet the criteria for a cell, as demonstrated by equivalent
staining in all channels.
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2.2.4 Detection of SSTR expression using CellSearch®
Approximately 500 transfected cells were spiked into 7.5ml healthy donor blood
collected into CellSave tubes (Veridex LLC) and analysed using the Celltracks®
Autoprep® and Analyzer II® as previously described. In addition to the semiautomated staining for pan-cytokeratin, CD45 and DAPI, a fluorescein
isothiocyanate (FITC) conjugated antibody can be added to the fourth fluorescence
channel to further characterise cells for an additional marker of interest. For this
study, anti-SSTR2 antibody (UMB1, Abcam; ab134152) and anti-SSTR5 antibody
(UMB4, Abcam; ab109495) were provided as Alexa-488 conjugates by Abcam. Cells
were defined as positive for SSTR expression when staining was present in the
fourth channel. Test runs were carried out on the Celltracks® Autoprep® and
Analyzer II® in order to determine optimum antibody concentrations and exposure
times for the SSTR2 and SSTR5 antibodies. SSTR2-AF488 antibody was diluted 1:10
in PBS (to 50μg/ml) for the first run and 1:5 in PBS (100μg/ml) for the second run.
Exposure times for the fourth channel on the Celltracks Analyzer II were tested on
the first run at 0.1, 0.8 and 4.0 seconds. Exposure time for the fourth channel was
set at 0.8 seconds for the second run. SSTR5-AF488 antibody was diluted 1:20 in
PBS (10μg/ml) and tested at the following exposure times; 0.1, 0.8 and 4.0 seconds.
For each run the percentage of SSTR2 or 5 positive spiked cells was calculated and
compared to expected rates based on previous transfection efficiency calculations.
Optimum antibody concentrations and exposure times were then determined for
each antibody respectively, as summarised below:
•

Anti-SSTR2 AF488 1:10 (50μg/ml); exposure time 0.8 seconds

•

Anti-SSTR5 AF488 1:20 (10μg/ml); exposure time 0.8 seconds
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2.2.5 SSTR Assay Validation
Having defined the optimum concentration and exposure times for the SSTR2 and 5
conjugated antibodies, these conditions were validated in three separate runs per
antibody, performed on different days using different healthy blood donors. For
each test, four samples from one healthy donor and a CellSearch® CTC control
sample were analysed using a CellSearch® Circulating Tumour Cell Kit on the Veridex
CellTracks® Autoprep System and the Celltracks Analyzer II®. The four samples were
as follows:
1. Healthy donor blood alone
2. Healthy donor blood spiked with bland MCF-7 cells
3. Healthy donor blood spiked with SSTR expressing MCF-7 cells
4. Healthy donor blood spiked with SSTR expressing MCF-7 cells

Pre-prepared aliquots of MCF-7 cells (100μl aliquots of 5×104 cells per ml
suspension) and SSTR2 or 5 transfected MCF-7 cells (100μl aliquots of 2.5×104 cells
per ml suspension) were thawed on ice and diluted in 900μl PBS. 100μl of bland
MCF-7 or 200μl of SSTR-transfected MCF-7 cell suspensions (approximately 500
cells) were then added to 7.5ml of healthy donor blood in order to prepare samples
2-4 as listed above. For samples 1-3, Alexa-Fluor 488 conjugated SSTR2 or 5
antibodies were used at the pre-determined concentrations and sample 4 was run
in the absence of any SSTR antibodies as a negative control. Acceptance criteria for
the validation runs were as follows:
i.

Non- spiked and Non-expressing MCF-7 spiked samples (samples 1 and 2)
must be negative for SSTR.
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ii.

Samples spiked with SSTR expressing MCF-7 cells must be ≥10% positive for
SSTR when tested with the antibody.

iii.

Samples spiked with SSTR expressing MCF-7 cells must not show
fluorescence in the 4th channel (negative control channel) when no antiSSTR antibody is added.

2.2.6 Flow Cytometry
In order to investigate the sensitivity of SSTR2 and SSTR5 detection using the
CellSearch® platform, expression levels were also quantified by flow cytometry for
direct comparison. Transfected MCF-7 cells were prepared as previously described
and harvested using trypsin. Approximately 500 cells were spiked into healthy
donor blood and analysed by CellSearch® as previously described. The remaining
cells from the same transfection were prepared for flow cytometry as follows; cells
were re-suspended in 1ml PBS, centrifuged and re-suspended in 0.5ml
paraformaldehyde prior to incubation at room temperature for 8 minutes. A
further centrifugation step was performed before samples were washed in 1ml PBS
and re-suspended in 700μl PBS for storage at 4°C. To evaluate SSTR expression, cells
were stained in triplicate in 96 well plates using 50μg/ml SSTR2 (UMB1, Abcam;
ab134152) or 10μg/ml SSTR5 (UMB4, Abcam; ab109495) Alexa-488 conjugated
antibodies and analysed using a BD Fortessa X20 (BD Biosciences). The percentage
of single-cells positive for SSTR2 or 5 was then calculated and compared to that
detected using CellSearch®.
A proportion of NET patients receive long-term treatment with SSA, therefore in
order to establish the effect of SSA on the ability to detect SSTR expression in CTCs,
the expression analysis was also performed in the presence of SSA. Transfected
MCF-7 cells were treated with either 0ng/ml, 10ng/ml or 100ng/ml lanreotide (BIM-

79

23014; provided by Ipsen). Untransfected cells were also treated identically and
used as negative control cells. After 16 hour overnight incubation, cells were
trypsinised and fixed with 4% paraformaldehyde and stored at 4°C. Cells were
stained in triplicate with 50μg/mL SSTR2 or 10μg/mL SSTR5 and analysed by BD
Fortessa X20. Between 2000-10000 events were counted and the median
fluorescent intensity (MFI) was recorded and plotted.
2.2.7 Healthy Donor Volunteers
Healthy volunteers donated blood for all cell-spiking experiments. Ethical approval
was granted from the National Research Ethics Service (NRES) Committee Yorkshire
and The Humber – Leeds East (REC reference number: 15/YH/0311) and written
informed consent was obtained prior to sample collection. As with patient samples,
the first 5 ml of any blood draw was discarded in order to minimise the potential for
contamination with skin epithelial cells.
2.2.8 Patients
To be eligible for this study patients were required to have; histologically confirmed
neuroendocrine tumour and metastatic disease measurable by Response Evaluation
Criteria in Solid Tumours (RECIST). Data was collected on age, gender, primary site,
grade according to the European Neuroendocrine Tumour Society (ENETS)
guidelines, and presence of uptake on Gallium-68 Dotatate PET/CT or Indium-111
pentetreotide scintigraphy. This study was approved by the Local Ethics Committee
(IRAS ref 13/LO/0376) and all participants were required to provide written
informed consent.
2.2.9 Immunohistochemistry
Tumours were classified according to primary site and graded according to the
ENETS guidelines(22). Sections (3μm) of tumour tissue were deparaffinized in
xylene and rehydrated in graded alcohols. Sections were then placed in 0.5%
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hydrogen peroxidase in methanol for 10 minutes to block endogenous peroxidase
activity. Microwave antigen retrieval was performed for 20 minutes in citrate
buffer. Immunohistochemical staining was carried out using the NovoLink polymer
detection system (Novocastra). A section from each tissue specimen was incubated
with either (i) rabbit anti-SSTR2 antibody (UMB1) (Abcam; ab134152) or (ii) rabbit
anti-SSTR5 antibody (UMB4) (Abcam; ab109495) at a dilution of 1:100 for 1 hour at
room temperature. Samples then underwent post-primary block for 30 minutes
followed by NovoLink polymer for 30 minutes in a humidity chamber at room
temperature. Reaction products were visualized using freshly prepared NovoLink
DAB (3,3’-diaminobenzidine tetrahydrochloride) solution for 10 minutes by adding
50μl of DAB chromagen to 1ml of Novolink DAB substrate buffer. Slides were
counterstained with Mayer’s haematoxylin and mounted. Normal pancreatic tissue
served as internal positive controls. The semi-quantitative analysis of the stained
sections was performed by an independent pathologist without any knowledge of
pathological data using the DAKO HER2/neu score(200) (Table 2.1).

Staining Pattern

Score

No staining is observed, or membrane staining is observed in <10% of the
tumour cells.

0

A faint/barely perceptible membrane staining is detected in >10% of
tumour cells. The cells exhibit incomplete membrane staining.

1+

A weak to moderate complete membrane staining is observed in >10% of
tumour cells.

2+

A strong complete membrane staining is observed in >10% of tumour cells.

3+

Table 2.1 Scoring guidelines for SSTR2 and 5 immunohistochemistry
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2.2.10 Evaluation of CTCs from NEN patients
For each patient, two 7.5ml blood samples were collected into evacuated CellSave
tubes (Veridex LLC) and maintained at room temperature. All samples were
processed within 96 hours of collection. The CellSearch® platform was used for
detection and enumeration of CTCs as previously described. Analysis of SSTR2 and
SSTR5 expression on CTCs was performed using Alexa Fluor 488-conjugated
Somatostatin Receptor 2 antibody and Alexa Fluor 488-conjugated Somatostatin
Receptor 5 antibody at pre-determined concentrations and exposure times. Cells
were defined as positive for SSTR2 or SSTR5 when 4th channel staining was present.
All evaluations regarding enumeration of CTCs and expression of SSTR2 and SSTR5
were made by two independent operators without knowledge of patient pathology.
2.3

Results

2.3.1 SSTR expression in transfected cell lines
As the CellSearch® platform isolates cells according to EpCAM expression, the
development of this assay required a cell line expressing both EpCAM and SSTR2/5.
This was achieved by transiently transfecting the EpCAM+ human breast cancer cell
line MCF-7 with a mammalian expression vector carrying full length SSTR2 or SSTR5
as described previously. After performing the transfection, cells were grown on
cover slips and manual immunofluorescence performed in order to confirm SSTR2
or 5 expression and estimate the approximate transfection efficiency. Images
shown in Figure 2.2 and 2.3 confirm that SSTR2 and 5 expression could be detected
in the appropriately transfected cell lines and that the antibodies were specific for
the SSTR subtype of interest. Manual estimation of transfection efficiency was
achieved by dividing the number of FITC-positive cells by total number of cells
observed in three randomly chosen but representative fields and calculating the
mean value. Transfection efficiency was 16% for SSTR2-transfected MCF-7 cells and
14% for SSTR5-transfected cell lines.
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Figure 2.2 Manual immunofluorescence of SSTR2-transfected MCF-7 cells
Manual immunofluorescence of SSTR2-transfected cells confirmed successful transfection with approximately 16% of cells positive for
SSTR2 (green). Nuclear content stained with DAPI (blue). Specificity of SSTR2 antibody confirmed by lack of signal when stained with
SSTR5 antibody or with secondary antibody alone.
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Figure 2.3 Manual immunofluorescence of SSTR5-transfected MCF-7 cells
Manual immunofluorescence of SSTR5-transfected cells confirmed successful transfection with approximately 14% of cells positive for
SSTR5 (green). Nuclear content stained with DAPI (blue). Specificity of SSTR5 antibody confirmed by lack of signal when stained with
SSTR2 antibody or with secondary antibody alone.

2.3.2 Detection of SSTR expression using CellSearch® in spiked MCF-7 cells
Approximately 500 SSTR2 and SSTR5 transfected MCF7 cells were spiked separately
into 7.5ml healthy donor blood.

A range of antibody concentrations (SSTR2:

50µg/ml and 100 µg/ml; SSTR5; 10 µg/ml) and three different exposure times (0.1s,
0.8s and 4.0s) were used to scan samples using a CellSearch® CTC Kit on the
Celltracks® Autoprep® and Analyzer II® (Figure 2.4).

Figure 2.4 CellTracks Analyzer II images of SSTR transfected MCF-7 spiked blood samples
(i) SSTR2 positive tumour cell (ii) SSTR2 negative tumour cell (iii) SSTR5 positive tumour cell
(iv) SSTR5 negative tumour cell.
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In order to calculate the optimal antibody concentration and exposure time for use
in the CellSearch®, SSTR2 and 5 positive MCF-7 cells were enumerated and
compared to expected values based on the calculated transfection rate for that
sample (SSTR2; 16%, SSTR5; 14%) and the input number of spiked cells (Table 2.2
and Table 2.3).
SSTR2
Antibody
Dilution
(µg/ml)

Analyzer II 4th
channel
exposure time
(s)

Number of
CTCs

Number of
SSTR2+ CTCs

Percentage of
SSTR2+ CTCs
(%)

50

0.1

83

6

7.2

50

0.8

105

13

12.4

50

4.0

84

11

13.1

100

0.8

675

69

10.2

Table 2.2 SSTR2 antibody evaluation in spiked CellSearch® samples
The highlighted row indicates optimum antibody concentration and exposure times for the
SSTR2-AF488 antibody, at which the percentage of SSTR2+ CTCs fell within the expected
range of 10-20% based on the observed 16% SSTR2 transfection rate calculated by manual
immunofluorescense. Exposure time of 0.8 seconds was chosen over 4 seconds to reduce
risk of background signal being interpreted as true staining.

SSTR5
Antibody
Dilution
(µg/ml)
10
10
10

Analyzer II 4th
channel
exposure time
(s)
0.1
0.8
4.0

Number of
CTCs

Number of
SSTR5+ CTCs

Percentage of
SSTR5+ CTCs
(%)

68
109
68

2
16
5

3
15
7

Table 2.3 SSTR5 antibody evaluation in spiked CellSearch® samples
The highlighted row indicates optimum antibody concentration and exposure times for the
SSTR5-AF488 antibody, at which the percentage of SSTR5+ CTCs fell within the expected
range of 10-20%, based on the observed SSTR5 transfection rate of 14% calculated by
manual immunofluorescense. Exposure time of 0.8 seconds was chosen over 4 seconds to
reduce risk of background signal being interpreted as true staining.
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A scanning exposure time of 0.8s and antibody concentration of 50µg/mL for SSTR2
and 10µg/mL for SSTR5 were found to be optimal for use in the CellSearch® and
detected an appropriate proportion of SSTR-transfected MCF-7 cells based on the
transfection efficiencies demonstrated using manual immunofluorescence. Three
validation runs were subsequently performed using these conditions and healthy
donor blood to confirm that the results were reproducible and met GCLP standards
for use as an assay in clinical trials (Table 2.4 and Table 2.5). For each run, four
samples using blood from a healthy donor and a CellSearch® CTC control sample
were analysed. The four samples included: (i) healthy donor blood alone with antiSSTR antibody (ii) healthy donor blood spiked with 500 untransfected MCF-7 cells
with anti-SSTR antibody (iii) healthy donor blood spiked with 500 transfected MCF-7
cells with anti-SSTR antibody and (iv) healthy donor blood spiked with 500
transfected MCF-7 cells analysed without anti-SSTR antibody.
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Sample ID

SSTR2-AF488
Run
Antibody
number Concentration
(μg/ml)

Number
of CTCs

Number
of SSTR2+
CTCs

SSTR2+
CTCs (%)

0

0

0

0

0

0

3

0

0

0

1

392

0

0

484

0

0

3

418

0

0

1

242

32

13.2

341

40

11.7

3

371

42

11.3

1

203

0

0

366

0

0

373

0

0

1
Blank

Bland MCF-7

SSTR2+ MCF-7

+

SSTR2 MCF-7

2

2

2

2

50

50

50

0

3
Table 2.4 SSTR2-AF488 antibody validation runs

Validation runs performed on CellSearch® for SSTR2-AF488 antibody and SSTR2+ MCF-7
cells.
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Sample ID

SSTR5-AF488
Run
Antibody
number Concentration
(μg/ml)

Number
of CTCs

Number
of SSTR5+
CTCs

SSTR5+
CTCs (%)

0

0

0

0

0

0

3

0

0

0

1

479

0

0

498

0

0

3

288

0

0

1

469

75

16.0

423

55

13.0

3

465

68

14.6

1

441

0

0

387

0

0

392

0

0

1
Blank

Bland MCF-7

SSTR2+ MCF-7

SSTR2+ MCF-7

2

2

2

2

10

10

10

0

3
Table 2.5 SSTR5-AF488 antibody validation runs

Validation runs performed on CellSearch® for SSTR5-AF488 antibody and SSTR5+ MCF-7 cells

For each run the acceptance criteria for receptor expression were met. Of the four
sample types, only the samples spiked with transfected MCF-7 cells in the presence
of anti-SSTR antibody contained cells that stained positively for SSTR2 or 5 and the
number of positive cells detected for both receptors fell within the expected range
of 10 to 20% based on the observed transfection efficiencies per sample. No SSTR+
cells were detected where untransfected MCF-7 cells were spiked, or where
transfected cells were spiked in the absence of antibody, confirming the specificity
of the assay.
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2.3.3 Sensitivity of SSTR2 and 5 detection using CellSearch®
Using the CellSearch® platform, cells were defined as either positive or negative for
SSTR expression according to the staining pattern observed in the fourth channel
(FITC filter). To investigate whether the CellSearch® was sufficiently sensitive to
detect a low level of SSTR expression, I quantified the percentage of SSTR+ MCF-7
cells for both receptors using flow cytometry, and directly compared to CellSearch®.
Two separate transfections were performed for each receptor and aliquots from
each transfection tested using both methodologies. The observed transfection
efficiencies (Table 2.6) were higher than that seen in the initial experiments as
quantified by manual immunofluorescence. Factors such as cell health/viability and
confluency at time of transfection as well as inaccuracy in the manual estimation of
the number of SSTR+ cells may have influenced the overall transfection efficiency
and explain these differences. However, despite the transfection efficiency varying
between the two transfections, the overall percentage of marker positive cells was
comparable between the two methodologies (Table 2.6 and Figure 2.5). These
experiments confirmed the specificity of the SSTR2 and SSTR5 antibodies and the
sensitivity of the CellSearch® to detect a wide range of SSTR2 and 5 expression
levels.

Transfection
1
Transfection
2

Marker

Marker positive cells
detected by FACS (%)

Marker positive cells detected
by CellSearch® (%)

SSTR2

37.2

36.1

SSTR5

26.7

27.7

SSTR2

27.2*

22.3

SSTR5

17.6*

16.6

Table 2.6 Comparison of SSTR2 and 5 detection rates using CellSearch® and FACS
* Average result over 3 successive runs
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Figure 2.5 FACS analysis of SSTR-transfected MCF-7 cells
Images taken from transfection 1. Gated area indicates cells positive for SSTR expression.
Percentage of positive cells provided in brackets. (A) Mock transfected MCF7 cells stained
for SSTR2. (B) SSTR2-transfected MCF7 cells stained for SSTR2. (C) Mock transfected MCF7
cells stained for SSTR5. (D) SSTR5-transfected MCF7 cells stained for SSTR5.
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2.3.4 Effect of SSA treatment on detection of SSTR2 and 5 expression on spiked
cells
A significant proportion of NEN patients are established on long-term SSA therapy.
Since it is important clinically to be able to assess SSTR expression in patients
receiving ongoing treatment and monitor this over time, I evaluated the ability of
the assay to detect SSTR expression in the presence of background SSA. In order to
quantify this, flow cytometry was used to measure the median fluorescent intensity
(MFI) in MCF7 cells transfected with SSTR2 or SSTR5 in the presence of increasing
doses of lanreotide (BIM-23014), a commonly used SSA in the clinical setting. The
mean steady-state trough serum lanreotide concentration in patients with
gastroenteropancreatic NENs ranges between 5.3 and 8.6ng/ml and transfected
cells were therefore treated at a range of concentrations from 0ng/ml to a supratherapeutic dose of 100ng/ml. The MFI did not alter significantly for either the
SSTR2 or SSTR5 transfected cells when treated with 0, 10 and 100ng/ml of
lanreotide and similarly, the proportion of SSTR+ cells remained the same (Table 2.7,
Figure 2.6 and Figure 2.7), indicating that detection of SSTR expression is not
affected by background SSA and can be used in a patient population receiving SSA
therapy.

Median Fluorescent Intensity *
Cell Description

[BIM-23014]
0ng/ml

[BIM-23014]
10ng/ml

[BIM-23014]
100ng/ml

SSTR2-MCF7

9463

10224

9674

SSTR5-MCF7

14870

15184

14604

Table 2.7 Median Fluorescent Intensity of SSTR-MCF7 cells measured by flow cytometry
in presence of SSA
* Average result over 3 successive runs
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Figure 2.6 FACS analysis of SSTR2 transfected MCF7 cells
FACS analysis of mock transfected MCF7 cells and SSTR2-transfected MCF7 cells stained with anti-SSTR2 antibody in the presence of
0, 10 and 100 ng/ml SSA BIM-23014. The gated area indicates cells positive for SSTR2 expression.
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Figure 2.7 FACS analysis of SSTR5 transfected MCF7 cells

FACS analysis of mock transfected MCF7 cells and SSTR5-transfected MCF7 cells stained with anti-SSTR5 antibody in
the presence of 0, 10 and 100 ng/ml SSA BIM-23014. The gated area indicates cells positive for SSTR5 expression.

2.3.5 Patients for CTC evaluation
Between November 2014 and August 2015, 32 patients with metastatic NEN were
recruited from the Royal Free Hospital, London. One sample was excluded due to a
hardware malfunction during enrichment leading to sample loss. The remaining 31
patients were included in this work and their patient characteristics are shown in
Table 2.8. Notably, the majority of patients had midgut tumours (58%), were grade
1 or 2 (74%) and had positive uptake on somatostatin receptor imaging (87%).
Overall, 61% were receiving therapy with SSA at the time of recruitment.

All patients
(n=31)

Pancreatic
(n=12)

Non-Pancreatic
(n=19)

62 (42-81)

56 (42-72)

64 (44-82)

13 (42%)
18 (58%)

5 (42%)
7 (58%)

8 (42%)
11 (58%)

9 (29%)
14 (45%)
4 (13%)
4 (13%)

3 (25%)
5 (42%)
3 (25%)
1 (8%)

6 (19%)
9 (47%)
1 (5%)
3 (16%)

12 (39%)
18 (58%)
1 (3%)

12 (100%)
-

18 (95%)
1 (5%)

27 (87%)
1 (3%)
3 (10%)

9 (75%)
1 (8%)
2 (17%)

18 (95%)
1 (5%)

19 (61%)
12 (39%)

5 (42%)
7 (58%)

14 (74%)
5 (26%)

Age: median (range)
Gender
Male
Female
Grade (ENETS)
G1
G2
G3
Unknown
Primary Site
Pancreas
Midgut
Unknown
SSTR imaging
Positive
Negative
Unknown
SSA Therapy
Yes
No

Table 2.8 Clinical characteristics of NEN patient samples
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2.3.6 SSTR detection in CTCs from metastatic NEN patients
Peripheral blood samples from 31 patients with metastatic NEN were analysed by
the CellSearch® system adapted for SSTR2 and SSTR5 detection using the optimized
conditions previously described. As shown in Table 2.9, CTCs were detected in 21
(68%) patients (midgut; n=14, pancreatic; n=6; unknown primary; n=1, range in CTC
number; 1-636). Seven patients out of 21 (33%) showed a subpopulation of CTCs
expressing either SSTR2 (n=5) or SSTR5 (n=2) (Table 2.9 and Figure 2.8). These
patients had G1 or G2 tumours and no patients with G3 tumours had SSTR+ CTCs. In
those patients with SSTR+ CTCs, the fraction of SSTR2+ or SSTR5+ CTCs varied from
10 to 100% and 50 to 100% respectively, indicating intra-patient heterogeneity of
SSTR expression. No patients had evidence of both SSTR2 and SSTR5 expression.
Five out of the seven patients with SSTR2+ or SSTR5+ CTC subpopulations were on
active treatment with SSA at time of sample collection, confirming the previous
conclusion drawn from flow cytometry that SSA therapy does not interfere with
detection of SSTR2 or SSTR5 using this assay.
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ID

Primary Site

Grade

SSTR
imaging

SSA
therapy

No. of CTCs
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Draw 1
Draw 2
1
pancreas
2
unknown
no
34
38
3
unknown
3
positive1
no
95
111
5
midgut
1
positive1
no
0
1
2
6
midgut
2
positive
yes
1
0
7
midgut
2
positive2
yes
22
20
9
pancreas
2
positive2
no
39
20
1
10
pancreas
3
positive
no
2
2
12
midgut
1
positive2
yes
9
4
1
14
midgut
1
positive
yes
2
0
18
midgut
positive2
yes
44
52
19
midgut
1
positive2
yes
1
2
2
20
midgut
1
positive
yes
2
21
midgut
2
positive1
no
2
2
22
pancreas
3
positive1
yes
0
1
1
23
midgut
2
positive
yes
636
489
24
pancreas
1
positive2
no
19
21
1
25
midgut
1
positive
yes
2
2
26
midgut
unknown
yes
1
0
27
midgut
1
positive1
yes
1
4
2
28
pancreas
1
positive
yes
1
7
29
midgut
2
positive1
yes
2
0
1
2
n.d. not done Gallium-68 Dotatate PET/CT Indium-111 pentetreotide scintigraphy
Table 2.9 Characteristics of patients with detectable CTCs

No. of marker positive
CTCs
SSTR2
0
0
0
0
2
5
0
1
0
0
2
0
0
0
0
2
0
0
0
0
0

SSTR5
0
0
1
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0

Immunohistochemistry
performed on FFPE
SSTR2
n.d.
n.d.
2
n.d.
0
3
3
n.d.
n.d.
n.d.
3
2
3
n.d.
n.d.
3
2
n.d.
3
n.d.
2

SSTR5
n.d.
n.d.
0
n.d.
1
3
3
n.d.
n.d.
n.d.
0
0
1
n.d.
n.d.
0
1
n.d.
2
n.d.
0

Figure 2.8 CellTracks Analyzer II images of patient blood samples
(i) SSTR2 positive CTC in patient 7. (ii) SSTR2 negative CTC in patient 7. (iii) SSTR5 positive
CTC in patient 21. (iv) SSTR5 negative CTC in patient 21.

2.3.7 Immunohistochemical analysis of SSTR2 and 5 expression
Of the 21 patients with detectable CTCs, 11 had blocks of formalin-fixed and
paraffin-embedded tissue available for further immunohistochemistry. Staining for
SSTR2 and 5 was predominantly membranous, although some cytoplasmic staining
was seen in occasional cases (Figure 2.9). Moderate to strong staining was seen in
10/11 cases for SSTR2 and only 3/11 cases for SSTR5. A further three cases showed
weak staining for SSTR5 (Table 2.9). The concordance between the IHC and CTC
staining for SSTR 2 and 5 was variable; patients 9, 19 and 24 were positive for SSTR2
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on tissue and CTCs and patient 21 was positive for SSTR5 on both. However,
patients 7, 9, 10, 25 and 27 had SSTR5 expression on tissue but not CTCs, while
patients 5, 10, 20, 21, 25, 27 and 29 had SSTR2 expression on tissue but none in
CTCs. Conversely, patient 5 had SSTR5 expression on CTCs but not tissue, and
patient 7 had SSTR2 expression on CTCs but not tissue.

Figure 2.9 Immunohistochemistry for SSTR2 and SSTR5.
A, SSTR2 staining score 0. B, SSTR2 staining score 2. C, SSTR2 staining score 3. D, SSTR5 staining
score 0. E, SSTR5 staining score 2. F, SSTR5 staining, score 3.
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2.4

Discussion:

In clinical practice, expression of SSTR2 and 5 in NEN patients is measured by
scintigraphy or PET imaging. However, there can be heterogeneity in SSTR2 and 5
expression with metastatic sites exhibiting different expression profiles when
compared to the primary tumour(201-203). Imaging lacks the resolution necessary
to visualize differences in expression profiles on a single-cell basis and is not
practical to track changes in expression over time or with therapy. By contrast, CTCs
provide a potential method to sample the tumour tissue directly for expression
relevant therapeutic targets at a single-cell level and at multiple time points. Other
groups have previously demonstrated that targets including HER2, ER/PR and PD-L1
can be evaluated in CTCs and this may inform treatment selection and
stratification(146, 204-206). SSTR expression has not been evaluated previously in
CTCs and this work provides the first such analysis.
In keeping with previously published data(155), CTCs were isolated in 68% of
metastatic NEN patients overall, with a higher proportion of midgut patients having
detectable CTCs (78%) compared to pancreatic (50%). In those with detectable
CTCs, I have shown that SSTR2 and 5 expression can be found in a sub-population of
CTCs in 33% of patients and that SSTR2 expression is more commonly observed
than SSTR5, consistent with the existing literature for immunohistochemistry(196,
197, 207). However, it is noteworthy that 12 of the 14 patients with no detectable
SSTR+ CTC subpopulations had tumours that were positive for SSTR expression as
determined by functional imaging. This difference is unlikely to be explained by
sampling bias since large numbers of CTCs were found in four discordant cases
ranging from 34 to 636. There was also some degree of discordance between
immunohistochemistry and CTC expression despite the fact that the same antibody
clones were used for both. For SSTR2, there was positive expression in seven cases
by IHC but not in CTCs and for one case, there was expression in CTCs but not in
tissue. For SSTR5, there was positive expression in five cases by IHC which were
negative in CTCs and one case where the reverse was true. There are a number of
explanations that may account for these discrepancies. First, the expression analysis
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for either CTC or IHC may not be sufficiently sensitive or specific. For CTCs, the data
from both the assay development and the FACS analysis suggest that this was not
the case. The CellSearch® and FACS analysis demonstrated marker positive cells
only in transfected cell populations, and the FACS analysis showed a range of SSTR
expression levels in a proportion of cells that was equivalent to that detected by
CellSearch®. Additionally, the fact that some cells were clearly positive within a
population of negative cells suggests that these were truly negative. Collectively,
these findings suggest that the CellSearch® assay for SSTR2 and 5 is both sensitive
and specific. Regarding IHC, other groups have demonstrated that tissue
immunoreactive scores for SSTR2 and SSTR5 correlate with both 68-Ga DOTATOC
PET/CT and somatostatin receptor scintigraphy, and also with RT-qPCR for SSTR2
quantification(203, 207-209). Consistent with this, all patients in this study with
positive SSTR2 or 5 staining by IHC had corresponding positive SSTR imaging
suggesting that the IHC is reliable. A second possible reason for discrepancy might
be that both imaging and histology are historical rather than contemporaneous with
respect to CTC analysis, and the reduced SSTR expression seen in CTCs may arise
from tumour evolution. NEN patients often have an indolent disease course
resulting in an increased time between initial tumour sampling and CTC collection.
It has been reported that SSTR status can change over the course of disease
progression(40, 210) and in keeping with this Kaemmerer et al. have shown that
SSTR2 expression as assessed by IHC is significantly higher in pancreatic NEN
primary tumours than at metastatic sites(44, 203). This could lead to a positive
result by IHC despite a negative test in CTCs; the two patients (patients 5 and 7)
with complete discordance between CTC and archived tissue expression profiles in
this study had IHC performed on archived samples that were 31 and 85 months old
respectively and both originated from primary tumours. However, this is unlikely to
completely explain the discordance seen, particularly given that serial imaging in
most patients demonstrate the persistence of SSTR over years. A third and most
likely explanation is that there is heterogeneity of expression within tumours and
between CTCs. These results clearly demonstrate heterogeneity in both tissue and
CTCs, where small sub-populations show clear expression of SSTR while the majority
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of cells are negative. However, as mentioned, there are four cases with large
numbers of CTCs that are all negative while the corresponding imaging is positive.
These observations may reflect the biology and/or plasticity of metastasizing cells in
which SSTR negative sub-populations are more likely to metastasize or whose
phenotype changes during translocation in the blood. It is interesting to note that
the two high grade tumours with many CTCs were both negative for SSTR
expression.
Other groups have also reported heterogeneity or discordance between biomarker
expression on CTCs and archived tissue. For example, several groups have
investigated HER2 expression on CTCs and archived tissue in breast cancer patients
and found discordance rates varying between 11-33%(146, 204, 205, 211).
Concordance rates also appear to be lower when comparing CTC biomarker
expression to primary tumour samples as compared to metastatic disease sites.
These findings, particularly the discordance between CTC and tissue expression,
might have profound implications for therapy and partly explain the escape from
disease control seen in patients treated with SSA or PRRT. Additionally, they provide
intriguing insights into the phenotypic characteristics of metastasizing cells which
clearly needs further evaluation. A key question therefore, is the relevance of SSTR
expression on CTCs for patient management, and this is currently being tested in
the ongoing Phase IV CALM-NET study (NCT02075606). In this multicentre
prospective trial, the SSTR assay is being used to investigate the relationship
between SSTR2 and 5 expression on CTCs and progression free survival in patients
with functioning midgut NET receiving treatment with Lanreotide Autogel. CTCs are
being enumerated at multiple time points during therapy and SSTR status
evaluated. It is anticipated that this longitudinal study will provide novel insights
into the role of CTCs as pharmacodynamics markers in this disease.
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Chapter 3 Improving CTC Isolation in NET; a comparison of the
Parsortix and CellSearch® platforms
3.1

Introduction

The current gold standard for CTC detection and enumeration is the CellSearch®
system, which utilizes ferrofluid nanoparticles coated in antibodies targeting
EpCAM to magnetically separate CTCs from other blood constituents. Enriched CTCs
are then identified and enumerated in a semi-automated fashion based on their
morphology, expression of cytokeratins and lack of CD45 leukocyte marker. The
CellSearch® system is the only FDA-approved platform for enumeration of CTCs and
CTC counts have been shown to be prognostic at specific thresholds across a variety
of tumour types including breast(147, 212), colorectal(148) and prostate
cancer(149). The prognostic potential of the system has also been evaluated in NEN,
and a CTC count ≥1 per 7.5ml blood shown to be associated with a worse PFS and
OS(155). Furthermore, changes in CTC count using this platform are also predictive
of clinical outcome at time points as early as 3 to 5 weeks after initiation of therapy
in metastatic NEN patients(167). The reliable and reproducible nature of this system
make it a robust method for CTC enumeration in NEN. However, there remains a
need for enrichment platforms that can overcome some of the limitations of
CellSearch® such as low yield and EpCAM dependence. In a selected population of
NET patients with metastatic disease and not receiving active anti-cancer therapy,
only 49-60% will have evidence of detectable CTCs as measured with CellSearch®, of
which only 30% have CTC counts ≥5(120, 155). As current interest moves towards
molecular characterization of these CTCs at the single-cell level, it is increasingly
important to maximize the number of CTCs isolated per patient and improve the
fraction of patients in whom CTCs may be retrieved.
Furthermore, the reliance on EpCAM expression for CTC enrichment by CellSearch®
remains a limiting factor of the system. CTC subpopulations have been
demonstrated in a variety of different tumour types, which exist in a continuum of
phenotypes from epithelial to mesenchymal-like cells as a result of epithelial to
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mesenchymal transition(213, 214). As a result, some CTCs may fail to express
EpCAM at sufficient levels for successful capture by EpCAM-based enrichment
platforms(215). Therefore, despite the strong EpCAM expression reported in GEPNEN tissue according to immunohistochemistry (120), EpCAM-based approaches
are likely to underestimate the true number of CTCs and fail to fully capture their
diversity. Many alternative enrichment strategies have now been developed which
take advantage of the differing physical properties of CTCs (e.g. size, rigidity,
density, electric charge) in order to capture a wider population of CTCs in an
epitope-independent manner. Some of these platforms have shown success in
isolating CTCs in tumour types such as hepatocellular carcinoma(139, 216) and
NSCLC(217), where very few CTCs are detectable by antibody-dependent methods.
The novel Parsortix system is a microfluidic, marker-independent device which
enriches for CTCs on the basis of size and deformability. Unlike the CellSearch®
system, it also has the ability to retrieve viable cells, which may be advantageous
for some downstream applications including cell culture and single-cell RNA
sequencing. This chapter describes the evaluation of Parsortix as a CTC enrichment
platform. Initial studies using cell lines are presented followed by the evaluation of
clinical samples and a direct comparison with CellSearch®.
3.2 Methods
3.2.1 Pre-labelling of spiked cells using CellTracker GreenTM
A 10mM stock solution of CellTracker Green (Life Technologies) was prepared by
dissolving a 1mg vial in 215μl of DMSO (Sigma, D2650-5X5ML) and storing in
aliquots at -20°C in the dark. The day prior to staining, 1×106 cells were seeded in a
T75 culture flask with Modified Eagle’s Medium (MEM, Life Technologies) with 10%
FBS, 1mM MEM non-essential amino acids (Life Technologies) and 2mM Lglutamine (Sigma). For staining, culture media was removed and 10μl of CellTracker
working solution (1μl stock solution in 10ml pre-warmed serum free media) was
added prior to incubation in a CO2 humidified chamber at 37°C for 45 minutes. The
working solution was then removed and full media added and incubated for 30
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minutes. After this second incubation, culture medium was discarded and 10ml PBS
added to gently wash the cell layer. The washing step was repeated with a further
10ml PBS prior to adding 2ml of Trypsin-EDTA 0.005% solution to the side of the T75
flask opposite the cell layer. The flask was placed back in the CO2 incubator for
approximately 2 minutes and then examined for cell detachment using a
microscope. When cell detachment was complete and cells appeared in suspension,
10ml complete medium was added to inhibit further trypsin activity. The cell
suspension was then filtered through a 30μm cell strainer into a sterile 15ml tube
which was centrifuged for 5 minutes at 300g. The supernatant was discarded
without disturbing the cell pellet prior to re-suspending in 1ml of PBS using a P1000
pipette. 10μl of the cell suspension was loaded onto a haemocytometer and a cell
count performed. The labeled cell suspension was then diluted to achieve a final
concentration of 50 cells/μl.
3.2.2 Cell Spiking Experiments with SKBR3 and MCF7
Cells pre-labelled with CellTracker GreenTM were diluted in PBS to a final
concentration of 50 cells/μl. 10μl of this diluted cell suspension was loaded into a
haemocytometer to confirm the accuracy of cell concentration and the dilution
adjusted if necessary. Blood (7.5ml) from a healthy volunteer was collected into a
BD Vacutainer® K2E EDTA tube as previously described. Vacutainers were gently
inverted several times prior to transferring 4μl of the cell suspension directly into
the blood. A control cell count was then performed as follows; 1ml of PBS was
added to 6 wells of a 24 well-plate. The sample was agitated and 4μl of the cell
suspension added into each of the 6 wells (approximately 200 cells). After 20
minutes, the number of cells in each well was counted using a fluorescence
microcope (488 nm channel). The mean number of cells per well was estimated
from the number of cells actually spiked into the blood sample.
Samples were enriched for spiked tumour cells using the Parsortix cell separation
device (Angle Plc) as per the manufacturer’s protocol (Figure 3.1). This system
utilises microfluidic technology to capture cells based on size and deformability, as
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blood flows through “steps” within the single-use, disposable, plastic Parsortix
cassette. The step-based reverse-flow system then allows epitope-independent
harvest of CTCs in a concentrated sample.

Figure 3.1 Parsortix system design and mechanism of operation
A. Parsortix system B. Schematic of disposable cassette courtesy of Angle plc. (C) Image of
disposable cassette, scale in cm (D) Isolation principle within the cassette; blood is forced
along a series of channels and a patented 6.5um step which separates cells based on size
and deformability. Image adapted from Chudziak et al(135).

Prior to running the samples, a 6.5μm disposable cassette was primed with PBS by
selecting protocol PX2_P on the device. Following this, the vacutainer containing
the spiked blood sample was attached to the device and protocol PX2_S99F
selected for enrichment. After completion of the cycle (approximately 1.5hrs for a
7.5ml sample), the cassette was removed and replaced with a designated
“cleaning” cassette prior to performing an intermediate cleaning step (PX2_CT2).
During this time, the number of cells captured in the enrichment cassette was
determined by fluorescent microscopy, as detailed below. Finally, the enrichment
cassette was replaced on the Parsortix system and captured cells were harvested
using protocol PX2_H. Enriched CTCs were recovered in 1.2ml of PBS in a single well
of a 24-well plate, following which 2 drops of NucBlue® Live Cell Stain
106

ReadyProbes™ (Life Technologies) were added and incubated for 30 minutes to
allow staining of nuclear content.
3.2.3 Enumeration of Spiked Tumour Cells
A Zeiss Axio Observer Z1 inverted microscope was used to identify and count cells
at two stages; first, when initially captured within the Parsortix cassette and second,
when subsequently harvested directly into a 24-well plate. All tumour cells were
identifiable by fluorescent signal in the FITC channel due to staining with CellTracker
GreenTM. In order to be considered a tumour cell, cells were required to have a
fluorescent intensity similar to that observed in the control wells, a DAPI positive
nucleus and a spherical “cell-like” morphology. Cell capture rates were calculated as
percent (number fluorescent cells captured / mean control counts). Cell harvest
rates were calculated as percent (number fluorescent cells harvested / number of
fluorescent cells captured). Overall recovery rates were calculated as number
fluorescent cells harvested/mean control counts. The number of contaminating
leukocytes in the harvest was also calculated by counting the number of DAPI
stained non-CellTrackerTM Green positive cells in the well after harvest.
3.2.4 In-Cassette staining of spiked cells
In-cassette staining on the Parsortix device is an automated protocol for identifying
CTCs within the microfluidic device. Cells are fixed and stained within the cassette
and may then be visualized and enumerated using fluorescent microscopy. Cells
stained and identified in this way are not available for subsequent harvest or
further downstream analysis. All samples were analysed according to pre-existing
protocols developed in our lab. Approximately 200 unlabelled MCF-7 cells were
spiked into 7.5ml of healthy volunteer blood. Protocol PX2-S99F_stain4h was
selected on the Parsortix device and staining performed according to the
manufacturer’s protocol which consists of the following steps:
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•

Fixation with 4% paraformaldehydewhich (Alfa Aesar)

•

Permeabilisation (0.1% Triton X-100 in PBS; 3 × 5 mins; wash with PBS)

•

Primary antibody incubation (4 hour at room temperature; wash with PBS)

•

Secondary antibody and DAPI incubation (1 hour at room temperature;
wash with PBS)

Cells were stained in-cassette for pan-CK, CD45 and DAPI +/- EpCAM using
antibodies outlined in Table 3.1.

Antibody
Concentration
Mouse anti-human pan-cytokeratin monoclonal antibody
1:50
conjugated to Alexa Fluor-488 (C-11, Exbio Antibodies)
Mouse anti-human CD45 monclonal antibody conjugated to Alexa
1:25
Fluor-647 (MEM-28, Exbio Antibodies)
Rabbit anti-human primary EpCAM monoclonal antibody (Ab71916,
1:50
Abcam)
Goat anti-rabbit secondary Alexa Fluor-594 antibody (A11012, Life
1:200
Technologies)
Table 3.1 In-cassette staining antibodies and concentrations

Captured cells were visualized in-cassette using a Zeiss Axio M1 microscope and
appropriate emission spectrum channels. The following criteria needed to be
satisfied to reliably label a trapped object as a CTC/tumour cell:
1. Size of object ≥ 4 μm.
2. “Cell-like” morphology.
3. No CD45 staining at five second exposure.
4. Presence of a clearly defined nucleus (DAPI positive) largely contained
within the pan-cytokeratin signal.
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5. Presence of a complete and above background pan-cytokeratin signal at a
maximum exposure of two seconds.

All cassettes were reviewed by two independent observers, who calculated a total
CTC count per cassette and saved final images of all CTCs. All identified CTCs were
also allocated an EpCAM expression score of either high, low or absent. Final CTC
counts were compared between the two observers; in cases where there was a
discrepancy in total number, all saved images of the observer with the higher
number of enumerated CTCs were reviewed in conjunction with the second
observer until a consensus was met.
3.2.5 Patient recruitment
Ten patients with metastatic NET were recruited. The study was approved by the
Local Ethics Committee (13/LO/0376) and all participants were required to provide
written informed consent. Eligibility criteria included a histologically confirmed
diagnosis of metastatic NET in the absence of any other active malignancy and
patients undergoing active treatment at time of recruitment were excluded. Data
was collected on gender, presence and site of metastases and all tumours were
graded according to the European Neuroendocrine Tumour Society (ENETS)
guidelines(10).
3.2.6 Healthy donor recruitment
Ten healthy volunteers were recruited to evaluate whether it was possible to detect
cells in healthy blood that might be labelled as CTCs according to the pre-defined
criteria, thereby acting as negative control samples. Blood sample collection from
healthy volunteers was performed at UCL Cancer Institute with ethical approval
from the National Research Ethics Service Committee Yorkshire and The Humber
(REC reference 15/YH/0311).
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3.2.7 In-cassette staining of clinical samples
For all participants (patients and healthy donors), an initial 5ml of blood was drawn
and discarded to avoid contamination with epithelial cells. Subsequently 7.5ml of
blood was collected into a CellSave tube (Veridex LLC) and a further 10ml into an
EDTA tube and stored at room temperature for no longer than 48 hours. All
CellSave samples were processed as previously described in Section 2.2.3 and CTCs
enumerated. Prior to processing the EDTA samples, 7.5ml of blood was pipetted
into a fresh EDTA tube to ensure comparable blood volumes for analysis between
Parsortix and CellSearch®. In-cassette staining and CTC enumeration was then
performed as outlined in section 3.2.4.
3.2.8 Statistical Analysis
As CTC counts in patients were not normally distributed, results were presented as
counts and means with the corresponding percentages and ranges. Linear
regression plots were calculated for CTC counts obtained by Observer 1 versus
Observer 2 and also for CellSearch® versus Parsortix CTC counts. As a result of the
low number of patients and of CTC count distribution, correlation analysis was
performed using the Spearman method.
3.3

Results

3.3.1 Evaluation of Parsortix enrichment potential using spiked blood samples
Initial evaluation of the enrichment potential of the Parsortix system was
performed using MCF-7 and SKBR3 cells (breast cancer cell lines), pre-labelled with
CellTrackerTM Green to enable detection and enumeration. These were spiked into
donor blood from healthy volunteers and capture, harvest and overall recovery
rates calculated (Table 3.2, Table 3.3 and Figure 3.2).
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Experiment
Number

Mean number
of spiked cells

Cell Number
Capture (%)

Harvest (%)

Overall
Recovery Rate
(%)

1

114

90(79)

79(88)

69

2

190

144(76)

79(55)

42

3

311

100(32)

51(51)

16

4

163

61(37)

40(66)

25

5

217

64(30)

54(84)

25

Mean

199

51%

69%

35%

Table 3.2 Parsortix spiking experiments with pre-labelled MCF-7 cells
Summary of 5 spiked cell experiments with highlighted mean capture, harvest and overall
recovery rates. Experiments were performed using blood from 3 healthy donors
(Experiment 1 and 2: donor 1, Experiment 3 and 4: donor 2 and Experiment 5: donor 3).

Experiment
Number

Mean
number of
cells spiked

Cell number

Overall
Recovery
rate %

Leukocyte
count

1

184

92(50)

63(68)

34

8089

2

184

94(51)

75(80)

41

5888

3

186

117(63)

96(82)

52

6520

Mean

554

55%

77%

42%

6832

Capture (%) Harvest (%)

Table 3.3 Parsortix spiking experiments with pre-labelled SKBR3 cells
Summary of 3 spiked cell experiments with highlighted mean capture, harvest, overall
recovery rates and mean number of contaminating leukocytes shown. Each experiment run
was performed with blood from a different healthy donor.
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Figure 3.2 Graph of cell harvest and capture rates for Parsortix
The Parsortix capture, harvest and overall recovery rates seen with the two cell lines MCF-7
and SKBR3. Graph was generated using the mean and standard deviation.

The mean number of MCF-7 spiked cells captured in cassette across all donors was
92 (range 61-144), corresponding to a capture rate of 51% (range 50-63%). The
average number of spiked cells recovered after the harvest was 61 (range 40-79)
corresponding to a harvest rate of 69% (51-88%) and overall recovery rate of 35%
(16-69%). Using the SKBR3 cell line, the average number of spiked cells captured in
cassette across all donors was 101 (range 92-117), corresponding to a capture rate
of 55% (range 30-79%). The average number of spiked cells recovered in the harvest
was 78 (range 63-96) with an overall recovery rate of 42% (34-53%). By counting
DAPI stained non-CellTrackerTM green positive cells the number of contaminating
leukocytes was also enumerated across different blood donors using spiked SKBR3
cells. There remained significant leukocyte contamination after enrichment, with an
average of 6832 leukocytes (range 5888-8089) recovered from 7.5ml of blood
across three separate donors.
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3.3.2 Evaluation of the in-cassette staining protocol using spiked blood samples
In order to identify and enumerate tumour cells “in-cassette”, an automated
staining protocol was used to stain spiked cells for CK, CD45 and DAPI initially. The
in-situ labelling approach was chosen in order to reduce the cell loss observed in
the harvesting step and also that associated with the pipetting procedures and
centrifugation steps otherwise required for staining in suspension. Spiked blood
samples were processed in the Parsortix and tumour cells identified and
enumerated based on the pre-defined criteria previously described. Any CD45
positive cells were classified as leucocytes and therefore excluded. Figure 3.3 shows
example images of tumour cells and leucocytes identified “in-cassette” using the
automated staining protocol. In addition to these expected cell types, there were
cells characterised by the presence of a nucleus (positive DAPI staining) but without
either CD45 or CK staining. These cells could not be classified according to the predefined criteria and were therefore excluded from the analysis. Example images are
shown in Figure 3.3.
The automated protocol was subsequently adapted to include staining for EpCAM
expression in the detected tumour cells (Section 3.2.4). This allowed an improved
characterisation of the captured CTC population in comparison to that achieved
using the CellSearch®. This protocol was applied to healthy donor blood spiked with
MCF-7 cells, which are documented to be EpCAM positive(218). Figure 3.4
demonstrates example images of spiked tumour cells and leucocytes captured incassette and confirms that it is possible to detect EpCAM expression in the tumour
cell population of interest.
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Figure 3.3 MCF-7 cells stained in-cassette for CK, CD45 and DAPI
(A) x40 magnification image showing 3 clustered CTCs (DAPI+CK+CD45-) and single DAPI+CKCD45+ leukocyte. (B) x20 magnification image demonstrating single tumour cell and a
further cell identifiable by nuclear content in the absence of any CD45 or CK staining (red
arrow).
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Figure 3.4 MCF-7 cells stained in-cassette

3.3.3 Evaluation of healthy donor blood using “in-cassette” staining
The in-cassette staining protocol was applied to 7.5ml blood drawn from ten
healthy donors. Of these samples, five had no detectable events that fit the criteria
for CTCs. However, the remaining five patients had a small number of
DAPI+CK+CD45- cells identified (range 1-3) that were classified as CTCs according to
the pre-defined criteria (Table 3.4). Of the nine cells identified across five patients,
eight were negative for EpCAM expression, with a single donor having one cell with
a low level of EpCAM expression (Figure 3.5).

Patient
ID
1
2
3
4
5
6
7
8
9
10

EpCAM
High

Low

0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
1
0
0

Parsortix
CTC
count
observer
Absent
1
0
0
0
0
1
0
3
4
0
0
1
2
0
0
1
1
2
2
0
0

Table 3.4 Parsortix in-cassette staining of healthy donor blood
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CTC
count
observer
2
0
0
1
3
0
0
0
2
1
0

Final CTC
count
0
0
1
3
0
1
0
2
2
0

Figure 3.5 In-cassette staining of healthy donor blood
(A) Example of DAPI+CK+CD45- event meeting criteria for CTC in healthy donor blood with
absent EpCAM expression. (B) Example of DAPI+CK+CD45- event meeting criteria for CTC in
healthy donor blood with low EpCAM expression. X20 magnification.

3.3.4 Patient Characteristics
A total of ten NEN patients were recruited for this study, the primary tumour sites
of which consisted of pancreas (6/10), bronchial (2/10), midgut (1/10) and stomach
(1/10). Of the included patients, five had grade 3 tumours, four were grade 2 and
one patient was grade 1. Patient characteristics are shown in Table 3.5.

ID

Sex

Age

Primary
site

1
2
3
4
5
6

M
F
M
M
F
M

61
70
47
67
70
50

pancreas
pancreas
pancreas
bronchial
pancreas
pancreas

Metastatic
disease
y=yes
n=no
y
y
y
y
y
y

7

F

56

midgut

y

8
9
10

M
F
M

70
84
55

bronchial
stomach
pancreas

y
y
y

Table 3.5 NEN Patient Characteristics
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Sites of
Metastases
liver
liver
liver
liver
liver
liver
bone, liver,
myocardium,
lymph nodes
liver
liver
liver

Grade

Ki-67
index
(%)

2
2
2
3
2
2

3
15
6
60
3
6

2

15

2
3
1

15
80
2

3.3.5 Evaluation of Parsortix versus CellSearch® for enumeration of CTCs in NEN
patients
To compare with the current gold standard, Parsortix enrichment of cytokeratin
positive CTCs in NEN patients was directly compared with CellSearch®. Matched
patient samples were analysed using Parsortix and CellSearch® platforms and are
shown in Table 3.6 and Figure 3.7. Using the Parsortix, CTCs were identified in the
peripheral blood of all recruited NEN patients, with a mean CTC count of 31 (range
6-93). In the matched samples processed using CellSearch®, CTCs were detectable
in seven of the 10 patients with a lower mean count of 11 CTCs per 7.5ml blood
(range 0-85). A paired sample two tailed t-test showed that Parsortix was able to
detect significantly more CTCs than CellSearch® (p= 0.049). In the seven patients
with CTCs detected by both systems, the Parsortix platform consistently identified a
higher CTC count per patient with the exception of patient 6, where CTC counts
were 71 and 85 by Parsortix and CellSearch® respectively. In the three patients with
a CTC count of zero by CellSeaRch®, the Parsortix platform was able to identify 6, 29
and 16 CTCs respectively.
Using the Parsortix system it was also possible to identify subpopulations of CTCs
characterized by low or absent EpCAM expression, with 10/10 patients having some
CTCs classified by low EpCAM expression and 5/10 patients recorded to have
EpCAM negative CTCs. A total of seven patients had CTCs identified with high
EpCAM expression. There was also evidence of intra-patient heterogeneity in
EpCAM expression, with all patients having CTC populations characterized by mixed
levels of EpCAM expression. Evaluating EpCAM expression as either positive or
negative, the majority of CTCs identified expressed EpCAM at either low or high
levels, with the fraction of EpCAM+ CTCs varying from 67 -100% across all patients.
Interestingly, the number of CTCs captured using the CellSearch® did not appear to
correlate with the number of EpCAM positive CTCs (r=0.46 P=0.17) or the number
of EpCAM high CTCs (r=-0.28 P=0.44) identified using the Parsortix system. Example
images of CTCs and leuckocytes captured in-cassette from NET patients are shown
in Figure 3.6.
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Parsortix
Patient ID

EpCAM

CTC count
observer 1

CTC count
observer 2

Final CTC
count

CellSearch® CTC
count

119

High

Low

Absent

1

0

12

3

5

18

15

1

2

8

3

0

11

3

11

1

3

2

4

0

1

7

6

0

4

11

18

0

32

20

29

0

5

17

68

8

10

93

93

4

6

0

61

10

73

44

71

85

7

1

30

0

10

31

31

18

8

29

5

0

9

37

34

2

9

0

4

2

4

6

6

3

10

1

13

2

2

16

16

0

Table 3.6 Summary of CTC counts obtained for 10 NEN patient using samples processed in parallel on Parsortix and CellSearch®
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Figure 3.6 In-cassette staining of NEN patient blood
(A) Example of DAPI+CK+CD45- CTC with negative staining for EpCAM (B) Example of DAPI+CK+CD45- CTC with low EpCAM
expression. Also shown is DAPI+CK-CD45+ leukocyte. (C) Example of DAPI+CK+CD45- CTC with high EpCAM expression. X40
magnification.

Figure 3.7 CTC enrichment in matched Parsortix and CellSearch® samples
The Parsortix system identified a larger number of CTCs than CellSearch® in all samples
excluding patient 6. The number of CTCs identified by CellSearch® did not correlate with
either the EpCAM+ or EpCAM high subpopulations of CTCs identified using the Parsortix.

3.3.6 Interobserver variability
There was moderate correlation between the CTC counts as assessed by Observer 1
and Observer 2 (r=0.45, P=0.04). After joint review of all captured images, the final
CTC count agreed appeared to reflect that of the observer reporting the higher CTC
count. This suggests that any difference between observers appears to be
secondary to individual manual review of the cassette, as opposed to ambiguity in
the pre-defined criteria for CTC selection. Figure 3.8 shows the comparison of these
results.
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Figure 3.8 Association between Observer 1 and Observer 2 CTC counts
Linear regression analysis demonstrated a slope of 0.6 and a correlation coefficient (R) of
0.45.
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3.4

Discussion

Enumeration of CTCs by CellSearch® has established their prognostic value in a
variety of epithelial cancers(147-149, 155). However, significant phenotypic
heterogeneity has been observed in CTCs from patients with metastatic
carcinomas(214, 218-220) and surface protein expression profiles may also differ
from those of the primary tumour(205, 221, 222). This has led to some caution in
the use of cell-surface marker-based methods for isolating CTCs and increasing
interest in platforms utilising alternative enrichment strategies based on the
differing physical properties of these cells. This chapter describes the first analysis
of the epitope-independent Parsortix system for the enumeration and
characterization of CTCs derived from NEN patients and additionally provides a
direct comparison with CellSearch® which is currently regarded as the gold
standard.
Initial evaluation of CTC enrichment using the Parsortix system was performed using
blood samples spiked with the breast cancer cell lines MCF-7 and SKBR3. This
demonstrated mean recovery rates of 35% and 42% respectively, warranting
further investigation of this platform in the clinical setting. Other groups have also
investigated the efficiency of this platform using a variety of cell lines. Xu et al
reported capture rates of 48% ± 6.9% and 56% ± 8.7% for the prostate cancer cell
lines PC3 and DU145 respectively(223), whilst Chudziak et al reported an impressive
recovery rate of 69% ± 10% for the colorectal cancer cell line HT29(135). Hvichia et
al have also reported a range of capture rates of 42-70% for cancer cell lines
originating from a variety of tumour types (PANC1, A375, PC3, A549, T24)(224). The
variation in reported retrieval rates may be influenced by a number of factors.
Firstly, as the enrichment is performed on the basis of size, the differing physical
properties of the individual cell lines may affect recovery rate. Xu et al measured
the mean diameter of the PC3/DU145/MCF-7 cells and found this to be 18.8, 16.8
and 14.4μm respectively. All these cell lines have a mean diameter greater than the
10μm critical step used in their work and the majority of cells should therefore be
123

captured within the microfluidic cassette. It is interesting to note that in this study
the cell line with the smallest diameter appeared to have the highest recovery rate,
in contrast to what might have been predicted based on the mechanism of action of
the device. However, the Parsortix also operates on the basis of cell
rigidity/deformability, which has not been recorded for the different cell lines and
might also impact on the achieved recovery rates. Furthermore, there were critical
differences in the methodologies of these papers, which may have affected
recovery rates. Chudziak et al used a fixed cell protocol whereby cells were spiked
into blood collected in a Streck tube and stored for 4 days prior to processing on the
Parsortix. For downstream applications compatible with fixed cells, this protocol
might prove useful in achieving a high overall recovery rate whilst also improving
the convenience of this workflow by removing the limited time window that applies
to fresh samples. Furthermore, this study used blood samples of 0.5ml and 4ml in
contrast to the 7.5ml used in the majority of the existing literature, including my
study. However, increasing the volume of blood did not appear to impact the
capture percentage of the device which means these results could reasonably be
extrapolated across the reported trials. There is no existing literature regarding
capture rates in the SKBR3 cell line used in this study but other groups have
investigated capture rates for MCF-7 cells. Xu et al demonstrated mean capture
rates of 54.7% and 58.7% when 25 or 50 cells were spiked into 7.5ml blood
respectively and Lampignano et al reported a slightly higher average capture rate of
63%(218, 223). This is consistent with the capture rates demonstrated in this study
of 51%, and indicate that the device performs consistently across the same cell line
despite the use of different operators and with a different starting cell count.
However, this study expands upon the existing literature by demonstrating that a
significant amount of cell loss still occurs in the recovery process, where only 35% of
the total number of spiked cells are retrieved in the harvest. This is a significant
consideration for clinical samples when downstream characterisation rather than
enumeration is the focus.
One limitation of the Parsortix platform is the inability to completely separate CTCs
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and leukocytes based upon size exclusively. The size of captured CTCs from nonsized-based systems has been reported to range from 4 to 30 μm(225) and the
diameter of lymphocytes has been reported to be 7.1 to 10.5 μm using flow
cytometry(226). Therefore size overlapping between these populations will result in
the loss of small CTCs and contamination of the sample with larger leukocytes. In
this study, significant leukocyte contamination persisted after enrichment, with a
mean of 6382 cells per sample. Assuming a CTC to leucocyte ratio of 1:106, this still
represents a 1000x enrichment, however the resulting leucocyte contamination
may still impact on downstream applications if genomic analysis is planned. A
double enrichment protocol on the Parsortix has previously been reported which
can significantly reduce the leukocyte contamination but at the expense of further
reducing the number of recovered CTCs(135). In view of these results, genomic
analysis of Parsortix-enriched CTCs at a single-cell level would require a further
purification step prior to whole genome amplification.
Following the completion of spiked cell experiments, a pilot clinical study was
performed to evaluate matched CTC counts in ten metastatic NEN patients using
both the CellSearch® and Parsortix devices. Importantly, this study demonstrated
that the Parsortix device was able to recover CTCs in a larger proportion of patients
than CellSearch® (10/10 patients versus 7/10) and that the overall number of CTCs
recovered was significantly higher. A CTC count of ≥5 has been suggested as a cutoff value below which successful single-cell recovery using DEPArray technology is
less likely to be successful. Importantly, ≥5 CTCs were identified in all ten patients
using the Parsortix, whereas only two patients fulfilled this criteria using the
CellSearch®. Use of the Parsortix device may therefore facilitate genomic analysis of
CTCs in a greater proportion of NET patients as compared to the CellSearch®. This
study is also the first to provide evidence of inter- and intra-patient heterogeneity
in EpCAM expression in CTCs derived from metastatic NEN patients. GEP-NETs have
been observed to have strong membranous staining for EpCAM (120) leading to the
assertion that CellSearch® is an appropriate enrichment platform for this tumour
type. However, the four-colour immunofluorescent protocol used in the Parsortix
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cassette was able to identify subpopulations of CTCs with either low or absent
EpCAM expression in all ten clinical samples with the fraction of EpCAM- CTCs
varying from 0-33%. This is in keeping with the published literature in other tumour
types such as NSCLC, breast and prostate cancer, where epithelial tumour cells,
epithelial-to-mesenchymal transition cells and hybrid (epithelial/EMT+) tumour cells
have been demonstrated in peripheral blood samples(227-229). Indeed, the
proportion of patients with EpCAM low or negative CTCs is higher in this study of
NEN patients than previously reported in both breast and lung cancer patients (54%
and 19% respectively)(218, 230). Confining CTC enrichment in NEN patients to
EpCAM dependent platforms may therefore miss a subpopulation of CTCs that
could yield further information on the genomic heterogeneity of these CTCs and
also potentially overlook CTCs with enhanced metastatic potential. Further work is
also required to definitively prove that the EpCAM negative cell population are true
CTCs, and this is addressed in Chapter 5. It is notable that the number of EpCAM+
CTCs in this study did not correlate with the number of CTCs retrieved by the
CellSearch® platform (r=0.46). Potential explanations for this include the fact that
determination of EpCAM expression in Parsortix-enriched CTCs was operator
dependent and therefore subjective. Furthermore, since the absolute level of
EpCAM expression required for enrichment by CellSearch® is unknown, it may be
that only those CTCs with extremely high expression are being captured and leading
to the discordance with overall number of EpCAM+ CTCs retrieved using the
Parsortix.
A potential limitation of this device is that the enumeration and characterization of
cell surface markers using the Parsortix is more operator dependent than that of
the CellSearch®. Linear regression analysis of CTC counts between the 2 observers
showed moderate correlation (r=0.45) as compared to the strong correlation
reported for CellSearch® (r=0.994)(124). The process of enumerating CTCs in
cassette within the Parortix device is time-consuming and laborious which may
account for some of the discrepancies seen. The differences appear to be
attributable to initial review of the cassettes as opposed to ambiguity in the pre126

defined criteria for CTC selection as there was a high level of agreement after
review of all images obtained by the observer reporting the higher number of CTCs
initially. This suggests that CellSearch® remains a more consistent method overall
for CTC enumeration due to the technical challenges posed by enumeration within
the Parsortix cassette. However, the advantage of the Parsortix lies in its ability to
recover a higher number of more diverse CTCs for downstream molecular
characterisation. Furthermore, unlike the CellSearch®, the Parsortix is capable of
recovering viable CTCs(223) which is advantageous for numerous applications
including transcriptomic and proteomic analysis.
This is also the first study to comprehensively examine the Parsortix device in
healthy donors. Events that would be defined as CTCs according to the pre-defined
criteria were detected at a low level in 5/10 patients (range 1-3). This is in contrast
to the NET patient samples, where CTCs were detected at much higher levels (range
6-93, mean 31) with no patients identified to have ≤5 CTCs per 7.5ml of blood. CTCs
have also been identified in healthy subjects using the CellSearch® platform, albeit
at a lower frequency. In 145 healthy controls, 5.5% were found to have 1 CTC per
7.5ml blood(124). These findings have been replicated in EpCAM-independent
platforms, such as the EPIC CTC platform where events meeting the definition for a
traditional CTC were detected in 25% of healthy volunteers (range 1-4 CTCs per ml
of blood)(219). In my study, the mean plus twice the SD for the entire population of
healthy subjects was 3.1 and the 95% CI was 0.21 to 1.58 CTCs, justifying an upper
reference limit of 3 CTC per 7.5ml of blood. Based on these results, detection of >3
CTCs per 7.5ml of blood using the Parsortix could be considered to be abnormal.
In conclusion, this study has shown that the epitope-independent Parsortix system
is able to consistently retrieve a higher number of CTCs in a greater proportion of
NEN patients than the current gold standard CellSearch®. Furthermore, the results
also indicate patient to patient CTC heterogeneity, with some patients
demonstrating EpCAM negative or low expressing CTCs that fail to be captured by
the CellSearch®. Use of the Parsortix has the potential to expand the population of
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NEN patients in whom CTCs can be retrieved and to allow the recovery of viable
cells for further analysis. Further work should be aimed at addressing the important
question of what the biological consequences are of the different CTC
subpopulations demonstrated in this work.
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Chapter 4
Development of DEPArray workflows for CTC and
FFPE applications
4.1

Introduction

The molecular analysis of tumours has led to advances in our understanding of the
major somatic driver mutations required for the initiation and ongoing
development of cancer. It has also driven the development of targeted therapies,
which have achieved significant response rates in selected patient populations
within certain tumour types(231-233). However, there remain ongoing challenges
in this rapidly evolving field. Genomic analysis of tumour samples, most commonly
stored as FFPE blocks, is limited by the low overall percentage of tumour cells and
the presence of contaminating stromal cells which can reduce the number of
samples suitable for genomic analysis. Solid tumours are complex mixtures of cell
populations, including benign fibroblasts, lymphocytes, macrophages and
endothelial cells that can contribute greater than 50% of the total DNA extracted.
Background normal diploid cells may therefore dilute the signal associated with
quantitative genomic features such as CNV analysis, loss of heterozygosity and
homozygous/heterozygous status of a variant and average values may mask
individual signals derived from cancer cells (234). Similarly, in the field of liquid
biopsy, CTCs derived from peripheral blood samples remain rare events in the
context of significant leucocyte contamination, even after enrichment using the
CellSearch® or Parsortix platforms described in previous chapters. For both sample
types there is a need to identify and recover pure populations of tumour-derived
cells to allow unambiguous downstream genomic analysis.
Furthermore, while bulk genomic analysis across large populations of cells has
provided key insights into cancer biology, this approach cannot provide the
resolution at the single-cell level which is required to fully define the extent of
heterogeneity that arises due to genetic diversification and clonal selection. Tumour
heterogeneity is increasingly recognized as a major cause of cancer treatment
failure, and definitive characterization of inter- and intra-tumoural heterogeneity is
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required to understand the different genetic events responsible for disease
evolution, relapse and metastasis. Sequencing of different spatial regions of a
tumour(173) and deconvoluting deep-sequencing data(235) has provided some
insights into clonal diversity. However, recent technological advances in whole
genome amplification and next-generation sequencing methods mean genomic
analysis is now feasible at the single-cell level and these approaches are uniquely
placed to unravel complex clonal structures and track tumour evolution over time.
This Chapter aims to address the aforementioned issues by assessing the feasibility
of a DEPArray-based protocol for the isolation and molecular characterization of
single CTCs and FFPE-derived tumour cells using a next generation sequencing
approach. The DEPArray cell-sorting platform was chosen as a means of identifying
and recovering both pure tumour cell populations and single tumour cells. The
single-use microfluidic cartridge contains an array of individually controllable
electrodes capable of generating dielectrophoretic cages around cells, whilst the
platform itself uses image-based selection to identify and isolate individual cells of
interest prior to their recovery. Cells may be selected on the basis of their
morphological features, DNA content and fluorescence labelling prior to their
retrieval in a pre-defined recovery plan as either single-cells or pools of cells. Other
groups have demonstrated the use of DEPArray in isolating and retrieving CTCs
from peripheral blood in SCLC and breast cancer following enrichment by
CellSearch® or flow cytometry (182, 236). Here, the ability of the DEPArray to
recover single CTCs from peripheral blood enriched using both the CellSearch® and
Parsortix platforms is evaluated. Factors influencing the success of these workflows
such as sample storage time and quality of DNA extracted downstream from the
DEPArray are also investigated.
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4.2

Methods

4.2.1 Patient recruitment
Patients were recruited between September 2014 and February 2018. All patients
had 7.5ml blood collected into CellSave tubes for analysis in the CellSearch® and
where available FFPE tissue was also obtained for further analysis. A subset of
patients also had 7.5ml blood drawn into Streck tubes for analysis using the
Parsortix platform. All eligible participants had histologically proven NET with
metastatic disease measurable by RECIST criteria. Patients were categorised
according to the site of primary NEN: midgut, pancreas or renal. This study was
approved by the Local Ethics Committee (IRAS ref 13/LO/0376) and all participants
were required to provide written informed consent.
4.2.2 Healthy donor recruitment
Healthy donors were also recruited for spiked cell experiments. Participants were
recruited at UCL Cancer Institute and provided written informed consent prior to
sample collection. Ethical approval was granted from the National Research Ethics
Service (NRES) Committee Yorkshire and The Humber – Leeds East (REC reference
number: 15/YH/0311).
4.2.3 Single-cell Suspensions from fresh tissue biopsies
Fresh tissue samples were processed immediately after collection to avoid the DNA
cross-linkage associated with preparation and storage as FFPE. Samples were
collected directly into 50ml of RPMI 1640 medium (Gibco, order no:11875-093)
before being transported to the lab for processing within 3 hours. The tumour
sample was placed into a sterile petri dish and soaked in 1ml of dissociation solution
(240μl collagenase, 150μl DNAse and 13.85ml of RPMI media). The sample was then
dissected into small pieces using a scalpel and transferred into a gentleMacs™ tube
(Miltenyi Biotec). This was processed in a gentleMacs™ dissociater for one cycle,
following which an incubation at 37°C for 30 minutes was performed. A
centrifugation step for 30 seconds at 1000g was performed prior to a second cycle
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on the gentleMacs™ dissociater. Following this, the sample was passed through a
50μl cell strainer into a 50ml tube to create a single-cell suspension. This suspension
was centrifuged at room temperature for 10 minutes at 300g with zero break and
acceleration. The cell pellet was re-suspended in 5ml of RPMI and a cell count
performed. Subsequently, the sample was centrifuged at 300g for 10 minutes at 4
degrees and the supernatant aspirated. The cell pellet was re-suspended in 1ml of
freezing medium (10% DMSO in FBS) and stored at -80°C.
4.2.4 Fixation of fresh tissue derived single-cell suspensions
After dissociation, fresh tissue samples were fixed prior to performing a staining
protocol using antibodies against cytokeratin and vimentin to allow the
idenitification and independent isolation of tumour and stromal cell populations for
downstream characterisation and analysis. In order to achieve this, approximately
500,000 cells were transferred to a clean LoBind Eppendorf tube (Eppendorf, order
no: 0030108.116) and centrifuged for 5 minutes at 400g. The supernatant was then
removed and the cells re-suspended in 400μl of running buffer by gentle pipetting.
400μl of Paraformaldehyde 4% (Fluka, order number: 158127) was then added to
make a final PFA concentration of 2%. The sample was incubated for 20 minutes at
room temperature. For the washing step, 600μl of PBS was added to the tube and
the sample centrifuged for 5 minutes at 400g prior to discarding the supernatant
without disturbing the cell pellet. This step was then repeated before adding 100μl
of BSSA 3% in PBS and incubating for a further 10 minutes at room temperature. A
further wash step was performed before re-suspending the sample in 100μl of
running buffer and performing a cell count.
4.2.5 Single-cell Suspensions from FFPE tissue for DEPArray analysis
FFPE tissue sections of 40-60μm thickness or FFPE tissue cores were obtained from
all patients with available tissue. One tissue roll per patient was sealed within a
nylon biopsy bag (Leica Biosystems; 38040700005) by melting the nylon using a
small flame. Samples were subsequently de-paraffinized within the bag by 3
consecutive 10 minute washes in 15ml of 100% xylene within an air-controlled hood
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at room temperature. Tissue re-hydration was achieved by performing 3
consecutive 5 minute washes in decreasing concentrations of ethanol (100%, 70%
and 50%), before undertaking a final 5 minute wash in Milli-Q water alone. Samples
were completely covered in each incubation step to avoid compromising the
dissociation procedure. For the antigen retrieval step, HIAR (heat-induced antigen
retrieval) buffer was required. To prepare a 10X stock concentration, a 0.1M
solution of citric acid was prepared and added dropwise, under continuous stirring,
to 100ml of 0.1M sodium citrate until a stable pH of 6.4 was reached. This was
diluted prior to each experiment to create a 1X solution required for each
experimental run. Tissue samples were then incubated with 15ml of 1X HIAR buffer
for 5 minutes at room temperature. This solution was discarded before adding a
further 15ml of 1X HIAR buffer pre-warmed to 80°C and incubating in a water bath
set to 80°C for 1 hour. After incubation, the sample was removed from the water
bath and allowed to cool completely to room temperature. Working under a Class II
biological hood, the 1X HIAR buffer was discarded before washing the sample three
times for 5 minutes with 15ml of RPMI 1640 (Gibco, order no:11875-093) medium
at room temperature. For dissociation, a 10X dissociation solution was prepared as
follows; 0.1g of Dispase (Life Tech, order no: 17105-041) and 0.1g Collagenase
(Sigma, order no: C9891) were dissolved in 5ml RPMI 1640 medium respectively to
prepare 2% solutions. These solutions were then mixed 1:1 to create a 10X
dissociation solution which was stored in 1ml aliquots at -20°C. Prior to use, a 1ml
aliquot was thawed and diluted in 9ml of pre-warmed RPMI 1640 medium at 37°C
to create a final volume of 10ml 1X dissociation solution. The 10ml of 1X
dissociation solution was then added to the tissue sample and incubated in a water
bath set at 37°C. The dissociation process was monitored every 10 minutes by
removing the sample from the water bath and vortexing for 10 seconds at medium
speed and visually inspecting the dissociation process (a cloudy solution indicates
cell release and formation of a single-cell suspension). After 15 minutes, an aliquot
was taken and a cell count performed prior to replacing the sample in the water
bath. After an additional 15 minutes, the samples was vortexed again and a further
aliquot taken to perform cell count. As soon as the cell numbers of two consecutive
133

15 minute cell counts were similar, the dissociation process was stopped
immediately by transferring the samples to ice. Samples were then resuspended by
pipetting gently and were filtered through a 30μm mesh nylon filter (Miltenyi, order
no: 130-041-407) into a 15ml conical tube. The PBAT buffer was then prepared by
adding 0.25ml of Tween-20 to 500ml PBS and subsequently dissolving 1g of bovine
serum albumin fraction in 100ml of this solution. The sample tube, still containing
the nylon bag, was washed with 4ml of PBAT buffer, which was again filtered into
the same 15ml conical tube. The filtered cells within this tube were then
centrifuged at 1000g for 5 minutes at 4°C. Following this, the supernatant was
discarded and 1ml of ice-cold PBAT buffer added prior to re-suspending gently with
a P1000 pipette and adding a further 4ml of PBAT buffer at 4°C. The sample was
centrifuged again at 1000g for 5 minutes and the entire washing process repeated.
Finally, 1ml 4°C PBAT buffer was added to the cell pellet prior to vortexing and
transferring to a 1.5ml protein LoBind Eppendorf tube (Eppendorf, order no:
0030108.116).
4.2.6

DNA quality control assay for FFPE samples

The DEPArray FFPE QC kit (Menarini Silicon Biosystems) was used to assess the DNA
integrity of cell suspensions obtained from FFPE samples prior to DEPArray. DNA
quality assessment was performed by a qPCR-based assay using two different
primer pairs that produce amplicons of 54bp and 132bp. A standard curve for each
primer pair was generated and the quality of DNA inferred by the ratio between the
quantification of the long amplicon and the short amplicon. This ratio is referred to
as the QC score and varies between 0-1. Intact, highly preserved DNA will show a
very similar amount of the two amplicons, while a highly fragmented DNA will show
a higher amount of the shorter 54bp amplicon. Typically a good quality FFPE sample
will have a QC score beween 0.6-0.7, medium 0.4-0.6 and poor quality 0.2-0.4. The
Effectively Amplifiable Template (EAT) score is an absolute value obtained using the
following formula: EAT = Number of cells × ploidy × QC score

134

The EAT score of each sample was used to assess the level of downstream analysis
that could be performed on single-cells/pooled cells according to Figure 4.1.

Figure 4.1 Feasibility of FFPE genomic analysis according to EAT score

4.2.7 Immunocytochemical staining of tissue derived single-cell suspensions
Immunocytochemical staining was performed to enable visualization and
identification of cells of interest on the DEPArray with a view to recovering both
tumour and stromal cells as separate populations. In order to achieve this,
cytokeratin was used as the tumour cell marker and vimentin as the stromal cell
marker. For each sample to be stained, 100μl of both the primary and secondary
antibody final mix solution was required. A further 500μl of 1X DNA staining
solution was also required in order to visualize the nucleus of cells and enable
assessment of the intensity of DAPI staining as an estimate of cell ploidy. The
primary and secondary antibody solutions are described in Tables 4.1 and 4.2.
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Anti-cytokeratin Clone
MNF116 (IgG1)
Antibody Anti-cytokeratin AE1/AE3
Anti-vimentin Clone Vim
3B4 (IgG2A)
Buffer
PBAT

Volume
(μl)

Final working
concentration
(μg/ml)

5

3.2

1

10

5

3.2

89

-

Final
volume
(μl)

100

Table 4.1. Primary Antibody Mix for tissue immunocytochemistry
Anti-cytokeratin Clone MNF116 (Dako, order no: M082101), Anti-cytokeratin AE1/AE3
(Millipore, order no: MAB3412), Anti-vimentin 3B4 (Dako, order no: M702001).

Antibody
Buffer

Alexa Fluor 488 Goat AntiMouse IgG1 (γ1)
Alexa Fluor 647 Goat AntiMouse IgG1 (γ2a)
PBAT

Volume
(μl)

Final working
concentration
(μg/ml)

12.5

2.5

12.5

2.5

75

-

Final
Volume
(μl)

100

Table 4.2 Secondary Antibody Mix for tissue immunocytochemistry
Alexa Fluor 488 goat anti-mouse IgG1 (Life technologies, order no: A-21121), Alexa Fluor
647 goat anti-mouse (Life Technologies, order no: A-21241).

A 10μl aliquot of both secondary antibodies was filtered in a microcentrifuge for 2
minutes at 1000g using Ultrafree-MC DV Centrifugal filters (Millipore, order no:
0030108.116) prior to preparing a 1:100 dilution with PBAT buffer. 5mg DAPI
(Sigma, order no: 32670-5MG-F) was dissolved in 14.3ml of Milli-Q water to prepare
a 1mM DAPI stock solution (100X) and stored in 500μl aliquots at -20°C to avoid
repetitive freezing and thawing cycles. Immediately prior to performing the
staining, the 100X stock solution was further diluted to 1X using PBAT buffer (5μl of
stock solution diluted in 495ml of PBAT).
The cell suspensions derived from FFPE were initially centrifuged at 1000g for 5
minutes at 4°C. The supernatant was then discarded and 100μl of primary antibody
solution added to each sample. This was gently mixed with a P200 pipette and
incubated for 30 minutes at 4°C. Every 15 minutes, the sample was vortexed gently
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for 5 seconds. Subsequently to this, 1ml of ice-cold PBAT buffer was added to stop
the reaction prior to spinning at 1000g for a further 5 minutes at 4°C and removing
the supernatant. This washing step was then repeated once before adding 100μl of
secondary antibody solution. Samples were incubated at 4°C in the dark for 1hr,
with regular vortexing performed every 15 minutes. After the incubation, 1ml of
ice-cold PBAT buffer was added to the sample and a wash step repeated twice (5
minutes at 1000g and 4°C) prior to discarding the supernatant. 500μl of DNA
staining solution was then added to the cell pellet and mixed gently using a P1000
pipette prior to incubating at 37°C for 30 minutes in the dark. The sample was
vortexed every 15 minutes to agitate the sample. Cells were washed by adding 1ml
of running buffer (Miltenyi Biotec, order no: 130-091-221) and centrifuging at 1000g
for 5 minutes at room temperature. This wash step was repeated prior to
performing a cell count.
4.2.8 Tissue-derived sample preparation for DEPArray analysis
An aliquot of 100,000 stained cells was transferred to a clean 1.5ml Eppendorf tube.
1ml of SB115 buffer was then added and the sample vortexed for 5 seconds prior to
centrifuging at 1000g for 5 minutes at room temperature. The supernatant was
discarded carefully to leave approximately 30μl of liquid before repeating the wash
step. The cell pellet was reconstituted in 36μl of SB115 buffer (10μl to be used for a
cell count, 13μl to load the DEPArray cartridge and a further 13μl as a backup
aliquot). 10μl was used to provide a cell count to ensure the total number of cells
fell within the satisfactory range of 5000-30,000. 13μl was then used to load the
DEPArray A300K cartridge v1.3 prior to analysing the sample.
4.2.9 Cell Selection from tissue samples using the DEPArray
The DEPArray is an automated system comprising the DEPArray cartridge and
analysis platform. The cartridge consists of a microfluidic device containing an array
of individually controllable electrodes with embedded sensors capable of creating
dielectrophoretic (DEP) cages around cells. A single-cell suspension of fluorescencelabelled cells is loaded into the cartridge, whereupon cells are individually trapped
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into a DEP virtual ‘cage’. The DEPArray analysis platform incorporates a five-channel
fluorescent microscope so that users can select single-cells demonstrating the
desired fluorescence labelling and morphological characteristics using the DEPArray
CellBrowser software, which can perform qualitative and quantitative marker
evaluation along with cell DNA content measurement. The selected cells can then
be gently moved via manipulation of the DEP cages to a parking chamber before
single-cells of interest or groups of cells are moved to a recovery chamber and
eluted in 30-100μl of manipulation buffer depending on number of cells to be
recovered.
For analysis of FFPE samples with the DEPArray, between 5000 to 10000 cells were
loaded into the cartridge within the 13μl total sample volume. Cell sorting was
executed according to DEPArray User’s Manual rev 1.1_sw 2.1.1. During the cell
sorting start up, the following parameters were selected for DEPArray analysis:
•

Soft Shaker Status = enabled

•

Cage Parameters Program Selection = SB115-30K

•

Temperature setting = 25°C

•

Chip Scan Settings = Custom (see Table 4.3 for full settings)

•

Scan Area = Full Scan

•

Sorting Mode = FFPE
Filter

Scan
Order

Exposure
Time

Gain

Detection

Analysis

Duplicate
removal

FITC (CK)

1

200

2

Disabled

Enabled

Disabled

APC (Vim)

2

300

2

Enabled

Disabled

DAPI

4

10

1

Enabled

Enabled

BRIGHTFIELD

5

2

1

Disabled
Enabled
(bright)
Disabled

Disabled

Disabled

Table 4.3 FFPE Chip Scan Settings
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From the acquired images in each channel a region-of-interest was computed for
each event and the following parameters were measured and stored in the particle
database: mean, max and integral intensity computed over the ROI, as well as
morphological parameters including area, roundness and diameter. The CellBrowser
analysis software was subsequently used to perform qualitative and quantitative
marker evaluation, along with DNA content measurement. Initially, all events were
analysed in an “in-cage” histogram, in order to filter and exclude all cells captured
out of cage from further analysis. In-cage events were then used as the input for a
scatterplot of mean intensity cytokeratin staining versus mean intensity vimentin
staining which allowed identification of the main subpopulations of tumour cells
(CK+Vim-) and stromal cells (Vim+CK-). These populations were gated separately and
saved for more detailed analysis within the Image Gallery, where cells were
selected according to staining characteristics, DNA content and morphological
features and assigned to user-defined subgroups. Selected tumour cells had to fulfil
the following criteria:
•

Single-cell/no cell clusters

•

Cell-like morphology

•

Positive cytokeratin signal (CK-FITC+)

•

Negative vimentin signal (CD45-APC-)

•

Positive for DAPI

•

Size of DAPI staining < CK-FITC staining

Similar criteria were applied for stromal cells, with the exception that vimentin was
used as the positive cell marker and cytokeratin as the negative marker. Precise
numbers of pure homogenous cells from the major populations of tumour and
contaminant diploid stromal cells were subsequently recovered into 0.2ml PCR
tubes.
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4.2.10 Live cell staining for Parsortix-enriched CTCs
Blood samples (7.5ml) were collected into EDTA tubes and processed on the
Parsortix within 24hours as per section 3.2.2. Enriched samples were collected in
1.2ml of PBS and centrifuged at 300g for 10 minutes as the first step. The cell pellet
was then re-suspended in 90μl of running buffer prior to adding 15μl of anti
EpCAM-PE (Santa Cruz Biotechnology, order no: 276). The sample was mixed by
gentle tapping on the side of the 1.5ml tube prior to incubation for 5 minutes at 4°C
in the dark to avoid label bleaching. Subsequently 10μl of anti CD45-APC (Miltenyi
Biotec, order no: 130-091-230) was added to the sample tube and mixed well prior
to incubating for 10 minutes at 4°C in the dark. Finally 2 drops of NucBlue® Live Cell
Stain ReadyProbes™ (Life Technologies) was added and incubated at room
temperature in the dark for 30 minutes. The reaction was stopped by adding 1ml of
running buffer and centrifuging at 300g for 10 minutes at 4°C. The supernatant was
then discarded and the cell pellet resuspended in 13μl of buffer for loading into the
DEPArray cartridge.
4.2.11 Fixation and staining of Parsortix-enriched CTCs on polycarbonate filter
Blood samples (7.5ml) were collected into a Streck tube and incubated for 24/48hrs
at room temperature. After processing in the Parsortix as per Section 3.2.2,
enriched samples were collected in 1.2ml of HBS buffer and centrifuged at 300g for
10 minutes at room temperature. The supernatant was then carefully removed and
the sample re-suspended in 200μl of Running Buffer. Prior to staining, a filter
adaptor was placed in a sterile 50ml Falcon tube and a Transwell polycarbonate
membrane insert placed within it. BSA 3% (200μl) was then pipetted onto the insert
to entirely cover its surface prior to a 10 minute incubation. The 50ml tube was
closed and centrifuged at 500g for 2 minutes to completely elute the BSSA solution
from the filter. The enriched patient sample was then transferred to the insert
surface and a further 200μl of running buffer added prior to centrifuging at 300g for
1 minute. At this point the running buffer passes through the pores of the insert
whereas the cells are retained on its surface. 100μl of a 10% CD45 staining solution
(10μl anti CD45-APC, Miltenyi Biotec, order no: 130-091-230 and 90μl of running
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buffer) was transferred onto the insert surface and re-suspended prior to
incubation at 4°C for 10 minutes in the dark. To stop the reaction, 200μl of running
buffer was added and the tube centrifuged at 300g for 1 minute. 100μl of a 10% CK
staining solution solution (10μl anti CK-PE, Abcam, order no: ab52460 and 90μl
Inside Perm, Miltenyi Biotec, order no: 130-090-477) was transferred onto the
insert surface and re-suspended prior to incubation for 10 minutes in the dark. To
stop the reaction, 200μl of Inside Perm was added to the sample prior to
centrifuging at 300g for 1 minute. Finally, the sample was stained for nuclear
content by transferring 100μl of a 0.001mg/ml solution of Hoechst 33342 (Sigma
Aldrich, order no: B2261) onto the membrane insert and re-suspending with the
sample. After a 5 minute incubation in the dark the sample was centrifuged for 1
minute at 300g. Four wash steps were then performed with 200μl of SB115 buffer
and the cell suspension transferred into a sterile 1.5ml tube prior to volume
reduction and loading into the DEPArray cartridge.
4.2.12 CTC selection using the DEPArray
Fixed peripheral blood samples enriched using the Parsortix device or CellSearch®®
CTC kit were processed on the DEPArray by selecting the FIXED_LOW_D program,
suitable for analysis of fixed samples containing <40,000 cells in total. Chip scan
settings were selected to analyse the entire sample using the APC, PE, DAPI and
brightfield filters and scan area was automatically set to “Full Scan”. The quick
routing mode was selected for all samples where the intention was to recover
individual CTCs or pools of CTCs ≤20. Initially, the whole cell population was filtered
to select the events captured in the dielectrophoretic-field cages and the frequency
distribution of the particles, based on the selected parameter, was shown in the “incage” histogram. This prevented later selection of cells that were “out of cage” and
therefore not available for recovery.
The scatter plot tool of the Cell BrowserTM software was then used to aid
discrimination of the cell populations present. Putative CTCs were defined as CKPE+/CD45-APC-/DAPI+, whilst leucocytes were identified as CK-PE-/CD45-APC+/DAPI+.
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Therefore all events were plotted with mean_intensity_APC on the X axis and
mean_intensity_PE on the Y axis. The CK-PE+/CD45-APC- events were visualised as
discrete points close to the Y axis of the scatter plot and a generous gating was
applied to avoid excluding putative CTCs for further analysis. An appropriate
number of CK-PE-/CD45-APC+ events close to the X axis were also gated to be used
as negative controls for downstream analysis. Following this, two Cell BrowserTM
groups were created to select (i) putative CTCs and (ii) WBC. The visible fields were
customised so that the following parameters could be evaluated for each cell:
•

Mean intensity with background subtraction for PE (CK)

•

Mean intensity with background subtraction for APC (CD45)

•

Mean intensity with background subtraction for DAPI

The CK-PE+/CD45-APC- gated population was loaded into the table tool of the Cell
BrowserTM and ranked in descending order for the mean intensity with background
subtraction for PE. Individual CTCs were then selected by inspecting the Image
Gallery associated to each gated particle and comparing the images with the given
intensity values.
Selected CTCs had to fulfil the following criteria:

•

Single-cell/no cell clusters

•

Cell-like morphology

•

Positive CK signal (CK-PE+)

•

Negative CD45 signal (CD45-APC-)

•

Positive for DAPI

•

Size of DAPI staining < CK-PE staining

•

At least 50% of DAPI overlapped or enclosed by CK-PE staining
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This process was repeated for leucocytes by loading the CK-PE-/CD45-APC+ gated
population into the table tool and performing a similar selection process. Criteria
for identifying leucocytes were as follows:
•

Single-cell/no cell clusters

•

Cell-like morphology

•

Positive CD45 signal (CD45-APC+)

•

Negative cytokeratin signal (CK-PE-)

•

Positive for DAPI

•

Size of DAPI staining < CD45-APC staining

•

At least 50% of DAPI overlapped or enclosed by CD45-APC staining

Following this, cells were recovered according to a pre-determined plan in the
recovery phase of the workflow. Cells were either recovered as single-cells or pools
of cells into 0.2ml PCR tubes which were then extracted from the recovery support.
4.2.13 Sample volume reduction
Prior to storage, a volume reduction step was performed by initially centrifuging cell
recoveries for 30 seconds at room temperature at 14100g. 100μl of PBS was then
added to each 0.2ml PCR tube and the centrifuge step repeated. Following this, all
samples were placed in a 0.2ml tube rack. Using a P200 pipette set to 150μl, all
volume within the tube was slowly removed by following the liquid meniscus until
the bottom of the tube. Due to the plastic tube properties, a residual volume of
approximately 1μl PBS remained inside with the cell pellet and samples were then
stored at -20°C.
4.2.14 Whole-genome amplification of single-cell DNA and quality-control assay
DNA of isolated single-cells was amplified using the Ampli1 WGA kit (Menarini
Silicon Biosystems) according to manufacturer instructions to generate a 50μl WGA
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product. This protocol utilises genome-wide Mse I digestion (targeting TTAA
sequences), ligation of a single adaptor with unique sequence and PCR
amplification(237). This method was employed because it showed accurate and
more even representation of the original single-cell genomic DNA compared to
other available methods. The quality of Ampli1 WGA products was assessed using
the Ampli1 QC kit (Menarini Silicon Biosystems) which generated a genomic
integrity index (GII) between 0-4 for each sample. This was determined by
performing a multiplex PCR to assess 4 amplicons of different lengths in
chromosomes 5p, 6p, 12p and 17p which were then visualized on a 1% agarose gel.
Only samples with a GII ≥1 were retained for downstream analysis.
4.2.15 Statistical Analysis
Data from replicated experiments were reported as means ± SD. Tests to evaluate
the normality of each group of data were performed (D’Agostino-Pearson).
Comparison within and between groups was performed using Wilcoxon signed-rank
test and Mann-Whitney. P values <0.05 were classed as significant.

Linear

regression plots were calculated and the Pearson method used to assess for
correlation.

144

4.3

Results

4.3.1 Evaluation of DEPArray technology for retrieval of CellSearch® enriched
CTCs from NET patient samples
Following CellSearch® enrichment, twenty patient samples with CTC counts ≥2 were
re-suspended, aspirated from the CellSearch® cartridge and stored at -20°C in 50%
glycerol prior to isolation using the DEPArray™ as described in Section 4.2.12. To
address the feasibility and efficiency of retrieving single CTCs from CellSearch®
enriched samples, the total number of CTCs identified using DEPArray technology
was compared to the original CTC count. A correction of the CellSearch® count was
performed for each sample by reducing overall count by 30% to account for the loss
of sample associated with the dead volume in the DEPArray cartridge. Following
storage of samples at -20°C from 19 days (0.6 months) to 32 months, single CTCs
were recovered using the DEPArray (Figure 4.2) and subjected to WGA using the
Ampli1 WGA kit followed by a GII-PCR quality check for each cell. A GII threshold of
≥2 has been suggested as a minimum quality threshold prior to performing low pass
whole genome sequencing on single-cells, therefore the proportion of cells with
GII≥2 and the mean GII per sample was calculated in order to address the genomic
stability of stored samples (Table 4.4).
CellSearch® CTC counts ranged from 13 to 771 (mean 194, median 87.5). After
correcting for the dead volume in the DEPArray, the mean ratio of observed over
expected CTCs was calculated and a mean transfer efficiency of 29.3% (range 1356%) determined. Linear regression analysis found no detrimental effect of longterm storage on the percentage of CTCs recovered using the DEPArray (P=0.32;
R2=0.055; Figure 4.3). Mean routing efficiency, defined as the number of cells
successfully transferred from the main DEPArray chamber into the parking chamber
for recovery, was 96% (range 81-100%). Across all 20 clinical samples, the mean
percentage of CTCs with GII ≥2 was 80% (range 60-100%) indicating that the great
majority of recovered CTCs had amplified DNA of sufficient quality for low pass
whole genome sequencing (LPWGS). The mean GII across the samples was 2.71 and
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storage of samples for prolonged periods of time up to 32 months did not appear to
affect the quality of amplified DNA achieved after WGA (P=0.5; R2=0.02; Figure 4.4).
DAPI

CK

CD45

BF

D

A

mean_intensity_PE

B

DAPI

CK

CD45

BF

E
C

mean_intensity_APC

Figure 4.2 Cell BrowserTM images taken from CellSearch® enriched sample
Samples taken from patient ID 11. (A) Scatterplot of all in-cage detected events with
mean_intensity_PE (CK) signal plotted against mean_intensity_APC (CD45) signal. CK+CD45tumour cell population highlighted by green dots, CD45+CK- leucocytes depicted by pink
dots. An illustrative CTC (B) and leucocyte (C) are shown at 20x magnification. Images taken
from the Image Gallery show 3 examples of CTCs (D) and leucocytes (E) with individual
staining in DAPI (blue), CK (green), CD45 (pink) and brightfield channels shown in
consecutive columns.
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Sample ID

CellSearch®
CTC count

Number of CTCs
by DEPArray (%)

Time at -20°C
(mths)

Mean GII

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

75
56
32
47
15
67
9
15
342
45
110
504
85
39
253
540
32
328
102
21

15(20)
13(23)
16(50)
14(30)
2(13)
34(51)
5(56)
7(47)
90(26)
12(27)
26(24)
61(12)
17(20)
5(13)
82(32)
75(14)
11(34)
71(22)
23(23)
10(48)

32.1
32.0
30.6
30.6
29.0
27.7
28.0
22.9
20.9
16.5
14.3
14.5
11.8
10.5
10.2
3.2
2.8
1.7
0.9
0.6

2.3
2.7
2.4
2.8
3.0
2.9
2.8
3.7
2.8
2.3
3.4
2.7
2.5
2.2
3.0
2.3
3.3
1.6
2.3
3.2

% CTCs with GII ≥2
73
77
69
79
7 100
87
80
100
70
67
90
75
90
60
90
68
100
60
80
90

Table 4.4 Summary of 20 NEN patient samples enriched by CellSearch® and analysed on DEPArray
CellSearch® CTC count is shown as well as number of CTCs identified using DEPArray, % value refers to percentage of CellSearch® CTCS that are subsequently
isolated by DEPArray. For each patient the time that CellSearch® enriched CTCs were stored at -20°C prior to DEPArray recovery is shown in months.

Figure 4.3 Effect of storage time on % of CTC recovered
(A) Graphical representation of the percentage of CTCs recovered following storage at 20°C for up to 32 months for 20 NET patients. Linear regression analysis found no
deleterious effect of long-term storage on % of CTCs retrieved (blue trend line). (B) Graph
of percentage of CTCs recovered grouped according to time stored at -20°C following
CellSearch® enrichment. No statistically significant difference was seen across all groups
(Mann-Whitney test P values >0.05; error bars show SD).
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Figure 4.4 Effect of storage time on GII of CTCs recovered
(A) The top panel shows DEPArray cell recoveries where green is CK staining and blue is
DAPI staining. The bottom panel shows an agarose gel of the individual cell GII-PCR
products with 0-4 bands generated for four different genomic regions of size 91bp, 108166bp, 299bp and 614bp. Calculated GII scores are given underneath each PCR product. On
the left a 100bp ladder is shown. (B) Graphical representation of the mean GII of CTCs
recovered following storage at -20°C for up to 32 months for 20 NET patients. Linear
regression analysis found no deleterious effect of long-term storage on GII of CTCs
retrieved (blue trend line). (C) Graph of mean GII value grouped according to time stored at
-20°C following CellSearch® enrichment and DEPArray retrieval. No statistically significant
difference was seen across all groups (Mann-Whitney test P values >0.05; error bars show
SD).

4.3.2 Evaluation of DEPArray technology for retrieval of Parsortix enriched
peripheral blood samples using pre-labelled spiked cells
Healthy donor blood samples collected into EDTA tubes and spiked with
CellTracker™ labelled MCF-7 cells were initially used to assess the efficiency of
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retrieving Parsortix-enriched CTCs using DEPArray technology. The mean number of
spiked cells was estimated as described in Section 3.2.2. Pre-labelled MCF-7 cells
were identified and enumerated in-cassette as detailed in Section 3.2.3 prior to
loading into a DEPArray cartridge. MCF7 cells were then identified and enumerated
within the DEPArray in order to calculate an overall recovery rate. Single-cell
recoveries were performed for experiments 1-3 and five individual MCF-7 cells from
each run underwent WGA and subsequent GII-PCR to determine the genomic
integrity (Table 4.5).
The mean number of MCF-7 cells captured in-cassette across all donors was 280
(range 148-374), corresponding to a capture rate of 59%. The mean number of
spiked cells identified in the DEPArray was 114 (range 56-191) corresponding to an
overall mean recovery rate of 40%. WGA and subsequent GII-PCR was performed
for the initial three experimental runs and showed a mean GII of 3.7 with 93% of all
tumour cells recovered having a GII ≥2 i.e. sufficient for single-cell LPWGS (Table
4.5).

Experiment
ID

Mean number
of spiked cells

In-cassette
capture (%)

DEPArray
capture (%)

GII
mean

1
2
3
4
5
Mean

312
356
374
211
148
280

148(47)
217(61)
258(69)
112(53)
95(64)
59%

97(31)
145(41)
191(51)
82(39)
56(38)
40%

3.8
4.0
3.2
n.d.
n.d.
3.7

% of CTCs
with GII
≥2
100
100
80
n.d.
n.d.
93%

Table 4.5 DEPArray recovery rates after Parsortix enrichment of pre-labeled MCF-7 cells
In-cassette capture rates (%) refers to percentage of spiked cells subsequently captured incassette. DEPArray capture rates (%) refers to percentage of spiked cells recovered in
DEPArray. % of CTCs with GII ≥2 calculated from 5 single MCF-7 cells chosen at random for
GII-PCR.

In order to establish a workflow in which patient samples could be enriched using
the Parsortix device for subsequent single-cell recovery using the DEPArray, an
alternative staining protocol was required to that used for spiked cell experiments
as described in 3.2.1. A staining step was introduced downstream of Parsortix
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enrichment and prior to loading into the DEPArray, in order to allow enriched cells
to be identified and recovered on the basis of morphology and staining
characteristics using DEPArray technology. The initial procotol used is outlined in
Section 4.2.10 and identified cells by staining for EpCAM (tumour cell marker), CD45
(leucocyte marker) and nuclear content. EpCAM was used as the tumour cell
marker in place of CK due to the need for an extracellular antigen, as samples
processed in this way were not fixed prior to processing in the Parsortix. Example
images of MCF-7 cells stained using this protocol are shown in Figure 4.5.
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Figure 4.5 Live cell staining of MCF-7 cells
MCF-7 cells were spiked into healthy donor blood prior to Parsortix enrichment. Enriched
samples were subsequently stained for nuclear content (blue), EpCAM (red) and CD45
(green). (A) DAPI+EpCAM+CD45- MCF7 cell (B) DAPI+CD45+EpCAM- leukocyte (C) A single
tumour cell surrounded by two leucocytes. Clear differential staining is seen between the
two different cell populations.

After establishing acceptable mean cell retrieval rates in the DEPArray using prelabelled MCF-7 cells, the overall efficiency of the workflow was assessed using the
live cell staining protocol. This was performed in order to investigate the degree of
cell loss that might be expected by introducing a cell staining step after Parsortix
enrichment and prior to processing in the DEPArray, as would be necessary for
clinical samples. Results from initial runs are shown in Table 4.6. The mean number
of spiked cells per run was 6286 with an overall mean DEPArray recovery rate of
only 3.4%.
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Experiment ID

Mean number of spiked cells

Number of CTCs in
DEPArray (%)

1
2
3
Mean

7500
5619
5741
6286

179(2.4)
314(5.6)
120(2.1)
3.40%

Table 4.6 DEPArray recovery rates using the Parsortix and live cell staining protocol
MCF-7 cells were spiked into healthy donor blood for enrichment using the Parsortix.
Separated samples were then stained using the live-cell staining protocol prior to volume
reduction and processing on the DEPArray. MCF-7 cells were counted on the DEPArray in
order to calculate overall recovery rates.

One explanation for the low recovery rates demonstrated here could be the spiking
of a large and potentially unphysiological number of MCF-7 cells, which may have
clogged the microfluidic cassette contained within the Parsortix device. Therefore a
further four experimental runs were performed with a lower mean spiked cell count
of 504. In these runs, the overall DEPArray recovery rate was increased at 14.5%
when compared to runs with higher initial spiked cell counts (Table 4.7).

Experiment
ID
1
2
3
4
Mean

Mean number of spiked
cells
500
488
547
480
504

Number of CTCs in DEPArray
(%)
67(13.4)
82(16.8)
64(11.7)
75(16)
14.5%

Table 4.7 DEPArray recovery rates using Parsortix and live cell staining protocol
A lower overall cell count was used for spiking experiments to avoid clogging of the
microfluidic cassette used for cell separation. This led to an improvement in mean recovery
rates to 14.5%.

However, it remained the case that introducing a further cell-staining step prior to
processing on the DEPArray led to a significant degree of cell loss that would impact
on CTC recovery from clinical samples. Furthermore, the live cell staining protocol
identified CTCs by nuclear and EpCAM staining. Whilst this would not affect the
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recovery rates of MCF-7 cells, which are documented to be EpCAM positive, it
would restrict CTC capture in clinical samples to the EpCAM positive population.
In order to overcome the issue of cell loss at the staining stage and to incorporate a
less restrictive staining algorithm allowing the capture of cells undergoing EMT, a
modified staining protocol was tested as outlined in Section 4.2.11. This required
cells to be fixed (achieved by 24-48 hour incubation in Streck tube prior to
processing on the Parsortix) before undertaking staining on a polycarbonate filter
for DAPI, CK and CD45. Carrying out the entire staining procedure on a
polycarbonate filter reduced the need for multiple wash steps and the cells were
retained on the surface of the filter thus reducing the degree of cell loss. Five
duplicate runs were performed using MCF-7 cells in order to assess the capture rate
of CTCs in the DEPArray following Parsortix enrichment and application of this
staining protocol (Table 4.8 and Figure 4.6). The mean percentage of CTCs captured
using this protocol was 36%, indicating a substantial improvement which would
make the running of clinical samples feasible with this methodology. Furthermore,
this workflow allows patient samples to be collected and processed up to 48 hours
after collection which is more convenient for patient samples collected off site or
for samples taken at different sites as part of a clinical trial.
Experiment
ID
1
2
3
4
5
Mean

Mean number of spiked cells
451
479
325
387
502
429

Number of CTCs in DEPArray
(%)
144(32)
215(45)
123(38)
140(36)
147(29)
36%

Table 4.8 DEPArray recovery rates using Parsortix and fixed cell staining protocol
Approximately 500 MCF-7 cells were spiked into healthy blood collected into a Streck tube
and processed in the Parsortix after 24-48hrs incubation. Separated samples were stained
for DAPI, CK and CD45 using a novel protocol on a polycarbonate filter to reduce cell loss.
Cells were counted in the DEPArray and overall recovery rates calculated.
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Figure 4.6 DEPArray images of Parsortix enriched MCF-7 cells
DAPI staining is shown in blue, CK in green, CD45 in pink. Rows A-C show example images of
MCF-7 cells identified in the DEPArray by the presence of a nucleus, clear CK staining and
the absence of CD45 signal. Row D is a leukocyte characterised by CD45 staining in the
absence of CK signal. Distinct populations of cells could clearly be identified using this
staining protocol on the DEPArray platform.

4.3.3 Evaluation of paired NET patient samples isolated using the Parsortix and
CellSearch®
In order to compare the ability of both platforms to provide CTCs of sufficient
quality for downstream molecular characterisation, paired blood samples were
taken from four patients with metastatic NEN for parallel enrichment by both the
CellSearch® and Parsortix systems prior to enumeration and isolation using the
DEPArray platform. For Parsortix evaluation, 7.5ml blood was collected into a Streck
tube and samples processed after 24 hours incubation in the dark. Staining was
performed on a polycarbonate filter as outlined in Section 4.2.11 prior to processing
and enumeration on the DEPArray. A parallel sample was collected into a CellSave
tube for enrichment using the CellSearch® and CTCs again enumerated using the
DEPArray. Recovered CTCs were subjected to WGA and subsequent GII-PCR to
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establish GII. For patient 3 where the overall number of CTCs was >400 for both
platforms, ten CTCs from each sample were subjected to WGA and GII-PCR in order
to compare the genomic integrity between the platforms (Table 4.9).
For the CellSearch® system CTCs were detected in all four samples with a range in
number from 8-452 CTCs per 7.5ml of blood. In the paired samples enriched by
Parsortix CTCs were again detected in all samples with a range of 10-613 CTCs. All
four patients demonstrated higher CTC counts by Parsortix enrichment as
compared to the CellSearch® system although this failed to reach statistical
significance, likely due to the low numbers involved (P=0.13). The comparison of the
mean GII of individual cells enriched by CellSearch® or Parsortix showed no
statistically significant difference (Wilcoxon signed-rank; P>0.99, Figure 4.7). There
was a trend towards the proportion of CTCs with GII ≥2 being lower in Parsortixenriched CTCs but this did not reach statistical significance (P=0.25, Figure 4.7).

Patient
ID
1
2
3
4
Mean

DEPArray CTC count
CellSearch®
16
10
452
8
122

Parsortix
23
14
613
10
165

Mean GII
CellSearch®
3.4
3
2.3
3.5
3.1

Parsortix
3.1
2.9
2.4
3.9
3.1

% of CTCs
with GII ≥2
CellSearch® Parsortix
93.8
87.0
80.0
78.6
100
77.8
100
100
94%
86%

Table 4.9 CTC GII evaluation by CellSearch® and Parsortix
Comparison of genomic integrity of CTCs enriched via Parsortix and CellSearch® after
DEPArray recovery
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Figure 4.7 Effect of enrichment method on GII of CTCs recovered
(A) Graphical representation of Mean GII of CTCs enriched using CellSearch and Parsortix. No statistically significant difference was seen between the groups (MannWhitney test P values >0.99; error bars show SD). (B) Graph depicting % of CTCs with GII≥2 according to enrichment platform. No significant difference was seen
between the groups (Mann-Whitney test P =0.25). (C) Comparison of CTCs and
white blood cells isolated by DEPArray from a paired sample enriched using both the
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Parsortix and the CellSearch®. Pan-cytokeratin is labelled in green, CD45 in pink and nuclear staining in blue.

4.3.4 Preparation of single-cell suspensions derived from FFPE
A total of 11 formalin-fixed paraffin-embedded samples from ten NEN patients
were available for analysis (Table 4.10). The series included 40-60μm FFPE tissue
sections from pancreatic NET (n=3), midgut NET (n=5), foregut NET (n=1) and
0.5mm diameter FFPE tissue cores from renal NET (n=1) and midgut NET (n=1)
collected between 2009-2018.

Patient
ID
1
2
3
4
5
6
7
8a*
8b*
9
10

Tumour Type
Pancreatic
Neuroendocrine
Midgut
Neuroendocrine
Pancreatic
Neuroendocrine
Pancreatic
Neuroendocrine
Midgut
Neuroendocrine
Foregut
Neuroendocrine
Renal
Neuroendocrine
Midgut
Neuroendocrine
Midgut
Neuroendocrine
Midgut
Neuroendocrine
Midgut
Neuroendocrine

Origin of FFPE
tissue
Pancreas
Small bowel
Pancreas
Pancreas
Small bowel
Gastooesophageal
junction
Liver metastasis
Lymph node
Pituitary
resection
Small Bowel
Small Bowel

Sample Type
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue core
biopsy
FFPE tissue core
biopsy
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll
FFPE tissue section
50μm roll

FFPE
storage
time
(mths)
23
25
10
12
109
28
2
78
6
60
22

Table 4.10 FFPE sample list
*Patient 8 had FFPE tissue available from two different timepoints and anatomical locations
as described.

Single-cell suspensions were prepared using the method outlined in Section 4.2.5
which was modified from that originally described by Corver and Haar(238) and
stained for cytokeratin (tumour cell marker), vimentin (stromal cell marker) and
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nuclear content using DAPI. Prior to analysis in the DEPArray, 100μl of the cell
suspension was cytospun at 650rpm for 5mins onto a microscope slide. Coverslips
were mounted with ProlongGold and nail polished to seal prior to review using a
Zeiss Axio Observer Z1 inverted microscope.
In the initial cytospins of the first 3 FFPE sample preparations, the cell suspensions
appeared heavily clustered (Figure 4.8). For analysis in the DEPArray, single-cell
suspensions are mandatory to allow individual cells to be captured within separate
DEP cages for single-cell analysis. The protocol was therefore adapted to filter the
suspension using a 30μm filter into a 15ml falcon prior to washing the filter
membrane with 3x500μl of running buffer. This step was performed twice prior to
re-suspending in 1ml of running buffer.
The immunofluorescence appearances were improved after the additional two
filtration steps with fewer cell clusters and an increased proportion of single-cells
(Figure 4.8). The protocol was therefore adapted accordingly prior to loading
samples into the DEPArray. Furthermore, all samples were vortexed vigorously
during the FFPE preparation protocol to separate cell clusters.
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7

160
Figure 4.8 Immunofluorescence of single-cell suspensions prepared from160
FFPE
DAPI staining is shown in blue, cytokeratin staining in green and vimentin staining in pink. An example stromal cell (DAPI+Vim+CK-) is highlighted in red. A
DAPI+CK +Vim- tumour cell is highlighted in green. Rows A-C show heavily clustered samples incompatible with DEPArray analysis. Row D shows sample after
incorporation of additional filtration step and is suitable for DEPArray analysis. Exposure times; DAPI 75ms, CK 700ms, Vim 2000ms.

4.3.5 Detection, isolation and recovery of pure cell populations from FFPE by
DEPArray sorting technology
FFPE-derived single-cell suspensions were prepared for analysis on the DEPArray
according to Section 4.2.8. The FFPE specific Cage Parameters, Chips Scan Setting
and Sorting Mode are described in Section 4.2.9. After loading of the sample into
the DEPArray cartridge, individual cells were trapped within DEP cages during image
acquisition and analysis using the in-built fluorescence microscope. An initial chip
scan was performed using the following channels; DAPI, FITC (CK-Alexa488), APC
(Vimentin-Alexa647) and bright-field. Event detection was then undertaken using
the DAPI channel to avoid single-cells being counted as duplicate events. The entire
cell population was initially filtered to select only those particles captured within
the DEP cages and the frequency distribution of the particles, based on the selected
parameter, was shown in the “in-cage” histogram (Figure 4.9). The selection of “incage” events was then used as the input for a scatterplot of mean intensity FITC
(tumour cell marker, CK-488) versus mean intensity APC (stromal cell marker,
Vimentin-647).
In the first samples run (patient ID 1-3), the intensity of staining for cytokeratin and
vimentin appeared similar across all detectable events (Figure 4.9) and distinct
populations of tumour and stromal cells could not be identified despite the clear
differential staining seen on manual immunofluorescence. On review of individual
events within the cell panel, many cells had lost their normal morphology and “bare
nuclei” were identified. This suggested that the samples had been over-digested
during the preparation of the single-cell suspensions, either due to a prolonged
dissociation time or incubation at >39°C. For subsequent samples, the total
dissociation time was reduced to a maximum of 30 minutes and monitored every
10mins by swirling the sample on a vortex and visual inspection for signs of cell
release. Two laboratory thermometers were also used to check temperature before
and during the dissociation step.
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Figure 4.9 DEPArray analysis of patient 1 FFPE sample
(A) Histogram of all detected events depicting relative frequency of events caught in-cage
versus the out of cage population. Only the in-cage population was selected for further
analysis. (B) Scatterplot of mean intensity APC (vimentin) staining versus mean intensity
FITC (cytokeratin) staining from the dissociated FFPE specimen revealed equivalent staining
across all events and failed to detect distinct cell populations based on differential
expression.
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In all subsequent processed samples, it was possible to identify and gate distinct
tumour cell (CK+Vim-DAPI+) and stromal cell (Vim+CK-DAPI+) populations according
to the constructed scatterplots (Figure 4.10). These two groups of cells were saved
for comparative analysis of their DNA content in an integral intensity DAPI
histogram which analysed the number of peaks and their position. The final cell
selection was performed within the Image Gallery and made according to cell
morphology and intensity of fluorescent staining for cytokeratin, vimentin and
DAPI. After visual inspection, cell doublets, clumps or unidentified events were
discarded and intact, single-cells exhibiting the desired fluorescence patterns and
DNA content were selected for recovery. Example images of identified tumour and
stromal cells are shown in Figure 4.11. By DEPArray sorting, precise numbers of
pure homogenous cells from the major populations of tumour and contaminant
stromal cells were identified prior to recovery as either single-cells or pools of cells.
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Figure 4.10 Cell BrowserTM images from Patient 6
(A) Scatterplot of all in-cage detected events with mean_intensity_ APC (Vimentin)
staining plotted against mean_intensity_FITC (cytokeratin) staining. The stromal cell
population is circled in red and tumour cell population in blue. Also shown are DNA
histograms depicting the stromal cell population (B) and tumour cell population (C).
Stromal cell histogram peak used as internal DNA diploid reference for tumour cells.
Two peaks are seen in tumour cell histogram indicating a diploid and hyperdiploid
population as labelled.
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Figure 4.11 DEPArray Image Gallery
DEPArray images taken from patient 6 with DAPI (blue), cytokeratin-FITC (green), vimentinAPC (pink) and brightfield channels depicted. Rows A and B show examples of DAPI+CK+Vimtumour cells and rows C and D show DAPI+Vim+CK- stromal cells.
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4.3.6 Identification of tumour cell subpopulations based on DNA content
By performing an analysis of DNA content using the DEPArray, it was possible to
identify subpopulations of interest within the tumour cell group. The stromal cell
fraction was used as an internal normal diploid reference for the tumour cell
fraction DNA content assessment; a DNA aneuploidy population was defined by the
presence of a peak differing in position from that of the diploid reference. The
relative DNA content of tumour cells was calculated by the DNA index (DI), defined
as the ratio of DNA content of a cell population with reference to the DNA content
of normal diploid cells. The DI was measured directly through the integral intensity
of DAPI fluorescence, as this has a stoichiometric relationship to the cellular DNA
content. A cell population with a normal diploid DNA content has a DI of 1.0, and
deviations in DI indicate cell populations containing more (hyperdiploid) or less
(hypodiploid) DNA. In all cases except sample 5, it was possible to identify two
distinct subpopulations based on DI across replicate sample runs (Table 4.11).
Where present, the DNA diploid (DI=1.0) and DNA hyperdiploid (DI>1.0) fraction
were gated separately in order to refine cell selection and allow separate recovery
of these populations (Figure 4.12).
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Sample ID
1
2
3

4
5

6

7
8a

8b

9

10

CK Positive Population
DNA Index Peak 1 DNA Index Peak 2
1.06
0.97
1.2
1
1.31
1.14
1
0.99
0.97
0.96
1.1
1.09
1.2
0.99
1.15
1.25
1.2
0.97
0.96
0.96
0.98
0.98
0.96
1.01
1
1.04
1.1
0.96
1.12
1.05
0.98

2.2
1.84
2.10
1.96
2.30
1.97
2.10
n.a.
n.a.
n.a
1.75
1.86
1.84
1.80
1.81
1.77
n.a.
1.87
1.83
1.85
1.83
1.67
1.8
1.78
1.99
1.98
1.96
1.84
1.8
1.83
1.85

Table 4.11 DNA Index of the CK positive populations across replicate sample runs
Cell subpopulations were identified according to DNA content, where Peak 1 is a DNA
diploid population (DI =1.0) and Peak 2 is a hyperdiploid population (DI >1.0). Two peaks
were identified for all samples across replicate experimental runs with the exception of
patient 5, in whom no hyperdiploid cell fraction could be identified across three repeat
runs.
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Figure 4.12 DEPArray analysis of FFPE samples from patients 6 and 8b
Patient 6; 50μm FFPE roll (A) Scatterplot of all in-cage cells derived from FFPE suspension with
separation of tumour cells (green) and stromal cells (pink). (B) DNA content distribution of cell
recoveries identifying tumour diploid population (green), tumour hyperdiploid population
(blue) and stromal diploid population (pink).

In order to assess the reproducibility in determining DI from small cell numbers, the

Patient 8b; FFPE tissue core (C) Scatterplot of all in-cage cells derived from FFPE suspension
relative standard deviation (RSD) of DI across samples replicates was analysed. The
with separation of tumour cells (green) and stromal cells (pink). Stromal cell population is
significantly
smaller than
forfirst
patient
to higher
in tissue
low RSD observed
forseen
both
and5 due
second
peakstumour
(6.1% cellularity
and 3.0%observed
respectively)
cores. (D) DNA content distribution of cell recoveries identifying tumour diploid population
confirms
thathyperdiploid
the DI measure
is reliable
(Table
4.12).
(green),
tumour
population
(blue)
and small
stromal diploid population (pink).
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Sample ID

No. of replicates
Peak 1

3
4
5
6
8a
8b
9
10

3
2
3
6
4
3
3
4
No. of replicates
28

Mean
DI
Peak 1
1.17
1.07
0.97
1.13
0.97
0.98
1.05
1.03
DI
Mean
1.05

Table 4.12 RSD of replicate patient FFPE samples

SD
Peak 1

RSD
Peak 1

No. of replicates
Peak 2

0.16
0.10
0.02
0.09
0.01
0.03
0.05
0.07

14
9
2
8
1
3
5
7

3
2
0
6
4
3
3
4

SD Mean

RSD Mean

No. of replicates

0.07

6.1%

25

Mean
DI
Peak 2
2.12
2.04
n.a.
1.81
1.85
1.75
1.98
1.83
DI
Mean
1.91

SD
Peak 2

RSD
Peak 2

0.17
0.09
n.a.
0.04
0.02
0.07
0.02
0.02

8.00
4.00
n.a.
2.00
1.00
4.00
1.00
1.00

SD Mean

RSD Mean

0.06

3.0%

4.3.7 Evaluation of DNA quality from FFPE samples
In view of the cost associated with single-cell sequencing, it was necessary to assess
the quality of DNA obtained from the available FFPE blocks prior to deciding
whether a sample was amenable to single-cell analysis. This was assessed using a
qPCR-based assay as described in Section 4.2.6, whereby the relative amount of the
132bp amplicon versus the 54bp amplicon was quantified in order to calculate a
ratio corresponding to the QC score. Highly preserved DNA would show a similar
amount of the two amplicons whereas a highly fragmented DNA would show a
higher prevalence of the 54bp amplicon. All samples were tested in triplicate and
final results are shown in Table 4.13. The efficiency of qRT-PCR was calculated using
standard curves of 10-fold DNA standard dilutions with all reactions demonstrating
efficiencies of >90% and R2 of >0.98 (Figure 4.13). For the samples with QC score
<0.4 with insufficient DNA quality for single-cell analysis, the amount of effectively
amplifiable template was calculated in order to determine the minimum of cells
required for successful CNV analysis of pooled samples.
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Patient ID

FFPE specimen type

FFPE
storage
time
(mths)

5
6
7
8a
8b
9
10

FFPE tissue section 50μm roll
FFPE tissue section 50μm roll
FFPE tissue core biopsy
FFPE tissue core biopsy
FFPE tissue section 50μm roll
FFPE tissue section 50μm roll
FFPE tissue section 50μm roll

109
28
2
78
6
60
22

Quantification Quantification
of long
of short
amplicon* (pg) amplicon* (pg)
1266
826
608
2113
6870
1439
40,588

6338
1497
772
9121
7842
9130
54832

Calculated
QC score
0.2
0.55
0.79
0.23
0.88
0.16
0.7

Suitable for
single-cell
CNV
Y= yes
N=no
N
Y
Y
N
Y
N
Y

Table 4.13 QC score calculation for FFPE samples 5-10
For samples with low QC scores <0.4, the minimum number of cells required for pooled cell analysis is given in the last column.
*Mean values given after experiment performed in triplicate.

No. of cells
required for
pooled analysis
75
n.a.
n.a.
75
n.a.
94
n.a.

Figure 4.13 qPCR Quantification Analysis
Concentration versus threshold cycle (Ct) curves for (A) short amplicon; R2=0.995,
efficiency = 0.93 and (B) long amplicon; R2=0.98, efficiency = 1.04. Standard curves were
reviewed to ensure that they met minimum quality criteria i.e. reaction efficiency in the
range 0.9-1.1 and R2≥0.98. For each sample, the two standard curves were used to
extrapolate the amount of amplifiable DNA present with the short and long amplicon assay
and QC scores were calculated by dividing the average quantification obtained using the
long amplicon assay by the average quantification obtained using the short amplicon assay.

A QC score of ≥0.4 sufficient for single-cell CNV detection was obtained for 4/7
samples with the remaining samples demonstrating a QC score of 0.2 or less. Of the
three samples with low QC scores, two were derived from surgical resections and
one from a core biopsy. This is relevant as time to fixation will be longer for surgical
specimens and may impact on the degree of DNA damage mediated by formalin.
However, the difference in mean QC scores between specimen types failed to meet
statistical significance, likely affected by the overall low numbers of samples
available for analysis (Mann-Whitney test, P=0.22). Linear regression analysis was
also performed to assess whether FFPE storage time impacted on QC score and a
strong inverse correlation was seen between the two (R=-0.8571, P=0.02; Figure
4.14). All samples with a storage time of over 50 months had low QC scores and
were unsuitable for CNV analysis.
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Figure 4.14 Graphical representation of FFPE QC score versus storage time.
Linear regression analysis found that long-term storage of FFPE samples had a deleterious
effect on FFPE QC score (blue trend line).

4.3.8 Evaluation of DNA quality from fresh tissue samples
During the course of this study patient 9 underwent a core needle biopsy of a liver
metastasis and consented to a fresh tissue specimen being collected at that time for
the purposes of this research. The sample was processed according to section 4.2.3
and 4.2.4 and underwent identical staining procedures to the FFPE samples. Single
tumour cells were isolated and recovered using the DEPArray prior to WGA and GIIPCR to assess DNA quality. Results are shown in Figure 4.15.
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Figure 4.15 GII calculation for single-cell DEPArray recoveries
The top panel shows DEPArray tumour cell recoveries where green is CK staining and blue is
DAPI staining. The bottom panel shows an agarose gel of the individual cell GII-PCR
products with 0-4 bands generated for four different genomic regions of size 91bp, 108166bp, 299bp and 614bp. Calculated GII scores are given underneath each PCR product. On
the left a 100bp ladder is shown.

Out of twelve recovered cells, eleven had a GII score of 4 with a single-cell having a
score of 3. All recovered cells were therefore suitable for single-cell LPWGS which
requires a GII of ≥2. This indicates a very high quality of DNA obtained from fresh
tissue samples processed in this way.
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4.4

Discussion

4.4.1 CTC workflows
In this study, a reliable workflow for the molecular characterization of single-cells
has been established, with built in quality control steps to reduce the costs
associated with processing cells of insufficient DNA quality after WGA, and to allow
reliable LPWGS for CNV analysis. This was achieved by combining DEPArray
technology with the non-random Ampli1 WGA method and can be applied for the
analysis of any rare cells where an enriched cell suspension is available. The
workflow may be interrupted at several steps, namely after cell enrichment and
detection and after whole genome amplification which makes it feasible for use in a
high throughput lab or as part of a clinical trial protocol.
The initial experiments focused on the recovery rate and stability of single CTCs
isolated by CellSearch® and demonstrated a mean transfer efficiency of 29.3%
(range 13-56%). Polzer et al also investigated the transfer of CTCs from CellSearch®
to DEPArray in clinical samples and reported an overall transfer efficiency of
85%(191). The transfer efficiency is influenced by many operator-dependent
factors, including extraction from the CellSearch® cartridge, storage in glycerol,
transfer into SB115 buffer, volume reduction and loading into the DEPArray
cartridge. In the study of Polzer et al, samples were transferred directly from
CellSearch® cartridges to the DEPArray. Avoiding an intermediate glycerol storage
step may explain the higher overall transfer efficiency seen in comparison to my
study, although at the expense of requiring all samples to be processed within 3
weeks of CellSearch® enumeration, which may not prove feasible for clinical trials.
Furthermore, the criteria used to define CTCs in my research were identical for
CellSearch® enumeration and detection in the DEPArray. Polzer et al detected more
CTC events in the DEPArray than originally enumerated by CellSearch® in three
patient samples, indicating that their criteria or the application of these criteria
were different between the two platforms. Finally, in my study patient CTCs were
observed to be heterogeneous in morphology and staining characteristics as has
been previously described(124), and this may have introduced some observer
175

variability in CTC counts. The influence of operator-dependent technique and
observer variability appears to be confirmed by other studies, where mean transfer
efficiencies as low as 3.5% have been reported(239). This workflow can also be
applied following other methods of CTC enrichment such as the markerindependent Parsortix platform. The transfer efficiency of tumour cells enriched by
Parsortix was also evaluated here and found to be only 14% with the use of a livecell staining protocol. This was improved to 36% by the introduction of a fixation
step and staining protocol performed on a polycarbonate filter in order to reduce
cell loss. Fixation of CTCs prior to DEPArray analysis makes this protocol more
applicable to clinical samples as it allows an additional stopping point at which
samples can be stored for 24-48hrs prior to analysis on the DEPArray. Furthermore,
the use of cytokeratin as a tumour cell marker in this protocol avoids limiting CTC
isolation to only those cells expressing EpCAM.
Factors affecting whether the DEPArray-isolated cells provide sufficient quality DNA
for sequencing were then investigated. Single-cells were subjected to WGA, the
efficacy of which was evaluated by a multiplex quality control PCR (GII-PCR). It has
been demonstrated that the number of bands amplified (0–4) is associated with the
integrity of the starting material, with 2 or more PCR bands corresponding to a good
quality DNA, whilst cells with degraded DNA generate fewer bands (191). Using this
workflow, high quality DNA was obtained for the vast majority of DEPArray
recovered cells, regardless of the enrichment protocol applied. It was notable that
93% of Ampli1 libraries from freshly isolated unfixed MCF-7 cells enriched by
Parsortix showed high quality DNA, whilst 80% of WGA libraries of single CTCs
isolated from CellSearch® cartridges had the same high DNA quality (chi-square,
P=0.18). Whilst not statistically significant, any trend towards reduced DNA quality
obtained after CellSearch® enrichment could potentially be attributed to the
fixation process. To independently investigate the effect of the sample processing,
matched clinical samples were processed using both the CellSearch® and Parsortix
platforms, utilising the fixed-cell staining protocol downstream of the Parsortix.
Again, no significant difference was seen between the number of cells achieving a
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GII of ≥2 across patient samples processed in parallel using the two platforms (chisquare P=0.22) indicating that the enrichment protocol does not affect the quality
of DNA obtained after DEPArray recovery and WGA. In my study, clinical samples
were banked after CellSearch® enrichment using a glycerol storage protocol.
Glycerol has been used as a cryoprotective agent for blood cell storage in
transfusion medicine for some time (240, 241) and was first described for the
storage of CTCs by Mesquita et al(242) in 2017. Analysis of recovered single-cells
from clinical samples stored in glycerol at -80°C showed that these was no
measurable decline in genomic integrity for at least 32 months. This is consistent
with published data from Mesquita et al evaluating DNA quality after storage up to
a maximum of 37 months in total(242). Interestingly, paired analysis of clinical
samples by Mesquita et al showed a minor improvement in the GII of glycerolstored samples compared to freshly processed samples, although this failed to
reach statistical significance. My work demonstrates that storage of enriched
samples prior to DEPArray analysis in glycerol at -80°C provides long-term stability
for later genomic analysis. After isolation and WGA, DNA samples have also been
demonstrated to be stable at -80°C for several years (243). The ability to interrupt
this workflow means it could be integrated into clinical studies where there may be
a need to process samples derived from multiple sites in batches without loss of
information.
4.4.2 FFPE workflows
Formalin fixation is routinely used in pathology laboratories for the long-term
storage of tumour tissue. However, this method can induce fragmentation and
mutations in tumour DNA leading to difficulties in downstream genomic analysis.
This problem is exacerbated in samples with low overall cellularity, where the
amount of template DNA for sequencing is even lower. CNV analysis by low pass
genome sequencing is robust and more resilient to the DNA fragmentation and
formalin induced base modifications seen in FFPE. However, contamination by
stromal cells may dilute the signal seen with copy number changes to values below
the threshold of detection. Furthermore, subpopulations of tumour cells with
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different genetic characteristics may exist which would act to dilute this signal in a
similar manner. This would usually limit CNV anaIysis to samples with high tumour
cellularity and high-fold tumour gene amplifications. Furthermore, assessment of
intra-tumoural heterogeneity would be limited by performing bulk analysis. In order
to circumvent these issues, this Chapter reports the development of DEPArraybased workflows to allow (i) recovery of 100% pure populations of tumour and
stromal cells (ii) recovery of single cells derived from the aforementioned
populations. In 10 FFPE samples of varying age (2-109 months) and originating from
different primary sites, it was possible to identify distinct populations of tumour
and stromal cell populations based on morphology and immunofluorescent staining
for cytokeratin and vimentin markers. Furthermore, DEPArray sorting allowed
recovery of precise numbers (median 140, range 1-310) of pure homogenous cells
derived from tumour and stromal cell populations. The retrieval of pure stromal
cells is useful as an internal negative control allowing false-positive alterations nonspecific to tumour cells to be disregarded from subsequent analysis. This is
particularly important in cases where matched normal tissue is not available for
comparison. Bolognesi et al have shown that analysis of pure populations may have
clinical implications for determining the true zygosity states of known
mutations(234). In a patient with ovarian cancer, they compared NGS results
performed on unsorted tissue and pure tumour cells and demonstrated that the
real zygosity state of the known missense TP53 mutation could only be detected by
analysis of pure tumour cells. Lee et al have also reported up to 10 fold increases in
the allele frequencies of tumour cell variants in sorted samples(244). The relevance
of cell sorting is also applicable to CNV analysis. Bolognesi et al observed numerous
chromosomal gains and losses within the genome of pure tumour cell populations
despite all chromosomal losses and the majority of gains being undetectable in
unsorted samples(234).
For 9/10 FFPE samples analysed it was also possible to identify tumour
subpopulations based on DNA content and recover these cells for separate genomic
analysis. An advantage of this feature is that a ploidy estimate is known for each
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recovered tumour subpopulation. This can be used to set the copy number baseline
at the appropriate level in subsequent bioinformatic analysis. This is critical as DNA
index can influence the downstream interpretation of CNV profiles. Furthermore,
other groups have shown that tumour subpopulations sorted by DNA content can
have genetically distinct profiles, both in terms of somatic mutations and
chromosomal aberrations. In lung adenocarcinoma, LOH in the PIK3CA locus and a
somatic deletion in the EGFR locus were demonstrated within DNA aneuploidy
samples whereas diploid tumour samples had a variant frequency profile consistent
with stromal cells(234). Sorting pure cells according to DNA index allows
unambiguous

genetic

profiling

of

these

subpopulations

and

improved

understanding of the heterogeneity seen even within pure tumour cell populations.
Finally, the workflows developed in this Chapter incorporate quality control assays
to assess whether DNA obtained from FFPE samples is sufficient for single-cell
analysis. This is important to minimise the high costs associated with the
downstream molecular characterisation of single-cells. The data presented here
suggests that long-term storage of FFPE samples had a deleterious effect on the QC
score obtained and supports a threshold of 50 months, beyond which FFPE samples
do not appear suitable for single cell analysis. This is particularly of relevance to the
NEN patient population, where original surgery or biopsy may have been performed
several years prior to treatment due to the longevity of these patients. These
results may have been influenced by several other factors that can also affect the
degree of DNA damage mediated by formalin, such as time to fixation, fixation
temperature and the fixative buffer used. However, other groups have reported
findings in support of this effect, where the success rate in library creation
significantly decreased with increasing age of sample(234).
In summary, the methods described in this Chapter allow specimens with low
tumour cellularity to be subjected to molecular genetic analysis and provides a
means of evaluating the genotypic relationships between different tumour cell
subpopulations.
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Chapter 5 CNV analysis of CTCs derived from Neuroendocrine
patients
5.1

Introduction

Whilst tissue biopsy remains a necessary component of the diagnostic work-up, it is
invasive and associated with some risk. Furthermore, in patients with widespread
disease, it is not feasible to target multiple tumours, and selection of the most
clinically relevant site for biopsy is not possible from imaging alone.

The

identification and characterization of CTCs as part of a minimally invasive “liquid
biopsy” provides an opportunity to explore NEN biology, investigate intra-patient
heterogeneity and identify therapeutic targets. Serial samples may be analysed
longitudinally, yielding insights into mechanisms of resistance among a clinically
relevant population of cells.
The first clinical applications of CTCs have focused on their enumeration, which has
been shown to be both prognostic and predictive across a wide range of
malignancies including NEN, where a CTC count of ≥1 per 7.5ml of blood
corresponds to a worse PFS and OS (147-149, 152, 153, 155). Furthermore,
enumeration may be useful for other applications such as cancer screening, and has
been shown to distinguish between benign and malignant lung lesions on abnormal
CT imaging with a sensitivity and specificity of 89 and 100% respectively(245).
However, expanding this work by performing detailed molecular analysis at the
single-cell level may allow the full potential of CTCs as clinically relevant biomarkers
to be realised. This approach has already shown promise in other tumour types, for
example, EGFR-mutated lung cancer, in which the resistance allele T790M can be
detected in serial CTC measurements and is associated with response to treatment
with EGFR-directed therapy(183). Other genomic alterations such as CNV have also
been investigated in CTCs and have shown promise as predictive biomarkers of
response to therapy. Farace et al have observed ALK-copy number gain (ALK-CNG)
in the CTCs of ALK-rearranged NSCLC patients treated with the tyrosine kinase
inhibitor crizotinib. In these patients, there was a significant association between
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the decrease in CTC number with ALK-CNG and a longer PFS, and ALK-CNG was the
strongest factor associated with PFS in multivariate analysis (HR 4.485; 95% CI,
1.543-13.030. P=0.006)(246).
To date, there are no published studies on the molecular characterisation of CTCs
derived from NEN patients. NENs are known to be heterogeneous in terms of their
histology, clinical behaviour and prognosis, and this is reflected in the varying
degree of intratumoral genomic heterogeneity seen in SI-NET primary and
metastatic lesions. However, bulk tumour analysis lacks the resolution necessary to
define this heterogeneity or to track its evolution over time. This study represents
the first comprehensive genomic profiling of individual CTCs from NEN patients
using next-generating sequencing approaches. NENs are known to have a low
mutational burden in the region of 0.1 somatic SNV per 106 nucleotides(78), but
characteristic CNV have been observed(89, 90, 105). In view of this, the genomic
analysis of CTCs reported in this study has focused on CNV changes at the single-cell
level. Conflicting reports exist regarding CTC CNV profiles in other tumour types;
lung cancer patients have demonstrated reproducible and homogenous patterns of
CNV both within and between patients, with unchanged profiles over time and in
response to therapy(178). However, prostate cancer patients have shown an
evolution in the CTC CNV pattern in line with response to therapy, followed by
further changes on subsequent progression of disease(180). There is therefore, an
unmet need to characterise these changes in NEN and track them over time.
The genomic analysis of CTCs in other tumour types has been limited by low CTC
capture rates. Data from previous Chapters has demonstrated that the size-based
Parsortix platform can capture a larger number of CTCs across a greater proportion
of NEN patients compared to CellSearch®. Additionally, since CTC capture with
Parsortix is not EpCAM-dependent, a more heterogeneous CTC population can be
sampled. Where possible, samples in this study have been enriched using both the
CellSearch® and the size-based Parsortix platforms, and longitudinal samples have
been provided.
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The aim of this work is to characterise the CNV profiles of individual CTCs with a
view to analysing both intra- and inter-patient heterogeneity and assessing the
impact of differing enrichment methods on the population of CTCs captured at the
genomic level.
5.2

Methods

5.2.1 Patients
Seven patients with CTC counts >10 were selected from those recruited between
September 2014 and February 2018. All patients had histologically proven NEN with
metastatic disease measureable by RECIST criteria. They were categorised according
to the site of primary NEN and clinical data including age, sites of known
metastases, treatment history and clinical outcomes were collected. This study was
approved by the Local Ethics Committee (IRAS ref 13/LO/0376) and all participants
were required to provide written informed consent. Three of these patients also
had CellSearch®-enriched blood samples taken as part of their enrollment in the
Phase 1/2a PEN-221 study (patients 2 and 7) or Phase V CALM-NET study (patient
4), and with their consent and permission from the trial sponsors these longitudinal
samples were also evaluated to investigate changes in CNV over time and
mechanisms of acquired resistance.
5.2.2 CTC isolation and enrichment
Each patient had peripheral blood samples (7.5mls) collected into CellSave tubes
(Veridex LLC). All samples were kept at room temperature and processed within 96
hours using the Celltracks® Autoprep® and Analyzer II® platform for the semiautomated enrichment and enumeration of CTCs as described in Section 2.2.3.
Enriched samples were re-suspended, aspirated from the CellSearch® cartridge and
stored at -20°C in 50% glycerol. Where possible, matched blood samples (7.5ml)
were collected consecutively into a Streck tube and incubated for 24-48 hours prior
to enrichment using the Parsortix platform and staining on a polycarbonate filter as
per Section 4.2.11. Both CellSearch® and Parsortix enriched samples were
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subsequently processed on the DEPArray platform (as per Section 4.2.12) for the
recovery of single CTCs and single leucocytes. During DEPArray analysis, further cells
were identified that had morphology and DAPI staining consistent with single-cells,
but lacked significant staining for either CD45 or CK. These cells were labelled
“double negative” cells and were recovered separately for further analysis.
5.2.3 Tissue specimens
Historical FFPE samples were available for five of the six patients, with one patient
(patient 2) having two specimens available from different anatomical locations and
timepoints (Table 5.1). Data was collected on the anatomical site of sample, storage
time and whether tissue was derived from biopsy or surgical resection. In addition
to the collected FFPE sample, one patient (patient 3) consented to a fresh tissue
core being taken at time of repeat liver biopsy and this tissue was also included in
the study. FFPE and fresh tissue samples were processed and stained as single-cell
suspensions as described in Section 4.2.3 - 4.2.7. FFPE samples were subjected to a
qPCR-based DNA quality control assay and QC scores established per sample.
Samples with QC score ≥0.4 were processed on the DEPArray platform for retrieval
of single tumour and stromal cells as per Section 4.2.9. Samples with QC scores <0.4
were deemed to have low quality DNA insufficient for single-cell analysis and
pooled tumour and stromal cell populations were recovered using the DEPArray.
Where visible, diploid and hyperdiploid tumour cell populations were recovered
separately. Due to the lack of fixation, the quality of DNA in the fresh tissue was
assumed to be adequate and single tumour cell and stromal cells were recovered
using the DEPArray. These cells were subjected to a DNA quality assessment on an
individual cell basis as outlined in Section 5.2.4.
5.2.4 Whole genome amplification of single-cell DNA and quality-control assay
WGA was performed on all recovered single-cells using the Ampli1 WGA kit version
02 (Silicon Biosystems) according to Section 4.2.14 to generate a 50μl WGA product.
For single CTCs and tumour cells derived from fresh tissue, the quality of the WGA
product was determined using the Ampli1 QC Kit (Silicon Biosystems). Only single183

cells with sufficiently good quality DNA as determined by a GII≥2 were selected for
downstream analysis.
5.2.5 LowPass Whole Genome Sequencing and Bioinformatics
Ampli1™ LowPass kit for Illumina (Menarini Silicon Biosystems) was used for
preparing low-pass Whole Genome Sequencing (WGS) libraries from single cells. For
high-throughput processing, the manufacturer’s procedure was implemented in a
fully automated workflow on a STARlet Liquid Handling Robot (Hamilton®). Ampli1™
LowPass libraries were normalized and sequenced by HiSeq 2500 instrument using
150 SR rapid-run mode.
Whole Genome libraries from FFPE pooled cells were prepared with DEPArray
LibPrep™ kit for Illumina (Menarini Silicon Biosystems - not yet commercial).
According to DEPArray LibPrep™ protocol, each FFPE cell pool was transferred into
a microTUBE-50 AFA Fiber Screw-Cap for fragmentation by Covaris M220
instrument for 3 min and 52 sec (pick power:50, duty factor:20, cycles/burst:200) to
obtain a 180–220 bp fragment size.
Once the DNA had been fragmented, the fragment ends were first
dephosphorylated and then repaired at both 5’ and 3’ sides. Hence, P7 and P5
Illumina adapter sequences were ligated to the fragmented dsDNA. Bead-based
SPRI clean-ups were used to remove oligonucleotides and small fragments, and to
change enzymatic buffer composition between steps. Libraries amplification using
KAPA HiFi HotStart Ready Mix (Kapa Biosystems) was performed and final products
were cleaned up with 0.8 X Agencourt AMPure XP beads (Beckman Coulter
Genomics) and eluted in Low TE solution. Libraries were normalized and pooled to 4
nM based on qPCR quantification (Kapa Biosystems). Pooled samples were
sequenced on the MiSeq using the MiSeq Reagent Kit V3 (150 SR).
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The obtained FASTQ files were aligned to the hg19 human reference sequence
using Burrows-Wheeler Aligner version 0.7.12 (BWA). Copy-number alterations in
the data were identified using Control-FREEC software (version 11.0).
Hierarchical clustering of profiles was performed using “euclidean” distance metric
and “ward” clustering method.
5.3

Results

5.3.1 Patients
Seven patients with CTC counts >10 (range 13 - >20,000) were included in this
study, with primary tumour sites including the small intestine (n=4), pancreas (n=1),
gastro-oesophageal junction (n=1) and kidney (n=1). All patients had blood samples
taken for enrichment using the CellSearch® platform and three of these had
concomitant samples enriched using the Parsortix device (IDs 2, 3, 7). Three
patients had longitudinal blood samples drawn at different timepoints (IDs 2, 4, 7)
for evaluation of CNV profile changes over time and associated with therapy. A total
of 8 tissue samples (FFPE; 7, fresh; 1) from six patients were available for analysis
and one patient (patient 5) had no tissue available. Of the eight samples, the tissue
of origin was equally split between primary sites (small intestine; 3, GOJ; 1) and
metastatic sites (liver; 3, brain; 1). Two patients (ID 2 and 3) had two tissue samples
available from different anatomical locations and timepoints. The clinical
characteristics of these patients are summarised in Table 5.1.
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Age

Date of
initial blood
sample

Primary Site

Sites of
metastasis

Grade

Active
treatment?

M

74

23/03/15

Small intestine

Liver

2

n.a.

2

F

45

22/09/17

Small intestine

Brain, Liver,
LN

3

PEN-221

3

F

69

01/02/18

Small intestine

Liver, LN

2

n.a.

4
5
6
7

M
M
M
F

65
47
64
33

22/05/15
21/03/16
14/12/15
11/05/17

Small intestine
Pancreas
GOJ
Renal

Liver
Liver
Liver
Liver

1
2
3
2

SSA
n.a.
n.a.
PEN-221

Patient
ID

Sex

1

Site of tissue
sample

74.4

Interval
between
tissue
sample 2 and
blood
sampling
(mths)
n.a.

78.8

1

57.5

0

12.5
n.a.
0.1
-9.6

n.a.
n.a.
n.a.
n.a.

Interval
between
tissue and
blood
sampling
(mths)

Small Intestine
a. Lymph node
biopsy
b. Pituitary
resection
a. Small intestine
b. Liver biopsy
(fresh frozen)
Small intestine
n.a.
GOJ
Liver

Table 5.1 Summary of clinical characteristics of the 7 NEN patients

M: male, F: female, n.a. not applicable, Y: yes, N: no, GOJ: Gastro-oesophageal junction, LN: lymph nodes, SSA:
Somatostatin analogues, PEN-221: novel antibody-drug conjugate. All tissue samples are FFPE unless specifically indicated
otherwise.

5.3.2 Establishment of copy number changes in CTCs
It was important initially to assess whether tumour-specific copy number changes
could be detected in NEN patient CTCs using the established workflow outlined in
the methods. Altogether, 125 single CTCs and 2 pools of 8 CTCs were isolated from
seven patients and subjected to WGA, GII-PCR and low pass WGS. As a control, 17
single leucocytes (CD45 positive cells) and 5 pools of 10 leucocytes were also
isolated and subjected to the same procedures. As expected, the CD45-positive cells
showed balanced copy number profiles and CTCs showed an overabundance of
gains and losses, confirming the aberrant nature of these tumour cells (Figures 5.1
and 5.2). Furthermore, this confirmed the uniformity of single-cell WGA with the
Ampli1 kit and excluded the possibility that the amplification procedure produced
artefacts in the CNVs.
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Figure 5.1 Genomic analysis of CTCs derived from patient 7
(A) Scatter plots of blood derived CellSearch® enriched samples from patient 7 with DEPArray image galleries of selected CTCs (B). Low pass copy number
profiles of CTCs (C) with highlighted area of gain in Chromosome 12 corresponding to the CDK4 locus (blue) and areas of loss in Chromosome 3
corresponding to the VHL tumour suppressor gene (orange).

7
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Figure 5.2 Genomic analysis of leucocytes derived from patient 7
Scatter plots of blood derived CellSearch® enriched samples from patient 7 (A) with DEPArray image galleries of selected leucocytes (B). Low pass copy
number profiles of leucocytes (C) demonstrate flat profiles.

5.3.3 Specificity of DEPArray sorting
Robust and specific CTC identification is required to avoid introducing bias from
non-CTCs during biomarker evaluation. The sensitivity and specificity of CTC
identification and recovery by the DEPArray was therefore assessed across all
single-cells subjected to LPWGS. Cells with CNV profiles demonstrating an
overabundance of chromosomal gains and losses were considered to be CTCs,
whilst cells demonstrating flat profiles were classified as leucocytes. Out of 125
analysed single CTCs, 6 cells demonstrated flat profiles consistent with that of
leucocytes i.e. could be considered false-positives. All cells classified as leucocytes
demonstrated flat CNV profiles as expected. In this study, using CNV profiles as the
ultimate classifier of cell status, DEPArray selection had a positive predictive value
of 95% and negative predictive value of 100% (P<0.0001) (Table 5.2).

Figure 5.3 CTC false-positive rate
The frequency of CTC false-positives ranged from 0-14% per patient, with an average of 4%.

5.3.4 CNV analysis of single-cells derived from FFPE
The success of the DEPArray and Ampli1 workflows on FFPE material is highly
dependent on the integrity of the DNA obtained from these samples. In view of this,
all available FFPE samples were processed in order to obtain single-cell suspensions
followed by a DNA quality check using the DEPArray QC kit (real time PCR test) prior
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to cell sorting. Samples were allocated a QC score as described in Section 4.3.7.
Four of the seven samples had QC values ≥0.4 indicating a sufficient DNA quality for
single-cell CNV analysis as per manufacturer’s instructions. In view of this, 8-10
single-cells from each sample were subjected to LPWGS for CNV analysis. The
summary statistics for the sequencing of these cells are shown in Table Table 5.2.
The majority of single-cells from patients 4 and 6 (15/18) were not processed due to
low numbers of sequenced reads as shown in the counts column of Table Table 5.2.
The remaining cells had sufficient reads for processing, but 2/3 demonstrated low
library quality as demonstrated by a high DLRS value. Only a single-cell passed the
quality checks and could be included in the CNV analysis. For the remaining
patients, the majority of cells had high DLRS values in keeping with low library
quality and in total only 15% (5/34) of recovered single-cells yielded sufficiently
good quality results for CNV analysis. Single CTCs processed simultaneously
displayed high quality metrics, with only 3.5% failing to pass the quality checks for
single-cell CNV. Furthermore, all single-cells processed from fresh frozen tissue
were sufficiently good quality for analysis, indicating this is a sample-dependent
issue related to FFPE specimens only.
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Patient ID

222

2b

192
4

Cell ID
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

Cell Type

FFPE QC
score

Pituitary tumour
cell

0.88

Small bowel
tumour

0.7

Counts

DLRS

LMAD

R50

Status

1,367,734
1,308,752
1,440,681
1,199,971
1,343,748
1,164,774
1,234,947
1,082,613
170,354
71,159
110,847
78,603
83,360
116,681
21,812
146,581

0.37
0.37
0.27
0.39
0.33
0.43
0.4
0.38
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

0.98
1.08
0.27
0.38
0.78
0.44
0.55
0.93
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

24
24
33
23
27
21
22
26
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

Failed
Failed
Passed
Failed
Passed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed

Patient ID

6

193
7

Cell ID
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8

Cell Type

FFPE QC
score

GOJ tumour
cell

0.5

Liver tumour
cell

0.8

Counts

DLRS

LMAD

R50

Status

808,789
20,562
23,958
51,263
35,794
17,175
18,725
53,986
537,164
546,623
1,592,781
1,229,839
1,267,351
1,000,178
1,029,943
1,044,002
846,315
1,024,540

0.54
n/a
n/a
n/a
n/a
n/a
n/a
n/a
0.54
0.32
0.33
0.35
0.56
0.36
0.31
0.43
0.43
0.38

0.48
n/a
n/a
n/a
n/a
n/a
n/a
n/a
0.48
0.29
0.28
0.3
0.95
0.78
0.28
0.37
0.39
0.34

16
n/a
n/a
n/a
n/a
n/a
n/a
n/a
17
25
24
25
17
24
27
20
17
21

Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Failed
Passed
Passed
Failed
Failed
Failed
Passed
Failed
Failed
Failed
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Table 5.2 Summary statistics of single FFPE cells subjected to LPWGS
R50: percentage of target (total bp of genome covered) covered by 50% of reads (expected = 20-50%). DLRS: derivative log ratio spread is a measure of
point-to-point consistency or noisiness in copy number across the genome (expected ≤ 0.35). LMAD: absolute deviation from local median copy number.
Calculated on a 200K subsample with a 1Mbp bin size.

5.3.5 CNV analysis of pooled cells derived from FFPE
FFPE samples with low quality DNA as indicated by QC scores <0.4 using the
DEPArray QC kit were deemed unsuitable for use for single-cell analysis. As
described in Section 4.3.7, the amount of effectively amplifiable template was
calculated per sample in order to determine the minimum number of cells required
for successful CNV analysis of pooled samples. Table 5.3 summarises the
characteristics of the FFPE samples used for pooled cell CNV analysis.

ID
1
2a
3

Primary
site
Midgut
Midgut
Midgut

FFPE
sample
Small
bowel
Lymph
node
Small
bowel

Cell Type
Tumour cells
Stromal cells
Tumour cells (D)
Tumour cells (HD)
Tumour cells (D)
Tumour cells (HD)
Stromal cells

QC
score

# cells
required
for CNV
analysis

0.2

75

0.23

75

0.16

94

# cells
sent for
LPWGS
955
155
577
203
250
250
100

Table 5.3 FFPE samples processed for pooled cell CNV analysis
(D) diploid cells (HD) hyperdiploid cells

Figures 5.4-5.6 display the CNV profiles obtained for the pooled FFPE cell samples.
Strikingly, despite acceptable quality metrics (DLRS, R50%), the profiles obtained
are essentially flat and the pooled tumour cells do not show clear copy number
alterations expect for the hyperdiploid tumour cells obtained from patient 8. There
are a number of possible explanations for this. Firstly, the immunocytochemistry
and subsequent staining and morphological criteria used on the DEPArray to
characterise tumour cells versus stromal cells could be failing to distinguish these
populations of cells. Significant contamination of the pooled tumour cells by
stromal cells might reduce the sensitivity of these techniques to detect significant
CNV. However, all single FFPE cells successfully sequenced for CNV showed typical
patterns of an aberrant genome, characterised by a large number of copy number
gains and losses. These samples were stained and DEPArray sorted using identical
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methods, making this an unlikely explanation for these results. Furthermore,
sample 8 is derived from a fine needle biopsy of a lymph node involved by
metastatic tumour. As this is a targeted procedure, tumour cellularity would be
expected to be high. Therefore, even bulk sequencing of this material without prior
sorting would be expected to demonstrate CNV consistent with tumour cell origin.
An alternative possibility is that the degree of cell-to-cell heterogeneity in CNV is so
significant that even sequencing of pure tumour samples is unable to demonstrate
consistent CNV across a pooled population. However, despite some inter-cell
heterogeneity, LPWGS of CTCs demonstrates conserved alterations across individual
cells which would make it less likely to obtain the balanced profiles demonstrated
here. Finally, the DEPArray recovery system is only able to recover a limited number
of pooled cells per retrieval. In order to increase the number of cells for LPWGS in
an FFPE of poor DNA quality, multiple DEPArray runs were therefore performed per
sample. It may be that multiple recoveries from separate runs permits sample
contamination leading to the flat profiles observed.
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Figure 5.4 Sample 1; pooled FFPE CNV profiles from a surgical resection of a midgut NET
CNV profiles obtained for patient 5 were flat for both (A) pooled tumour cells and (B)
pooled stomal cells.

FIgure 5.5 Sample 2a; pooled FFPE CNV profiles from a core needle biopsy of a midgut
NET metastasis to a supraclavicular node
CNV profiles obtained appeared flat for (A) pooled diploid tumour cells. Pooled
hyperdiploid cells (B) showed an overabundance of gains and losses in keeping with an
aberrant tumour genome.
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Figure 5.6 Sample 3; pooled FFPE CNV profiles from a surgical resection of a midgut NET
Obtained CNV profiles were essentially flat for (A) diploid tumour cells (B) hyperdiploid
tumour cells and (C) stromal cells.
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5.3.6 CNV analysis of CTCs derived from NEN patients
5.3.6.1 Patient 1
Patient 1 is a 74 year old man with metastatic small intestinal NET receiving
treatment with SSA alone at time of sample collection. CNV profiles were assessed
in four single CTCs and four single leucocytes, isolated subsequent to enrichment
using the CellSearch® platform. Chromosomal alterations were found in 100% of
the CTCs analysed, whilst all leucocytes exhibited flat profiles as expected (Figure
5.7). Hierarchical clustering analysis demonstrated that all four CTCs clustered
separately to the leucocytes, and were characterised predominantly by conserved
gains in Chr 7 and 16. Candidate genes encoding components of commonly altered
pathways involved in tumorigenesis were located at these amplified areas. The
amplification of CDK6 (cyclin-dependent kinase 6) in chromosome 7, a key
component of the core cell cycle machinery which helps to drive progression of cells
into the DNA synthetic (S) phase of the cell-division cycle, was found in all CTCs. The
oncogenes MET and BRAF, located in Chr 7 were amplified in 75% (3/4) of analysed
CTCs. The MET receptor tyrosine kinase is a well-established oncogenic driver of
tumour proliferation (238-240) whilst the RAS-RAF-MEK-ERK-MAP kinase pathway
mediates cellular responses to growth signals(237) with RAS mutations found in
approximately 15% of all human cancers(247). 75% of CTCs also exhibited a
substantial copy number amplification in regions of Chromosome 8 containing the
oncogene MYC, one of the most commonly amplified genes across human cancers
with an estimated frequency of approximately 14%(248-250). Across all CTCs, the
mean percentage of the genome affected by gain and loss regions was 21 and 19%
respectively, with one CTC demonstrating substantially fewer alterations with only
11.4 and 9% of the genome affected by copy number gains or losses respectively
(Figure 5.7).

The reproducible copy number gains seen in Chr 7 and 16

predominantly and hierarchical clustering shown in Figure 5.7 indicate clonal
aberrations common to all four CTCs in keeping with the CTCs originating from one
subclone in the primary tumour. A second possibility is that these changes are
secondary to the CTC selection criteria. Ni et al demonstrated heterogeneous SNVs
in single CTCs with highly reproducible CNV patterns, indicating that the latter
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explanation is less likely(178). Despite the previously described conserved gains in
Chromsome 7 and 16, there is heterogeneity in the pattern of copy number gains
and losses in other regions of the genome. Whole arm loss of chromosome 10 is
seen in 2 CTCs only, whilst gains across Chr 5 and 1 are only seen in a proportion of
CTCs. This indicates intra-patient heterogeneity of CNV profiles at a single-cell level,
despite the apparently clonal origin of these cells, which may have clinical
implications for resistance to therapy and would be unlikely to be detected on bulk
analysis.
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Figure 5.7 CNVs in CTCs from patient 1 (SI-NET)
(A) CNV profiles of all 4 CTCs and an example leucocyte (WBC) are shown. Conserved areas
of gain in Chr 7 and 16 are highlighted (red boxes) but heterogeneity in copy number can be
seen between CTCs in other areas of the genome. CTC 1 has a lower proportion of the
genome affected by copy number gains and losses in comparison to CTCs 2-4. (B)
Hierarchial clustering analysis of CTCs and leucocytes based on the CNVs demonstrates
clear separation of the two cell populations. Areas of conserved change are highlighted (red
box). Some alterations are only present in a subset of cells (green boxes) confirming intrapatient heterogeneity.
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5.3.6.2 Patient 2
Patient 2 is a 45 year old female with metastatic intestinal NET enrolled on the
Phase 1/2a PEN-221 study, evaluating a novel drug in patients with SSTR2
expressing advanced GEP-NET. CellSearch®-enriched longitudinal blood samples
were available at two different timepoints with a matched Parsortix enriched
sample also taken at TP1. Consecutive samples showed a falling CTC count which
correlated with radiological findings showing stable disease over this period of time
on study (Figure 5.8). FFPE tissue was also available from the resection of a pituitary
metastasis performed whilst on study, between TP1 and TP2 for CTC collection. In
addition to CTCs, double negative cells were identified from CellSearch®-enriched
samples and recovered at TP2 from this patient. In total, 29 cells (TP1; 8 CellSearch®
CTCs and 5 Parsortix CTCs, TP2; 7 CellSearch® CTCs and 7 double negative cells,
FFPE; 2 tumour cells) were subjected to LPWGS for CNV analysis.
All seven double negative cells recovered from this patient had flat profiles
consistent with leucocytes.

A flat CNV profile was also observed in a single

Parsortix-enriched CTC from TP1 and these eight cells clustered together (Figure
5.8). Hierarchical unsupervised clustering separated single-cells into two clear
groups (A and B; Figure 5.9) indicative of distinct clonal lineages. Cluster A consists
of CTCs characterised by CNV losses, predominantly across segments of Chr 9 and
complete loss of Chr 18. This is particularly relevant as loss of heterozygosity at
chromosome 18 is the most frequently identified genomic event in SINETs,
occurring in 60-78% of tumours(86, 90) and has been associated with a superior PFS
when compared to tumours with no large copy-number alterations or conversely
multiple copy-number alterations(88). In addition to these consistent patterns of
loss there were extensive subclonal alterations shared by subsets of CTCs within
this group, suggestive of a branched evolution of different tumour subclones.
Variable patterns of loss at Chr 11, 12, 13 and 16 were identified in one
subpopulation (A1), including loss of the BRCA2 tumour suppressor gene at
13q13.1, previously identified in patient 10. Losses at Chr 3 and gains across Chr 7
were also observed in a separate subclone consisting of two cells (A2) including
202

amplification of 7q21-q22, containing the locus for CDK6, a druggable target with
gains previously demonstrated in patient 1. A further subclone (A3) consisting of 6
CTCs across differing timepoints was characterised by a conserved copy number
loss at Chromosome 6 and reproducible CNV profiles consistent with inter-cell
homogeneity. In contrast to Cluster A, CTCs within Cluster B demonstrated few
conserved alterations and had high inter-cell heterogeneity. Copy number
alterations occupied a larger proportion of the genome (mean of 40%) in
comparison to cells in Cluster A (mean 9%).
Of the two FFPE-derived tumour cells included in this analysis, one clustered in
Cluster A (hyperdiploid), and the other in Cluster B (diploid) (Figure 5.9). Within
Cluster A, the single hyperdiploid cell showed identical patterns of chromosomal
loss as observed in the CTCs, indicating a common clonal origin. However, multiple
additional copy number changes, including numerous gains not seen in the CTCs
were also identified across its genome, which appeared more aberrant compared to
that of the CTCs (57% of genome affected versus mean of 9% respectively).
Figure 5.10 shows the proportion of CTCs originating from individual clones at
consecutive timepoints TP1 and TP2. The effect of treatment is apparent in the
falling CTC count over time and the data suggests that different clones exhibit
different resistance to therapy, although the number of CTCs within each subclone
remains a limitation of the analysis. Repeat sampling at time of disease progression
would also provide further information regarding the mechanisms of resistance to
ongoing therapy.
Both size based (Parsortix) and EpCAM-dependent (CellSearch®) enrichment
strategies were used in this patient. Of the 15 CTCs isolated using CellSearch®, 13
clustered in Cluster A and 2 in Cluster B. Of the four Parsortix CTCs with clearly
aberrant CNV profiles, half clustered in Cluster A and the remaining half in Cluster B.
Due to the limited number of Parsortix enriched CTCs available for analysis it is not
possible to draw firm conclusions as to whether CellSearch® is more selective for
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CTCs derived from Cluster A, or whether Cluster B is present as a smaller fraction of
the total CTC population in this patient.

Figure 5.8 Patient 2 Summary of treatment
Summary of serial CTC counts determined using CellSearch® over a 6 month period of
treatment. Illustrated are two timepoints (TP1: Timepoint 1; TP2: Timepoint 2) at which
peripheral blood was taken for CTC analysis. Also shown is time of surgical resection of
pituitary metastasis, FFPE blocks from which were also used in this analysis.
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Figure 5.9 CNVs in CTCS from patient 2 (SI-NET)
Hierarchial clustering analysis of CTCs, double negative circulating cells and tumour cells based on CNVs. Two major clones (Clone A and Clone B) and three
subclones (A1, A2, A3) were identified and are outlined with dotted grey lines. Areas of conserved chromosomal loss within Clone A are highlighted in blue
boxes. Subclonal alterations indicative of intra-tumoural heterogeneity are outlined in pink boxes. A single hyperdiploid tumour cell derived from FFPE
sections of the pituitary mass (depicted by star) demonstrates a highly aberrant genome characterised by multiple copy number gains and losses. Flat
profiles are observed in the majority of double negative cells and a single Parsortix-enriched CTC

Figure 5.10 Longitudinal assessment of CTC clones in patient 2
This diagram demonstrates the falling overall CTC count in response to therapy with SSA.
The proportion of CTCs belonging to each subclone at each timepoint is illustrated as well
as the total number of CTCs analysed at each time. The data suggests the existence of
different subclones of CTCs with different sensitivity to therapy.
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5.3.6.3 Patient 3
Patient 3 is a metastatic intestinal NET patient who had recently progressed on SSA
and had not received other anti-cancer therapy for 11 months. Peripheral blood
samples were taken for enrichment using both the CellSearch® and Parsortix
platforms and CTCs assessed for CNV profiles. Double negative cells (n=4), which
stained negatively for both cytokeratin and CD45, were also identified after
CellSearch® enrichment and recovered for further analysis. This patient consented
to a fresh frozen tissue sample at time of liver biopsy and single tumour cells from
this sample were processed alongside the CTCs. In total, 27 single-cells were
available for CNV analysis from one timepoint, (CellSearch® CTCs; 7, Parsortix CTCs;
8, fresh frozen tissue tumour cells; 8, double negative circulating cells; 4) and 26/27
cells revealed an overabundance of gains and losses, in keeping with the aberrant
nature of tumour cells. Interestingly, 3/4 double negative cells had characteristic
copy number changes in keeping with tumour origin, indicating that traditional CTC
identification criteria, which require expression of CK, may miss a population of
CTCs of clinical relevance. A single double negative cell (Figure 5.11) had a flat
profile in keeping with that of a leucocyte.
Hierarchical unsupervised clustering separated single-cells into three distinct
clusters (represented as A, B and C in Figure 5.11) indicative of different clonal
lineages. The majority of cells (23/27) clustered within Cluster C, and showed a
large pattern of shared alterations, with a common amplification of 7q34 containing
the BRAF oncogene. However, predominant copy number changes seen in this
group were losses, occurring across segments of Chr 2, 3, 7 and 16 with whole
chromosome loss at 13. Notably, there was loss of the BRCA2 tumour suppressor
gene at 13q13.1 across all cells, not previously described in NEN. Despite the
conserved alterations within this group, there was evidence of emerging clones and
inter-cell heterogeneity, with subpopulations demonstrating gains in Chr 8,
comprising the MYC locus and Chr 14, whose amplification has been reported in 2030% of small intestinal NET and is associated with worse survival(89). CTCs in
Cluster B shared the common feature of Chr 3 and 16 losses with Cluster C. Loss of
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heterozygosity of the long arm of Chr 16 is one of the most frequently reported
alterations in breast cancer(251, 252), but copy number changes have not
previously been reported in NEN. These shared alterations likely represent early
events in the tumour evolution as the other CNV observed in Cluster B are exclusive
to this population with little inter-cell heterogeneity. Finally, Cluster A consisted of a
single-cell derived from the fresh frozen tissue sample (biopsy of liver metastasis)
with a markedly aberrant genome, characterised by 31% copy number gains and
12% losses with distinct CNV to Cluster B and C.
In unsupervised hierarchical clustering, the majority of CTCs and tissue-derived
tumour cells grouped together within Cluster C, indicating that these CTCs may
have originated from the metastatic tumour within the liver. It also demonstrates
that the genomic changes observed in CTCs are broadly representative of those
seen in tissue, which is essential if CTCs are to be used as a surrogate for tissue
biopsy. Marked heterogeneity in CNV profiles was observed between cells in
different clones. Bulk analysis of tissue and CTCs would fail to identify the
alterations seen in Clusters A and B due to their smaller size and even multi-region
sampling would underestimate the degree of heterogeneity, as it is observed here
at the single-cell level within one biopsy core. Finally, there was no clear separation
of populations between CTCs enriched using the size-based Parsortix platform and
the EpCAM-dependent CellSearch®. This indicates that for this patient, CTCs
enriched using these alternative platforms were not genetically distinct.
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Figure 5.11 CNVs in CTCs from patient 3 (SI-NET)
Hierarchial clustering analysis of CTCs, double negative circulating cells and tumour cells based on CNVs. There is clear separation of cells into three distinct
clusters labelled Clusters A, B and C and outlined by dotted grey lines. The single CTC in cluster A (star) has a highly aberrant genome characterised by
multiple areas of copy number gain and loss. A single double negative circulating cell (highlighted by black box) has a flat profile consistent with a leucocyte.
All other double negative cells have aberrant CNV in keeping with CTCs.

5.3.6.4 Patient 4
Patient 4 is a 65 year old male with metastatic intestinal NET enrolled on the CALMNET trial, a Phase IV study investigating the role of CTC enumeration in predicting
PFS in functional intestinal NET patients receiving treatment with Somatuline
Autogel. As such, CellSearch®-enriched longitudinal blood samples were available
from four different timepoints (TP1-4). As shown in Figure 5.12, consecutive
samples showed a falling CTC count, secondary to response to treatment with SSA
and at TP4 it was not possible to identify CTCs that met the identification criteria
outlined in Section 4.2.12 using the DEPArray. Double negative cells (n=3) were
recovered at this timepoint and included in the analysis. In total, 21 cells (TP1; 7
CTCs, TP2; 8 CTCs, TP3; 3 CTCs, TP4; 3 double negative cells) were recovered and
subjected to LPWGS.
Of the three double-negative cells, two had flat CNV profiles in keeping with
leucocytes. One double negative cell (Figure 5.13) had a clearly aberrant pattern of
copy number gains and losses in keeping with tumour origin. A proportion of CTCs
highlighted in Figure 5.12 also demonstrated flat CNV profiles.
Hierarchical unsupervised clustering separated single-cells into two distinct clusters
(Figure 5.13) indicative of different clonal lineages. Cluster A contained a highly
heterogeneous cluster of CTCs with few common alterations. This is in contrast to
single-cells within cluster B, which showed a large pattern of shared alterations,
notably a common amplification of Chr 6 and segmental loss of Chr 16. Loss of
11q22-q23 was also seen throughout the majority of these cells, and contains the
loci for the candidate tumour suppressor genes ATM and SDHD, loss of which has
been reported in 13-40% of panNET, but not in intestinal NEN(100). Emerging
subclones were also evident in the clustering analysis. The proportion of CTCs
derived from each cluster was also analysed at serial timepoints 1-3 (Figure 5.14).
The number of CTCs analysed at each timepoint was insufficient to draw statistically
significant conclusions but is hypothesis-generating and indicates how this data
could be interrogated if a larger number of cells were analysed. A change in the
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proportion of CTCs originating from Clones A and B was seen over time, suggesting
relative differences in sensitivity to treatment. Figure 5.14 describes the complete
eradication of CTCs from Clone B over a 6 month period of treatment with SSA, as
reflected in the falling overall CTC count. However, CTCs from Clone A persisted,
suggesting a degree of resistance to therapy.

Figure 5.12 Patient 4; summary of response to treatment with SSA
Graph illustrates CTC counts over time and during SSA therapy. TP1-4 indicates the four
timepoints at which blood was collected for CTC enrichment.
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Figure 5.13 CNVs in CTCs from patient 4 (SI-NET)
Hierarchical clustering analysis of CTCs and double negative circulating cells based on CNVs. There is clear separation of cells into two distinct clusters
labelled A and B and outlined by dotted grey lines. A proportion of212
CTCs and one double negative cell demonstrated balanced profiles highlighted by the
blue box. Conserved copy number gains and losses are highlighted by red boxes

Figure 5.14 Longitudinal assessment of CTC clones in patient 4
This diagram demonstrates the falling overall CTC count in response to therapy with SSA.
The proportion of CTCs belonging to each clone at individual timepoints is illustrated as well
as the total number of CTCs analysed. The data suggests that Clone A CTCs are eradicated
over time, whilst Clone B CTCs persist, suggesting a differential response to therapy.
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5.3.6.5 Patient 5
Patient 5 is a 47 year old man with a metastatic pancreatic NET and 12 single CTCs
and 4 leucocytes available for CNV analysis. All leucocytes exhibited flat profiles and
11/12 CTCs demonstrated aberrant patterns of copy number gains and losses.
However, one CTC (Figure 5.15, B) had a flat profile in keeping with that seen in the
negative control population of leucocytes. Unsupervised hierarchical clustering
identified three separate clusters of CTCs consistent with differing clonal lineages
(Figure 5.15). The largest population (Cluster B) is characterised by a predominance
of copy number gains, with recurrent amplifications identified within Chr 4, 13 and
14. Screening for candidate genes known to be relevant in tumorigenesis identified
loci for FGFR3 and PDGFRA within the amplified chromosomal segments 4p16.3 and
4q12 respectively. Genetic alterations in the FGF-FGFR axis have been shown in
7.1% of cancers, with amplification of FGFR being the most common alteration,
associated with overall worse prognosis in meta-analysis (253, 254). Several TKIs
have been developed to inhibit both FGFR and PDGFRA, making these potentially
actionable therapeutic targets. There is also a consistent loss of chromosome
segment 14q24.3, containing MLH3, a mismatch-repair gene implicated in
hereditary (HNPCC) and spontaneous colorectal cancer(255, 256). Cluster A consists
of a single CTC with a highly aberrant genome, characterised by wide ranging copy
number changes across 36% of the entire genome, in comparison to cluster B,
where only 7% (mean value across 9 CTCs) of the genome exhibits significant CNV.
Despite the presence of multiple additional CNV not observed in cluster B, the
recurrent gains in Chromsome 4, 13 and 14 and loss of segment 14q24.3 are still
observed, indicating that this cell may have evolved from the same ancestry as
Cluster B, but become more genetically unstable and acquired multiple additional
aberrations over time. By contrast, in Cluster C, only 1 CTC shows loss of segment
14q24.3 and the other changes are unique. The two CTCs within this clone both
demonstrate gains in segments of Chr 5, but otherwise display increased inter-cell
heterogeneity in CNV profiles when compared to Cluster B.
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Figure 5.15 CNVs in CTCs from patient 5 (panNET)
(A) CNV profiles of representative CTCs from clusters A, B and C are shown. (B) Hierarchical clustering analysis of CTCs and leucocytes based on the
CNVs. Areas of conserved gains (red boxes) and loss (blue box) are216
outlined. CTC 5 from cluster A (star) has a highly aberrant genome characterised by
multiple areas of copy number gain and loss in comparison to other analysed CTCs. CTC 12 (yellow box) clusters with the leucocytes and has a flat
profile.

5.3.6.6 Patient 6
Patient 6 has a metastatic Grade 3 NEC originating in the gastro-oesophageal
junction and was not receiving any active therapy at time of recruitment.
CellSearch®-enriched CTCs were available (n= 11) as well as a single FFPE-derived
tumour cell from resection of the GOJ primary. CNV profiles of the CTCs revealed
multiple genomic alterations (mean FGA = 0.49), with a preponderance of copy
number gains over losses (percentage of genome affected; 39% versus 10%).
Overall, the CTC profiles demonstrated many conserved copy number alterations
(Figure 5.17), including gains in Chr 1, 2, 3, 6, 7, 8, 9, 13, 19 and 20 indicative of
clonal relatedness. In the highlighted focal chromosome regions shown in Figure
5.16, CTCs exhibited increases in copy number in regions containing the oncogenes
CDK6, MET and BRAF (7q21-34) and MYC (8q24) that have also been shown to be
amplified in other neuroendocrine patients in this series. Strikingly, high-level gains
were also seen across the entirety of Chr 13, which contains several driver genes
(including IRS2, DIS3 and LRCH1) and has been associated with tumour
development. 40-60% of all colorectal cancers display gain of the entire q-arm of
chromosome 13 and this is associated with progression from adenoma to
carcinoma(257-259). To date, Chr 13 gains have not been reported in
neuroendocrine neoplasms.
The CNV profile of the single FFPE tumour cell obtained 3 days prior to the
peripheral blood sample also showed multiple genomic alterations (FGA = 0.47),
with 29% of the genome displaying copy number gains and 18% displaying losses.
High concordance was observed between CTCs and the primary tumour cell,
although the primary tumour cell demonstrated focal losses in Chr 2, 5, 8, 12 and 18
that were not seen in CTCs. Additionally, although amplification of Chr 13 was seen
in the tumour cell, this was not at the same high level observed in CTCs
(approximately 10 copies seen in all CTCs versus 5 in the primary tumour cell; Figure
5.26) and gain of segment 8q24 containing the MYC locus was also not seen. The
otherwise high concordance suggests that the CTCs originated from a clone within
the primary tumour in this patient.
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Figure 5.16 Single cell CNV profiles for patient 6
CNV profiles of representative CTCs and the single FFPE tumour cell are shown for patient 6
(GOJ NEC). Red boxes highlight areas of common amplification. Blue boxes highlight areas
of chromosomal loss unique to the tumour cell and not observed in CTCs. Oncogenes of
interest contained within amplified chromosomal regions are also shown.
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Figure 1 CNVs in CTCs from patient 6
Hierarchial clustering analysis of CTCs and single FFPE tumour cell based on CNVs. All single-cells demonstrate conserved patterns of
chromosomal gains, notably including a high level whole arm amplification of Chr 13. Whilst this is also amplified in the single tumour
cell, gains are not seen at the same high level.

5.3.6.7 Patient 7
Patient 7 is a metastatic renal NET patient also enrolled on the Phase 1/2a PEN-221
study. CellSearch®-enriched longitudinal blood samples were available at two
different timepoints with matched Parsortix enriched samples taken concomitantly.
FFPE tissue was also available from a liver biopsy performed whilst on study. In
total, 48 cells (TP1; 13 CellSearch® CTCs and 8 Parsortix CTCs, TP2; 8 CellSearch®
CTCs and 3 Parsortix CTCs, FFPE; 2 tumour cells and 14 leucocytes) were recovered
and subjected to LPWGS for CNV analysis.
All 14 leucocytes recovered from this patient had flat CNV profiles as would be
expected for this population. A flat CNV profile was also observed in a single CTC
enriched using the Parsortix platform at TP1. Hierarchical unsupervised clustering
divided single-cells into four separate clusters representing different clonal lineages
(Clusters A, B, C and D; Figure 5.18). Cluster C CTCs exhibited reproducible patterns
of copy number gain and loss characterised predominantly by losses across Chr 3,
10, 11 and 13 and gains across Chr 12 (Figure 5.18). Candidate tumour suppressor
genes include MLH1 and VHL, both located on the short arm of Chromosome 3 with
recognised roles in tumourigenesis. MLH1 is a DNA mismatch repair gene
implicated in HNPCC and whose germline mutation is found in 50% of all cases of
Lynch syndrome. Particularly of interest in this patient is the VHL gene, germline
mutations of which are responsible for Von Hippel-Lindau syndrome, which is
associated with pancreatic neuroendocrine tumours and clear cell renal cell
carcinomas (RCC). Alterations of this gene in the form of somatic mutation, loss of
heterozygosity or promoter hypermethylation exist in the majority of cases of
sporadic clear cell RCC(260), but have not been described to date in neuroendocrine
tumours of renal origin. All cells also showed amplification of 12q14, containing the
CDK4 locus. This is of interest as a potentially actionable target; selective inhibitors
of CDK4/CDK6 are now commercially available and amplification of CDK6 has also
been demonstrated in other patients in this study. Despite the reproducible copy
number patterns observed in this cluster, there is still evidence of subclonal
alterations only detectable in a proportion of cells as highlighted in Figure 5.17.
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Both of the FFPE-derived tumour cells also clustered within this population and
showed similar CNV profiles, raising the possibility that the captured CTCs in this
cluster originated from metastatic tumour deposits within the liver.
CTCs within Cluster A exhibited more heterogeneity in terms of copy number gains
and losses, with fewer conserved alterations between CTCs. Cluster B and D
consisted of single CTCs only, both of which were characterised by highly aberrant
genomes with high FGA (fraction of genome altered) values of 0.47 and 0.31
respectively, (CTCs in cluster A and C had mean FGA values of 0.15 and 0.13
respectively).
Interestingly, in this patient there appeared to be a clear separation observed in
unsupervised hierarchical clustering between CTCs enriched via CellSearch® and
those enriched via Parsortix. 20/21 CellSearch®-enriched CTCs grouped into Cluster
C, characterised by highly reproducible patterns of loss and minimal inter-cell
heterogeneity. Conversely, no Parsortix-enriched CTCs were found within this
Cluster, which were instead found scattered across Clusters A, B and D. Notably, the
two CTCs with highly aberrant genomes constituting Clusters B and D were both
Parsortix-enriched cells. This unexpected finding appears to indicate that the
different enrichment strategies are capturing genomically distinct populations of
CTCs. Furthermore, CTCs captured by CellSearch® appear to display less inter-cell
heterogeneity as compared to those enriched by Parsortix. This is of significant
clinical relevance, as the development of CTC-based biomarker assays may be
limited by confining analysis to one subpopulation of CTCs.
Figure 5.19s shows the proportion of CTCs originating from individual clones at
consecutive timepoints TP1 and TP2. During this time, the patient shows signs of
progressive disease as indicated by rising CTC counts and confirmed on radiological
imaging. The data suggests that Clones A-D display differential sensitivity to
therapy, with the proportion of CTCs derived from Cluster C appearing to increase
over time indicating a degree of resistance to therapy. This analysis is hypothesis221

generating only as it remains limited by the total number of CTCs analysed but gives
insight into the existence of these subclones and their differential response to
therapy and implicates copy number changes as a potential mechanism of
resistance to therapy. To avoid sampling bias and confirm the changes described
here, a larger number of CTCs need to be analysed from each timepoint.
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Figure 1 CNVs in CTCs from patient 6
Hierarchial clustering analysis of CTCs and single FFPE tumour cell based on CNVs. All single-cells demonstrate conserved patterns of
chromosomal gains, notably including a high level whole arm amplification of Chr 13. Whilst this is also amplified in the single tumour
cell, gains are not seen at the same high level.

Figure 5.18 CNVs in CTCs from patient 7 (renal NET)
Hierarchial clustering analysis of CTCs and tumour cells based on CNVs. Flat CNV
profiles are observed in leucocytes and one Partsoti-enriched CTC from TP1 (star).
Four clones (A, B, C and D) were identified and are outlined with dotted grey lines.
Subclonal alterations within Clone C are indicative of intra-tumoural heterogeneity
and are outlined in red boxes. CTCs enriched using Parsortix appear to demonstaret
increased inter-cell heterogeneity and few conserved alterations compared to those
CTCs enriched using CellSearch® platform.
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Figure 5.19 Diagram of CTC clones detected at TP 1 and 2 for patient 7
This diagram demonstrates the rising overall CTC count whilst receiving treatment on trial.
The proportion of CTCs belonging to each subclone at each timepoint is illustrated as well
as the total number of CTCs analysed at each time. The data suggests the existence of
different subclones of CTCs with different sensitivity to therapy, i.e. CTCs in Clone C seem
more resistant to therapy compared to CTCs in other clones.
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5.4

Discussion

5.4.1 Specificity of cell sorting
This is the first study to perform a detailed molecular characterisation, specifically
genome-wide copy number analysis, of CTCs isolated from patients with
neuroendocrine neoplasms. Copy number analysis of NEN CTCs confirmed a wide
range of genomic aberrations and demonstrates that they are readily
distinguishable from the contaminating leucocyte population present in peripheral
blood. All cells classified as leucocytes using the pre-determined DEPArray criteria
demonstrated balanced copy number profiles, confirming the specificity and
reproducibility of these criteria and accuracy of DEPArray sorting. Of those cells
classified as CTCs after DEPArray sorting, 5% had balanced copy number profiles as
observed in the leucocyte population. There are a number of possible explanations
for this. Firstly, leucocytes may have been inaccurately classified as CTCs due to
<100% specificity of the staining and morphological criteria used during DEPArray
sorting, or inconsistencies in their application. Alternatively, CTCs may have been
contaminated with leucocyte DNA during the DEPArray routing process. However,
other groups have also reported the existence of subpopulations of CTCs with flat
CNV profiles. In a detailed case study of a case of metastatic prostate cancer, Dago
et al described the emergence of a clone of CTCs characterised by a normal or near
normal (pseudodiploid) CNV profile after treatment with abiraterone(180). Another
study described flat genomic copy-number profiles in 10% of all analysed prostate
cancer CTCs and suggested that their presence might be associated with specific
tumour subtypes or induced by certain treatments(261). Scher et al also described
similar populations in prostate cancer and hypothesised that alternative genetic
mechanisms such as mutations and translocations could be driving this population
of cells(262). Alternative methods such as concomitant single-cell exome
sequencing for SNV/INDEL profiles could be used to confirm the malignant origin of
these cells and exclude leucocyte contamination.
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5.4.2 CTC diversity
Unsupervised hierarchical clustering identified varying degrees of intrapatient
heterogeneity, with some patients having homogenous CTCs (patients 1 and 6) but
the majority displaying significant intrapatient genomic heterogeneity with diverse
single CTC CNA traces (patients 2, 3, 4, 5 and 7). This is an important finding that
would not be detectable using bulk sequencing methods and could be attributable
to distinct phenotypes of disease or acquired mechanisms of resistance to
treatment in patients subjected to multiple lines of therapy. The intrapatient CNV
heterogeneity demonstrated in this study has also been observed in other tumour
types, namely prostate (180, 261) and colorectal(188) cancer. This is in contrast to
lung adenocarcinoma, SCLC, breast and gastric cancer, where reproducible CNV
have been observed in CTCs from individual patients(178, 263, 264). This
intrapatient heterogeneity is also of clinical relevance as it may impact upon
prognosis, response to treatment and biomarker development. In studies of
patients with breast and head and neck cancer, high intratumoural and intrapatient
heterogeneity in tissue samples has been associated with worse overall
prognosis(265, 266). This relationship has not yet been examined with genomic
profiling of CTCs, but low phenotypic diversity of prostate cancer CTCs has been
shown to correlate with improved OS in patients treated with androgen receptor
signalling inhibitors (ARSI), whereas high heterogeneity was associated with
improved OS in patients treated with chemotherapy(262). Other studies have also
reported reduced efficacy of CTC-derived biomarkers in patients with higher levels
of heterogeneity in CNV profiles(182).
Considerable heterogeneity was also demonstrated in CNV patterns between
patients. This appears to be cancer-type specific. Ni et al observed almost identical
global CNV patterns in 5 different patients with lung adenocarcinoma with 78% of
the gain and loss regions shared between any two patients(178). This has also been
shown to be true of gastric cancer (median correlation coefficient 0.40; P<10-10)
(264). However, increased inter-patient heterogeneity is seen in other tumour
types, such as SCLC and breast cancer(178, 264). The inter-patient heterogeneity in
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CNV profiles demonstrated in this study persists even when analysis is confined to
those patients with small-intestinal primaries (IDs 1-4). The observed differences
between patients may reflect SI-NET subtype diversity or the fact that these
patients have been exposed to different treatment strategies over a prolonged
period of time.
5.4.3 Enrichment strategies
Another novel finding of this work is the potential to capture genomically distinct
populations of CTCs using different enrichment methods and the impact this may
have on the perceived heterogeneity of CTCs analysed. In patient 7, CTCs enriched
using the CellSearch® platform demonstrated reproducible CNV with high inter-cell
concordance. However, CTCs enriched using Parsortix appeared genomically
distinct, lacking the conserved CNV previously demonstrated and displaying higher
inter-cell heterogeneity. Different methods of enrichment may therefore impact on
the results of single-cell genomic analysis and have implications for serial
monitoring of CNV profiles. This previously unreported finding is also significant as it
may impact on biomarker development. For example, Carter at al developed a CNVbased classifier of CTCs in order to predict chemosensitivity in SCLC patients(182). In
this study, all CTCs were recovered via CellSearch® enrichment and the classifier
was less effective in those patients demonstrating intra-patient heterogeneity. The
work presented in this Chapter suggests that specific classifiers such as this may be
dependent on the form of enrichment used and could not be directly extrapolated
to CTCs isolated using other enrichment technologies. Furthermore, it suggests
combining epitope-independent enrichment strategies with CellSearch® may allow
sampling of a wider population of CTCs with greater potential to fully capture CTC
diversity. The finding of increased heterogeneity of Parsortix-enriched CTCs was less
pronounced in patients 2 and 3, where fewer CTCs overall were available for
analysis and further work is required to validate these findings in a larger cohort of
patients.
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5.4.4 Actionable targets
Genomic profiling of CTCs revealed numerous copy number alterations, including
those previously reported in neuroendocrine neoplasms. These included gains in
Chr 4, 7, 9, and 14 and losses in Chr 3, 10, 11 and 18. Loss of heterozygosity at Chr
18 is particularly relevant as it is the most frequently identified genomic event in
SINETS, occurring in 60-78% of tumours (81,85) and has been associated with a
superior PFS when compared to tumours with no large copy-number alterations or
conversely multiple copy-number alterations. However, multiple other CNV were
detected that have not previously been reported in NEN and appeared to be
heterogeneous between patients. Single CTCs from all patients were interrogated
to identify recurrent CNV events that occurred in ≥2 patients and contained loci for
genes that are actionable with currently available targeted therapies. Amplifications
of 7q21-q22 or 12q14 containing CDK6 and 4 respectively were identified in 4/7
patients. Cyclin-dependent kinases play a critical role in cell cycle regulation,
alterations in which are frequently observed in malignancy. CDK4 and 6 in particular
coordinate progression through G1 and the G1/S transition via their negative
regulation of the Rb1 tumour suppressor gene. There is emerging clinical data
regarding the use of selective CDK4/6 inhibitors as anti-cancer therapies(267), and
palbociclib (a combined CDK4/6 inhibitor) has recently been approved by the FDA
for use in HER2 negative breast cancer in combination with letrozole(268). Studies
of CDK4/6 inhibitors in NEN have shown anti-proliferative effect in both NEN cell
lines and xenograft mouse models (269, 270) suggesting combined CDK4/6
inhibition as a possible new molecular therapeutic strategy for NEN management. A
phase II study of palbociclib in metastatic grade 1/2 pancreatic NET failed to show
significant activity, however this study recruited an unselected population without
stratifying for CDK4/6 expression/amplification(271). Ongoing phase 2 studies are
currently evaluating the efficacy of CDK4/6 inhibition with ribociclib in
neuroendocrine tumours of foregut origin (NCT02420691) and CDK4/6 pathwayactivated tumours (NCT02187783).
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Amplification of MET and BRAF was identified in a further 2 patients. The MET
receptor tyrosine kinase is a well-established oncogenic driver of tumour
proliferation and furthermore elicits a genetic programme referred to as ‘invasive
growth’ (272-274). This phenomenon incorporates EMT and centres on the ability
of cells to adapt to and withstand adverse environmental conditions across longdistance tissue migration; processes that would be key to the survival of CTCs in the
circulation and the establishment of distant metastatic disease. Furthermore, MET
amplification has been identified as a mechanism of resistance to EGFR and BRAF
blockade in NSCLC and BRAF-mutated colorectal cancer respectively(275-277).
Identification of BRAF amplification in CTCs could potentially be used to select
treatment with BRAF inhibitors whilst monitoring the development of resistance to
therapy by tracking MET amplification over time. Furthermore, these detected CNV
changes in CTCs could be used to adapt management strategies by incorporating
combined MET and BRAF inhibition, a strategy that has proved successful in
overcoming resistance to BRAF inhibition in NSCLC and colorectal cancer(277-279).
Finally, 2 patients also demonstrated loss of BRCA2, previously undescribed in NEN,
for which PARP inhibition has proved a highly successful strategy in BRCA-mutated
ovarian and breast cancer.
5.4.5 Single-cell analysis of CTCs and tissue
In the four patients (IDs 2, 3, 6 and 7) with available matched data, high
concordance was seen between single-cell CTC and tissue genomic profiles, with
both demonstrating recurrent copy number changes that were absent from
leucocyte controls. Single tumour cells (both fresh and derived from FFPE) clustered
with CTCs, a finding which supports the use of CTC-derived genetic profiles as
clinically relevant surrogates for tumours. For patient 3, where more single tissue
cells were available for analysis, CNV profiles for 7/8 cells were highly consistent
and subclonal CNVs were more readily detectable in CTCs. This demonstrates a
potential advantage to their analysis, as these changes are key to dissecting clonal
evolution and unlikely to be discernible from bulk biopsy analysis of commonly
available FFPE samples. Furthermore, CTCs may represent clones with a selective
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advantage enabling them to survive in the circulation and may therefore provide
insights into the mechanisms of metastasis. In all four of these patients, analysis
was performed on near contemporaneous samples (oldest taken one month prior
to sample collection) and further work comparing treatment-naïve biopsies and
CTCs recovered on treatment would be useful to assess for the development of new
CNV that may reflect tumour evolution under treatment selection pressures.
One of the limitations of this study was the low number of FFPE-derived single-cells
available for CNV analysis. Molecular analysis of FFPE specimens is challenging due
to artefacts induced by formalin fixation, caused by protein and nucleic acid crosslinks. Although whole exome and targeted sequencing can successfully be
performed on DNA extracted from FFPE tumour bulk samples, single-cells methods
for genomic investigation of FFPE tissue samples are in their infancy. Despite the
quality control checks performed on FFPE samples, only 15% of analysed cells in this
study had sufficient numbers of reads and/or library quality for CNV analysis. Fresh
tissue and CTCs processed simultaneously displayed high quality metrics suitable for
CNV analysis (96.5 and 100% of all cells respectively), confirming that these issues
are specific to FFPE samples. One possible limitation to the methodology applied
here is that the FFPE DNA quality checks were applied to the entire processed
sample as per manufacturers guidelines, in order to assess whether a sample may
yield sufficiently good quality DNA for single-cell analysis. Previous work with CTCs,
where quality control checks are performed per cell, has demonstrated high intercell variability, therefore the random selection of 8-10 FFPE-derived single-cells may
not be sufficient to accurately select the best cells with sufficiently intact DNA for
analysis. Increasing the number of cells processed would improve the number
available for analysis but with obvious cost implications. Other groups have
attempted to circumvent the known issues of poor DNA quality in single-cell FFPE
analysis by incorporating an additional DNA repair step on FFPE nuclei(280).
Martelotto et al performed a multiplex PCR step to initially assess the quality of
DNA extracted from FFPE preparations prior to the application of DNA repair
enzymes to mitigate formalin fixation artefacts. Ct values (threshold cycle) of real231

time WGA reactions demonstrated that the relative amount of template available
for WGA was significantly enhanced by single-nucleus DNA repair (p<0.0001, MannWhitney U test). Including similar strategies in future work may increase the
number of FFPE-derived single-cells available for analysis.
5.4.6 Longitudinal sampling
This is the first longitudinal study of NEN CTC copy number alterations analysing
multiple samples over time in the same patients. The data here is hypothesisgenerating and indicates the existence of different clones with varying sensitivity to
therapy. No firm conclusions can be drawn with regards to the evolution of these
clones due to the small number of CTCs analysed at each timepoint and this issue
should be addressed in future research. However, it lends support to the hypothesis
that CTCs could be used as dynamic tumour-derived biomarkers with the potential
to identify the emergence of resistance to therapy at an early timepoint. There are
a small number of published longitudinal studies that have investigated clonal
changes in both the phenotypical and molecular profiles of CTCs associated with
evolution of disease and resistance to therapy. In keeping with the inferences
made in this thesis, Dago et al demonstrated a sequential emergence of distinct CTC
subpopulations with differing CNV profiles in response to therapy in metastatic
prostate cancer(180). Other groups have analysed the activity of specific signalling
pathways within CTCs in response to targeted therapies. In serial blood samples
from metastatic prostate cancer patients, Miyamoto et al characterised AR
signalling status by immunophenotyping CTCs as PSSA+/PSMA- (AR-on) versus PSSA/PMSSA+ (AR-off). In treatment-naïve prostate cancer patients the majority of CTCs
were observed to transform from the AR-on to AR-off phenotype within 1 month of
commencing androgen deprivation therapy supporting the use of CTC signalling
assays in monitoring response to therapy and the development of resistance.
Similarly, Yu et al performed serial CTC monitoring in breast cancer patients and
demonstrated that CTCs with a mesenchymal phenotype were associated with
disease progression and that reversible shifts between differing CTC phenotypes
occurred alongside each cycle of response to therapy and disease progression(214).
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In future, I envisage that serial CTC samples taken from NEN patients during and
after therapy could help to dissect disease evolution and enable selection of
therapies based on patterns of emerging resistance.
5.4.7 Future directions
In conclusion, this study has demonstrated that CNV analysis of single CTCs in NEN
patients is feasible and permits the identification of intra- and inter-patient genomic
heterogeneity that may be missed by bulk tissue analysis. Furthermore, the serial
acquisition of CTCs over time allows the identification of emerging clones which
may be used to study tumour evolution and predict patterns of resistance.
Actionable targets, notably amplification of CDK4/6 and MET/BRAF have been
identified across several patients and may allow a truly personalised approach to
therapy with the ability to track resistance to targeted therapy over time. Further
work is required to validate these findings in a larger and more homogenous cohort
of patients, and to define the optimal number of CTCs required to sufficiently
interrogate heterogeneity at acceptable cost.
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Chapter 6
6.1

Discussion and Future Directions

Discussion

Neuroendocrine neoplasms are a heterogeneous group of malignancies with
diverse biology, clinical behaviour and prognosis. Despite a >6 fold increase in the
annual incidence of NENs over the last four decades and increasing awareness of
this disease entity, delays in diagnosis persist, and the majority of patients present
with advanced disease when curative treatment options are not feasible. Recent
advances mean that the treatment algorithm for these patients has become
increasingly complex, with multiple different options available for therapy including
somatostatin analogues, PRRT, targeted agents, chemotherapy and clinical trials. In
view of the varied survival and treatment options, there is an increasing need for
biomarkers that are not only able to predict prognosis and outcome to therapy, but
are able to identify targets for therapy, mechanisms of resistance and ultimately
stratify patients for personalised management.
CTCs have gained increasing recognition as diagnostic, prognostic and predictive
biomarkers in many different tumour types and have accumulated a high level of
clinical evidence using the FDA-approved CellSearch® platform. Beyond this, it has
become evident that their clinical utility is not limited to simple enumeration.
Characterisation of CTCs at the molecular level is yielding insight into mechanisms
of resistance and can facilitate dynamic monitoring of tumour progression over
time. The recognition that CTCs can be highly heterogeneous(281, 282) has also
driven technological advances in methodologies for CTC capture and lead to the
development of EpCAM-independent enrichment strategies.
The work presented in this thesis aims to respond to unmet needs in NEN CTC
research by analysing the expression of NEN-specific therapeutic targets on CTCs,
investigating the role of EpCAM-independent enrichment strategies and performing
the first single-cell analysis of NEN CTCs at the genomic level.
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6.1.1 SSTR2 and 5 expression in NEN CTCs
The expression of SSTR2 and SSTR5 by neuroendocrine neoplasms and the relatively
sparse expression in surrounding tissues is frequently exploited in clinical practice.
This includes for diagnostic purposes such as functional imaging, and therapeutic
applications such as SSA, PRRT and novel drug conjugates, where treatment can be
localised to SSTR-expressing tumour cells with minimal off-target toxicity. In
Chapter 2, an assay was developed to GCLP standards that allows detection of
SSTR2 and 5 expression on individual CTCs using the CellSearch® platform.
Furthermore, detection of SSTR was shown to be unaffected by the presence of
therapeutic levels of SSA allowing longitudinal monitoring in patients during
treatment. This assay was subsequently applied in a cohort of 31 metastatic NEN
patients and demonstrated the existence of an SSTR+ subpopulation in 33% of
patients with detectable CTCs. Importantly, significant intra-patient heterogeneity
in CTC expression of SSTR was demonstrated. This is consistent with other tumour
types including breast cancer, where the majority of patients demonstrate intra
sample variation in HER2 status of CTCs(283). Similar results have also been
reported in other therapeutic targets; CTC expression of PDL1 is also variable and
the fraction of positive CTCs per patient has been shown to range from 0.2–
100%(206). The heterogeneity demonstrated in the NEN patient population has
significant implications for SSTR-directed treatments and suggests a potential
mechanism for acquired resistance to therapy as well as a means of tracking this
resistance over the course of treatment. Furthermore, it reinforces the need for
single-cell studies to fully understand heterogeneity and rare cell populations.
The research presented in Chapter 2 also demonstrated some discordance between
SSTR expression on CTCs and matched data for both functional imaging and
immunohistochemistry performed on FFPE. Inconsistent SSTR expression may
account for unexpected failures of SSTR-directed therapy and highlights the
importance of re-evaluating SSTR expression during the course of treatment. This
reinforces the role of CTCs as a liquid biopsy capable of sampling cells shed from
multiple active tumour regions, potentially providing a better representation of
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those cells with enhanced metastatic potential and a dynamic assessment of SSTR
expression over time and therapy. Discordance between HER2 expression on CTCs
and in primary tumour samples has also been demonstrated in breast cancer and is
being actively investigated as a means of selecting patients for Her2 directed
therapy in the ongoing DETECT III study (NCT01619111).
Prospective validation of this assay is now required in a more homogenous group of
patients in terms of primary site and treatment. This is currently ongoing in two
active clinical trials, the Phase IV CALMNET study (NCT02075606) and Phase 1/2a
PEN-221 study (NCT02936323). The Phase IV CALM-NET study will investigate the
relationship between SSTR2 and 5 expression on CTCs and PFS in patients with
functional midgut NEN receiving treatment with Lanreotide Autogel. The PEN-221
study is an early phase trial investigating an SSTR2-directed novel drug conjugate in
patients with SSTR2 expressing advanced neuroendocrine tumours. Patients in this
study will also have SSTR2 expression in CTCs evaluated as a secondary endpoint.
Looking forward, it is anticipated that interventional studies could be designed to
assess whether SSTR expression on CTCs could be used to stratify NEN patients for
treatment with SSTR-directed therapy as is currently being undertaken in other
tumour types.
6.1.2 EpCAM-independent enrichment methodologies in NEN
All published CTC research in NEN to date has utilised the EpCAM-dependent
CellSearch® platform as an enrichment strategy(155, 167). Whilst the prognostic
and predictive applications of this technology have been proven, only 49-60% of
NEN patients have CellSearch®-detectable CTCs, indicating an outstanding need to
evaluate alternative platforms in NEN with a view to maximising the number of
CTCs isolated per patient and improving the fraction of patients in whom CTCs can
be retrieved. Furthermore, there is a need to determine whether EpCAM negative
CTCs can be identified in NEN, thus enhancing the diversity of CTCs analysed in this
tumour type. In Chapter 3, the size-based Parsortix platform was evaluated for the
first time in NEN. Having successfully established the efficacy of Parsortix in spiked
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cell experiments, its enrichment potential was evaluated in a cohort of 10 patients
and 10 healthy donors. This work demonstrated significantly improved CTC capture
rates for the Parsortix platform as compared to CellSearch®, with mean CTC counts
of 31 and 11 per 7.5ml of blood respectively (p<0.05). Overall, CTCs were also
detected in a greater proportion of NEN patients (100 vs 70%), and in three patients
with a CTC count of zero using CellSearch®, counts ≥6 per 7.5ml of blood (range 629) were achieved using the Parsortix. This is of significance as a CTC count ≥5 can
be analysed on the DEPArray, therefore expanding the repertoire of patients with
samples available for downstream single-cell molecular characterisation. Using a
Parsortix-based four-colour immunofluorescent protocol, divergent populations of
CTCs characterised by varying degrees of EpCAM expression were also observed.
This is consistent with other tumour types where epithelial tumour cells, epithelialto-mesenchymal transition cells and hybrid (epithelial/EMT+) tumour cells have
been demonstrated in peripheral blood samples(227-229), but has not previously
been demonstrated in NEN. This is of clinical significance as confining CTC capture
and analysis to only those cells with high EpCAM expression may bias downstream
molecular characterisation and lead to an underestimation of genomic
heterogeneity. A potential limitation of the device was also described, as indicated
by the higher inter-observer variability observed in comparison to the CellSearch®
platform (correlation coefficient r =0.45 vs 0.994 respectively). Given this data, the
strength of the Parsortix does not appear to lie in reproducible enumeration of
CTCs, but in expanding the number and diversity of CTCs available for downstream
analysis, as well as the ability to recover live cells required for culture or other
techniques such as single-cell RNA-seq.
Future work should be aimed at investigating the frequency of EPCAM-negative
CTCs, as well as the level of intra- and inter-patient heterogeneity within a larger
cohort of NEN patients. Expanding this work to include more GEP-NEN patients
should be a priority, as well as incorporating mesenchymal markers into the staining
protocol to further characterise the population of EpCAM negative CTCs.
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Downstream molecular characterisation of these populations may yield insight into
the differing genomic profiles of these phenotypically distinct cells.
6.1.3 Development of DEPArray workflows for single-cell CTC and FFPE analysis
The low frequency of CTCs in the bloodstream and inherent challenges in their
isolation and recovery mean they are often recovered in low numbers from a single
blood draw. Therefore, knowledge regarding the feasibility of high-resolution
single-cell analysis workflows is essential when applied to CTCs. In Chapter 4, a
DEPArray-based workflow for the molecular characterisation of single CTCs and
FFPE-derived tumour cells was established. Both the CellSearch® and Parsortix
platforms were used as a means of CTC enrichment before subjecting samples to
semi-automated single-cell isolation using DEPArray technology and the nonrandom Ampli1 WGA method. After optimisation of cell staining protocols, transfer
efficiencies of 29.3 and 36% were demonstrated for CellSearch® and Parsortix
enrichment respectively. Combined with an observed DEPArray routing efficiency of
96%, it was anticipated that 28% (CellSearch®) and 35% (Parsortix) of CTC could be
isolated for molecular analysis. This information is essential in order to reliably set
up workflows that can be incorporated into clinical protocols and to provide
estimates of cost for funding applications. Protocol specific thresholds can be set
for minimum CTC count per patient, depending on the number of cells required for
downstream characterisation. This minimises the associated time and cost involved
in processing patient samples unlikely to provide sufficient data for analysis. For
example, in order to isolate 5 CTCs for downstream genomic analysis, inclusion
criteria should mandate CTC count ≥20 per patient.
Factors determining whether an individual isolated CTC would provide high quality
molecular information were also evaluated. Enrichment methodology and sample
storage time were shown to have no significant impact on the quality of amplified
DNA obtained from single-cells. This is relevant because it enables the use of this
workflow for clinical studies incorporating different methodologies for CTC
enrichment and enables several points of discontinuation without loss of
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information. Incorporation of these stop points is essential to justify feasibility
criteria for the collection of CTCs as part of a clinical trial protocol and allows
downstream molecular characterisation to be performed in bulk at a later stage.
A protocol was also developed to enable processing of FFPE samples and
subsequent identification and recovery of subpopulations of tumour and stromal
cells, characterised according to morphology, staining characteristics and DNA
content using the DEPArray. Isolated single FFPE cells were processed in a similar
manner to CTCs, with application of the Ampli1 WGA method. The DNA quality of
FFPE samples was successfully quantified and observed to be inversely related to
length of FFPE storage. This is of particular relevance to NEN patients, where
diagnostic FFPE samples may be older than seen in other tumour types due to the
more indolent nature of Grade 1 and 2 disease. In patients with limited FFPE tissue
available, the workflow established in this Chapter also allows the genomic analysis
of specimens with low tumour cellularity, which would otherwise not be
permissible to include. The capability of sorting pure stromal cells also provides an
important internal control and is important where matched normal tissue is
unavailable. Furthermore, the identification of tumour subpopulations with distinct
DNA content in NEN FFPE allows their separate genetic analysis in order to
investigate the interacting biological mechanisms that may drive metastasis. The
data presented here provides optimisation of DEPArray-based single-cell and FFPE
analysis procedures essential for the implication of precision-based personalised
medicine.
6.1.4

CNV analysis of NEN CTCs

Chapter 5 provides the first data with regards to the molecular characterisation of
CTCs derived from NEN patients. Low pass sequencing demonstrated balanced CNV
profiles in single-cell leucocyte populations and identified aberrant patterns of
chromosomal gains and losses in individual CTCs, confirming the utility of this
workflow for the reliable identification and downstream processing of NEN CTCs.
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The feasibility of this workflow was further confirmed by the low rate of CTC falsepositives observed across all samples (4%).
In this Chapter, chromosomal rearrangements including loss of Chromosome 18 and
segment 11q, previously reported in small intestinal and pancreatic NEN, have also
been identified in isolated CTC WGA products. However, many novel
rearrangements were also identified that have not previously been reported in
NEN, some of which contain the loci for established onco- and tumour suppressor
genes which might be therapeutically relevant. Furthermore, some of these newly
identified rearrangements are recurrent across multiple patients in this cohort.
Examples include amplification of CDK4/6, MET and BRAF as well as loss of BRCA2.
Further work is indicated to validate and establish the frequency of these
alterations in a larger and more homogenous cohort of NEN patients.
Distinct clusters of CTCs indicative of differing clonal lineages have been derived
from the single-cell CNV data presented in this thesis. This is essential in order to
track the origins of these clones from primary and metastatic tissue and to track
their evolution over time and in response to therapy. Bulk analysis of CTCs would
have prohibited the identification of these clones, which were comprised of a low
number of CTCs overall. Initial data from a small number of patients suggests that
these clones can be tracked over time and may exhibit differing sensitivity to
treatment. These findings are hypothesis generating and require further
investigation in patients with CTC samples available over multiple time points over
the course of therapy. CTC samples from patients receiving treatment as part of the
ongoing PEN-221 and CALM-NET studies may provide the means to further test this
hypothesis and track these clones longitudinally.
Another important finding established by the single-cell data presented here is the
existence of significant intra- and inter-patient genomic heterogeneity observed in
individual CTC CNV profiles. This is of clinical relevance as it has implications for
resistance to therapy, prognosis and biomarker development in NEN patients. This
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finding further emphasises the need for single-cell evaluation in defining intrapatient tumoural heterogeneity.
Finally, the use of enrichment strategies employing differing methodologies for CTC
capture appeared to recover genomically distinct subpopulations of CTCs, a novel
finding across all tumour types. This suggests that future workflows combining both
EpCAM-dependent and size-based enrichment strategies could allow improved
sampling of CTC diversity. Further validation in a larger cohort of patients with
increased CTC sample sizes using both enrichment platforms is required.
The potential of liquid biopsies as a non-invasive and serial means of monitoring the
tumour genome is not limited to CTCs. Circulating tumour DNA (ctDNA) can be
identified in the cell-free fraction of blood together with DNA fragments originating
from normal cells, commonly referred to as cell free DNA (cfDNA). The presence of
tumour-specific sequence alterations in plasma can be used to quantify tumour
burden(284-286) and for genome-wide analysis of tumour genomes (287, 288).
Some studies have directly compared ctDNA and CTCs and reported advantages in
the use of ctDNA. For example, in breast cancer, a greater sensitivity and dynamic
range was observed in ctDNA levels compared to CTCs, as well as improved
correlation with changes in tumour burden(286). However, knowledge of existing
somatic mutations was required in order to determine which species of cfDNA to
monitor. This is the case for the majority of studies which employ targeted NGS of
ctDNA to allow increased coverage depth and sensitivity using selected genes of
interest. Due to the low frequency of recurrent mutations in NEN, it would not be
practical to design a ctDNA assay applicable across all participants, and patient
specific assays would be required on an individual basis. The cost implications
makes high throughput ctDNA techniques less attractive for NENs. Furthermore, the
mechanisms whereby ctDNA is released into the circulation are not yet fully
understood, although most reports cite apoptosis or necrosis of tumour cells as the
main origin. A critical question therefore remains; is tumour DNA released from
dying cells responding to therapy or does it represent those persistent tumour cells
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resistant to therapy. This is not the case for CTCs, where viable cells persisting in the
blood are likely to represent metastatic clones resistant to therapy. Furthermore,
single CTC analysis allows the detection of multiple mutations within the same cell,
in order to dissect tumour heterogeneity and map clonal evolution. Single CTCs can
be profiled at the genomic, transcriptomic, proteomic and metabolomic level and
interrogated with regards to their functional cellular characteristics. CTCs may also
have a wider range of applications, including in vitro or in vivo drug sensitivity
testing in the form of CTC culture or CTC-derived xenografts. However, the greater
costs and practical considerations associated with CTC analysis remain an obstacle
to its everyday inclusion in clinical practice.
A possible future scenario may involve the use of cfDNA panels to monitor cancer
patients during treatment and periods of disease stability off treatment. Once
recurrence of disease or resistance to therapy is detected, single-cell analysis of
CTCs may be employed to identify actionable information to guide future drug
therapy.
6.2

Limitations of this study

Research involving NEN patients is limited by the difficulties in collating a large
cohort of homogenous patients. This issue was further exacerbated in this thesis by
the need to select for those patients with a sufficient number of CTCs for analysis.
As a result, the single-cell CNV data presented here is derived from a
heterogeneous cohort of patients with mixed primary sites. Furthermore, as is
frequently found in NEN research, the number of high grade cases included was
small and should be expanded in future work to allow meaningful comparisons to
be drawn across separate patent populations. At a total of seven, the overall
number of patients included for CNV analysis was low due to the extensive time and
cost associated with single-cell work flows. Despite this, the overall number of
single-cells analysed was high (n=125) and sufficient to demonstrate both novel and
recurrent chromosomal alterations across this small number of patients.
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Ideally, the single-cell CNV analysis performed on CTCs should be compared to
matched tissue data, from both primary and metastatic sites. This would be useful
to validate the results seen in CTCs and also to enable further conclusions to be
drawn regarding the aetiology of differing CTC clones and the evolution of these
tumours over time. Some data from a mixture of FFPE and fresh tissue is presented
in this thesis, however these samples sizes are smaller than anticipated due to the
low quality of DNA extracted from FFPE-derived single tumour cells which meant
these samples were not suitable for single-cell CNV analysis. Where present,
tumour cell samples have demonstrated recurrent alterations also observed in
CTCs, thus confirming the reliability of the workflows established in this thesis.
However, further work should be aimed at developing an assay capable of assessing
DNA quality on a single-cell basis so that individual cells with the highest quality
DNA can be selected for downstream processing. Alternatively, processing a larger
number of single-cells would also improve the data generated, but with significant
cost implications. As the cost of these technologies decreases over the time, the
feasibility of this approach may improve.
6.3

Final Conclusions

This research represents the first investigation of EpCAM independent enrichment
strategies in NEN. These enrichment methodologies have subsequently been
incorporated into robust workflows capable of capturing NEN-derived CTCs for
single-cell genomic analysis. Finally, a comprehensive analysis of single-cell genomewide copy number changes is presented in CTCs derived from a cohort of NEN
patients yielding new insights into CTC diversity and actionable alterations in these
populations.
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