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ABSTRACT

Cutaneous melanoma accounts for 90% of all skirceradeaths (Balch et al., 2010) and is
responsible for 3.6% of deaths from cancer in Alistr(Australian Institute of Health and Welfare,
2016). Whilst early detection and successful salgiemoval of primary melanomas have
improved survival rates (DeSantis et al., 2014prapimately 30% of these patients will have
disease recurrence at some point in their live®ri§cet al., 1992; Soong et al., 1998). This is
despite being considered disease free followingtinent, which may have included surgical
removal of the primary and/or its metastasis/ediateon and/or systemic therapy. Whilst the risk of
melanoma recurrence may correlate to some exténttiae stage of the primary melanoma in terms
of its size and thickness and whether it has meteastd (Shaw et al., 1987; Soong et al., 1992;
Soong et al., 1998), recurrences occur even dfiar melanomas (associated with low-risk for
recurrence) that have been completely excised [([2alal., 2007; Jones et al., 2013; Leiter et al.,
2012; Meier et al., 2002; Salama et al., 2013; §aziral., 1998). Melanoma may recur at any point
in time, even 10 or more years after a primary mataa has been excised (Crowley et al., 1990;
Dong et al., 2000; Hohnheiser et al., 2011; Kaledsl., 2003; Tsao et al., 1997). Recurrences may
present in the same or in areas adjacent to thmapyi melanoma, however the majority of
recurrences appear in lymph nodes or other organshich point the disease is among the most
aggressive and treatment-resistant of all humageranKenessey et al., 2012; Luke et al., 2017;
Mocellin et al., 2013; Sanmamed et al., 2015; Ti'rea al., 2013). In the metastatic setting,
resective surgery of solitary metastases is agsacwith the most favourable outcome (Chua et al.,
2010; Petersen et al., 2007; Sanki et al., 2009sifA& al., 2011), however systemic therapy
options are dramatically improving survival of jgatis with unresectable metastases (Garbe et al.,
2016). Overall, the greatest treatment efficacggsociated with a low disease burden at time of
therapy (Hodi et al., 2010; Luke et al., 2017; Middwr et al., 2016; Sosman et al., 2011) and

therefore early detection of melanoma recurrenceitisal for improved survival.



To date, there are no reliable early markers ofam@ha recurrence. Radiological imaging
techniques and sentinel lymph node (SLN) biopstsNB) are currently the methods employed to
stage primary melanomas and detect metastasedroRosmission tomography (PET) with a
labelled glucose analogue fluorine 18 fluorodeowggke J(BF—FDG) combined with computed
tomography (CT) scans (FDG-PET/CT), are used reiytito determine disease burden. These have
limited sensitivity however for the detection ofrlgestage melanoma micro-metastases (Meyers et
al., 2009; Pfannenberg et al., 2015), thus canmovige timely clinical evidence of disease
recurrence (Belhocine et al., 2002; Hindié et @&0l11l; Krug et al., 2008). Fluorine 18
fluorodeoxyglucose Positron Emission Tomography lwioed with Computed Tomography (FDG-
PET/CT) may be used routinely for monitoring of em@ma patients at high risk of disease
recurrence, but it is expensive (Gellén et al.,520dnd subjects patients to excessive radiation
exposure (Rueth et al., 2015). Whilst routine SLNBfer a survival advantage in monitoring
recurrence in patients with >1.0mm thick melanoiffr@sies et al., 2017; Morton et al., 2014), they
are relatively invasive for routine monitoring (Agge et al., 2003; Lens et al., 2002). Early stage
melanoma patients who are considered diseaserickara not at high risk for a recurrence, are not
routinely assessed by SLNB, or PET/CT or LNB, kather by physical examinations (Australian
Cancer Network Melanoma Guidelines Revision WorkiRgrty, 2008). Thus, an additional
monitoring regime that can be performed regularlgl & conjunction with physical examinations
could lead to timely interventions resulting in iraped treatment options that will positively

impact on the patient’s quality of life and suntiva

The detection and analysis of mutant specific ¢ating tumour DNA (ctDNA) is an emerging tool
for detection of residual disease and for prognass monitoring of different cancers (Bettegowda
et al., 2014; Dawson et al., 2013; Gray et al. 22@pindler et al., 2012). There is however, limite

use of ctDNA for monitoring of residual disease aadurrence in clinically disease free patients



(Oshiro et al., 2015; Tie et al., 2016) and to d#tes has not been assessed in melanoma. In
melanoma, mainly V-raf murine sarcoma viral oncageomolog B1 BRAF)and to some extent,
neuroblastoma RAS viral oncoge(®RAS mutant ctDNA are utilised to monitor patients idgr
therapy in the research setting (Ascierto et @132; Girotti et al., 2015; Gray et al., 2015;
Sanmamed et al., 2015; Santiago-Walker et al., R046tably, telomerase reverse transcriptase
(TERT)promoter mutations are present in 50-70% of metewand confer a significantly poorer
prognosis if found concurrently witBRAF or NRASnutations relative to the occurrence of each
mutation alone. Thus, the ability to monitor patseat all disease stages for the presend&R#AF,
NRASas well asTERTmutant ctDNA, would be advantageous eveBRAFandNRASwild-type

patients.

The overall aim of this thesis was to further depelexisting tools that could regularly,
inexpensively and non-invasively monitor melanomaéignts for melanoma recurrence. Firstly, we
focused on increasing the number of patients thakdcbe monitored through ctDNA analysis. To
do this we developed a new and innovative ddPIERRT mutation assay and investigated its
sensitivity alongside current assays in detectingatons in melanoma tissue containing a small
fraction of tumour cells. The significance of ctDNiAr patient monitoring relative to current
methods of clinical monitoring was then investighie relation to melanoma recurrence. Finally,
we conducted a retrospective analysis of ctDNA |evelative to metabolic tumour burden (MTB)
derived from FDG-PET/CT to determine the lower tiraf disease burden detectable by ctDNA

using ddPCR.

In the first study of this thesis, a novel droptigital PCR (ddPCR) assay for the concurrent
detection of C228T and C250MERTpromoter mutations was designed and developedspiag a

lower limit of detection (LOD) of 0.17%. The assags validated using 22 matched plasma and



tumour samples and showed a 68% concordance réteavsensitivity of 53% (95% ClI, 27%-
79%) and a specificity of 100% (95% CI, 59%-100%)asma samples from 56 metastatic
melanoma patients and 56 healthy controls weredesir TERT promoter mutations confirming a
specificity of 100% (95% CI, 94%-100%). Importantlye not only detecteBERTmutant specific
ctDNA in 4 BRAFmutant cases, but this assay allowed ctDNA quaatibn in 11BRAFwild-type

cases, which allows for an increased number oépttito be monitored using ctDNA.

To monitor patients for recurrence using ctDNA, thatational profile must first be determined
from a patient’s tumour. However, this may be difft to obtain from tumours that have limited
and/or low tumour cellularity and high heterogepeparticularly when sourced from SLNB and
fine needle aspiration biopsies of metastatic si@mnsequently, only limited, low-quality DNA
may be isolated for use on different mutation détecplatforms, each with varying analytical
sensitivities. Limited previous studies focuseddprainantly on assessment of tBRAF V600
mutation (as the only actionable mutation), andably, in tumour samples with more than 50%
cellularity. Given the prevalence GERT promoter mutations which, together wiBRAF and
NRAS mutations provide prognostic significance, theligbito assess the presence of such
mutations in patient tumours, at high sensitivityould dramatically improve assessment of
mutations. In the second study presented here,vaiaed the sensitivity of detection BRAF
NRASand TERT promoter mutations in 40 melanoma tissues, usin@Cdl relative to Sanger
sequencing and pyrosequencing. Tumour cellulanitgur samples ranged from 5-50% (n=28) and
50-90% (n=12). Overall, ddPCR was the most semsitoletecting one of the tested hotspot
mutations in a total of 77.5% (31 of 40) of casesluding in 12.5% and 23% of samples deemed
as wild-type by pyrosequencing and Sanger sequgnoespectively. The ddPCR sensitivity was
particularly apparent among samples with less tHf#®%0 tumour cellularity. Therefore,

implementation of ddPCR based assays could fdeilitautation detection of early stage tumours
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and support research aimed at using ctDNA to imprearly detection of residual disease and

disease recurrence or progression.

In the third paper presented here, we assessexttisiivity of ctDNA to detect disease recurrence.
A cohort of 139 patients diagnosed with AJCC sta@#i$ in the preceding 10 years were enrolled
in the study between January 2015 and February. 20bfood sample was collected at enrolment
and on average 11 months thereafter. Patients #dmved up for disease progression for a
median time of 50.2 months. From the remaining cphihree patients developed metastatic
disease. The median follow-up from diagnosis ofgheary tumour to stage 1V disease was 34.4
months. The remaining patients had no clinical evad of disease recurrence at last follow-up or at
death from other causes. We analysed the primampuu of 37 patients for mutations BRAF
NRASand TERT, and identified mutations in 30 patients (threéguais with recurrence and 27
patients without recurrence). Using our provenhhjigsensitive ddPCR tests we analy&RAF
NRASand TERT promoter mutated ctDNA in all available blood s#sp Three serial plasma
samples were available for each of the three patiwho had recurred. CtDNA was detected at the
time of radiological or biopsy confirmation of mstases in all three patients. Moreover, ctDNA
was detectable in earlier plasma samples from onieecthree patients; in this one patient, ctDNA
was detected four months prior to clinical detecid gastric and ileum metastases by gastroscopy
and biopsy. We detected no mutant specific ctDNAamy time point in the patients without
recurrence. Whilst this data is limited becausehef limited number of patients and the limited
rates of recurrence in early disease stages (2,1ib@spvides proof of concept that ctDNA may be
a valuable tool to monitor early disease recurreAaalitionally, our assessments were limited by
our knowledge of the level of sensitivity of th®BIA analyses. There was therefore, a robust need
to understand the correlation between ctDNA leweld the patient’s tumour burden as assessed by

metabolic activity using PET.
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Given that the metabolic activities of tumours ameasured routinely during clinical disease
monitoring by assessment of FDG uptake using PETL@Tson et al., 1999), we hypothesised that
if cCtDNA levels correlate with metabolic tumour den (MTB) derived from FDG-PET/CT scans
in melanoma patients, we could determine the lohdetection (LOD) of ctDNA to signify disease
recurrence which would indicate the limitationsctDNA as a biomarker to identify low disease
burden. Thus, the indications of ctDNA in the dili setting will be more clearly identified OR,
the need to improve the sensitivity of ctDNA is risfere apparent. Consequently, in the fourth
paper of this thesis, we conducted a retrospecivaysis of the ctDNA levels in 32 stage IV
melanoma patients with active disease prior toesyit therapy. Corresponding FDG-PET/CT
scans were examined and the MTB was determined fr@tabolic tumour volume (MTV) and
tumour lesion glycolysis (TLG) (Larson et al., 199%inther-Larsen et al., 2017). Within this
cohort of patients, ctDNA was detected in 72% afesawith the number of mutated copies per mL
of plasma ranging from 1.6 to 52,440. A significarttrrelation between the MTB and allele
frequency was found (P<0.001). Finally, ctDNA was detectable in patients with a MTB value of

less than 10 cfrand therefore we determined this as the lower I®EDNA by ddPCR.

Overall, ctDNA tests were developed to moniTERT promoter mutations in cell free DNA
(cfDNA) in addition to those currently availabler fBRAF and NRAStherefore maximising the
number of patients whose disease status can beoremhusing ctDNA. We also demonstrated that
ddPCR is a highly sensitive method for detectioBBAF, NRASandTERTpromoter mutations in
tumour tissue. Using these tests, we identifiett@ng correlation between the level of ctDNA and
metabolic tumour burden, suggesting, for the filee in melanoma, that ctDNA reflects melanoma
disease burden. We also detected ctDNA in earlgestaelanoma patients that suffered disease
recurrence. Prospective studies are now warramteskiially assess the amount of ctDNA after

resective surgery to determine if the presencetNA can detect residual disease, and whether
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rising levels of ctDNA in the blood can detect dise recurrence earlier than current clinical
methods. This will ultimately provide a sensitivetimod with which to monitor patients, to ensure

timely, earlier interventions thereby improving ex@ma survival rates.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

Cutaneous melanoma (melanoma) is an aggressive akmter arising from transformed
melanocytic cells in the basal layer of the epidsrnThis transformation is the result of an
accumulation of mutations in genes that would ndigma@gulate cell division and proliferation,
resulting in the uncontrolled growth of melanocytBsittonRegester et al., 2012; Peyssonnaux et
al., 2001; Ward et al., 2012). In Australia, altbumelanoma accounts for only 3.6% of all skin
cancers (AIHW, 2013a), it is responsible for 90%atifskin cancer related deaths (Balch et al.,
2010), presenting a considerable burden to pubdialth (Rigel et al.,, 2000). A significant
contributing factor to melanoma deaths is diseasmirrence. Approximately 30% of patients
experience recurrent melanoma despite having besmase free for a period of time, with 78%
presenting as regional or distant metastases rdthrrlocal recurrences (Soong et al., 1992; Soong
et al.,, 1998). Advances in systemic therapies fetastatic melanoma have resulted in increased
median overall survival, from approximately nine ntits prior to 2011, to between 25.5 to 32
months in 2017 (Luke et al., 2017; Robert et &17). Whilst two and three-year overall survival
rates have been reported at 64% (Hodi et al., 28068)58%, respectively (Wolchok et al., 2017),
timely treatment is fundamental to ensure enhamesponse rates (Luke et al., 2017). Given the
ongoing threat of lives lost from disease recureermoutine monitoring and early detection of

recurrence is of vital importance.

1.1 Melanoma Incidence and Mortality

In the last 50 years, melanoma incidence has iseteateadily worldwide and is predicted to
continue to rise (AIHW, 2012a). These increasesehbgen particularly evident amongst fair
skinned individuals, particularly in males abovey&@rs old (Akushevich et al., 2013; Garbe et al.,
2009). In 2008 almost 200,000 new cases were dssghavorldwide resulting in 46,000 deaths
(Ferlay et al., 2010). The countries with the hgghacidence and mortality rates are Australia and

New Zealand (Baade et al., 2015; Sneyd et al., Rah3Australia, melanoma is the third most
22



common cancer in both men and woman accountingafoestimated 12% in men and 9% in
women of all newly diagnosed cancers (AIHW, 201T). 2010, 11,405 new cases of melanoma
were diagnosed in Australia and it is estimated 114,000 and 17,570 new cases will be diagnosed
in 2017 and 2020, respectively with an estimat&0@ deaths in 2017 alone (Australian Institute of
Health and Welfare, 2013b). In 2013, the inciderate of melanoma amongst fair skinned people
in Australia was 62 cases for men and 40 casewdanen per 100,000 persons (AIHW, 2017). In
the USA incidence rates range from 16.9 to 25.4 1,000 in women and men, respectively
(Kohler et al., 2011). In Europe, in 2012, thernastied incidence was 11.0 and 11.4 per 100,000 in
woman and men, respectively although wide variationmere apparent between different

geographical locations (Ferlay et al., 2013).

Whilst the incidence of melanoma continues to rise-year survival rates have increased from
40% in the 1940s (Rigel et al., 2000) to 85.8% 8Ad/% for the periods 1982-1987 and 2006-
2010, respectively (AIHW, 2012b). Such increasessumvival rates are largely due to early
detection and successful surgical removal of prynmaelanomas (DeSantis et al., 2014; Rigel et al.,
2000). Despite these improvements, a significatentage of early stage patients considered
clinically disease free, later develop metastatsease and die within 10 years of initial tumour
resection (Balch et al., 2010). Once melanoma steeses, it is among the most aggressive and
treatment-resistant of all human cancers (Kenessal;, 2012; Mocellin et al., 2013; Sanmamed et
al., 2015; Ti'mar et al., 2013). As such there isead for the development of techniques that
identify patients at risk of disease recurrencecady as possible after resection of the primary

tumour.

1.2 Classification and Staging of Primary Melanoma
Primary melanoma generally presents as one of difterent histological subtypes: superficial
spreading melanoma, nodular melanoma, lentigo malignelanoma and acral lentiginous
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melanoma (Bastian, 2014). Each subtype has cleaistat clinical features (Schaffer et al., 2000)
and typical ages of occurrence (Chang et al., 1998bhin fair skinned populations, superficial
spreading melanoma is the most common (59%), fetbwy nodular melanoma (21%), lentigo

maligna melanoma (11%) and acral lentiginous meten(1%) (Garbe et al., 2009).

Superficial spreading melanoma predominantly arisesthe trunk in men and on the lower
extremities in women (MacKie et al., 2002). Thisnioof melanoma has an association with a pre-
existing naevus (Garbe et al., 2009) as well assx@ to UV rays and is more commonly found in
young and middle-aged individuals (Black, 1988; Miag et al., 2007). Nodular melanoma is
notoriously invasive since it is rarely diagnosedthe early stages. It does not have a distinct
intraepidermal growth pattern but comprises melgtiocnests within the epidermis and
subcutaneous tissue. It can be found at any aneabrsite (Menzies et al., 2013), and is more
commonly found in elderly men with sun-damaged dfkifalvehy et al., 2012; Menzies et al.,
2013). Lentigo maligna melanoma is typically seemlder people and occurs most commonly on
the face, head and neck (Pralong et al., 2012; Real, 2011). Although it is the least common of
the four subtypes (Piliang, 2011), acral lentigime@oelanoma is the most common subtype among
Asians (Kim et al., 2014), Hispanics and dark skmrindividuals (Wu et al., 2011). Lesions
typically arise on skin surfaces not usually expos® the sun such as the soles of the feet and

palms of the hands (Pereda et al., 2013).

Currently the diagnostic process includes biopgy laistopathological assessment of the lesion to
classify and stage the melanocytic lesion basedhenAmerican Joint Commission on Cancer
(AJCC) guidelines. Staging of the tumour accordiogthe TNM (tumour / [lymph] nodes/
metastases) staging system is based on histoldg&ires, including the thickness of the primary
tumour, the mitotic rate and the level of ulcemfi@as well as on the presence or absence of

metastases (Balch et al.,, 2009). The invasiversss$ thickness of tumours have been
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independently described by both Clark (1969) aresBwv (1970): The Clark classification is based
on the anatomical level of invasion whilst the Boesclassification describes the vertical thickness
of invasion in millimetres. Following the recommaions of the AJCC (Edge et al., 2010), the
primary tumour staging is now based on the Brestiassification (Leilabadi et al., 2014).
Additional histological features of the primaryitas, such as ulceration and the number of mitoses
per square millimetre provide further prognostid anb-staging information (T1-4). Depending on
the T-sub stage, the thickness of the lesion igeatly an important prognostic indicator. The N-
stage refers to the pathological status of the tympdes, with the number of nodes involved and
the distinction of micro or macro-metastasis bdimg measure of sub-stage. Macro-metastasis is
defined as clinically palpable or radiologicallysiile lymph nodes and micro-metastasis is defined
by the identification of tumour cells by conventbihistopathology (Balch et al., 2009; Balch et al.
2011). The M-stage of the TNM staging system reprssthe metastatic stage, with sub-staging
being determined by the anatomical site of the stat®s together with lactate dehydrogenase
(LDH) serum levels (Balch et al., 2009; Balch et aD11; Gershenwald et al., 2010; Piris et al.,

2011).
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Table 1: American Joint Committee on Cancer: Stagig of Cutaneous Melanoma

Patho- TNM  Tumour Ulceration  Mitoses  No. of Nodal Mass Sited Metastasis
logical Thickness positive
Staging (mm) nodes
Stage | Tis <1 n/e 0 - -
Stage I£ Tl <1.C No <1/mn? 0 - -
Stage IB T1b <1.0 Yes >1/mnt 0 - -
T2s 1.03-2.C No 0 - -
Stage IIA T2b 1.01-2.0 Yes Any 0 - -
T3s 2.014.C No Any 0 - -
Stage 11B T3b 2.01-4.0 Yes Any 0 - -
T4s >4.C No Any - -
Stage IIC T4b >4.C Yes Any - -
Stage llI1A Nile Any No Any 1 Micro® -
N2a Any No Any 2-3 Micrd
Stage 11IB Nla Any Yes Any 1 Micfo -
N2z Any Yes Any 2-3 Macrc® -
N1b Any No Any 1 Macrd -
N2b Any No Any 2-3 Macrc® -
Stage IIIC N1b Any Yes Any 1 Micro? -
N2b Any Yes Any 2-3 Macfb -
N3 Any Any Any 4 Eithel -
v Mla Any Any Any Any Any Distant skin,
subcutaneous or
distant lymph nodes
M1b Any Any Any Any Any Lung metastas:
Mlc Any Any Any Any Any All other visceral

metastases or any
metastates combined
with elevated LDH*

level

2Micro-metastases:

Diagnosed after sentinel lympderbiopsy and complete lymphadenectomy (if peréam

PMacro-metastases: Clinically detectable nodal ste®s that exhibit either gross extra capsul@neidn or are confirmed by

*Lactate dehydrogenase (LDH)
(Adapted from Balch et al., 2009 and 2011 and Ait&eal., 2008)

therapeutic lymphadenectomy
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1.3 Primary Melanoma: Risk Factors

Although the cause of melanoma and associated aigksomplex, one of the most recognised risk
factors for primary melanoma is exposure to solaaviolet (UV) radiation (Caini et al., 2009;

Chang et al., 2009; Gandini et al., 2005; Gilchegsdl., 1999; Hodis et al., 2012). Both internmitte

intense and chronic cumulative amounts of sun exgobave been shown to play a role in the
pathogenesis of melanoma (Gandini et al., 2008heCfactors which are associated with primary
melanoma risk include, but are not limited to, pitgpic features such as fair skin, red hair, light
eye colour, a high number of naevi, a family higtand genetic predisposition (Rastrelli et al.,

2014).

1.4 Genetics of Melanoma

Whilst all cancers are caused by somatic mutatiomslanoma has the highest prevalence of
somatic mutations, with the exception of non-metaackin cancer (Alexandrov et al., 2013). The
landscape of genomic alterations in melanoma has lveell described from primary and/or
metastatic melanomas and is depicted in Figureah¢® Genome Atlas Network., 2015; Curtin et
al., 2005; Hodis et al., 2012; Luke et al., 201B3sed on the pattern of the most prevalent and
significantly mutated genes, four sub-types proddeamework for genomic classification; mutant
BRAF, mutantNRAS mutant neurofibromatosis type NK1) and triple wild-type (WT). The
mutations commonly identified affect fundamentajnsilling pathways involved in cell growth,
proliferation, cell-cycle control and restoratiohn@NA damage (Bosenberg et al., 2014; De Luca et
al.,, 2012; Haluska et al., 2006; Hayward, 2003) ptay a vital role in tumour formation and

growth (Bosenberg et al., 2014; Keller et al., 2000meo et al., 2013; Shaw et al., 2006).
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Figure 1: Frequency and overlap of driver and tumou-suppressor genes associated with melanoma

Categorisation of advanced-stage melanoma accotdingitations in either BRAF, RAS, NF1 or triplegative (Red
Box). Additional driver mutations are also foundather genes such as CDKN2A and PTEN. Adapted f@ancer
Genome Atlas Network., 2015.

One of the most recognised pathways involved inam@ha initiation and progression is the
mitogen-activated kinase (MAPK)athway (Figure 2), regulated by receptor tyrosimases, G-
protein-coupled receptors and cytokines. The ratosaa viral oncogene (RAS) protein, which is
situated at the plasma membrane, is activated &yctKit receptor and in turn activates V-raf
murine sarcoma viral oncogene homolog (RAF) Al (ARAB1 BRAR and C1 (CRAF). This in
turn phosphorylates and activates the mitogen-atetil protein kinase (MEK). MEK activates the
protein kinase extra-cellular-signal-regulated kmgERK) which activates transcription factors
that result in gene transcription and thereforé cgtle regulation. This pathway is active in all
cells including normal melanocytes (Yajima et a012). In 90% of melanomas however, ERK

hyper-activated by mutated RAS and RAF proteins/{@aet al., 2002).

Mutations inNRAShave been identified in approximately 20% of melaas (Griewank et al.,
2013; Jakob et al., 2012; Yajima et al., 2012). firfest common mutations MRASoccur at codon
61 resulting in replacement of a glutamine residyean arginine (Q61R) or lysine (Q61K) in the
encoded protein (Exon 3) (Jakob et al., 2012; Riatd., 2008). OtheRASmutations observed in
melanoma include genetic changes that result istgution of glutamine at position 61 by leucine
(Q61L) or histidine (Q61H) or substitution of glypei at position 12 or 13 by aspartic acid
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(G12D/G12D). Under normal circumstances, the RAScoprotein induces MAPK/ERK
phosphorylation to initiate cell proliferation amg such, mutateNRASwill result in constitutive
activation of the MAPK signalling pathway resulting increased cell proliferation and

advancement of tumour growth.
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Figure 2: MAPK signalling pathway in melanoma

Proteins in red are affected by gain-of-functiontaions and those in blue are affected by lossin&fion mutations in
encoding genes. Adapted from Bastian (2014) anceBiagder et al. (2011).

Aberrant or constitutive activation of the RAF miois, particularly BRAF in melanoma lead
directly to abnormal differentiation, proliferati@amd inhibition of apoptosis in melanocytBRAF
mutations are found in 50 to 60% of all melanonizen{ et al., 2010; Hauschild et al., 2012; Ribas
et al., 2011; Rubinstein et al., 2010b; Santarpial.e 2012; Trunzer et al., 2013). A single base
missense substitution BRAFwhich is present on chromosome 7q34, (T to Aualevotide 1,799)

(GTG to GAG in exon 15), results in the substitatmf a valine for a glutamic acid at codon 600
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(V600E) in the encoded protein and this is the mosimmon mutation, accounting for
approximately 80% to 90% &RAF mutations found in melanoma (Hauschild et al.,Z2Qlvly

et al., 2012; Wu et al., 2014). Interestin@RAF V60OE is also expressed in 80% of benign naevi
and has been shown to drive senescence (Michalogtoal., 2005; Pollock et al., 2003),
contradicting the notion that such an early eveatla have an impact on tumour development
(Long et al., 2011). Another mutation at codon @@0cleotides 1,798 and 1,799 where two bases
GT are replaced by AA) encodes tRRAF V600K mutation, resulting in substitution of vadify
lysine (Busam et al., 2013). This mutation is pnése 5-12% of melanomas (Lovly et al., 2012,
Rubinstein et al., 2010b). InterestingBRAFV600K mutated melanomas are present at a relgtivel
higher frequency in Australia (Amanuel et al., 20ll@ng et al., 2011) and are more prominent in
melanoma patients 70 years (Menzies et al., 2012). Other mutati@usd in melanoma include
but are not limited to V600R (valine - arginine)6G0D (valine - aspartic acid), V600G (valine -
glycine), V600M (valine - aspartic acid) and K60{§sine - glutamic acid). Such mutations are

however rare (Greaves et al., 2013).

BRAF codon 600 antNRAScodon 61 are the most commonly reported hotspaations detected

in proto-oncogenes in melanoma. Notably, these saatations detected in the primary tumour are
almost always maintained in the corresponding nesas (Omholt et al., 2002; Omholt et al.,
2003; Platz et al., 2008). WhilRAF and NRAS mutations are mostly mutually exclusive in
melanoma (Davies et al., 2002; Ombholt et al., 20Patz et al., 2008; Tsao et al., 2015), co-
occurrence of these mutations has been reportegrimary melanomas and in patients with
acquired resistance to BRAF inhibitors (Edlundh-®es al., 2006; Goel et al., 2006; Gray et al.,
2015; Jovanovic et al.,, 2010; Long et al.,, 2014agdie et al.,, 2016a; Rizos et al., 2014).
Generally, the frequencies &RAF and NRAS mutations are different among the histological

subtypes and sites of origin of melanoma (Lee.efall1).

31



On average among the four histological melanomayrawips, the highest frequencies BRAF
mutations are found in superficial spreading, fokol by nodular melanomas on intermittent sun
exposed anatomical sites. In contrd8RAS mutations are found more frequently in nodular
followed by superficial spreading melanomas fromtowously sun exposed anatomical sites (Ball
et al.,, 1994; Edlundh-Rose et al., 2006; Lee e¢t28l11; Saldanha et al., 2006). Furthermore, a
significantly lower mean age at diagnosis has bregistered among patients wiBRAF mutated
melanomas compared MRASmutations (Edlundh-Rose et al., 2006) and a mbrenic pattern of
UV exposure is evident INRASmutated melanomas (Devitt et al., 2011; Jakob. e2@12).NRAS
mutation status is also an independent predict@hofter melanoma specific survival thARAF

mutant melanomas (Jakob et al., 2012).

NF1is the third most frequently mutated gene in mataa and has been shown to be present in up
to 46% of melanomas WT f@RAFandRASmutations (Krauthammer et al., 2015). In conttast
BRAF and NRAS NF1 has no associated hotspot mutations, but ratherrattons occurring
throughout the gene in the form of point mutati@amsl small indels only (nonsense, frameshift,

splice site and missense) (Hayward et al., 2017).

Another gene implicated in melanoma is TeRTgene. This gene encodes the catalytic subunit of
telomerase which is a ribonucleioprotein respomrsfor maintaining telomere length (Counter et
al., 1998). The replicating lifespan of most adidimatic cells is limited due to the silencing of
TERT In cancer howeveERT expression is reactivated which consequently gerreplication
immortality. Two cancer-specific hotspot mutaticsischr5: 1,295,228 C>T and 1,295,250 C>T
occur in theTERT promoter, hereafter termed C228T and C250T. Theswtions result in a
cytidine to thymidine transition in th€ERT promoter region upstream of the ATG start site and
result in the creation of novel E26 transformatspecific (ETS) transcription factor binding motifs

(Figure 3). The presence of either one of theseatiaums has been reported in 33% and 85% of
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primary and metastatic melanoma tissues, respéctielorn et al., 2013). Moreover they are
linked to fast growing melanomas and a poor progn{Sriewank et al., 2014; Nagore et al.,
2016b). Furthermore, 55% of melanoma cases harbmaxisting TERT promoter andBBRAF or

NRASmutations, with co-existence related to poor disefaee survival (Nagore et al., 2016a).
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Figure 3: Schematic illustration showing theTERT gene on chromosome 5 and its promoter (from ATG to
1000).

Cancer specifi@ ERTpromoter mutations C250T and C228T at SP1 binditeg create ETS1 binding motifs adjacent
to an E-box. Adapted from Liu et al., (2016).

15 Recurrent Melanoma: Risk Factors and Prognosis

Approximately one third of all melanoma patientdl wixperience a recurrence in their lifetime
(Soong et al., 1998), despite having been disease for a period of time, with 65% of these
occurring within three years of surgical removal tbé primary tumour (Geere et al.,, 2012).
Furthermore, between 5 to 30% of patients diagnes#tdAJCC stage | or Il melanomas develop a
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recurrence at some point in their lives (Balchlgt2D09; Salama et al., 2013; Turner et al., 2011)
Survival outcomes from 17,000 melanoma patientsfeovariety of countries are shown in Table

2.

Table 2: Survival Rates for Melanoma by TNM Staging

Stage Five-year 1C-yeal survival
survival rate rate (%)
(%)
Tis 95.2 87.¢
Tib 90.9 83.1
T2a 89.0 79.2
T2k 77.4 64.4
T3a 78.7 63.8
T3h 63.C 50.€
T4a 67.4 53.9
T4b 45.1 32.3
Nla 69.5 63
N2a 63.6 56.9
Nla 52.8 37.8
N2a 49.€ 35.¢
N1b 59.0 47.7
N2k 46.5 39.2
N1b 29.0 24.4
N2b 24.0 15.0
N3 26.7 18.4
Mla 18.8 15.7
M1b 6.7 25
Mlc 9.5 6.C

(adapted from Balch et al,, (2001) and Aitken et al.,, (2008))

Currently the AJCC sub-staging classification is thost accurate predictor of recurrence (Turner
et al., 2011). The majority of primary melanomappf@ximately 70%) are thirc 1.0mm

(Howlander et al., 2012), with a low metastaticgaosity (Mays et al., 2010) yet 4 to 7% of these
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patients die from metastatic disease (Bartlettl.et2@14; Gimotty et al., 2004; McKinnon et al.,

2003). Given the high incidence of melanoma, thia significant number of deaths.

Jones et al. (2013) followed 515 AJCC stage I-llanema patients in the United States of America
(USA) for a median of 61 months to analyse the igtets and patterns of recurrence of melanoma
in patients with early stage disease. Despite aatheyg SLNB, 83 from 515 patients (16%)

experienced a recurrence. A deeper primary lesima( thickness, 2.7 vs. 1.8 mm, p<0.01) with
ulceration (32.5% vs. 13.5%; p<0.001) was signiftbaassociated with recurrence. Moreover, a
recurrence was more likely to occur in patientdveitprimary lesion located in the head and neck
region compared with all other locations combin@tl.8% vs. 11.7%; p<0.001). They also showed
that an older age at diagnosis (mean 57 years Ysyedrs) is significantly associated with a

recurrence and that males are more prone to remarinan females (Males 21% vs. Females 9%;

p<0.001).

Whilst local and regional recurrences are assatiatgh a higher five-year survival rate (by
approximately 20%) than systemic recurrencesn@i@en et al., 1992), a local recurrence is
correlated with systemic spread and may still harl@poor prognosis (Meier et al., 2002). Meier
(2002) and colleagues followed a cohort of 300lep& in Germany diagnosed with a primary
melanoma (stage | or 1), for a median time of Eang. Within this time frame, 15.5% of patients
developed a recurrence. Follow-up was carried buégular intervals; every three months for the
first five years and thereafter at six monthly mtds. Recurrences were classified as satellii@-or
transit (21.7%), regional lymph (50.2%) and distaretastasis (28.1%). Of those patients who were
first diagnosed with a satellite or in-transit reemce, 4.5% went on to develop regional lymph
node metastases and 11% distant metastases. @f plavents who were first diagnosed with

regional lymph metastases, 58.9% further progressdistant metastases.
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Later disease stages have a higher risk of reaterand lower survival rates (Leiter et al., 2012;
Romano et al., 2010). From follow-up data of 33,3fdients in Germany, Leiter at al. (2012)
recorded 4,999 cases of recurrence (14.9%) afteplate resection of a primary melanoma or a
loco-regional metastasis. Stage Il patients hagyher recurrence rate (51%) than stage Il (39.5%)
and stage | (7.1%). The follow-up period for thisdy was variable with the minimum surveillance
period recorded as three months and the maximub® a®ars, with the median follow-up time to
first recurrence being 44 months. The probabilityegurrence free survival at one year was 98.4%,
86.2% and 68.3% and at three years was 95.3%, 7ar8%62% for AJCC stages I, Il and lll,
respectively. Within TNM stage Il patients aloh&ter sub-stages have a higher risk of recurrence
(48%, 71% and 85% for stages IlIA, 11IB and llI@&spectively) and lower survival rates (20% for
each stage IlIA and IIIB and 11% for stage llIC)o(Rano et al., 2010). Similarly, the maximum
micro-metastasis size is associated with progradsae survival (PFS) as shown by Baehner et al.,
(2011) who reported five-year PFS rates of 86.7% 286.7% for patients with a maximum

metastasis size of <0.6 mm and >5.5 mm, respegtivel

In stage IV melanoma, Sosman et al. (2011) repoate?D% recurrence rate in a prospective
multicentre study in the USA. They followed 64 cdetply resected stage IV melanoma patients
for a median of five years. The median relapse-fnewival was reported as five months despite
treatment (local and/or systemic) and the mediaarall survival was reported as 21 months.

Overall, survival at three years was 36% and at years was 31%.

The prognosis for patients experiencing a recugdaaalso dependant on the time of recurrence.
Median survival rates are significantly lower foose with a recurrence in the first five yearsrafte
primary tumour excision (59.8%), compared to the@éout a recurrence within five years
(92.5%). Similarly, the survival rates are sigrafitly lower for those with a recurrence in 10 years

(38.9%) compared to those without a recurrencéenénsdame time frame (84.3%) (Salama et al.,
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2013). Moreover, the prognosis is dependent ontythe of recurrence; five-year survival rates
decline from 55% to 51% and 20% for local, regionatle and systemic recurrence, respectively

(Balch et al., 2010; Reintgen et al., 1992).

The majority of patients who develop a recurrendé do so within the first two years of initial
diagnosis (Dong et al., 2000; Hohnheiser et alL12@Romano et al., 2010), however recurrences
have been reported after 10 years (Dong et al.Q;2B0hnheiser et al., 2011). In a retrospective
analysis of 9,223 stage | or Il melanoma patiemthe USA, Dong (2000) and colleagues showed
7% of patients developed a local recurrence. Withose that developed a local recurrence, more
than half were evident within two years, 80% witfire years, 5% after 10 years and 2% after 15
years. Similarly, Hohnheiser et al. (2011) showrat from a cohort of 2487 AJCC stage |, Il and
[l melanoma patients, a recurrence was observe®2B patients (21%), the majority of which

occurred within two years, 81.6% within five yearsd 6.5% after 10 years.

In summary, approximately 5% to 30% of TNM earlggg melanoma patients (stages | and II)
experience disease recurrence within two to thesasyfollowing excision of their tumour, half of
which are reported as a regional recurrence winerelisease presents in the lymph nodes after the
patient has been disease free for a period of thnquarter of recurrences are local, appearing
within 2.5cm of the resected primary melanoma amatleer quarter are distant recurrences, where
the disease presents in distant organs after tienpaas been disease free for a period of tirhe. T
majority of recurrences are evident within 24 manéfter the initial diagnosis. In TNM stage |l
patients, 50% of patients will experience a reqweeg with the majority being evident within 12
months. In TNM stage IV patients, 90% will recuiifwthe median time to recurrence being five

months. The majority of recurrences in TNM stadgetid 1V patients are systemic.
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1.6 Systemic Therapies for Melanoma

Since the introduction of chemotherapeutic agemtt s dacarbazine in 1975 and immunological
therapies such as interferon-alpha in 1995 andléntein-2 (IL-2) in 1998, the treatment of
melanoma has changed dramatically (Luke et al.3R@acarbazine has low response rates of only
5-15% and a median durability of six to 12 mont@hgpman et al., 1999) and given its highly
toxic nature, IL-2 is only suitable for selected fiatients (Atkins et al., 1999). Since the
introduction in 2011 of small molecule inhibitor6 BRAF or MEK and immunotherapy agents
which target cytotoxic T-lymphocyte-associated gari 4 (CTLA-4) and programmed cell-death
protein (PD-1), the treatment landscape for melandras improved dramatically (Luke et al.,

2017).

1.6.1 Targeted Therapies

Highly prevalent hot-spot mutations in V600 coddnB&RAF have directed the development of
BRAF inhibitors such as vemurafenib and dabrafelmba randomized phase Il trial comparing
vemurafenib to dacarbazine (Chapman et al., 2Qhé)objective response rate (ORR) was 48% for
vemurafenib compared to 5% for dacarbazine anddPiESnedian overall survival (OS) reported in
an extended follow-up study were 5.3 months vetksmonths and 13.3 months versus 10.0
months, respectively (McArthur et al., 2014). Whilsitial tumour regression is dramatic, long-
term response is hindered by acquired resistanoeaimy patients, with a number of mechanisms
having been identified (Emery et al., 2009; Jiah@le 2011; Wagle et al., 2011). For example,
resistance to vemurafenib is mediated throughehetivation of the MAPK pathway as well as the
activation of the AKT signalling pathway. An acred mutation MEK1-C121S (downstream of
BRAF) suppresses the MAPK pathway inhibitory atyivof vemurafenib (Wagle et al., 2011).
Additionally, mutually exclusive PDGHRupregulation or NRAS mutations are associated with

acquired resistance (Nazarian et al., 2010).

38



Another BRAF inhibitor, dabrafenib was developedrsafter vemurafenib and showed similar
ORRs of 50% versus 6% and PFS of 5.1 months v&.3usonths for dabrafenib when compared
to dacarbazine (Hauschild et al., 2012). Whilst Bf&S was longer for patients on dacarbazine in
the dabrafenib/dacarbazine study compared to thenusafenib/dacarbazine study, the
dabrafenib/dacarbazine study was smaller with d@Bydacarbazine patients compared to 338
dacarbazine patients in the vemurafenib/dacarbatudy. Furthermore, with the primary endpoint
of the dabrafenib/dacarbazine trial being PFS, dezine patients were allowed to cross over to
dabrafenib at time of progression. At data cut(@# months from the start of the trial), only 14
patients remained in the dacarbazine group. Whiilstdata suggests that dabrafenib treatment for
BRAFV600 mutated melanoma provides a benefit in PR&stnall cohort raises concerns relating

to reliability.

With the understanding of the downstream phosphtion cascade causing a stepwise activation of
MEK 1/2, a MEK inhibitor, trametinib was developdd.the phase Ill METRIC trial (Flaherty et
al.,, 2012b), the median PFS was reported as 4.8hsi@and ORR of 22% for trametinib alone.
ORR was then further improved when BRAF and MEK ibitbrs were administered in
combination. For the phase I/ll study of dabrafeimilcombination with trametinib an improved
ORR of 76% was reported. Furthermore, an increasedian PFS of 9.4 months (Flaherty et al.,
2012a) and a median OS of 27.4 months were denadedt(Flaherty et al., 2014). In phase llI
clinical trials, (Long et al., 2015; Robert et &Q15) combined dabrafenib and trametinib showed
similar ORR, PFS and OS to those observed in traseh/Il study. Similar results were also
observed with the combination of vemurafenib andimetinib (a MEK1/2 inhibitor) (Ascierto et
al., 2016; Larkin et al.,, 2014; McArthur et al., 1) Ribas et al., 2014). Consequently, a
combination of BRAF and MEK inhibitor therapy hascbme the standard of care for patients with

BRAFmutant melanoma (Luke et al., 2017).
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Given thatRASmutations alone do not initiate oncogenic tramsftion and appear to require other
co-operating genetic events (Fedorenko et al., @48 development diRAStargeted therapy has
remained elusive. The clinical benefit of MEK initdos for patients withNRAS Q61-mutant
melanoma, although reserved (Ascierto et al., 20T3lmmer et al.,, 2017), have resulted in
regulatory approval of this drug f&fRASmutant patients (Luke et al., 2017). Furthermoterent
evidence (Atefi et al., 2011; Ji et al., 2012; Kwaet al., 2012) suggests that MEK-inhibitor-based
combination therapies are warranted (Luke et &1,72 Additionally, with new insights into the
high prevalence of ERTpromoter mutations in melanoma and the identificednd understanding
that mutantTERT promoters cause reactivation OERT, it is likely that development oTERT

targeted therapy is imminent (Akincilar et al., @01

1.6.2 Immunological Therapies

Immunological therapies such as interferon-alphéilar? cytokines have historically been used to
treat nonBRAF mutant metastatic melanoma patients, however tiasg shown modest response
rates of 10-20% with substantial toxicity (Atkins a., 1999; Coit et al., 2012; Kirkwood et al.,
1996). The modern immunotherapy agents such asnipitab, pembrolizumab and nivolumab
have undergone rapid clinical development andstiigigure 5) (Luke et al., 2017). Ipilimumab is a
human IgG1l monoclonal antibody that blocks the radgon of CTLA-4 with its ligands

augmenting T-cell activation and proliferation (Yey ™, 2011). Pembrolizumab and nivolumab
target PD-1 antibodies inhibiting T cell prolifeiat and cytokine production (Keytrutth 2017;

Opdivo™, 2017).

Since 2011, several clinical trials and researatdiss have included the use of monotherapy agents
pembrolizumab, nivolumab, or ipilimumab and a comalion of ipilimumab and nivolumab. In a
large phase | study of 655 enrolled patients, siraient pembrolizumab was associated with an
overall response rate (ORR) of 19% (Robert et 2016), whilst a phase | trial of concurrent
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ipilimumab plus nivolumab was associated with anRO& 40% (Wolchok et al., 2013). A phase
Il trial which studied pembrolizumab versus ipilimab with the primary end points being PFS
and OS, reported PFS rates of 47.3% and 46.4%atfoers receiving different dosing regimens of
pembrolizumab. PFS was 26.5% for patients in tiieripmab group. After a minimum follow-up
of 12 months for all patients, the OS rates werd%4and 68.4% for the different dosing regimes
in the pembrolizumab group and 58.2% in the ipilmalo group. Furthermore, the anti-PD-1
antibody was associated with less high-grade ttiegcthan the CTLA-4 checkpoint inhibitor. From
a multicentre trial whereby 945 patients undermemial randomisation, combined nivolumab and
ipilimumab was shown to exhibit the best OS atdhyears of 58%. This is relative to the OS when
administered individually of 52% for nivolumab aBd% for ipilimumab. The progression free
survival over this period was 39% in the combinatiberapy group, 32% in the nivolumab group

and 10% in the ipilimumab group (Wolchok et a012).

In summary, systemic treatments have dramaticafhproved patient outcome with the
development of targeted and immunotherapy agehts.iritroduction of immunotherapy agents has
provided a therapeutic option for patients who raoe candidates for targeted therapy and provide

an alternative option as second line therap\BIRAF positive patients.

1.7 Current Clinical Methods of Diagnosing Recurrece/Metastasis

Monitoring guidelines for melanoma are not unifoamd differ from centre to centre as well as
country to country (Leiter et al., 2012; Trotter at, 2013). In Australia and New Zealand,
monitoring guidelines are stage-specific (Australi€ancer Network Melanoma Guidelines
Revision Working Party, 2008). Stage | melanomaepéd should be monitored every six months
for five years and thereafter annually, with a ptgisexamination, including a full skin and lymph
node examination. It is recommended that examinatad the skin and lymph nodes are conducted

by a healthcare professional. Self-examinations adse recommended, and patients should be
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properly educated on how to perform them. Stagedl IIl melanoma patients should be monitored

every three to four months by physical examinafes for stage | patients) for the first five years

and thereafter annually. Again, self-examinatiorsracommended. Radiological investigations are
indicated for stages llb, llc to detect metastdigease, using whole body PET or CT scans of the
chest, abdomen and pelvis. There are however rieljues to suggest how frequently these scans
should be performed. Due to disseminated metastastage Ill and IV patients, it is recommended

that these patients be monitored on a case byhkzess, although generally they are monitored by
FDG-PET/CT three- monthly (Australian Cancer Netwitelanoma Guidelines Revision Working

Party, 2008).

1.7.1  Sentinel Lymph Node Biopsy

In patients without palpable nodal involvement tith lesions >0.76mm thick and with a mitotic
rate of >C1/mrfy a SLNB may be performed to determine metastatieasl (Bartlett et al., 2014).
SLNB provides important prognostic information agah identify patients with nodal metastases.
Moreover, routine SLNB to monitor recurrence ini@ats with >1.0 mm thick melanomas offers a
survival advantage (Faries et al., 2017; Mortoralet 2014), although the use of SLNB in all
patients would be prohibitive financially (Agneseag, 2003). Morton et al., (2014) evaluated the
outcomes of 2001 TNM stage | or Il melanoma pasiesamd reported no significant treatment-
related difference in the 10-year melanoma-spesifiwvival rates between biopsy and observational
groups: the mean (xstandard error (SE)) survivi far those with 1.2 to 3.5mm melanomas who
underwent a SLNB was 81.4+1.5% and those who urel@grmodal observation alone was
78.3+2.0% (p=0.18). The mean (£SE) survival ratehm biopsy group with >3.5mm melanomas
was 64.4+4.6% compared to the observational gratipavmean (xSE) survival rate of 58.9+4.1%
(p=0.56). They did however report a significantigher 10-year disease-free survival rate in the
biopsy group compared to the observational grolye mean 10-year disease-free survival in the

observation group with intermediate-thickness (b.3.5mm) melanomas was significantly lower
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than in the group that underwent a SLNB (p=0.01yvas that for patients with thick melanomas
(>3.5mm) (p=0.03). Similarly, Faries et al., (201i§ve shown no benefit in melanoma-specific
survival when comparing 1934 patients who underweampletion lymph-node dissection

compared to 1755 patients who received nodal observwith ultra-sonography.

Dalal et al., (2007) analysed the patterns of metwe and post-recurrence survival from a cohort of
1046 stage | and Il patients withlmm Breslow thickness who underwent a SLNB. Faihgna
median follow-up of 36 months, 14.3% of SLN-negatpatients experienced their first recurrence
after a median time of 24 months, whereas 47% dfl-Basitive patients experienced their first
recurrence after a median time of 13 months. Pestdive follow-up was comprehensive with
physical examinations being conducted between tlwe&our months in the first 12 months,
between three to six months for the following yaad between six to 12 months thereafter. A
complete blood count and serum LDH level were cetepl annually for the first two to three years
of follow-up. Where clinically indicated, PET andTGscans were conducted. The pattern of
recurrence was similar for both groups with apprmately half of the first recurrence being
systemic and one third as in-transit or local disedorton et al., (2014) also showed the pattérn o
first recurrence to be similar in both groups, a@litph SLN negative patients experienced recurrent
disease less frequently and far later than SLNtipespatients. Whilst recurrences were more
evident in the cohort with thicker melanomas (P8Q)Q the pattern of recurrence was similar for
both thin and thick melanomas which is consisteith wther reports (Balch et al., 2000; Clary et
al., 2001). In considering post-recurrence suryitta® only independent indicator was the site of

first recurrence, with systemic recurrence beirgpeisited with a shorter post-recurrence survival.

Bartlett et al., (2014), examined the role of SLNBpatients with thin melanomas< (.0mm).
Within this cohort (n=781), they found SLN positivito be low (3.7%) which is less than the

complication rate associated with the proceduredkausis et al., 2007; McKinnon et al., 2003;
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Murali et al., 2012; Wright et al., 2008). Whildtet presence of mitoses and Clark level was
associated with SLN positivity in a multivariateadysis, the SLN positivity however was merely

0.7% in the absence of mitoses.

Only specific points in the node are tested in SLa8l since melanoma malignancy has a tendency
to metastasise in small groups of cells or as siwglls (Cook et al., 2008), it is likely that site
containing tumour cells may go undetected. By tgsé set of three sections (each stained with S-
100 protein, haematoxylin and eosin (H&E) and HMB-#ébtained from each of three specific
points within the biopsy at 25én intervals, the detection rate of SLN positivitaw71% in stage

[l melanoma patients (Spanknebel et al., 2005th@igh the procedure is considered to be
minimally invasive (Morton et al., 2014), it is fibitively expensive for routine monitoring
(Agnese et al., 2003; Lens et al., 2002), time gonsg (Sabel et al., 2000) and is unlikely to be
repeated often. Thus, SLNB is ineffective at diagyng recurrence or disease progression in
patients with thin melanomas, until such time ttiet disease has progressed, and the patient is
categorised into a stage with a poorer prognosss gtage Ill). Despite a significantly shorter PFS
and OS being evident with increasing microscopmdur burden in LNs (Baehner et al., 2011), the
impact on patient outcome of microscopic tumourdearin SLN cannot be ignored, therefore

underscoring the need for better methods to dedearrences from early stage disease.

1.7.2  Positron Emission Tomography / Computed Tomagphy Scans

FDG-PET/CT provides valuable information on theali@n and metabolic activity of suspicious
cancerous lesions through real-time whole-body ingGellén et al., 2015). CT alone provides
information on the locality of any lesions withintérnal organs, whilst PET alone provides detail
on normal and abnormal tissue metabolism. Beingdiorlabelled glucose analogu€F-FDG

accumulates in tissues with high glucose utilisgtithereby revealing the metabolic activity of

tumour cells. The principal advantage of radiordelimaging is the high tumour to non-tumour
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contrast providing functional information about touns (Bai et al., 2013). A combination of PET
and CT technologies in oncology helps to identiig éocalise functional abnormalities (Blodgett et
al., 2007) and is commonly used to diagnose systend@tastasis, being highly effective (up to
90%) in detecting and differentiating distant me&tass in melanoma (Friedman et al., 2004; Larson
et al., 2006; Rodriguez Rivera et al., 2014). FDESFRT is also used routinely to assess therapy
response in melanoma and other cancers (Juweld 2086; Ott et al., 2006; Schwarz et al., 2005;

Strobel et al., 2008).

The diagnostic performance of FDG-PET/CT to monjatients was assessed in a retrospective
study of 250 stage Il and Ill melanoma patientsnRardt et al. (2006) used FDG-PET/CT, PET
alone and CT alone to assess metastatic diseaserenece and treatment evaluation. With regards
to nodal staging of melanoma, the differences betwefficacy of FDG-PET/CT, PET alone and
CT alone, were marginal. They found however, thateé were significant differences between the
technologies when restaging to diagnose metastisgiease and for treatment evaluation. FDG-
PET/CT was superior at 97.2%, PET alone at 92.886Cih alone showing accuracy of 78.8% for
assessment of nodal and metastatic disease, whmimsiderably superior to detection rates using

SLNB.

Such radiologic assessments in stage | and Il malarhave not been well regarded as they fail to
provide clinical evidence of disease recurrenc@rognostic information (Belhocine et al., 2002;

Hindié et al., 2011; Krug et al., 2008). In a predjve study that compared SNB to PET imaging in
stages I, Il and Ill cutaneous melanoma patientaghér et al., (1999) reported sensitivity and
specificity of 94.4% and 100%, respectively foredming occult lymph node metastases by SNB
compared to 16.7% sensitivity and 95.8% specifiaging FDG-PET/CT. Conversely, Danielsen et
al., (2016) assessed the utility of FDG-PET/CT ®tedting melanoma metastasis of newly-

diagnosed high-risk primary melanoma patients. &g pf their initial staging, 32 of 167 patients
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had a positive scan, with FDG-PET/CT detectingargi metastatic disease in 18 clinically node-
negative patients. Whilst the yield of positive PET scans was relatively high, it is important to
note that the patient cohort was selected for thigin-risk of metastatic disease. Additionally,rthe
has been much disagreement regarding the costieffieess and utility of FDG-PET/CT in the
initial staging of early stage melanoma patientasfiannet et al., 2012; Bastiaannet et al., 2009;
Haddad et al., 2013; Wagner et al., 1999; Wagnat.e2005; Wagner et al., 2011). In summary,
because these imaging techniques are unable tctdeiero-metastases (Meyers et al., 2009;
Pfannenberg et al., 2015), are associated with biggts (Gellén et al., 2015) and additional
radiation exposure (Rueth et al., 2015), they aeduess commonly for routine monitoring of

patients with early stage melanoma.

1.7.2.1 Quantitative Analysis of FDG-PET/CT Scans

Whilst qualitative visual interpretation of FDG-PEIT scans is the most commonly used
assessment and is highly effective (Juweid e28D;7; Wahl et al., 2009), quantitative assessment
of FDG-PET/CT images is the most accurate meastuisease burden (Bai et al., 2013). The
fundamental basis of PET scanning uses the positesay of a variety of isotopes to provide a
positive image relative to a background rate"$tFDG uptake in normal tissue. A radioactive
nucleus produces a positron which travels a shstamce until it reaches an electron. The resultant
mass is then converted into two 511 keV photonsciwtiravel in opposite directions. Small
scintillation crystals (detectors) record the decBRgconstruction algorithms are then used to
compute the tracer distribution image (Bai et 2013). The first quantitative measurement values
were calculated by the administered radiotracee gy gram of tissue however the results were
dependant on the size of the patient (MTV) (Woodgrdl., 1975). More recently, the standardised
uptake value (SUV) is used which takes into accdhatsize of the patient (in terms of body
weight, surface area or lean body mass) with autation based on the decay-corrected tumour

activity concentration and the amount of radiotra@éministered (Strauss et al., 1991). Whole-
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body MTB assessed by SUV from FDG-PET/CT scanspuitict a more accurate patient outcome
than tumour uptake alone (MTV) (Bai et al., 201Gpnsequently volume based PET parameters
which measure MTV, calculated semi-automaticallytbg software, have now been introduced
(Winther-Larsen et al., 2017). MTV multiplied byetimean SUV of each delineated lesion provides
the TLG, which when added together for all evaladbkions, provides the overall MTB at any one
time within a patient (Larson et al., 1999). Furthere, such quantitative analysis has been shown
to be more effective than qualitative analysis istidguishing between ineffective and effective
treatment in the early stages of systemic therapy €t al., 2007; Wahl et al., 2009). In a study
assessing 92 patients with newly diagnosed diffasge B-cell lymphoma, Lin et al., (2007)
showed that 15% of patients who were considerediy®g$or ongoing tumour presence, on visual
analysis, were in fact good responders and thugdduted tumour size, which was evident when
quantitatively analysed for metabolic rate. Sintylaguantitative assessment of tumour uptake and
changes in tumour uptake, have been shown to predlicival in oesophageal and non-small-cell
lung cancer NSCLC (Sasaki et al., 2005; Yanagavead €2012). Whilst quantitative measurements
of FDG-PET/CT have recently been described (Bai.e2013; Lin et al., 2007; Sasaki et al., 2005;

Winther-Larsen et al., 2017; Yanagawa et al., 20tti@y have not yet been reported in melanoma.

1.8 Alternative Methods of Detecting Residual Disese and Disease Progression in Melanoma

Measuring cellular components, shed from tumousdeto the blood stream, such as microRNAs
(miRNA), circulating tumour cells (CTCs) or ctDNApmmonly referred to as a “liquid biopsy”,
have been used more recently to provide some ingigh the level of disease burden, therefore
providing some understanding of an individual'sgmosis (Gray et al., 2015; Khoja et al., 2014;
Klinac et al., 2014; Kopreski et al., 1999; Statlak, 2015). Table 3 shows a comparison of these

three “liquid biopsy” methods.
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Table 3: Comparison of “liquid biopsy methods”

Method Source Strength Limitation
miRNA  Plasma, urine, Non-invasive Low specificity
saliva Highly sensitive Not tumour specific
CTCs¢ Peripheral bloo Nor-invasive Very rare even
Approved by FDA in Difficult to detect
clinical practice Low sensitivity
(CELLSEARCH) Low specificity

Requires enrichment step (size or

immunomagnetic)

ctDNA  Serum or plasma  Non-invasive Cancer-specific aberrations must first be
Heightened abundance determined for PCR based assays.
Highly sensitive Large background of wild-type DNA

Highly specific

1.8.1  Circulating microRNAs (miRNASs)

miRNAs are non-coding, small (approximately 22 eotides) RNAs which regulate gene
expression. Primarily contained in micro-vesiclesegrosomes, or bound to the miRNA-mediated
silencing complex (AG02) (Allegra et al., 2012; Beire et al., 2013), they have been shown to be
released by tumour cells into the circulation (Mét et al., 2008) and as such are considered
potentially valuable as a prognostic biomarkemf@anoma recurrence (Fleming et al., 2015; Stark
et al., 2015). In a retrospective analysis, Flemgha@l., (2015) reported that a 4-miRNA signature
panel could distinguish between recurrent and eaoHrent melanoma cases. Having classified
patients into high and low risk recurring grougsey observed sensitivities of 80.9% and 84.6%
and the specificity was 60.1% and 66.1%, respdgtivEhe negative predictive value for the two
cohorts was 87.4% and 90.2%, respectively. ReceSthrk et al., (2015) detected the presence of
melanoma (relative to controls) using a 7-miRNA glafMELmIR-7) with 93% sensitivity and

82% specificity when at least 4 miRNAs were expedssAdditionally, they were able to better
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characterise the OS of melanoma patients using nfesanoma specific panel, compared to
serological markers such LDH and S100B. Due toliméted availability of serially collected
samples to detect recurrence however, there weneamkers associated with time to recurrence and

as such further studies will be required to streegtthis data.

Contradictory to the abovementioned studies, itltheen shown that miRNAs may not always be
shed directly from the tumour, with more recentsts showing a discrepancy between circulating
mMiRNA levels in serum and miRNA levels in tumouwsstie (Selth et al., 2013; Wulfken et al.,

2011).

1.8.2 Circulating Tumour Cells (CTCs)

A cancerous tumour is the result of an over praitien of cells during which time some cells may
separate from the tumour and are consequently goarezl through the lymphatic system or
bloodstream. These intact cells that are shed feoqrimary tumour or its metastases found
circulating in the peripheral blood of patientse aeferred to as circulating tumour cells (CTCs)
(Fernandez et al., 2014). These appear to pewmist §hort period of time in the circulation as
evidenced by analysis of prostate cancer patiehtsivad detectable CTCs prior to surgery, but 24
hours after surgical resection had no evidence dC<L (Stott et al., 2010). Although CTC
quantification has been correlated with overalva@ in metastatic melanoma patients (Khoja et
al., 2014; Khoja et al., 2013) and are a valuabtmitoring tool to evaluate treatment efficacy in
melanoma patients (Gray et al., 2015; Klinac et 2014), they commonly occur at very low
concentrations such that one tumour cell is foumdaibackground of 1xf0Oblood cells. In
metastatic cancer patients, there are generallerfahan 10 CTCs per 1mL of blood (which
normally contains 1xI0red blood cells and 1x%Owhite blood cells) (Haber et al., 2014).

Consequently, the detection of CTCs and their ctarsation necessitate exceptionally sensitive
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and specific analytical methods (Pantel et al.,32@hat can sift through substantial numbers of
blood cells without damaging or loosing CTCs andenthidentify the CTCs using

immunophenotyping, cytopathology or molecular gesetHaber et al., 2014).

Regardless, CTCs have been shown to be a key todichmetastatic disease, disease recurrence,
overall survival and treatment response in a nurobelifferent metastatic cancers (Cristofanilli et
al., 2004; Cristofanilli et al., 2005; Danila et,#007; de Bono et al., 2008; Giuliano et al., 201

Hayes et al., 2006; Hou et al., 2012; Krebs ef8ll11; Liu et al., 2009; Miller et al., 2010).

Few studies have focused on CTCs in patients wotirmetastatic or early stage cancer (Lucci et
al., 2012; Uen et al., 2008), however few have bereghe melanoma setting (Freeman et al., 2012;
Gray et al.,, 2015). Furthermore, none have morita€d C levels over time in an attempt to
diagnose disease recurrence. In breast cancerj (2842) and colleagues established a significant
correlation between the number of CTCs and disstesge using the CellSeafgplatform. Of the
302 patients, 89% were staged as TNM stage | dWHilst 22 CTCs predicted a worse overall
survival, they also showed that CTC per 7.5ml of blood is an independent prediofaelapse or
death in chemotherapy naive patients with non-negtiasbreast cancer and the hazard ratio for

disease progression increased with the increasingpar of CTCs in 7.5ml of blood.

Similarly, during a follow-up period of 44 month&)Jen (2008) and colleagues identified
postoperative relapse in 29% of their colorectaicea patients and 28% of their colon cancer
patients using CTCs. They used a membrane arrajjoeheb detect CTCs and found that the
persistent presence of CTCs (1 day prior to surgad/1 week post-surgery) in TNM stage | to llI
colorectal (n=438) and colon (n=282) cancer pasiemas significantly correlated with a shorter
relapse-free survival period (Uen et al., 2008)ddiionally, patients with detectable levels of

CTCs prior to surgery and undetectable levels o€€Three months post-surgery were found to
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have a longer relapse free survival period. Theitieity level for this detection method was set at

5 CTCs per 1ml of blood.

By contrast, Thalgott and colleagues (2013) replotii@t there was no significant difference in the
number of CTCs present in healthy controls and tptescancer patients. Amongst the prostate
cancer patients, they demonstrated that more thagual to three CTCs was associated with a
shorter overall survival rate than more than tH@&€s isolated using the CellSedfcsystem. The
low detection rate of CTCs (5%) may however be @uthe selective targeting of only 1 marker
(EpCAM) which is inherent to the CellSeafcBystem. Additionally, the length of time between
blood draw and processing (96 hours) may have fattedn the CTC counts; CTC counts have
only been shown to be stable for up to 72 hourt Wit CellSearchplatform (Riethdorf et al.,

2007).

1.8.3  Circulating Tumour DNA (ctDNA)

It is well established that during cellular turngver other forms of cell death, fragments of DNA,
cfDNA, are shed into the bloodstream (Stroun etZ401). Under normal circumstances, necrotic
or apoptotic cells are cleared by infiltrating pbegtes, resulting in relatively low levels of cfDNA
in the blood stream of healthy individuals (Crowletyal., 2013). However, in certain conditions,
such as following exhaustive exercise, myocardiarction or surgery where inflammation or
tissue injury result, cfDNA levels can be consitidyancreased (Antonatos et al., 2006; Beiter et
al., 2011; Chang et al., 2003; Haber et al., 204he case of myocardial infarctions, tissue ripju
as a result of prolonged ischemia ultimately le@adsecrosis and thus the potential for cfDNA to be
released into the circulation (Chang et al., 2008gnse exercise has been shown to be associated
with an inflammatory response (Fehrenbach et a@Q02 and metabolic muscular damage
(Brancaccio et al., 2010), which may induce theasé¢ of intracellular contents such as cfDNA

after the cellular membrane has been damagedesulh of necrosis.
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Due to increased cell death and necrosis in cameneased levels of cfDNA are present in the
blood of cancer patients (Delgado et al., 2013;z08t al., 2014; Hashad et al., 2012; No et al.,
2012; Park et al., 2012) but these levels can waaely, depending on the stage of disease (Perkins
et al., 2012). In cancer patients, a small fractizetween <0.1% to 10%) of total cfDNA is purely
tumour derived (Diehl et al., 2008; Haber et aQ14). This is referred to as ctDNA (Jen et al.,
2000) and emanates from either a primary tumoutastesis or CTCs (Haber et al., 2014) (Figure

4) and can be identified through the detectionamfoer specific mutations.
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Figure 4: Release and collection of circulating turmur DNA from blood

CfDNA is released from cells undergoing apoptosisnecrosis in diseased, inflamed or healthy tissneé can be
extracted from plasma. Tumour specific genetic @@ns such as point mutations (DNA strands repriesl by
consecutive purple, red, green and blue), copy mumfariations (red segment of chromosomes) anctsiial

reorganisation (green and red DNA strands can Heenquantified). Abbreviations: cfDNA, cell free DNAtDNA,

circulating tumour DNA. Adapted from Crowley et,&013.

CtDNA has a relatively short half-life (ranging fnol6 minutes (Lo et al., 1999) to approximately

two hours (Diaz et al., 2014{Diehl, 2008 #2127))ie¥hallows for real-time monitoring of tumour
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changes. The detection and quantification of turspacific genetic aberrations in ctDNA
therefore have many potential clinical applicatioriich have been demonstrated at various stages
of lung, breast and colorectal cancers from eadygmbsis (Bettegowda et al., 2014; Newman et al.,
2014) to detection of residual disease (Garcia-Nagriet al., 2015; Tie et al., 2016), and can be
utilised for prognosis determination (Bettegowdalet2014; Dawson et al., 2013) and monitoring
response to therapy (Dawson et al., 2013; Sundartsal., 2016; Wang et al., 2017; Zheng et al.,
2016). Studies have shown that ctDNA can serve sgri@gate marker for tumour burden, with
ctDNA levels corresponding with clinical course daveral cancers, including melanoma, breast,
lung and colorectal (Abbosh et al., 2017; Dawsoal.e2013; Diehl et al., 2008; Garcia-Murillas et
al., 2015; Gray et al., 2015; Lipson et al., 200yrtaza et al., 2013; Sanmamed et al., 2015).
Levels of ctDNA decline after successful pharmagmal therapy and rapidly increase with disease
progression (Dawson et al., 2013; Diehl et al.,&0®rshew et al., 2012; Girotti et al., 2015; Gray
et al., 2015). The presence of mutant-specific @Dd\rongly correlates with overall survival prior
to treatment in stage IV melanoma patients (Gorzz&o et al., 2015; Gray et al., 2015; Knol et
al., 2016; Lee et al., 2017a; Sanmamed et al., ;28&hktiago-Walker et al., 2015) and may also
prove to be a valuable monitoring tool at variousedse stages in melanoma. Importantly
however, Bettegowda et al. (2014) have shown tietetection of ctDNA may depend on the site
of metastases as tumours confined to the centrabug system and those with mucinous features
(eg. Brain, bone marrow) often present with undetde ctDNA. This suggests that the blood-brain
barrier and mucin could pose as physical obstagleiEh prevent ctDNA from entering the

circulation (Bettegowda et al., 2014).

In a seminal study of 223 patients with localisedorectal, gastrooesophageal, pancreatic and
breast cancer, with no clinical or radiographicdevice of distant metastases, Bettegowda et al.
(2014) detected ctDNA in 55% of cases using the BliEd platform to measure a subset of

mutations at known ‘hotspots’ of Kirsten rat sareowiral oncogene homolodKRAS, NRAS
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Phosphatidylinositol-4, 5-bisphosphate 3-kinasdalgic subunit alpha(PIK3CA), and BRAF
genes. The number of patients with detectable ctl2Nd the ctDNA concentration correlated with
TNM stage; ctDNA was detected in 47%, 55% and 69%atients with any cancer tested at stages

[, Illand I, respectively.

Research in colorectal patients has shown thabvimig complete resection, ctDNA levels drop
sharply, although in many cases they remain ddikct@iehl et al., 2008). In patients with no

detectable ctDNA levels post-surgery, patients ieeth disease free, whilst all but one of the
patients with disease recurrence had detectabldlAt@vels. More recently, Tie et al., (2016)

demonstrated that the presence of ctDNA after teseof stage Il colon cancer, provides direct
evidence of residual disease and identifies patianvery high risk of recurrence, who may require
chemotherapy to prevent recurrenBased on these results, a randomized, ctDNA-drilieical trial

in stage Il colon cancer (DYNAMIC) has been recgitltiated.

Few ctDNA studies have focused on early stage cafBeaver et al., 2014; Bettegowda et al.,
2014; Oshiro et al., 2015; Phallen et al., 2017zz8et al., 2001). From these studies, only one
study has monitored ctDNA levels over time and fbuthat ctDNA quantification and

characterisation are suitable for detecting recuwegSozzi et al., 2001). CtDNA quantification and
analysis in 84 patients with non-small cell lung@er (stages | - 11l of which 16.6% were stage la,
38% were stage Ib, 17.8% were stage Il and 27.3% stage lll), showed that ctDNA was

measurable in 96% of patients at baseline. A dedhinctDNA levels was evident in relapse-free
individuals when assessed in serial blood samplkent within one to six months post-surgery.
Conversely, in 4 patients who experienced metastésial recurrence, or a new primary tumour
within two years following surgery, there was a tilwd®0-fold increase in ctDNA in their second or

third blood sample taken between seven and 23 maftér surgery.
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Similarly, Oshiro et al. (2015) showed that ctDNAvéls were able to predict breast cancer
recurrence more frequently IRIK3CA mutant ctDNA positive patients (n=25) than in ct®N
negative patients (n=85). The study used a digt@R (dPCR) assay, with serum from 110
PIK3CA mutant breast cancer patients (TNM stage | to dd)lected prior to primary surgery.
Recurrence free survival was significantly lowercidNA positive patients compared to ctDNA
negative patients (P=0.0029). Furthermore, thendaihat the greater the number of mutant copies

(copy number range was 13-2500 copies/ml), thetgrelae trend towards a recurrence.

The ability to detect ctDNA in early-stage patiewss assessed in a prospective study of 29 early-
stages (TNM stage | and Il) breast cancer pati@agaver et al., 2014). In this study pre and post-
surgery blood samples were tested as opposediab semitoring until a recurrence occurred. The
authors demonstrated that high fidelity PCR folldwey ddPCR enabled ctDNA witRIK3CA
mutations to be detected in blood samples fromékepts’ pre-surgery, with 93.3% sensitivity and
100% specificity. Post-surgical blood samples wekected between 8 and 72 days after surgery
from 10 of thesdPIK3CA positive patients and detectable levels were faan8 patients despite
these patients having no clinical evidence of dise®f the patients with detectable mutant ctDNA

levels post-surgery, 40% (n=2) experienced a reags within 36 months.

Using ctDNA at a single post-surgical time-pointvath serial follow-up plasma samples, Garcia-
Murillas et al., (2015) were able to predict, witiyh accuracy, metastatic relapse in patients with
early stage breast cancer. Moreover, an increasesltivity for predicting a relapse was evident,
with a median lead-time of 7.9 months when mutatiacking in serial samples was used. The
study focused on detecting ctDNA in plasma of S55iepds after curative surgical treatment.
Notably, the patients in this series had no reguaging scans during follow-up which the authors

suggest would be required for future prospectiueiss.
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Other tumour biomarkers such as mIRNA and CTCs hpravided limited sensitivity and
specificity and as such are unlikely to meet chhiequirements (Yong et al., 2014; Bettegowda et
al.,, 2014). The specificity of miRNAs has been mpd as low as 60.1% (Fleming et al., 2015)
which is considerably lower than the specificityadDNA at 100% (Gray et al., 2015). Similarly,
the detection rate of ctDNA in breast cancer p#dierached 97%, whereas CTC detection rates
were only 78% (Dawson et al., 2013). In a studydcmted by Bettegowda and colleagues (2014),
13 of 16 cancer patients were ctDNA positive whasly 3 of 16 patients were CTC positive.
Additionally, in patients that tested positive tmoth CTCs and ctDNA, the ctDNA value was 50-
fold more than the CTC value. Together these ssudigygest that ctDNA is more sensitive than

miRNA and CTCs.

While several studies have determined ctDNA as &enaf recurrence and it has been suggested
as a surrogate marker for tumour burden, the lefveénsitivity of ctDNA relative to quantitatively
assessed MTB has not been assessed, until rec@fitither-Larsen (2017) and colleagues studied
the correlation between ctDNA and MTB in NSCLC.this study, TLG was calculated for all
lesions where the SUV was at least 1.5 times thennfiger SUV. The MTB was calculated as the
sum of all TLG which correlated significantly withe frequency abundance of mutated cfDNA
determined by next generation sequencing (NGS) AlmpliSeq Colon and Lung cancel panel v2).
In a subset of 24 patients, with positive ctDNAsignificant correlation was observed between the
allele frequency of ctDNA and MTB (P=0.001). Additally, a significantly shorter median overall
survival was recorded in patients with a posititBNA result relative to those with a negative
CtDNA result. Whilst ctDNA detection in this cohontas not performed by ddPCR, this study
suggests for the first time, that ctDNA could bedisis an indirect measure of tumour burden and
as a complimentary modality to functional imagitégnderstanding the extent to which ctDNA

correlates with MTB in melanoma would indicate teeel of sensitivity of ctDNA and provide
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evidence that a simple blood collection could ftatié more frequent disease assessment and as

such should be considered a priority in melanorsaaeh.

1.8.3.1 Methods for Detection of ctDNA

There are a number of different techniques avaldtt detecting low levels of tumour associated
genetic aberrations in cfDNA, including next geniera sequencing (NGS) (Dawson et al., 2013;
Forshew et al., 2012; Winther-Larsen et al., 20ut)ple genome sequencing (WGS) including
tagged amplicon deep sequencing (Dawson et al.3)2@llele-specific PCR and digital PCR
(dPCR), (Diehl et al., 2008; Gray et al., 2015; r8amed et al., 2015; Yung et al., 2009). Whilst
each has its own advantages and disadvantages, awatlability of tumour samples, the quality
and quantity of available DNA, practicality, sensty and specificity are significant factors
affecting the relativesucces=of each detection method. The analysis of ctDNAisa$s various
amplification and sequencing methods which candpasted into two groups based on whether
the objective is to examine all genes in an untadyepproach or monitor specific genes or

mutations in a targeted approach.

Whole exome sequencing (WES) and WGS are untarggipbaches to measuring ctDNA where
a disease specific mutation is not evident. In taise, all genes are interrogated which involves
high costs, requires high quality DNA and extensie¢a analysis which must be performed by a
bioinformatician (Chan et al., 2013; Crowley et, #013). Where a disease is predominantly
characterised by mutational hotspots (as is the tamelanoma), the need for WGS is not always
necessary, however such sequencing approaches enagefful in initial mutation discovery for

subsequent use with more sensitive target appreache

Various targeted sequencing methods have beenteepatrvarying levels of sensitivity, such as the

lon AmpliSeq panel (lon Torrent Technology) at 0.8ethe et al., 2014), tagged amplicon deep
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sequencing (Tam-Seq) at 2% (Forshew et al., 20d@) @APP-Seq, at allele frequencies as low as

0.02% (Newman et al., 2014).

Digital PCR (dPCR) is another targeted approachrieasuring ctbNA however it offers a more
robust sensitivity (Li et al., 2006). dPCR is basada concept of limiting dilutions, where the DNA
of interest is separated within oil-water droplatsd then each droplet is amplified using PCR,
followed by quantification using poisson distritmnti (Sykes et al., 1992). Briefly, PCR uses DNA
polymerase to synthesise new strands of target DbbAinded by primers at the ends of the
sequence to be amplified, resulting in amplificatad that particular region of DNA into billions of
copies (Hue-Roye et al., 2008). Although the saisitof dPCR platforms allows for the detection
of low frequency mutations which cannot be quaadifiby quantitative PCR (gPCR), pre-
identification of gene targets is necessary. The most widely used dPCR platforms are digital
droplet PCR (ddPCR) and BEAMing (beads, emulsiompldication, magneticsPCR. Briefly, the
BEAMing platform is composed of 4 components; begdiemulsification, amplification, and
magnetics. DNA molecules are bound to magnetic eadted with primers and the reaction is
separated into droplets containing one molecul®A and one magnetic bead. Following PCR
amplification, the resulting bead-DNA complex ipasmted using a magnet. The DNA is denatured
and allowed to hybridize with fluorescent probescsfic to each template and measured using flow
cytometry. This method has been shown to detecttedtalleles in a background of wild-type

alleles with a sensitivity of 0.01% (Li et al., )0

Once a mutation is identified in patient tissu&NA isolated from patient blood can be tested for
the relevant mutant-specific ctDNA using the QX20PCR system (Bio-Rad). DAPCR allows
detection of a single mutant allele in amongst Q0,Wild type alleles (Crowley et al., 2013;

Richardson et al., 2012). Moreover, this technigllews the quantification of normal and mutant
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DNA in any given plasma sample (Higgins et al., BORichardson et al., 2012) at sensitivities as

low as 0.001% (Hindson et al., 2011; Reid et &15).

DdPCR initially involves the separation of DNA tdlger with a reaction mixture into

approximately 20,000 droplets (Figure 5) separdigdemulsions of oil, water and stabilizing

chemicals. A PCR reaction then takes place in edrdplet in separate reaction chambers
containing 0-5 molecules of target DNA. Amplified\B in each droplet is assessed for target
DNA (Figure 6). Positive droplets display increaséidorescence over negative droplets.
QuantaSoft analysis software (Bio-Rad) measuresuingber of positive and negative droplets in a
sample for each fluorophore. The fraction of pwesitdroplets, fitted to a Poisson distribution,
enables the target DNA molecules to be quantifredinits of copies/uL (Bio-Rad Laboratories,
2017; Sanmamed et al., 2015). The software alldasalisation of the data in a variety of formats

including a 2-D plot of droplet fluorescence (Figuf).

¥ target of mlerost
: @ s Packgrouncd DNA

B |-

Figure 5: DAPCR droplet partitioning

A single PCR sample is partitioned into approxirhat20,000 droplets each with 0-5 template copiefo-Bad
Laboratories, 2017).
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Figure 6: DAPCR reading using a two-colour fluoresence system

The fluorescence measurements are used to countithker of positive and negative droplets in eache (Bio-Rad

Laboratories, 2017).
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Figure 7: QuantasSoft 2-D plot of droplet fluorescace

Channel 1 fluorescence (FAM) is plotted versus @kaR fluorescence (VIC or HEX) for each droplelheTdroplets
are clustered into four colours with each coloyresenting the positivity of the fluorescence: Blupositive/positive,

orange — positive/negative, green — negative/neg#ivild-type), black — empty.

Due to high sensitivity and specificity, ddPCR ha&gn recognised as one of the most accurate and
reliable tools to examine genetic aberrations wide variety of cancers (Olmedillas-Lopez et al.,
2017). From studies assessing the utility of ctDBis\a biomarker of disease status in stage IV

melanoma, the prognostic sensitivity of ddPCR appeanilar to that of the BEAMing method,
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with positive identification of ctDNA in late stageelanoma patients ranging from 73% to 89%
(Ascierto et al., 2013a; Bettegowda et al., 2014arg et al., 2016; Gray et al., 2015; Sanmamed et
al.,, 2015). This is not surprising considering thath platforms amplify DNA templates within
water-oil droplets before quantification. Importignta 100% agreement in the detection rate of
BRAF V600 mutations in stage IV melanoma patients hasnbshown between ddPCR and
BEAMing (Janku et al., 2015). Although ddPCR andABEng generate comparable results,
ddPCR was selected for the purposes of this studgngavailability of the methodology and

instrumentation in our laboratory.

Given the sensitivity of ddPCR to detect mutantefipectDNA in metastatic patients has not yet
reached 100%, and the lower limit of tumour burdetectable by ddPCR, as well as the recent
development of platforms to quantitively calculdd@B from PET/CT scans (as discussed earlier),
a correlation between ctDNA levels and MTB wouldedmine the efficacy of ctDNA in measuring

disease burden. This will provide us with the lowisit of disease burden that ctDNA can detect.

1.8.3.2 CtDNA in Melanoma

Few studies have addressed the value of ctDNA dication in melanoma relative to disease
status. Rather the focus of ctDNA in melanoma fessded in the metastatic setting specifically
with regards to measurements of treatment resppmseesistance (Ascierto et al., 2013a; Chang et
al., 2016; Girotti et al., 2015; Gray et al., 2015pson et al., 2014; Sanmamed et al., 2015;

Santiago-Walker et al., 2015; Tsao et al., 2015ngvet al., 2017).

Gray et al. (2015) have shown that mutant-specifiZNA levels can be used to track treatment
response. In patients with advanced metastaticmogia, ctDNA was measured in 48 patients prior
to treatment with either targeted therapies or imotherapies. Tumour-specific ctDNA was

detectable by ddPCR in 73% of patients and resptinieerapy was significantly associated with
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lower baseline levels of ctDNA (median 21.2 copies ml) compared to non-responders with
median levels of 225 copies per ml (P=0.048). PHSrmer than six months was also significantly
associated with a lower median ctDNA level of 16dpies per ml, compared to 152.5 copies per
ml for those with PFS of less than six months (B£0). Prominently, mutant-specific ctDNA
levels dropped according to response to treatmedtveas detectable prior to or at the time of
progressive disease evidenced by radiological intagdRAS mutations have previously been
detected in patients with acquired resistancBRAF inhibitors (Long et al., 2014a; Rizos et al.,
2014; Shi et al., 2014). Similarly, circulatihRASmutations were detected in 43% of patients who
developed acquired resistance BRAF inhibitors, despite no mutateBMRAS ctDNA being

detectable prior to the commencement of treatm@ray( et al., 2015).

Similarly, Girotti et al., (2015) have shown by iskanalysis (using next-generation sequencing)
from 101 patients, that mutant-specific ctDNA tradke genomic evolution of cutaneous, acral,
mucosal or uveal melanoma in response to theragypaovides early evidence of acquired drug

resistance. Furthermore, ctDNA usually revealeddieease change prior to imaging.

More recently, Wong et al., (2017) showed ctDNAaasomplementary modality to radiological
imaging to provide real-time monitoring of tumowrflen as well as genomic changes throughout
treatment in metastatic melanoma patients. Theystucluded serial analysis of FDG-PET/CT
scans and ctDNA by next-generation sequencing &€Rdfrom 52 patients undergoing systemic
therapy. MutanNRAS BRAFandTERTCctDNA levels correlated with metabolic diseasedeur as
quantified on FDG-PET/CT scans by adapting the FEeBponse Criteria in Solid Tumours
(PERCIST) recommendations (Wahl et al., 2009).r&stngly, cerebral and subcutaneous disease
sites were not depicted well in the plasma (Wonglet2017). As with previously mentioned
studies by Gray et al. (2015) and Girotti et al1®), Wong et al. (2017) showed that early changes

in ctDNA were indicators of treatment response BR&. Moreover, the inclusion of FDG-PET/CT
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scans in the Wong et al., study, has shown thenetgenvhich ctDNA reflects changes in metabolic
disease burden. Additionally, the authors demotestréghat ctDNA comprehensively captures the
genomic heterogeneity across multiple disease bitasomparing multiregional biopsy specimens

at autopsy with the genomic configuration of plasma

1.9 Rationale for this Study

Early stage melanoma patients are never safe frampossibility of disease recurrence and yet
there are no effective means of detecting diseasernence until the disease has progressed to
levels that are associated with a poor prognodie donvenience of a blood sample that could
facilitate frequent assessment of disease preseamze progression would be particularly
advantageous for melanoma patients. Additiontlg,detection limit of ctDNA in patients’ needs
to be identified and correlated with current imagtechniques so that we can classify the limit of
sensitivity of ddPCR in clinical samples and camfithe level of disease burden that can be
detected by ctDNA analysis. A correlation betweefBvmeasured by FDG-PET/CT and levels of
ctDNA in melanoma patients would underscore thee raf ctDNA as a non-invasive,
complimentary method to FDG-PET/CT for real-timemtoring of tumour burden and hence the

detection of disease recurrence.

Mutant-specific ctDNA is an emerging tool for detien of residual disease and for the prognosis
and monitoring of different cancers (Bettegowdalet2014; Dawson et al., 2013; Garcia-Murillas
et al., 2015; Newman et al., 2014; Tie et al., 20T6 date, the focus of ctDNA measurements has
primarily been onBRAF and more recentlyNRASmutations. Given new insights into the high
prevalence ofTERT promoter mutations in melanoma, the likely deveiept of TERT targeted
therapies (Akincilar et al., 2016), and the potritr using ctDNA to detect disease recurrence, a
sensitive method for detection BERTpromoter mutations in melanoma tumour tissue abdN&f

is warranted.
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Before ctDNA levels can be tested and monitoree,pltient’s specific mutation profile must first
be identified from either the primary or metastatienour. This however can be challenging,
particularly where tumours contain limited and oftew-quality DNA, with low cellularity and
high tumour heterogeneity. Different methods of ation detection tolerate different degrees of
DNA quality (Chen et al.,, 2015). Although micro pracro-dissection and careful selection of
tumour tissue is commonly employed when using pynaa bulky metastatic tumour tissues, in
specimens such as SLNB and fine needle aspiratapsies of metastatic sites, tumour cellularity
can be extremely low and macro-dissection can ladlestging or impossible (Chen et al., 2015).
This highlights the need to determine the most iseesmethod of detecting mutations in
melanoma tissue biopsies for improved patient mmeat decisions, using only a small number of

tumour cells.

It is evident that ctDNA can be detected in theodl@f both early and late stage cancer patients.
Moreover, the presence of ctDNA after surgery soamted with disease recurrence or progression
in many cancers and may therefore provide a useéuker of early disease spread in melanoma
particularly when FDG-PET/CT and SLNB have littliéieacy. Ultimately, a method that is non-
invasive, can be performed at regular intervals pnoides early evidence of disease progression
or recurrence, when a chance of a favourable owdsrhighest, will reduce the burden of disease
and increase overall survival. As a blood-basedhiter, ctDNA offers a non-invasive and easily
accessible method of providing a real-time snap shtumour burden, however the ctDNA content
is known to differ in various tumour types and ssgand may vary between patients
(Schwarzenbach et al., 2011). Patients with eaagesmelanoma, although at a far reduced risk of
recurrence than stage IV patients, currently haveffective surveillance strategy available to them
that can detect disease progression or recurremdethe patient has progressed to stage Il or IV
disease, at which time their prognosis becomes. g&ti@NA may serve as a useful monitoring tool

for melanoma patients having undergone tumour tese@nd at risk of disease recurrence,
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providing earlier evidence of disease progresdiam tcurrent methodologies and therefore needs to
be investigated.

1.10 Aims

The overarching aim of this project was to devedool that could regularly, inexpensively and

non-invasively monitor early stage melanoma pagiémt melanoma recurrence.

The specific aims of the project were:
Aim 1: To develop a ddPCR probe-based assay to simoliahedetect multiplefERT promoter
mutations in melanoma tumours and plasma cfDNAllmwafor an increased number of patients

who could be monitored through ctDNA analysis.

Aim 2: To compare the sensitivity and specificity of @i relative to other commonly utilised

methods to detect mutations in melanoma tissueaging a small fraction of tumour cells.

Aim 3. Investigate the presence BRAF, NRASand/orTERT promoter mutant ctDNA in early
stage melanoma patients using ddPCR to determict®NA will serve as a prognostic biomarker

for melanoma recurrence.
Aim 4: Use comparative analysis to assess the correlatitmeen ctDNA levels and MTB derived

from *®F-FDG FDG-PET/CT to determine the efficacy of ctDMAmeasuring disease burden as a

complementary modality t8F-FDG FDG-PET/CT.
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2.1 Abstract

Background

Currently mainly BRAF mutant ctDNA is utilized to monitor patients withelanoma.TERT
promoter mutations are common in various cancers faond in up to 70% of melanomas,
including half of BRAF wild-type cases. Therefore, a sensitive methaddfetection of TERT
promoter mutations would increase the number aéptst who could be monitored through ctDNA

analysis.

Methods
A ddPCR assay was designed for the concurrent timtecf chr5:1,295,228 C>T and

chr5:1,295,250 C>TERT promoter mutations. The assay was validated u3thghelanoma cell
lines and 22 matched plasma and tumour samplesldition, plasma samples from 56 metastatic

melanoma patients and 56 healthy controls wereddst TERTpromoter mutations.

Results
The established ddPCR assay dete@teRTpromoter mutations with a lower LOD of 0.17%. Total

concordance was demonstrated between ddPCR anérSaetgiencing in all cell lines except one,
where a second mutation within the probe binditg sissue was 68% (15/22), with a sensitivity of
53% (95% ClI, 27%-79%) and a specificity of 100%%0&I, 59%-100%). A significantly longer
PFS (p=0.028) was evident in ctDNA negative pasie®f significant importance, ouFERT

promoter mutations ddPCR assay allowed detecti@ti¥IA in 11BRAFwild-type cases.

Conclusions

The TERT promoter mutation ddPCR assay offers a sensiiés for molecular analysis of

melanoma tumours and ctDNA, which has the potetdiak applied to other cancers.
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TERTencodes the catalytic subunit of telomerase, @ntibleoprotein responsible for maintaining
telomere length of chromosomes which play an irtegole in cell immortality. Using linkage
analysis and high-throughput sequencing, Horn.g2813) reported somatic mutations in 74% of
metastatic melanoma human cell lines, 85% of matiastelanoma tumour tissues and 33% of
primary melanomas. These mutations are the re$udt oytidine to thymidine transition in the
promoter of theTERTgene, at chromosome 5: 1,295,228 C>T and 1,29%;290 hereafter termed
C228T and C250T. These mutations create a putatineensus ETS (E26 transformation-specific)
/ternary complex factor binding motif (GGAA/T), wihi is associated with an increaseTiBRT
expression (Horn et al., 2013; Kumar et al., 20T4)e presence of these mutations in cutaneous
melanoma is associated with fast growing melano(hagore et al., 2016b) and poor prognosis
(Griewank et al., 2014)The co-existence oTERT promoter mutations witBRAF or NRAS
mutations (in 55% of cases) is associated with pheease-free and melanoma-specific survival
(Nagore et al., 2016aJ.ERT promoter mutations occur frequently in a numbeotbfer cancers:
80-90% of glioblastoma multiforme, 60% of hepathdat carcinoma, 60% of bladder cancer,
70% of basal cell carcinoma, 50% of cutaneous squaroell carcinoma and up to 30% of thyroid
cancers (Borah et al., 2015; Killela et al., 20i8; et al., 2014; Liu et al., 2013b; Nault et £013;
Vinagre et al., 2013) and are associated with @&ggre disease in thyroid carcinoma (Yin et al.,
2016) glioblastoma (Huse, 2014heuroblastoma (Simon et al., 201&)d renal cell carcinoma
(Wang et al., 2014)Therefore, it is of significant clinical benefib levelop a non-invasive and

sensitive test that determines fHeRTpromoter mutation status in cancer patients.

Molecular profiling of tumours to aid cancer progisand to identify actionable therapeutic targets
has become routine practice in clinical oncologyhiltf tumour tissue samples are typically used
for mutation analysis, access to the tumour fopsyo and the quality and quantity of the sample
may hinder detection, particularly when method$imhited sensitivity are employed. Commonly

used methods include Sanger sequencing, meltinge amalysis and pyrosequencing which have
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limits of sensitivity of 15%-20%, 10% and 5%, restpeely (Tsiatis et al., 2010More recently,
tumour related aberrations have been determineglasma cfDNA (Ascierto et al., 2013a;
Bettegowda et al., 2014; Chang et al., 2016; Dethdl., 2008; Heitzer et al., 2015; Tsao et al.,
2015) This is referred to as “liquid biopsy”, a relatiyenon-invasive test that can be performed
regularly and provides information from the sum alf tumours at any one-time point. It is,
therefore, a valuable biomarker for monitoring dise progression and response to therapy (Gray et

al., 2015; Heitzer et al., 2015)

Whilst a variety of methods have been used to tetetations from ctDNA, Hindson et al. (2011),
have shown ddPCR to be a highly sensitive platfaemgbling absolute quantitation of mutant
BRAF down to 0.001% allelic fractionvarious studies have since shown the utility cititey
mutantBRAFin plasma of melanoma patients using ddPCR (Asciet al., 2013a; Girotti et al.,
2015; Gray et al., 2015; Sanmamed et al., 2015ti&@mWalker et al., 2015)n particular, our
laboratory has demonstrated that ctDNA analys@naaltracking of patient response to therapy and
resistance acquisition (Gray et al., 2015). Givee high prevalence of th& ERT promoter
mutations C228T and C250T in cutaneous melanomadéiHeeich et al., 2014; Nagore et al.,
2016a) their addition to existing tests for detection miutant BRAF and NRAS will allow
monitoring of most melanoma patients using ddPCRrthermore, it has been shown that
concurrence of mutations in ti&ERTpromoter withBRAF or NRASmutations predispose patients
to fast growing and aggressive disease, thus dmteat multiple mutations including mutafERT

could serve as a prognostic marker.

We report here on the development of a ddPCR pbalsed assay to simultaneously detect the
TERTpromoter mutations C250T and C228T. One probedbihe wild-type sequence overlapping
position C228, while a second probe binds the ntutaquence resulting from C228T or C250T

mutations, as both mutations reconstitute the pet&TS binding site (Figure 1). First, we tested
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the concordance of this assay for the detectioRERT promoter mutations in 39 melanoma cell
lines relative to Sanger sequencing, and in 22npdasamples relative to patient matched tumour
tissue. We also determined the sensitivity and iipigg of this assay for the detection GERT

promoter mutations using plasma derived cfDNA fr&® melanoma patients and 56 healthy

controls.
Wild-type Probe —» CCCCCTCCGG
’
C250T C228T
CCCGACCCCTCCCGGGTCCCCGGCCCAGCCCCCTCCGGGC
Mutant Probe = CCCCITII'?CGG CCCC-H??GG
3’-AAQQ-V\5' 3-AAGG-5’
ETS1 binding
motif

Figure 1: Location of ddPCR assay probes relativeot ETS1 binding motifs generated by the C228T and GBT
TERT promoter mutations. Probes for the identification of wild-type and it sequences are indicated. Both mutant

sites are detected by the same probe.

2.3 Results

The designed primer sets were tested for ampliéinadf the genomic region of interest by end-
point PCR. Amplification conditions were optimisby testing a range of annealing temperatures
(55-61°C). As shown in Figure 2A, the primers fail® amplify the required fragment in the
absence of Q-solution (Qiagen). Optimal amplificativas achieved in the presence of Q-solution
between 61-64°C (Figure 2B). The PCR fragment nbthiwas subjected to Sanger sequencing to

confirm its specificity.

Next, droplet digital PCRs were performed at a gnaidof annealing temperatures from°62to
65°C for the detection of the C228T mutation in gDNArh 1205Lu cells (Figure 2C and D) and

the C250T mutation in gDNA from UACC62 cells (Figu2E and F). Optimal droplet segregation
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was observed at 8Z. Hereafter all ddPCR assays were performed witlarmnealing/extension

temperature of 5.
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Figure 2: Optimization of ddPCR for detection of TERT promoter mutations. PCR fragments from cell line
1205Lu amplified at varying temperatures withou) @nd with (B) “Q solution”. gDNA of cell lines 13Qu-
C228T (C and D) and UACC62-C250T (E and F) wered usetemplate for thEERTAdPCR at varying annealing
temperatures. FAM signal from mutant probe bindiogC228T (C) or C250T (E). HEX signal from bindiof
wild-type probe (D and F).

To evaluate the quantitative linearity and the L@fldhe ddPCR assay, serial dilutions of mutant
gDNA from cell lines 1205Lu (C228T mutant) and UAGL(C250T mutant) were mixed in a
background of wild-type human gDNA to achieve afinoncentration of gDNA of 20 ng/uL
(Figure 3), with each dilution tested in 8 replest At 0% mutant DNA, we identified that a
maximum of two false positive droplets were obsdrue some of the 8 replicates, with an
average of 0.068 = 0.049%. Therefore, the lower L@d&s defined at 0.17%, the percentage
false positives detectable at two standard deviatmver mean background (Armbruster et al.,
2008).
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Figure 3: Detection of TERT promoter mutations in the presence of homologous ild-type DNA. Serial
dilutions of DNA from mutant cell lines 1205Lu — 22T (A-D) and UACC62 — C250T (E-H) were preparedin
constant background of wild-type human genomic DRB.plots of ddPCR read out at 10% of mutant DN AagAd
E). 1D plots indicating mutant (B and F) and wijghe¢ (C ad G) DNA detection. Analytical sensitivityOD) of the
assay (D and H). Obtained frequency abundancesstamdlard deviations were plotted versus expectenhu
frequencies based on input. The LOD, defined asSaver the mean frequency abundance obtaine®atiten
only wild-type DNA was used as input, was indicassddashed lines in both graphs.
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Table 1: Validation of C228T and C250TTERT promoter mutation detection in melanoma cell lines

Cell Line Sanger Sequencing ddPCR
C02¢ wt wt
CO055 wt wt
C092 wit wit
C09¢ wit wit
HGA wit wit
C02z C2281 C2281
CO037 C2281 C2281
C058 C228T C228T
D41 C228T C228T
MM409 C228T C228T
D22 C228T C228T
MM473 C228T C228T
A06 C228T C228T
CO7e C228T C228T7
MM455 Cc228T Cc228T
1205LL C228T C228T7
A15 C2501 C2501
Al4 C250T C250T
C002 C250T C250T
MM537 C250T C250T
SKMEL13 C250T C250T
MM386 C250T C250T
D01 C250T C250T
MM229 C250T C250T
MM253 C250T7 C250T7
MM266 C250T C250T7
€001 C250T7 C250T7
Co4¢ C250T7 C250T7
D40 C2507 C250T
UACC62 C250TF C250T
MM396 C227T/C228T wt
A07 C227T/C228T wt
C054 C227T/C228T wt
C062 C227T/C228 wt
CO057 C241T/C242 wt
C10¢ C241T/C242 wt
D28 C241T/C242 wt
SKMEL5 C241T7/C242T wt
C021 c2507 wt
“Homozygous

®C021 carried an additional C253T polymorphism.

To validate the assay, we tested 39 cell lines Witbwn TERT promoter mutant or wild-type

status (Table 1). We confirmed detection of the &22and/or the C250TTERT promoter
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mutation in only those cell lines identified as ipwe for these two mutations, while those
previously identified as wild-type showed no pasiyi for TERT DNA mutations by ddPCR.
Cell lines that harboured an alternatiVERT mutation other than C228T or C250T showed as
wild-type in our assay. In addition, the C250T ntioia was not detected in cell line C021, due
to the presence of a C253T single nucleotide poipimem in the probe binding site
(Supplementary Figure 1). Simultaneous C250T ansBT2Znutations have been reported in 2%

of melanoma cells lines (Horn et al., 2013)

Tumour tissue samples from 22 stage IV (AJCC) matiasmelanoma patients were tested for
C228T and C250TERT promoter mutations by ddPCR using fRERT assay (Table 2). As

reported in the literature (Griewank et al., 20H4yward et al., 2017; Heidenreich et al., 2014)
most tumour tissues tested harboured at least fotege mutations (68%, n=15); 11 harboured
the C228T mutation and 4 harboured the C250T nutafNo tissue samples were found to

contain botiTERTpromoter mutations.

Table 2: Detection of TERT promoter mutations in ctDNA and paired tumour tissue.

Tumour Tissue

Plasma ctDNA + - Total
+ 8 0 8
7 14
Total 15 7 22

Plasma derived cfDNA from these 22 patients wese &sted folTERT promoter mutations.
These plasma samples were collected from patieithsagtive metastatic disease prior to any
systemic therapeutic intervention. Overall, theamdance between tumour tissue and plasma
testing was 68% (15/22). No patient was positiveafd ERT promoter mutation in plasma and
negative in its corresponding tumour tissue (10@#cHicity). Of 15 plasmas from patients with

confirmed TERT promoter positive tumours, eight were identifiesl @ositive for the same
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mutation, whereas seven cases were positive irtiskee but negative in the plasma sample
(Table 2). Thus, the sensitivity of oWERT C228T/C250T mutation detection in plasma was
estimated as 53% (95% CI 27%-79%). In a cox regresanalysis, patients with detectable
ctDNA at baseline (n=8) had a significantly shorl¥S compared to patients who had no

detectable ctDNA (n=7)p€0.028, Hazard ratio: 4.48 (Cl, 1.18-17.06) (Fegdn).

To further demonstrate the detection ratd BRTctDNA in metastatic melanoma we tested 56
plasma samples from randomly selected stage IV (AJ@elanoma patients (mean age 65
years, ranging from 35 to 85 years) with knoBRAFbut unknownTERTmutational status and
compared this to 56 plasma samples from healthyighthls (mean age 51 years, ranging from
24 to 81 years). Th&@ERT ddPCR assay detected a statistically significafierence in the
copies of mutanTERT ctDNA in plasma from metastatic melanoma patieatative to those
from healthy controls (p=0.006, Figure 4B). We fdurERT mutant DNA in 11 of 38RAF
wild-type and in four of the 1BRAFV600E/K patients. The number ®@ERT promoter copies
per mL of plasma detected in the melanoma patiehort varied from 11.2 to 176 copies per
mL (Figure 4B). NoTERT promoter mutant DNA was detected in any of then&althy control
plasmas. Based on these results the assay spgcifias estimated as 100% (95% CIl 94%-

100%).
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Figure 4: Detection of TERT promoter mutations in plasma. A. Kaplan-Meier plots of PFS probabilities of
patients with detectable (n=8) and undetectabl&rctDNA levels at baseline. Cox regression p-valdazard
ratio (HR) and confidence interval (Cl) are indexht B. Copies of mutant DNA per mL of plasma were
significantly higher in metastatic melanoma pase(¥M) (N=56) compared to healthy controls (Ctr{8}=56).
P=0.006, Mann-Whitney U-test.

2.4 Discussion

Here we describe and validate a method to detexttwlo most commoimERT promoter
mutations found in melanoma tumours using ddPTERT promoter mutations occur in
melanoma as frequently as (Griewank et al., 20@d)more frequently (Nagore et al., 2016a)
than BRAF mutations, and yet mainlgRAF mutant-specific cfDNA is being used to monitor
melanoma patients for response to therapy and sdispeogression (Santiago-Walker et al.,
2015) The inclusion ofTERTpromoter mutations within ctDNA for monitoring widuincrease
the number of patients for whom ctDNA could be usedetermine disease status, particularly
amongstBRAF and NRASwild-type melanoma patients. This will enable &gfudies on the
clinical utility of ctbNA monitoring to provide edience of the efficacy of this marker for
determining disease progression, to inform cessationeffective therapies (Girotti et al., 2015;

Gray et al., 2015) and to guide alternative therapy

Our assay allowed for detection of mutdi@RTin biologically relevant samples, such as FFPE
tumour DNA and plasma of metastatic melanoma p&tiah high specificity. Using cell line

derived DNA, we optimized the assay to detectttle ks 0.17% mutaffERTDNA in dilutions
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of wild-type DNA. This is significantly lower thaimits of detection reported for other mutation
detection platforms such as allele-specific PCR 1& (De Castro et al., 2012) and
pyrosequencing at 5%, melting curve analysis at 30% Sanger sequencing at 20% (Tsiatis et
al., 2010) While we and others have shown ddPCR to d&B&AF mutant fraction as low as
0.001% (Hindson et al., 2011; Reid et al., 201% were unable to achieve this sensitivity with
the TERTassay developed here, possibly due to the higklyri€h area of the promoter region
of this gene, resulting in background signal amditéd segregation of positive and negative
droplets. In fact, during the development of thissay, multiple primers, probes and
amplification conditions were tested without suscélthe conditions detailed here, including the
addition of LNA at the specific nucleotides and thee of Q-solution in the amplification mix,

were indispensable for successful amplification.

We validated the assay in terms of accuracy anabity by showing 97.4% concordance with
the genotype of 39 melanoma cell lines. Of the losdis analysed that harboured either a C228T
or C250T mutation, 14 were heterozygous and nimedzygous. A major limitation of our assay
is that it cannot detect oth€ERTpromoter mutations and it can be affected by Shiftsn the
probe binding sites. This was apparent by theltesbtained from nine cell lines with known
TERT promoter dinucleotide mutations C227T/C228T andtXd2C242T, which have been
reported to exist in 5.2% and 10.4% of primary metaas, respectively (Horn et al., 2013)
Similarly, a negative result was reported for ek CO12 which harbours a C253T SNP on the
probe binding site. Further development of ddPC&ags to detect these otHEERT promoter
mutations (Nagore et al., 2016a) would ensure ghataximum number of patients could be
monitored. In addition and given that SNPs in tregion can also affect patient prognosis
(Nagore et al., 2016a), germline sequence anatysisld be performed complementary to the

analysis ofTERTpromoter somatic mutations.
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It is notable that all patients witiERT promoter mutations in plasma had corresponding
mutations in matched tumour tissue and as suclalse positive plasma samples were detected.
High concordance between mutational profiles imrspla ctDNA and matched tumour tissue
have been reported in several studies from patiestts melanoma (Ascierto et al., 2013a;
Sanmamed et al., 2015; Santiago-Walker et al., R0&Bast cancer (Bettegowda et al., 2014;
Dawson et al., 2013; Higgins et al., 2018pn-small cell lung cancer (Narayan et al., 2012;
Newman et al., 2014) and colorectal cancer (Betielgoet al., 2014; Diehl et al., 2008; Misale
et al., 2012)In our study, seven patients willERTpromoter positive tumours had no detectable
TERT promoter mutations in matched plasma samples. iShégnilar to the findings by Lee et
al, (2017a) who detected ctDNA in 53% of patient®mto treatment initiation. The lack of
detectable ctDNA in a subset of patients may béagxgd by the pathophysiology of the tumour
or its metastasis, as ctDNA concentration has lmeerelated with tumour size (Kamat et al.,
2006; Lee et al., 2017a; Thierry et al., 2Q1fpetastatic spread or disease burden (Lee et al.,
2017a; Parkinson et al., 2016; Sanmamed et al5)2@dmour vascularisation (Thierry et al.,
2016) and site of metastasis (Bettegowda et al4P®\ retrospective analysis of PFS in this
group of patients revealed a significant differebed#ween patients with negative and positive
ctDNA results. This further supports previous fimgh that low or undetectablievel of ctDNA

is a predictor of long term treatment benefit (&st et al., 2013a; Gray et al., 2015; Lee et al.,

2017a; Sanmamed et al., 2015; Santiago-Walker,2Gl5).

Previous studies have reported detection ratesBRAF V600E mutations in plasma of
metastatic patients at 76 to 84.3% (Sanmamed,&Qd5; Santiago-Walker et al., 2015) and for
BRAF V600K at 81 to 89% (Ascierto et al.,, 2013a; SaguiaValker et al., 2015)In other
cancers, Bettegowda et al. (2014) identified mutaDINA in 75% of patients with a variety of
cancers including ovarian, breast, bladder, gastophageal and colorectal cancers.

Considering our detection rates DERT promoter mutations in ctDNA are lower (53%) than
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these reports, it would be necessary for this itiyason to be conducted in a larger cohort
controlling for tumour burden, metastatic sites andtation variety. Nevertheless, oUERT
promoter mutation assay allowed ctDNA detectiori1nof 38BRAF wild-type tumours. Thus,
our assay may facilitate ctDNA monitoring BRAFwild-type cases, most of which will receive

immunotherapy as a first line of treatment.

Nagore and colleagues (2016a) have shown that orakarpatients harbouring these specific
TERT promoter mutations, in combination wiBRAFNRAS mutations within their tumour
tissue, have a significantly shorter disease foeeivgal than patients without this combination. In
fact, Li et al., (2016) have shown tHEERT promoter mutations are key downstream targets of
the RAS-ERK pathway for malignant progressionBR®AF mutant melanomas. Furthermore,
Akincilar et al. (2016) have shown thEERTtranscription is driven by mediation of long-range
chromatin interaction and enrichment of activednistmarks through the recruitment of GABPA
to mutantTERT promoters, specifically C228T and C250T. Thesd@st have consequently
suggested that inhibitors could be designed todn@ERT transcription in cancer cells with
these mutations. As such, routine genetic testingnelanoma patients fof ERT promoter

mutations in addition to mutaBRAFandNRASwould be clinically beneficial.

TERT promoter mutations have been identified in numegrother cancers such as thyroid,
bladder, hepatocellular cancer and malignant glistioima [6-8] Consequently, the assay
described here may allow ctDNA monitoring in mukipther malignancies. However, the assay

would require validation for each of these cancers.

In conclusion, we report on the development of BCIA assay for the detection of two common

TERT promoter mutations in cell lines, tumour tissuel @DNA. Our results suggest that the
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TERTddPCR assay could prove useful as a companiomaiséig to predict treatment benefit

and to monitor response in melanoma patients anldl ¢® extended to other malignancies.

2.5 Materials and Methods

Ethics
This study was approved by the Human Ethics Coressttat Edith Cowan University (No.

11543) and Sir Charles Gardner Hospital (N0.2018)24

Genomic DNA extraction

gDNA) with known TERT promoter mutations was obtained from melanomaliceds 1205Lu
(Wistar Institute) and UACC62 (National Cancer ituse) to be used as positive controls. In
addition, gDNA was extracted from 39 melanoma leds from the QIMR Berghofer Medical
Research Institute (Dutten-Regester et al., 2002p-type gDNA was obtained from the white
blood cell pellets collected from 4 mL whole blolwdm one healthy control. DNA was isolated
using the QlAamp DNA Mini Kit (Qiagen, Australiak ger the manufacturer’s instructions.

gDNA was eluted in AE buffer (Qiagen) and stored’& until further processing.

Plasma sample preparation

Blood samples were collected from AJCC stage IVamema patients, prior to initiation of any
systemic therapy, into EDTA vacutainer tubes andest at 4C. Plasma was separated within 24
hours by centrifugation at 1600 g for 10 minute$iofved by a second centrifugation at 2000 g

for 10 minutes, and then stored at°@Qntil extraction.

DNA extraction from plasma

cfDNA was isolated from 5 mL of plasma from healithgnors and AJCC stage IV metastatic

melanoma patients using the QIAamp Circulating MieclAcid Kit (Qiagen) as per the
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manufacturer’s instructions. cfDNA was eluted in AOAVE buffer (Qiagen) and stored at -

80°C until ctDNA quantification.

DNA extraction from FFPE tissue

Following review and macro-dissection by an experésl pathologist, gDNA was extracted
from 10 x 5um unstained sections of FFPE tissueguie QIAamp DNA mini kit (Qiagen) as
per the manufacturer’s instructions. Only FFPEugssstored at room temperature, for less than
seven years were used. The DNA concentration arity puere determined using the NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies)miigton, DE) and Qubit 2.0

Fluorometer (Life Technologies, USA) instruments.

PCR
The following primers were used to amplify a 163pmduct incorporating both hotspot

mutations (C228T and C250T) in thi&RT promoter region: 5’- AGCGCTGCCTGAAACTCG
-3’ (forward) and 5’- CCTGCCCCTTCACCTTCCAG -3’ (resse). Primers were synthesised
by GeneWorks (Thebarton, SA, Australia). For optaion of the PCR amplification GFERT
promoter mutations, we first performed end poinRBEontaining, 1 x ddPCR supermix (Bio-
Rad), 900 nM of each primer and 50 ng of templd#4, with and without 1 x Q solution
(Qiagen). Amplifications were performed using tlaldwing cycling conditions: 1 cycle of
95°C for 15 minutes, 40 cycles of 95°C for 30 s@lsoand a range of temperatures from 55°C to
65°C for 30 seconds, followed by 68°C for 30 secoand 1 cycle of 68°C for 10 minutes. PCR
products of 163bp were detected by gel electrogi®ren a 1% agarose gel in Tris-acetate-

EDTA (TAE) buffer containing SYBR® Safe DNA Gel $tglLife Technologies).

Droplet digital PCR
A probe was designed to detect both C228T and C2&0f&tion as both mutations result in the

same sequencing string (Figure 1). Due to the shiagt of the probe, Locked Nucleic Acid
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(LNA) bases were introduced on the bases indicamth a “+” (TERT Mut: /56-
FAM/CCC+C+T+T+CCGG/3IABKFQ/). A second probe wassigeed to recognize the C228
loci, also containing LNA basesTERTWT, /SHEX/CCCC+C+T+CCGG/3IABKFQ/). Probes
were custom synthesized by Integrated DNA TechnetogIDT). Amplifications were
performed in a 20 pL reaction containing 1 x ddP&ipermix for Probes (No dUTP, Bio-Rad),

1x Q solution (Qiagen), 250 nM of each probe and 9l of each primer plus template.

Droplets were generated using the Automatic Dropkterator QX200 AutoDG (Bio-Rad).
Amplifications were performed using the followingating conditions: 1 cycle of 95°C (2.5C/s
ramp) for 10 minutes, 40 cycles of 94°C (2.5C/spafor 30 seconds and 57°C for 1 minute,
followed by 1 cycle of 98°C (2.5C/s ramp) for 10nmies. Annealing/extension temperature was
optimized using temperature gradients froniG2o0 65C. The sample was held atGtuntil
further processing. Droplets were analysed throaghQX200 droplet reader (Bio-Rad).

QuantaSoft analysis software (Bio-Rad) was usexttmire and analyse data.

To evaluate the LOD of ouFERT ddPCR assay, gDNA from cell lines 1205Lu (C228T) o
UACCG62 (C250T) were serially diluted into normalnman DNA obtained from white blood
cells of healthy controls to achieve from 100% % fhutant alleles. Each dilution was tested in

a series of eight repetitions all completed in ame

Cell lines with known C228T and C250MERT promoter mutations, as well as cell lines wild-
type for both mutations (as determined by Sanggquesgcing) were used to validate the assay.

The reaction mix was prepared as above using 59 gPNA as template.

For plasma ctDNA analysis, 5 pL of cfDNA (maximuemniplate volume possible) was added

per reaction irrespective of the cfDNA concentnatiBach run included a non-template control,
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gDNA from a healthy control and gDNA from the ckfies containing theERT mutations:
1205Lu (C228T) and UACC62 (C250T). Only sampleshwitore than two positive droplets
were considered positive. The number of mutated Dbbpies per 20 pl reaction was

extrapolated to calculate copies per mL using dflewing equation:

Copies/mL of plasma = C*EV/TV/PV

PV = Volume of plasma used for cfDNA extraction \ml
EV = Volume in which cfDNA was eluted (ul)
TV = Volume of cfDNA added to the PCR reaction (ul)

C = copies/20ul (data derived from QuantaSoft).

Statistical analysis

Sensitivity and specificity of the assay was calted using a contingency table analysed using a
Fisher's exact test. Comparison between ctDNA coimagons in patient and control samples
were performed using the non-parametric Mann-WHitbetest. A Cox proportional hazards
regression analysis was performed to examine amsmti of ctDNA detection with PFS.
Statistical analyses were performed using StatisfRackage for Social Sciences for Window

version 22 (SPSS, Chicago, IL) and plotted usingpGPad Prism version 5.
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2.6 Supplementary Materials

Supplementary Figure 1

2537
Forward Primer €228 c250T l

30 40 50 60 70
G GGCT G GGAGGGCCCGOG AG GGGGCT G GGCCGGGG ACCCG G AAGGGGT C G G

P VA M A AN VAN AN AR AN

Reverse Primer
253T
€250T 228

30 40 50 60
€C €6 T C C GACCTCT TCC G GGTOCCCCG GCCCAGCCCCCTCCG GGCCCTC CCC

LA AN AW
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CHAPTER 3: DROPLET DIGITAL PCR FOR MUTATION
DETECTION IN FORMALIN FIXED PARAFFIN-EMBEDDED
MELANOMA TISSUES: COMPARISON WITH SANGER

SEQUENCING AND PYROSEQUENCING

The remainder of this Chapter has been removecdoioyright purposes.

CHAPTER 4: MONITORING MELANOMA PROGRESSION WITH
CIRCULATING TUMOUR DNA: A PROOF OF CONCEPT FROM

THREE CASE STUDIES

The remainder of this Chapter has been removecdoioyright purposes.

CHAPTER 5: CORRELATION BETWEEN CIRCULATING
TUMOUR DNA AND METABOLIC TUMOUR BURDEN IN

METASTATIC MELANOMA PATIENTS

The remainder of this Chapter has been removecdoioyright purposes.
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE

DIRECTIONS

Cutaneous melanoma accounts for 90% of all skiceradeaths (Balch et al., 2010) and a large
proportion of these deaths are as a result of siisescurrence (Soong et al., 1992; Soong et al.,
1998) despite the patient being considered diseasdollowing treatment. Although the risk of
recurrence largely correlates with thickness andsion of the primary tumour (Shaw et al.,
1987; Soong et al., 1992; Soong et al., 1998),rrenuges have also occurred 10 or more years
after thin melanomas have been completely exci€zdwley et al., 1990; Dalal et al., 2007,
Dong et al., 2000; Hohnheiser et al., 2011; Joned.£2013; Kalady et al., 2003; Leiter et al.,
2012; Meier et al., 2002; Salama et al., 2013; §aziral., 1998; Tsao et al., 1997). Importantly,
the majority of recurrences appear in lymph nodestloer organs, at which point the disease is
among the most aggressive and treatment-resisfaimtirnan cancers (Kenessey et al., 2012;
Mocellin et al.,, 2013; Sanmamed et al., 2015; Ti'ma al., 2013). Given that the greatest
treatment efficacy is associated with a low disdaselen (Hodi et al., 2010; Luke et al., 2017;
McArthur et al., 2016; Sosman et al., 2011), eddyection of melanoma recurrence is critical
for improved survival. Surveillance strategies fmtients with thin melanomas however are
limited to physical examinations alone (Australi@ancer Network Melanoma Guidelines
Revision Working Party, 2008) and therefore an talttl surveillance approach that can be
performed regularly and in conjunction with physi@xaminations could lead to timely
detection of disease recurrence allowing for earliderventions. CtDNA represents a new
generation of biomarkers for detection of residubdease and monitoring of different
malignancies (Bettegowda et al., 2014; Dawson .et2@ll3; Gray et al., 2015; Spindler et al.,
2012). As ctDNA has not been assessed as a maskeedurrence in clinically disease-free
melanoma patients, our central aim was to develmolathat could regularly, inexpensively and

non-invasively monitor early stage melanoma pagiéot melanoma recurrence.
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We addressed the central aim in four stages. Teiewias to develop a new assay to deT&RT
mutations in ctDNA and tumour samples, the secormbtnpare the sensitivity and specificity of
ddPCR relative to other commonly utilised methofisletecting mutations in melanoma tissue
containing a small fraction of tumour cells. Th@dhstage investigated the presenceB&AF,
NRASand/orTERT promoter mutant ctDNA in early stage melanomaepdsi using ddPCR to
determine if ctDNA will serve as a prognostic biokex for melanoma recurrence. The final
stage involved comparative analysis to assessdirelation between ctDNA levels and MTB
derived'®F-FDG FDG-PET/CT to determine the efficacy of ctDMAmeasuring disease burden
as a complimentary modality t8F-FDG FDG-PET/CT. With regards to the ddPTBRTassay

and the correlation between ctDNA and MTB, the worsented in this thesis is novel.

In the first part of this study, we developed a @&Passay for the concurrent detection of C228T
and C250TTERT promoter mutations in tumour tissue and cfDNA. @&sesult of the assay
development, we were able to det@d&RT mutant DNA in 11 of 38RAF wild-type which
allows for an increased number of patients who banmonitored with ctDNA particularly
amongstBRAF and NRAS wild-type patients. Specifically, our assay magilftate ctDNA
monitoring of patients who may receive immunothgrag a first line of treatment. Furthermore,
it is likely thatTERTtranscription inhibitors will soon be developedk(Acilar et al., 2016) with
the recent discovery thaERT transcription is driven by mediation of long-rangieromatin
interaction and enrichment of active histone mahkeugh the recruitment of GABPA TERT
promoters. The newly developd@ERT detection assay will be highly beneficial as il wiot
only aid in determining (from tumour tissue) whigatients can be treated with these inhibitors
but will allow for ctDNA analysis to track patiergsponse to that therapy as indicatedBfRAF
and NRAS(Gray et al., 2015). Furthermore, the ability tomtor BRAF and NRASwild-type

patients will increase the number of patients taat be monitored with ctDNA.
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The detection of mutaftERThowever does not only increase the number of patidnat can be
monitored but can also be used for prognostic mepoPatients who harbour C228T and C250T
TERTpromoter mutations are associated with a poorrsig (Griewank et al., 2014; Nagore et
al., 2016b). In line with this, we showed signifitalifferences in PFS probabilities of patients
with detectable (n=8) and undetectable (nFBRT mutant ctDNA levels at baseline. This
further supports previous findings that low or uredéablelevels of ctDNA is a predictor of long
term treatment benefit (Ascierto et al., 2013a;yGrhal., 2015; Lee et al., 2017a; Sanmamed et

al., 2015; Santiago-Walker et al., 2015).

We have now shown that the detection of muBBRT in tumour tissue and plasma provides
useful clinical information. This will enable larggudies on the clinical utility of ctDNA

monitoring to provide evidence of the efficacy dfist marker for determining disease
progression, to inform cessation of ineffectiverdipges and to guide alternative therapy. (Girotti

et al., 2015; Gray et al., 2015)

Whilst we fulfilled our aim to develop an assaydetect C228T and C250T mutations, one
obvious limitation to our assay is that it cannetedt otheERTpromoter mutations and it can
be affected by SNPs within the probe binding sitésnce further development of the assay to
detect otheMERT promoter mutations (Nagore et al., 2016a) woulthir increase the number

of patients who could be monitored.

Monitoring patients for recurrence using ctDNA riéga knowledge of the patients’ mutational
profile. Whilst there are a variety of methodolagiavailable for mutation profiling, each
detection method tolerates different degrees of MAlity. In many instances, genetic analysis
is performed on limited and often low-quality DN#&pm tumours with low tumour cellularity

and high tumour heterogeneity. This is particulafparent when tumours are sourced from

89



SLNB and fine needle aspiration biopsies of met&ssites and as such we set out to determine

the sensitivity of ddPCR on tumours of varying aklfity.

In the second publication, we evaluated the retatsensitivities of Sanger sequencing,
pyrosequencing and ddPCR in detecting common noatsinBRAF, NRASandTERTpromoter

from FFPE tumour with a range of tumour cellularitg§lthough Sanger sequencing and
pyrosequencing are the most commonly employed mdsethad BRAF and NRAS mutation

detection in molecular pathology laboratories, dBR@as the most sensitive method, detecting
at least one mutation in 77.5% (31 of 40) of caseduding in 12.5% and 23% of samples
deemed as wild-type for all three mutant genes ¥mpgequencing and Sanger sequencing,
respectively. Importantly, the ddPCR sensitivityswaarticularly apparent among samples with
less than 50% tumour cellularity. This suggests da°CR may further provide the opportunity
for assessing the tumour mutational profile in mma@ents, particularly where macro-dissection
is not possible, such as sentinel lymph node béspsind fine needle aspiration biopsies of

metastatic sites.

DdPCR is not routinely used in molecular patholdglgoratories, possibly due to it being a
relatively new methodology, however the platforns heceived much attention in a short space
of time, particularly in melanoma research (Ashedal., 2017; Chang et al., 2016; Gray et al.,
2015; Hindson et al., 2013; Huang et al., 2016;lknal., 2016; Reid et al., 2015; Sanmamed et
al., 2015; Schreuer et al., 2016; Tsao et al., RA2énsidering the multiple advantages that have
been associated with ddPCR including absolute dfication, lower susceptibility to PCR
inhibitors which affect amplification efficiencyesilience to differences in sample quality
particularly at low concentrations, increased mieci and high reproducibility between runs
(Dingle et al., 2013; Hindson et al., 2013; Zhaoakt 2016), it was anticipated that ddPCR

would be the most sensitive of the three methodetodmportantly and as expected, the results
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showed ddPCR to be a highly suitable platform #mntifying mutations at a very low variant
allele frequency. Thus, ddPCR offers research &tbdes an alternative option where the tools
and expertise to perform macro-dissection are mailable. Additionally, ddPCR offers an
alternative option in the clinical setting when mmadissection is not possible, such as sentinel
lymph node biopsies and fine needle aspirationdiésgpof metastatic sites. The ability of ddPCR
to detect mutations from a tumour containing onlgraall fraction of neoplastic cells, may
further provide the opportunity for assessing pomig, recurrence, metastasis and response to

therapy in more patients.

Conversely, ddPCR has disadvantages which musbbsidered. This platform is limited to

specific mutations and does not provide sequeniciftgmation, which Sanger sequencing and
pyrosequencing are able to do. Consequently, th@uddPCR may require multiple tests before
a mutation is identified. This would not only regumore DNA, which may be limited, but also

additional hands-on time and therefore cost. Tloeeefbefore such testing can be implemented
into the clinical environment, multiplex ddPCR agsasimilar to our TERT assay, that can test a
specific exon or region will need to be developgésure minimal cost, hand-on time and DNA

input is required.

Finally, given its ease of use and sensitivity, lengentation of ddPCR based assays could
facilitate mutation detection in early stage tunsoand support the clinical use of ctDNA to

improve early detection of residual disease andadis recurrence or progression. Thus, for the
inclusion of such testing to be introduced into ¢heic, standardisation of technical approaches

and storage conditions will be required.

Following on from this we investigated whether ct®Netection by ddPCR could be used to

detect disease recurrence. We conducted retrogpestirveillance using mutant-specific
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ctDNA for three patients with cutaneous melanomao velxperienced disease recurrence at
distant sites and 27 patients who had no cliniealence of disease recurrence. In patients with
no evidence of disease recurrence, ctDNA was ntcteble at any time point. CtDNA was
however detected at the time of radiological orpbio confirmation of metastases in all three
patients who presented with disease recurrenceeder, in one case, plasma ctDNA detected
recurrence four months prior to clinical evidenéelisease recurrence. We acknowledge that the
patient had not been having regular PET/CT scansta@refore cannot confirm if PET/CT
would have detected disease recurrence at a sitinilarpoint to that of ctDNA, however it must
be emphasised that the patient suffered from sestatestrophobia and as such ctDNA testing
(had it been completed in real-time) would havengeted more thorough investigations 4
months prior to the gastroscopy. Of particular imgace, Chapter 4 supports previous studies
that have shown that recurrences occur even afitgical removal of thin melanomas. This
highlights the need for an additional monitoringjinee that can be performed regularly and
potentially lead to timely interventions that widsult in improved treatment options ultimately

having a positive impact on the patient’s qualityife and survival.

As expected almost half of this patient cohort barbd aTERTpromoter mutation and thus the
TERT detection assay developed as part of this thess, utilised to determine their ctDNA
levels. TERT mutant ctDNA however, was not detectable in thostents with no evidence of
disease recurrence, nor in the one patient whoepted with disease recurrence and who
harboured a C228TERT promoter mutation. ConsiderilddRASmutant ctDNA was detectable
at low allele frequency in this patient, we consadkethat the level of tumour burden is perhaps
too small to detect the mutaMERT ctDNA, given thatNRASmutant ctDNA was detected at

only 1.4 copies/mL of blood.
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CtDNA has been detected in early stage breast @eztval., 2014) and colon (Tie et al., 2016)
cancer patients following resective surgery, intincathe presence of minimal residual disease.
This provides evidence that ctDNA can be used ¢ntifly patients at risk of disease recurrence.
Given that no mutant-specific ctDNA was detecteciry of our patients at baseline, we would
suggest that using our current methodology, ctDldAnot be used to evaluate minimal residual
disease in melanoma. Possible reasons for ourlityaioi detect residual disease earlier, is that
unlike Tie et al., (2016), who extracted cfDNA fral® mL of plasma we only used 5 mL of
plasma. Considering that DNA amounts vary betwe&m@ and 100 ng DNA per mL of plasma
(Chiu et al., 2006; Chun et al., 2006; Fatouroslet2006; Lazar et al., 2006; Rhodes et al.,
2006; Schmidt et al., 2005), cfDNA vyield will vadependant on the volume of plasma in the
first instance. Thus, to increase the sensitivityhe assays for detection of minimal residual
disease in melanoma to guide the management afiskase, we suggest increasing the amount
of plasma from which cfDNA is extracted. Additiolyala pre-amplification step of the target
DNA, prior to ddPCR (Kiselinova et al., 2014; Passk et al., 2008) may further increase the

sensitivity.

Notwithstanding this, our study provides a proofooincept and attests to the feasibility of
mutant-specific ctDNA analysis for early stage melaa patients at risk of disease recurrence.
Furthermore, ctDNA surveillance provides an altéueamethod of monitoring patients without
the additional risk of radiation exposure, invasegs and cost. With the added advantage of a
simple blood test being minimally invasive, ctDNArgeillance could be conducted far more
regularly than PET/CT scans. Thus, our detectiodigease recurrence at the time of clinical
confirmation of disease recurrence suggests thBNAt can be used to detect disease
progression. CtDNA may therefore be assessed mytio provide an increased window of
opportunity for intervention that is likely to ptisely impact on the patient’'s survival. It is

important to know therefore, what the lowest lexetlisease burden is detectable by ctDNA.
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It has been proposed that, in the main, ctDNA welrrelate with disease burden assessed by
qualitative PET/CT assessment (Girotti et al., 2@y et al., 2015; Janku et al., 2015; Knol et
al., 2016; Santiago-Walker et al., 2015; Tsao et 2015; Xi et al., 2016), with low or
undetectable levels of ctDNA having been shown gsedictor of long term treatment benefit
(Ascierto et al., 2013a; Gray et al., 2015; Lealet2017a; Sanmamed et al., 2015; Santiago-
Walker et al., 2015). Furthermore, the diagnostiesgivity of ddPCR to detect mutant-specific
ctDNA in metastatic patients is between 73% to §2¥cierto et al., 2013a; Gray et al., 2015;
Santiago-Walker et al., 2015). Given that ctDNAn@ detectable in all metastatic melanoma
patients and based on our findings in the prevgiudy, it was apparent that there was a robust
need to understand the limit of detecting ctDNAtéenms of tumour burden if ctDNA is to be

used for routine monitoring of melanoma patients.

Considering quantitative assessment of FDG-PET/M@d@ges can now be used to determine
disease burden (Bai et al., 2013), we hypothedisatlif ctDNA levels correlate with MTB
derived from FDG-PET/CT scans in melanoma patieméscould determine the LOD of ctDNA
as a potential surrogate to signify disease renoeeWe therefore conducted a retrospective
analysis of ctDNA levels and MTB of 32 metastatielamoma patients and found a significant
correlation between the number of mutated copiesnple of plasma and the MTB in ém
measured by FDG-PET/CT, supporting the hypothdsas ¢tDNA is suitable as a surrogate

indicator of tumour burden and aggressiveness.

To our knowledge this is the first correlative ais&éd in melanoma, to compare the level of
ctDNA with MTB calculated from the sum of TLG fol &valuable lesions. In comparison to
other radiologic imaging techniques, FDG-PET/CT haen hailed as the most superior in the
management of melanoma (Akcali et al., 2007; Holiest al., 1998; Reinhardt et al., 2006) due

to its high sensitivity and specificity. As sucketermining the limit at which ctDNA can be
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detected relative to MTB provides evidence of tiegdostic sensitivity of our assays to detect
mutant-specific ctDNA, which is pertinent to thetektion of recurrence. Whilst our results
exhibit a strong correlation between the numbematated copies per mL of plasma and MTB,
thus measuring both tumour burden and aggressisernteslso illustrates its limitations in
detecting low disease burden, which may have irapbos for detecting disease recurrence,
particularly in patients with early stage melanonten though approximately 80% of
melanoma patients will harbooBRAF, NRASand/orTERT mutations and our specific focus on
these mutations throughout this project, none @& patients in our retrospective cohort
harboured & ERT promoter mutation. Regardless however, we were @btetermine the limit
of disease burden that our current assay can détectare confident from the results from two
cases (one with a single lung lesion and the ottt nodal and liver metastases), that our
threshold of ctDNA detection is currently at an MV&lue of 10. Of particular importance is the
ability of our assays to detect nodal diseaseyeaidence of such would provide the greatest
window of opportunity for successful interventionterestingly, Wong et al., (2017) have shown
that nodal involvement often displays high level£tNA. Our results directly contradict this
finding; however, it is pertinent to point out ttiaé cohort in the Wong study (although no exact
disclosure as to the number of nodes involved)ahbhijher disease burden across the board than
we did in our study. Wong reported a median of 2,&@pies/mL of plasma (range 63-97,000)
compared to our median of 38 copies/mL of plasmraade 1.6-52,440 copies/mL) suggesting

that the disease burden in our patients was Idvaar those in the Wong study.

In our cohort, only three patients presented witdal disease alone, none of whom had
detectable ctDNA. A few caveats however are worémtioning; two cases had MTB below our
threshold of 10 and in two cases, cfDNA was exagadtom only 1mL of plasma which is likely
to reduce our capacity to detect ctDNA (Sherwoodlgt2016). Similarly, we were unable to

detect ctDNA in the patient who presented with haaha brain metastases and in the one patient
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who presented with brain only metastases. Givenhltva or undetectable ctDNA levels have
been commonly observed in patients presenting ln#in only metastases (Bettegowda et al.,
2014; De Mattos-Arruda et al., 2015; Wong et @12), our results are not surprising. Stage Il
patients have a significantly better overall pragiadhan stage IV patients (Aitken et al., 2008;
Baade et al., 2015; Harries et al., 2016), and ttimatmajority (50.2%) of first recurrences are
seen in regional lymph nodes with 58.9% of thesesdurther progressing to distant metastases
(Meier et al., 2002), therefore it is imperativedetect nodal recurrences in a timely manner.
Interestingly, there is minimal evidence of detegtctDNA in pre-surgery stage Ill melanoma
patients (Wong et al., 2017), although ctDNA hasrbeommonly reported in early stage lung
(Sozzi et al., 2001), breast (Beaver et al., 2@ colon (Tie et al., 2016) cancers. Thus,
further studies are required to determine if irt,fatDNA can be regularly detected in stage IlI

melanoma patients as an early measure of clinideffgctable disease.

Unfortunately, a limitation of this study was thanmber of patients where cfDNA had been
extracted from only 1mL of plasma. As previouslyntiened, the volume of plasma in the first
instance affects the cfDNA and consequently theNetByield (Sherwood et al., 2016). Whilst
this is not relevant in the majority of cases wathigh MTB, it introduces a bias that we cannot
ignore. A total of 37.5% (n=12) of our samples wexé&racted from 1mL of plasma with 25% of
these (n=3) having no detectable ctDNA. Of the 8esawith detectable ctDNA, multiple
metastatic disease sites were involved. Of theetheses with no detectable ctDNA, two cases
involved nodal disease alone (a caveat previouslyudsed) however one case had a high MTB
with bone metastases alone. Future studies wilbsiroertainly require a prospective nature to
ensure that a consistent volume of plasma is use@fDNA extraction, thus removing any

potential confounding affects.
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In summary, the final stage of this thesis hasctliyecompared the level of ctDNA with MTB to
determine the lowest level of disease burden thatorrent assays can detect with ctDNA. Our
measurements of MTB incorporate both tumour burded tumour activity which therefore
provides an overall perspective of the diseasestita patient. We have provided evidence of a
significant correlation between ctDNA and MTB iedatment naive patients which suggests that
quantification of ctDNA between scans may providaiaimally invasive option with which to
detect changes in disease burden in melanoma. Mdeitection of ctDNA in patients with an
MTB<10 will necessitate further improvements in thehtextogy, we have defined the limit in

global tumour burden for which ctDNA can be detddteblood.

Furthermore, we have observed a significantly gmoRFS in those patients with detectable
ctDNA. This underscores the clinical utility of dild analysis to be conducted at regular
intervals between standard FDG PET/CT imaging,etwben physical examinations (as would
be the case for patients not having routine functinaging), to ultimately provide clinicians

with more frequent windows of opportunity wheresivientions can be implemented timeously.

The results presented in this thesis provide afpubgrinciple for the potential application of
personalised ctDNA monitoring for melanoma recuceerfFirstly the developments of a novel
assay to detediERTmutant ctDNA by ddPCR has allowed for an increasatiber of patients
that may be monitored with ctDNA. This is exemgldiby our detection oFERT mutations in
BRAF WT patients and the detection of trackable mutstion tumour samples with minimal
cellularity. Finally, the detection of ctDNA in pants presenting with disease recurrence has
been further explored by determining the lower fiofi disease burden that our current assays

can detect.
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CHAPTER 7: CONCLUSION

As evidenced by our work in this thesis and otH€wowley et al., 1990; Dong et al., 2000;
Hohnheiser et al., 2011; Kalady et al., 2003; Tesaal., 1997); (Balch et al., 2009; Brauer et al.,
2010; Faries et al., 2013), the risk of melanomeaumence is never entirely removed and
melanoma may recur at any point in time. As sudin,central aim of this project was to develop
a tool that could be used regularly, inexpensivatygl non-invasively to monitor early stage

melanoma patients for melanoma recurrence.

To do this we developed a novel assay to deteditbenost commoid ERTpromoter mutations
found in melanoma tumours using ddPCHERT promoter mutations occur in melanoma as
frequently as (Griewank et al., 2014r more frequently (Nagore et al., 2016a) tHERAF
mutations, and yet mainlBRAF mutant-specific cfDNA is being used to monitor ere@ma
patients for response to therapy and disease msigre (Santiago-Walker et al., 2019he
inclusion of TERT promoter mutations within ctDNA for monitoring widuncrease the number
of patients to 70-80% for whom ctDNA could be usedietermine disease status, particularly
amongstBRAF and NRASwild-type melanoma patients. This will enable &gfudies on the
clinical utility of ctbNA monitoring to provide edience of the efficacy of this marker for
determining disease progression, to inform cessationeffective therapies (Girotti et al., 2015;
Gray et al., 2015) and to guide alternative therayfith the TERT assay designed, we
demonstrated the superior sensitivity of ddPCR détect BRAF, NRASand TERT promoter
mutations in tumour tissue, even at low tumour eohf offering research laboratories an
alternative option where macro-dissection is urlatée to them and an alternative option in the
clinical setting when macro-dissection is not poissisuch as sentinel lymph node biopsies and

fine needle aspiration biopsies of metastatic sites
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Furthermore, we detected ctDNA in early stage nwtan patients suffering with disease
recurrence and, we recognised a strong correldigiween the level of ctDNA and MTB.
Overall these results underscore that ctDNA closefiects disease burden and aggressiveness
of melanoma. Further increasing the sensitivity spekificity of our ddPCR assays will improve

the ability of ctDNA to detect a lower burden oeiase.

Finally, recurrent melanoma is an issue of sigaificpublic health importance and there is a
great need for a way in which melanoma patients lmarregularly, inexpensively and non-
invasively monitored, in order to improve survivaHere we present a new and innovative
ddPCR TERT mutation assay and validate circulating tumour DN&s a biomarker
for the early detection of recurrent melanoma. @sults serve as a strong rationale in support
of large prospective studies/clinical trials thatll walidate the clinical utility of ctDNA

monitoring in melanoma patients.
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Appendix 1
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Figure 1: Sanger sequencing chromatogram frominelHGA
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