
Plasma genomic biomarkers for New 

Zealand cancer patients  

Sandra Joanne Fitzgerald 

A thesis submitted in fulfilment of the requirements for the degree of PhD in Molecular 

Medicine, the University of Auckland, 2021 



 

 ii 

Abstract 

With the increasing global focus on integrating circulating tumour DNA (ctDNA) analysis into 

routine cancer care, this thesis describes research to develop and evaluate ctDNA analysis in 

New Zealand. The context of this work is New Zealand’s substantial inequities in cancer 

patient outcomes and whether these inequities could be addressed using ctDNA analysis.   

Several different genomic technologies were used to monitor ctDNA mutations in the blood 

plasma of 45 advanced melanoma patients. Mutations could be identified by next-generation 

sequencing (NGS) analysis of cell-free DNA (cfDNA) for 80% of these patients when a bespoke 

melanoma-specific NGS panel was used. All ctDNA mutations identified using NGS could be 

validated using custom droplet digital PCR (ddPCR) assays. A detailed comparison between 

NGS and ddPCR revealed concordance between these technologies and provided reassurance 

about NGS assay repeatability. 29 stage IV melanoma patients were followed through 

multiple cycles of immunotherapy to correlate ctDNA mutations in sequential blood samples 

with the clinical assessment of treatment response. This longitudinal analysis revealed a 

complex association between ctDNA analysis and the results of clinical imaging. In a subset of 

patients, ctDNA analysis identified the evolution of potentially actionable sub-clonal 

mutations. 16 stage III melanoma patients were followed after surgery using the same 

melanoma-specific NGS panel. This long-term pilot study is still ongoing but suggests that 

ctDNA analysis is a practical approach to identify both residual disease immediately after 

surgery and relapse in the longer term. 

The utility of ctDNA analysis to detect mutations in other cancer types was then assessed 

using a larger pan-cancer NGS panel. I first showed that this panel was able to detect all 

mutations present in a set of standard control samples. I then used this panel to analyse 

cfDNA samples from patients with five different cancer types, identifying mutations in 78% of 

these patients. Mutations that appear to have evolved during drug treatment and may be 

associated with drug resistance were identified in breast cancer patients. 

Finally, I assessed the feasibility of collecting blood samples at geographically remote 

locations for analysis at a central site. Blood was collected into DNA-stabilising collection 

tubes and stored for one week at room temperature before delayed processing was 
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conducted. Specific ctDNA mutations detected by NGS in blood collected and stored using 

this technique had 91% concordance with ctDNA mutations detected using standard blood 

collection tubes with immediate processing. This suggested that blood collection in 

geographically remote clinics using DNA-stabilising blood collection tubes would be viable.  

Overall, this work demonstrated the utility of ctDNA analysis using a melanoma-specific NGS 

panel for melanoma patients. Longitudinal ctDNA analysis could detect early patient response 

or failure to immunotherapy treatment and may also be a feasible approach to monitor for 

relapse after surgery. These methods appear to have utility in both clinical care and cancer 

research. A pilot analysis using a larger pan-cancer NGS panel suggested this approach could 

be used to detect mutations in cfDNA for patients with multiple different cancer types, and 

may be extended to geographically remote regions of New Zealand by employing DNA-

stabilising collection tubes followed by delayed analysis. In instances where the standard 

protocols for clinical imaging of cancer patients were delayed due to inconsistent service 

provision, or system-wide challenges such as the COVID-19 pandemic, ctDNA analysis could 

continue regularly. In this way, ctDNA analysis may be useful to prioritise or triage patients 

for imaging and other clinical investigations within a stretched health service. While further 

investigation is required before clinical implementation of liquid biopsy platforms can occur 

in New Zealand, my research suggests that ctDNA analysis has the potential to help overcome 

barriers to equitable cancer care.  
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Chapter 1 Introduction 

1.1 Overview 

This thesis focuses on the development, optimisation and evaluation of technologies for the 

minimally invasive detection of circulating tumour DNA (ctDNA) in blood plasma samples. I 

selected several genomic technology platforms for assessment, then experiments were 

undertaken to investigate the sensitivity, specificity and practicality of these platforms for the 

detection of ctDNA. Following the initial platform assessment, I applied these technologies to 

plasma samples from patients with a range of cancer types. Finally, I investigated the possible 

clinical implementation of ctDNA testing and identified several analytical variabilities as 

potential roadblocks to address during assay implementation.     

This introduction chapter summarises the molecular aspects of cancer development and the 

prevalence of cancer in New Zealand (NZ). I describe how melanoma is currently diagnosed 

and monitored in patients. This includes the monitoring for disease recurrence in surgical 

patients, and response to immunotherapy treatment. The development of new technologies 

that allow for minimally invasive detection and monitoring of ctDNA is also described. Other 

topics covered in this chapter are: 

• A description of molecular alterations that can drive cancer development.  

• How new technologies to detect ctDNA are rapidly being incorporated into modern 

pathology and the role of biomarkers and companion diagnostics in cancer management, 

focusing on the emerging role of next-generation sequencing technology. 

• Cancer in NZ, focusing on disparities in cancer outcomes. 

• The prevalence, treatment, and surveillance of melanoma in NZ. 

• The development of technologies for the detection of ctDNA.  

• An overview of this thesis. 
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1.2 Molecular basis of cancer 

A lay definition of cancer (malignant neoplasia) is a complex and multi-faceted disease caused 

by molecular changes leading to the outgrowth and distant spread of abnormal cells. Cancer 

can start in any cell in the body, and local invasion followed by movement of cancer cells from 

the primary tumour site via the circulatory system (haematogenous spread) or lymphatic 

system (lymphatic spread) may lead to the development of one or more new tumours at 

distant sites (metastasis). The mechanism of tumour spread from a primary site is known as 

the invasion-metastasis cascade [1-3].  

A pivotal review in 2000 was published by Hanahan and Weinberg that proposed six unifying 

characteristics of cancer, termed the “hallmarks of cancer” [4]. In 2011, these hallmarks were 

revised, as shown in Figure 1 [5].  

 

Figure 1  Hallmarks of cancer 
Hallmarks of cancer proposed by Hanahan and Weinberg include the six original hallmarks, two 
emerging hallmarks and two enabling factors. Picture adapted from Hanahan and Weinberg [4, 5]. 
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These cancer hallmarks illustrate the distinct and complementary features that allow a 

neoplasia cell to arise, develop, invade and metastasise. Not only do these hallmarks include 

the ability of the cancer cells to sustain proliferative growth, but they also include evasion of 

growth suppression, evasion of the immune system and resistance to cell death. While all of 

these hallmarks are important, two universal enablers of tumour development are the 

acquisition of driver mutations or epi-mutations in the genome that leads to uncontrolled 

neoplastic proliferation and resistance to cell death resulting in the prolonged survival of 

cancer cells. A subset of the genomic changes that contribute to the hallmarks of cancer are 

discussed in detail below.     

 

1.2.1 Genetic alterations during cancer development 

Cancers ultimately develop from pathogenic mutations or epigenetic changes to the DNA 

within an individual cell. In both sporadic tumours that have no predisposing germline 

mutations, and in tumours driven by an inherited predisposing heterozygous germline 

mutation, somatic mutations [6, 7] usually occur to drive neoplastic progression. These 

somatic mutations can occur at any time during a patient's life, including in utero [8]. The 

term ‘somatic mutation’ formally refers to the process by which a ‘somatic DNA variant’ is 

generated. However, in the academic community studying somatic DNA variants in cancer, 

the terms ‘mutation’ and ‘variant’ are frequently used interchangeably.  

 There are two main categories of DNA alterations found in cancer: firstly, single nucleotide 

variant (SNV) or short insertions or deletions (indel), and secondly, large chromosomal 

changes that include rearrangements of the genome leading to structural variants or 

chromosome copy number changes where sometimes entire chromosomes may be amplified 

or lost [9]. Whilst the existence of both variant types is not a recent discovery, it was not until 

the advent of next-generation sequencing (NGS) technology that the level of complexity of 

genomic alterations in human solid tumours became apparent [6]. Two major sequencing 

projects - The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium 

(ICGC), have produced immense amounts of genomic data across many cancer types [10, 11]. 



 

 4 

This data, along with the development of sophisticated bioinformatic tools, has allowed for a 

broader understanding of the genomic landscape of solid tumours [12-14].  

1.2.1.1 Common cancer driver mutations 

Cancer is a disease caused by the accumulation of genetic and epigenetic changes in two 

broad categories of genes: tumour suppressor genes and proto-oncogenes [15]. Somatic 

alterations in either tumour suppressor genes and proto-oncogenes are often classified as 

either “driver” or “passenger” mutations. While driver mutations can confer a selective 

advantage of some kind to the tumour cells, passenger mutations do not. Therefore, driver 

mutations are positively selected during cancer development, whereas passenger mutations 

do not tend to have functional consequences. In theory, there is a therapeutic advantage in 

targeting driver mutations over targeting passenger mutations, and driver mutations 

(detected in either tumour tissue or blood) may in theory, be more useful than passenger 

mutations as tumour biomarkers. However, the science of evaluating whether a mutation is 

likely to be a driver or passenger is still developing. This is complicated by the fact that the 

same mutation may potentially act as either a driver or passenger at different stages of a 

tumour’s development [16].  

In solid tumour sequencing data, overall, around 90% of somatic mutations observed are 

missense mutations in the DNA, leading to a single amino acid change in the protein [6]. 

Around 8% of tumour somatic genetic changes are nonsense mutations that generate a 

premature stop codon within the protein sequence [6]. Approximately 2% of somatic genetic 

mutations result in alterations to splice sites or untranslated regions adjacent to start and 

stop codons [6].  

Several signalling pathways have been implicated in the development of human cancer, with 

some pathway aberrations found more commonly in specific tumour types. One such 

pathway is the mitogen-activated protein kinase (MAPK) signalling pathway, for which 

mutations have been identified in up to one-third of all human cancers (Figure 2)  [17]. The 

dysregulation of the MAPK signalling pathway has been shown to play an essential role in the 

development of several cancer types, including melanoma [18]. Since a significant portion of 

the work conducted in this thesis focuses on melanoma, this pathway will be described below.  
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The classic MAPK pathway consists of four main components, including Ras proteins (a 

superfamily of GTPases), Raf proteins (a family of three serine/threonine-specific protein 

kinases that are related to retroviral oncogenes), MEK (mitogen-activated protein kinase 

kinase), and ERK (extracellular signal-regulated kinases). The sequential protein activation of 

the signalling pathways from the cell surface receptor through to the nucleus ultimately leads 

to complex patterns of activation or repression of gene transcription [17]. MAPK/ERK 

signalling is essential for melanoma development and progression, and over 80% of tumours 

have mutations within this pathway [19]. Activating mutations in the BRAF and NRAS genes 

are the most frequent driver mutations identified in melanoma [20, 21]. Mutations that cause 

a loss of function have also been identified in NF1 and PTEN [22]. The NF1 gene regulates RAS 

protein signalling and loss-of-function mutations in the NF1 gene ultimately activates the RAS 

signalling pathway [23]. Loss-of-function mutations in PTEN are associated with increased AKT 

signalling and gene activation [24].  

 

Figure 2  Schematic showing the RAS/RAF/MEK/ERK pathway  
Activating somatic driver mutations in NRAS and BRAF or loss of function mutations in NF1 and PTEN 
have been identified in the RAS/RAF/MEK/ERK pathway in melanoma. Drugs targeting specific points 
in the pathway are shown. The fact that there is active and ongoing work to develop better targeted 
therapies against ERK, AKT and mTOR in particular is indicated with question marks.   
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The elucidation of the RAS/RAF/MEK/ERK signalling pathway has been critical in developing 

tyrosine kinase inhibitors (TKIs) against several MAPK pathway members. This includes the 

development of targeted treatments for melanoma and lung cancer [25-27]. For melanoma, 

the first FDA-approved TKI, developed in 2011 (vemurafenib), has been highly effective for 

patients with a somatic mutation in the BRAF gene [28, 29]. In 2013, FDA approval was given 

for the first MEK inhibitor (trametinib) that works downstream of BRAF inhibitors (Figure 2) 

[30]. Frequently, these inhibitors have a marked initial response leading to radical reductions 

in tumour bulk [29]. However, resistance to TKI treatment can rapidly evolve, leading to 

relapse [31]. Melanoma patients treated with combinations of BRAF and MEK inhibitors 

demonstrated improved progression-free and overall survival rates compared to when these 

inhibitors are administered singly [26, 32]. For the treatment of lung cancer, multiple 

generations of TKIs have been developed to target the protein product of a mutant EGFR gene 

[33]. However, resistance to each of these different inhibitors remains an issue [34]. Research 

and clinical trials investigating a combination of MAPK and PI3K signalling pathway inhibitors 

either alone or in combination with immune checkpoint inhibitors (ICIs) are currently 

underway in the hope to increase the effectiveness of treatments for melanoma [21, 35]. 

 

1.2.1.2 Mutational landscape of melanoma 

Melanoma has one of the highest somatic mutation rates of any cancer type [36]. While some 

familial loci are associated with an inherited predisposition to melanoma and other cutaneous 

neoplasias [37], environmental factors such as UV exposure have long been identified as a 

significant risk factor for developing melanoma [38]. Sanger sequencing analysis of melanoma 

tumour DNA samples in 2002 led to the identification of recurrent mutations in the BRAF 

gene, a  key driver of tumour development [18]. With the advent of large scale NGS 

approaches, melanoma has been further categorised into four subtypes: (i) BRAF mutant, (ii) 

NRAS mutant, (iii) NF1 mutant, and (iv) triple wild-type [13, 22]. Mutations in the BRAF and 

NRAS genes lead to the activation of the MAPK pathway [39]. Frequently mutations in the 

NF1 mutant subtype are inactivating, leading to dysregulation of RAS activity in the MAPK 

pathway [40] (Figure 2). While specific genomic alterations have defined these four subtypes 

of melanoma, unfortunately, little correlation between this molecular classification and 
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patient outcome was identified [13]. However, a high mutational burden in a subset of 

melanomas leading to a high number of potential neo-antigens has a more clinically relevant 

association. For example,  in a recent publication, genomic information was used to identify 

a 161 gene mutational signature to classify melanoma patients into high or low tumour 

burden. For the samples found to have a high tumour burden, a positive association was 

identified with patient outcome following immunotherapy treatment [41]. 

 

1.2.1.3 Cancer driver mutations in non-coding regions of genes 

In addition to mutations in the coding regions of genes, driver mutations have also been 

identified in non-coding and promoter regions [42]. There is a rapidly emerging link between 

the development of somatic mutations in non-coding regions of the genome, and the 

interplay between these mutations and chromatin folding within the three-dimensional 

genome organisation [43]. While the specific links between mutation, three-dimensional 

genome organisation and clinical tumour progression are still being determined, there are 

several clinically relevant examples of single non-coding mutations. For instance, in 1988, 

researchers identified an intronic SNV in the MYC proto-oncogene that led to increased c-

MYC protein expression in patients with Burkitt lymphoma [44]. Another example was the 

identification of recurrent mutations in the TERT promoter region. These TERT promoter 

mutations can lead to the formation of an 11bp novel binding site for E-twenty-six (ETS) 

transcription factors. This novel transcription site can lead to increased TERT expression 

resulting in telomere elongation and cellular immortalisation [45]. TERT gene promoter 

mutations have been identified in many cancer types, but they are especially prevalent in 

melanoma, where NGS of tumour DNA has identified two mutations (C228T and C250T) 

present in over 70% of tumours [45, 46].  
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1.2.1.4 Cancer driven by structural and copy number changes to genes and chromosomes 

Following large scale DNA sequencing efforts, the landscape and complexity of structural and 

somatic copy number alterations in tumours have become more apparent [47, 48]. These 

alterations play critical roles in activating proto-oncogenes and inactivating tumour 

suppressors through different mechanisms such as novel rearrangements, or loss of 

heterozygosity (LOH), revealing latent germline variants [49]. Aneuploidy, the presence of an 

abnormal number of chromosomes, is highly prevalent in some cancer types, including up to 

60% of non-small-cell lung cancers (NSCLCs), 60–80% of breast tumours, and 70% of colorectal 

(CRC) tumours [50]. Aneuploidy has also been identified as a major driver of oncogenesis in 

pancreatic neuroendocrine tumours (pNETs). These tumours have clinically-associated 

recurrent patterns of LOH [51], which frequently involve a region on chromosome 11 that 

contains the tumour suppressor gene MEN1 [52]. For some patients, a mutation is present in 

the remaining allele of MEN1, thereby creating a “double-hit” so that no wild-type MEN1 

remains [53]. 

Frequently DNA copy number changes are associated with poor outcomes in cancer [51, 54]. 

One ongoing challenge is distinguishing between potentially druggable cancer drivers formed 

by these DNA copy number alterations and the accumulation of non-driver alterations that 

can occur during tumorigenesis [47, 55]. Research is being conducted into drugs that aim to 

reduce the fitness of aneuploid cells. These drugs ultimately lead to increased aberrant 

chromosomal segregation and produce a cell with an unviable karyotype leading to cell death 

[50]. However, it remains uncertain whether large-scale genomic changes can be 

therapeutically targeted effectively [56, 57].  

 

1.2.1.5 Loss of DNA repair mechanisms 

The loss of DNA repair mechanisms is a key hallmark for cancer formation (Figure 1). The 

inability of a cell to repair DNA damage that occurs during cell division can lead to oncogenic 

transformation [58]. This transformation allows the rapid evolution of cancer cells through 

the acquisition of mutations, and these mutations can allow the cells to overcome various 

selective pressures such as immune attack and cancer therapies [59]. DNA damage can occur 
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as either single-stranded breaks (SSB) or double-stranded breaks (DSB) [60]. SSB repair 

mechanisms are used by cells, including mismatch repair, nucleotide excision repair, and base 

excision repair. For example, mismatch repair involves the proteins MLH1, PMS2, MSH2 and 

MSH6. Defects in the genes encoding these proteins can lead to high numbers of SNVs and 

microsatellite instability. Patients who inherit predisposing heterozygous mutations in these 

genes develop cancers that are seen in Lynch syndrome [61-63]. DSB are primarily repaired 

by either homologous recombination repair (HR) or non-homologous end-joining (NHEJ). 

Molecular complexes involving proteins such as BRCA1, BRCA2 and PALB2 are employed as 

part of the HR repair mechanism. The genes that encode these proteins are frequently 

mutated in human cancers, and when mutated, the cell can be forced to use either NHEJ or 

SSB mechanisms for DNA repair. This can occur by either two independent somatic mutations 

affecting the two alleles, or by inheritance of a predisposing pathogenic heterozygous 

mutation followed by a single somatic SNV, Indel, deletion and promotor methylation change, 

to disable the remaining normal allele in the cancer cells. The lower fidelity of the remaining 

NHEJ pathway can lead to chromosomal rearrangements and reduce the viability of a cell [64], 

so often, BRCA1/2 deficient cancer cells employ the SSB mechanism for the repair of DNA. 

One of the key mechanisms for SSB repair of DSBs is through a poly (ADP-ribose) polymerase 

(PARP)-related SSB repair pathway [58, 65]. The development of PARP inhibitors has proved 

to be an effective treatment of patients with cancers that have defective HR-mediated repair 

genes (especially when due to a mutation in genes encoding BRCA1, BRCA2 or PALB2) [66-

68]. While PARP inhibition has been most widely used to treat germline BRCA1/2 defective 

breast and ovarian cancers [66], some evidence suggests that the treatment may also be 

effective for patients with somatic BRCA mutations [69], and PARP inhibitors have been used 

in patients with a range of HR-deficient cancer types [70, 71].  

 

1.2.1.6 Role of the immune system in cancer formation 

The interaction between the immune system and neoplastic progression has intrigued 

scientists for decades [72]. The role of anti-tumour immune responses and related tumour 

inflammation is complex since both have been shown to either inhibit and enhance tumour 

growth in different situations [73]. Evading these complex interactions has been recognised 
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as a hallmark of cancer (Figure 1) [5]. Cancer cells can avoid destruction by the immune 

system in several ways. These include the reduced expression of molecules required for 

antigen presentation, neoantigen editing through additional mutation, the release of 

cytokines that inhibit T cell function or activate suppressor cells, regulation of tryptophan 

availability, activation of mechanisms that prevent tumour cell death following immune 

attack, and by hijacking the normal mechanisms of immune checkpoint control [74]. 

Checkpoint controls provide a mechanism in normal cells that allows the immune system to 

maintain self-tolerance, avoiding widespread cell damage during an immune response. Since 

many cancer cells evade these immune checkpoint control pathways, these pathways have 

been successfully therapeutically targeted [74].   

The concept of utilising the immune system to treat cancer first emerged in the nineteenth 

century [75], with two specific checkpoint control molecules CTLA-4 and PD1 identified in the 

1990s [76, 77]. These checkpoints negatively regulate T-cell immune function, and the 

inhibition of these targets can result in the increased activation of anti-tumour immune 

activity (Figure 3) [78].  In 1996, a monoclonal antibody directed against CTLA-4 effectively 

cured cancer in a mouse model [76]. The second key checkpoint control molecule, PD1, was 

identified in 1992 [79]. However, it took a further eight years until its ligand, PDL1, was 

identified [80]. The discovery of these T cell immune checkpoints (CTLA-4 and PD-1) and the 

critical role they play in maintaining a fine balance between immune surveillance against 

foreign pathogens or neoplastic cells, and autoimmunity, has led to the development of a 

whole new class of cancer treatments: ICIs (Figure 3) [81]. 

Following extensive further research and clinical trials, an anti-CTLA-4 monoclonal antibody 

(ipilimumab) was approved for the treatment of metastatic melanoma by the US Food and 

Drug Administration (FDA) [82]. Since this time, several monoclonal antibody therapies 

targeting the PD1/PDL1 pathway have received FDA approval for cancer treatment [81, 83].  
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Figure 3  Schematic showing mechanisms of action of immune checkpoint inhibition  
Monoclonal antibodies that bind CTLA-4, PD-1 or PD-L1, can be involved in two phases of immune 
attack. In the priming phase, the binding of an anti-CTLA-4 antibody can lead to the activation of naïve 
T cells in response to neoantigens on the surface of antigen-presenting cells (APC). In the effector 
phase, monoclonal antibodies targeting PD-1 or PD-L1 can disrupt the interaction between the cancer 
cell and the T cell, which may lead to immune activation. 

 

ICIs are now in clinical trials or have FDA approval for their use to treat patients with 

numerous cancer types [84]. However, irrespective of the tumour types, only a proportion of 

patients demonstrate an enduring response to ICIs [85]. Further research is required to fully 

elucidate why some tumours respond to immunotherapies while other tumours do not [86].  

 

1.2.1.7 The effect of tumour heterogeneity and acquired resistance in cancer 

A common feature of cancer is continuous or punctuated evolution, which can lead to an 

increasingly heterogeneous population of cells within a single tumour or within multiple 

metastatic tumours of a single patient [87]. Cells within a single tumour can develop distinct 

molecular signatures, and they may have different levels of sensitivity to individual therapies. 

In the early 1930s, scientists first described tumour heterogeneity when some cells from a 

human tumour could give rise to tumours when implanted in mice, while others could not 

[88]. Further insightful research conducted in the 1970s identified that cells within a tumour 

population were genetically unstable [89]. This observation led to the hypothesis that the 

instability of the genome could lead to cells with genetically unique profiles in a single 

advanced tumour [89]. 
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Many genomic studies on surgically-resected tumours, tumours sampled at autopsy or 

haematological malignancies where blood can be easily sampled sequentially over time have 

demonstrated that intra- and inter-tumoural heterogeneity can exist within the same patient 

[90-92]. It follows that in some patients undergoing therapy (i.e. TKIs or immunotherapies), 

genomic instability can contribute to tumour heterogeneity, which may allow the evolution 

of drug-resistant clones, predisposing a patient to a poorer prognosis [93-98].  

 

1.2.1.8 Cancer driver mutations in the TP53 gene 

The most frequently altered gene in human cancer is TP53 [99]. TP53 encodes a family of p53 

protein isoforms, of which the most abundant isoform functions as a tumour suppressor 

[100]. The majority of the genomic alterations in TP53 are missense mutations that change a 

single nucleotide that encodes an amino acid [101]. Many of these mutations are found in the 

DNA-binding domain and frequently accompanied by loss of the remaining wild-type (WT) 

allele [102]. There appears to be a selective advantage to these cancer cells of retaining only 

a mutant TP53 allele. While these cancer cells lose the tumour suppressive function of TP53, 

the stabilised mutant p53 protein isoforms may simultaneously gain novel oncogenic 

functions, including immune modulation [103]. There is a significant body of research 

investigating the role of TP53 in human cancer, including the functions of the TP53 isoforms 

[99, 104]. However, the functional interaction between mutations in TP53 and altered 

expression of the TP53 isoforms in cancer is still being elucidated [100, 105].  

In addition to TP53 mutations identified in human cancers, somatic changes in TP53 have also 

been identified in the plasma cell-free DNA (cfDNA) of normal healthy volunteers, likely as a 

consequence of the normal expansion of the haematopoietic system [106]. Recent 

publications have suggested that these variants detected in the cfDNA from healthy 

individuals may identify people at higher risk of developing haematological neoplasms and 

other diseases such as atherosclerosis (further discussed in section 1.7.4) [107, 108].  
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1.3 Modern pathology and the role of biomarkers in the cancer management 

decision process 

Traditionally, the pathologist's role is to confirm a diagnosis based upon microscopic and 

molecular markers and contribute to disease staging by identifying markers of prognosis 

[109]. Incorporating biomarker information into the decision-making process for patient 

clinical cancer care has occurred for decades [110]. With the evolution of modern molecular 

testing, pathologists can now combine morphological, clinical and molecular information 

from tumour DNA to make a diagnosis [109]. This information may assist in the stratification 

of cancer treatment [111]. Traditionally, blood biomarkers have been used for diagnosis and 

prognosis for cancer patients with different cancer types (examples shown in Table 1). 

However, recent technological developments have led to improved genomic analysis 

sensitivity and have facilitated a new era of blood-based genomic “liquid biopsies”.  

The term "liquid biopsy" dates back to 2004, where Mehmet Toner of Harvard University was 

discussing the implications of being able to capture circulating tumour cells (CTC) in the 

peripheral blood [112, 113]. The term “liquid biopsy” has since gained popularity, and while 

it includes ctDNA analysis, the term also encompasses the detection of other biomarkers, 

including RNA, proteins or CTCs. These biomarkers have also been identified in many different 

analytes, including plasma, serum, urine, and cerebrospinal fluid [114-116]. Biomarkers 

currently used in clinical care and new liquid biopsy biomarkers with emerging utilities will be 

discussed below. 

 

1.3.1 Cancer biomarkers indicated for clinical use 

The first recognised biomarker for cancer was identified in 1965. At the time, an antigen was 

identified in the blood of colon cancer patients. This protein was subsequently identified in 

human foetal tissue and named carcinoembryonic antigen (CEA) [117]. CEA is now the most 

extensively studied cancer blood biomarker and is still used in cancer management [118]. 

Although CEA is associated with poor prognosis, the molecule's biological role is still not fully 

understood [119]. Since this initial discovery, many blood protein biomarkers have been 

identified and approved for clinical use in specific cancer subtypes, including monitoring 
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patient treatment response and identifying disease progression [120]. A selection of blood 

biomarkers is shown in Table 1. 

Table 1  Examples of protein blood biomarkers and their use in cancer care 
Listed are some of the most common blood biomarkers used routinely in the clinic and the different 
stages in which they are used in patient care, including diagnosis, staging, prognosis and disease 
recurrence. LDH=lactate dehydrogenase, CRP=C-Reactive protein, PSA=prostate specific antigen, 

CA=cancer antigen. 

Blood Biomarker Cancer Type Clinical Application Reference 

CA15-3            Breast Recurrence, treatment 
response 

[121] 

CA-125 Ovarian (endometrial, fallopian, 
lung, oesophageal, colon, liver, 
pancreatic, breast and stomach)  

Diagnosis, response to 
therapy 

[122, 123] 

CEA CRC, breast Staging/ monitoring [121, 124, 
125] 

LDH Melanoma Prognosis [126, 127] 

PSA Prostate  Diagnosis [128] 

Alpha-
fetoprotein  

Liver  Diagnosis/staging [129] 

CA19-9 Pancreatic, gall bladder, bile duct 
and gastric 

Treatment response [130] 

Chromogranin A Neuroendocrine Recurrence, treatment 
response 

[131] 

 

However, as with other biomarker types, the utility of protein biomarkers has been limited 

because these proteins can be elevated in patients who are cancer-free or have unrelated 

conditions [132]. Furthermore, despite significant research, there has been limited success in 

developing new protein biomarkers for clinical use [133, 134]. This is particularly well 

demonstrated for ovarian cancer, where it has been argued that no biomarker has been 

proven to be better than CA-125, which was discovered over 30 years ago [135]. 

A biomarker platform for the detection and enumeration of CTCs was first published in 2010 

[136]. This research culminated in the FDA-approved CELLSEARCH Circulating Tumor Cell Kit 

for the prognostication of patients with metastatic breast, CRC, or prostate cancer. However, 
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several factors such as the short half-life of CTCs (1-2.4 hours), specialised equipment 

requirements, and variation in the CTC count observed in different cancer types have so far 

limited the clinical uptake of this technology [137-140].  

With the advent of immunotherapy, there has been immense interest in searching for reliable 

biomarkers to enable patient selection and as an indicator of ICI treatment response. Initially, 

the most widely used biomarker for patient selection for ICI treatment was the measurement 

of PD-L1 expression by immunohistochemistry (IHC) of tumour cells or tumour-infiltrating 

immune cells [141]. However, the detectable expression of PD-L1 has not been particularly 

effective at predicting patients that will derive clinical benefit from ICI treatment [142]. A 

second biomarker used to predict patient response to ICIs is tumour mutational burden (TMB) 

[143]. TMB is defined as the total number of mutations in a tumour genome that have the 

potential to give rise to a novel peptide fragment identifiable by the immune system 

(neoantigen) [144]. The TMB score of a patient’s tumour is determined by analysing NGS data 

from tumour gDNA [145], and a high TMB score predicts response to ICI treatment [146]. 

However, while clinical studies have suggested that TMB alone is not a reliable predictor of 

response in patients starting ICI treatment, in some cancer types such as melanoma, TMB has 

been positively correlated with prognosis [147, 148].  

 

1.3.2 ctDNA as a biomarker for cancer management  

ctDNA is nuclease-cleaved DNA fragments that are released from necrosing and apoptosing 

tumour cells. The exact mechanism of ctDNA shedding by tumour cells into the bloodstream 

has not been fully elucidated [149-151]. These ctDNA fragments have been identified in many 

different body fluids, including urine [152, 153], cerebrospinal fluid [154], exocrine pancreatic 

secretions [155], breath condensate [156] and blood [157]. Within the blood, both serum and 

plasma components contain ctDNA; however, plasma has been demonstrated to be the more 

robust analyte [157].  

While increased levels of cfDNA in the blood plasma of cancer patients was first described in 

1948 [158], the full potential of using ctDNA as a surrogate marker for the presence of a 

tumour is only now being fully realised [159, 160]. Some of the limitations of ctDNA analysis 
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include the quantity and quality of ctDNA present in the blood plasma against a background 

of wild-type (WT) circulating cfDNA released from normal cell turnover. Additionally, small 

localised tumours, tumours with altered blood lymphatic flow, or a tumour where the blood 

in efferent vessels undergoes first-pass metabolism all present significant challenges for 

ctDNA analysis [160, 161]. Other factors such as tumour size (lower amounts of ctDNA are 

released into the circulation from small tumours), and tumour location (such as behind the 

blood-brain barrier), can prove to be more technically challenging for ctDNA analysis [162-

164]. Until recently, a small number of single-gene ctDNA tests were approved for clinical use, 

including the FDA-approved single gene Roche cobas tests [165]. However, in August 2020, 

two tumour-agnostic multi-gene NGS platforms for the analysis of ctDNA received FDA 

approval for clinical use (Guardant 360 and FoundationOne Liquid) [166]. Furthermore, an 

increasing number of clinically validated platforms that analyse ctDNA, including the 

diagnostic Galleri test developed by GRAIL, are likely to become more widely used [167, 168].  

There is now a growing body of evidence from research studies and clinical trials supporting 

the use of ctDNA analysis for patients with many cancer types [169-173]. Some examples of 

the utility of ctDNA analysis include the identification of actionable mutations for patients 

with lung and colorectal cancer [172, 173], the detection of acquired resistance and tumour 

evolution in breast, ovarian and lung cancers and melanoma [169-171], and the detection of 

minimal residual disease and early relapse of colorectal cancer and breast cancer [174, 175]. 

Table 2 lists examples of clinical trials exploring the utility of incorporating information from 

ctDNA analysis into patient management. These clinical trials are either observational trials, 

where ctDNA results are matched with clinical outcome but do not influence treatment or 

interventional trials, where patient treatment selection is guided by ctDNA analysis [176, 

177]. A summary of NGS platforms that are currently available either with FDA approval or 

are run with CLIA-accreditation for ctDNA analysis are shown in Table 3. 
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Table 2  Summary of clinical trials investigating the utility of ctDNA analysis for patient treatment   
CRC=colorectal cancer, NSCLC=non-small cell lung cancer, GIST=gastrointestinal stromal tumour, 
PC=prostate cancer. ddPCR=droplet digital PCR, DCE MRI=dynamic contrast-enhanced magnetic 
resonance imaging. *Analysis conducted on targeted mutations. 

Trial name Trial No. Genomic 

Analysis 

Platform 

Mutations 

investigated 

Cancer 

Type 

Trial type 

APPLE Trial NCT02296125 Cobas  EGFR T790M NSCLC  Interventional 

B-F1RST  NCT02848651 Foundation 

One Liquid   

Pancancer NGS NSCLC Interventional 

BFAST NCT03178552 Foundation 

One Liquid  

Pancancer NGS NSCLC  Interventional  

cKIT/PDGFRA  NCT01462994 ddPCR KIT/PDGFRA* GIST  Interventional 

CORRECT  NCT01103323  BEAMing KRAS/PIK3CA/BRAF* CRC Interventional 

CRICKET  NCT02296203 ddPCR, 

AmpliSeq  

KRAS/NRAS/BRAF* 

Targeted NGS 

CRC  Interventional 

DYNAMIC II/III ACTRN1261500 

0381583 

Safe-SeqS Targeted NGS CRC Secondary 

outcome 

PADA-1 NCT03079011 ddPCR ESR1* Breast  Interventional 

PALOMA-3 NCT01942135 ddPCR RB/PIK3CA/ESR1* Breast  Secondary 

outcome 

PEGASUS NCT04259944 Guardant 

360 CDx 

Pancancer NGS CRC  Interventional 

PLACOL  NCT01212510 ddPCR KRAS/BRAF/TP53*  CRC Interventional 

PROSPECT-C NCT02994888 ddPCR, 

AVENIO 

EGFR* 

Targeted NGS 

CRC Monitoring 

PROSPECT-R NCT03010722 ddPCR + 

DCE MRI 

KRAS* CRC  Observational 

SUMMIT NCT03934866 Galleri  Pancancer NGS Breast, 

NSCLC, PC 

Observation 

UCSD_PREDICT NCT02478931 Guardant 

360 CDx 

Pancancer NGS Multiple 

cancers  

Observational 
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Table 3 Examples of FDA approved or CLIA-validated ctDNA NGS or single gene assays in use for 
analysis of blood plasma samples from patients. 

Technology Approval Genomic analysis 

Foundation One 

Liquid CDx 

FDA approval Pancancer (treatment selection) 

Guardant 360 CDx FDA approval Pancancer (treatment selection) 

Galleri LDT with CLIA waiver Pancancer (screening and early 

detection) 

CancerSEEEK FDA breakthrough device status Pancancer (screening and early 

detection) 

Signatera FDA breakthrough device status Postsurgical disease recurrence 

 

Stratafide FDA breakthrough device status Targeted therapy selection 

InVisionFirst CLIA-validated Pancancer (advanced cancer 

profiling and treatment selection) 

PlasmaSELECT 64 CLIA-validated Pancancer (diagnosis). Cites for 

research use only 

MSK-ACCESS NY State Dept Health Approval, 

CLIA-validated 

Pancancer (treatment selection) 

Qiagen therascreen FDA approval Targeted analysis (e.g. KRAS, EGFR) 

cobas EGFR Mutation 

Test v2 

FDA approval Targeted analysis of EGFR mutations 

1.3.2.1 Biomarkers with an emerging role in cancer 

Several other molecules have been identified as potential biomarkers for cancer. These 

include RNAs, exosomes and tumour-educated platelets (TEPs). Each of these will be 

discussed separately.  

Differences in the profiles and measurable amounts of micro RNAs (miRNAs) and long non-

coding RNAs (lncRNAs) have been demonstrated between patients with cancer and healthy 

individuals [178-181]. These miRNA and lncRNA biomarkers have been quantitated from 
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many bodily fluids, including serum, plasma,  urine, and breast milk [182]. Reports in the 

literature have demonstrated a role for these different markers in diagnosis [183], prognosis 

[116], and as an indicator of disease progression [180]. However, to date, no RNA biomarkers 

have been approved for use in the clinic for oncology applications [181], but have been widely 

adopted for other clinical applications such as the detection of COVID-19 [184]. 

Standardisation of pre-analytical and analytical variables may be required to further develop 

these biomarkers for clinical use [185].  

A second emerging biomarker is exosomes and the cargo they carry. These are small 

extracellular vesicles implicated in cell-to-cell communication, including communication 

between tumour and non-tumour cells [186]. Exosomes have been identified in many 

different bodily fluids [187], and the molecular cargo they carry is very diverse [188, 189]. 

Differences in proteomic profiling of CRC and bladder cancer exosomes have suggested that 

these profiles could be used as a diagnostic biomarker [190, 191]. In prostate cancer, 

exosomes have also been implicated in modulating the microenvironment and promoting 

tumour growth and metastasis [192]. It is widely acknowledged that the cargo these 

exosomes carry could contain valuable information for diagnosing or monitoring patients' 

cancer [193]. However, many technical variables will need addressing before an exosome-

based biomarker could be translated into the clinic [194].   

A third emerging biomarker is TEP RNA profiles. Platelets play a role in the systemic and local 

response to tumour growth. TEPs have been shown to exhibit RNA profile differences 

following an interaction with a tumour cell, distinct from RNA profiles observed in healthy 

individuals [195, 196]. TEPs have not yet been developed as a formal biomarker test, but it is 

an active area of cancer biomarker research [197]. 
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1.4 The role of NGS assays in the precision oncology decision-making process  

With an increasing number of drugs targeting specific molecular pathways for cancer 

treatment, the development of companion diagnostics alongside drug development has 

become normal [198]. For instance, in CRC, one standard of care treatment is anti-EGFR 

therapy. Since mutations in KRAS and NRAS convey intrinsic resistance to these treatments, 

detecting these mutations in a patient’s tumour gDNA or cfDNA has become an important 

companion diagnostic [199]. For melanoma patients, TKIs such as trametinib and vemurafenib 

are commonly used. The detection of a BRAF mutation at codon 600 in a patient’s tumour 

gDNA or cfDNA is a valuable companion diagnostic for treatment selection and predicts 

treatment response [29, 200].  

With the advent of widely accessible and affordable NGS for tumour analysis, the field of 

molecular diagnostics has evolved rapidly beyond the single gene assays for KRAS and BRAF 

discussed above [201]. As an example, historically, cancers have been classified and treated 

based upon the organ of origin, but when the primary tumour site is unknown, pathological 

classification can prove difficult [202, 203]. An NGS approach was used by Totill et al. to 

sequence metastatic tumours from patients with cancer of unknown primary. Based on the 

molecular alterations identified in the NGS data from the patient's unidentified metastatic 

tumour DNA, the researchers identified new therapeutic options for 75% of these patients 

[202].  

In 2017, a significant step was taken towards incorporating NGS analysis of tumour gDNA into 

the clinical decision-making process. The Memorial Sloan Kettering Cancer Centre developed 

an NGS assay to identify actionable genomic aberrations in solid tumours. The assay, called 

MSK-IMPACT, was the first FDA approved NGS assay for tumour profiling [204]. The results 

generated from the NGS data of the first 10,000 patients tumour DNA with the MSK-IMPACT 

assay identified at least one actionable mutation in 37% of patients [205]. The FoundationOne 

CDx assay (Roche) NGS platform was also approved for clinical use by the FDA in 2017 [206]. 

Since this time, over seven solid tumour profiling NGS panels have been approved for use in 

the clinic by the FDA (as of March 2021), with many more NGS panels developed and 

performed with local clinical accreditation  [207, 208].  
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Since NGS assays can simultaneously analyse many different genes, the standard 

accreditation procedures previously used for single biomarker assay validation are no longer 

applicable. New consensus recommendations have been published to support the 

development and clinical implementation of NGS assays to analyse tumour gDNA [209, 210] 

– these developments will be described in more detail below. In NZ, the minimum best 

practice requirements for medical pathology laboratories undertaking the performance and 

implementation of human genetic testing utilising massively parallel sequencing are outlined 

in the NPAAC Requirements for human medical genome testing utilising massively parallel 

sequencing technologies (First Edition 2017) [211]. To date, analysis of single-gene alterations 

is still the predominant type of companion diagnostic for treatment selection. However, the 

use of NGS to identify somatic mutations in tumour gDNA in NZ is progressively gaining 

traction [212]. However, primarily due to funding constraints, the utilisation of clinical NGS of 

tumour DNA in NZ remains limited at this time [213].  

 

1.4.1 The clinical implementation of NGS for genomic analysis of solid tumours 

A key issue raised with modern genomic testing, such as NGS, is how to evaluate the accuracy 

of a new test when there is no recognised clinical reference assay to compare to. Best practice 

clinical diagnostic test development generally addresses four questions: (i) was there an 

independent, blind comparison with a gold standard test where one exists? (ii) was the test 

conducted on the appropriate samples for which the test was intended? (iii) were there 

reference standards applied to confirm the validity of a negative result? (iv) was the test 

validated in a second independent group of patients? [214]. Before clinical implementation, 

most new diagnostic tests need to show evidence of technical validity, reliability, 

standardisation, diagnostic yield and clinical utility [215]. 

Internationally, with the widespread clinical use of NGS assays to analyse tumour gDNA, 

several clinical groups have made recommendations to ensure these assays can be reliably, 

consistently and safely incorporated into clinical care [210, 216-219]. A series of consensus 

guidelines published by the Association of Molecular Pathology (AMP) and College of 

American Pathologists (CAP) [210] proposed that clinical validation of NGS assays should be 



 

 22 

broken into two phases: the “Optimisation and Familiarisation phase” (O&F), followed by 

“Clinical Validation phase” (Figure 4). The O&F phase for an NGS test addresses specific issues 

of sequencing library complexity, the required sequencing depth, and the minimum number 

of samples to establish test performance using well-characterised reference materials. The 

Clinical Validation phase ensures that the assay has both clinical validity and clinical utility 

[210]. 

The importance of including reference samples into the O&F phase, the Clinical Validation 

phase, and the ongoing quality control of assays in the clinic has long been identified [220]. 

For this purpose, several different reference standards have been used. These include 

synthetic DNA samples such as gBlocks (gene fragments designed to contain single mutations) 

and commercial reference samples (e.g. Horizon, SeraCare, AcroMetrix), containing a range 

of different mutations derived from synthetic, tumour or cell line DNA origin. These 

commercial reference samples allow a greater number of mutations to be investigated 

concurrently [214].  

The O&F phase is conducted to determine whether the test meets design expectations [204, 

221], and any logistical issues or performance factors of the NGS assay can be identified. 

Several aspects of assay performance can be evaluated with reference material, including 

determining the positive percentage agreement (PPA) and the positive predictive value (PPV). 

The PPA is the proportion of known variants detected by a test system, and the PPV is the 

proportion of detected variants that are true positives [210]. PPA and PPV are calculated 

separately for each variant on a panel using the same bioinformatics platforms that will be 

used for clinical mutation calling  [218, 222]. Reference material can also be used to determine 

the reproducibility, reportable range, and limit of detection (LOD).  

The implementation of quality control programs alongside NGS assay development is a critical 

part of the O&F phase. Quality Assurance (QA) represents ensuring laboratory procedures 

and performances are optimal. Quality Control (QC) is defined as the laboratory procedures 

that monitor the analytical performance of the instruments and the detection of any 

analytical error. Due to the immense complexity of NGS-based assays, a wide range of QC and 

QA measures are required [223]. As the complexity and comprehensiveness of NGS tests 

increase, QA and QC become increasingly challenging. In a joint consensus publication, 
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members of AMP and CAP developed 11 Core Quality Metrics recommended for validation 

and ongoing QA/QC of NGS assays [210]. These are loosely classified into three different 

aspects of the process: (i) sample preparation, (ii) sequencing, and (iii) bioinformatics. In 

addition to this, each different potential specimen type (fresh frozen or formalin-fixed 

paraffin-embedded tumour tissue) should be validated during assay development. Ongoing 

QA/QC measures must be established for each NGS assay, and these quality control measures 

applied to every run.  

When the O&F phase is completed, the Clinical Validation phase can be undertaken. This 

validation builds on the work conducted during the O&F phase and includes confirmation of 

NGS assay accuracy. Consensus guidelines (AMP and CAP) recommend that a minimum of 59 

patient samples or reference controls are used for validation of each mutation type (e.g. SNV, 

indels and CNVs). The reportable range of an NGS assay is defined as the assay results that 

have been validated with reference materials and meet the minimum quality requirements. 

The LOD is defined as the lowest allele fraction at which 95% of samples would reliably be 

detected. No template controls (NTC) can be used to identify any possible interfering 

substances. Finally, reproducibility and precision can be examined by processing a minimum 

of three samples through all steps of the NGS testing platform, including a minimum of three 

samples tested by different personnel, using multiple reagent lots and run on different 

analysis instruments [209, 210, 217, 218]. Components of the O&F and Clinical Validation 

phases are shown diagrammatically in Figure 4. 
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Figure 4  Flow chart showing an example optimisation of solid tumour NGS in preparation for clinical 
accreditation 
Two key aspects have been identified for the possible clinical implementation of ctDNA NGS. The first 
is assay optimisation and familiarisation (O&F), which investigates the chosen NGS platform with 
reference samples or defined cell line DNA. Several aspects determined during the optimisation phase 
can be applied to the accreditation of an assay, such as analytical specificity, the reportable range, 
positive percentage agreement (PPA) and positive percentage value (PPV). Once these factors are 
defined, clinical validation can begin. NGS accuracy can be determined with reference or cell line DNA 
samples combined with characterised samples carrying platform relevant mutations. Interfering 
substances should be identified (e.g. heavy metal fixation, melanin, haemoglobin, or contaminants 
from nucleic acid purification). Three replicates of reference samples usually need to be run through 
the entire process with two operators to ensure technical reproducibility. UMTs = unique molecular 
tags, LOD = limit of detection. NTC = no template control. 
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1.5 Cancer in New Zealand 

Cancer is a complex and multifaceted disease with prevalence rising worldwide [224]. Breast, 

prostate, lung, colorectal and cervical cancer had the five highest incidences in 2020 [225]. 

Globally, the two countries with the highest age-standardised cancer incidence rate per 

100,000 are Australia, followed closely by NZ (Figure 5) [225]. In 2020 in NZ, there were 35,934 

new cancer diagnoses and 10,508 cancer deaths [225]. The five cancers with the highest 

incidence in NZ were prostate (11%), breast (10.2%), CRC (9.5%), melanoma (7.8%) and lung 

(6.7%) in 2020 [225]. Although lung cancer had only the fifth-highest incidence, it had the 

highest mortality rate, accounting for 18.3% of all cancer deaths in NZ in 2020. The associated 

mortality rates for the other five high incidence cancers in NZ were: prostate (7.2%), breast 

(6.3%), CRC (9.3%) and melanoma (4.5%) [226]. 

 

Figure 5  GLOBOCAN 2020 cancer incidence and mortality rates 
Bar chart showing the age-standardised rate of cancer incidence and mortality for 2020 was higher in 
Australia and NZ than anywhere else in the world (as indicated by the box). The incidence of cancer in 
Australia was 452.4 per 100,00 and in NZ 422.9 per 100,00. The mortality rate from cancer in NZ was 
99 per 100,000 compared to 83.3 per 100,000 in Australia [225]. 

 

Worldwide, the incidence of melanoma was 1.9%, and the mortality rate was 0.62% in 2020 

[225]. The incidence of melanoma in NZ was the 2nd highest in the world at 7.8%, just behind 

Australia [225]. In 2020, the mortality rate for melanoma in NZ was the highest in the world 

at 4.7 per 100,000 (Figure 6) [225]. In 2018, it was proposed that the increasing incidence of 
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melanoma and other skin cancers in NZ and Australia may be due to improved screening [227, 

228], and this trend has continued in 2020 [225].  

 

Figure 6  GLOBOCAN 2020 melanoma incidence and mortality rates  
Bar chart showing the age-standardised incidence and mortality rate of melanoma worldwide in 2020. 
The incidence of melanoma was highest in Australia, followed by NZ.  However, the mortality rate for 
patients with melanoma was higher in NZ at 4.7 per 100,000 compared to 2.4 per 100,000 in Australia 
[225]. 

 

1.5.1 Disparities in cancer outcomes in New Zealand 

While the GLOBOCAN cancer incidence and mortality data place NZ among the poorest 

performing nations for cancer control, the reality for Māori patients is even worse. In NZ, 

significant survival disparities exist between Māori and non-Māori in following a cancer 

diagnosis [229-235]. Similar inequities in cancer outcomes have also been identified for 

Indigenous peoples worldwide [236-241]. There is also evidence of inequities in cancer care 

access between rural and non-rural communities [242, 243]. While melanoma is generally a 

cancer type that predominately affects fair-skinned people, and Māori and Pacific patients do 

suffer from some melanoma and are five times less likely to be diagnosed with melanoma. 

Frequently they present with more advanced grade tumours and have a poorer prognosis 

[244-246]. Factors that may contribute to poorer cancer outcomes include the long-term 

effects of colonisation, potentially a degree of institutional racism in cancer care, and higher 

levels of co-morbidities observed in Māori patients [247]. Specific factors have been 

suggested that perpetuate inequity between Māori and non-Māori New Zealanders, including 
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differences in access to cancer screening programmes [248, 249]. In addition, there is 

evidence that Māori have less opportunity to access adjuvant chemotherapy treatment for 

CRC and radiotherapy treatment for breast cancer [250, 251]. Gurney et al. have proposed a 

multi-faceted approach to cancer control for Māori, including equity-focussed planning and 

prioritisation, partnership and health system power-sharing with Māori, and more investment 

in cancer care leadership, governance and monitoring [252].   

The issue of disparate cancer outcomes has recently been discussed at length in an entire 

edition of the Journal of Cancer Policy. The ongoing inequity of the indigenous people of NZ 

was addressed [252]. The authors highlighted that changes, including the development of 

strong planning and national leadership, were needed to address and improve cancer survival 

and equity [253], which we may now be seeing in a current (2021) reconfiguration of the NZ 

health system.   

Unique research is currently underway in NZ to address equity issues in health care under the 

Healthier Lives National Sciences Challenge - He Oranga Hauora [254]. Under this initiative, 

three main strategies are being built upon: (i) ensuring equitable health outcomes through 

precision medicine, (ii) Enacting Treaty partnership and contributing to Vision Mātauranga, 

(iii) Co-design with next and end-users. Under the research initiative, “ctDNA For Better 

Cancer Management”, the application of precision oncology to the NZ healthcare system 

supports this thesis work.   

While the Oranga Hauora initiative is positive and while the use of ctDNA analysis in the clinic 

is increasing worldwide [255], there is still significant uncertainty around the health economic 

cost of ctDNA tests. We remain uncertain whether the cost of ctDNA analysis is offset by the 

potential health system savings, due to these tests increasing the correct stratification of 

treatment for NZ patients [256]. There are also background concerns that rather than 

reducing cancer inequities, ctDNA analysis may have the opposite effect [256, 257]. In NZ, the 

development of ctDNA analysis platforms is being undertaken in an attempt to increase 

health care equity between Māori and non-Māori New Zealanders rather than perpetuating 

inequity, which is supported by the Vision Mātauranga framework [252]. This research 

initiative aims to improve equitable access to both rural patients and Māori patients. 
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1.6 Melanoma in New Zealand 

Skin cancer is the most commonly diagnosed cancer in NZ, at around 80% of all diagnosed 

cancers [258]. While only ~10% of all skin cancer cases by incidence are melanoma [259], it 

accounts for around 80% of the mortalities from skin-related cancers [260, 261]. In NZ, the 

risk of melanoma is significantly higher than for people living in other western countries, 

primarily attributable to environmental factors such as high ultraviolet light exposure [262, 

263].  

In NZ, the incidence and mortality from malignant melanoma has been increasing for decades 

[264], while in Australia, melanoma mortality has fallen, possibly driven by the wider access 

to publicly-funded therapeutics than in NZ [264-266]. Since the number of patients with 

melanoma in NZ is expected to continue to rise, the efficient use of publicly-funded 

therapeutics in NZ will become increasingly important [267], and is likely to require new 

biomarkers for both prognosis and treatment response [268].  

 

1.6.1 Melanoma diagnosis, staging and survival 

The development of metastatic melanoma occurs over three stages. Firstly, the uncontrolled 

growth of melanocytes within the dermis leads to melanoma in situ. As these cells spread into 

the dermal layer, the disease becomes invasive melanoma. Finally, metastatic melanoma 

develops when the melanoma cells disseminate to lymph nodes and to more distant tissues 

[269]. While most melanomas are identified by patients or family members as suspicious-

looking lesions, the confirmation of melanoma requires an in-depth examination with a 

dermoscope and sometimes histological analysis of a biopsy. Like most solid tumours, the 

staging of melanoma is performed using the TNM staging system. T describes the tumour size, 

N describes whether the melanoma has spread to nearby lymph nodes, and M describes 

whether distant metastasis has occurred. The TNM information is assessed in conjunction 

with histological analysis of the biopsy sample, physical examination, and radiological imaging 

to assign a stage of 0-4. The American Joint Committee on Cancer (AJCC) staging system is 

one of the most widely used for each cancer type and is currently on the 8th edition [126, 270-

274]. In melanoma, the TNM staging also includes measuring the serum biomarker lactate 
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dehydrogenase (LDH), with elevated levels associated with poorer prognosis. The predicted 

five- and ten-year survival rates for stage I-III stage melanoma is shown in Table 4 [275]. 

However, up to date survival predictions for stage IV metastatic melanoma patients have 

been challenging to obtain due to significant developments in patient treatment over the last 

decade. Published clinical trial data suggests the 5-year survival rate of melanoma patients 

undergoing pembrolizumab monotherapy is 34%, while for those undergoing the 

combination treatment of nivolumab and ipilimumab, the 5-year survival rate increased to 

approximately 52% [276, 277]. 

 

Table 4  The 5- and 10-year survival rates for stage I to III melanoma patients 
Data sourced from the American Joint Committee on Cancer eighth edition cancer staging manual 
[275]. 

Tumour Stage 5-year patient survival rate 10-year patient survival rate 

Stage IA 

Stage IB 

99% 

97% 

98% 

94% 

Stage IIA 

Stage IIB 

Stage IIC 

94% 

87% 

82% 

88% 

82% 

75% 

Stage IIIA 

Stage IIIB 

Stage IIIC 

Stage IIID 

93% 

83% 

69% 

32% 

88% 

77% 

60% 

24% 

 

1.6.2 Melanoma treatment in New Zealand 

For stage I-II melanoma diagnoses, surgical resection remains the standard of care for curative 

treatment, and patients demonstrate an excellent prognosis [278]. For melanoma patients 

with stage III  disease, there is a risk of disease relapse following surgery. The relapse rate of 

patients with stage IIIA, stage IIIB and stage IIIC is 37%, 68% and 89%, respectively [279]. For 

NZ stage IV melanoma patients, prior to 2016, the only publicly funded treatment was 

standard chemotherapy. When TKIs became available to treat metastatic melanoma 

internationally, funding applications were made to the NZ Pharmaceutical Management 
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Agency (PHARMAC). However, these were initially declined, citing relapse rates and the 

incidence of toxicity [280, 281]. In 2016, following strong clinical trial evidence supporting the 

use of ICIs in metastatic melanoma, two therapies (pembrolizumab and nivolumab) were 

approved for public funding in NZ to treat stage IV metastatic stage melanoma with strict 

criteria [282]. Following the initial 12 weeks of ICI treatment, to continue therapy, radiological 

imaging (CT or MRI) of a target lesion needs to demonstrate tumour response or stable 

disease according to RECIST criteria. The RECIST criteria define response as (i) complete 

response (no lesion visible on imaging), (ii) partial response (30% decrease of one measurable 

lesion), (iii) stable disease (no change of size of one measurable lesion), or (iv) progressive 

disease (>20% increase of one measurable lesion) [283]. In addition to the RECIST criteria, the 

ICI treatment needs to be appropriate and beneficial for the patient. The measure of benefit 

is determined on an ECOG (Eastern Cooperative Oncology Group) scale of 0-5, where 0 

represents full patient activity with no pre-disease restriction, a 2 is where the patient is active 

more than 50% of the time, and 5 is dead [284, 285]. For a patient to continue on publicly-

funded ICI treatment, an ECOG score of 0-2 is required. When a patient demonstrates a 

response to treatment and meets the measure of benefit, ICI treatment can continue for up 

to two years. Despite a proportion of melanoma patients demonstrating a remarkable 

response to ICIs, the complete response rate for monotherapy pembrolizumab is only 16-25% 

[277]. Internationally, many clinical trials combining ICIs with TKIs therapies have 

demonstrated more promising results – these trials are still underway at the time of writing 

[286-288].  

 

1.6.3 Melanoma surveillance 

In NZ, the current standard of care for monitoring metastatic melanoma patients undergoing 

immunotherapy treatment relies heavily on imaging modalities. However, there is limited 

availability of radiological scanners in the public health system, and frequently these services 

are only available in larger city centres [289]. Additionally, an important factor associated with 

cancer types that use CT or PET-CT imaging is the concern over the safety of repeated 

exposure to radiation [290, 291]. In conjunction with radiological imaging, the serum 

biomarker LDH is used in the clinical assessment for the management of metastatic 
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melanoma patients [292]. However, the reported utility and reliability of LDH have been 

questioned since this biomarker's levels are frequently elevated in cancer-free people [293]. 

The development of a reliable minimally invasive biomarker for response to immunotherapy 

in melanoma patients would potentially allow the early identification of responders from non-

responders. This would allow treatment cessation for those not responding, saving both the 

associated cost and potential toxicity to patients. One potential biomarker for ICI response 

that has been investigated is ctDNA. Evidence from clinical studies outside NZ suggests that 

ctDNA could potentially be used as a biomarker for several aspects of patient monitoring, 

including early treatment response for immunotherapy [294, 295] (Table 2). 

Additionally, a ctDNA biomarker may help identify two ICI related phenomena, pseudo-

progression and hyper-progression [296]. Pseudo-progression is the apparent increase in 

tumour size on a radiological image due to the infiltration of immune cells following 

immunotherapy treatment [297]. Published studies have indicated that monitoring the level 

of ctDNA in the first 12 weeks of patient treatment can be an effective way to identify pseudo-

progression [298, 299], and in melanoma, pseudo-progression has been identified in 

approximately 10% of patients [300]. In NZ, clinicians rely on imaging-based evidence to 

confirm ICI treatment response at 12 weeks. Since a proportion of melanoma patients have 

been shown to have a pseudo-progression, the ability to distinguish pseudo-progression from 

true progression on a radiological image can be problematic. Incorporating ctDNA analysis 

into the clinical decision-making process could complement the information generated by 

imaging to identify a possible pseudo-progressive event [299]. The second ICI related 

phenomenon, hyper-progression, is the accelerated growth of a tumour following ICI 

treatment [301]. A recent review of clinical trial data from patients undergoing ICI treatment 

found that hyper-progression was reported in 4-29% of patients is not unique to 

immunotherapy [302] and could potentially be detected using ctDNA.  
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1.7 Technologies for the detection of ctDNA in patient plasma 

There is a growing body of literature supporting the use of ctDNA analysis to stratify cancer 

patient care [303, 304] as shown in Figure 7. In NZ, the only multi-gene ctDNA analysis 

platform currently available in the clinic is through international commercial suppliers such 

as FoundationOne Liquid CDx. However, the cost of ctDNA analysis is substantial and is 

currently ‘user pays’. In addition, such tests may also identify therapies that are unavailable 

or unfunded for NZ patients, raising both ethical and practical issues [305]. 

While it has been suggested that monitoring of ctDNA could be clinically useful for many 

different stages of cancer care, the amount of ctDNA that can be detected in the blood is a 

fundamental limitation. Since tumour size and location can have a significant impact on the 

amount of ctDNA released into the peripheral blood [164], the measurement of ctDNA may 

not provide sufficient sensitivity for early tumour diagnosis. The development of multi-

analyte tests combining the identification of mutations in the ctDNA with protein analysis or 

tests that utilise methylation signatures identified in the cfDNA analysis from cancer patients 

may provide increased sensitivity for early cancer diagnosis [306, 307].  
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Figure 7  Potential applications of liquid biopsy analysis for cancer patient management 
A schematic showing the possible clinical management of a hypothetical patient undergoing cancer 
treatment (represented by the blue line). Following surgery or other treatment, the identification of 
mutations in the cfDNA may facilitate precision oncology. For example, at initial diagnosis, a multi-
analyte approach combining methylated ctDNA analysis with protein analysis +/- ctDNA analysis may 
be more sensitive than ctDNA mutational analysis alone [306, 308]. Molecular profiling with ctDNA 
analysis could also guide treatment selection and changes in therapy, as resistant subclones possibly 
emerge through clonal evolution (represented by red and green lines). Image adapted from Wan et 
al., 2017 [303].   

 

Strong evidence also supports the utility of ctDNA for patient management [309-311]. This 

includes the analysis of ctDNA for molecular profiling and treatment selection [309, 312], 

monitoring for minimal residual disease following surgery [310, 313], and monitoring of early 

patient response to treatment [311, 314, 315]. Several key benefits support the use of ctDNA 

analysis over a traditional tumour biopsy approach. These include identifying tumour 

heterogeneity [93, 316] and the early detection of acquired resistance mutations [171, 317].  

However, several factors need to be addressed by researchers developing ctDNA analysis 

platforms before these technologies can be routinely implemented into clinical care [318]. 

These include pre-analytical variables that occur during the collection, processing, and 

extraction of the samples, which affect assay performance (described below). Furthermore, 
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consideration must be given to the type of ctDNA analysis platform selected for sample 

analysis. Since each clinical laboratory may employ different technologies and protocols, 

appropriate controls must be implemented across multiple labs to ensure the detection of 

mutations in plasma cfDNA is robust and consistent, independent of operator and technology 

platform utilised. Each of these pre-analytical variables that can affect the detection of ctDNA 

in patient samples will be discussed below.  

 

1.7.1 Pre-analytical variables to be considered for ctDNA analysis 

Pre-analytical variables are defined as factors that have no disease association but impact the 

integrity of the test. These can be either technical, biological, or environmental. The effect of 

these variables has been widely reported in the literature [319-321]. Some of the most critical 

variables influencing the molecular analysis of ctDNA from plasma include the type of tube 

used to collect blood, time taken to processing for plasma, and the method used to extract 

the cfDNA. These different variables will be discussed separately. 

 

1.7.1.1 Selection of blood collection tubes for ctDNA analysis 

Traditionally, standard K2-EDTA (subsequently referred to as “EDTA”) vacutainer tubes have 

been used, but these generally require processing within four hours to maintain leukocyte 

stability. When the leukocytes and other nucleated blood cells begin to degrade, gDNA from 

these normal cells is released into the plasma, interfering with the sensitivity of detection of 

the relatively low abundance ctDNA derived from tumour cells [322]. Therefore, blood 

collection tubes containing additives that stabilise nucleated blood cells have recently 

become popular for blood sample collection for ctDNA analysis [323]. These specialised tubes 

allow a blood sample to be stored and shipped at room temperature (RT), which can then be 

processed up to 14 days after the initial blood collection. Streck Cell-Free DNA BCT 

(subsequently referred to as “Streck”), Roche Cell-Free DNA Collection Tube (subsequently 

referred to as “Roche”) and CellSearch CellSave Preservative Tubes (subsequently referred to 

as “CellSave”) are three commercially-available cell-stabilising tubes. Although relatively 
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costly, they have a significant advantage over standard EDTA tubes for scenarios where blood 

cannot be processed within a few hours [322].  

Several studies have compared cell- and DNA-stabilising properties of these cell-stabilising 

tubes with EDTA tubes. Results generated from these studies have demonstrated that the 

cell-stabilising tubes perform well in downstream applications such as NGS and ddPCR to 

detect tumour-derived mutations [324, 325] (Table 5). While these studies have 

demonstrated that blood collected with cell-stabilising tubes with delayed processing 

provides an alternative to standard EDTA tube collections [326], few have investigated the 

multitude of interacting variables that may affect downstream ctDNA assays [325]. For several 

of the published studies (Table 5) a limited range of plasma processing timeframes (0-96 

hours) were investigated [325]. An extended timeframe to plasma processing (up to 14 days) 

was investigated in one study, but the samples analysed were obtained from healthy 

volunteers [323]. Since the quantification of the cfDNA from these healthy volunteers was 

used as a surrogate measurement for DNA degradation, this may not fully represent the 

behaviour of ctDNA in the blood of a cancer patient [327]. In one study conducted by Parpart-

Li et al., the effect of an extended sample storage time before plasma processing and the 

quantity and quality of cfDNA isolated was combined with the ability to detect rare ctDNA 

mutations in the plasma [324]. However, since this study only evaluated the detection of 

ctDNA from nine patients, further studies may be needed to fully evaluate how delayed 

processing could affect the detection of ctDNA in patient plasma.  
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Table 5  Summary of studies comparing the use of cell-stabilising tubes to EDTA tubes for blood collection prior to isolation and analysis of cfDNA 
Ten different studies investigated different blood collection tube types, all different time delays to processing the blood, the quantitation method and sample 
storage conditions. WGS=whole genome sequencing, qPCR=quantitative PCR, ddPCR=droplet digital PCR, SNV=single nucleotide variants. 

Blood collection 

tubes used 

Sample source  Time of cfDNA 

isolation from blood  

Quantitation method of cfDNA Storage conditions for blood 

samples 

Ref 

EDTA, Streck Normal donor  0, 2 days ddPCR β‐Actin Shipped 48 hr [328] 

EDTA, Streck, 

Roche 

Normal donor  0, 3, 7, 14 days DNA qPCR L1PA2  Room temperature [322] 

EDTA, Streck Normal donor  0, 7, 14 days qPCR β‐Actin Stored at 22°C (0, 3, 6, and 24 hr) [323] 

EDTA, Streck, 

CellSave 

Metastatic cancer patients 1, 24, 96  hr ddPCR cancer SNVs Room temperature [326] 

EDTA, CellSave Normal and cancer patients 1, 24, 48, 72, 96  hr ddPCR RNAseP WGS 96hr sample Room temperature [325] 

EDTA, Roche, 

Streck 

Normal donor 0, 4, 7, 10, 14 days Qubit fluorometric quantitation Room temperature [329] 

EDTA, Streck Cancer patients 0, 24, 72, 120, 168 hr ddPCR for cancer SNVs Room temp and 4oC [324] 

EDTA, Streck, 

CellSave 

Metastatic breast cancer 2, 6, 48 hrs ddPCR for cancer SNVs Ice and room temperature [330] 

EDTA, Streck Normal and cancer patients 24hr Streck ddPCR for cancer SNVs Room temperature [331] 

EDTA, Streck Normal and cancer patients 2-5 hr UltraSEEK MassARRAY Processed immediately [332] 
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1.7.1.2 Impact of different extraction methods for cfDNA 

A second variable that can affect the ability to detect mutations in the ctDNA from patient 

plasma is the extraction of cfDNA. Many different isolation protocols are now available, but 

the most common approach to capture cfDNA is either silica-based columns or with magnetic 

beads [333, 334]. The Innovative Medicines Initiative consortium (CANCER-ID) recently 

conducted a multi-centre evaluation of the extraction, quantitation and mutational reporting 

of cfDNA samples. Digested cell line DNA was diluted into plasma from healthy donors, and 

frozen aliquots of samples were shipped to 15 participating laboratories. Each laboratory 

conducted its own preferred cfDNA extraction protocol, quantitation and ctDNA analysis 

[333]. For these samples, the concentration of extracted cfDNA was quantitated with either 

Qubit dsDNA HS Assay Kit or by qPCR, and ctDNA mutations were detected by ddPCR assays 

and NGS analysis [333]. While the QIAamp Circulating Nucleic Acid (CNA) kit had the highest 

cfDNA isolation efficiency, the automated QIAsymphony circulating DNA kit demonstrated 

the lowest inter-laboratory variation in cfDNA concentration [333]. The amount of cfDNA 

quantified was affected by the quantitation technique used. A qPCR approach was found to 

be more consistent and accurate than Qubit. The CANCER-ID authors highlighted that 

increased reproducibility was achieved for cfDNA concentration when automated extraction 

was used, compared to manual isolation protocols. Further, they recommended revalidation 

following any methodology changes [333]. 

 

1.7.2 The selection of genomic technology platforms for ctDNA detection 

Several different genomic technologies are available to analyse ctDNA in plasma from the 

blood plasma of cancer patients [335]. These technologies range from platforms that allow 

the interrogation of a small number of mutations in a single experiment to broad screening 

platforms that can simultaneously investigate the whole genomic profile of cfDNA in a plasma 

sample. Three different ctDNA analysis technologies available for this thesis work at the 

University of Auckland are discussed below: NGS, ddPCR and MassARRAY platforms.   
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1.7.2.1 NGS approaches for ctDNA detection in plasma samples 

One of the most common approaches for detecting ctDNA in patient plasma samples is by 

NGS analysis. Broad coverage NGS approaches such as whole genome, whole exome, and 

ultra-deep sequencing with targeted panels to capture large portions of the genome have 

been frequently conducted on ctDNA isolated from the plasma of patients with advanced 

cancers [336-340]. In patients with localised or early-stage cancer, where little ctDNA may be 

expected to enter the blood, low ctDNA peripheral blood concentration would likely require 

massive sequencing depth at a high cost, limiting the utility of such approaches for monitoring 

[341]. 

Cancer-specific targeted NGS approaches have been developed to amplify defined regions of 

interest to identify mutations in patient ctDNA. Targeted NGS approaches include 

hybridisation capture or amplicon-based methods. Cancer Personalized Profiling by deep 

sequencing (CAPP-Seq) is a hybridisation capture approach that has demonstrated high 

sensitivity detection of variants from mutational hotspots in several cancer types, including 

non-small cell lung cancer (NSCLC) and lymphoma [342-344]. Many researchers have also 

used amplicon-based sequencing to identify mutations in ctDNA, and a high level of sensitivity 

has been demonstrated with this approach [345-350]. Increasingly, tumour agnostic pan-

cancer approaches that allow the investigation of multiple known cancer-associated 

mutations across many different cancer types are being assessed for ctDNA analysis [351], 

including treatment selection [352]. However, there remains a need to develop more 

sensitive NGS analysis platforms to detect ctDNA in early-stage or localised disease.  

 

1.7.2.2 PCR approaches for ctDNA detection in plasma samples 

A second approach for the detection of ctDNA in patient plasma samples is PCR analysis. The 

qPCR-based cobas EGFR Mutation Test v2 (Roche) to identify EGFR mutations in the plasma 

of patients with metastatic NSCLC was the first ctDNA assay to obtain FDA approval in 2016 

[353]. Idylla (Biocartis) has developed a range of qPCR assays to detect specific mutations in 

commonly mutated genes such as BRAF, NRAS and KRAS genes in patient plasma samples. 
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These tests have undergone validation, demonstrated good clinical utility, and have been 

implemented in many clinical laboratories worldwide [354, 355].  

Another PCR based technology for the detection of ctDNA is digital PCR (dPCR). This was first 

demonstrated in 1992 when researchers identified that target molecules could be accurately 

quantitated with limiting dilution PCR [356]. In 2003, dPCR was coupled with flow cytometry 

to develop BEAMing (beads, emulsion, amplification, magnetics) [357]. While BEAMing is a 

highly sensitive technique for detecting ctDNA mutations in patient plasma samples, the 

utility in the research setting has been limited, as it is only available commercially [358, 359].   

The most popular dPCR technology for ctDNA analysis is droplet-based systems such as 

RainDrop Digital PCR System (RainDance Technologies) and droplet digital PCR (ddPCR) from 

Bio-Rad. To accurate quantitate the target molecules, reactions are partitioned into oil 

droplets before endpoint PCR amplification. Because of this partitioning, droplet-based PCR 

reactions are less affected by contaminants that may be co-purified with cfDNA isolated from 

plasma [360]. RainDrop dPCR demonstrated a high level of sensitivity for detecting ctDNA due 

to the separation of the cfDNA template into 10 million picoliter-sized droplets. Because of 

the high number of partitions available with the RainDrop system, increased sample volume 

can be used for ctDNA detection (50L), resulting in a higher sensitivity level than ddPCR 

(20 L). However, the cost and throughput of the RainDrop system have limited the 

widespread implementation of this technology [361, 362]. The most widely utilised analysis 

platform is ddPCR from Bio-Rad. This platform segregates the cfDNA template into 20,000 

nanoliter-sized droplets. Factors such as ease of designing and conducting ctDNA analysis 

combined with the relative affordability have led to the incorporation of this technology into 

many research and clinical laboratories [363-370]. Since the Bio-Rad ddPCR QX200 system has 

a 2-channel fluorescence system, this limits the number of mutations that can be investigated 

within a single reaction. However, publications have demonstrated that manipulating PCR 

reaction components, such as altering primer and probe concentrations, can allow the 

identification of up to seven mutations within one reaction [364, 371, 372]. With the recent 

release of the QX ONE system (Bio-Rad), which has four fluorescent detection channels, the 

ability to detect a greater number of mutations in one reaction will likely prove beneficial for 

ctDNA analysis.    
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1.7.2.3 Mass Spectrometry approach for ctDNA detection in plasma samples 

Several different UltraSEEK MassARRAY panels designed to detect multiple specific mutations 

in a single experiment are now available. UltraSEEK MassARRAY utilises multiplex PCR to 

amplify multiple regions of interest, followed by Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometry (MALDI-TOF MS) to analyse the amplified fragments. Since 

the mass of each amplified product is known, UltraSEEK MassARRAY allows the investigation 

of up to 70 pre-defined mutations within a patient sample [156, 373, 374]. MassARRAY 

UltraSEEK is further described in section 3.1.1.3. 

 

1.7.3 Comparison of technologies for the identification of ctDNA 

A critical requirement of ctDNA analysis is to ensure the specific, sensitive, and reproducible 

detection of low-frequency mutations in patient blood plasma samples. Since several 

different platforms are available for ctDNA analysis as described immediately above, 

reference materials containing mutations derived from synthetic or cell line derived gDNA 

have been generated to compare these directly [375]. For example, reference material has 

been widely used for inter-laboratory consistency for quantitation of mutations by ddPCR 

assay [376-381]. Using these reference materials, both the sensitivity and specificity of 

mutation detection has been shown for qPCR, ddPCR and BEAMing assay. In addition, good 

concordance has been demonstrated for all three technologies in the detection of ctDNA in 

patient samples [382]. While BEAMing had a higher reported sensitivity than ddPCR analysis, 

ddPCR analysis was also found to have a relatively high level of sensitivity. Other advantages 

to ddPCR analysis were that it was reproducible, cost-effective, and widely available [382, 

383].  

In the literature, direct comparisons of the sensitivity of ctDNA analysis methods using ddPCR 

with those using NGS has been limited [384-386]. The most extensive comparison was 

investigated as part of the clinical validation of the Guardant360 CDx NGS panel [384]. In this 

study, a positive correlation between the detection of mutations by NGS and ddPCR was 

observed. However, it should be noted that the data reported in this publication was 

generated from patients with advanced cancer who tend to have a high concentration of 
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ctDNA in their plasma [384]. This higher concentration of ctDNA input (average 30ng) likely 

contributed to the strong correlation observed in the results generated with ddPCR and NGS 

assays [384].  

A second multi-centre evaluation of the sensitivity of NGS platforms, ddPCR and the 

MassArray UltraSEEK lung was performed using the SeraSeq ctDNA complete reference 

material (1% VAF) [215]. The lowest inter-run variability was observed with the UltraSEEK 

MassARRAY system, at 10%. For ddPCR, three different cfDNA concentrations containing 1% 

VAF SeraSeq ctDNA reference material were tested (2ng, 4ng and 8ng). Interestingly, the 

inter-run variability observed for the 2ng, 4ng, and 8ng input was 30, 40 and 50%, 

respectively. These results suggested that the amount of input cfDNA, independent of the 

VAF for ctDNA mutations, could affect the quantitation of the mutation [215]. In the same 

study, Seraseq ctDNA reference material (VAF 0.125-2%) was used to assess several NGS 

platforms. The authors concluded that the two most sensitive platforms were Oncomine Lung 

cfDNA Assay (Thermo Fisher Scientific) and AVENIO Targeted Kit (Roche), which could detect 

mutations down to a frequency of 0.125% [215].  

 

1.7.4 Quality assurance for ctDNA analysis assays 

In the literature, four different aspects of the cfDNA analysis workflow have been identified 

as places where the variability between different laboratories and drift over time can occur, 

potentially affecting the ability to report mutations identified by ctDNA analysis assays [379, 

387, 388]. These are: (i) the implementation of a defined pre-analytical workflow, (ii) the 

implementation of a defined procedure for the clinical validation of the ctDNA analysis assay, 

(iii) protocols defined to deal with the impact of low-frequency mutation calls in the ctDNA 

from patient plasma samples, and (iv) the development and implementation of an external 

quality assurance program.   

As outlined in section 1.7.1, pre-analytical variables can affect the sensitivity and specificity 

of ctDNA analysis. To date, there has been no consensus pre-analytical workflow for the 

processing of blood plasma for cfDNA assays [389]. However, in Europe, new regulations for 

in vitro diagnostics were recently implemented, including minimum requirements for ctDNA 
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assay testing [390]. In NZ, the accreditation of clinical tests falls under the responsibility of 

the International Accreditation NZ (IANZ). While NZ will not be required to adhere to the 

European directive, it is likely that IANZ may be guided by the minimum requirements defined 

by International bodies for the future accreditation of ctDNA assays. For the clinical validation 

of ctDNA analysis assays, an international consortium, Blood Profiling Atlas in Cancer Project 

(BloodPAC), has developed a set of standards and guidelines [388]. However, these guidelines 

focus specifically on the clinical accreditation of the assay development. The optimisation and 

familiarisation phase of the development of ctDNA analysis platforms are further outlined in 

section 6.1.3 [388, 391].  

One significant technical challenge facing the translation of ctDNA analysis assays into the 

clinic is how to accurately discriminate between true mutations reported at a low frequency 

in the cfDNA from technical artefacts or variants derived from non-tumour sources [392]. The 

incorporation of unique molecular tags (UMTs; sometimes known as Unique Molecular 

Identifiers - UMIs) has led to significant improvements in the sensitivity of ctDNA detection 

by NGS. UMTs allow the assembly of a consensus sequence from all NGS reads with the same 

barcode in order to collapse large numbers of sequence reads into a smaller number of unique 

DNA molecules from which the sequence reads were derived (further described in Chapter 3) 

[393]. UMTs are now widely utilised for the analysis of ctDNA by NGS platforms [394-397].  

For investigators using NGS for ctDNA analysis, one inherent biological factor that can pose a 

challenge is the presence of apparent mutations in the cfDNA that could be derived from non-

tumour origins, such as the clonal expansion of the haemopoietic system (CH) [398-401]. 

Within the plasma of healthy individuals, 85% of cfDNA originates from hematopoietic cells, 

and the remaining 15% of cfDNA is made up from other non-haemopoietic sources such as 

endothelial cells [402]. Any DNA variants identified at a low allele frequency could originate 

from CH or other non-tumour sources and may not be associated with malignancy. Since 

these non-tumour variants are present in the plasma cfDNA at a low frequency, these can be 

incorrectly interpreted as cancer-derived mutations (i.e. as ctDNA). In the recent GRAIL study, 

the authors reported significant difficulty in distinguishing CH alterations from tumour-

derived mutations in the cfDNA [403]. NGS was conducted on plasma cfDNA, tumour DNA 

and matched peripheral blood leucocyte (PBL) gDNA from 124 metastatic cancer patients and 

cfDNA and PBL gDNA from 47 healthy donors. 81.6% of healthy volunteers and 53.2% of 
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cancer patients had variants detected at a low VAF. In many cases, variants of unknown 

significance detected in the cfDNA were also identified in the DNA isolated from PBLs. It was 

suggested that these variants were likely derived from CH or other non-tumour origins [403]. 

In a second study, pan-cancer sequencing of cfDNA, tumour gDNA and PBL gDNA was 

undertaken for 38 colorectal cancer patients. For 11 patients, a least one non-tumour derived 

variant was identified in the PBL analysis [399].  

In addition to variants derived from CH, other tissues have been identified as possible sources 

of non-tumour variants in the blood. In women, the endometrium has a very high rate of 

clonal expansion, and many somatic mutations have been identified in the DNA isolated from 

endometriosis glands [404]. Furthermore, endometrial stromal cells have also been identified 

in the peripheral blood of women with endometriosis, which could lead to non-tumour 

derived variants in the plasma [405]. Recently, whole-genome sequencing of DNA from 

normal endometrial glands demonstrated that the cells present in the normal tissue have a 

mutation burden that increases by up to 29 base substitutions per year [406]. 

In the literature, it has been suggested that any variant detected by ctDNA analysis at a 

frequency of >2% should be considered as possibly CH derived [407]. It is recommended that  

DNA extracted from PBL gDNA should be analysed alongside plasma to rule out one primary 

source of non-tumour derived variants [407]. These additional analyses may be required to 

accurately incorporate ctDNA analysis into the clinical management of cancer patients [399].  

The development and implementation of an external quality assurance (EQA) programme is 

the fourth aspect to ensure robust and reliable ctDNA analysis platforms. All accredited 

clinical laboratories must participate in EQAs programmes to assure clinicians and patients 

that the diagnostic laboratory is competent to produce accurate and reliable results [408]. A 

pilot EQA study has been conducted across 32 laboratories for ctDNA analysis [379]. Ten 

different EQA synthetic controls with known mutations in EGFR, NRAS or KRAS at a VAF of 1% 

and 5% were commercially manufactured (Horizon Discovery Ltd). Each of the 32 participating 

laboratories used their standard cfDNA extraction kit, and in total, six different extraction kits 

were used. Then, each laboratory used their standard ctDNA analysis method, and in total, 

five different technologies were used including, with the two most common being NGS and 

ddPCR [379]. When the results were analysed for all laboratories, 15 (25.9%) false-positive or 
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false-negative results were reported for all samples analysed. Interestingly, the EGFR 

mutations were more consistently detected with the ctDNA analysis platform than the RAS 

mutations. This result suggests there could potentially be inherent differences in assay 

performance for these two regions. Interestingly, two in-house developed NGS assays 

accounted for 13% of the total error rate. In comparison, a commercial NGS analysis platform 

demonstrated excellent concordance to detect the known mutations in the EQA samples. 

These results suggest the need for robust validation of in-house developed NGS analysis 

platforms [379]. 

A key finding from this study was the variability observed in the reporting of mutations 

between different laboratories [379]. Several laboratories reported the absence of an 

actionable mutation without the description of any quality control metrics. The authors 

recommended that information such as the concentration of cfDNA analysed should be 

included in the report due to its relationship with assay sensitivity [379]. Developing a robust 

EQA programme will be essential to standardise ctDNA analysis results and assure the quality 

of ctDNA testing services.  

 

1.7.5 The current state of ctDNA assays in the clinic 

While the clinical validation and implementation of tumour NGS have been successful, many 

challenges still lie ahead for the widespread implementation of ctDNA analysis into the clinic 

[409]. A large body of literature supports the use of ctDNA in clinical practice [410, 411]. While 

much of the work in this field has been conducted in a research setting, several CLIA (Clinical 

Laboratory Improvement Amendments) and FDA-approved ctDNA analysis platforms are 

available for clinical testing [159]. However, the clinical implementation of NGS assays for 

ctDNA analysis has proven to be costly and challenging. For this reason, the majority of 

clinically accredited assays for ctDNA analysis are available from large commercial entities 

[159].   

Several publications have raised concerns about an apparent lack of reproducibility between 

several commercially-validated FDA approved assays for ctDNA analysis of patient plasma 

samples [318, 412]. In 2017, discordance in mutations detected in the plasma cfDNA of 40 
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metastatic prostate cancer patients analysed on two CLIA-certified clinically-accredited NGS 

platforms was reported [412]. These two commercial platforms, Guardant360 CDx and 

PLASMASELECT-R have high self-reported accuracy, specificity, and sensitivity [413, 414]. 

However, following ctDNA analysis, complete agreement in the reported mutations was only 

observed for three patients. For 16 patients, no corresponding mutations were reported, and 

partial agreement (at least one mutation detected by each assay) was reported for six 

patients. No mutations were detected for nine patients. For a further six patients, the 

mutations identified were not covered by both analysis platforms, so they could not be 

included in the analysis [412].  

A second study investigated the concordance of mutations reported from the analysis of 

cfDNA samples from patients with four different cancer types [318]. cfDNA from 24 patients 

was analysed in four different CLIA-certified commercial laboratories [318]. The reported 

mutations identified in the cfDNA for each patient were then directly compared to data from 

NGS analysis of gDNA isolated from tumour and normal samples. There was a high level of 

discordance for mutations reported in the cfDNA, especially when the mutation had a VAF of 

less than 1% [318]. For several patients, the expected mutation was not reported by the 

automated bioinformatic software but could be identified in the raw NGS data – a point that 

becomes relevant to my own thesis work, described below. Several laboratories also reported 

novel mutations present at a low VAF. Since these mutations were at a low frequency and 

had not been previously identified in any somatic mutation databases, the authors suggested 

orthogonal validation should be conducted to confirm that these were not of non-tumour 

origin [318].  

 

1.8 New Zealand’s Healthier Lives National Science Challenge 

A national collaboration focussed on improving cancer monitoring sits within NZ’s Healthier 

Lives National Science Challenge - He Oranga Hauora. This collaboration has set out to test 

whether the integration of ctDNA into the clinical care of cancer patients would be beneficial 

in NZ. As part of this research project, initial work was undertaken on colorectal cancer 

patients at the University of Otago under the leadership of Professor Parry Guilford [315]. 
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Another part of the He Oranga Hauora research is the melanoma ctDNA research presented 

in this thesis, performed at the University of Auckland under the leadership of Professor 

Cristin Print.  

 

1.9 Thesis overview 

The overarching aim of this thesis is to develop and evaluate affordable new technologies that 

allow for minimally invasive detection and monitoring of cancer in New Zealanders. I have 

undertaken to identify suitable technologies that allow the specific and sensitive detection of 

mutations in plasma samples from cancer patients. Due to the generosity of patients who 

donated samples, this has allowed the testing and optimising of these technologies for the 

detection of mutations in patient samples. Finally, to address some of the complexities 

associated with how to move towards a clinically validated ctDNA analysis assay, I address a 

number of pre-analytical variables that have so far hindered the implementation of ctDNA 

analysis in the clinic.  

To provide a road map for the reader, this section describes the overall organisation of the 

thesis and the content of each chapter. 

Chapter 2: Materials and Methods describe any molecular biology, clinical and genomic 

analyses that are used in more than one chapter in this thesis. Those methods that are specific 

to individual chapters are described within each chapter. 

Chapter 3: Technical developments for detection of ctDNA in patient plasma samples 

investigates the relative sensitivity and specificity of several different technology platforms 

available in NZ for the identification of ctDNA in patient samples.  

Chapter 4: ctDNA analysis of melanoma patient samples utilises the selected genomic 

platforms investigated in Chapter 3 to detect ctDNA in serial samples from NZ melanoma 

patients. This chapter also investigates how ctDNA information may complement the clinical 

and pathological information currently used in NZ to inform clinical decisions for patients with 

melanoma.  
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Chapter 5: Utility of ctDNA analysis for patients with other cancer types investigates the 

utility of the ctDNA analysis platforms to answer two clinical questions for pancreatic 

tumours. The benefit of using a pan-cancer approach and the broader utility of ctDNA 

technologies for a range of tumour types will also be explored.  

Chapter 6: Towards clinical implementation - implications for ctDNA testing investigates 

technical issues requiring elucidation before ctDNA testing can be used in a clinical setting in 

NZ. I investigate several issues, including the use of reference samples to assess both 

reproducibility, assay accuracy and an investigation into possible false-positive results that 

may be due to the presence of non-tumour derived variants present in patient samples.  

Chapter 7: Concluding discussion summarises the work presented in the previous chapters 

and draws key conclusions. I also discuss future directions and potential opportunities for 

follow-on work. 
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Chapter 2 Methods and Materials 

This chapter describes the laboratory techniques and materials used across multiple chapters 

of this doctoral thesis work. Methods specific to a thesis chapter are described within each 

individual chapter.  

   

2.1 Description of melanoma patient cohorts and sample collection 

New Zealand metastatic melanoma patients were enrolled in the study between October 

2017 to December 2019. Eligible patients were either Stage III melanoma surgical patients 

who had undergone a complete lymph node dissection or Stage IV melanoma patients who 

met the funded immunotherapy treatment criteria. Auckland Regional Biobank (Te Ira Kāwai) 

technicians collected and processed all patient blood and tumour samples. Blood samples 

were processed for serum and plasma within four hours of collection. Tumour samples were 

snap-frozen and stored at -80oC.  

2.1.1 Blood sample processing  

1. Patient peripheral blood samples were collected in three K2-EDTA vacutainer tubes (for plasma 

and buffy coat) and one red top Clot Activator vacutainer tube (for serum). The blood tubes were 

left at room temperature (RT) for at least 10 minutes. 

2. Isolation of plasma: blood samples in the three K2-EDTA tubes were centrifuged with 

acceleration 9, deceleration 7, at RT at 1500x g for 10 minutes. The top clear layer containing 

the plasma portion of the sample was removed from all three tubes and pooled in a clean 50mL 

Falcon tube. This sample was then centrifugated a second time at 4,000x g for 10 minutes at RT. 

Then the plasma was stored in 2mL aliquots at-80oC. 

3. Isolation of buffy coat: following the first centrifugation, the layer directly below the plasma 

containing the leukocytes and platelets (buffy coat) was removed (approximately 1mL) from a 

single K2-EDTA vacutainer was stored in a 2mL cryovial at -80oC.  

4. Isolation of serum: Blood from the Clot Activator vacutainer tube was centrifuged as described 

in step 2. 0.25mL of the top serum layer was transferred to a micro cup and stored at 4oC. LDH 

testing was conducted at LabPLUS medical laboratory (Auckland City Hospital).  Any remaining 

serum was stored in 1mL aliquots in 2mL cryovials at -80oC.  

5. Blood samples collected in Roche Cell-Free DNA collection tubes were left at RT for seven days, 

then the blood was processed for plasma as described for K2-EDTA vacutainer tubes above. For 

these tubes, no buffy coat sample was stored. 
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2.2 Determining DNA quantity and integrity 

Several methods were employed for the qualitative and quantitative assessment of extracted 

DNA samples and sequencing libraries generated in this thesis. Fluorometric measurements 

and quantitative PCR (qPCR) techniques were used for concentration determination. 

Fragment integrity and analysis was also conducted with Agilent TapeStation analysis or by 

agarose gel electrophoresis. 

2.2.1 Qubit fluorometry for the determination of DNA concentration 

The concentration of all extracted DNA samples was determined with the Qubit Fluorometer 

using Qubit dsDNA HS or dsDNA BR Assay Kits (ThermoFisher Scientific, MA, USA). 

1. The Qubit working solution was prepared by diluting the Qubit dsDNA (BR or HS) reagent 1:200 

in the Qubit buffer.  

2. In a thin-walled 0.5ml PCR tube, 1μL of each DNA sample was mixed with 199μL of Qubit working 

solution. 

3. A diluted stock of the appropriate standard (either Qubit dsDNA BR or Qubit dsDNA HS standard) 

was prepared by mixing 10μL of the standard with 190μL of Qubit working reagent. 

4. All tubes were vortexed and read within 5 minutes on the Qubit 3.0 Fluorometer, and the DNA 

concentrations were reported as ng/μL. The excitation/emission wavelengths for the Qubit 

dsDNA HS Assay: 502nm/532nm, and Qubit dsDNA BR Assay: 510nm/527nm. 

 

2.2.2 Library quantification by quantitative PCR (qPCR) 

The Ion Library TaqMan Quantitation Kit (ThermoFisher Scientific) was used to quantify all 

next-generation sequencing (NGS) libraries generated in this thesis. Following kit 

recommendations, all libraries were diluted to a final concentration of 1:1,000. Serial dilutions 

of the E. coli DH10B Control Library (ThermoFisher Scientific) provided with the kit were run 

each time to generate a standard curve. The concentration of sample libraries was 

determined from this standard curve (pM). 

1. Samples for the standard curve were generated as follows - Standard 1 (final concentration 

6.8pM) was made by adding 5μL of undiluted 68pM E. coli DH10B with 45μL nuclease-free water 

and vortexing.  

2. Two further serial dilutions were made for the standard curve as in step 1 to make 0.68pM and 

0.068pM standards.   

3. For the NGS libraries, a 1:1000 dilution was made by firstly adding 2μL of the undiluted library 

with 198μL of nuclease-free water and mixed well by vortexing (1:100 dilution). Next, 10μL of 
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1:100 library dilution was added to 90μL nuclease-free water and mixed well by vortexing 

(1:1000). 

4. In a MicroAmp Optical 384 well plate (ThermoFisher Scientific), 4.5μL of the diluted library 

(1:1000), library standard (6.8pM, 0.68pM and 0.068pM), or no template control (NTC) of 

nuclease-free water were pipetted in triplicate.  

5. For each NGS library, 5μL 2X TaqMan Ion Library qPCR Master Mix was combined with and 0.5μL 

20X Ion Library TaqMan Quantitation Assay (ThermoFisher Scientific) and added to each sample 

in step 4. 

6. The plate sealed with a MicroAmp Optical Adhesive Film (ThermoFisher Scientific) and 

centrifuged at 1,200rpm for 1 minute at RT.     

7. The plate was loaded into a QuantStudio 12K Flex Real-Time PCR System instrument 

(ThermoFisher Scientific) and qPCR reactions run with the following cycling conditions - 50oC for 

2 minutes, 95oC for 20 seconds, followed by 40 cycles of 95oC for 1 second, 60oC for 20 seconds.   

8. The QuantStudio 12K Flex Software automatically generated a standard curve, and the 

concentrations of the sample libraries were calculated by the software.   

 

2.2.3 TapeStation analysis of NGS library fragment distribution 

1. High Sensitivity (HS) D1000 TapeStation Reagent Kit and a HS D1000 ScreenTape (Agilent, CA, 

USA) was equilibrated to RT for 30 minutes. 

2. 1μL of undiluted NGS library or DNA ladder was placed into a 0.2ml optical PCR strip tube 

(Agilent).    

3. 3μL of High Sensitivity D1000 Sample Buffer was added to each sample and vortexed for 1 

minute at 2,000rpm. 

4. PCR strip tubes were centrifuged briefly. Tubes, Loading tips and ScreenTape were loaded into 

the Agilent 2200 TapeStation System.  

5. The samples were run by selecting “start” within the 2200 TapeStation controller software, and 

analysis of library fragment distribution was performed with the 2200 TapeStation Controller 

Software.    

 

2.2.4 DNA integrity analysis by agarose gel electrophoresis 

The integrity of extracted DNA from multiple sources was visualised by agarose gel 

electrophoresis. This included DNA extracted from cell lines, formalin-fixed paraffin-

embedded (FFPE) tumour DNA, fresh frozen (FF) tumour DNA, plasmid DNA and colony PCR-

amplified fragments.    
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1. Agarose gels (0.8-1.0% w/v) were made by mixing 0.8-1.0g of agarose (ThermoFisher Scientific) 

with 100ml 1x Tris-acetate EDTA buffer and microwaving until molten.    

2. To the partially cooled agarose, 2μL of SYBR Safe DNA Gel Stain (Invitrogen) was added, and the 

agarose poured into the gel mould containing a comb and left to solidify in the gel tank at RT. 

3. When the agarose gel was solidified, 1x Tris-acetate EDTA running buffer was poured over the 

gel to submerge it completely.   

4. Samples containing between 10-200ng of DNA were mixed with 6x bromophenol blue loading 

dye to a final concentration of 1x loading dye. 

5. 1μL of 0.5μg/μL 1 Kb Plus DNA Ladder (ThermoFisher Scientific) was loaded into the first well of 

each agarose gel.  Samples were loaded into the remaining wells.  

6. Agarose gels were run at 100 volts for 30 minutes to allow migration of the DNA.   

7. DNA fragments were visualised with ChemiDoc Touch Imaging Systems (Bio-Rad Laboratories, 

CA, USA) and images analysed with Bio-Rad Image Lab 6.0.1 software. 

 

2.3 DNA extraction and purification 

Genomic DNA (gDNA) and cell-free DNA (cfDNA) were extracted from multiple sample types, 

including plasma, buffy coat, FF and FFPE tissue, human cell line cultures, and plasmid 

constructs isolated following propagation in bacteria. Each protocol is described below. 

2.3.1 Extraction of cell-free DNA from plasma 

cfDNA was extracted from patient plasma samples using the QIAamp Circulating Nucleic Acid 

Kit (CNA) (Qiagen, Hilden, Germany).  

1. Up to 6ml of each plasma sample was defrosted at RT. 

2. The plasma was transferred into multiple 2mL microcentrifuge tubes and centrifuged at 10,000x 

g for 10 minutes at 4oC. 

3. Following centrifugation, a total of 5mL of plasma was removed from the tubes avoiding the cell 

debris and pooled into a single 50mL Falcon tube, and 500μL of 20mg/mL Proteinase K (Qiagen) 

was added, and the sample vortexed briefly. When less than 5mL plasma was available, the 

volume was made up to 5mL with nuclease-free water. 

4. 4mL of Buffer ACL was added to the tube, vortexed briefly and incubated at 60oC for 30 minutes. 

5. 9ml Buffer ACB was then added, the sample pulse vortexed for 30 seconds, and incubated on 

ice for 5 minutes.  

6. A QIAamp Mini column was inserted into a vacuum manifold with an adaptor and a tube 

extender. The sample from step 5 was applied to the column, and a gentle vacuum was used to 

pull the lysate through the column (allowing at least 10 minutes for the lysate to pass through 

the column).  
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7. The vacuum was released, and 600μL ACW1 Buffer was added to each column. The vacuum was 

reapplied until all buffer was drawn through the column.  

8. A second wash was performed as in step 7 but with 750μL ACW2 Buffer.  

9. A third wash was conducted as described in step 7 but with 750μL 100% (v/v) ethanol.  

10. The QIAamp Mini columns were removed from the vacuum manifold placed in 1.5mL 

microcentrifuge tubes and centrifuged at full speed for 3 minutes at RT. The microcentrifuge 

tubes were then placed at 56oC for 10 minutes with the lid open to dry the columns. 

11. The columns were then placed in clean 1.5mL microcentrifuge tubes, 50μL of nuclease-free 

water applied to the column membrane and incubated at RT for 5 minutes.  

12. The eluate containing the DNA  was collected by centrifugation of the tube at 10,000x g for 1 

minute.  

13. The eluate was re-loaded onto the column, incubated for 3 minutes at RT then centrifuged at 

17,000x g for 1 minute. 

14. The concentration of eluted cfDNA was determined by Qubit Fluorometer using Qubit dsDNA HS 

Assay Kit as described in 2.2.1. 

 

2.3.2 DNA extraction from cell culture cell lines 

gDNA was isolated from cultured cell lines with the QIAamp DNA Mini Kit (Qiagen). 

Approximately 5 x 106 cells were provided as a frozen cell pellet from the Auckland Cancer 

Society Research Centre (ACSRC) and gDNA isolated as described below. 

1. Cell pellets were defrosted, resuspended in 200μL phosphate-buffered saline (Gibco) and 

transferred to a microcentrifuge tube.   

2. 20μL of 20mg/mL Proteinase K was added to each resuspended cell pellet, mixed by pipetting, 

then 200μL Buffer AL was added, and the sample was incubated at 56oC for 10 minutes. 

3. 200μL of 100% (v/v) ethanol was added to each sample, and these were loaded onto a QIAamp 

Mini column placed in a microcentrifuge tube. These were centrifuged at 6,000g for 1 minute at 

RT.   

4. Columns were placed in a clean microcentrifuge tube, 500μL AW2 buffer applied to the column 

membrane and then centrifuged at 17,000x g for 3 minutes. 

5. QIAamp columns were transferred to a clean 1.5mL microcentrifuge tube, 200μL nuclease-free 

water applied to the column, then incubated at RT for 5 minutes. The eluate containing the DNA  

was collected by centrifugation of the tube at 8,000x g for 1 minute.    

6. The gDNA concentration of the DNA was determined by Qubit Fluorometer using Qubit dsDNA 

BR Assay Kit described in 2.2.1. 
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2.3.3 DNA extraction from buffy coat samples 

DNA was extracted from buffy coat (BC) samples using the QIAamp DNA Blood Mini Kit 

(Qiagen). 

1. BC samples were defrosted at RT, and 200μL transferred to a 1.5mL microcentrifuge tube. 20μL 

of 20mg/mL of QIAGEN Protease added, and the sample mixed by pipetting. 

2. To this, 200μL of Buffer AL was added, mixed by pulse vortexing for 15 seconds and incubated 

at 56oC for 10 minutes. 

3. 200μL of 100% (v/v) ethanol was added to each sample, pulse vortexed for 15 seconds, and then 

loaded onto a QIAamp Mini column and centrifuged at 17,000x g for 1 minute at RT. 

4. The columns were placed in a clean microcentrifuge tube, 500μL of Buffer AW1 added, and tubes 

centrifuged at 6,000x g for 1 minute at RT.   

5. The columns were then placed in a clean microcentrifuge tube, 500μL Buffer AW2 added, and 

tubes centrifuged 17,000x g for 3 minutes at RT. 

6. The columns were placed in a clean 1.5mL microcentrifuge tubes and centrifuged at 17,000x g 

for 1 minute at RT. 

7. QIAamp columns were transferred to a clean 1.5mL microcentrifuge tube, 100μL nuclease-free 

water applied to the column, then incubated at RT for 5 minutes. The eluate containing the DNA  

was collected by centrifugation of the tube at 17,000x g for 1 minute.  

8. The eluate was then re-loaded onto the column, incubated for 3 minutes at RT then centrifuged 

at 17,000x g for 1 minute. The eluted DNA was collected and stored at -20oC. 

9. The concentration of the BC gDNA was determined by Qubit Fluorometer using Qubit dsDNA BR 

Assay Kit as described in 2.2.1. 

10. The BC DNA integrity was visualised on a 0.8% (w/v) agarose gel described in 2.2.4. 

 

2.3.4 Extraction of gDNA from FFPE tissues 

DNA from FFPE samples was extracted with the FFPE RNA/DNA Purification Plus Kit (Norgen, 

ON, Canada). Sectioning of the FFPE samples was conducted on a Leica RM2245 semi-

motorised rotary microtome (Leica, Wetzlar, Germany). Sectioning, deparaffinisation, 

Haematoxylin and Eosin (H&E) staining and DNA extractions of FFPE DNA was conducted with 

assistance from Ms Pascalene Houseman and Ms Karen Liu. Visual inspection of the H&E 

stained samples was performed by Dr Cherie Blenkiron.  

1. FFPE tissue blocks were inserted into the cassette holder, and six 10μM FFPE sections were cut. 

2. Each FFPE section was floated onto water, transferred to a glass slide and left to dry at 65oC for 

15 minutes and then overnight at RT.   

3. Dried FFPE sections were deparaffinised by dipping the slides into xylene (Merck Millipore, MA, 

USA) for 3 minutes. Excess xylene was removed by tapping the side of the slides on paper towels. 
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4. The slides were dipped into a clean stock of xylene for 3 minutes, and excess xylene removed as 

above. 

5. Sections were dehydrated by dipping the slides consecutively into 100% (v/v) ethanol, 90% (v/v) 

ethanol and 70% (v/v) ethanol, each for 3 minutes. Excess ethanol was removed at each step as 

above. 

6. One section was H&E stained for tumour content analysis as described in step 7-15. The 

remaining sections were removed from the slides and placed into microcentrifuge tubes for DNA 

extraction as described in steps 16-24. 

7. For H&E staining, the section was immersed in water for at least 10 minutes before staining.   

8. Hematoxylin Solution, Harris Modified stain (Sigma-Aldrich, Mo. USA) was applied to the section 

and left for 5 minutes at RT. The stain was rinsed with water until it ran clear.    

9. The slide was dipped three times into 1% (v/v) acid alcohol, rinsed with running water and excess 

liquid removed by blotting the side of the slide on paper towels. 

10. The slide was dipped 10 times into 1% (w/v) lithium carbonate, rinsed with running water, and 

excess liquid removed as above.   

11. The slide was dipped three times into 1% (w/v) eosin (Wescor, UT, USA), rinsed with running 

water, and excess liquid removed as above.     

12. The slide was transferred to 100% (v/v) ethanol for 3 minutes and excess liquid removed as 

above.   

13. The slide was transferred to xylene for 3 minutes, followed by transfer into a second pot of 

xylene for 3 minutes. Excess liquid was removed as above.   

14. The section was mounted by adding two drops of mounting glue onto the slide and adhering a 

coverslip. Excess glue and air bubbles were removed, and the slide was left to harden at RT. 

15. The tumour content of the section was assessed with an Eclipse inverted microscope (Nikon 

Instruments, Japan), and tumour regions were marked on the stained slides to guide 

microdissection if required. 

16. The remaining five 10μM deparaffinised tumour sections were placed in one microcentrifuge 

tube. 300μL of Digestion Buffer A and 10μL 20mg/mL Proteinase K (Norgen) were added, and 

the tube was vortexed and incubated at 55oC for 15 minutes, with occasional mixing.  

17. The tubes were cooled on ice for 3 minutes and centrifuged at 14,000x g for 3 minutes at RT. 

The supernatant was discarded. 

18. 300μL Digestion Buffer A and 10μL 20mg/mL Proteinase K (Norgen) were added to each sample, 

and the pellet resuspended by vortexing. Tubes were incubated at 55oC for 1 hour with 

occasional mixing, followed by 2 hours at 90oC, with occasional mixing.   

19. 300μL Buffer RL was added to each sample and mixed by vortexing. 250μL of 100% (v/v) ethanol 

was added to the tube and was vortexed briefly, and the lysate loaded onto the gDNA 

Purification Micro Column. The tubes were centrifuged at 14,000x g for 1 minute at RT.  

20. 600μL of Wash Solution A was added to the column, centrifuged at 14,000x g for 1 minute at RT. 

21. Three further washes were performed as described in step 20.  

22. Columns were placed in clean microcentrifuge tubes and centrifuged at 14,000x g for 2 minutes 

at RT. 

23. The columns were then placed in clean 1.5mL microcentrifuge tubes, 30μL of nuclease-free 

water applied to the column membrane and incubated at RT for 5 minutes. The eluate containing 

the DNA was collected by centrifugation of the tube at 11,000x g for 1 minute.  
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24. The eluate was re-loaded onto the column, incubated for 3 minutes at RT then centrifuged at 

17,000x g for 1 minute. 

25. The DNA concentration was determined by Qubit Fluorometer using Qubit dsDNA HS Assay Kit 

as described in 2.2.1. 

26. The integrity of the DNA was visualised on a 1% (w/v) agarose gel described in 2.2.4. 

 

2.3.5 Extraction of DNA from FF tumour tissues  

FF tumour tissues were cut using an NX70 Cryostat (ThermoFisher Scientific) as described 

below. Tissue sectioning was conducted with assistance from Ms Pascalene Houseman and 

Ms Karen Liu. FF tumour gDNA samples were extracted with the NucleoSpin Tissue Kit 

(Machery-Nagel, Düren, Germany). 

1. FF tumour tissues were immobilised in O.C.T Cryostat Embedding Medium (Scigen, Singapore) 

on a metal chuck and were left at -20oC to harden.   

2. A 10M section of each sample was assessed for tumour content by H&E analysis as described 

in steps 7-15 of section 2.3.4.  

3. Depending on the size of the tumour tissue, five to ten 30M thick sections of each tumour were 

cut on the CryoStar NX70 Cryostat.  

4. Frozen scrolled sections were placed directly into Bead Lysis Kit RED Larger Soft Samples 1.5mL 

tubes (Next Advance) containing magnetic beads for tissue disruption. 350μL Lysis Buffer T1 was 

added to the tube containing the tissue sections, and samples were homogenised in the Bullet 

Blender Storm (Next Advance) using bash speed 2 for 3 minutes at 4oC. 

5. To each tube, 25μL of 20mg/mL Proteinase K (Machery-Nagel) was added, vortexed for 30 

seconds and incubated at 56oC for 30 minutes, with occasional mixing. 

6. After cooling on ice for 3 minutes, samples were centrifuged at 17,000x g for 3 minutes at RT. 

7. The supernatant was placed in a fresh microcentrifuge tube with 200μL of Lysis Buffer B3 

(Machery-Nagel), vortexed and incubated at 70oC for 10 minutes. 

8. 210μL of 100% (v/v) ethanol was added to each tube, vortexed briefly, and loaded onto the 

NucleoSpin Tissue column. The column was centrifuged at 11,000x g for 1 minute at RT. 

9. 500ul of Wash Buffer BW was added to the column, centrifuged at 11,000x g for 1 minute at RT. 

10. 600μL of Wash Buffer B5 was added to the column, centrifuged at 11,000x g for 1 minute at RT.  

11. The column was placed in clean 1.5mL microcentrifuge tubes and centrifuged at 17,000x g for 1 

minute at RT. 

12. The column was then placed in clean 1.5mL microcentrifuge tubes, 50μL of nuclease-free water 

applied to the column membrane and incubated at RT for 5 minutes. The eluate containing the 

DNA was collected by centrifugation at 11,000x g for 1 minute.  

13. The eluate was re-loaded onto the column, incubated for 3 minutes at RT, and centrifuged at 

17,000x g for 1 minute and the eluate collected.  

14. The DNA concentration was determined by Qubit Fluorometer using Qubit dsDNA BR Assay Kit 

as described in 2.2.1. 

15. The DNA integrity was visualised on a 0.8% (w/v) agarose gel described in 2.2.4. 
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2.3.6 Isolation of plasmid DNA from bacterial cultures 

The purification of plasmid DNA propagated in DH5α bacterial culture was conducted with 

the QIAprep miniprep kit (Qiagen). 

1. For each plasmid construct, a single bacterial colony was inoculated into 15mL polypropylene 

tubes (Falcon) containing 3mL L-Broth with 50mg/mL ampicillin. The tube was incubated 

overnight at 37oC with shaking at 220rpm.   

2. A 1.5ml aliquot of the overnight culture was transferred to a microcentrifuge tube and 

centrifuged at 10,000x g for 1 minute at RT.  

3. The bacterial pellet was resuspended in 250μL of Buffer P1. 250μL of Buffer P2 was added to 

each tube, and the sample was mixed by inversion until the solution was clear.   

4. Cell debris was precipitated by adding 350μL Buffer P3, mixed by inversion and centrifuged at 

17,000x g for 10 minutes at RT. 

5. The supernatant was removed and loaded onto the QIAprep spin column, centrifuged 17,000x 

g for 1 minute at RT. Flow-through was discarded, and the column was placed into a clean tube.  

6. 750μL wash buffer PE was added to the column and centrifuged at 17,000x g for 1 minute at RT. 

7. The column was placed in clean microcentrifuge tubes and centrifuged at 17,000x g for 1 minute 

at RT. 

8. The column was then placed in clean 1.5mL microcentrifuge tubes, 50μL of nuclease-free water 

applied to the column membrane, and this incubated at RT for 5 minutes. The eluate containing 

the plasmid DNA was collected by centrifugation at 17,000x g for 1 minute.  

9. The plasmid DNA concentration was determined by Qubit Fluorometer using the Qubit dsDNA 

BR Assay Kit as described in 2.2.1. 

10. The DNA integrity was visualised on a 0.8% (w/v) agarose gel described in 2.2.4. 

 

 

2.4 Development of reference material for technology assessment 

Three reference materials were utilised during this thesis for technology development and as 

positive controls. These were (i) cell line gDNA containing mutations of interest sourced from 

Auckland Cancer Society Research Centre (ACSRC), (ii) custom synthetic double-stranded DNA 

called “gBlocks” synthesised by Integrated DNA Technologies (IDT, Iowa, USA), (iii) plasma 

sample from a colorectal cancer (CRC) patient with a known ctDNA mutation obtained from 

the University of Otago (described in detail in section 3.3.1).   
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2.4.1 Description of cell lines 

Cell pellets from cultured cells were obtained from Dr Khanh Tran (Signal Transduction and 

Disease laboratory at the University of Auckland). The cell lines HT29 and H1299 were sourced 

from ATCC, and NZM100, NZM4 and NZM12 cell lines were developed by the ACSRC [415]. A 

description of the cell lines used, the nucleotide and amino acid alterations are shown in Table 

6. 

Table 6  Description of cell lines with the nucleotide change and amino acid alteration used as 
positive control material for ddPCR assay development 

Cell Line Nucleotide change Amino acid alteration Nomenclature used in 

this thesis 

HT29  BRAF c.1799T>A V600E  BRAF V600E 

NZM100  BRAF c.1798_1799delinsAA V600K  BRAF V600K 

H1299  NRAS c.181C>A Q61K  NRAS Q61K 

NZM93  NRAS c.182A>G Q61R  NRAS Q61R 

NZM4  TERT c.-124C > T C228T  TERT C228T 

NZM12  TERT c.-146C>T C250T  TERT C250T 

 

2.4.2 Preparation of gBlock positive controls  

Custom gBlocks manufactured by IDT were used as positive control material to optimise 

ddPCR assays. On receipt of lyophilised gBlocks, 250nM master stocks were made by the 

addition of nuclease-free water. These stocks were then diluted to a final concentration of 

10ng/μL in nuclease-free water (as per IDT instructions). Further dilutions were made in 

nuclease-free water to obtain a ten-fold dilution series ranging in concentrations from 1ng/μL 

to 0.01fg/μL. As ddPCR assay controls, 8μL of 0.01 or 0.1fg/μL gBlock were used as template 

in each ddPCR reaction.  
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2.4.3 Sequences of gBlock positive reference controls 

The gBlock sequences for the WT BRAF and NRAS and the mutant TP53 Y163H and TP53 E287K 

are shown below. In nucleotides identified in the blue font indicate primer binding sites. The 

nucleotides in the green font are where the hydrolysis probe binds. The brackets indicate the 

WT codon. The nucleotides highlighted in red show the nucleotide change that leads to the 

protein-coding alteration.  

BRAF WT 

ATCGGAATTCACTACACCTCAGATATATTTCTTCATGAAGACCTCACAGTAAAAATAGGTGATTTTGG
TCTAGCTACA[GTG]AAATCTCGATGGAGTGGGTCCCATCAGTTTGAACAGTTGTCTGGATCCATTTG
AATTCATCG 

BRAF WT c. 1799 T   GTG valine 

BRAF V600E c.1799 T>A   GAG glutamic acid 

BRAF V600K c.1798_1799delGTinsAA AAG lysine 

BRAF K601E c.1801A>G   GAA glutamic acid  

 

NRAS WT: 

ATCGGAATTCCTTACCCTCCACACCCCCAGGATTCTTACAGAAAACAAGTGGTTATAGATGGTGAAA
CCTGTTTGTTGGACATACTGGATACAGCTGGA[CAA]GAAGAGTACAGTGCCATGAGAGACCAATAC
ATGAGGACAGGCGAAGGAATTCATCG 

NRAS WT c.181C    CAA glutamine 

NRAS Q61K c.181C>A   AAA lysine 

NRAS Q61R c.182A>G   CGA arginine 

 

TP53 WT 

A 1kb fragment containing the WT TP53 sequence, including the coding sequence for both 
Y163 and E287 codons, was previously cloned into the expression vector pIRES2-EGFP [99]. 
The gBlock sequences with the nucleotide changes leading to the protein-coding change for 
TP53 Y163H and E287K are shown below. 
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TP53 Y163H 

TTGTTTCTTTGCTGCCGTCTTCCAGTTGCTTTATCTGTTCACTTGTGCCCTGACTTTCAACTCTGTCTCC
TTCCTCTTCCTACAGTACTCCCCTGCCCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTGTG
CAGCTGTGGGTTGATTCCACACCCCCGCCCGGCACCCGCGTCCGCGCCATGGCCATC[CAC]AAGCAG
TCACAGCACATGACGGAGGTTGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGT
GAGCAGCTGGGGCTGGAGAGACGACAGGGCTGGTTGCCCAGGGTCCCCAGGCCTCTGATTCCTCAC
TGATTGCTCTTAGGTCTGGCCCCTCCTCAGCATCTTATCCGAGTGGAAGGAAATTT 

 

TP53 E287K 

GCTTAGGCTCCAGAAAGGACAAGGGTGGTTGGGAGTAGATGGAGCCTGGTTTTTTAAATGGGACA
GGTAGGACCTGATTTCCTTACTGCCTCTTGCTTCTCTTTTCCTATCCTGAGTAGTGGTAATCTACTGGG
ACGGAACAGCTTTGAGGTGCGTGTTTGTGCCTGTCCTGGGAGAGACCGGCGCACAGAGGAA[AAG]
AATCTCCGCAAGAAAGGGGAGCCTCACCACGAGCTGCCCCCAGGGAGCACTAAGCGAGGTAAGCA
AGCAGGACAAGAAGCGGTGGAG 

TP53 Y163H c.487T>C   CAC histidine 

TP53 E287K c.859G>A   AAG lysine  

2.4.4 Cloning of gBlock positive controls into the plasmid vector pGEM-T Easy 

The gBlocks were also cloned into pGEM-T Easy Vector (Promega, WI, USA). This vector 

contains an ampicillin antibiotic cassette for selection in bacteria and the alpha-peptide 

coding region of the enzyme beta-galactosidase. Since the multiple cloning site for this vector 

is contained within the alpha-peptide coding region, when a fragment is cloned, insertional 

inactivation allows recombinant clones to be directly identified by blue/white colony 

selection on agar plates. T7 and SP6 sequences flank the multiple cloning site of the vector, 

and T7 and SP6 primers allow the amplification of the cloned region.   

For cloning of the gBlock fragments, a single ‘A’ overhang was added to allow ligation into the 

3´-T overhangs in the vector. These fragments were purified with the QIAquick PCR 

Purification Kit (Qiagen) to remove contaminants that could otherwise interfere with ligation 

into the plasmid vector. The gBlock fragments were then ligated into pGEM-T Easy vector, 

transformed into competent E. coli DH5α cells. Bacterial colonies containing fragments of the 

expected size were identified by colony PCR, plasmid DNA was grown in culture, and plasmid 

DNA was purified with the QIAprep Mini Kit (Qiagen). Finally, restriction enzyme analysis and 

Sanger sequencing was conducted to confirm the correct cloned gBlock constructs.  
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2.4.4.1 ‘A’ tailing gBlocks, fragment purification and ligation into pGEM-T Easy 

1. Single ‘A’ base overhangs were added to the gBlock by combining 50ng of each gBlock with 1μL 

10mM dNTPs, 2μL 10 x PCR buffer, 1μL of 25mM MgCl2 (ThermoFisher Scientific), 10U of Taq 

DNA polymerase (University of Auckland) and 10μL nuclease-free water. The reaction was 

incubated at 72oC for 20 minutes. 

2. The gBlock was purified with a QIAquick PCR purification column. In a microcentrifuge tube, five 

times volume of Buffer PB (100μL) was combined with 20μL of the ‘A’ tailed gBlock. This was 

mixed by pipetting, loaded onto the QIAquick column and centrifuged at 10,000x g for 1 minute 

at RT.   

3. The column was placed in a clean microcentrifuge tube, 750μL of Buffer PE added and 

centrifuged at 10,000x g for 1 minute at RT. 

4. The column was placed into a clean microcentrifuge tube and centrifuged at 17,000x g for 1 

minute at RT. 

5. The column was then placed in clean 1.5mL microcentrifuge tubes, 30μL of nuclease-free water 

applied to the column membrane and incubated at RT for 5 minutes. The eluate containing the 

DNA was collected by centrifugation at 17,000x g for 1 minute at RT.  

6. The DNA concentration was determined by Qubit Fluorometer using Qubit dsDNA BR Assay Kit 

as described in 2.2.1.   

7. Each ‘A’ tailed gBlock was ligated into commercially-prepared pGEM-T Easy by mixing 10μL of 

purified ‘A-tailed’ gBlock with 1μL pGEM-T Easy (50ng/μL), 1μL T4 DNA ligase (5U/μL) and 11μL 

2X Rapid Ligation Buffer (Promega), and incubated for 20 minutes at RT.   

  

2.4.4.2 Generating chemically competent DH5 cells for cloning and bacterial 

transformation 

1. E. coli DH5α cells were streaked onto a clean agar plate and incubated overnight at 37oC. 

2. A single colony was inoculated into 10mL L-Broth and incubated overnight at 37oC with shaking 

at 220rpm. 

3. 1mL of this bacterial culture was inoculated into 100mL of fresh L-Broth and incubated at 37oC 

with shaking at 220rpm until the culture was at an OD600 of 0.6-0.8. 

4. The bacterial cells were centrifuged in two 50mL Falcon tubes at 2,000rpm for 25 minutes at RT.   

5. Each cell pellet was resuspended in 50mL 0.1M CaCl2, combined into one tube, incubated on ice 

for 1 hour and centrifuged at 2,000rpm for 25 minutes at RT. 

6. Each cell pellet was gently resuspended in 10mL of 0.1M CaCl2 with 10% (v/v) glycerol to 

generate competent cells. 

7. On a dry ice/ethanol bath, 300μL aliquots of competent cells were snap-frozen in 1.5mL 

microcentrifuge tubes and stored at -80oC.           

8. Bacterial transformation was conducted by combining 12μL of each ligation with 100μL of 

competent E. coli DH5α cells. Transformations were incubated on ice for 30 minutes, and the 

bacteria were heat-shocked at 45oC for 45 seconds, then placed on ice for 2 minutes. 

9. 1mL of SOC media was added to each transformation and incubated at 37oC for 1 hour with 

shaking at 220rpm.   
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10. On agar plates containing 50mg/mL ampicillin, 30μL 20mg/mL X-gal and 10μL 0.1M IPTG (Sigma 

Aldrich, MO, USA) was spread onto the plate and left to dry. 100μL of each transformation was 

plated on these agar plates and incubated overnight at 37oC. 

 

2.4.4.3 Colony PCR, plasmid purification and construct confirmation 

1. PCR-based colony screening of ten white bacterial colonies was performed for each cloning. A 

small amount of bacterial colony was placed into one well of a 96-well thin-walled PCR plate 

(Sorenson Biosciences, Utah, USA).  

2. For each sample, a master mix was made containing 1μL 10x PCR buffer, 0.6μL 25mM MgCl2, 

0.2μL 10mM dNTPs (ThermoFisher Scientific), 0.5μL each 10µM SP6 and T7 primers (IDT), 3U 

Taq DNA polymerase (Fraser Laboratory) and was made up to 10μL with nuclease-free water. 

3. PCR cycling was conducted in a Veriti 96-Well Thermal Cycler(ThermoFisher Scientific), followed 

by incubation at 94oC for 5 minutes, followed by 35 cycles of 94oC for 20 seconds, 55oC 30 

seconds, 72oC 30 seconds. A final incubation step of 72oC for 5 minutes was performed, then 

after PCR, the plate was incubated at 4oC for between 5 minutes and two hours. 

4. 10μL of each PCR reaction was combined with 2μL of 6X loading dye and run on an 0.8% (w/v) 

agarose gel, as described in 2.2.4. 

5. Bacterial colonies containing gBlock constructs were inoculated into 3mL L-Broth containing 

ampicillin (50mg/mL) and grown overnight at 37oC with shaking at 220rpm.    

6. Plasmid DNA was isolated from the bacterial cells with a QIAprep Spin Miniprep Kit as described 

in 2.3.6.   

7. The concentration of plasmid DNA was determined with the Qubit Fluorometer using Qubit 

dsDNA HS Assay Kit as described in 2.2.1.   

8. The insert size was determined by restriction enzyme analysis using EcoRI (ThermoFisher 

Scientific) to excise the fragment from each construct. 100-200ng of purified plasmid DNA with 

1μL of 10x React Buffer 3 and 0.5μL of 10U/μL EcoRI restriction enzyme and made up to 10 μL in 

nuclease-free water. Reactions were incubated at 37oC for 1.5 hours.  

9. Digested plasmid samples were visualised following agarose gel electrophoresis as described in 

2.2.4. For each construct, a plasmid containing the expected fragment size was identified. 

10. For each cloned gBlock construct, 300ng of purified plasmid DNA was sent to Massey Genome 

Service, where Sanger sequencing was conducted.   

11. Sanger sequencing files were analysed with Sequence Scanner 2 software (Applied Biosystems, 

CA, USA), and correct cloned constructs were identified for each gBlock. 
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2.5 ddPCR assay design for the detection of tumour-specific mutations in 

cfDNA 

For rare event detection (RED) of mutations in patient samples, ddPCR was conducted with 

TaqMan probe-based assays. These assays contain a hydrolysis probe labelled with FAM or 

HEX reporter fluorophores at the 5’ end, an internal ZEN quencher and a 3' Black Hole 

Quencher (BHQ). When the probe is intact, the proximity of the quencher to the hydrolysis 

probe ensures no fluorescent signal is produced. When PCR amplifies the target fragment, 

the fluorophore is released via the 5’ exonuclease activity of the Taq polymerase, leading to 

a fluorescent signal. All RED ddPCR assays were designed according to the RED procedure 

recommended by Bio-Rad [416].  

  

2.5.1 Design of custom ddPCR assays  

All ddPCR assays used throughout this thesis were designed following specific criteria [417] 

and use the SantaLucia 1998 method for thermodynamic parameters and salt correction 

calculations [417]. The procedure for designing primers and probes for RED ddPCR assays is 

described below. All primers and probes which synthesised by IDT and were received 

lyophilised. These were resuspended in nuclease-free water to a concentration of 100mM or 

20mM, respectively, in nuclease-free water and were stored in aliquots at -20oC. All probe 

and primer sequences are shown in Table 7. 

1. Assay design was performed with the Primer3Plus tool, with the task set to Detection [418].  

2. Under General Settings tab, Product Size Ranges = 100-200bp. 

3. Primer Size = Min 15bp, Opt 20bp, Max 36bp. 

4. Primer Tm = Min 50oC, Opt 60oC, Max 65oC. 

5. Primer GC% = Min 40, Opt 50, Max 60. 

6. Concentration of divalent cations = 3.8mM. 

7. Concentration of dNTPs = 0.8mM. 

8. Under Advanced Settings: Table of thermodynamic parameters = SantaLucia 1998. 

9. Salt correction formula = SantaLucia 1998. 

10. Under Internal Oligo = Hyb Oligo Size: Min 15bp, Opt 20bp, Max 27bp. 

11. Hyb Oligo Tm= Min 62oC, Opt 63oC, Max 70oC. 

12. Hyb Oligo GC% = Min 30, Opt 50, Max 80. 

13. Hyb Oligo Divalent Cations Concentration = 3.8mM. 

14. Hyb Oligo dNTP Concentration = 0.8mM. 
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15. Primers and probes were generated by selecting Pick Primers.  

16. Criteria for primer selection: forward and reverse primers with similar annealing temperatures. 

17. Select 80-100bp PCR amplicons size.   

18. Criteria for probe selection: Select an internal oligo 3-10oC above the Tm of the primers (3oC is 

optimal). 

19. Ensure there are no 5’ G’s in the probe to avoid fluorophore quenching. Select a probe with at 

least one G or C within the 3’ nucleotide to ensure GC clamping. Select a probe with no more 

than three sequential G’s or C’s. 

20. Select the probe designed to anneal to the DNA strand with more G’s than C’s.  

21. Assess all designed primers in http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 7  Custom designed probe and primer sequences for ddPCR RED assays 
Custom ddPCR assays were designed for the tracking of ctDNA in the patient’s blood. The design of these ddPCR assays followed the Bio-Rad guidelines [416]. 
The primer and probe sequences used for the TERT ddPCR assays were as published [419]. *=mutation leads to the formation of a stop codon. fs=frame-shift 
mutation. Del=deletion. Mutant bases in the FAM probes are shown in red font. FAM and HEX are the incorporate fluorophores. ZEN and IABkFQ are 
quenchers included in the probe design. 

Gene and amino 

acid alteration 

Primer/Probe Sequence 5’ to 3’ orientation Annealing 

Temp 

GC Content 

BRAF  Forward Primer  GAAGACCTCACAGTAAAAATAGGTG  59.9°C 40% 

 Reverse Primer CTGTTCAAACTGATGGGACC  58.6°C 50% 

 HEX WT probe  HEX/TGGTCTAGC/ZEN/TACAGTGAAATCTCG/IABkFQ 62.2°C 45.8% 

 FAM V600E probe  6-FAM/TTGGTCTAG/ZEN/CTACAGAGAAATCTCG/IABkFQ 62.3°C 44% 

 FAM V600K probe  6-FAM/AGCTACAAA/ZEN/GAAATCTCGATGGAGT/IABkFQ 62.5°C 40% 

 FAM K601E probe  6-FAM/ACAGTGGAA/ZEN/TCTCGATGGAGTG/IABkFQ 62.1°C 50% 

NRAS Forward Primer  TGGTGAAACCTGTTTGTTGG  58.9°C 40% 

 Reverse Primer  ATTGGTCTCTCATGGCACTG  59.9°C 50% 

 HEX WT probe  HEX/CTGGATACA/ZEN/GCTGGACAAGAAG/IABkFQ 60.8°C 50% 

 FAM Q61K probe  6-FAM/ATACTGGAT/ZEN/ACAGCTGGAAAAGAAGAG/IABkFQ 63°C 40.7% 

 FAM Q61R probe 6-FAM/TGGATACAG/ZEN/CTGGACGAGAAGAG/IABkFQ 63.8°C 52.2% 

KIT L576P Forward Primer  ACAGTGGAAGGTTGTTGAGG  59.5°C 50% 

 Reverse Primer  AGCCTGTTTCTGGGAAACTC  60°C 50% 

 HEX WT probe  HEX/ACATAGACC/ZEN/CAACACAACTTCCTT/IABkFQ 62.5°C 41.7% 

 FAM L576P probe  6-FAM/ACATAGACC/ZEN/CAACACAACCTCCTT/IABkFQ 62.5°C 45.8% 

TP53 Y163H Forward Primer  CTCACAACCTCCGTCATGTG  60.8°C 55% 

 Reverse Primer  CAGCTGTGGGTTGATTCCA  59.9°C 52.6% 

 HEX WT probe  HEX/TGCTTGTAG/ZEN/ATGGCCATGGC/IABkFQ 63°C 55% 

 FAM Y163H probe  6-FAM/TGCTTGTGG/ZEN/ATGGCCATGGC/IABkFQ’ 63.5°C 60% 

TP53 E287K Forward Primer  GTGAGGCTCCCCTTTCTTG  60°C 57.9% 
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 Reverse Primer  CTTTGAGGTGCGTGTTTGTG 60.4°C 50% 

 HEX WT Probe HEX/ATTCTCTTC/ZEN/CTCTGTGCGCC/IABkFQ 62.4°C 55% 

 FAM E287K Probe 6-FAM/ATTCTTTTC/ZEN/CTCTGTGCGCC/IABkFQ 62.0°C 50% 

TP53 Y234C Forward Primer  TCTCCTAGGTTGGCTCTGAC 60.5°C 55% 

 Reverse Primer  GCCCATGCAGGAACTGTTA 60°C 52.6% 

 HEX WT Probe HEX/CCACCATCC/ZEN/ACTACAACTACATGT/IABkFQ 62.7°C 45.8% 

 FAM Y234C 6-FAM/CCACCATCC/ZEN/ACTGCAACTACATGT/IABkFQ 63°C 55% 

TP53 L265fs Forward Primer  GCCTCTTGCTTCTCTTTTCC 58.9°C 50% 

 Reverse Primer  CACAAACACGCACCTCAAAG 60.4°C 50% 

 HEX WT Probe HEX/AGTGGTAAT/ZEN/CTACTGGGACGGA/IABkFQ 62.4°C 50% 

 FAM L265fs Probe 6-FAM/ATCTAC(Del)GGG/ZEN/ACGGAACAGCT/IABkFQ 63°C 50% 

TP53 G244D Forward Primer  TGGGCCTGTGTTATCTCCTA 59.8°C 50% 

 Reverse Primer GTGATGATGGTGAGGATGGG 60°C 55% 

 HEX WT Probe HEX/TAACAGTTC/ZEN/CTGCATGGGCG/IABkFQ 62.9°C 55% 

 FAM G244D Probe 6-FAM/AACAGTTCC/ZEN/TGCATGGACGG/IABkFQ 60°C 55% 

TP53 F109S Forward Primer TCATCTTCTGTCCCTTCCCA  60°C 50% 

 Reverse Primer AAGAAATGCAGGGGGATACG 59.9°C 50% 

 HEX WT Probe HEX/CAGCTACGG/ZEN/TTTCCGTCTGG/IABkFQ 63°C 60% 

 FAM F109S Probe 6-FAM/ACGGTTCCC/ZEN/GTCTGGGCTTC/IABkFQ 63.5°C 65% 

TP53 P278A Forward Primer CTTTGAGGTGCGTGTTTGTG  60.4°C 50% 

 Reverse Primer TGCGGAGATTCTCTTCCTCT  60.2°C 50% 

 HEX WT Probe HEX/CTGTCCTGG/ZEN/GAGAGACCGG/IABkFQ 63.3°C 64.8% 

 FAM P278A Probe 6-FAM/TGTGCTGGG/ZEN/AGAGACCGG/IABkFQ 63.3°C 66.7% 

KRAS G12 Forward primer AAGGCCTGCTGAAAATGACTG  61.4°C 47.6% 

 Reverse primer TATCGTCAAGGCACTCTTGC  60.2°C 50% 

 HEX WT probe HEX/TACGCCACC/ZEN/AGCTCCAACTA/IABkFQ 63.2°C 55% 

 FAM G12A probe 6-FAM/TACGCCAGC/ZEN/AGCTCCAACTA/IABkFQ 63.2°C 55% 

 FAM G12D probe 6-FAM/TACGCCATC/ZEN/AGCTCCAACTA/IABkFQ 62.8°C 50% 
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 FAM G12 V probe 6-FAM/TACGCCAAC/ZEN/AGCTCCAACTA/IABkFQ 62.8°C 50% 

TERT Forward Primer ACACTGACGACATGGTTCTACAGCAGCGCTGCCTGAAACTCG 69.8°C 54.8 % 

 Reverse Primer TACGGTAGCAGAGACTTGGTCTCGTCCTGCCCCTTCACCTTC 69.9°C 57.1% 

 HEX WT probe C228C HEX/AGCCCCCTC/ZEN/CGGGCCCTCCCA/IABkFQ 72.9°C 81% 

 HEX WT probe C250C HEX/ACCCGGGAG/ZEN/GGGTCGGGACG/IABkFQ 68.9°C 80% 

 FAM C228T probe 6-FAM/AGCCCCTTC/ZEN/CGGGCCCTCCCA/IABkFQ 76.2°C 70.6 % 

 FAM C250T probe 6-FAM/ACCCGGAAG/ZEN/GGGTCGGGACG/IABkFQ 66.6°C 75% 

MEN1 E260* Forward Primer AAGTCAAGTCTGGCCTAGC 59°C 52.6% 

 Reverse Primer TCAACCCTTCCATTGACCTG  59.7°C 50% 

 HEX WT Probe HEX/CAGAAGCTC/ZEN/CAGCGAGTCG/IABkFQ 62.7°C 63.2% 

 FAM E260* Probe 6-FAM/AAGCTAACAG/ZEN/CGAGTCGGTG/IABkFQ 63°C 60% 

MEN1 F11fs Forward Primer TGGAACCTTAGCGGACCCT 62.6°C 57.9% 

 Reverse Primer AGCTCGGCAGCAAACAG  60.1°C 58.8% 

 HEX WT Probe HEX/CCAGAAGAC/ZEN/GCTGTTCCCG/IABkFQ 63°C 62.3% 

 FAM F11fs Probe 6-FAM/AGAAGACGC/ZEN/TGT(Del)CCCGCTG/IABkFQ 63°C 66.7% 

MEN1 P55fs Forward Primer GCTTCGTGGAGCATTTTCTG  59.9°C 50% 

 Reverse Primer CTCGAGGATAGAGGGACAGG  60.4°C 60% 

 HEX WT Probe HEX/ATCCCTACC/ZEN/AACGTTCCCGA/IABkFQ 62.9°C 59% 

 FAM P55fs Probe 6-FAM/CCGCGTCAT/ZEN/C(Del)TACCAACGTT/IABkFQ 63°C 50% 

GB fusion Forward Primer AACACTGAATAACCCTTTGCG 59.3°C 42.9% 

 Reverse Primer ATGAACCTGGGCTACCATCC  61.5°C 55% 

 FAM fusion Probe 6-FAM/CCACCCCTG/ZEN/GCTGTGGT/IABkFQ 63.6°C 70.6% 
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2.5.2 Experimental setup of ddPCR assays 

All ddPCR assays for DNA mutations listed in Table 7 were set up using the conditions below, 

except for the TERT promoter ddPCR assays, which followed specific conditions described in 

2.5.2.1. The setup of all ddPCR reactions was performed in a strip of eight wells due to DG8 

Cartridge requirements. For each ddPCR assay conducted, a no template control (NTC) for 

each probe set was included.  

1. All ddPCR reactions were prepared in a 96-well PCR plate (Sorensen). For each ddPCR reaction, 

the following components were added: 11.5ul 2x ddPCR Supermix for Probes (No dUTP), 1.44μL 

10μM Forward and Reverse primer, 0.24μL 20μM HEX (WT sequence) and FAM (mutant 

sequence) probes. Finally, up to 8μL of cfDNA or 10ng gDNA was added as template, and 

nuclease-free water was added to make a final volume of 23μL. 

2. The plate was sealed with plastic film (Sorensen) and then centrifuged at 1,200rpm for 1 minute 

at RT.   

3. A clean DG8 Cartridge (Bio-Rad) was placed into the ddPCR cartridge holder (Bio-Rad). With an 

8-channel 5-50μL pipette (Rainin), 20μL of each of the 8 reactions were transferred to the middle 

wells of the DG8 cartridge. With an 8-channel 20-200μL pipette (Rainin), 70μL of Droplet 

Generation Oil for Probes was added to the wells indicated in the DG8 Cartridge. A rubber DG8 

Gasket (Bio-Rad) was placed over the cartridge holder. The cartridge was placed into the QX200 

Droplet Generator (Bio-Rad), and droplets were formed under vacuum.   

4. 40μL of PCR reactions in droplets were transferred to a clean 96-well semi-skirted PCR plate 

(Eppendorf).   

5. PCR plates were sealed with a foil lid (Bio-Rad) using PX1 PCR Plate Sealer (Bio-Rad) and placed 

in the PCR machine. 

6. Cycling was performed using a C1000 Touch Thermal Cycler (Bio-Rad) with a 96–Deep Well 

Reaction Module. For all RED probe-based assays, the cycling conditions were as follows: initial 

incubation of 95oC for 10 minutes, 40 cycles of 94oC for 30 seconds and 55-65oC for 1 minute 

(ramp rate 2oC per second). A final incubation step of 98oC for 10 minutes was performed, then 

after PCR, the plate was incubated at 12 °C for between 5 minutes to overnight. 

7. The ddPCR plate was placed in the QX200 droplet reader (Bio-Rad), and fluorescent droplets 

were detected using a multi-pixel photon counter. 

8. QuantaSoft Pro software (version 1.0.596, Bio-Rad) was used to assign sample labels, designate 

targets, and in a 2-D plot, the threshold for positive fluorescence was set. For Channel 1 

Amplitude (FAM), the threshold was set at 1000. For Channel 2 Amplitude (HEX), the threshold 

was set at 1200-2000.  

9. For all ddPCR assays, the number of mutant (FAM) droplets were calculated as copies/mL input 

plasma. The total FAM positive droplets per reaction were divided by the template input, 

multiplied by the total volume the template was eluted in and divided by the initial plasma 

exaction volume.  
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2.5.2.1 Variations to ddPCR assays for the detection of TERT promoter mutations 

1. TERT promoter ddPCR reactions were set up as described in section 2.5.2, but with the addition 

of  7-deaza-dGTP (Sigma-Aldrich) to a final concentration of 200μM [419].  

2. Cycling conditions were as follows: initial incubation of 95oC for 10 minutes, then 45 cycles of 

94oC for 30 seconds and 63.5oC for 1 minute (ramp rate 2oC per second). A final incubation step 

of 98oC for 10 minutes was performed, then after PCR, the plate was incubated at 12 °C for 

between 5 minutes to overnight.  

3. Data acquisition and analysis were as described in steps 7-9 above 2.5.2. 

 

2.6 UltraSEEK MassARRAY experimental conditions 

Two UltraSEEK MassARRAY Panels (Agena BioScience, CA, USA) were used in this thesis to 

analyse patient samples. The commercially available UltraSEEK Lung Panel screens for 70 

mutations across five genes (BRAF, EGFR, ERBB2, KRAS and PIK3CA). The UltraSEEK Melanoma 

V2 Panel was still under development at the time of this investigation, but we were granted 

early access to evaluate this. This panel screens for 55 mutations across 13 genes (BRAF, 

CDKN21, CTNNB1, DPH3, IDH1, KIT, MAP2K1, NRAS, RAC1, RPS27, RQCD1, SDHD and YAE1D1). 

The UltraSEEK Melanoma V2 Panel is now commercially available. The protocol outlined 

below is for analysing seven samples and one NTC in a single UltraSEEK experiment. 

1. In the first column of eight wells (A1-H1) of a MicroAmp EnduraPlate Optical 96-well Clear 

Reaction Plate, either 10ng of DNA or NTC was added. The volume was made up to  35μL with 

Molecular grade water. 

2. To each sample, 35μL of the master mix was added. This contained: 7μL 10X PCR buffer, 2.8μL 

MgCl2, 1.4μL dUTP/dNTP mix, 2.8μL 5U/μL PCR Enzyme, 14μL 0.5μM Global PCR Primer, 7μL 

Molecular grade water.  

3. The plate was sealed and mixed well by vortexing and centrifuged at 1200x rpm for 1 minute at 

RT. 

4. The plate was placed in the Vapo Protect MasterCycler (Eppendorf). The PCR cycling conditions 

were as follows: initial incubation of 94oC for 2 minutes, 45 cycles of 94oC for 30 seconds, 56oC 

for 30 seconds, 72oC for 1 minute. A final incubation step of 72oC for 5 minutes was performed, 

and then after PCR, the plate was incubated at 15°C for up to two hours. 

5. Following PCR amplification, remaining free dNTPs were dephosphorylated by adding to the first 

eight columns of wells 28μL of SAP cocktail containing: 4.2μL Shrimp Alkaline Phosphatase (SAP) 

enzyme 1.7U/μL, 2.38μL SAP Buffer and 21.42μL Molecular grade water. The plate was sealed, 

and reactions were mixed by vortexing and centrifuged at 1200rpm for 1 minute at RT.   

6. Reactions were incubated at 37oC for 40 minutes, 85oC for 5 minutes and then held at 15oC. The 

plate was centrifuged briefly.  
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7. Following SAP treatment, 7μL of each reaction was aliquoted into a row of 12 wells on the PCR 

plate (i.e. reaction A1 aliquoted into A1-A12, reaction B1 aliquoted into B1-B12, etc.). 

8. Next, twelve Extension Reaction Cocktails were made by taking 12 microcentrifuge tubes 

labelled 1-12. An iPLEX master mix was made by combining 25μL 10x iPLEX buffer plus, 5.1μL 

225x iPLEX pro enzyme, and 64.8μL nuclease-free water. 7.3μL of the iPLEX master mix was 

added to each of the 12 microcentrifuge tubes, followed by 1μL of a specific Process Control, 

9μL of a specific Extension Primer and 1.9μL of a specific Termination Mix was added, as detailed 

in Table 8. Different termination mixes and process controls were used for the two UltraSEEK 

panels tested (Lung and Melanoma).  

9. Each Extension Reaction Cocktail was mixed by vortexing and centrifuged briefly. 2μL of each 

Extension Reaction Cocktail 1-12 was added to each column of eight wells. For example, 

Extension Reaction Cocktail 1 was aliquoted into A1-H1; Extension Reaction Cocktail 2 was 

aliquoted into A2-H2 etc. The PCR plate was sealed, mixed by vortexing and briefly centrifuged.  

 

Table 8  Components included in the master mix reactions for UltraSEEK Lung and Melanoma Panels 

Tube number Extension Primer Termination Mix 

    Lung           Melanoma 

Process Control 

     Lung               Melanoma 

1 EXT W1 CT C T C 

2 EXT W2 CT C T C 

3 EXT W3 CT G T T 

4 EXT W4 CT G T T 

5 EXT W5 CT T T T 

6 EXT W6 CT T T T 

7 EXT W7 GT T T T 

8 EXT W8 GT C T C 

9 EXT W9 GT T T T 

10 EXT W10 GT T T T 

11 EXT W11 CG T C T 

12 EXT W12 C C C C 

 

10. The PCR plate was placed in the Vapo Protect MasterCycler, and PCR was conducted. Reactions 

were incubated 94oC for 30 seconds, followed by 40 cycles at 94oC 5 seconds, 52oC for 5 seconds, 

80oC 5 seconds, 52oC for 5 seconds, 80oC 5 seconds, 52oC for 5 seconds, 80oC 5 seconds, 52oC for 

5 seconds, 80oC 5 seconds, 52oC for 5 seconds, 80oC 5 seconds. A final incubation step of 72oC 

for 3 minutes was performed, then after PCR, the plate was incubated at 15 °C for between 5 

minutes to overnight. 

11. Next, Streptavidin beads were warmed to RT and resuspended by vortexing. These beads were 

conditioned as follows: 489μL of beads were aliquoted into a microcentrifuge tube. The tube 

was placed on DynaMag-2 Magnet (ThermoFisher Scientific) for 1 minute, and the storage buffer 

was removed. The beads were resuspended in 489μL of Bead Binding and Wash Buffer by 

vortexing and centrifuged briefly at full speed. The tube was placed on the DynaMag-2 Magnet, 

and the Bead Binding and Wash Buffer was discarded. 

12. The bead conditioning was repeated as described in step 11. 
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13. Beads were resuspended in 1mL of fresh Bead Binding and Wash Buffer. The beads were 

transferred to a 15mL Falcon tube, and a further 1.875mL Bead Binding and Wash Buffer and 

1.84mL Molecular grade water was added. The beads were then transferred to a trough and 

using a multi-channel pipette, 41μL streptavidin beads were added to each well of the 96-well 

plate containing the PCR amplified samples and NTC.   

14. The PCR plate was sealed firmly with MicroAmp Clear Adhesive Film and placed on a plate 

rotator for at least 30 minutes at RT.   

15. The plate was placed on a DynaMag-96 Side Magnet (ThermoFisher Scientific) and incubated for 

1 minute at RT. The supernatant was removed with a multi-channel pipette, and the plate was 

removed from the DynaMag-96 Side Magnet.   

16. The beads were washed by resuspending in 100μL Molecular grade water and pipetting with a 

multi-channel pipette at least eight times. The plate was placed on the DynaMag-96 Side Magnet 

and incubated for 1 minute at RT.   

17. Following incubation, the supernatant was removed, and the wash was repeated as per step 16.    

18. After washing, 2mL of Biotin Competition Solution was placed in a clean trough, and 13μL was 

added to each well. The PCR plate was sealed firmly with MicroAmp Clear Adhesive Film. The 

plate was vortexed gently to resuspend the beads and centrifuged briefly. Samples were then 

incubated on the thermocycler at 90oC for 5 minutes and then cooled to 15oC. 

19. The PCR plate was centrifuged at 1,000x g for 1 minute at RT and then placed on a DynaMag-96 

Side Magnet for 1 minute. The supernatant was transferred into a clean MicroAmp optical 384-

well plate for MassARRAY analysis.   

20. Wet resin was prepared to desalt eluted PCR products. This was made by adding approximately 

6g of resin to 20mL of Molecular grade water. To each reaction, 2μL of anion exchange resin 

slurry was added, and the plate was left on the rotator for 15 minutes at RT. The plate was then 

centrifuged at 2,000x g for 5 minutes at RT.   

21. The desalted analyte from each well of the 384-well plate was dispensed onto a SpectroCHIP 

Array solid support using a MassARRAY RS1000 Nano-dispenser. The Nano-dispenser transfers 

the analyte onto the SpectroCHIP, and the target spot size was 12nL with a range of 5-18nL. 

22. The SpectroCHIP was transferred into the matrix-assisted laser desorption/ionisation time-of-

flight mass spectrometer, and data was acquired using the MassARRAY analyser [420]. 

23. For the UltraSEEK analysis, further data analysis was performed using Typer software version 

4.0.26.74 (Agena Biosciences). The normalised intensity of each spectrum was calculated by 

normalising the signal intensity of the mutant allele against the capture control peaks generated 

within each reaction.   

24. The normalised mutant allele values were reported with a Z-score. The recommended Z-score 

cut off to report a mutation was set to 10. 
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2.7 Custom amplicon NGS design 

Two different custom library platforms were selected to assess the ability to detect ctDNA 

isolated from patient plasma samples. These were the Qiagen QIAseq targeted DNA (Qiagen) 

and AmpliSeq HD panels (ThermoFisher Scientific). Custom sequencing library designs were 

created by uploading genomic coordinates of regions of the genes where mutations were 

most frequently located to either GeneGlobe software (Qiagen) or the Ion Ampliseq Designer 

tool (ThermoFisher Scientific). While an automated algorithm created the QIAseq NGS design, 

the AmpliSeq HD panel was designed in consultation with the ThermoFisher White Glove 

Team (WA, USA). Both designs were returned as BED files containing the genomic coordinates 

for the amplicons. The amplicon coverage was assessed manually in the UCSC Genome 

Browser (University of California Santa Cruz Genomics Institute, Ca, USA ).   

 

2.7.1 Selection of targets for melanoma amplicon NGS panel 

Several criteria were used to select targets for the development of the custom sequencing 

panels for melanoma. Firstly, pivotal publications outlining the landscape of melanoma 

mutations identified from the TCGA sequencing data helped inform which mutations were 

recurrently identified in melanoma tumour sequencing data [13, 22, 46]. In addition to this, 

databases such as COSMIC, ClinVar, cBioPortal, UCSC Genome Browser variant tracks, with 

additional analysis using the wANNOVAR web-based annotation software, were used to find 

a concise list of potential mutations [421-425].   

The two designed sequencing panels were not exactly the same. The primer design that allows 

the amplification of specific targeted regions of the DNA (amplicons) for the QIAseq 

melanoma and the Ion AmpliSeq HD melanoma panel differ slightly for two main two reasons. 

The QIAseq panel was designed first, and the target regions containing the mutations were 

selected based on solid tumour DNA analysis reported in the literature. For the Ampliseq HD 

panel design, a further in-depth analysis was conducted with tools such as wANNOVAR to 

investigate the population-based frequency of these mutations within melanoma patients’ 

tumours. Secondly, the QIAseq targeted panel design relies on the ligation of one gene-

specific primer to the region targeted, in combination with the ligation of a universal adaptor 
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to each DNA fragment. The ligated gene-specific primer and universal primer is then used for 

PCR amplification of the cfDNA. In contrast, AmpliSeq HD libraries are created with two gene-

specific primers. Because the AmpliSeq amplicons require the design of two gene-specific 

primers, this can cause some design constraints. One such example was the primer design 

within the TERT promoter region. Since this region has a very high GC content, the design was 

less stringent to allow larger amplicons to cover this region. Since cfDNA is highly degraded in 

the blood plasma, the target amplicon size for library construction tends to be small (30-90bp) 

to increase the likelihood of amplifying specific regions of the target genes and therefore 

detecting a mutation. The standard design constraints had to be relaxed for the primers 

designed to the TERT promoter, leading to amplicons ranging in sizes between 114-115bp.  

 

2.7.1.1 Gene targets covered in the QIAseq melanoma panel 

The QIAseq melanoma panel included 199 amplicons, covering regions in the 60 genes listed 

below: 

AKT3, APC, ARID1A, ARID2, ASXL3, ATR, BRAF, CACNG3, CBL, CBX2, CDKN2A, CTNNB1, DDX3X, 

DNMT1, EGFR, EPHA10, EPHA3, EPHA6, EPHB6, ERBB4, EZH1, EZH2, FBXW7, GNA11, GNAQ, 

IDH1, ISX, JAK2, KDM5B, KIT, KRAS, MAP2K1, MAP3K5, MAP3K9, MC1R, MDM2, MITF, 

MRPS31, NF1, NRAS, PDCD1, PIK3CA, PPP6C, PREX2, PRG4, PTEN, PTK2B, RAC1, RB1, RPS27, 

SF3B1, SMARCA4, SNX31, SPATA8, STK19, TACC1, TERT, TP53, TRRAP, VHL. 

 

2.7.1.2 Gene targets covered in the Ion AmpliSeq HD melanoma panel 

The Ion AmpliSeq HD melanoma panel included 115 amplicons, covering regions in the 41 

genes listed below: 

AKT3, ARID2, ASXL3, ATR, BRAF, CACNG3, CDKN2A, CTNNB1, DPH3, EGFR, EPHA6, ERBB4, 

EZH2, FBXW7, GNA11, GNAQ, IDH1, ISX, KIT, KRAS, MAP2K1, NF1, NRAS, PIK3CA, PPP6C, PTEN, 

PTK2B, RAC1, RB1, RPS27, RQCD1, SDHD, SF3B1, SPATA8, STK19, TERT, TP53, TRRAP, VHL. 
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2.7.2 Selection of targets for the pNET/PDAC three-gene amplicon panel 

The QIAseq and Ion AmpliSeq HD panel for the pNET/PDAC panel were designed to cover all 

exons of three genes MEN1, TP53 and KRAS. These three genes were chosen as they are 

frequently mutated in pNETs and PDACs. MEN1 is the most commonly mutated gene in 

pNET’s [51], whilst TP53 and KRAS are commonly mutated in PDACs [14]. For the QIAseq 

targeted panel, the custom library contained 58 amplicons, and for the AmpliSeq HD, there 

were 101 amplicons. An example of the sequencing coverage obtained with the custom NGS 

panels for the MEN1 gene is shown in an IGV visualisation in Figure 8. 

 

 

Figure 8  IGV output showing the BED file amplicon design for MEN1  
For the pNET/PDAC custom NGS panels, amplicons were designed to cover the entire exonic regions 
of three genes. An example is shown for sequencing generated and visualised in IGV for the MEN1 
gene. (a) The reference sequence for MEN1 exon regions (thick blue boxes) and intron regions (lines) 
are shown. The arrows indicate which strand is currently displayed the direction of the gene. BED files 
showing the amplicons covered by (b) the QIAseq melanoma panel and (c) the AmpliSeq HD melanoma 
panel.    

  

2.7.3 Protocol for the NGS with QIAseq Targeted DNA Panels  

QIAseq libraries were made for melanoma and pNET/PDAC samples using the custom 

melanoma and three-gene panels, respectively. Both of the custom panels contain a single 

pool of amplicon primers, which means one reaction containing template DNA is required. 

Before target enrichment and library amplification, each original DNA molecule was assigned 

a unique molecular tag (UMT) by ligating fragmented DNA with an adapter containing a 12-

base fully random sequence. The initial eight PCR cycles amplified DNA fragments with the 

UMTs. Following fragment purification, additional PCR cycles were conducted with universal 
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primers to further amplify the fragments for sequencing. All reagents for library construction 

were provided with the QIAseq Targeted DNA Panel Library Kit (Qiagen). 

1. 10ng of purified cfDNA or tumour gDNA was placed into a thin-walled 0.2mL PCR tube and 

enzymatically fragmented by adding 2μL of 10x Fragmentation Buffer, 0.75μL FERA Solution, 

1.25μL FG Solution in a final volume of 20μL. 5μL of Fragmentation Enzyme Mix was added to 

each reaction. Each reaction was mixed well by pipetting and centrifuged briefly. 

2. Reactions were incubated in a Veriti 96-Well Thermal Cycler for 1 minute at 4oC, followed by 

32oC for 14 minutes, 72oC for 30 minutes and then incubated at 4oC for up to 1 hour.  

3. An Adaptor Ligation sample was created by ligation of the UMT adaptor to the DNA fragments, 

by adding the following components to each reaction: 10μL of 5x Ligation Buffer, 0.5μL LT-BC# 

adapter (where # represents the adapter that was added to each sample), 5μL DNA Ligase, 2.3μL 

nuclease-free water and 7.2μL Ligation Solution was added, mixed well by pipetting and 

incubated at 20oC for 15 minutes in a Veriti 96-Well Thermal Cycler with the heated lid turned 

off.   

4. Next, each Adaptor Ligation sample was purified with QIAseq Beads to remove excess UMT 

adaptors and ligase reagents. Each reaction was transferred to a clean 1.5mL microcentrifuge 

tube, and 30μL of nuclease-free water was added. QIAseq Beads were brought to RT, and 112μL 

of Beads were added to each tube, mixed well by pipetting, and incubated for 5 minutes at RT. 

All reactions were placed on a DynaMag-2 Magnet and left to bind for 10 minutes at RT. Then 

the supernatant was removed and discarded.   

5. With tubes still on the DynaMag-2 Magnet, 200μL of fresh 80% (v/v) ethanol was added to each 

reaction, the tubes were rotated three times, and the ethanol was removed. This was repeated. 

6. The QIAseq Beads were left to air-dry on the magnet for 10 minutes at RT. 

7. The microcentrifuge tubes were removed from the magnet and resuspended in 52μL nuclease-

free water. The tubes were placed back onto the magnet, and when the solution was clear, 50μL 

of the sample containing the Adaptor Ligation sample was transferred to a clean microcentrifuge 

tube.  

8. Next, an additional purification of the Adaptor Ligation sample was performed as described in 

step 4-6, except 70μL of QIAseq Beads were added to each tube. Following the second ethanol 

wash, the beads were left to air-dry for 15 minutes at RT. 

9. The microcentrifuge tubes were removed from the magnet, and 12μL of nuclease-free water 

was added to each microcentrifuge tube. The beads were resuspended by pipetting, and the 

microcentrifuge tubes were placed back onto the magnet. When the solution was clear, 9.4μL 

of the Adaptor Ligation sample was removed into a clean 0.2mL PCR tube. 

10. A Target Enrichment Sample was prepared by combining 9.4μL of the Adaptor Ligation sample, 

4μL of 5x TEPCR buffer, 5μL QIAseq custom Targeted DNA panel, 0.8μL LT-Forward Primer and 

0.8μL HotStarTaq DNA Polymerase, mixed by pipetting and centrifuged briefly. 

11. A Target Enrichment PCR of the Target Enrichment Sample was performed in a Veriti 96-Well 

Thermal Cycler by incubating Target Enrichment Sample at 95oC for 13 minutes and 98oC for 2 

minutes, followed by 8 cycles of 98oC for 15 seconds and 68oC for 10 minutes. A final incubation 

step of 72oC for 5 minutes was performed, then 4 °C for at least 5 minutes. 
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12. Reactions were transferred to a clean microcentrifuge tube, and 60μL of nuclease-free water 

was added. Next, Target Enrichment product was purified with QIAseq Beads to remove PCR 

reagents as described in steps 4-6.  

13. When the QIAseq Beads were dry, the microcentrifuge tubes were removed from the magnet 

and 16μL of nuclease-free water was added. Each tube was mixed well with pipetting and placed 

back onto the magnet. When the solution was clear, 13.4μL Target Enrichment product was 

removed into a clean 0.2mL PCR tube. 

14. To amplify the Target Enrichment product, a universal PCR amplification was conducted. To the 

13.4μL Target Enrichment product, 4μL of 5x UPCR buffer, 0.8μL LT-Universal Primer and 0.8μL 

LT-P1 Primer and 1μL HotstarTaq polymerase was added. Reactions were mixed well by pipetting 

and centrifuged briefly.   

15. In a Veriti 96-Well Thermal Cycler, reactions were incubated at 95oC for 13 minutes and 98oC for 

2 minutes, followed by 26 cycles of 98oC for 15 seconds, 60oC for 2 minutes. A final incubation 

step of 72oC for 5 minutes was performed, then after PCR, the plate was incubated at 4 °C for at 

least 5 minutes until use.  

16. To create the final sequencing Library, the Universal Amplified Target Enrichment products were 

transferred to a clean microcentrifuge tube, 60μL of nuclease-free water was added, and mixed 

well by pipetting. Next, Target Enrichment product was purified with QIAseq Beads as described 

in steps 4-6.  

17. The microcentrifuge tubes were removed from the magnet, and 30μL of nuclease-free water 

was added, and the reaction was mixed well by pipetting and incubated for 5 minutes at RT. The 

microcentrifuge tubes were placed back onto the magnet, allowed to sit for 5 minutes, and 28μL 

of final Library was removed into fresh microcentrifuge tubes.   

18. Each Library was quantified with the Ion Library TaqMan Quantitation Kit as described in 2.2.2. 

19. Following library quantitation, sequencing was conducted with the Personal Genome Machine 

(PGM) (ThermoFisher Scientific) as described in section 2.8. 

 

2.7.4 AmpliSeq HD custom sequencing panel protocol 

AmpliSeq HD libraries were made for melanoma and pNET/PDAC samples using the custom 

melanoma and three-gene panels, respectively. Because the AmpliSeq HD libraries rely on 

two gene-specific primers for each amplicon, two primer pools were required to ensure 

overlapping amplicons of each gene could be amplified. For the AmpliSeq HD protocol, unique 

UMTs were manufactured within each amplicon primer. The UMTs were attached to each 

DNA molecule as the sample underwent the initial three cycles of PCR, and this was conducted 

in two separate reactions (one for each primer pool). Following this initial PCR, any remaining 

UMTs were enzymatically digested, and the UMT labelled DNA fragments from the two pools 

combined. A universal PCR was conducted to create the completed library. The protocol for 
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both the melanoma and pNET/PDAC panels were the same, except that for the pNET/PDAC 

custom panel, half of the primer pool volume was utilised to decrease the production of 

primer dimer fragments.  All reagents for library construction were provided with the Ion 

AmpliSeq HD Library Kit (ThermoFisher Scientific). 

1. In a UV sterilised PCR laminar flow hood, two master mixes containing either primer pool one or 

primer pool two were prepared. 

2. For the preparation of the AmpliSeq HD libraries, two master mixes (called MM1 or MM2) were 

made for each primer pool. Each master mix contained: 3.7μL of 4X ion AmpliSeq HD 

Amplification Mix, and either 1.5μL each of 10X Pool 1 FWD and REV, or 1.5μL each 10X Pool 2 

FWD and REV. Reactions were made up to 15μL in nuclease-free water. 

3. For the preparation of the AmpliSeq HD pNET/PDAC three-gene library, MM1 and MM2 were 

made as described in step 2, but the amount of each FWD and REV primer added to each was 

reduced to 0.7μL.  

4. The first PCR for each sample was conducted as two separate reactions, so two wells in a 96-well 

Endura PCR plate (pre-chilled) were used for each sample. For each AmliSeq HD melanoma 

library, 6.7μL MM1 was added to one sample well, and 6.7μL MM2 was added to the second 

sample well. For each AmpliSeq HD three-gene library, 5.2μL of MM1 was added into one sample 

well, and 5.2μL MM2 was added into the second sample well.   

5. To each of the two sample wells, up to 10ng of template cfDNA or gDNA was added, and 

nuclease-free water to a final volume of 15μL.  

6. Reactions were mixed by pipetting ten times, and the plate was sealed firmly with MicroAmp 

Clear Adhesive Film and centrifuged briefly at 1,000rpm for 1 minute at RT. 

7. In a Veriti 96-Well Thermal Cycler with a MicroAmp Optical Film Compression Pad (ThermoFisher 

Scientific), reactions were incubated at 99oC for 30 seconds, 64oC for 2 minutes, 60oC for 6 

minutes and 72oC for 30 seconds, for three cycles. A final incubation of 72oC for 2 minutes was 

performed, then after PCR, the plate was incubated at 4oC for less than 1 hour. 

8. The PCR plate was then centrifuged briefly for 1 minute at 1,000rpm at RT. 

9. PCR reactions containing the two separate target amplification reactions were combined into a 

fresh well on the same plate to make a final reaction volume of 30μL.  

10. To each pooled reaction, 5μL Ion AmpliSeq HD SUPA Reagent was added and mixed well by 

pipetting five times. The plate was sealed with MicroAmp Clear Adhesive Film and centrifuged 

briefly at 1,000rpm for 1 minute at RT. 

11. On a Veriti 96-Well Thermal Cycler with a MicroAmp Optical Film Compression Pad, reactions 

were incubated at 30oC for 15 minutes, 50oC for 15 minutes, 55oC for 15 minutes, 25oC for 10 

minutes, 98oC for 2 minutes. Reactions were then incubated at 4oC for up to 1 hour. 

12. For universal PCR amplification of the samples, 4μL of a selected barcode from the AmpliSeq HD 

Dual Barcode Kit #1-24 (where # represents the adapter added to each sample) was added to 

each reaction. Reactions were mixed by pipetting, plates were sealed with MicroAmp Clear 

Adhesive Film, and centrifuged briefly 1,000rpm for 1 minute at RT.  

13. PCR plates were placed on a Veriti 96-Well Thermal Cycler with a MicroAmp Optical Film 

Compression Pad. Reactions were incubated at 99oC for 15 seconds, then five cycles of 99oC for 

15 seconds, 62oC for 20 seconds, 72oC for 20 seconds. A further fifteen cycles of PCR were 
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performed by incubating reactions at 99oC for 15 seconds, 70oC for 40 seconds. A final incubation 

at 72oC for 5 minutes was performed, then 4oC for up to 2 hours.   

14. The PCR plate was centrifuged at 1,000rpm for 1 minute at RT. 

15. Each reaction was removed into a clean well in the 96-well PCR plate, 10μL of Low TE buffer was 

added and mixed well by pipetting.  

16. Next, each reaction was purified with Agencourt AMPure XP reagent beads (Beckman Coulter, 

CA, USA). The beads were warmed to RT and vortexed to resuspend. To each reaction, 39μL of 

beads were added, mixed by pipetting.  

17. Reactions were placed on a DynaMag-96 Side Magnet, incubated for 2 minutes at RT, and the 

supernatant was discarded. 150μL freshly prepared 70% (v/v) ethanol was added to each well, 

the plate was moved side-to-side in the two positions of the magnet to wash the beads. When 

the solution was clear, the supernatant was removed. 

18. The bead wash was repeated as in step 17.  

19. Keeping the plate on the magnet, the beads were dried for 5 minutes at RT. 

20. Beads were resuspended in 50μL of Low TE Buffer, incubated at RT for 5 minutes. The plate was 

placed back onto the magnet for 2 minutes, and when the solution was clear, 50μL of 

supernatant for each reaction was removed to a fresh well of the 96-well plate.  

21. A second purification of the sequencing library was conducted with 50μL of Agencourt AMPure 

XP Beads as described in 16-20. 

22. 50μL of the final library was placed into a fresh microcentrifuge tube and stored at -20oC until 

use.  

23. Each Library was quantified with the Ion Library TaqMan Quantitation Kit as described in 2.2.2, 

and fragment sizes were analysed with the dsDNA D1000 TapeStation Reagent Kit as described 

in 2.2.3. 

 

2.7.5 Protocol for Oncomine Pan-Cancer Cell-Free DNA sequencing  

The Oncomine Pan-Cancer Cell-Free Assay (ThermoFisher Scientific), capturing regions in 52 

commonly mutated genes in cancer, was selected to assess a broad pan-cancer approach to 

NGS of total cell-free nucleic acid (cfTNA). For the Oncome protocol, unique UMTs were 

manufactured as part of the primer pool production. The UMTs were attached to each DNA 

molecule as the sample underwent the initial two cycles of PCR, and this was conducted in a 

single primer pool reaction. A universal PCR was then conducted to create the completed 

library. All reagents for library construction were provided with the Oncomine Pan-Cancer 

Cell-Free Assay. This commercial panel included a single pool of primers for amplification of 

the targets listed below: 
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Hotspot genes SNVs and short indels: AKT1, ALK, APC, AR, ARAF, BRAF, CHEK2, CTNNB1, 

DDR2,EGFR, ERBB2, ERBB3, ESR1, FBXW7, FGFR1, FGFR2, FGFR3, FGFR4, FLT3, GNA11, GNAQ, 

GNAS, HRAS, IDH1, IDH2, KIT, KRAS, MAP2K1, MAP2K2, MET, MTOR, NRAS, NTRK1, NTRK3, 

PDGFRA, PIK3CA, PTEN, RAF1, RET, ROS1, SF3B1, SMAD4, SMO, TP53 

In addition to SNVs, some gene fusions (ALK, BRAF, ERG, ETV1, FGFR1, FGFR2, FGFR3, MET, 

NTRK1, NTRK3, RET, ROS1), CNVs (CCND1, CCND2, CCND3, CDK4, CDK6, EGFR, ERBB2, FGFR1, 

FGFR2, FGFR3, MET, MYC) and MET exon 14 skipping was included. 

1. Reverse transcription of cfTNA was conducted in a 96-well Endura plate. Samples were set up 

on a pre-chilled 4oC cold block. 10-20ng (up to 10.4μL) of cfTNA was combined with 2.6μL 

SuperScript VILO Master Mix (ThermoFisher Scientific) and nuclease-free water to a total volume 

of 13μL. The reactions were mixed well by pipetting, and the plate was sealed with MicroAmp 

Clear Adhesive Film and centrifuged at 1,000rpm for 1 minute at RT. 

2. Reactions were incubated on a Veriti 96-Well Thermal Cycler at 42oC for 30 minutes, 85oC for 5 

minutes, and then incubated at 10oC for up to two hours.  

3. The plate was centrifuged at 1,000rpm for 1 minute at RT. To each reaction, 2μL of Oncomine 

Pan‑Cancer Cell‑Free Panel and 15μL of cfDNA Library PCR Master Mix was added, mixed by 

pipetting, and the plate was sealed with a MicroAmp Clear Adhesive Film.  

4. The PCR plate was placed on a pre-heated (90oC) Veriti 96-Well Thermal Cycler with a MicroAmp 

Optical Film Compression Pad. PCR was performed by incubating the reactions at 98oC for 1 

minute, followed by two cycles of 98oC for 15 seconds, 64oC for 2 minutes, 62oC for 2 minutes, 

60oC for 4 minutes, 58oC for 2 minutes and 72oC for 30 seconds. A final incubation step of 72oC 

for 2 minutes was performed, then after PCR, the plate was incubated at 4oC for up to 1 hour. 

5. The plate was centrifuged at 1,000rpm for 1 minute at RT. The volume of each well measured 

with a pipette, and nuclease-free water was added to bring the volume to 30μL.  

6. Next, each reaction was purified with Agencourt AMPure XP reagent beads. The beads were 

warmed to RT and vortexed to resuspend. To each reaction, 45μL of beads were added, mixed 

by pipetting and incubated at RT for 5 minutes. 

7. The PCR plate was placed on a DynaMag-96 Side Magnet for 5 minutes, and the supernatant was 

removed from each well. 150μL freshly prepared 80% (v/v) ethanol was added to each well, 

incubated for 30 seconds, and removed without disturbing the pellet. 

8. The ethanol wash was repeated, as described in step 7.  

9. Keeping the plate on the magnet, a 10μL pipette tip was used to remove any residual ethanol, 

and the beads were left to air-dry for 5 minutes. 

10. The plate was removed from the magnet, and the beads resuspended by pipetting with 24μL of 

Low TE. The plate was incubated for 5 minutes at RT and placed onto the magnet for 2 minutes.  

11. From each reaction, 23μL of the supernatant was removed and placed into a fresh well of the 

PCR plate. 

12. For universal PCR amplification of the samples, 1μL of a selected barcode from the Tag 

Sequencing BC #1−48 (where # represents the adapter that was added to each sample) was 

added each reaction along with 1μL of cfDNA Library Primer P1 and 25μL of cfDNA Library PCR 
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Master Mix. Reactions were mixed by pipetting and the plate sealed with MicroAmp Clear 

Adhesive Film.  

13. The PCR plate was placed on a pre-heated (90oC) Veriti 96-Well Thermal Cycler with a MicroAmp 

Optical Film Compression Pad. Reactions were incubated at 98oC for 1 minute, then 18 cycles of 

98oC for 15 seconds, 65oC for 15 seconds, 72oC for 15 seconds. A final incubation at 72oC for 5 

minutes was performed, then after PCR, the plate was incubated at  4oC for up to 2 hours. 

14. The plate was centrifuged at 1,000rpm for 1 minute at RT, and nuclease-free water was used to 

bring the volume up to 50μL. 

15. To each reaction, 57.5μL Agencourt AMPure XP reagent beads were added, and purification of 

the library was conducted as described in steps 6-10, except the library was eluted in 50μL of 

Low TE.  

16. A second wash of the library was conducted with 50μL Agencourt AMPure XP beads as described 

in steps 6-9.  

17. The plate was removed from the magnet, 30μL of Low TE was added to each well, and the beads 

were resuspended pipetting. Each library was incubated for 5 minutes at RT, and the plate was 

placed back onto the magnet, incubated for 2 minutes, and 28μL of the final library was removed 

into a clean microcentrifuge tube. Complete libraries were stored at -20oC until needed. 

18. Each Library was quantified with the Ion Library TaqMan Quantitation Kit as described in 2.2.2, 

and fragment sizes were analysed with the dsDNA D1000 TapeStation Reagent Kit as described 

in 2.2.3. 

 

 

2.8 Ion Torrent sequencing – Ion Personal Genome Machine (PGM) 

Following library quantification by qPCR (section 2.2.2), sample libraries were pooled to a final 

concentration of 15-20pM in a final volume of 25μL made up with low TE buffer. Three cfDNA 

libraries and up to nine tumour gDNA libraries were pooled onto one Ion 318 chip v2 

(ThermoFisher Scientific). Two pools of libraries were templated on the Ion Chef Instrument 

(ThermoFisher Scientific) with one Ion PGM Hi‑Q View Chef Kit (ThermoFisher Scientific). The 

templating process creates template-positive Ion Sphere Particles bound to the surface of an 

Ion sequencing chip. DNA library fragments were attached to each Sphere Particle, and 

multiple copies of each DNA fragment are created by PCR amplification. When the templating 

of DNA libraries was completed, Ion Torrent semiconductor sequencing was conducted. This 

method of DNA sequencing is defined as sequencing by synthesis, where a complementary 

strand is built. As the complementary strand is built, the detection of hydrogen ions released 

during the polymerisation of DNA is utilised to call nucleotide bases. Templating with the Ion 

Chef instrument and subsequent sequencing on the PGM is described below.  
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1. A frozen Ion PGM Hi‑Q View Chef Reagents Cartridge was placed at RT for 30 minutes. 

2. The library pools were placed into the two microcentrifuge tubes designated for Chip 1 and Chip 

2.     

3. The run plan for each sequencing chip was created on the local PGM server in the Ion Suite 

Software 5.10.1 (ThermoFisher Scientific). Run plan information included: library type, reference 

genome, target region, configuration file, library name and barcode information.   

4. Consumable reagents were loaded into the Ion Chef Instrument, including: Ion PGM Hi‑Q View 

Chef Reagents Cartridge, Ion PGM Hi‑Q, Chef Solutions Cartridge, PCR Plate with Frame Seal, Tip 

Cartridge, Recovery Tubes, Recovery Station Lid, Enrichment Cartridge and the two Ion 318 chip 

v2 loaded into Chip Adapters. 

5. The door of the Ion Chef instrument was closed, and a deck calibration routine was performed 

to confirm the correct placement of Ion Chef plasticware, reagents and sequencing chips. The 

run plan was selected, the Ion Chef started and left overnight to complete.     

6. When completed, sequencing chips (Chip 1 and Chip 2) were wrapped in Parafilm M Laboratory 

Film (Bemis). Chip 1 was placed in the dark at RT, and Chip 2 was stored at 4oC.  

7. Next, a chlorite wash of the PGM sequencer was conducted by adding one Ion Cleaning tablet 

to 1L of 18 MΩ water and 1mL of fresh 1M NaOH solution. 250mL of the chlorite solution was 

filtered into a chlorite Wash 1 bottle using a 0.22-µm Millex-GP Syringe Filter Unit (Merck).   

8. Chlorite Wash 1 bottle and was attached to the W1 port on the PGM. Empty cleaning Wash 2 

and cleaning Wash 3 bottles were placed in the W2 and W3 ports. 

9. A used 318 v2 sequencing chip was placed into the PGM chip clamp, and chlorite wash was 

selected on the instrument console. 

10. Next, a water wash was conducted by placing 250mL of 18 MΩ water into a clean Wash 1 bottle 

attached to the W1 port on the PGM and water wash selected on the PGM.   

11. The initialisation of the PGM sequencer was conducted by rinsing initialisation bottles Wash 1, 

Wash 2 and Wash 3 three times with 200mL of 18 MΩ water.  

12. Wash solutions were made as follows: for Wash bottle 1, 35μL freshly prepared 1M NaOH 

solution was added. For Wash bottle 2, to 2L of 18 MΩ water, one bottle of Ion PGM Hi-Q View 

Sequencing W2 Solution was added along with 10μL of fresh 1M NaOH solution mixed with 

inversion. To Wash bottle 3, 50mL of Ion PGM Hi-Q View Sequencing W3 Solution was added. 

13. Three new sippers were inserted into the indicated positions on the PGM, and the Wash bottles 

1, 2 and 3 were tightened into positions W1, W2 and W3. 

14. A used Ion 318 v2 sequencing chip was placed into the PGM sequencer chip holder, and 

initialisation was selected on the console. 

15. When the expected pH was achieved for the Wash solutions, 20μL of each of the four dNTP 

solutions were aliquoted into four separate 50mL Falcon tubes. New sippers were placed for 

each dNTP port, and the tubes were then screwed into the designated dNTP port. 

16. A final pH measurement was conducted, and initialisation was complete if every reagent was 

within the expected pH range.  

17. The barcode from Chip 1 was scanned, the run plan selected, and Chip 1 was placed in the chip 

holder and what was started. The PGM run time was generally 4.5 hours.  

18. Chip 2 was placed in the dark at RT for 30 minutes.  

19. When the sequencing of Chip 1 was complete, a line clear was selected on the PGM, and Chip 2 

sequencing was started as described in step 17.  
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20. Following completion of the sequencing runs, the data was automatically uploaded onto the 

local torrent server. On the local torrent server (http://130.216.201.237/), signal processing, 

base calling and output files were generated.   

21. The parameters for the base caller of Ampliseq HD based amplicon libraries were as followed: 

PRE-BASE CALLER FOR CALIBRATION: BaseCaller --barcode-filter-minreads 20 --read-structure 
AmpliseqHD --tag-filter-method need-prefix 

BASECALLER: BaseCaller--barcode-filter-minreads 20 --phred-table-file /opt/ion/config/phred 
Table.318.B5.h5 --read-structure AmpliseqHD 

ALIGNMENT: tmap mapall -g 0 ... stage1 map4 

22. Following analysis on the local torrent server, BAM files outputs were automatically uploaded 

to the ThermoFisher Cloud-based Ion Reporter platform 

(https://ionreporter.thermofisher.com/ir/secure/home.html), where the additional variant 

analysis was conducted.   

23. Within the ThermoFisher Cloud-based Ion Reporter platform, custom workflows were designed 

to analyse custom Ion Ampliseq HD libraries. This information included which reference genome 

was used (hg19), the amplicon target regions: either pNET/PDAC or Melanoma BED files 

containing amplicon regions. The annotation sets which were included were dbSNP (version 

150), Cosmic (version 82), ClinVar (version 20180225), ExAc (version 1) and 5000Exomes (version 

– 20161108). 

24. Mutations reported by Ion Reporter were manually inspected by loading BAM files (downloaded 

directly from PGM Torrent Server) into the web tool - Integrated Genome Viewer (IGV, Broad 

Institute version 2.3.93).   

25. For the QIAseq Targeted DNA sequencing libraries, bioinformatic analysis was performed using 

the online pipeline GeneGlobe Data Analysis Center with the QIAseq Targeted DNA workflow.  

 

2.9 Ion Torrent sequencing – S5 

Libraries created with the Oncomine Pan-Cancer Cell-Free Assay were run on the Ion Torrent 

S5 sequencing machine (ThermoFisher Scientific). Following sample libraries quantification by 

qPCR (section 2.2.2), four sequencing libraries were pooled to a final concentration of 50pM 

each in a final volume of 25μL made up with low TE buffer. Each pool was templated (as 

described in section 2.8) onto one Ion 540 chip (ThermoFisher Scientific). Two pools of 

libraries were templated with one Ion S5 View Chef Kit (ThermoFisher Scientific). Templating 

was conducted on the Ion Chef Instrument. 

1. A frozen Ion S5 Chef Reagents Cartridge (ThermoFisher Scientific) was placed at RT for 30 

minutes. 

https://ionreporter.thermofisher.com/ir/secure/home.html
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2. The two pooled libraries were placed into the two microcentrifuge tubes designated for Chip 1 

and Chip 2.     

3. The run plans for each sequencing chip was created on the local S5 server in the Ion Suite 

Software 5.10.1 (ThermoFisher Scientific). Run plan information included: library type, reference 

genome, target region, configuration file, library name and barcode information. 

4. Consumable reagents were loaded into the Ion Chef Instrument, including: Ion S5 Chef Reagents 

Cartridge, Ion S5 Chef Solutions Cartridge, PCR plate with Frame Seal, Tip Cartridge, Recovery 

Tubes, Recovery Station Lid, Enrichment Cartridge and the two Ion 530 chips loaded into Chip 

Adapters 

5. The door of the Ion Chef instrument was closed, and a deck calibration routine was performed 

to confirm the correct placement of Ion Chef plasticware, reagents and sequencing chips. The 

run plan was selected, and the Ion Chef started and left overnight to complete.     

6. When completed, sequencing chips (Chip 1 and Chip 2) were wrapped in Parafilm M Laboratory 

Film (Bemis). Chip 1 was placed in the dark at RT, and Chip 2 was stored at 4oC  

7. S5 Wash Solution bottle was installed into the S5 sequencer, and wash selected on the home 

screen.  

8. To run the sequencer: Ion S5 Sequencing Reagents Kit Cartridge and Ion S5 Wash Solutions were 

installed into the indicated places. A used sequencing chip was loaded into the chip holder, and 

initialisation selected on the home screen.  

9. Once initialisation was completed, the barcode from experimental sequencing Chip 1 was 

scanned, and the run plan selected. Chip 1 was placed in the chip holder, and the sequencing 

run started. The S5 run time was approximately 2.5 hours.  

10. Chip 2 was placed in the dark at RT for 30 minutes. 

11. When the sequencing of Chip 1 was complete, a line clear was selected on the S5, and Chip 2 

sequencing was started as described in step 9.  

12. All analysis was conducted on the Cloud-based Ion Reporter Server 

(Ionreporter.thermofisher.com/ir/secure/home.html) running workflow Oncomine TagSeq Pan-

Cancer Liquid Biopsy - w2.3 - Single Sample with software version 5.14 and genome build Hg19.  

13. All mutations reported by Ion Reporter were inspected manually by loading BAM files 

(downloaded directly from S5 Torrent Server) into the web tool - Integrated Genome Viewer 

(IGV, Broad Institute version 2.3.93).  

 

 

2.10 Software and databases 

Microsoft Excel and GraphPad Prism 8.2.1 were used to generate the graphs in this thesis. 

BioRender and Lucidchart were used for producing figures and schematics. Databases utilised 

to investigate mutations were COSMIC v92 [421], ClinVar [422], cBioPortal [426], with 

additional analysis using wANNOVAR [425], Xena [427]and UCSC Genome Browser [424]. 

Manual visualisation of NGS data was conducted in the IGV browser (version 2.3.93) [428].   
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Chapter 3 Technical developments for the detection of ctDNA in 

plasma samples from cancer patients 

3.1 Introduction 

The research presented in this chapter investigates the utility of three ctDNA analysis 

platforms with positive reference samples to evaluate the relative sensitivity of these 

technologies. The design, optimisation and sensitivity analysis of these platforms will be 

described below. 

 

3.1.1 Design and optimisation of ctDNA technologies 

For the past decade, there has been a significant amount of interest in the use of circulating 

tumour DNA (ctDNA) analysis for many facets of cancer management (as described in section 

1.7) [177, 429]. After more than 20 years of research, the development of multigene assays 

to detect genomic alterations in plasma cell-free DNA (cfDNA) has started to gain momentum 

[430]. As described in Chapter 1, two ctDNA analysis platforms have now received FDA 

approval for clinical use [431, 432]. Additionally, researcher-developed platforms such as 

MSK-ACCESS (Analysis of Circulating Cell-free DNA to Evaluate Somatic Status) are rapidly 

being incorporated into clinical care (approved by the New York State Department of Health 

in 2019) [433]. Furthermore, the liquid biopsy market has been predicted to undergo massive 

growth by 2027 [168].  

For NZ patients, access to ctDNA analysis using these commercial platforms frequently 

requires patient blood samples to be processed overseas. These ctDNA tests can be very 

costly [434], and the drugs indicated for the patients may not be funded or available in NZ 

[305]. Published studies have highlighted where commercial ctDNA analysis platforms can be 

a “black box”, where minimal information describing sensitivity levels and thresholds for 

reporting mutations is provided [215]. A recent publication highlighted significant 

discordance between the reporting of actionable mutations in ctDNA analysed by different 

commercial ctDNA test vendors [318]. In several cases, although an expected mutation was 

not reported, it was identified in the raw sequencing data [318]. In these situations, it can be 
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speculated that these tests have been calibrated to prioritise specificity, potentially at the 

expense of sensitivity [435].   

This chapter aims to evaluate ctDNA analysis platforms that could address clinically relevant 

questions and be implemented at a reasonable cost for NZ patients. Three different 

technology platforms available at the University of Auckland were assessed: droplet digital 

PCR (ddPCR), next-generation sequencing (NGS) and UltraSEEK MassARRAY. Each of these 

technologies will be discussed below. 

 

3.1.1.1 Droplet digital PCR 

ddPCR is a method for performing digital PCR that is based on water-oil emulsion droplet 

technology. For each ddPCR reaction, approximately 20,000 droplets are generated, and the 

fluorescence intensity of each droplet is then represented on a 1-D or 2-D plot. ddPCR can be 

conducted with a single probe to detect a specific DNA sequence or two probes in competition 

for binding the template sequence. One application of ddPCR is when two probes are used in 

competition for rare event detection assays (RED). In these assays, a HEX labelled detection 

probe specifically binds the wild-type (WT) sequence, and a FAM labelled detection probe 

specially binds the mutant sequence. RED assays can distinguish between two different 

sequences present in the DNA template. These assays are useful for ctDNA analysis, as they 

allow the detection of a small number of mutant DNA copies in a predominantly WT DNA 

background [416]. While the ddPCR data can be visualised in both 1-D and 2-D plots, the most 

accurate assignment of droplet clusters for RED assays is in the 2-D plot. Since some droplets 

may contain both mutant and WT cfDNA templates, after amplification, these “double-

positive” droplets can be visualised in a 2-D plot but cannot be distinguished in a 1-D plot. 

Figure 9 is a schematic showing the detection of a mutation in the DNA template with a RED 

ddPCR assay. All ddPCR assays conducted in this thesis are RED assays, and they will be 

subsequently referred to as ddPCR assays. 
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Figure 9  Schematic illustrating ddPCR assay workflow for mutation detection  
A ddPCR assay is conducted following the formation of water-oil emulsion droplets. PCR amplification 
is conducted with two detection probes, a FAM-labelled hydrolysis probe to detect the mutant 
sequence and a HEX-labelled hydrolysis probe to detect the WT sequence. The data output for probe-
based RED ddPCR assays can be displayed in (a) 1-D or (b) 2-D plots. The 1-D plot shows the fluorescent 
amplitude for the FAM and HEX detection channels separately. The pink lines in the 1-D plot 
demonstrate a nominal threshold selected to distinguish between the positive and negative droplets. 
(b) In the 2-D plot, droplets containing both WT and mutant DNA are represented by orange dots in 
the middle right quadrant. In the figure, coloured dots represent a droplet containing at least one copy 
of the target DNA. Droplets that contain mutant DNA (blue), WT DNA (green), both mutant and WT 
DNA (orange) or no target amplification (grey) are shown. Image adapted from Bio-Rad.com. 

 

In the literature, ddPCR has been one of the most widely utilised systems to detect ctDNA in 

patient plasma samples [315, 436-440]. Furthermore, ddPCR assays can be designed to detect 

any mutation, primers and probes can be ordered from third-party vendors. In addition, the 

assays are relatively inexpensive to perform, as reviewed in [437]. However, while ddPCR 

allows the highly sensitive detection of ctDNA, up until recently, the Bio-Rad systems were 

limited by the number of fluorescent channels available for the detection of mutations. For 

this reason, the majority of published studies involving ddPCR analysis investigated 1-2 

defined mutations in a single reaction [367, 441]. To address this limitation at the time, an 

investigation was undertaken in this thesis to increase the number of mutations that could be 

investigated within a single ddPCR reaction. 
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3.1.1.2 Next-Generation Sequencing 

Many different NGS technology platforms are available for the analysis of ctDNA, and these 

allow for the identification of novel mutations. In contrast to targeted methods such as ddPCR 

or mass spectroscopy, precise nucleotide changes do not need to be known prior to 

sequencing. Depending on the sequencing platform selected, large genomic regions can be 

investigated concurrently [442]. For this thesis, two different NGS technology platforms were 

selected to detect mutations in several genes concurrently: a QIAseq Targeted DNA Panel 

(Qiagen) and an Ion AmpliSeq HD Panel (ThermoFisher Scientific). For each NGS platform, 

custom amplicon panels were created to detect either (i) mutations commonly identified in 

melanoma tumours or (ii) mutations in the exons of three genes, MEN1, TP53 and KRAS. Both 

sequencing technologies utilise unique molecular tags (UMTs), which were attached to the 

DNA template before PCR amplification occurs and allow the DNA fragments to be tracked 

through the entire sequencing process. The number of UMTs bioinformatically reported has 

a close relationship to the number of DNA molecules present in the original sample [397, 443]. 

This is important because, following PCR amplification, the UMTs allow the collapse of 

sequencing reads, ultimately increasing the sensitivity of the NGS platform as errors and 

duplicates arising during the PCR process can be removed.  

For the two selected ctDNA analysis platforms, the UMTs were attached in different ways. For 

the QIAseq Targeted Panel, UMTs were ligated onto the 3’ ends of double-stranded DNA 

fragments along with a sample index. Eight cycles of target enrichment PCR were conducted 

with one gene-specific primer (GSP) and a forward primer complementary to the sample 

index. A second PCR amplification (26 cycles) was then performed with a universal primer 

(UP) that binds to the first sample index and a second sample index primer that binds the GSP 

(Figure 10).   

For the AmpliSeq HD panels, unique UMTs were manufactured as part of the primer pool 

production. Three cycles of PCR amplification with two gene-specific primers containing 

UMTs was performed for target amplification. A second PCR amplification (15 cycles)  with 

sample-specific barcode adaptors allow universal amplification of target DNA fragments. 

Following library creation for both NGS technologies, the concentration of each library was 
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determined by qPCR, templating, sequencing and bioinformatic analysis was then conducted 

(Figure 10).  

For each sequencing read with the same UMT, the sequencing was collapsed into a 

“molecular family” by the bioinformatics software. For both NGS platforms, three molecular 

families that contain different UMTs with the same mutation were required for a mutation to 

be reported [397, 444]. A schematic outlining the workflow of NGS library creation is shown 

in Figure 10. 
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Figure 10  Schematic illustrating the NGS workflow for mutation detection with QIAseq Targeted 
and AmpliSeq HD library panels 
Two different technology platforms, QIAseq Targeted DNA and AmpliSeq HD were used to design 
custom NGS panels to detect hot-spot mutations in melanoma and the coding regions of three genes 
(KRAS, MEN1 and TP53). The QIAseq Targeted DNA library preparation includes the ligation of a 
sample index with an attached UMT to the 3’ end of the double-stranded DNA fragments. A target 
enrichment PCR utilises a forward primer (FP) and one gene-specific primer (GSP). The second round 
of PCR was then conducted with a universal primer (UP) and a second sample index primer. For the 
creation of an AmpliSeq HD library, the UMTs were engineered within each GSPs. Two GSPs were used 
to amplify each target of interest. A second universal PCR was then performed with UPs included in 
the sample-specific barcode adaptors. Following completion of the sequencing libraries, the 
concentration of each was determined by qPCR. The libraries are pooled and templated onto an Ion 
318 sequencing chip with the Ion Chef instrument. NGS was conducted with the PGM sequencer and 
a heat map where the red colour shows the chips wells containing ion sphere particles. Sequencing 
data for the AmpliSeq HD libraries was then transferred to the Ion Reporter, and bioinformatic analysis 
and mutation reporting was performed with the designated workflow. For QIAseq Targeted libraries, 
sequencing data was uploaded to GeneGlobe bioinformatic software, and bioinformatic analysis and 
mutation reporting was performed. The manual inspection of mutations reported for both NGS 
platforms was conducted in the bioinformatic tool IGV.    
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3.1.1.3 MassARRAY UltraSEEK 

Recent improvements to the sensitivity of the existing MassARRAY technology have led to the 

creation of the ctDNA analysis platform, UltraSEEK. Two different tumour specific UltraSEEK 

panels that allow the detection of 60-70 predefined mutations in a single reaction were 

available for assessment in this thesis [156, 373, 420, 445]. An initial PCR with panel specific 

UltraSEEK primers amplified the targeted mutant and WT templates in the reaction. Next, the 

second round of single nucleotide extension PCR was performed, where the only nucleotide 

provided into each reaction corresponds to the mutant nucleotide being investigated. These 

biotin-labelled nucleotides allow the single-base extension product to be captured with 

streptavidin beads. Finally, MassARRAY analysis was conducted with MALDI-TOF Mass 

Spectrometry to identify peaks representing the detection of mutant DNA. Figure 11 shows a 

schematic outlining mutation detection by UltraSEEK. 

 

Figure 11  Schematic illustrating UltraSEEK MassARRAY workflow for mutation detection 
Following PCR amplification of all regions covered by the UltraSEEK panel, a single base pair extension 
PCR with a biotin-labelled nucleotide was conducted. The PCR fragments that have undergone a single 
nucleotide extension were then captured with streptavidin beads. These captured fragments then 
undergo MassARRAY MALDI-TOF analysis. Image adapted from Agena.com. 
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3.2 Chapter aims 

The overarching aim of this chapter is the development and evaluation of three different 

ctDNA analysis platforms, as detailed below:  

1. Design and develop custom ddPCR assays for detecting mutational targets within a 

single ddPCR reaction and assess the relative sensitivity of ddPCR for the detection of 

ctDNA.  

2. Design and develop two custom NGS technology platforms for detecting mutations in 

the cfDNA of two cancer types and assess the relative sensitivity of these platforms.  

3. Assess the sensitivity for detection of cfDNA using the commercially available UltraSEEK 

MassARRAY Lung and Melanoma technology platforms.   
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3.3 Methods 

3.3.1 Sample collection, processing and extraction 

To optimise custom ddPCR assays, gDNA was isolated from immortalised cancer cell lines 

containing mutations of interest (section 2.4.1). A cfDNA sample with a known mutation was 

used to assess the sensitivity of all three technology platforms. This cfDNA sample was 

isolated from plasma from a colorectal cancer patient, CRC002, that had a confirmed KRAS 

G12A mutation (KRAS c.35G>C), (subsequently referred to as the positive reference sample). 

This patient consented to be involved in the research study, and a blood sample collected by 

the University of Otago under NZ Health and Disability Ethics Committee (HDEC) ethical 

approval 16/STH/158.  

The evaluation of the UltraSEEK Melanoma V2 Panel was conducted with six tumour gDNA 

and 49 cfDNA samples from melanoma patients collected with patient consent under NZ 

HDEC ethical approval 16/NTA/180. Each blood sample collected for the melanoma patients 

was designated a sequential number; P1 refers to the pre-surgical or pre-treatment sample, 

P2 refers to the first post-surgical or the sample collected before the second immunotherapy 

infusion, as so forth. Where tumour tissue was collected, these samples were designated T. 

All plasma and tumour samples in this chapter will be referred to in this way. 

cfDNA was also extracted from plasma samples from healthy volunteers, and blood samples 

were collected under NZ HDEC ethical approval 14/NTA/138.  

5mL of the plasma from the positive reference sample was shipped on dry ice from Professor 

Parry Guilford’s laboratory at the University of Otago. Blood samples from melanoma patients 

were collected and processed to isolate plasma (section 2.1). cfDNA was extracted from 

plasma samples obtained from CRC and melanoma patients and healthy volunteers as 

described in section 2.3.1. The extracted cfDNA was quantitated with the Qubit Fluorometer 

using the Qubit dsDNA HS assay (section 2.2.1).  
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3.3.2 Preparation of dilution series of cfDNA for platform sensitivity analysis 

ddPCR analysis on the cfDNA from the positive reference sample was previously conducted 

at the University of Otago, which quantitated the KRAS G12A (c.35G>C) mutation at a variant 

allele frequency (VAF) of approximately 40%. We assumed that the frequency of KRAS G12A 

present in the isolated cfDNA would be similar in the plasma sample we received from the 

University of Otago. Based on this premise, the positive reference sample was diluted to give 

samples containing 10pg-1,000pg of ctDNA. Each of these dilutions was used to investigate 

the sensitivity of the different technology platforms, as described in Figure 12.  

All diluted ctDNA samples were prepared in nuclease-free water. For each dilution of the 

reference sample, the template amount was normalised for either consistent concentration 

of (NGS or UltraSEEK analysis - 10ng template), or consistent volume (8L for ddPCR assays), 

with pooled cfDNA from healthy volunteers. These dilutions were used to evaluate the 

relative sensitivity of detection of the KRAS G12A ctDNA across all three technology platforms. 
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Figure 12  Schematic showing the dilutions of positive reference sample generated and the technologies evaluated  
The VAF of KRAS G12A in the cfDNA was determined by ddPCR to be approximately 40%. Following the isolation of cfDNA from plasma at the University of 

Auckland, the concentration of cfDNA was 6.7ng/L. With the assumed frequency that 40% of all DNA in the sample was from tumour origin, it was concluded 

that the concentration of the ctDNA component was 2.7ng/L. Six dilutions containing the equivalent of 10, 20, 40, 100, 200 and 1,000pg of ctDNA were 
generated in a background of pooled healthy volunteer cfDNA. These were utilised to assess the sensitivity of three technology platforms. 
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3.3.3 Description of technology platforms 

For an initial proof of principle experiment, custom ddPCR assays were designed and 

optimised to detect four common mutations found in melanoma patient tumours. This 

included assays to detect mutations in ctDNA encoding BRAF V600E, BRAF V600K, NRAS Q61K, 

and NRAS Q61R. An additional ddPCR assay was generated to detect the ctDNA mutation 

encoding KRAS G12A to quantify ctDNA in the positive reference sample. Note that ctDNA 

mutations will be referred to in the main text throughout this thesis by the amino acid change 

they generate in the encoded protein. This nomenclature was the convention of our 

collaborators [446], even though not strictly accurate since multiple ctDNA mutations can 

often encode the same amino acid change. Table 9 lists all ctDNA mutations referred to in this 

chapter and their encoded amino acid alterations.  

Table 9  Amino acid and nucleotide descriptions of mutations identified in this chapter 

Gene and Nucleotide change Amino acid alteration Nomenclature used in this thesis 

BRAF c.1799T>A V600E BRAF V600E 

BRAF c.1798_1799delGTinsAA V600K BRAF V600K 

NRAS c.181C>A Q61K NRAS Q61K 

NRAS c.182A>G Q61R NRAS  Q61R 

KRAS c.35G>C G12A KRAS G12A 

 

Analysis of cfDNA by MassARRAY UltraSEEK Lung and Melanoma V2 panels is described in 

section 2.6. QIAseq Targeted DNA Panel and AmpliSeq HD library protocols are described in 

section 2.7. NGS library fragment assessment was conducted with the Agilent High Sensitivity 

(HS) D1000 ScreenTape Assays (section 2.2.3). Quantitation of sequencing libraries was 

performed with the Ion Library TaqMan Quantitation Kit (section 2.2.2). All sequencing 

libraries were sequenced on the Ion PGM System (section 2.8), and bioinformatics analysis 

was conducted with the GeneGlobe (Qiagen) or Ion Suite Software 5.10.1 (section 2.8). The 

NGS data was manually inspected for the mutations detected with the bioinformatic tool 

Integrated Genome Viewer (IGV) [428].  
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3.3.4 Vacuum concentration of ctDNA template  

Eluates from two separate cfDNA extractions (from a total of 10mL patient plasma input) were 

pooled and concentrated under vacuum to achieve a final sample volume of 8μL. The vacuum 

drying was conducted with an Express Savant SpeedVac Concentrator (ThermoFisher 

Scientific) at 50 torr/min with no heat. This sample concentration allowed an approximately 

10-fold increase in the amount of cfDNA that could be used as template in a single ddPCR 

reaction. 
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3.4 Results 

In this chapter, results will be presented in three sections, exploring each of the technology 

development aims. An overview of the experiments conducted is shown in Figure 13.  

 

 

Figure 13  Overview of technology platforms assessed for ctDNA analysis in Chapter 3 
Aim 1 describes the development of custom ddPCR assays to detect a single mutation and the 
subsequent development of duplex and quadplex assays to detect multiple BRAF and NRAS mutations 
in one ddPCR reaction. The sensitivity of ddPCR will be assessed for the detection of the KRAS G12A 
mutation from the dilutions of the positive reference sample. Aim 2 describes the development of two 
NGS platforms, and the sensitivity will be assessed with the dilutions of the positive reference sample.  
Aim 3 describes the sensitivity assessment of the UltraSEEK Lung MassARRAY panel with the dilutions 
of the positive reference sample. In addition, the further assessment of the UltraSEEK Melanoma V2 
Panel with 55 melanoma patient samples will be described. These results guided the selection of 
technology platforms for patient sample analysis in Chapters 4 and 5.    

 

 

 

 



 

97 

3.4.1 ddPCR assay development 

At the beginning of this work, ddPCR assays to detect single mutations commonly identified 

in melanoma tumours (BRAF V600E, BRAF V600K, NRAS Q61K, NRAS Q61R) were developed 

[13]. Each ddPCR assay was optimised with cell line gDNA template containing the mutation 

being investigated. Next, ddPCR assays to detect two mutations concurrently (subsequentially 

referred to as duplex ddPCR assays) and four mutations concurrently (subsequently referred 

to as quadplex ddPCR assays) were developed with cell line gDNA as template. The sensitivity 

of the quadplex assay was assessed in a small number of cfDNA samples from melanoma 

patients. The relative sensitivity of a ddPCR assay to detect KRAS G12A ctDNA was determined 

using dilutions of the positive reference sample. Finally, increased sensitivity for ctDNA 

detection by ddPCR assay was investigated by cfDNA template concentration.   

 

3.4.1.1 Development and optimisation of ddPCR assays for the detection of single 

mutations  

The most sensitive approach to detect rare molecules by ddPCR is by using two probes that 

bind either the WT or mutant DNA molecules. ddPCR assays can be performed with a single 

temperature for both the annealing and extension. Optimisation of the annealing 

temperature is essential for optimal probe binding. This optimisation allows the clear 

discrimination of a WT molecule from a mutant molecule and maximum separation between 

the positive and negative droplets. As the annealing temperature reduces, non-specific 

hybridisation of the probes can lead to a second amplification product. Non-specific 

hybridisation is minimised by selecting an optimal annealing/extension temperature.  

For each of the five custom ddPCR assays designed to detect BRAF V600E, BRAF V600K, NRAS 

Q61K, NRAS Q61R and KRAS G12A mutations, an annealing temperature gradient of 55-65oC 

was performed.  For each ddPCR assay, eight replicate ddPCR reactions were performed with 

20ng of cell line gDNA containing the relevant mutation as a template. Examples of these for 

detecting BRAF V600E or NRAS Q61R ctDNA at different annealing temperatures are shown 

in Figure 14a. The results were visualised in a 1-D plot to determine the optimal droplet 

separation of the mutant and WT molecules. 
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Figure 14  1-D and 2-D plots showing the optimisation of annealing temperature for ddPCR amplification  
Results from the optimisation of the annealing temperature for the BRAF V600E and NRAS Q61R ddPCR assays with a positive control template. (a) Data 
visualised in a 1-D plot showing separation of the negative and positive droplets for BRAF V600E/BRAF WT and NRAS Q61R/NRAS WT ddPCR assays over the 
annealing/extension temperature gradient (55-65oC). Both fluorescent channels are shown separately. Blue droplets represent the detection of DNA with the 
mutant sequence. Green droplets represent the detection of DNA with the WT sequence. Grey droplets have no target DNA amplification. Optimal separation 
of the FAM and HEX positive droplets was achieved for both assays with the probe annealing temperature of 61.4oC, as indicated by the yellow boxes. Non-
specific hybridisation by the probe is shown as additional clusters of negative (grey) droplets (examples indicated with orange arrows). The 2-D plots show 
BRAF V600E ddPCR assay results with gDNA containing BRAF V600E sequence at (b) the optimal annealing temperature of 61.4oC and (c) the lower 
temperature 57oC, where non-specific binding of the probe is indicated with an orange arrow.  Blue droplets represent the detection of DNA with the mutant 
sequence. Green droplets represent the detection of DNA with the WT sequence. Orange droplets represent the detection of both mutant and WT sequences 
in the cell line gDNA template. Droplets with no target DNA amplification or non-specific hybridisation of the probe is shown as grey droplets. 
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For all assays investigated, annealing temperatures between 59-63.3oC were suitable for 

detecting each specific mutation in the cell line DNA. When the annealing temperature was 

below 59oC, non-specific probe hybridisation occurred (examples shown by the orange arrow 

in Figure 14a). In the 2-D plot, the assignment of droplets containing the mutant template, 

WT template or both templates can be easily performed at the annealing temperature of 

61.4oC. This optimal annealing temperature for the detection of BRAF V600E is shown in 

Figure 14b.  

Overall, 61.4oC was selected as the optimal annealing temperature for all ddPCR assays. This 

temperature generated optimal droplet separation between the positive and negative 

droplets and minimal non-specific probe hybridisation.  

 

3.4.1.2 Developing duplex ddPCR assays for the detection of BRAF and NRAS mutations in 

ctDNA 

The development of multiplex ddPCR assays allows the detection of multiple mutations within 

a single ddPCR reaction [371, 380]. This approach is cost-effective and beneficial due to 

limitations with available patient sample [380]. While some multiplex ddPCR assays are 

available commercially [447], these tend to be costly, contain proprietary probes and primers 

of undisclosed nucleotide sequences, and most importantly, do not cover the relevant 

mutations for our research study. Therefore, in-house multiplex assays were developed.  

The development of a multiplex assay requires optimisation to ensure every mutation 

included in the assay can be visualised as distinct FAM positive clusters on a 2-D plot. One 

way to achieve this is by amplitude-based multiplexing. In these assays, multiple targets can 

be detected with probes conjugated with a single dye (e.g. FAM) but at a different final 

concentration. The differences in the FAM probe concentration allow multiple mutations to 

be identified as separate clusters at different fluorescent amplitudes in a single reaction [448].  

Melanoma was selected as a tumour type for the development of multiplex assays since 

mutations at two specific loci in BRAF and NRAS (codons V600 and Q61, respectively) appear 

in a subset of patient tumours in my thesis work [13].  
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A staged approach was taken to develop multiplex ddPCR assays. Firstly, duplex assays were 

developed and optimised to detect BRAF V600E and BRAF V600K or NRAS Q61K and NRAS 

Q61R within the same ddPCR reaction. For the ddPCR assays detecting a single mutation, the 

final probe concentration used was 209nM and the final forward and reverse primer 

concentrations used were 626nM each. But for the duplex assays, Table 10 shows the final 

concentration of each probe used for the duplex assays.  

 

Table 10  Final concentration of each duplex probe present in one ddPCR reaction 

 BRAF V600E BRAF V600K BRAF WT NRAS Q61K NRAS Q61R NRAS WT 

Duplex 1  260nM 126nM 156nM    

Duplex 2    174nM 104nM 126nM 

 

In the duplex ddPCR assays, two distinct FAM positive droplet clusters were identified for each 

duplex assay. For the BRAF V600E and BRAF V600K duplex ddPCR assays, positive droplet 

clusters were observed in the 2-D plot at amplitudes of 9,000-12,000 and 4,000-7,000, 

respectively (Figure 15a). Two distinct FAM positive droplet clusters were identified for NRAS 

Q61K and NRAS Q61R at amplitudes of 5,000-7,000 and 2,500-4,000, respectively (Figure 

15b). Since the duplex ddPCR assays successfully allowed the identification of two different 

mutations in a single ddPCR reaction, the ability to increase the number of mutations 

detected in a single reaction to four was then investigated.    
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Figure 15  2-D plots showing the detection of two BRAF or two NRAS mutations in individual duplex 
ddPCR assays 
The detection of two mutations in cell line gDNA template in a single ddPCR reaction. Blue droplets 
represent the detection of DNA with the mutant sequence for (a) BRAF V600E and BRAF V600K, and 
(b) NRAS Q61K and NRAS Q61R. For both duplex assays, green droplets represent the detection of 
DNA with the WT sequence. Orange droplets represent the detection of both mutant and WT 
sequences in the cell line gDNA. Grey droplets have no target DNA amplification. 

 

3.4.1.3 Development of quadplex ddPCR assay for the detection of BRAF and NRAS 

mutations  

Following the successful development of duplex ddPCR assays, I wanted to investigate 

whether the number of mutations detected in a DNA template could be increased to four in 

a single ddPCR reaction. The first step taken to develop a quadplex ddPCR assay to detect four 

mutations was to combine the final optimised probe concentrations for the two duplex ddPCR 

assays in a single reaction (Table 10). For developing the quadplex assay, 10ng each of four 

different cell line gDNA templates were combined to create a template. The primers 

concentration used for each quadplex ddPCR assay was the same as for the duplex assays 

(626nM). The FAM and HEX probe concentrations were altered for each quadplex ddPCR 

assay trial, as outlined in Figure 16b.   
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Figure 16  2-D plots showing quadplex ddPCR trial results and the final probe concentrations in each trial ddPCR assay 
Representative 2-D plots and the probe concentrations used to create a quadplex ddPCR assay to detect four mutations in cell line gDNA template in a single 
ddPCR reaction. (a) Example 2-D plots showing the results from Trials 1, 2, 5 and 6. Blue droplets represent the detection of DNA with the mutant sequences 
labelled #1 BRAF V600E, #2 BRAF V600K, #3 NRAS Q61K and #4 NRAS Q61R. Green droplets represent the detection of DNA with the WT sequence. Orange 
droplets represent the detection of both mutant and WT sequences. Grey droplets have no target DNA amplification. (b) Table showing the final concentration 
of each FAM and HEX probe added to the quadplex ddPCR reaction for each trial.
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This first quadplex ddPCR assay trial led to the visible separation of only three FAM positive 

droplet clusters (Trial 1, Figure 16a). The individual mutations were assigned in the quadplex 

trial based on the fluorescent amplitudes previously identified in the duplex assay (Figure 15). 

So next, the NRAS Q61K probe concentration was increased to 348nM and 522nM to elevate 

the fluorescent amplitude of the NRAS Q61K positive cluster above the BRAF V600K cluster in 

Trials 2 and 3, respectively. However, while the higher concentrations of the NRAS Q61K 

probe allowed separation of the NRAS Q61K from the BRAF V600K droplet cluster, this 

resulted in overlapping clusters BRAF V600E and NRAS Q61K (as shown for Trial 2 in Figure 

16a).  

In Trials 4 and 5, the concentration of three probes (BRAF V600E, V600K and NRAS Q61K) was 

increased to achieve greater separation between the FAM positive droplet clusters. While the 

results for Trial 5 showed increased separation between the BRAF V600E and BRAF V600K 

positive droplet clusters (Trial 5, Figure 16a), the fluorescent amplitude of these two clusters 

still overlapped slightly. In Trial 6, the concentration of FAM probes for BRAF V600E and BRAF 

V600K was reduced to the amount used in Trial 3 since the clusters were distinct. Additionally, 

the two NRAS FAM probes were also reduced to ensure distinct positive droplet clusters could 

be identified. Following the decrease of all FAM probe concentrations, all four mutations 

could be clearly identified in the cell line gDNA template (Trial 6, Figure 16a). However, it has 

been reported that when a probe is present at a very low concentration, there can be a loss 

of sensitivity for the detection of the corresponding mutation [365]. For this reason, one final 

experiment was conducted, which included an increase in the NRAS Q61R FAM probe 

concentration. This resulted in the detection of all four mutations in the cell line gDNA 

template, and these probe concentrations were used as the final quadplex assay design. The 

details of the probe concentrations are shown in Trial 7, Figure 16b, and the 2-D plot is shown 

in Figure 17. 
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Figure 17  2-D plot showing the detection of four mutations in one ddPCR reaction 
Results showing the optimised quadplex ddPCR assay for the detection of four mutations in cell line 
gDNA template. Blue droplets representing the detection of BRAF V600E, BRAF V600K, NRAS Q61K 
and NRAS Q61R as four distinct FAM positive clusters. Green droplets represent the detection of DNA 
with the WT sequence in the HEX channel. Orange droplets represent the detection of both mutant 
and WT sequences. Grey droplets have no target DNA amplification.  

 

For the NRAS WT amplification product, two droplet clusters of different fluorescent 

amplitudes were observed. One possible explanation could be the presence of a single 

nucleotide variant (SNV) within the NRAS ddPCR amplicon in one of the DNA templates used 

for the ddPCR assay, leading to two droplet clusters [449]. Since the quantification of the WT 

product is not required for these ddPCR assays, no further investigation was conducted. 

Furthermore, in the quadplex assay, the assignment of double-positive droplets (shown in 

orange) to the correct mutation was challenging. The assignment of these droplets to the 

correct mutation would require the fluorescent amplitude of the double-positives to be 

accurately determined. 
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3.4.1.3.1 Evaluation of quadplex ddPCR assays for the detection of mutations in patient 

plasma samples 

Since the optimised quadplex ddPCR assay successfully detected four mutations concurrently 

in cell line gDNA template, the next step was to evaluate the quadplex assay with patient 

cfDNA samples as template. Initial testing was conducted with samples from two melanoma 

patients. For both patients, cfDNA samples were evaluated with the quadplex ddPCR assay 

and subsequently, single mutation detection ddPCR assays for all four mutations. In addition 

to this, a positive control sample containing cell line gDNA template was run in parallel to 

allow the accurate assignment of droplet clusters to each mutation (Figure 18a).  

For the first patient, MEL0018, the quadplex ddPCR assay identified ctDNA for an NRAS Q61K 

mutation (Figure 18b) at a concentration of 27 copies/mL plasma. However, when the single 

mutation detection ddPCR assays were performed, mutations were detected for NRAS Q61K 

(71.3 copies/mL plasma) and also BRAF V600E (36.8 copies/mL plasma) (Figure 18c and d, 

respectively).  
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Figure 18  2-D plots showing quadplex and single mutation ddPCR assays for patient MEL0018  
The detection of mutations with the quadplex ddPCR assay. Following quadplex ddPCR analysis, blue 
droplets represent the detection of DNA with the mutant sequence for (a) BRAF V600E, BRAF V600K, 
NRAS Q61K and NRAS Q61R with cell line gDNA template positive control sample, and (b) NRAS Q61K 
ctDNA from MEL0018. Single mutation detection ddPCR assays detected DNA with the mutant 
sequence for (c) NRAS Q61K and (d) BRAF V600E in the cfDNA from MEL0018. Green droplets 
represent the detection of DNA with the WT sequences. Orange droplets represent the detection of 
both mutant and WT sequences. Grey droplets have no target DNA amplification. 
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At the same time, cfDNA isolated from plasma from a second melanoma patient, MEL0017, 

was analysed with the quadplex ddPCR assay. The positive control sample containing cell line 

gDNA template was run in parallel (as shown in Figure 18a), and based on this comparison, a 

BRAF V600E mutation was identified (Figure 19a). The concentration of the BRAF V600E 

mutation detected by the quadplex ddPCR assay was 814 copies/mL. When the single 

mutation BRAF V600E ddPCR assay was used to analyse the same patient cfDNA sample, the 

concentration of BRAF V600E mutation was 1052 copies/mL plasma (Figure 19b).  

 

 

Figure 19  2-D plots showing the detection of mutations by quadplex and single ddPCR assays in 
cfDNA from patient MEL0017 
(a) Quadplex ddPCR assay identified a blue droplet cluster corresponding to the detection of a BRAF 
V600E mutation in the cfDNA from MEL0017, at a concentration of 814 copies/mL plasma. (b) Single 
mutation detection ddPCR assay conducted on the same template confirmed the BRAF V600E 
mutation at a concentration of 1052 copies/mL plasma. For both experiments, green droplets 
represent the detection of DNA with the WT sequences. Orange droplets represent the detection of 
both mutant and WT sequences. Grey droplets have no target DNA amplification.  

 

For both patient samples, the concentration of the mutation detected in the cfDNA was lower 

with the quadplex ddPCR than the single mutation ddPCR assay. For MEL0018, the BRAF 

V600E mutation was not detected with the quadplex ddPCR assay, suggesting decreased 

sensitivity for mutation detection when the quadplex assay was performed.  
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3.4.1.4 Sensitivity analysis of ddPCR assays with ctDNA from dilutions of positive 

reference sample 

Following the development of single mutation detection ddPCR assays, I wanted to evaluate 

the relative sensitivity of these assays. Six dilutions of the positive reference sample 

containing 10-1,000pg of ctDNA (as described in Figure 12) were used as template in a ddPCR 

assay detecting KRAS G12A. For each template dilution, the reactions were performed in 

triplicate to look at the reproducibility of ddPCR analysis. The average droplets per reaction 

detected for the KRAS G12A mutant and KRAS WT for each dilution are shown in Table 11. 

 

Table 11  Detection of KRAS G12A mutant and WT products in dilutions of the positive reference 
sample  
Dilutions of the positive reference sample ranging from 10pg to 1,000pg ctDNA and a control sample 
with no ctDNA were used as template in a ddPCR assay detecting KRAS G12A. All ddPCR assays were 
performed in triplicate. The average number of droplets containing sequence for KRAS G12A or KRAS 
WT is shown.   

ctDNA template 
concentration 

KRAS G12A droplets/reaction KRAS WT droplets/reaction 

1,000pg ctDNA 280.6 386.4 

200pg ctDNA 49.0 76.8 

100pg ctDNA 20.9 53.4 

40pg ctDNA 8.7 41.4 

20pg ctDNA 5.9 36.3 

10pg ctDNA 2.8 46.9 

0pg ctDNA 0 61.2 

 

ddPCR analysis of all dilutions of the positive reference sample showed that ctDNA for KRAS 

G12A could be detected in all samples with ddPCR analysis. For the 10pg ctDNA sample, the 

results from all three replicates of ddPCR were combined to achieve a total of 2.8 droplets. 

Since the concentration of ctDNA was barely detectable, factors such as random sampling 

error can affect the reproducibility of the detection of a mutation (further discussed in 

Chapter 6).  
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Plotting the concentration of ctDNA input of the positive control dilutions by the 

concentration of mutant KRAS G12A detected by ddPCR assay, a correlation coefficient of 

R2=0.999 was observed (Figure 20).   

 

Figure 20  Scatter plot showing the copies of KRAS G12A ctDNA detected by ddPCR vs the ctDNA 
input of the positive reference sample  
The number of KRAS G12A mutant droplets detected by ddPCR assay for each dilution of the positive 
reference sample is plotted on the x-axis. The positive reference sample ctDNA input (pg) is plotted 
on the y-axis.  

 

Overall, following the analysis of dilutions of the reference positive sample with the ddPCR 

assay to detect KRAS G12A mutation, the results demonstrated this technology was 

reproducible and demonstrated a high level of sensitivity, down to a ctDNA input of 10pg.   
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3.4.1.5 Concentration of cfDNA template from patient samples for improved sensitivity  

The standard ddPCR protocols used to analyse plasma from melanoma patients in this thesis 

work could accommodate an 8 l volume of template DNA (see Chapter 4, below). However, 

I was concerned that this volume may limit sensitivity. For example, following the 

identification of a BRAF V600E mutation in the NGS analysis of the tumour gDNA from patient 

MEL0009 (described in detail in Chapter 4), no ctDNA was detectable in any of their plasma 

samples. However, since one of the plasma samples was taken at the time of surgery, and 

since a BRAF V600E mutation was identified in the tumour, we hypothesised that there might 

be ctDNA present in the blood plasma at a concentration below the sensitivity limits of our 

ddPCR assay. Routinely, 5mL of patient plasma is purified and eluted into 50L of nuclease-

free water. From this eluate, 8L is the maximum template volume for a ddPCR reaction (i.e. 

ddPCR input equivalent to 0.8mL plasma). To investigate whether increasing the amount of 

cfDNA template for ddPCR could improve sensitivity, the entire eluate from 10mL of extracted 

patient P1 plasma was concentrated by vacuum centrifugation then used as the template for 

a single BRAF V600E ddPCR assay (i.e. ddPCR input equivalent to 10mL plasma). The 

concentration of the cfDNA template resulted in the detection of BRAF V600E by ddPCR 

(Figure 21).  
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Figure 21  2-D plots showing results of BRAF V600E ddPCR assays using standard and concentrated 
cfDNA template 
(a) No BRAF V600E ctDNA was detected by ddPCR assay with standard template input for MEL0009P1. 
(b) Following the concentration of the MEL009P1 cfDNA template, the BRAF V600E mutation was 
detected by ddPCR assay. Blue dots represent droplets in which cfDNA with the mutant sequence was 
detected. Green dots represent droplets in which cfDNA with the WT sequence was detected. Grey 
droplets have no target DNA amplification. 

 

Based on this encouraging result, vacuum concentration was conducted on the cfDNA eluate 

for 20 additional patient samples. These patients were selected because a mutation had been 

identified in a previous plasma sample (either BRAF V600E or NRAS Q61K). For each sample, 

the cfDNA eluate from 10mL of patient plasma was concentrated and then was used as the 

template in a single ddPCR reaction. Following the concentration of the cfDNA eluates for the 

20 patient samples, previously undetectable mutations were identified for one patient only. 

Patient MEL0030 had an NRAS Q61K mutation identified in the ctDNA analysis of the P1 

plasma sample by ddPCR assay. Following ddPCR analysis of the P2 sample, no NRAS Q61K 

was detected. However, following the vacuum concentration of the cfDNA, 3.3 copies of NRAS 

Q61K was detected in the ddPCR reaction containing the vacuum concentrated template. 

While the concentration of cfDNA demonstrated some success, factors including plasma 

sample volume requirements and the increased cost and time required, and the potential for 

contamination or degradation, led to the conclusion that increasing sensitivity for the 

mutation detection by vacuum concentration was not feasible, so no further investigation 

was undertaken.  
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3.4.2 Development and evaluation of custom NGS panels to detect ctDNA 

The relative sensitivity of the two different custom NGS technology platforms was evaluated 

with the six dilutions of the positive reference sample. The QIAseq Targeted DNA and Ion 

AmpliSeq HD panels were evaluated with the same dilutions of positive reference sample 

used to assess the ddPCR assays.  

 

3.4.2.1 QIAseq Targeted DNA panel sensitivity analysis  

For the QIAseq Targeted DNA NGS panels, an initial pilot study was conducted with either (i) 

10ng of undiluted positive reference sample or (ii) 10ng of cfDNA isolated from a healthy 

volunteer. Sequencing libraries were created with the QIAseq Targeted DNA three-gene 

panel. After library preparation, sequencing and bioinformatic analysis, the KRAS G12A 

mutation was detected at a VAF of 45.8% in the positive reference sample. No mutations were 

detected in the sequencing data generated from the cfDNA isolated from a healthy volunteer 

(Figure 22).  

Interestingly, the average sequencing depth for the QIAseq Targeted three-gene panel was 

13,000 reads per amplicon. However, the observed read depth at the KRAS G12A locus was 

significantly lower (~5,000 reads). This result could indicate that the amplicon covering the 

region around the KRAS G12A locus may not be as efficiently amplified as other regions 

present in the NGS panel.  
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Figure 22  IGV screenshot of NGS data from cfDNA samples with QIAseq Targeted DNA panel  
Two QIAseq Targeted DNA three-gene panel sequencing libraries were created with either cfDNA 
isolated from a healthy volunteer (shown in the top panel) or 10ng of the positive reference sample. 
A nucleotide change in the KRAS gene (c.35 C>G, indicated by the blue box) was detected in the 
positive reference sample, leading to the protein-coding mutation KRAS G12A.  

 

Based on these encouraging results, further sensitivity assessment of the  QIAseq Targeted 

platform was conducted. The custom QIAseq Targeted DNA melanoma panel was used to 

create sequencing libraries with the six dilutions of the positive reference sample (10pg-

1,000pg) as a template. A total input of 10ng cfDNA was used for all libraries by combining 

the dilution of positive reference sample with pooled cfDNA isolated from healthy volunteers. 

Following the creation and sequencing of these libraries, bioinformatic analysis was 

conducted with GeneGlobe bioinformatic software. This software reports: (i) the number of 

UMTs, (ii) the number of VMTs (the number of UMTs that contain the variant), and (iii) the 

VAF % (the percentage of all UMTs that contain the variant). The minimum threshold for 

reporting a mutation in the GeneGlobe bioinformatic software is when three different VMTs 

containing the same mutation are identified. Following this analysis, KRAS G12A mutations 

were reported for the 1,000pg, 200pg and 100pg positive reference control samples. No KRAS 

G12A mutations were reported for the three libraries created with the three lowest 

concentrations of ctDNA (Table 12). 
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Table 12  Detection of KRAS G12A mutation in the dilutions of the positive reference sample by 
QIAseq Targeted DNA NGS  
Results showing the detection of KRAS G12A in the NGS data generated from the QIAseq Targeted 
DNA melanoma panel analysis of six dilutions of the positive reference sample. The total number of 
UMTs reported at the KRAS G12 locus, the number of VMTs containing the KRAS G12A mutation and 
the VAF % is shown. Where no VMTs were detected, no UMT information was reported. 

Input ctDNA for the 

diluted positive 

reference sample 

Total UMTs at KRAS  

G12 locus 

Total VMTs for  KRAS 

G12A  

VAF % 

1,000pg 555 104 18.83 

200pg 478 10 2.08 

100pg 284 3 1.06 

40pg Not reported Not detected Not detected 

20pg Not reported Not detected Not detected 

10pg Not reported Not detected Not detected 

 

3.4.2.2 AmpliSeq HD NGS panel sensitivity analysis 

The relative sensitivity of the second NGS technology platform, AmpliSeq HD, was 

investigated with the same six positive reference sample dilutions. Sequencing libraries were 

created for both the AmpliSeq HD melanoma and AmpliSeq HD three-gene panels. Quality 

control analysis with a TapeStation assay was conducted. The size distribution of fragments 

amplified during the library creation showed the expected peak distribution at 273bp for the 

AmpliSeq HD melanoma libraries (Figure 23a). However, for the AmpliSeq HD three-gene 

libraries, two peaks at 273bp and 178bp were observed (Figure 23b). Following discussions 

with the ThermoFisher White Glove team in the USA, it was confirmed that the 178bp 

fragment was due to the formation of fragments between three amplicon primers and the 

universal barcode primer. This resulted in the formation of library fragments containing only 

primer sequences. The AmpliSeq HD three-gene panel primers affected were re-designed, 

and the sequencing panel primer pool was re-manufactured. New NGS libraries were created 

with the dilutions of the positive reference sample, and TapeStation analysis confirmed the 

expected library fragment size (Figure 23c). 
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Figure 23  Analysis of AmpliSeq melanoma and AmpliSeq three-gene NGS libraries using a 
TapeStation   
TapeStation fragment analysis of the NGS libraries was conducted. (a) The AmpliSeq HD melanoma 
library analysis demonstrated a fragment distribution peak at 273bp (blue arrow). (b) TapeStation 
analysis of the AmpliSeq HD three-gene libraries demonstrated a bimodal fragment distribution with 
peaks at 273bp (blue arrow) and 178bp (yellow arrow). (c) Following the AmpliSeq three-gene panel 
re-design, the new NGS library demonstrated a fragment distribution peak at 273bp (blue arrow). The 
upper and lower markers run with each analysis have a defined concentration. The quantification of 
fragment peaks is performed by comparing the area under the peak with the upper and lower markers.  

 

Following the successful creation of NGS libraries for both the AmpliSeq HD melanoma and 

three-gene panel, sequencing and bioinformatic analyses were conducted. The Ion Reporter 

software was used to report the number of UMTs, VMTs and VAF %. The minimum threshold 

for reporting mutation in the AmpliSeq HD bioinformatic software is when three different 

VMTs containing the same mutation are identified. For both NGS panels, the number of 

UMTs, VMTs and VAF percentage reported for each dilution of the positive reference sample 

is shown for the AmpliSeq melanoma panel (Table 13) and the AmpliSeq three-gene panel 

(Table 14).  
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Table 13  Detection of KRAS G12A mutation in the dilutions of the positive reference sample with 
the AmpliSeq melanoma panel 
Results showing the detection of KRAS G12A in the NGS data generated from the AmpliSeq melanoma 
panel analysis of six dilutions of the positive reference sample. The total number of UMTs reported at 
the KRAS G12 locus, the number of VMTs containing the KRAS G12A mutation and the VAF % is shown. 
Where no VMTs were detected, no UMT information was reported. 

Input ctDNA for the diluted 

positive reference sample 

Total UMTs at KRAS G12 

locus 

VMTs KRAS G12A VAF % 

1,000pg 1931 171 8.1351 

200pg 1099 29 2.5709 

100pg 1254 17 1.3375 

40pg 1330 14 1.0417 

20pg 812 4 0.4902 

10pg Not reported Not detected Not detected 

 

Table 14  Detection of KRAS G12A mutation in the dilutions of the positive reference sample with 
the AmpliSeq three-gene panel 
Results showing the detection of KRAS G12A in the NGS data generated from the AmpliSeq three-gene 
panel analysis of six dilutions of the positive reference sample. The total number of UMTs reported at 
the KRAS G12 locus, the number of VMTs containing the KRAS G12A mutation and the VAF % is shown.  

Input ctDNA for the 

positive reference samples 

Total UMTs at KRAS G12 

locus 

VMT KRAS G12A VAF % 

1,000pg 4223 241 5.7068 

200pg 1647 12 0.7286 

100pg 1827 7 0.3831 

40pg 1790 4 0.2235 

20pg 3009 7 0.2326 

10pg 2698 9 0.3336 

 

Following NGS analysis of the dilutions of positive reference samples, KRAS G12A mutation 

was detected down to a concentration of 20pg ctDNA with the AmpliSeq melanoma panel 

and down to 10pg ctDNA with the AmpliSeq three-gene panel. For the melanoma panel, the 

sequencing coverage of the KRAS G12A locus was lower than expected for several samples, 

leading to fewer UMTs. This result could have contributed to the differences observed in the 

level of sensitivity between the two sequencing panels.    
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Overall, NGS analysis of the dilutions of the positive reference sample with QIASeq Targeted 

melanoma panel only detected the KRAS G12A mutation at an input of down to 100pg of 

ctDNA. In comparison, the AmpliSeq three-gene and melanoma panels demonstrated a 

relatively higher level of sensitivity down to at least 20pg of ctDNA.  

 

3.4.3 Assessment and sensitivity analysis of the UltraSEEK MassARRAY panel  

The third technology assessed for detecting mutations in cfDNA isolated from patient plasma 

samples was the UltraSEEK MassARRAY. Initial assessment of the UltraSEEK technology with 

the positive reference sample was conducted with the Lung UltraSEEK Panel. Further analysis 

was then conducted with the pre-release Melanoma UltraSEEK V2 Panel.  

 

3.4.3.1 Testing of the UltraSEEK MassARRAY Lung Panel  

Through a collaboration with a local diagnostic laboratory (LabPlus), an initial pilot study with 

two samples with the  UltraSEEK Lung Panel was conducted. The Lung UltraSEEK Panel was 

suitable for analysing the positive reference sample as the panel design could detect the KRAS 

G12A mutation. The initial two samples selected for testing contained either 1,000pg of 

ctDNA from the positive reference control or no ctDNA. A total input of 10ng cfDNA was used 

for both UltraSEEK reactions by adding pooled cfDNA isolated from healthy volunteers to the 

samples. Following UltraSEEK analysis (described in Figure 11), a minor-allele intensity peak 

(z-score=73) representing the detection of a KRAS G12A mutation was observed in the 

1,000pg ctDNA sample. No minor-allele peak was observed in the spectral analysis for the 

sample containing no ctDNA, indicating that there was no mutation present (Figure 24). In the 

MassARRAY Typer software, the minimum threshold for calling a mutation is a z-score of 10. 

The z-score represents the number of median absolute deviation units (MAD) that the minor 

allele intensity from the median baseline intensity for that allele [450].   
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Figure 24  Results from the analysis of ctDNA samples with the UltraSEEK Lung MassARRAY Panel  
Following MassARRAY MALDI-TOF analysis, the spectrum that detects the KRAS G12A mutation is 
shown. (a) A minor-allele intensity peak (highlighted in blue) corresponding to the expected mass for 
the KRAS G12A mutation was identified in the 1,000pg ctDNA positive reference sample. (b) No minor-
allele peak was observed for the KRAS G12A mutation in samples with no ctDNA (highlighted blue). 

 

3.4.3.2 UltraSEEK Lung Panel sensitivity analysis with positive reference samples 

Since the results from this initial UltraSEEK experiment successfully identified the KRAS G12A 

mutation in the 1,000pg ctDNA sample, four additional dilutions of the positive reference 

sample (10pg, 20pg, 40pg and 200pg) were analysed with the UltraSEEK Lung Panel. As 

before, the total input of 10ng cfDNA was used for each UltraSEEK reaction by adding pooled 

cfDNA isolated from healthy volunteers to the samples. The results from the analysis of the 

four dilutions of the positive reference sample by UltraSEEK Lung Panel are shown in Figure 

25.  
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Figure 25  Results from the analysis of four dilutions of the positive reference sample with the 
UltraSEEK Lung MassARRAY Panel  
Following MassARRAY MALDI-TOF analysis, the spectrum that detects the KRAS G12A mutation is 
shown. A minor-allele intensity peak (highlighted blue) corresponding to the expected mass for the 
KRAS G12A mutation was identified in all four dilutions of the positive reference sample as shown in 
(a) 200pg, (b) 40pg, (c) 20pg or (d) 10pg of ctDNA. 

 

Analysis of the four dilutions of the reference positive sample was performed with the 

MassARRAY Typer software. For all four samples, the minor-allele intensity peak representing 

the detection of a KRAS G12A mutation was observed - 200pg (z-score=76), 40pg (z-score=54), 

20pg (z-score=30) and 10pg (z-score=9.1). For the sample containing 10pg of ctDNA, the z-

score was below the threshold for mutation detection, so KRAS G12A was not reported for 

this sample. Even though the UltraSEEK technology is not considered quantitative [373], our 

results suggest a semi-quantitative correlation between the concentration of the ctDNA 

template and the minor-allele intensity peaks observed for the KRAS G12A mutation.  

Overall, the analysis of the dilutions of the positive reference sample with the UltraSEEK Lung 

Panel demonstrated the robust detection of a KRAS G12A mutation in the samples containing 

at least 20pg of ctDNA. Based on these encouraging results, cfDNA isolated from melanoma 

patient samples was used to assess the Melanoma UltraSEEK V2 Panel to detect mutations in 

the cfDNA.  
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3.4.3.3 Assessment of the UltraSEEK Melanoma V2 Panel with melanoma patient cfDNA 

samples 

The UltraSEEK Melanoma V2 Panel screens for 61 mutations across 13 genes concurrently. 

Assessment of this panel was performed with 55 melanoma patient samples. These samples 

included six tumour gDNA and 49 cfDNA samples isolated from 27 different melanoma 

patients. Analysis of these 55 samples by the UltraSEEK Melanoma Panel analysis showed that 

mutations were identified in the tumour gDNA or cfDNA for 13/27 (48%) patients (Table 15). 

In total, following UltraSEEK analysis, BRAF V600E mutations were detected in samples from 

9/27 (33%) patients. Additional mutations in BRAF, NRAS or the promoter region of DPH3 

were also identified in samples from 7/27 (26%) patients. All mutations identified in NRAS and 

BRAF were successfully validated with ddPCR (further described in Chapter 4). The mutation 

identified in the promoter region of the DPH3 gene was identified in the tumour gDNA and 

cfDNA for two patients (MEL0005 and MEL0009). A DPH3 ddPCR assay was obtained from 

Australian collaborators (Elin Grey, Edith Cowan University) to validate this mutation. 

However, orthogonal validation of samples identified by UltraSEEK analysis did not confirm 

this mutation, so no further investigation was conducted [373].  

Since our results identified a BRAF V600E mutation in samples from 33% of patients, which 

was lower than the expected frequency of approximately 50% [13, 22], ddPCR analysis to 

detect BRAF V600E was conducted on all samples. This analysis resulted in the detection of 

BRAF V600E mutations in 16/27 (60%) of melanoma patient samples (Table 15). 
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Table 15  Results from the analysis of melanoma patient samples with the UltraSEEK Melanoma 
Panel  
Fifty-five melanoma samples were analysed with the UltraSEEK Melanoma Panel and all mutations 
detected are listed. All samples were also analysed by ddPCR assay to detect BRAF V600E mutation. 
Concordant detection of BRAF V600E mutation following analysis with UltraSEEK and ddPCR assay is 
shown. Samples are T=tumour, P1=first collected patient plasma sample, P2=second collected patient 
plasma, etc. Partial=detection of mutation in one plasma sample only. 

Patient Sample 

Tested  

Mutation detected by 

UltraSEEK Melanoma 

Panel 

BRAF V600E mutation 

detected by ddPCR  

(in sample) 

Concordance 

detection of 

BRAF V600E  

MEL0003 P4 BRAF V600E  Yes Yes 

MEL0004 T, P2, P4 No No Yes 

MEL0005 T, P1, P2, P3 DPH3 (T, P1 and P3) Yes – (P1, P2, P3) No 

MEL0006 T, P1, P2 No No Yes 

MEL0007 P1, P2, P3, P4, 

P5 

BRAF V600E (P3-P5) Yes – (all) Yes 

MEL0009 T, P1, P2, P3 BRAF V600E (T) DPH3 (T, 

P1, P2) 

Yes – (T and P1) Yes 

MEL0010 P1, P2, P3, P4 No No Yes 

MEL0011 P2 No No Yes 

MEL0012 P5 BRAF V600E  Yes Yes 

MEL0015 T, P3, P4 No Yes – (P4) No 

MEL0016 P2 No No Yes 

MEL0017 P1, P3, P5 BRAF V600E (all)  Yes – (all) Yes 

MEL0018 P1, P3, P4, P5 NRAS Q61K  (all)  Yes – (all) No 

MEL0019 T BRAF K601E  No Yes 

MEL0020 P3 No No Yes 

MEL0021 P1, P2, P3 No Yes – (all) No 

MEL0022 P3 No No Yes 

MEL0023 P3 No No Yes 

MEL0024 P1 No No Yes 

MEL0026 P2 No Yes No 

MEL0027 P1, P2, P3 BRAF V600E (P1 only) Yes – (P1 and P2) Partial 

MEL0028 P4 NRAS Q61K  No Yes 

MEL0031 P5 No Yes No 

MEL0032 P3 No Yes No 

MEL0035 P5 BRAF V600E, BRAF V600K  

NRAS Q61R  

Yes Yes 

MEL0039 P1 BRAF V600E  Yes Yes 

MEL0040 P4 BRAF V600E, NRAS Q61R  Yes Yes 
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Overall, for seven patients, mutations in BRAF V600E were detected with the ddPCR assay but 

not by UltraSEEK analysis. These results suggest that the UltraSEEK Melanoma Panel has 

reduced sensitivity for detecting mutations compared to ddPCR analysis. The difference in the 

sensitivity was highlighted in particular for samples from patients MEL0005 and MEL0021, 

where ddPCR identified a BRAF V600E mutation at a concentration of 171 and 262 copies/mL 

plasma, respectively. For these two patients, the UltraSEEK Melanoma Panel analysis of the 

same cfDNA samples, no BRAF V600E mutation was detected. Sensitivity is critical because 

detecting BRAF V600E mutation is used as a companion diagnostic for treatment selection. 

For this reason, no further work was conducted with the MassARRAY Melanoma Panel.   

 

3.4.4 Comparative analysis of the technology platforms for KRAS G12A detection 

Following the analysis of six dilutions of the positive reference sample containing ctDNA for 

the KRAS G12A mutation by ddPCR assay, UltraSEEK and NGS analysis, a direct comparison of 

sensitivity was made between the three different technology platforms. A summary of these 

results is shown in Table 16.  

 

Table 16  Relative detection of KRAS G12A in the dilutions of the positive reference sample with the 
three technology platforms 
The relative sensitivity of each panel to detect ctDNA for KRAS G12A in six positive reference sample 
dilutions. Ticks indicate that the KRAS G12A mutation was detected at that ctDNA input concentration.     

ctDNA 

amount  

ddPCR 

KRAS 

G12A  

QIAseq Targeted 

melanoma NGS 

Ampliseq HD 

melanoma NGS 

Ampliseq HD 

three-gene NGS 

UltraSEEK Lung 

Panel 

1,000pg ✓ ✓ ✓ ✓ Not tested 

200pg ✓ ✓ ✓ ✓ ✓ 

100pg ✓ ✓ ✓ ✓ ✓ 

40pg ✓ Not detected ✓  ✓ ✓ 

20pg ✓ Not detected  ✓ ✓ ✓ 

10pg ✓ Not detected Not detected ✓ Not detected 
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For these analyses, ddPCR assay, UltraSEEK Lung Panel, and the two AmpliSeq HD NGS panels 

all demonstrated high sensitivity for detecting KRAS G12A in the dilutions of the positive 

reference sample. For all three of these technologies, the lower limit of detection of KRAS 

G12A was at a ctDNA concentration of 10-20pg. In comparison, the QIAseq Targeted NGS had 

a lower limit of detection of the KRAS G12A mutation at a ctDNA concentration of 100pg. For 

this reason, no further analysis was performed with the QIAseq Targeted panels.   

For the UltraSEEK technology, further analysis of 55 melanoma patient samples with the 

UltraSEEK Melanoma Panel was conducted. However, due to a decreased sensitivity for 

detecting BRAF V600E mutations, no further analysis would be performed with the UltraSEEK 

technology.  

In summary, the two technologies with the highest sensitivity for detecting the KRAS G12A 

mutation in the dilutions of the positive reference sample were the AmpliSeq HD NGS panels 

or the single mutation ddPCR assays. These two technology platforms were selected for the 

continued analysis of patient samples in this thesis.  
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3.5 Discussion 

This chapter investigated the ability of three different technologies to identify mutations in 

dilutions of a positive reference sample and patient samples. The first platform that was 

investigated was ddPCR. Five single mutation ddPCR assays were designed and optimised 

using cell line gDNA. Investigations were conducted into the feasibility of developing a 

multiplex ddPCR assay for the screening of multiple mutations in one reaction. The resulting 

quadplex ddPCR assay identified four mutations concurrently in cell line gDNA template. 

However, the correct assignment of the double-positive droplets containing both mutant and 

WT templates was challenging. When two patient samples were analysed with the quadplex 

ddPCR assay, the number of mutant droplets detected for both cfDNA samples was lower 

than the number detected with the single mutation ddPCR assay, indicating lower sensitivity. 

Two mutations were identified in the cfDNA with the single mutation ddPCR assay for one 

patent sample, but only one mutation was identified with the quadplex assay. Similar 

decreases in sensitivity have been reported for the detection of mutations with multiplex 

ddPCR assays [371]. Factors such as probe specificity, competition for the template, different 

PCR efficiencies, and potential exhaustion of PCR reagents may also lead to the reduced 

sensitivity of multiplex assays compared to single mutation ddPCR assays [451]. Additionally, 

the lowest concentration of probe may lead to a reduction in the sensitivity of this probe due 

to competition with the other probes within the assay [365]. While these results suggest that 

a quadplex ddPCR assay has the ability to detect four mutations in cfDNA samples, mutations 

are frequently present in the plasma sample at less than 1%, so assay sensitivity is paramount. 

Further optimisation of a multiplex ddPCR assay would require increased sensitivity to provide 

clinical utility. 

For all three technology platforms investigated in this chapter, the relative sensitivity was 

assessed with six dilutions of a positive reference sample containing KRAS G12A ctDNA. When 

these samples were used as template in a ddPCR assay detecting KRAS G12A, the mutation 

was detected in all dilutions of the positive reference sample. While detecting this mutation 

in the 10pg ctDNA dilution by ddPCR only represents one genomic location, these results 

suggest that ddPCR is a highly sensitive method for mutation detection in ctDNA analysis.  
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Next, the dilutions of the positive reference sample were used as the template for the QIAseq 

Targeted melanoma panel and the AmpliSeq HD melanoma and three-gene panels. For the 

QIAseq Targeted melanoma panel, the KRAS G12A mutation was only reported in the samples 

with the three highest ctDNA concentrations (100-1,000pg). In comparison, the KRAS G12A 

mutation was reported in all dilutions of the positive reference sample analysed using the 

AmpliSeq three-gene panel (10-1,000pg) and down to a concentration of 20pg ctDNA for the 

melanoma panel. Overall, several key differences exist between the QIAseq Targeted DNA 

and AmpliSeq HD library protocols, which may have contributed to the observed disparity in 

the level of sensitivity. With the QIAseq Targeted library protocol, the UMTs are attached to 

the DNA fragments by ligation. These UMTs are only ligated onto single-base overhangs at 

the 3’ end of double-stranded DNA fragments, so no single-stranded molecules are captured 

with this library protocol. Following ligation, the DNA fragments are then purified by binding 

to magnetic beads. Both steps of this process have associated inefficiencies. Firstly, the 

ligation efficiency of T4 DNA ligase with a 3’ overhang is approximately 40% [452], and the 

recovery rate of DNA following purification with magnetic beads may be as low as 50% [453]. 

Therefore, when 10ng of cfDNA is used as the template for a QIAseq Targeted library, as little 

as 2ng could be available for the library creation after these steps. 

In comparison, the AmpliSeq HD libraries undergo PCR based attachment of the UMTs, and 

library purification with magnetic beads is only performed on the completed library product. 

For this reason, there is likely more template available for the creation of the sequencing 

library, which could result in greater sensitivity for mutation detection when compared to the 

QIAseq libraries. Based on the sensitivity analysis, AmpliSeq HD technology was selected as 

the preferred NGS platform to analyse patient samples. 

The final platform that was evaluated was UltraSEEK MassARRAY. When the dilutions of the 

positive reference samples were analysed with the UltraSEEK Lung Panel, the KRAS G12A 

mutation was detected down to a concentration of 20pg ctDNA. Building on these results, 55 

samples from 27 melanoma patients were then analysed with the UltraSEEK Melanoma Panel. 

However, in this analysis, the UltraSEEK Melanoma MassARRAY Panel failed to detect a BRAF 

V600E mutation in 15/55 patients samples, including samples from two patients with a high 

concentration of this mutation quantitated in the same cfDNA template by ddPCR (171 and 

262 copies/mL plasma). These results were concerning because the detection of mutations at 
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codon 600 in BRAF is used clinically as a companion diagnostic to stratify TKI treatment [454]. 

Additionally, several other factors, such as the technical time required for processing samples 

(~2 days for 8 samples), the relatively high per sample cost of analysis, led us to decide that 

no further patient samples were analysed with the UltraSEEK MassARRAY technology. 

 

3.6 Conclusion 

In this chapter, the relative sensitivity of three different technology platforms was assessed 

with different dilutions of a positive reference sample. Two technologies, custom ddPCR 

assays and AmpliSeq HD NGS panels, showed the highest sensitivity to detect ctDNA with a 

KRAS G12A mutation. Therefore, for the subsequent analysis of patient samples in this thesis, 

the AmpliSeq HD NGS and single mutation ddPCR assay platforms were used. 
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Chapter 4 Analysis of ctDNA in samples from melanoma patients 

4.1 Introduction 

The research presented in this chapter builds on the results from the evaluation of technical 

platforms presented in Chapter 3. In this chapter, I will investigate the ability of the selected 

technologies (AmpliSeq HD NGS and ddPCR assays) to identify and monitor ctDNA in samples 

from two melanoma patient cohorts, as described in Figure 26. The landscape of mutations 

identified in the ctDNA of plasma samples from melanoma patients is described in this 

chapter. Specifically, I will explore the utility of ctDNA to identify relapse in post-surgical 

patients and to track disease progression or treatment response in patients receiving 

immunotherapy. Finally, I will explore the association of the serum biomarker LDH levels with 

ctDNA levels, patient outcome and response to immunotherapy. 

 

Figure 26  Overview of analysis of patient samples conducted in Chapter 4 
The assessment of ctDNA analysis platforms conducted in Chapter 3 was used to direct genomic 
approaches to analyse cfDNA from plasma isolated from melanoma patient samples. Both ddPCR 
assays and AmpliSeq NGS analysis of cfDNA samples were undertaken for two patient cohorts to 
identify evidence of: (i) disease progression following surgical resection, or (ii) treatment failure -vs- 
treatment response in stage IV melanoma patients receiving immunotherapy. This chapter also 
investigates the association between levels of the serum biomarker lactate dehydrogenase (LDH), 
ctDNA levels, and patient treatment response and outcome. Results generated from the two 
melanoma patient cohorts will be subsequently used in Chapter 6 to investigate the reproducibility 
and accuracy of ctDNA analysis platforms in preparation for potential clinical use in NZ.  
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4.2 Melanoma 

As described in Chapter 1, worldwide, the incidence of cutaneous melanoma continues to 

rise, and the rates in NZ remain among the highest in the world [228]. Whilst surgery remains 

the most successful cure for melanoma [455], there is an approximately 50% recurrence rate 

in high-risk patients up to 10 years after surgery [456]. In NZ, the current standard-of-care 

monitoring for melanoma relies heavily on radiological imaging. However, there is a limit to 

the availability of radiological imaging in the public health system. In some regions, the most 

appropriate choice of imaging is only available at larger hospitals, and there is ongoing 

concern over the safety of repeated exposure to radiation [290, 291]. Other than radiological 

imaging, a serum biomarker LDH is currently used in NZ as part of the AJCC staging system to 

aid in the prediction of melanoma patient prognosis [127, 292]. Elevated serum LDH levels (> 

250U/L) measured before starting immunotherapy (referred to as baseline) for metastatic 

melanoma patients have been correlated with poorer overall survival (section 1.6.1) [127]. 

There have also been suggestions that increases or decreases in the measured LDH level may 

indicate early response or progression in melanoma patients receiving immunotherapy [457]. 

However, sensitivity and specificity problems have been identified for LDH, suggesting that 

LDH is an imperfect biomarker [458]. Therefore, with the combination of limited access to 

radiological scanners and questions about the clinical utility of LDH, there is a need for 

additional cancer monitoring modalities in NZ.  

This thesis chapter investigates the technical aspects of ctDNA analysis for NZ melanoma 

patients. Two cohorts of melanoma patients are investigated, including patients who 

underwent surgery with curative intent and patients who received publicly funded 

immunotherapy for metastatic melanoma. Public health and health economic considerations 

are also important but are beyond the scope of this thesis. 
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4.3 Chapter aims 

Using the technologies developed in Chapter 3, this chapter will address three questions that 

require resolution before ctDNA analysis for the detection of mutations in plasma samples 

can be implemented in the clinic:  

1. Investigate the ability of ctDNA analysis to detect mutations in plasma samples from 

melanoma patients undergoing surgical resection and assess the ability of ctDNA 

analysis to complement the standard-of-care clinical assessment to detect tumour 

recurrence in stage III melanoma patients. 

2. Investigate the ability of ctDNA analysis to detect mutations in the plasma from 

melanoma patients undergoing immunotherapy treatment and assess if ctDNA analysis 

can be used alongside the standard-of-care radiological imaging to detect early 

treatment response or failure in patient plasma samples. 

3. Evaluate whether there is an association between the level of the serum biomarker LDH, 

plasma ctDNA levels and patient outcome for immunotherapy treated melanoma 

patients. 
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4.4 Methods 

4.4.1 Study design 

Melanoma patients consented to the research study, and blood and tumour samples were 

collected under the HDEC ethical approval 16/NTA/180, “National Sciences Challenges – 

Healthy Alliance for Melanoma” research project. This study included stage III/IV melanoma 

patients undergoing curative surgery (Cohort 1) and stage IV metastatic melanoma patients 

that were eligible for funded immunotherapy treatment (Cohort 2) [459]. Blood samples were 

processed for plasma and serum as described in section 2.1.1. For the patients that 

underwent surgical resection, where available, tumour tissue samples excess to standard-of-

care histological analysis were collected at the time of surgery and frozen at -80oC 

immediately. Each blood sample collected for the melanoma patients was designated a 

sequential number; P1 refers to the pre-surgical or pre-treatment sample, P2 refers to the 

first post-surgical or the sample collected before the second immunotherapy infusion, and so 

forth. Where tumour tissue was collected, these samples were designated T. All plasma and 

tumour samples in this chapter will be referred to in this way. While both pembrolizumab and 

nivolumab are funded immunotherapies in NZ, all patients included in this study were treated 

with pembrolizumab. 

As part of routine clinical testing, LDH testing was conducted at LabPLUS medical laboratory 

(Auckland City Hospital). 0.25mL of serum was transferred to a micro cup and stored at 4oC 

for up to 24 hours. The expected normal range of LDH was 120-250 U/L [460] and could only 

be measured in non-haemolysed serum.  

A description of the patients and the samples collection regime is shown in Figure 27.  
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Figure 27  Flow chart showing an overview of the melanoma patients and the sample collection regime included in this thesis 
Two cohorts of patients were included in this research study. Cohort 1 was made up of stage III/IV patients with surgically resected melanoma. Blood samples 
were collected before surgery and then at standard-of-care appointments. Cohort 2 was made up of stage IV patients undergoing funded immunotherapy 
treatment. Patient blood samples were collected immediately before starting immunotherapy treatment and at three-weekly intervals before each 
immunotherapy infusion for each patient’s first five treatment cycles. Following CT imaging, patients that demonstrated a clinical response to treatment were 
approved for continuation of immunotherapy. For these patients, further patient blood samples were collected every three months (i.e. the same frequency 
as the radiological and clinical assessment of these patients). For patients that demonstrated clinical disease progression by CT imaging, no further blood 
samples were collected. 
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In this chapter, the definition of disease recurrence for post-surgical patients was made by 

the attending clinicians. This evaluation was based on the physical examination of the patient 

and the radiological imaging findings, which were then summarised in multi-disciplinary 

meeting (MDM) discussions. Patients receiving immunotherapy treatment were classified 

based on RECIST criteria and ECOG criteria (section 1.6.2) [284, 461]. To remain on 

immunotherapy, patients must demonstrate a complete, partial or stable disease based on 

RECIST criteria and have an ECOG score of 0-2 [285]. Melanoma patient information included 

in this chapter was accessed through patient clinical notes with the assistance of Dr Tiffany 

Parmenter, Auckland City Hospital.  

 

4.4.2 Patient demographics 

Blood samples and tumour samples (when excess to histological analysis) for all patients were 

collected between October 2017 and August 2020. Table 17 contains a complete list of patient 

demographics, including age, self-reported ethnicity, tumour stage at the time of recruitment 

and the current status at last follow-up. For these patients, where available, clinical 

information, including survival data, was collected until the last follow-up (between Jan-Oct 

2020), depending on when the patient was last seen in the clinic.    
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Table 17  Patient demographics for the two melanoma cohorts 
All melanoma patients, their tumour stage, age when recruited onto the research study, self-reported 
ethnicity, and current status are described below. Patients with tumours designated stage III and IV 
surgical were included in Cohort 1. Patients with tumours designated IV were included in Cohort 2. 
*Three surgical patients progressed to stage IV and commenced immunotherapy treatment. Patient 
status data was based on the last clinical follow-up (Jan-Oct 2020). 

Patient ID Age entering 
research study 

Tumour stage Self-reported 

ethnicity 

Status alive/deceased 

MEL0002 78 IV surgical NZ EU Off research study, alive 

MEL0003 76 III NZ EU On research study, alive 

MEL0004 63 IV surgical NZ EU Deceased 

MEL0005 89 III NZ EU On research study, alive 

MEL0006 54 III Māori, NZ EU Off research study, alive 

MEL0007 58 IV NZ EU Deceased 

MEL0009 31 III NZ EU On research study, alive 

MEL0010 68 IV NZ EU On research study, alive 

MEL0011 34 III NZ EU On research study, alive 

MEL0012 61 III NZ EU On research study, alive 

MEL0015 43 III Samoan On research study, alive 

MEL0016 48 III NZ EU On research study, alive 

MEL0017 57 IV NZ EU Deceased 

MEL0018 44 IV NZ EU Deceased 

MEL0019 85 IV surgical NZ EU On research study, alive 

MEL0020 78 IV NZ EU On research study, alive 

MEL0021 77 IV NZ EU Palliative 

MEL0022 76 IV NZ EU On research study, alive 

MEL0023 63 III EU (AUS) Off study, moved overseas 

MEL0024 76 IV NZ EU Palliative  

MEL0025 55 IV NZ EU On research study, alive 

MEL0026 83 III NZ EU On research study, alive 

MEL0027 64 IV EU (Dutch) On research study, alive 
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MEL0028 52 III/IV* NZ EU Palliative 

MEL0030 57 IV NZ EU On research study, alive 

MEL0031 81 IV NZ EU Deceased 

MEL0032 53 IV Māori, NZ EU Deceased 

MEL0033 69 IV NZ EU On research study, alive 

MEL0034 57 III NZ EU On research study, alive 

MEL0035 80 IV NZ EU On research study, alive 

MEL0036 67 III NZ EU Off research study, alive 

MEL0037 65 IV NZ EU Deceased 

MEL0038 65 IV NZ EU On research study, alive 

MEL0039 71 IV NZ EU Palliative 

MEL0040 59 IV NZ EU Deceased 

MEL0042 38 IV Māori, NZ EU On research study, alive 

MEL0045 55 IV NZ EU On research study, alive 

MEL0047 53 III/IV* NZ EU On research study, alive 

MEL0049 71 IV NZ EU On research study, alive 

MEL0050 58 IV NZ EU Off research study, alive 

MEL0051 83 III/IV* NZ EU On research study, alive 

MEL0056 87 IV NZ EU On research study, alive 

MEL0057 79 IV NZ EU On research study, alive 

MEL0058 68 IV NZ EU On research study, alive 

MEL0060 74 IV NZ EU On research study, alive 
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4.4.3 Molecular analysis of patient samples 

Patient cfDNA was extracted from the plasma of 45 Cohort 1 and Cohort 2 melanoma patients 

(section 2.3.1). For these patient samples, mutations were identified in the plasma samples 

with ddPCR assays to detect single mutations commonly identified in melanoma tumours 

(section 2.5.2). In conjunction with ddPCR assay, the AmpliSeq HD melanoma NGS panel was 

used for analysis to identify mutations in the cfDNA from patient plasma samples (sections 

2.7.4).  

Throughout this chapter, mutations will be referred to by their altered amino acid change in 

the encoded protein. A complete list of all mutations identified by NGS for the melanoma 

samples with both the protein-coding change and the nucleotide alteration is shown in Table 

18. 
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Table 18  Amino acid and nucleotide descriptions of mutations identified in this chapter 

Nucleotide change Amino acid alteration Nomenclature used in this thesis 

BRAF c.1799T>A V600E BRAF V600E 

BRAF c.1798_1799delGTinsAA V600K BRAF V600K 

BRAF c.1801A>G K601E BRAF K601E 

BRAF c.1379G>A G460E BRAF G460E 

CDKN2A c.290T>C L97P CDKN2A L97P 

CDKN2A c.341C>T P114L CDKN2A P114L 

CDKN2A c.330G>A W110* CDKN2A W110* 

GNA11 c.626A>T Q209L GNA11 Q209L 

GNAQ c.626A>C Q209P GNAQ Q209P 

GRM3 c.145G>A E49K GRM3 E49K 

GRM3 c.29T>C L10P GRM3 L10P 

KIT c.1727T>C L576P KIT L576P 

NF1 c.1318C>T R440* NF1 R440* 

NRAS c.181C>A Q61K NRAS Q61K 

NRAS c.182A>G Q61R NRAS Q61R 

PTEN c.388C>T R130* PTEN R130* 

PTEN c.389G>A R130Q PTEN R130Q 

PTEN c.635-1G>A  - PTEN splice 

SF3B1 c.1866G>C E622D SF3B1 E622D 

SPATA8 c.52G>A E18K SPATA8 E18K 

STK19 c.250T>C C84R STK19 C84R 

TERT c.-124C > T  - TERT C228T 

TERT c.-124_126delCCinsTT  - TERT CC228TT 

TERT c.2640G>A  - TERT p(=) 

TERT c.-146C>T  - TERT C250T 

TP53 c.859G>A E287K TP53 E287K 

TP53 c.326T>C F109S TP53 F109S 

TP53 c.832C>T P278S TP53 P278S 

TP53 c.494A>G Q165R TP53 Q165R 

TP53 c.741_742delCCinsTT R248W TP53 R248W 

TP53 c.487T>C Y163H TP53 Y163H 

TP53 c.515T>A V172D TP53 V172D 
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4.5 Results 

This section presents the results of ctDNA analysis of both Cohort 1 (surgical resection) and 

Cohort 2 (immunotherapy) melanoma patient samples. 

Firstly, I evaluate the ability to detect plasma-derived ctDNA in the blood plasma of Cohort 1 

(surgical resection) patients and whether this ctDNA analysis could, in principle, be used to 

detect residual disease or disease recurrence. 

Secondly, I analyse the ability to detect the rise and fall of ctDNA levels in response to 

immunotherapy treatment in sequential plasma samples from the Cohort 2 (immunotherapy) 

patients and whether this ctDNA analysis could in principle, add useful information to current 

standard-of-care laboratory investigations. 

I also describe the need for manual analysis of data from AmpliSeq HD sequencing to identify 

TERT promoter mutations, and I assess the benefit of employing orthogonal validation 

methods for low-frequency ctDNA mutations.  

Finally, I investigate an association between the serum biomarker LDH, plasma ctDNA levels 

and the patient outcome is described for Cohort 2 immunotherapy treated patients.  
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4.5.1 Genomic analysis of cfDNA and tumour gDNA from Cohort 1 - melanoma 

surgical resection patients 

For Cohort 1 surgical resection patients, cfDNA isolated from plasma samples and tumour 

gDNA was available for 16 melanoma patients. Since there is a high reported frequency of the 

BRAF c.1799T>A ctDNA mutation leading to protein change p.V600E in melanoma tumours, 

the first investigation used cfDNA as a template ddPCR assay detecting BRAF V600E. Up to 

four cfDNA samples (including P1 and P2) were analysed for all Cohort 1 patients. In addition, 

for 14 patients, the results from genomic testing of tumour gDNA previously undertaken in 

the hospital clinical laboratory were available. The information was then used to inform the 

design and optimisation of ddPCR assays to detect the identified mutation. Finally, AmpliSeq 

HD NGS with the custom melanoma panel (subsequently referred to as NGS in this chapter) 

was conducted with plasma cfDNA or tumour DNA for 11 patients.  

Following analysis of the cfDNA for the Cohort 1 patients, mutations were identified in the 

cfDNA or tumour gDNA for 11 patients (69%). Based on this analysis, these patients were 

broadly categorised into three groups based on the mutation profile identified, (i) patients 

with a single BRAF V600E mutation, (ii) patients with two mutations identified, (iii) patients 

with a complex landscape of mutations. Results for each group will be presented separately 

below. For the remaining five Cohort 1 patients (31%), no mutation was identified in the 

cfDNA following BRAF V600E ddPCR assay or NGS analysis conducted. For these patients, only 

between 2-4 blood samples were collected so no further analyses were performed. 

 

4.5.1.1 Monitoring surgical resection patients with a single BRAF V600E mutation but no 

other detectable mutations 

For five Cohort 1 surgical melanoma patients, a single BRAF V600E mutation and no other 

mutation was identified in the cfDNA or tumour gDNA following analysis by the BRAF V600E 

ddPCR assay or NGS analysis. For two patients (MEL0003 and MEL0016), the BRAF V600E 

mutation was initially identified by NGS of cfDNA. For the remaining Group 1 patients, a BRAF 

V600E mutation was initially identified by analysis with a ddPCR assay. The concentration of 

this mutation was determined in all ctDNA samples by the BRAF V600E ddPCR assay. A 

summary of the genomic analysis conducted for each patient is shown in Figure 28.  
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Figure 28  Summary of genomic analysis of melanoma surgical resection patients with a BRAF V600E mutation detected 
Flow chart showing the details of genomic analyses performed on samples from the five surgical melanoma patients in which BRAF V600E mutation was 
detected. Patients with data presented in yellow have had no disease relapse post-surgery. Patients with data presented in green have either required further 
treatment for residual disease or had ctDNA detected in their plasma, but they had no clinical disease recurrence at the last follow-up. The blue triangles 
connected by red lines represent the quantitation of BRAF V600E ctDNA by ddPCR assay. Patients MEL0015 and MEL0016 underwent radiotherapy as 
indicated by pale blue boxes. For patient MEL009, ctDNA for BRAF V600E was only detected following vacuum concentration of the P1 cfDNA sample described 
in section 3.4.1.5.
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For two patients (MEL0009 and MEL0036), analysis of the ctDNA samples with the BRAF 

V600E ddPCR assay showed no ctDNA for BRAF V600E detectable in the P2 or P3 sample, 

respectively. These results suggest that there was complete tumour removal, and at the last 

clinical assessment, there was no evidence of residual disease for these patients.   

In patients MEL0003, MEL0015 and MEL0016, initial investigations conducted with the BRAF 

V600E ddPCR assay did not detect any ctDNA in the P1 and P2 cfDNA samples. Further 

investigation with NGS was then performed with a subsequent cfDNA sample (P4 for 

MEL0003, P5 for MEL0015 and P3 and P5 for MEL0016). For patients MEL0003 and MEL0016, 

ctDNA for BRAF V600E was reported in the NGS data from the P4 and P5 sample, respectively. 

For patient MEL0016 histological analysis of lymph nodes collected at the time of surgery 

identified extranodal spread, supporting the suggestion of residual disease. Patient MEL0016 

went on to have adjuvant radiotherapy to the groin, and the detection of BRAF V600E ctDNA 

in the plasma after radiotherapy may have been due to tumour necrosis following treatment.  

For patient MEL0015, following NGS analysis of the P5 plasma sample, no mutations were 

identified. Further ddPCR analysis with the BRAF V600E ddPCR assay on the remaining cfDNA 

samples identified ctDNA in the P4 and P5 samples (46 and 10 copies/mL plasma, 

respectively). Interestingly, this patient agreed to radiotherapy treatment during the clinic 

appointment that coincided with the P4 sample collection. This treatment was delivered 160-

180 days post-surgery, and the identification of BRAF ctDNA in their P4 samples supports the 

clinical decision to initiate radiotherapy.  

 

4.5.1.2 Monitoring surgical resection patients with two mutations detectable in ctDNA 

For three Cohort 1 surgical melanoma patients, NGS analysis of the cfDNA and the tumour 

gDNA identified a predicted driver mutation in either BRAF or NRAS, as well as a TP53 

mutation of unknown significance. A full description of samples and the genomic assays 

conducted for these patients is shown in Figure 29, and individual patients are described 

below. 
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Figure 29  Summary of genomic analysis of melanoma surgical patients with two mutations detectable in ctDNA 
Flow chart showing details of genomic analyses performed on tumour or plasma samples from three surgical melanoma patients. Patients with data presented 
in green have required further treatment for residual disease or have had ctDNA subsequently detected in plasma, but at last follow-up, they had no disease 
recurrence evident on radiological imaging (MEL0012) or clinical assessment (MEL0019). The patient with data presented in grey had radiologically confirmed 
disease recurrence post-surgery and commenced pembrolizumab treatment as indicated on the graph. This patient subsequently had radiological disease 
progression and is now in palliative care. The blue triangles and green circles joined by red and yellow lines represent the concentration of ctDNA quantitated 
by ddPCR assay. For patients MEL0012, TP53 Y163H ctDNA was quantitated in four samples only due to sample volume limitations.
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Patient MEL0012 was first diagnosed with metastatic melanoma in 2017 and had a previous 

breast cancer diagnosis in 2015. NGS of the P5 plasma sample identified ctDNA for BRAF 

V600E and TP53 Y163H. The concentration of both mutations was subsequently quantitated 

in P1-P8 with the two ddPCR assays. In the P5 plasma sample, a sharp increase in the 

detectable concentration of both mutations was observed. Two months after the P5 sample 

was collected, CT imaging identified a new cluster of enlarged lymph nodes (11mm), which 

were thought to be the localised progression of melanoma or the previous breast cancer. 

While it was uncertain clinically whether the enlarged lymph nodes were a recurrence of the 

previous breast cancer (2015) or melanoma, the detection of ctDNA for BRAF V600E in the P5 

plasma sample suggests melanoma may be more likely. At the last radiological assessment, 

the enlarged lymph nodes had resolved, and there was no detectable ctDNA for BRAF V600E 

in the corresponding plasma sample. Therefore, it is possible that the spike in ctDNA observed 

for this patient may represent the spontaneous regression of the melanoma [462, 463].  

Patient MEL0019 was initially diagnosed with melanoma and had a clinical recurrence four 

years later. NGS analysis of the tumour gDNA identified mutations for BRAF K601E and TP53 

Y163H. The concentration of both mutations was subsequently quantitated in P1-P10 plasma 

samples with the two ddPCR assays. Despite having undergone curative surgery, ctDNA for 

BRAF K601E and TP53 Y163H was identified in several plasma samples (P1, P2, P4 and P6), 

suggesting the possibility of residual disease. While no evidence of disease recurrence has 

been identified for this patient, no radiological imaging had been conducted for two years 

since the patients staging PET-CT. The results for this patient provide an example of the 

difficulty of interpreting ctDNA data and the translation of this information into clinical 

patient care. This patient remains in our research study and will continue to be monitored by 

ctDNA analysis.   

Following surgical resection of patient MEL0028’s melanoma, NGS analysis was conducted on 

three samples: the tumour gDNA and P1 and P5 plasma samples. An NRAS Q61K mutation 

was identified in the tumour gDNA and P5 plasma NGS but not in the P1 sample. A TP53 Y163H 

mutation was also identified in the NGS data from the P1 and P5 cfDNA samples. The 

concentration of both mutations were subsequently quantitated in the P1-P9 samples with 

the two ddPCR assays. Interestingly, despite the TP53 Y163H mutation not being detected in 

the tumour gDNA, the concentration of this variant decreased from 212 copies/mL in the P1 
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sample to undetectable in the P2 post-surgical sample. While ctDNA for NRAS Q61K was not 

detectable in the plasma at the time of surgery (P1) or in the first post-surgical blood sample 

(P2), there was detectable ctDNA in the P3 sample (159 days post-surgery), indicating possible 

tumour recurrence. Radiological imaging confirmed disease progression 263 days post-

surgery. NRAS Q61K ctDNA was detected three months before disease progression was 

confirmed clinically by PET-CT imaging. MEL0028 commenced pembrolizumab treatment, and 

while the detectable ctDNA for NRAS Q61K decreased slightly immediately after treatment 

commenced (P5), it then increased (P6) and subsequently decreased (P7) again. 

Radiologically, this patient demonstrated a mixed response to treatment, with some lesions 

reducing in size while new lesions developed. At the last plasma collection P8 (539 days post-

surgery), NRAS Q61K ctDNA had again increased (27 copies/mL input plasma), and this patient 

was confirmed to have progressed on treatment (571 days post-surgery) and moved into a 

palliative phase of their care.    

 

4.5.1.3 Monitoring surgical resection patients with complex ctDNA mutational profiles 

For three Cohort 1 surgical melanoma patients, NGS analysis of the cfDNA and the tumour 

gDNA identified a complex pattern of mutations. A full description of samples and the 

genomic assays conducted for each patient is shown in Figure 30. 
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Figure 30  Summary of genomic analysis of surgical patients with complex ctDNA mutational profiles 
Flow chart showing details of genomic analyses performed on tumour or plasma samples from three melanoma surgical patients. For each patient, multiple 
mutations were identified in the tumour gDNA (patient MEL0026) or cfDNA (patient MEL0011) or both tumour gDNA and cfDNA (patient MEL0005). For 
patients MEL0026 and MEL0011, multiple mutations were quantitated by ddPCR of ctDNA in sequential plasma samples. For MEL0005, only the BRAF V600E 
ctDNA mutation was quantitated in all plasma samples, other ctDNA mutations identified by NGS are described in Table 19. No disease recurrence was 
identified at last follow up with clinical assessment (MEL0026) or at last radiological imaging (MEL0011). The blue triangles and green circles represent the 
concentration of each ctDNA quantitated by ddPCR assay. Patient MEL0005 underwent two courses of radiotherapy as indicated by pale blue boxes.
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Nine months after their original diagnosis with melanoma, patient MEL0026 underwent 

surgical resection of a melanoma recurrence on the scalp. BRAF V600E ctDNA was detected 

by ddPCR analysis in the cfDNA from the P1 and P2 plasma samples and in the tumour gDNA. 

However, the visualisation of the droplet clusters in the 2-D plot following ddPCR analysis of 

the tumour gDNA showed two distinct clusters of droplets detected with the BRAF V600E 

mutant probe. The expected high fluorescent amplitude cluster representing the BRAF V600E 

mutation and a second cluster of droplets at a lower amplitude was observed. One 

explanation was that there was inefficient probe binding to the template, potentially due to 

a different nucleotide within the BRAF codon 600 position in the target sequence. To 

investigate this hypothesis, ddPCR assays to detect the mutations leading to BRAF V600K and 

BRAF K601E were conducted on the tumour gDNA and cfDNA from the P1 plasma sample. As 

a result, both BRAF V600K and BRAF K601E mutations were identified in tumour gDNA and 

the cfDNA isolated from the P1 plasma sample (Figure 31).  

All three BRAF mutations (BRAF V600E, V600K and K601E) were quantitated in the cfDNA 

from P1-P7 plasma samples. Our results showed that each BRAF mutation was present at a 

different concentration (Figure 30). The highest frequency mutation detected in the cfDNA 

from the pre-surgical P1 plasma sample was BRAF V600K (76 copies/mL plasma). This 

mutation was undetectable in the plasma in the P2-P4 samples but could be detected in the 

P5 and P6 samples (442 days post-surgery). For the BRAF V600E mutation, a low level could 

be detected in the P1 plasma sample (5 copies/mL plasma), which increased in the P2 plasma 

sample (75 copies/mL plasma) and then decreased again in the P3 plasma sample (20 

copies/mL plasma). For the third mutation BRAF K601E, a moderate amount of ctDNA was 

detectable in the P1, P2 and P6 plasma samples (21, 16 and 25 copies/mL plasma, 

respectively), but this mutation was undetectable in the other plasma samples. No ctDNA was 

detected for any of these mutations in the P4 or P7 plasma samples (Figure 30).  
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Figure 31  2-D plots from ddPCR analysis of multiple BRAF mutations in both tumour and plasma samples from patient MEL0026 
Analysis of tumour gDNA from patient MEL0026 with BRAF ddPCR assays identified (a) ctDNA for BRAF V600E.  In addition to the main BRAF V600E positive 
droplets, a second discrete cluster (circled in red) was identified at an amplitude marginally above the negative droplets. Further analysis of tumour gDNA 
with ddPCR assays detected mutations for (b) BRAF V600K and (c) BRAF K601E. Similarly, when ddPCR analysis was performed on cfDNA isolated from the P1 
plasma sample from patient MEL0026, ctDNA was identified for (d) BRAF V600E (e) BRAF V600K and (f) BRAF K601E. Blue droplets represent the detection of 
gDNA or cfDNA with the mutant sequence. Green droplets represent the detection of gDNA or cfDNA with WT sequence. Orange droplets represent the 
detection of both mutant and WT sequences. Grey droplets not encompassed by a red circle have no target DNA amplification.
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To further investigate this unexpected genomic complexity observed for patient MEL0026, 

NGS was conducted on this patient’s tumour gDNA. Following bioinformatic analysis, four 

mutations were reported, including BRAF V600E and BRAF V600K and two mutations in PTEN, 

R130Q and R130*. While the BRAF K601E mutation was not reported in the tumour gDNA 

NGS data, a low level of this mutation (0.5 copies/ng tumour gDNA) was identified following 

ddPCR analysis of the tumour gDNA. At this frequency, the mutation may be below the level 

of sensitivity for the NGS analysis (as described in section 3.4.2.2).  

Following NGS analysis of tumour gDNA for patient MEL0026, the mutations identified in 

BRAF and PTEN were reported at very different VAFs (the number of mutant molecules 

detected as a proportion of all molecules detected). The BRAF V600K and PTEN R130* had 

the equivalent VAF of 18%, while BRAF V600E and PTEN R130Q were detected at a lower VAF 

(11% and 3.7%, respectively). While the appearance of both the AC>TT mutation (indicating 

a BRAF V600K mutation) and the A>T mutation (indicating a BRAF V600E mutation) at the 

same loci could be due to a bioinformatic bias or artefact, orthogonal validation of these 

mutations by ddPCR make this unlikely. Following quantitation of the two BRAF mutations in 

the tumour gDNA and cfDNA samples with the ddPCR assays, the BRAF V600K mutation was 

found to be at a higher concentration than the BRAF V600E mutation in the tumour gDNA 

(168 and 54 copies/ng tumour gDNA, respectively), which corresponded with the NGS results. 

These results suggest that the BRAF V600K and BRAF V600E mutations are unlikely to be 

located within the same tumour cells and supports a hypothesis of tumour heterogeneity, 

where different tumour sub-clones contain these two distinct BRAF gene mutations.  

The mutations identified in the BRAF and PTEN genes described above were visualised in the 

NGS data using the Integrated Genome Viewer (IGV). For each mutation, the mutant base was 

identified on independent sequencing reads of their respective chromosomes (Figure 32). 

Interestingly, when clinical genomic analysis of tumour gDNA had been conducted with the 

MassARRAY platform, three mutations were identified, including BRAF V600E, BRAF V600M 

and KIT V599A. Our analysis of the tumour gDNA did not identify a BRAF V600M. It is unclear 

whether this was an incorrect call by the MassARRAY analysis or whether this was due to 

differences in the tumour sample analysed clinically. A KIT V599A mutation identified in the 

clinical test was not covered on the NGS panel.  
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Figure 32  IGV screenshot of raw NGS data of patient MEL0026 tumour gDNA showing two mutations 
detected in each of BRAF and PTEN  
For patient MEL0026, two different mutations were identified for each of the BRAF and PTEN genes. 
The relative proportion of mutant sequencing reads can be seen in the IGV plots shown. For BRAF 
V600K, a two-base pair change AC>TT is shown. For BRAF V600E, a single A>T nucleotide change is 
shown. For PTEN R130Q, a G>A single nucleotide change is shown. The second PTEN R130* C>T change 
leads to a stop codon in the protein-coding sequence. For both BRAF and PTEN, the mutations 
identified are present on independent sequencing reads.   

 

In addition to the mutations reported above, a TERT C228T mutation was identified by manual 

inspection of the raw NGS data from the tumour gDNA. The levels of ctDNA of TERT C228T 

was quantitated by ddPCR assay (Figure 30), and ctDNA was detected in both the P1 and P6 

plasma samples. 

Patient MEL0026 remains in our research study, and at the most recent clinical assessment 

showed no evidence of clinical progression. However, no radiological imaging has been 

conducted for this patient since the staging PET-CT before surgery. Nevertheless, the 

identification of ctDNA mutations in the P5 and P6 plasma samples for this patient suggests 

they could be at risk of disease relapse (Figure 30).  
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Patient MEL0011 presented malignant melanoma in the clavicular area. For this patient, no 

melanoma tissue was identified from the lymph node dissection, and no tumour tissue was 

available for genomic analysis. However, ddPCR analysis of cfDNA from the P3-P5 plasma 

samples identified a BRAF V600E mutation. The concentration of BRAF V600E ctDNA 

increased in the P3 and P4 samples (26 and 69 copies/mL plasma, respectively) and then 

decreased in the P5 sample (6 copies/mL plasma). No BRAF V600E mutation was detectable 

in P6 and P7 samples (Figure 30). Further NGS analysis was performed with the cfDNA isolated 

from the P7 plasma sample. This analysis identified two other BRAF mutations, BRAF V600K 

and BRAF K601E. Visualisation of the NGS data in IGV confirmed that these mutations were 

on separate NGS reads. The mutations were also present at different VAFs (BRAF V600K = 

1.4% and BRAF K610E = 3.6%), indicating that either the patient had more than one tumour 

or a heterogeneous cell population within their tumour. These mutations were orthogonally 

validated and quantitated with the ddPCR assays (Figure 30).  

Patient MEL0011 had a radiologically confirmed stable lung lesion at the time of the P1-P4 

plasma collections, which had resolved at the last clinical review. While it is possible that the 

ctDNA analysis for this patient reflects the resolution of this tumour, the mechanism of how 

this may have occurred requires further investigation. Patient MEL0011 remains on our 

research project and will continue to be monitored by ctDNA analysis on plasma samples.  

Patient MEL0005 is a melanoma surgical patient with a long and complicated history of 

melanoma dating back ten years and had known stable lung lesions. A BRAF V600E mutation 

was detected in the cfDNA from plasma samples P1 and P2 with the ddPCR assay, but this 

mutation was not detected in the tumour gDNA. BRAF V600E ctDNA was subsequently 

measured in all remaining plasma samples (P3-P10) by ddPCR analysis (Figure 30). While only 

a low level of ctDNA for BRAF V600E was detectable in the P1 plasma sample (6.1 copies/mL), 

16 days after surgery, the BRAF V600E ctDNA level had significantly increased (171 

copies/mL). This result suggests either tumour recurrence or the increased growth of a 

different tumour present in the patient. The patient subsequently received two separate 

courses of radiotherapy. In the P5 blood sample collected after completion of the second 

radiotherapy course, a high level of BRAF V600E ctDNA was detected. It is interesting to 

speculate if this could represent ctDNA released from necrosing tumour cells following 

therapy. 
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Because patient MEL0005 had a long history of melanoma, in addition to ddPCR analysis, NGS 

analysis was conducted on nine patient samples, including tumour gDNA, plasma, and 

peripheral blood leukocyte (PBL). Analysis of the NGS data demonstrated a far more complex 

pattern of mutations than initially expected. In total, eight mutations were reported in the 

tumour gDNA data (Table 19), of which seven were also reported in the NGS data of the cfDNA 

from the P1 plasma sample. None of the mutations identified in the tumour NGS data were 

detected in the remaining plasma cfDNA samples or the PBL sample. NGS analysis conducted 

on the PBL gDNA was performed to reduce the possibility of the mutations observed in the 

plasma being derived from non-tumour origins, such as clonal haematopoiesis (CH) (further 

discussed in Chapter 6).  

 

Table 19  Mutations reported in the NGS data from MEL0005 patient samples 
Table showing the mutations identified in the NGS data from MEL0005 sample analysis. The relative 
detection level is expressed as a variant allele frequency (VAF) for each mutation. No mutations were 
identified in the sequencing of P4, P5, P7 and the PBL samples for MEL0005.  

Mutation Tumour 
VAF % 

P1 VAF % P2 VAF % P3 VAF % P6 VAF % P4, P5, P7 
& PBL 

TERT p(=) Yes 68% Yes 1.7% No No No No 

TERT C228T Yes * No No No No No 

GRM3 L10P Yes 31% Yes 1.3% No No No No 

GRM3 E49K Yes 30% Yes 0.8% No No No No 

BRAF G460E Yes 21% Yes 1.3% No No No No 

CDKN2A P114L Yes 92% Yes 1.2% No No No No 

GNAQ Q209P Yes 54% Yes 1.3% No No No No 

TP53 R248W Yes 55% Yes 2.1% No No No No 

BRAF V600E No Yes 0.5% Yes 2.6% Yes 0.8% Yes 11.2% No 

TP53 Y163H No Yes 2.3% Yes 13% Yes 4.4% No No 

TP53 E287K No No Yes 0.5% Yes 0.3% No No 

 

Overall, the analysis of MEL0005 patient samples demonstrated a complex array of genomic 

alterations. Since none of the mutations reported in the NGS data from the tumour gDNA 

analysis were detected in any cfDNA sample collected post-surgically (P2-P7), our results 
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suggest that there was complete resection of the tumour that was analysed by NGS. However, 

three additional mutations were detected in the P1 plasma sample that was not detected in 

the tumour, including a BRAF V600E mutation. Since this patient had confirmed lung lesions, 

the ongoing detection of BRAF V600E ctDNA in the plasma samples may originate from these 

lesions. The contributions of multiple tumours in the same patient will be explored further in 

the Discussion section of this chapter.  

At the last clinical follow-up, patient MEL0005 continued to have no regional recurrence or 

new lesions, their lung lesion is being actively monitored, and they remain on our study, so 

they will continue to be monitored by ctDNA analysis. 
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4.5.2 Genomic analysis of cfDNA from Cohort 2 – immunotherapy treated 

melanoma patients 

For Cohort 2 immunotherapy patients, plasma samples were collected, and ctDNA analysis 

was performed for 29 patients. No tumour DNA was available, so all genomic analysis was 

conducted on cfDNA samples. As with Cohort 1, the first investigation performed utilised 

cfDNA as the template in a ddPCR assay detecting BRAF V600E. For all Cohort 2 patients, up 

to four cfDNA samples were analysed, including the first two plasma samples collected (P1 

and P2). For 24 patients, the results of genomic testing previously undertaken in a clinical 

laboratory were available from a surgical or biopsy specimen. This analysis was then used to 

inform the selection of a ddPCR assay to detect the mutation. NGS was conducted on plasma 

cfDNA samples from 22 patients. 

For Cohort 2 melanoma patients, mutations were identified in 28/29 patients, following the 

analysis of cfDNA samples by NGS and ddPCR analysis or by the clinical tumour genomics 

information available. Custom designed ddPCR assays were used to quantitate these 

mutations in the cfDNA samples for 25/29 patients. From these analyses, patients were 

broadly categorised into three groups – (i) patients with a single BRAF V600 mutation, (ii) 

patients with a non-BRAF mutation, (iii) patients with a complex landscape of mutations. 

Results from each of the three groups will be presented separately.  

In addition to the three groups above, analysis of four Cohort 2 patient samples (14%) were 

not included in this thesis. Three patients (MEL0056, MEL0057 and MEL0020) had mutations 

identified in the clinical tumour gDNA analysis, but these were not subsequently detected in 

any of the patient plasma samples. For one patient, MEL0004 no mutations were identified 

with the ctDNA analyses conducted. For patients MEL0056 and MEL0020, a BRAF G469S 

mutation was identified. While this mutation was confirmed in NGS conducted on cfDNA from 

the P3 plasma sample for MEL0056, no mutation was detected in the NGS conducted on 

cfDNA from P1 and P6 plasma samples for MEL0020. Since no in-house custom ddPCR assay 

was available to detect ctDNA for the BRAF G469S mutation, no quantitation was conducted 

by ddPCR assay. For MEL0057, a TERT C228T mutation was identified from the clinical tumour 

gDNA testing, but this mutation was not detectable by ddPCR analysis in the cfDNA from P1-

P6 samples.  
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4.5.2.1 Monitoring immunotherapy patients with a single BRAF V600 mutation but no 

other detectable mutations  

For 13 immunotherapy-treated melanoma patients in Cohort 2, a BRAF mutation was 

identified either by prior clinical testing of tumour gDNA or by ctDNA analysis of plasma 

samples. A BRAF V600E mutation was identified for 12 patients, and a BRAF V600K mutation 

was identified for one patient. The ctDNA for both mutations were quantitated with the 

ddPCR assay in all cfDNA samples. A full description of patient samples, the mutations 

identified, and the concentration of these mutations in the cfDNA samples over time is shown 

in Figure 33. Some specific patient examples will be presented below. 
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Figure 33  Summary of genomic analysis of immunotherapy patients with a BRAF mutation  
Flow charts showing details of ddPCR analyses performed on plasma cfDNA from 13 melanoma patients with BRAF gene mutations receiving immunotherapy. 
For 12 of these patients, a BRAF V600E mutation was identified in the cfDNA, and for one patient (MEL0058), a BRAF V600K mutation was identified in the 
cfDNA. For each mutation, the ctDNA was quantitated by ddPCR in sequential plasma samples. Patients with data presented in green had completed two 
years of immunotherapy. Patients with data presented in blue were still undergoing immunotherapy at the time of writing. Patients with data presented in 
grey had disease progression, so no further immunotherapy treatment was received. In each graph, the blue triangles linked by red lines represent the 
concentration of ctDNA quantitated by ddPCR assay.
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Patient MEL0058 presented with a cough, and a hilar mass in the right lung was identified by 

radiological imaging. Histological analysis of a lung biopsy identified metastatic melanoma, 

and patient MEL0058 commenced immunotherapy treatment. Initial investigation of the 

cfDNA samples with the BRAF V600E ddPCR assay only identified a discrete cluster of droplets 

of low fluorescent amplitude above the negative droplet cluster. Since a similar cluster had 

been observed for patient MEL0026 described above (Figure 31), alternative mutations at the 

same locus were assessed using ddPCR, and a BRAF V600K mutation was identified. Clinically, 

patient MEL0058 has shown an excellent response to treatment, which correlated with the 

decreasing concentration of ctDNA that was detectable in the plasma samples.  

Patient MEL0049 was diagnosed with metastatic melanoma and, following surgical resection 

of the primary tumour, underwent adjuvant radiotherapy. Subsequently, CT imaging 

identified multiple lung lesions, and the patient commenced immunotherapy treatment.  

Initial ddPCR conducted on the plasma samples identified ctDNA for BRAF V600E in only the 

P4 and P8 plasma samples (56 and 6.6 copies/mL plasma, respectively). However, subsequent 

imaging identified an increase in several pulmonary lesions. The apparent increase in lesion 

size on imaging could have been due to disease progression or infiltration of immune cells, 

despite response to treatment (pseudoprogression) [297, 464]. A spike of detectable ctDNA 

for BRAF V600E mutation identified in the P4 plasma sample, followed by a complete drop to 

undetectable levels in the subsequent plasma sample (P5) three weeks later, is consistent 

with pseudoprogression. This finding was further supported by the NGS analysis conducted 

on the P4 and P5 plasma sample. The BRAF V600E mutation was detected in the P4 plasma 

sample at a VAF of 0.7%, but no mutation was identified in the NGS data from the P5 plasma 

sample. Whether the analysis of ctDNA may help distinguish pseudoprogression from true 

progression in patients receiving immunotherapy is discussed in section 4.6.2.2.  

Three immunotherapy patients in Group 1 passed away or moved into palliative care after 

immunotherapy treatment. Two patients are discussed below. 

Patient MEL0007 had a long history of melanoma spanning 20 years. A BRAF V600E mutation 

was identified by ddPCR of cfDNA from all plasma samples collected (P1-P5). The level of BRAF 

V600E ctDNA increased almost exponentially over the first four cycles of immunotherapy. 

Radiological imaging confirmed disease progression, and this patient died six months later. 
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This patient appeared to have suffered ”hyperprogressive disease” after commencing 

immunotherapy [301, 465, 466]. Their rapid disease progression was reflected in the 

trajectory of plasma ctDNA levels. 

Patient MEL0017 had a long history of metastatic melanoma before commencing 

immunotherapy. A BRAF V600E mutation was identified and quantitated with the ddPCR 

assay in all plasma samples (P1-P6). NGS was also conducted on cfDNA from four plasma 

samples (P1, P3, P5, P6), which confirmed the BRAF V600E mutation, and identified a SPATA 

E18K mutation. Because no in-house custom ddPCR assay was available, the SPATA E18K 

mutation could not be quantitated. Based on the VAF determined following NGS analysis, the 

concentration of the SPATA E18K mutation demonstrated a similar trend of increases and 

decreases in frequency as the BRAF V600E mutation. These results suggest that both 

mutations might be located within the tumour for this patient, but whether the mutations 

are within the same tumour cell cannot be determined. Following the start of 

immunotherapy, the concentration of ctDNA for BRAF V600E reduced sharply from 820 

copies/mL in the P2 plasma sample to 125 copies/mL in the P4 plasma sample. These results 

indicated a good initial response to treatment. However, a significant increase in ctDNA to 

489 copies/mL plasma was observed in the P5 sample. CT imaging shortly after the P4 sample 

collection reported a good treatment response when compared to the pre-immunotherapy 

CT. However, the patient’s ctDNA level continued to rise in sample P6. Progression was 

diagnosed clinically following a metastasis-related bowel obstruction, and the patient died 

soon after. Due to the timing of radiological imaging, this disease progression was not 

identified until the complication of the bowel obstruction arose. For this patient, ctDNA 

analysis may have complemented clinical diagnosis and imaging and could have revealed the 

possibility of disease progression at an earlier time point (Figure 34).  
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Figure 34  Radiological imaging of pelvic lesion and ddPCR analysis of plasma ctDNA for MEL0017 
For MEL0017, PET-CT imaging was conducted 16 days before surgical resection, demonstrates one 
non-resectable pelvic lesion (circled in red). Following four cycles of immunotherapy treatment, a 
subsequent CT image 111 days later demonstrated an interval reduction in the size of the pelvic lesion. 
Analysis of ctDNA samples P1-P6 (green arrows) by the ddPCR assay to detect BRAF V600E was used 
to determine the mutation concentration in each sample. The blue triangles linked by red lines 
represent the level of quantitated ctDNA for BRAF V600E (copies/mL plasma) by ddPCR. 

 

In summary, ten melanoma patients with BRAF mutations in our study have demonstrated a 

long and sustained response to immunotherapy. At last follow-up, six of these patients had 

completed two years of immunotherapy. There was no sign of clinical relapse following 

cessation of treatment for any of these patients. All of these patients remain on our research 

study and will continue to be monitored by ctDNA analysis. A further three patients have 

demonstrated a good response to immunotherapy and remain on treatment. The results 

observed following ctDNA analysis demonstrated a close relationship to the patient clinical 

progress for these patients.  

 

4.5.2.2 Monitoring immunotherapy patients with a non-BRAF mutation 

Four immunotherapy patients were identified to have non-BRAF mutations by clinical 

genomic analysis of tumour samples before joining our ctDNA study. A full description of 

patient samples and the ctDNA mutation levels quantitated in plasma samples over time is 

shown in Figure 35. Each patient will be discussed separately below.  
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Figure 35  Summary of genomic analysis of immunotherapy patients with non-BRAF mutations 
Flow chart showing details of genomic analyses performed on plasma samples from four melanoma immunotherapy patients. For each patient, clinical tumour 
DNA testing had identified a non-BRAF driver mutation. For each mutation, the ctDNA was quantitated by ddPCR in sequential plasma samples. NGS identified 
an additional BRAF V600E mutation for MEL0022, and this was quantitated by ddPCR. Patient MEL0022 underwent radiotherapy as indicated by pale blue 
boxes. Patient MEL0033 presented in green has completed two years of immunotherapy. Patients with data presented in grey have demonstrated 
progression, and no further immunotherapy treatment was received. In each graph, the blue or green triangles joined by red or yellow lines represent the 
concentration of ctDNA for NRAS or BRAF, respectively.
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Patient MEL0037 joined our study after a five-year history of malignant melanoma. Clinical 

genomic testing of tumour gDNA had identified an NRAS Q61K mutation. Based on this, the 

custom NRAS Q61K ddPCR assay was used to analyse cfDNA from patient plasma samples. 

The level of NRAS Q61K ctDNA increased over the first four plasma, and radiological imaging 

confirmed disease progression. Immunotherapy treatment was halted, and the patient died 

ten months later. 

Patient MEL0033 presented with an unrelated condition, and lymphadenopathy (enlarged 

lymph nodes) were detected and referred for further investigation. A primary melanoma on 

the patients back with lung and brain metastases was discovered, and the patient 

commenced immunotherapy. Clinical analysis of tumour gDNA identified KIT L567P mutation, 

and a ddPCR assay was designed and used to quantitate the ctDNA in the patient plasma 

samples (P1-P11). The concentration of KIT L576P ctDNA in the P1 plasma sample decreased 

from 87 copies/mL to undetectable in the P3 plasma sample. The patient completed 30/33 

cycles of immunotherapy but chose to stop further treatment due to the COVID-19 crisis. They 

have had no sign of clinical relapse and remain on our research project.   

Patient MEL0022 had a long history of melanoma before joining our study and commencing 

immunotherapy. Clinical analysis of tumour gDNA identified an NRAS Q61R mutation, and 

based on this, an NRAS Q61R ddPCR assay was used to quantitate the ctDNA in the patient 

plasma samples (P1-P9). MRI imaging detected brain metastases and led to targeted 

radiotherapy treatment to the brain. Following radiotherapy, the concentration of ctDNA for 

NRAS Q61R increased from undetectable in the P5 sample to 40 copies/mL plasma in the P6 

plasma sample, to then being undetectable again in the P8 plasma sample. To further 

investigate the genomic profile of this patient’s tumours, NGS was conducted on the cfDNA 

from the P6 and P8 plasma samples. Interestingly, while the NRAS Q61R mutation was 

detected in the P6 plasma sample, an additional BRAF V600E mutation was also detected, 

confirmed by ddPCR in the P6 and P7 plasma samples exclusively but not in the patient’s 

earlier samples. The concentration of BRAF V600E ctDNA detected in the P6 and P7 plasma 

samples was higher than the level of NRAS Q61R ctDNA. Since these two plasma samples were 

collected after radiotherapy, it could be hypothesised that the detection of BRAF V600E 

ctDNA in the plasma following radiotherapy was due to necrosing tumour tissue being 

released into the blood. In addition, NGS analysis of the P8 plasma sample identified a TP53 
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R248W mutation. Since no custom in-house ddPCR assay was available, this mutation could 

not be quantitated. Although this patient had undetectable levels of ctDNA for BRAF V600E 

or NRAS Q61R in their P8 and P9 plasma samples, their lung and brain metastases 

subsequently progressed. The patient’s disease progression was not identified in the ctDNA 

analysis, highlighting one limitation of ctDNA analysis in patients with brain metastasis. 

Patient MEL0022 stopped immunotherapy treatment due to this progression but will remain 

on our research study. 

Patient MEL0031 was diagnosed with malignant melanoma five years before commencing 

immunotherapy treatment. Clinical analysis of tumour gDNA identified an NRAS Q61R 

mutation, and based on this information, an NRAS Q61R ddPCR assay was used to quantitate 

the ctDNA in the patient plasma samples (P1-P5). This patient appeared to have a good clinical 

response to immunotherapy, consistent with the rapid decrease in detectable levels of NRAS 

Q61R ctDNA between the pre-treatment P1 sample (845 copies/mL plasma) and the P2 

sample (42 copies/mL plasma). No ctDNA was detectable in P3 or P4 patient plasma samples, 

however, a small amount (6 copies/mL plasma) was detectable in the final P5 plasma sample 

available for analysis. For this patient, disease progression occurred after the last blood 

sample, and radiological imaging confirmed the progression of spine and brain lesions, which 

led to this patient’s death.  

 

4.5.2.3 Monitoring immunotherapy patients with a complex landscape of mutations  

A complex landscape of mutations was identified in eight immunotherapy patients following 

NGS of plasma cfDNA. Six patients had co-occurring BRAF and NRAS mutations, two patients, 

MEL0032 and MEL0051, had a BRAF V600E mutation and a relatively high-frequency mutation 

in either GNA11 (30%) or PTEN (VAF 2.7%). A full description of analyses, mutations identified, 

and the quantitation of mutations is shown in Figure 36. 
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Figure 36 Summary of genomic analysis of immunotherapy patients with a complex genomic landscape 
Flow chart showing details of genomic analyses performed on plasma samples from eight melanoma immunotherapy patients. For each patient, a complex 
pattern of genomic mutations was identified by NGS conducted on cfDNA. Where ddPCR assays were available, the ctDNA was quantitated in sequential 
plasma samples. The patient with data presented in green has completed two years of immunotherapy. Patients with data presented in blue were still 
undergoing immunotherapy at the time of writing. Patients with data presented in grey have demonstrated progression, and no further immunotherapy 
treatment was received. In each graph, the blue triangles, green circles, and black squares represent the concentration of ctDNA quantitated by ddPCR assay. 
The VAF for a high-frequency mutation identified in MEL0032 and MEL0051 is plotted on secondary y-axes and are represented as purple diamonds.
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Patient MEL0039 commenced immunotherapy soon after diagnosis and surgery for 

melanoma. For this patient, analysis of cfDNA from the P1 plasma sample was included in 

evaluating the UltraSEEK Melanoma Panel (section 3.4.3.3), and both BRAF V600E and NRAS 

Q61R mutations were detected. For both mutations, the concentration of ctDNA was 

determined with ddPCR assays in the P1-P7 cfDNA samples. While the concentration of BRAF 

V600E ctDNA was very high in the P1 sample (4003 copies/mL plasma), the concentration of 

NRAS Q61R ctDNA was much lower (14 copies/mL plasma). For both mutations, the ctDNA 

concentration decreased following treatment, and for both mutations, no ctDNA was 

detectable in the P6 and P7 cfDNA samples (Figure 36). Radiologically, this patient 

demonstrated a very good response to treatment. However, immunotherapy-related colitis 

halted immunotherapy for nine months, and the patient progressed. No plasma samples were 

available for ctDNA analysis during the progression period. 

Patient MEL0040 commenced immunotherapy after a long history of melanoma. NGS was 

conducted on cfDNA isolated from the P1 and P3 plasma samples, and BRAF V600E and NRAS 

Q61R mutations were identified in the P1 sample, but only BRAF V600E was detected in the 

P3 plasma sample.  The ctDNA for both mutations was quantitated in all plasma samples (P1-

P4) with the ddPCR assays. The concentration of BRAF V600E ctDNA was very high in all 

plasma samples (543-2128 copies/mL plasma). The detected level of NRAS Q61R ctDNA was 

significantly lower (2.5-10 copies/mL plasma). The vastly differing concentration of ctDNA 

detected for the two mutations in this patient suggest that these may be present in tumours 

of different sizes or at different locations (Figure 36). Radiological imaging conducted after 

four cycles of immunotherapy demonstrated disease progression, and immunotherapy 

treatment was stopped. This patient died a year later.  

Patient MEL0018 also commenced immunotherapy after a long melanoma history. Analysis 

of the P1-P5 cfDNA samples with the ddPCR assay to detect BRAF V600E identified the 

mutation in all cfDNA samples. NGS analysis was performed on the P1-P5 cfDNA samples, and 

the expected BRAF V600E mutation was reported. In addition, an NRAS Q61K mutation was 

also reported in NGS data from the P2-P5 cfDNA samples. While the initial clinical response 

to therapy correlated with decreased detectable BRAF V600E ctDNA in the P2 and P3 plasma 

samples, this ctDNA subsequently increased in the P4 and P5 plasma samples. For the NRAS 

Q61K mutation, while no ctDNA was detectable in the P1 plasma sample, the level of ctDNA 
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almost doubled in each subsequent plasma sample (P2-P5) (Figure 36). After four cycles of 

immunotherapy treatment, radiological imaging confirmed widespread disease progression, 

and the patient subsequently died.  

Similarly, patient MEL0021 had a long history of melanoma before starting immunotherapy 

and entering our study. Analysis of P1-P6 cfDNA samples with the ddPCR assay to detect BRAF 

V600E identified the mutation in all samples. NGS was performed for P1, P3 and P6 cfDNA 

samples, and seven further mutations were reported in the data (NRAS Q61R, TERT C250T, 

STK18 C84R, TP53 Y163H, TP53 E287K, NF1 R440* and CDKN2A W110*). Four of these 

mutations (NRAS Q61R, TERT C250T, TP53 Y163H, and TP53 E287K) were quantitated in the 

P1-P6 cfDNA samples with the ddPCR assays (Figure 36). The concentration of BRAF V600E 

ctDNA was 262, 15, 212, 5, 4, 354 copies/mL plasma in P1-P6 plasma samples, respectively. 

The other mutations quantitated in the patient plasma samples (TERT C250T, NRAS Q61R and 

TP53 E287K) did not show the same increases and decreases as BRAF V600E. After four cycles 

of immunotherapy, radiological imaging for this patient suggested a mixed response to 

treatment, with some lesions increasing in size and others decreasing in size. These results 

suggest that the different mutations detected in patient plasma samples may be present in 

separate tumour clones. Following eight cycles of immunotherapy, radiological imaging 

confirmed significant disease progress and treatment was stopped.  

Patient MEL0032 commenced immunotherapy soon after diagnosis of melanoma. Despite a 

high burden of disease identified radiologically, initial ddPCR conducted for BRAF V600E 

mutation only identified ctDNA in the P3-P5 plasma samples (Figure 36). NGS analysis of the 

P1 and P5 cfDNA samples identified the expected BRAF V600E mutation in the data from the 

P5 cfDNA sample at a VAF of 1.5%. However, a second mutation (GNA11 Q209L) was also 

detected in the P1 and P5 plasma samples at high frequency (30% and 33.5% VAF, 

respectively). As there was no custom ddPCR assay for the GNA11 mutation, this was not 

quantitated in the cfDNA samples. Based on the NGS results, the ctDNA detected for the 

GNA11 mutation may reflect this patient's most aggressive tumour.  

In addition to the ctDNA analysis for MEL0032, two other indicators suggested advanced 

disease in this patient. Firstly, the concentration of cfDNA extracted from the patient samples 

was far higher than expected. For MEL0032, the mean concentration of patient cfDNA was 
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106ng/mL plasma (P1-P5 range 67.4-137ng/mL). The usual cfDNA concentration in healthy 

individuals is 1-16.8 ng/mL [467]. In melanoma patients, an increased cfDNA concentration 

has been reported to correlate with cancer load [468], which could account for the results we 

observed. The second indicator was that the level of LDH measured in each serum sample for 

this patient was elevated, with a mean of 1,625 U/L (P1-P5 range 1320-1800 U/L). The normal 

expected range for LDH in healthy individuals is 120-250 U/L [460]. While GNA11 mutations 

are more commonly associated with uveal melanoma [469], it has suggested recently that 

GNA11 driven melanoma may represent an aggressive subclass of melanoma, which readily 

metastasises and responds poorly to immunotherapy [470-472]. Patient MEL0032 did 

demonstrate aggressive disease, accompanied by high levels of ctDNA and died 154 days after 

diagnosis.    

Three melanoma immunotherapy patients with complex genomic profiles responded well to 

immunotherapy. These will be discussed below. 

Patient MEL0030 had a BRAF V600K mutation identified in their tumour gDNA by clinical 

genomic testing. This BRAF V600K mutation was confirmed with the ddPCR assay in the cfDNA 

isolated from the P1 and P4 plasma samples. Subsequent NGS analysis performed on the 

cfDNA from the P1 plasma sample revealed a complex array of seven different mutations. The 

concentration of BRAF V600K, NRAS Q61K and NRAS Q61R ctDNA was quantitated in all 

plasma samples (P1-P10) by ddPCR analysis, and two distinct patterns were observed (Figure 

36). Similar fluctuations of BRAF V600K and NRAS Q61R ctDNA levels in plasma samples over 

time likely indicates the co-occurrence of these in the same metastatic lesion, while the NRAS 

Q61K ctDNA may represent a separate lesion. Clinically, this patient completed 32 cycles of 

pembrolizumab treatment, but due to the COVID-19 crisis, they chose not to complete the 

remaining two treatment cycles, instead opting for surveillance. At the last clinical 

appointment, they had stable disease and no evidence of progression. The low level of ctDNA 

for BRAF V600K detected in the last analysed sample is consistent with stable disease. This 

patient remains on our research study and will continue to be monitored by ctDNA analysis 

for disease progression. 

Patient MEL0035 had a long melanoma history. Analysis of the P1-P8 cfDNA samples was 

performed with a ddPCR assay to detect BRAF V600E. This identified the mutation in the P1-
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P7 samples but was undetectable in the P8 sample. NGS analysis was conducted on cfDNA 

isolated from six plasma samples (P1-P6), and two additional mutations (BRAF V600K and 

NRAS Q61R) were identified in the P5 plasma sample. All three mutations were quantitated 

with the ddPCR assays in all cfDNA samples, and the levels of ctDNA revealed two distinct 

patterns (Figure 36). While the concentration of BRAF V600E and BRAF V600K was virtually 

identical across all cfDNA samples, the concentration of the NRAS Q61R mutation was only 

detected in the P5 and P7 plasma samples at a low concentration (<10 copies/mL of plasma). 

We hypothesise that the different concentration observed for the BRAF mutations compared 

to the NRAS mutation may reflect the presence of different tumours in this patient. When 

comparing the ctDNA results to the clinical notes, the resolution of a large pulmonary lesion 

correlated with an increase in the detectable level of ctDNA for both BRAF mutations in the 

P5 plasma sample. A second lung nodule lesion (5mm) was noted to have remained stable 

throughout treatment, which could, in theory, be the source of the low level of NRAS Q61R 

ctDNA. This patient has responded well to immunotherapy and completed 30 cycles. This 

patient remains on our research study and will continue to be monitored by ctDNA analysis 

for disease progression. 

Patient MEL0051 had a long history of malignant melanoma before commencing 

immunotherapy and entering our study. Analysis of the P1-P4 cfDNA samples and tumour 

gDNA with a ddPCR assay to detect BRAF V600E identified this mutation in all samples. 

Additionally, NGS analysis was also conducted on the tumour gDNA and cfDNA from the P1 

cfDNA sample, and two further mutations were identified in the NGS data (TERT C250T 

promoter and a PTEN splice site). While ddPCR assays to detect BRAF V600E and TERT C250T 

were used to determine the concentration of ctDNA and tumour gDNA sample (Figure 36), no 

ddPCR assay was available for quantitating the PTEN mutation. After completing four cycles 

of immunotherapy, the ctDNA for BRAF V600E and TERT C250T were undetectable in the 

plasma samples. This patient has demonstrated a good clinical response to immunotherapy 

and remains on our study and will continue to be monitored by ctDNA analysis.  

Based on the analysis for all patients included in the immunotherapy cohort, our results 

suggest that patients with a single BRAF mutation detected in the cfDNA samples, have a 

more favourable outcome than patients with concurrent BRAF and NRAS mutations detected 

in the plasma (Pearson’s Chi-squared test p= 0.032).  
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4.5.3 Investigation of TERT promoter mutations in NGS data from all melanoma 

patients 

Several melanoma studies have identified two recurrent TERT promoter mutations in a high 

proportion (~71%) of tumour gDNA NGS analysis [13, 45, 473]. The two mutations are chr5, 

1,295,228 C>T (known as C228T) and chr5 1,295,250 C>T (known as C250T) based on the 

GRCh37/hg19 human genome reference assembly. Following NGS analysis of melanoma 

Cohort 1 and Cohort 2 samples, TERT promoter C228T and C250T mutations were reported 

by the Ion Reporter bioinformatic software for 3/35 melanoma patients. Two of these 

mutations were identified in tumour gDNA (MEL0028 and MEL0051), and one mutation was 

identified in a P1 cfDNA sample (MEL0021). Because the frequency of TERT mutations was 

lower than expected [45], we hypothesised that two factors might have affected this. Firstly, 

the GC rich nature of the TERT promoter sequence might have influenced how well the region 

can be amplified by PCR during sequencing library generation [419]. Secondly, the standard 

Ion Reporter bioinformatic software might not map the sequencing reads effectively [348]. 

For all melanoma patient samples analysed by NGS in this study, the raw sequencing data 

covering the TERT promoter region was manually inspected by visualisation in IGV. All 

samples with sequencing reads with mutations at C228T or C250T were identified, and the 

corresponding ddPCR assay was used to validate the presence of a possible TERT mutation in 

the tumour gDNA or cfDNA sample (Table 20). This analysis detected TERT promoter C228T 

or C250T mutations in 16 samples (including the three samples that were identified with Ion 

Reporter software) from 11 melanoma patients. MEL0019 is an example where only seven 

NGS reads (4%) containing the TERT C228T mutation were identified in the raw NGS data 

(Table 20). However, when the TERT C228T ddPCR assay was conducted with tumour gDNA 

from MEL0019, the mutation was confirmed (Figure 37a). Since we would expect 

approximately 50% of the sequencing from tumour gDNA to contain the mutant allele, it was 

surprising that only 4% of the raw data for patient MEL0019 contained the mutant TERT allele. 

This low proportion of mutant allele was further confirmed following ddPCR analysis of the 

tumour gDNA, where the droplets containing the mutant template only represented 1.6% of 

the total detected molecules. This result indicates that the tumour sample may have had low 

tumour cellularity.  
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Table 20  Identification of TERT promoter mutations in gDNA from tumour and cfDNA samples from 
11 melanoma patients 
Table shows results from manual inspection of raw NGS reads covering the C228T and C250T TERT 
promoter regions. The lowest number of raw mutant reads identified was six (MEL0021P6). The VAF 
presented is calculated from the raw sequencing reads. Where cfDNA or tumour gDNA was available, 
ddPCR for TERT C228T or C250T was conducted. The concentration of TERT mutation in tumour gDNA 
or cfDNA by ddPCR analysis is presented as copies/mL input plasma (cfDNA) or copies/ng gDNA from 
the tumour (T) or lymph node (LN) tissues.  

Sample TERT 
mutation  

Raw mutant reads VAF %  ctDNA concentration by 
TERT ddPCR assay  

MEL0005T C228T 125 68% 114 copies/ng gDNA 

MEL0018P1 C228T 18 1% No cfDNA available 

MEL0019T C228T 7 4% 5.2 copies/ng gDNA 

MEL0020P1 C228T 37 1% No cfDNA available 

MEL0021P1 C250T 202 7.5%  290 copies/mL plasma 

MEL0021P3 C250T 67 1%  13.7 copies/mL plasma 

MEL0021P6 C250T 6 <1%  18.5 copies/mL plasma 

MEL0026T C228T 56 54%  55.4 copies/ng gDNA 

MEL0027P1 C228T 308 10%  226 copies/mL plasma 

MEL0028T C250T 435 48%  141 copies/ng gDNA 

MEL0028P7 C250T 30 1%  7.5 copies/mL plasma 

MEL0033P1 C250T 22 1%  No cfDNA available 

MEL0047T1 C228T – 2bp 41 87% 177 copies/ng gDNA 

MEL0051T C250T 199 100%  268 copies/ng gDNA 

MEL0051 LN C250T 32 57%  47.5 copies/ng gDNA 

MEL0051P1 C250T 75 3%  33.9 copies/mL plasma 

 

During the manual visualisation of the raw NGS data for MEL0047 tumour gDNA, a 2bp 

mutation was identified in the TERT promoter - chr5:1,295,228 CC>TT (referred to as 

CC228TT). This 2bp change leads to the creation of a de novo ETS binding domain and likely 

activates the TERT promoter in a similar way to C228T alteration [474]. While no specific 

ddPCR assay was available for this mutation, the analysis of the MEL0047 tumour gDNA with 

the ddPCR assay to detect TERT C228T was conducted, which showed a FAM positive droplet 
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cluster at low fluorescent amplitude (1,000-2,000) (Figure 37b). Since the expected 

fluorescent amplitude of the TERT C228T FAM probe was 4,000-5,000, we hypothesise that 

the lowered amplitude of the mutant FAM droplets reflects the imperfect binding and 

hydrolysis of the probe (Figure 37b). For MEL0047, the proportion of TERT mutant droplets 

was higher than WT droplets. This result could indicate a loss of heterozygosity for the WT 

allele or amplification of the genome region containing the mutant allele (Figure 37b). 

 

 

Figure 37  2-D plots showing results from the TERT promoter C228T ddPCR assay detecting mutations 
in tumour gDNA from two melanoma patients 
The detection of the TERT promoter mutation C228T with the ddPCR assay is shown in (a) for MEL0019 
tumour gDNA. (b) A two-base pair CC228TT mutation is detected in MEL0047 tumour gDNA despite 
imperfect probe binding. Blue droplets represent the detection of gDNA with the mutant sequence. 
Green droplets represent the detection of DNA with a WT sequence. Orange droplets represent the 
detection of both mutant and WT sequences. Grey droplets have no target DNA amplification. 

 

Overall, a manual inspection of the NGS data was undertaken for tumour (n=6) and plasma 

(n=29) samples for 35 melanoma patients. Potential TERT promoter mutations were 

identified in 11 patients (31%), and these mutations were validated by ddPCR in eight patients 

(23%). For three patients, no validation could be conducted with ddPCR as there was no 

remaining plasma cfDNA.  
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4.5.4 Assessing LDH as a possible serum biomarker for Cohort 2 immunotherapy 

patient samples 

In addition to ctDNA analysis, a possible association between serum LDH levels patient 

outcome was performed. For Cohort 2 melanoma immunotherapy patients, 207 serum 

samples were collected in total, but LDH measurements were obtained for only 147 samples. 

LDH could not be measured in 53 samples due to haemolysis and was not available for seven 

patients due to laboratory error. 

 

4.5.4.1 Investigation of the association of serum LDH levels with treatment response in 

Cohort 2 melanoma patients 

For Cohort 2 melanoma patients undergoing immunotherapy treatment, 11/29 patients 

progressed on treatment, and 18/29 demonstrated treatment response. For every blood 

plasma sample collected at the time of immunotherapy treatment, a blood serum sample was 

also generated, and LDH levels measured was conducted where possible. The LDH levels were 

plotted over time alongside the plasma ctDNA information for each patient, and plots for 

eight representative stage IV melanoma patients who either progressed on treatment 

(MEL0007, MEL0017, MEL0018 and MEL0040) or responded to treatment (MEL0027, 

MEL0031, MEL0035 and MEL0051) are shown in Figure 38.  
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Figure 38  Serum LDH and plasma ctDNA measurements over time from eight representative stage IV melanoma patients 
Serum LDH levels were plotted on the primary y-axis for melanoma patients that progressed on treatment shown in grey or responded to treatment shown 
in green. The ctDNA concentration measured with the ddPCR assay and was plotted on the secondary y-axis. The horizontal shaded section represents the 
considered normal range of LDH (120-250U/L serum). Only three LDH measurements were available for MEL0031 and MEL0051 due to sample haemolysis. 
For all patients, the lines joining the data points indicate the projected trend of either LDH or ctDNA concentration between sample collections. 
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For patients MEL0007 and MEL0018, an increase in the LDH measurements closely correlated 

with disease progression. The ctDNA concentration also correlated with disease progression, 

with the quantitated level of ctDNA nearly doubled in each plasma sample collected. In 

contrast, for MEL0017 and MEL0040, the LDH levels remained within the normal expected 

range (Figure 38), while the ctDNA concentration correlated with the initial clinical treatment 

response and subsequent disease progression. 

Figure 38 also shows the results for four patients who responded to immunotherapy. For 

MEL0027, both serum LDH levels and plasma ctDNA concentration correlated with clinical 

assessment. While MEL0035 and MEL0051 both had a clinical response to immunotherapy, 

the LDH measurements remained primarily in the normal range, which increased above the 

normal range for the last collected serum sample. However, the ctDNA analysis for both 

patients did reflect the positive response to therapy.  

The final patient example is MEL0031. While the patient demonstrated a good response to 

therapy for the first six months, disease progression with the development of brain 

metastases was confirmed by MRI imaging. For this patient, the initial response to treatment 

was accurately indicated in the LDH and ctDNA analysis. However, neither LDH measurement 

nor ctDNA levels identified the disease progression. These results concord with the previously 

published studies describing the difficulty of detecting brain metastases in melanoma patients 

using blood biomarkers [168].  
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4.5.4.2 Investigation of an association between the baseline serum LDH levels in Cohort 2 

patients and treatment response or failure 

Baseline LDH measurements are used as part of the AJCC staging system to aid in the 

determination of prognosis for metastatic melanoma patients [127, 292]. This information 

was available for 18 patients in Cohort 2. These patients were defined as having either 

elevated (>250U/L of serum) or within the normal range (120-250 U/L) LDH levels. A summary 

of the LDH measurements from the baseline serum sample and the patient outcome is shown 

in Figure 39a. 

 

Figure 39  Summary of serum LDH levels and clinical outcomes in Cohort 2 patients and the 
significance of the level of ctDNA detected in baseline plasma samples 
For 18 melanoma patients, the baseline (pre-treatment) serum LDH measurement was available. (a) 
Shows a flowchart with patients with either normal (120-250 U/L of serum) or elevated (>250 U/L of 
serum) baseline LDH levels, who then responded or progressed on immunotherapy treatment. (b) The 
association between ctDNA concentration and patient outcome was investigated for five arbitrary cuts 
of ctDNA concentration in the baseline plasma samples for the 18 cohort two patients. Following 
Pearson’s Chi-squared test, the p-value associated with each cut is shown.  
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Given the small number of patients in which LDH analyses could be conducted in this pilot 

experiment, our statistical analysis was limited to Pearson’s Chi-squared test, and even then, 

was underpowered. Baseline LDH measurements were not significantly associated with 

patient outcome (p=0.6). For the same 18 patients, analysis of the ctDNA concentration in the 

P1 baseline plasma sample was defined as either “low” or “high”. Arbitrary cuts were selected 

for 0 ctDNA, 5 copies, 10 copies, 20, 50 and 100 copies/mL plasma. The most significant 

correlation was identified when a threshold of >20 copies/mL plasma was designated as 

“high” (Pearson’s Chi-squared test p= 0.039). The different thresholds of ctDNA 

concentrations and the associated p-values are shown in Figure 39b.  
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4.6 Discussion 

The overarching aim of this chapter was to assess the ability to identify and quantitate 

mutations in ctDNA isolated from sequential samples of plasma from two cohorts of 

melanoma patients. Melanoma was selected for this initial study for three reasons; firstly, NZ 

has one of the highest incidence and mortality rates for metastatic melanoma worldwide 

(section 1.5). Secondly, the mutational profile of melanoma is well defined, and “hotspot” 

driver mutations are present in a high proportion of patients. Thirdly, melanoma primary 

tumour samples are often too small and clinically precious to be used for genomic analysis, 

so there is a clinical utility for ctDNA analysis.  

When starting this study, we expected to identify mutations closely aligned with those found 

in the TCGA analysis conducted for cutaneous melanoma (BRAF 52%, NRAS 28%, NF1 14% and 

triple-WT 6%) [13]. While we observed a similar rate of BRAF mutant patient samples (60%), 

lower rates of NRAS and NF1 subtypes were observed (7% and 2%, respectively). Finally, the 

rate of triple WT patients was higher than expected (16%). Unexpectedly, we observed 

several patients who had co-occurring BRAF and NRAS mutations (15%). One explanation for 

the low rate of detection of the NF1 subtype is that it is a large gene containing 57 exons, and 

NF1 mutations have been identified spread across the entire coding region following NGS 

analysis of tumour gDNA. In the custom AmpliSeq HD melanoma panel, only two regions of 

the NF1 gene were covered, which likely contributed to the low proportion of NF1 mutations 

identified in our patient cohort.   

In this chapter, stage III melanoma patients undergoing surgical resection with curative intent 

(Cohort 1) and stage IV melanoma patients undergoing immunotherapy treatment for 

unresectable metastatic melanoma (Cohort 2) were investigated. Across these patients, a 

highly variable clinical course and a range of ctDNA profile were observed. For this reason, it 

has proved more difficult than expected to undertake statistical analysis that appropriately 

includes clinical co-variates, making it challenging to draw a singular conclusion across this 

melanoma study. In effect, the study results may best be viewed as a set of 45 individual case 

studies, which reveal consistent themes and contribute valuable intelligence for the potential 

assembly of a clinical ctDNA program for melanoma patients in NZ. 
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For Cohort 1, we hypothesised that we would detect a decrease of plasma ctDNA levels 

following surgical resection and subsequent increase accompanying disease recurrence. For 

Cohort 2 patients, analysis of plasma ctDNA was performed to test the hypothesis that a 

decrease in ctDNA levels would accompany early response to immunotherapy, and an 

increase in ctDNA levels would accompany progression on therapy. In addition to these ctDNA 

questions, the possible association of the serum protein biomarker LDH with patient 

outcomes was investigated. The results for each of these investigations is discussed below. 

 

4.6.1 The use of plasma ctDNA levels as a tool to detect relapse and for monitoring 

of residual disease in melanoma surgical patients 

To investigate whether ctDNA could be used to monitor for residual disease and relapse in 

melanoma surgical patients, 16 Cohort 1 patients were analysed. From this cohort, with the 

follow-up time covered in this thesis work duration, only one patient (MEL0028) progressed 

to metastatic disease and started immunotherapy. For this patient, ctDNA was detectable at 

a low level three months before routine imaging confirmed the clinical progression. The next 

blood sample collected as part of our study was obtained four months later, which confirmed 

a significant increase in ctDNA. Given this hint of relapse suggested by the low-level detection 

of ctDNA, our results suggest that more frequent blood collections would have confirmed 

disease progression.     

Mutations were identified in plasma cfDNA for 11 cohort 1 patients. A single BRAF V600E 

mutation was identified for five patients and tracked by ddPCR in the plasma samples. For 

two patients (MEL0009 and MEL0036), the level of detectable ctDNA decreased after surgery, 

suggestive of complete tumour resection. In two patients (MEL0015 and MEL0016), no ctDNA 

was detected in the pre-surgical plasma samples. However, but both patients had disease 

recurrence and underwent targeted radiotherapy. For patient MEL0015, a recurrence was 

potentially reflected by an increase in detectable ctDNA in the plasma sample before 

radiotherapy treatment. Interestingly, the subsequent plasma sample collected was eight 

months later, and ctDNA was still detectable. For patient MEL0016, no ctDNA was detected 

before radiotherapy treatment. However, ctDNA was detected in the subsequent plasma 
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sample was collected six months after completing radiotherapy treatment. While not 

extensively researched, there have been suggestions that the effects of radiotherapy 

treatment can continue for months following treatment. For both patients, radionecrosis of 

tumour cells could have led to the increase in the observed ctDNA in the plasma sample [475].   

For the remaining six surgical patients in Cohort 1, additional genomic analyses of cfDNA 

identified a range of mutations. For three patients (MEL0012, MEL0019, and MEL0028), a 

putative driver mutation and a TP53 mutation of unknown significance were identified. The 

ctDNA analysis for BRAF or NRAS mutations (BRAF V600E, BRAF K601E or NRAS Q61R) in these 

plasma samples corresponded closely with patient outcome.  

For the final three Cohort 1 patients, the identification of multiple mutations following ddPCR 

or NGS of plasma and tumour gDNA was surprising. Multiple BRAF mutations leading to 

protein-coding alterations in codon 600 or 601 (V600E, V600K, and K601E) were identified for 

patients MEL0011 and MEL0026. There are no reports in the literature of co-occurring BRAF 

V600/K601 mutations. However, analysis of NGS data available in cBioPortal (n=2146) for 

melanoma tumour gDNA [423, 426] resulted in identifying 35 samples with two BRAF 

mutations codon V600. While the majority of these co-occurring mutations were BRAF V600E 

and V600M mutations (86%) or BRAF V600M and V600G mutations (14%). No patients’ 

sequences were found to have co-occurring BRAF V600E and V600K, or three concurrent 

BRAF mutations, as observed in the plasma of patients MEL0011 and MEL0026. Overall, while 

concurrent BRAF mutations have been previously identified in tumour gDNA from melanoma 

samples [476], our finding of three different BRAF mutations in a single patient is unusual and 

may indicate tumour heterogeneity, the full extent of which was identified by sequencing 

plasma cfDNA.  

As far as we can ascertain, multiple BRAF activating mutations have not been identified in the 

same individual tumour cells previously (even though they have been previously identified in 

the same, possibly sub-clonal, tumour tissue) [426]. In a mouse melanoma Sleeping Beauty 

transposon mutagenesis experiment in which our laboratory was previously involved, no 

tumours with an active Braf V600E allele were found to carry an additional Braf activating 

mutation identified in association with tumour progression [477].  
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For patient MEL0005, NGS was conducted on tumour gDNA and cfDNA. Analysis of tumour 

DNA revealed several different mutations that could be used to monitor ctDNA in the plasma 

for disease recurrence. However, NGS on plasma cfDNA samples identified a BRAF V600E 

mutation. These results indicate that if mutations for monitoring were solely selected based 

on tumour NGS analysis, they might not have been informative for monitoring residual 

disease. In addition, the identification of an actionable mutations BRAF V600E mutation may 

have provided additional treatment options for this patient [29, 32]. 

Overall, the results generated for melanoma surgical patients provided evidence that 

mutations could be identified in either the tumour gDNA or the plasma cfDNA samples. These 

mutations were then used for monitoring for post-surgical disease recurrence with ddPCR 

assays. Eight patients had tumour gDNA available; however, equivalent information was 

identified from the NGS analysis of cfDNA samples for seven of these patients. Thus, our 

results suggest that NGS of cfDNA from plasma provided useful information. 

For the Cohort 1 melanoma surgical patient study, several limitations impacted our ability to 

detect minimal residual disease or disease recurrence. The average patient follow-up period 

in this study has been approximately two years, which may not have been long enough to 

identify patients who may have disease recurrence, although we had expected more patients 

to relapse than we saw. High-risk stage III melanoma patients can still relapse after more than 

ten years [279, 478, 479], and the National Comprehensive Cancer Network (NCCN) guidelines 

recommend at least five years of active follow up [480]. Several patients in our study have 

been identified as having a high risk for recurrence, and they will continue to be monitored 

using ctDNA within this project.  

A second limitation was our inability to clearly define the origins of the apparent increase or 

decrease of ctDNA in the absence of treatment. While we can speculate that this may be due 

to progression or spontaneous regression of tumours [462, 463], longer patient follow up is 

required to determine this precisely. For ten melanoma patients included in this study, we 

observed that the detection of ctDNA from some tumour sites, such as the lung, was more 

challenging than for lesions at other anatomical locations [160]. There is evidence in the 

literature supporting the concept that several factors influence the amount of ctDNA released 

into the peripheral bloodstream, including location and tumour size [160, 306]. The dynamics 
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of exactly how ctDNA is shed into the blood and the differences between tissues are yet to 

be fully elucidated [160, 164, 481, 482]. While differences in the site-specific release of ctDNA 

into the peripheral blood have not been entirely determined, collaborators in Australia have 

reported similar difficulties detecting ctDNA in the plasma for melanoma tumours located in 

the lung (pers comm. Leslie Calapre, Edith Cowan University, Perth).   

The final limitation of our research study was the timing and frequency of blood sample 

collections. Since samples are only collected from Cohort 1 patients during standard-of-care 

appointments, significant variability in blood sample timing occurred for this cohort. This was 

further complicated by the COVID-19 crisis, where many patients had telehealth follow-up 

appointments rather than face-to-face appointments, so blood samples were not taken. In 

addition, this thesis work was prolonged, and some analyses delayed when the author had to 

transition into a SARS-CoV-2 clinical laboratory testing role for an extended period. Future 

implementation of more frequent blood sample collection may allow for the early detection 

of disease recurrence. 

 

4.6.2 The use of plasma ctDNA levels as a tool for monitoring the progress of 

melanoma patients on immunotherapy 

Twenty-nine metastatic melanoma patients undergoing single-agent pembrolizumab 

immunotherapy were analysed in Cohort 2. Genomic mutations were identified in the plasma 

of 25/29 patients by ddPCR and NGS analysis. For 13 patients, a single BRAF driver mutation 

was quantitated by ddPCR assay in the plasma samples (12 BRAF V600E and 1 BRAF V600K). 

Ten of these patients were found to have a sustained response to immunotherapy, and the 

concentration of ctDNA in the plasma samples was associated with the clinical assessment of 

patient response. Three patients in this group progressed on treatment, and for those 

patients, the quantitation of ctDNA in the patient plasma samples corresponded with 

increasing tumour burden over time.  

For four patients, clinical tumour gDNA analysis information was used to select which custom 

ddPCR assay would be used to track and monitor ctDNA in subsequent blood plasma samples. 

For patients MEL0033 and MEL0037, the decreasing or increasing level (respectively) of 
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quantitated ctDNA in the plasma corresponded with clinical outcome for these patients. For 

two further patients (MEL0022 and MEL0031), the quantitation of ctDNA did not correspond 

with clinical outcome. While both patients demonstrated a good radiological response to 

immunotherapy, brain metastases led to disease progression. In total, nearly 20% of 

melanoma patients have brain metastases at the time of diagnosis, and up to 50% have brain 

metastases develop during their disease [483, 484]. In particular, for patients where the only 

tumour is intracranial, ctDNA analysis is less informative [94]. 

Frequently, clinical diagnostic tests for melanoma aim to identify a driver mutation that can 

potentially be used to guide treatment selection [485]. A similar approach has been taken to 

track and monitor ctDNA levels in patient plasma samples [369, 486]. In this thesis study, 

while there are at least nine examples of where this has held true. However, there were also 

two examples where the putative driver mutation identified may not be the key driver in the 

patients evolving tumours. One example of this is patient MEL0032. A BRAF V600E mutation 

was identified in the P3 plasma sample, and the increasing level of ctDNA in the P4 and P5 

plasma samples correlated with disease progression. However, the plasma cfDNA (P1) 

sequencing identified a second mutation in GNA11 that was found to be at a much higher 

frequency than the BRAF V600E mutation. Recent reports have suggested that patients with 

a GNA11 mutation may demonstrate an aggressive disease course and respond poorly to 

systemic treatment, including immunotherapy [471, 472]. For MEL0032, the identification of 

a GNA11 mutation in the cfDNA may have provided further information for the clinical 

decision making for this patient.  

 

4.6.2.1 The identification of co-occurring mutations in the plasma of Cohort 2 

immunotherapy patients 

For seven Cohort 2 immunotherapy patients, NGS analysis conducted on cfDNA samples 

identified the co-occurrence of mutations in BRAF V600E and NRAS Q61K or NRAS Q61R. For 

two of these patients, a good response to immunotherapy was demonstrated. However, the 

remaining five of these patients progressed on treatment and have died or moved to palliative 

care.  



 

180 

In the TCGA sequencing data for melanoma, driver mutations in BRAF V600 and NRAS Q61 

are mutually exclusive [487]. Concurrent BRAF and NRAS mutations have been identified in a 

small number of metastatic melanoma patients who have undergone TKI treatment [488, 

489]. The NGS analysis of metastatic melanoma patient samples collected pre- and post-TKI 

treatment identified eight patients with BRAF mutations in the pre-treatment NGS analysis. 

The analysis of the post-treatment NGS sample then identified the development of a further 

NRAS mutation in the post-treatment sample [490]. In a second study with data available in 

cBioPortal, three melanoma patients with NGS analysis of a post-immunotherapy treatment 

sample had two, three or ten co-occurring mutations identified in BRAF and NRAS [490]. All 

three of these patients had swift disease progression following immunotherapy treatment (1-

5 months) and are all deceased [490]. 

For the Cohort 2 patients in our study, their clinical records show no evidence of TKI 

treatment. Whether the BRAF and NRAS mutation is present within the same cell or 

heterogeneous regions of the tumour or separate tumours in these patients remains 

unanswered. For five patients with co-occurring BRAF and NRAS mutations, the VAF for one 

mutation was vastly different from the other (e.g. MEL0022 had a BRAF V600E VAF 5%, and 

NRAS Q61R VAF 0.23%). These results suggest that the ctDNA detected for these two 

mutations may have arisen from different tumours or different tumour sub-clones.  

In a further two patients, MEL0039 and MEL0040, while the concentration of ctDNA for BRAF 

and NRAS was significantly different in the plasma samples, the patterns of ctDNA increases 

and decreases were very similar. While there is some evidence in the literature that co-

occurring BRAF and NRAS mutations can occur in the same tumour cell when placed under 

selection pressure in a cell-culture system [489], within tumour DNA, this has not been proven 

[491]. Indeed, there is no evidence to suggest that the BRAF and NRAS mutations identified 

in the plasma samples for Cohort 2 patients are present in the same tumour cells. While we 

cannot define exactly how these mutations came about, it could be due to selection pressure 

following immunotherapy treatment. This pressure could lead to the increased growth of one 

region of a heterogeneous tumour, or the metastatic spread of tumours to different locations 

may have occurred concurrently during tumour evolution, and multiple driver mutations may 

have developed. 
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For one patient, MEL0035, three putative driver mutations were identified by NGS analysis of 

plasma cfDNA. While the concentration of ctDNA for BRAF V600E and BRAF V600K was similar 

with a spike of ctDNA in the P5 plasma sample (293 and 322 copies/mL plasma, respectively), 

the concentration of NRAS ctDNA was low in all samples (<10 copies/mL plasma). Radiological 

imaging performed before the P5 plasma sample collection confirmed a marked reduction in 

the size of the main pulmonary lesion. Analysis of the corresponding P5 plasma sample 

demonstrated a spike in ctDNA for BRAF V600E and BRAF V600K. Patient MEL0035 went on 

to complete 30 cycles of immunotherapy treatment, but the clinical notes show that a small 

stable lung nodule was still visible radiologically. We speculate that the BRAF mutations 

detected in the ctDNA may have been driving the development of the main pulmonary mass. 

In contrast, the low-level ctDNA detected in NRAS may perhaps correspond to the ongoing 

presence of the stable lung lesion. Ongoing assessment of plasma samples for this patient 

may allow us to identify whether this is the case.  

 

4.6.2.2 The potential to identify hyperprogression or pseudoprogression with ctDNA 

analysis 

Emerging data from immunotherapy clinical trials have identified two atypical patterns of 

response in patients [464]. Pseudoprogression is the apparent increase of a lesion size due to 

infiltration of immune cells and can be very difficult to differentiate from true tumour 

progression by imaging [297]. Hyperprogression is the dramatic acceleration of disease 

following immunotherapy treatment [301, 302, 465, 466]. Analysis of ctDNA isolated from 

successive plasma samples from patients receiving immunotherapy might in the future be 

helpful to identify potential pseudoprogression or hyperprogressive events [464].  

For patient MEL0049, the analysis of ctDNA during the first four cycles of immunotherapy 

identified an increase in the detectable ctDNA in the P4 sample and the subsequent reduction 

to undetectable in the P5 sample. Radiological imaging was suggestive of disease progression; 

however, this patient remained on therapy and completed two years of treatment. We 

hypothesise that the increased lesion identified by imaging was pseudoprogression. If the 

ctDNA analysis was assessed alongside the imaging, these results would support the notion 
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that this was pseudoprogression and not a true progression. Similar findings have been 

reported in the literature for other melanoma patients [492]. 

Two patients in our cohort (MEL007 and MEL0037) demonstrated rapid disease acceleration 

following the start of immunotherapy treatment. Significant increases in ctDNA from 

sequential plasma samples may have allowed halting treatment at the soonest possible time 

point for these patients. However, further prospective clinical trials are needed to ascertain 

whether ctDNA can be an effective biomarker for hyperprogression [302]. 

Overall, the monitoring of ctDNA in sequential plasma samples for immunotherapy patients 

corresponded approximately with patient outcome. Furthermore, a simple statistical analysis 

(Pearson’s Chi-squared) comparing the clinically reported outcome for patients with a single 

BRAF driver mutation detected in the plasma compared to concurrent BRAF and NRAS 

mutations suggests patients with a single BRAF driver mutation have a more favourable 

outcome (p= 0.032).  

 

4.6.3 Manual inspection of melanoma sequencing to identify TERT mutations 

A limitation of the NGS panel was the difficulty in identifying mutations in the TERT promoter 

region. With the standard bioinformatics methods generated by the commercial sequencing 

panel provider, TERT promoter mutations were only detected in 3/34 patients analysed by 

NGS. However, following the manual inspection of the raw NGS data, mutant sequencing 

reads for TERT C228T or C250T promoter mutations were identified for 11/35 (31%) patients. 

Following amplification with the ddPCR assay, these mutations were validated in all tumour 

or cfDNA samples where patient material was available. Interestingly, there was a significant 

difference in the number of mutant and WT alleles detected with the ddPCR assay for two 

patients. This included patient MEL0047, where the concentration of the CC228TT mutant 

allele was three times higher than the WT allele (154 copies/ng tumour CC228TT and 43 

copies/ng tumour WT). For MEL0051, the C250T mutant allele was quantitated at around ten 

times the frequency of the WT allele (242 copies/ng tumour C250T and 22.3 copies/ng tumour 

TERT WT). These results suggest either a loss of the WT allele or the amplification of the TERT 
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gene [493]. This point is interesting since evidence suggests that increases in telomere copy 

number may make a patient more sensitive to telomere inhibitors [494].  

Overall, even with the manual inspection of the raw NGS data, the number of patients 

identified in Cohort 1 and 2 with a TERT C228T or C250T promoter mutation was lower than 

reported in the literature [45]. One contributing factor may have been the high proportion of 

patients that only had cfDNA analysed by NGS.  

Despite this limitation, manual investigation of NGS data for possible TERT promoter 

mutations followed by orthogonal validation of tumour gDNA or cfDNA with the ddPCR assay 

has proven highly useful. These results highlight the benefit of incorporating manual analysis 

of NGS data alongside the automated bioinformatics for ctDNA analysis. Continued 

development of amplicon design and NGS technologies alongside improved bioinformatic 

tools will be needed to ensure complex regions of the genome, such as the TERT promoter 

region, can be efficiently and accurately captured with NGS.        

 

4.6.4 The association of serum biomarkers and melanoma patient outcomes 

Currently, LDH is the only biomarker recommended by the AJCC to aid in the staging and 

prognosticating of metastatic melanoma [127]. Therefore, in this thesis, the monitoring of 

LDH in sequential serum samples, and the baseline LDH measurements, were investigated for 

a possible association with patient outcome for Cohort 2 patients. Traditionally we would 

have conducted more sophisticated statistical analysis such as logistical regression as done in 

previous publications [116]. However, due to limited patient numbers and the high frequency 

of haemolysis in the serum samples collected during this study exclusively for LDH analysis, 

the results from this pilot study were interpreted with caution.  

We observed that in patient serum samples, increasing LDH levels above the normal range 

correlated with the increasing levels of ctDNA and patient progression for three patients. 

However, there was no significant association between LDH and ctDNA levels across the study 

as a whole.  
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An association between the serum LDH level measured in the baseline sample before starting 

immunotherapy treatment and patient outcome was also investigated. Again, these analyses 

were limited by the small size of this pilot study, and no clear association was observed 

(p=0.6). A similar analysis was conducted on the level of detectable ctDNA in the baseline 

plasma sample for this patient cohort. When patients in our cohort were defined as having a 

“high” level of detectable ctDNA based on a threshold of >20 copies/mL plasma, a significant 

association with patient outcome was observed (p= 0.039). While it has been reported that 

undetectable ctDNA at baseline correlates with overall favourable response to 

immunotherapy [495], in our small cohort, we suggest a low level of <20 copies/mL may also 

indicate an association with good response to treatment. However, this cut-off is arbitrary 

and chosen as the threshold that gives the clearest separation. This result is shown only to 

illustrate the principle of using ctDNA as a predictive biomarker. Further research is required 

to confirm this result, as analysis using an arbitrary cutoff like this cannot be interpreted as 

ctDNA predicting a favourable response to immunotherapy. However, similar findings have 

been reported in another study, where the level of pre-treatment ctDNA identified in 

melanoma patients associated with the patient outcome on immunotherapy [496]. 

While several aspects make LDH an attractive option as a biomarker for melanoma, such as 

ease and cost of conducting the diagnostic test, there are two key limitations. Firstly, because 

of the high rate of serum haemolysis in our patient cohort serum samples, no LDH could be 

measured for 25% of samples, most of which were immunotherapy patients. Haematological 

immune-related adverse events have been reported for patients undergoing immunotherapy 

treatment and could potentially contribute to the observed high rate of haemolysis [497]. A 

second limitation of LDH testing is that measurements need to be conducted on fresh serum 

samples (or samples stored at 4oC for up to three days), so it may not be feasible for 

collections outside major centres. 

 

 

 

 



 

185 

4.7 Conclusions 

In this chapter, I have described experiments analysing two cohorts of melanoma patients for 

whom ctDNA mutations were identified and quantitated using a combination of ddPCR and 

NGS analysis. The use of two genomic analysis platforms in combination had the benefit of 

identifying a more comprehensive range of tumour-associated mutations for many of the 

patients. For the stage IV immunotherapy patients, no tumour tissue was available for 

genomic analysis, but NGS analysis of plasma-derived cfDNA was effective for mutation 

identification. Whilst it was evident that monitoring of a single mutation by ddPCR assay 

performed on ctDNA isolated from plasma samples was suitable for some patients, the 

monitoring of multiple mutations was required to identify dynamic tumour heterogeneity 

present for several patients.  

For approximately 80% of patients undergoing immunotherapy treatment, analysis of plasma 

ctDNA levels showed an association with clinical outcome. There were several examples in 

this study where changes in specific ctDNA levels may have identified disease progression 

earlier than radiological imaging, especially when imaging appeared to be delayed, however, 

there were also examples when this was not the case. 

The identification of multiple putative driver mutations in BRAF or concurrent BRAF and NRAS 

mutations within the patient plasma was surprising and goes against the generally accepted 

dogma for melanoma. While further validation of this finding is required, these concurrent 

mutations may be more evident here than in previously published tumour analyses due to 

the ability of ctDNA analysis to identify tumour heterogeneity more readily than sequencing 

of single samples of small regions of a single melanoma.    

Finally, we assessed the association between the serum biomarker LDH and patient outcome 

in melanoma Cohort 2 (immunotherapy) patients, in particular, to compare with ctDNA levels. 

The use of LDH measurements for the monitoring of early treatment response was found to 

give inconsistent results. In discussions with Auckland-based clinicians Dr Rosalie Stephens 

(oncologist) and Mr Jon Mathy (plastic surgeon), they confirmed that they have also found 

LDH unreliable. Furthermore, the association of baseline LDH measurements with patient 

outcome was not significant. In contrast, the baseline (P1) ctDNA concentrations 
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demonstrated an interesting but speculative association with patient response to 

immunotherapy in this small cohort.  

Overall, metastatic melanoma was selected as the first cancer type for the evaluation of 

ctDNA analysis technologies. This was selected with the knowledge that there were well-

defined driver mutations clustered in hot-spot regions of the genome. Building on the results 

of this chapter, the next stage of this thesis work will be to evaluate ctDNA analysis for the 

detection of mutations in a broader range of cancer types, which will be presented in Chapter 

5.  
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Chapter 5 Utility of ctDNA analysis for other cancer types 

5.1 Introduction 

The research presented in this chapter builds on the technical evaluation results presented in 

Chapter 3 and the investigations into metastatic melanoma presented in Chapter 4. This 

chapter will first describe my investigation into whether ctDNA analysis can distinguish 

between two different cancer types, pancreatic adenocarcinoma (PDAC) and pancreatic 

neuroendocrine tumours (pNET). Then, in a series of pilot studies, I will investigate the utility 

of ctDNA analysis for pNET patient monitoring and the feasibility of a pan-cancer ctDNA 

sequencing approach for multiple cancer types in NZ.  

 

5.1.1 Pancreatic malignancies 

Several different types of malignant tumour can arise from the pancreas, and the most 

frequent is PDAC. PDACs have the poorest prognosis of any common solid malignancy, with a 

5-year overall survival rate of approximately 10% [498]. While there are several different 

subtypes of PDAC, an activating KRAS mutation has been reported in >90%  of these tumours 

[499, 500]. A second tumour type that can arise in the pancreas is pNET. While these are less 

common, accounting for 2-7% of tumours diagnosed in the pancreas [498, 501], the incidence 

over the last decade appears superficially to have been on the rise [502]. One explanation for 

this may be the increased use of radiological imaging, which has led to increased pNET 

diagnoses [503]. The remainder of pancreatic malignancies are made up of a wide range of 

uncommon neoplasms [504].  

In the WHO 2019 histopathological classification, all neuroendocrine tumours (NETs), 

including pNETs, are classified into three grades shown in Table 21 [504]. Tumours classified 

as Grade 1 and 2 are histologically well-differentiated and have a low to moderate growth 

rate as determined by the number of cells stained by the proliferation marker Ki-67 [505] and 

mitotic count [506]. Grade 3 tumours are either histologically well-differentiated or poorly 

differentiated. These tumours demonstrate a high number of Ki-67 staining cells and a high 

mitotic count. The Grade 3 tumours that are poorly differentiated are referred to as 
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neuroendocrine carcinoma (NECs), which represent a more aggressive tumour type with a 

poorer prognosis [507]. 

Table 21  WHO 2019 classification of NETs 
Three features are used to pathologically classify grade for NETs. Grade 3 NETs are either well-
differentiated, or poorly differentiated (NEC). 

Feature Grade 1 NET Grade 2 NET Grade 3 NET or NEC 

Ki-67 <3% 3-20% >20% 

Mitotic Count per 10 
high power field 

<2 mitoses 2-20 mitoses >20 mitoses 

Differentiation Well-differentiated Well-differentiated Well or poorly differentiated 

 

Significant differences exist in both the treatment and prognosis of PDACs -vs- pNETs; 

therefore, distinguishing one from the other is clinically important [508, 509]. The standard 

procedure for the pathological diagnosis of a pancreatic mass identified by radiological 

imaging is a biopsy is taken with endoscopic ultrasound guidance (EUS) [510]. However, the 

EUS biopsy is an invasive procedure that may be delayed for several weeks due to clinical 

resourcing constraints, high financial cost, rare associated mortality, and sometimes the 

results are uninformative [511, 512].  

The mainstay surgical treatment for localised pancreatic tumours is the Whipple procedure, 

or pancreaticoduodenectomy [508, 513]. These procedures are complex, expensive and can 

have significant long-term post-operative complications for patients and occasional mortality 

[514]. The ability to distinguish between indolent pNETs that are likely to remain localised and 

PDACs that require more aggressive treatment without conducting an EUS biopsy would 

greatly improve the management of these patients [508]. 

Analysis of publicly available NGS data in the cBioPortal webtool [423, 426] and my host 

research team’s own data identified significant DNA mutation profile differences between 

PDAC and pNET. While in cBioPortal 92% of PDACs were found to have an activating somatic 

KRAS mutation, no somatic KRAS mutations were reported in pNETs [52]. Somatic TP53 

mutations were found to occur in 50% of PDACs but only 2.5% of pNETs [52]. Finally, somatic 

MEN1 mutations have been reported in the dataset available analysed with cBioPortal in 
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0.35% of PDACs but were identified in 35% of pNETs [14]. In comparison, research from our 

laboratory and others has identified MEN1 mutations in up to 56% of pNET patients [51, 52, 

515]. Based on mutational differences, we hypothesise that we would expect to be able to 

identify around 90% of PDAC patients (harbouring KRAS or TP53 mutations) and up to 56% of 

pNET patients (harbouring a MEN1 mutation). 

In addition to somatic MEN1 mutations identified in pNET tumours, approximately 10% of 

these patients will also have an inherited pathogenic germline MEN1 mutation associated 

with the Multiple Endocrine Neoplasia type I (MEN1) syndrome, also known as 

Wermer syndrome [516]. These strong mutational biases between PDACs and pNETs in the 

incidence of somatic KRAS, TP53 and MEN1 mutations led me to hypothesise that assuming 

these genomic differences were reflected in ctDNA from these tumours, they could be used 

to distinguish between these two tumour types in a clinical setting. 

In PDAC tumours, somatic KRAS mutations have been predominantly identified around the 

DNA sequence encoding the G12 (74%) and Q61 (5%) amino acids, and for somatic TP53 

mutations are dispersed across the entire gene. Similarly, for pNET patients, somatic MEN1 

mutations are spread across all gene exons (Figure 40).  
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Figure 40  Mutation frequency in PDAC and pNET datasets analysed in the cBioPortal  
Analysis of mutations in cBioPortal for PDAC demonstrates a high proportion of KRAS mutations 
clustered predominately about the region encoding G12 and a lesser extent around the region 
encoding Q61. TP53 mutations in PDAC and  MEN1 mutations in pNET are spread across the entire 
coding region. 

5.1.2 Clinical questions posed for pancreatic tumours 

This section introduced two relevant clinical questions posed by our collaborating patient 

group, which form the basis of the chapter.   

Clinical question one – what is the feasibility of using ctDNA analysis to distinguish between 

PDAC and pNET? To address this question, first, the differences in the genomic profile of the 

two tumour types will be introduced. Because of the high frequency of somatic KRAS and 

TP53 mutations observed in PDAC tumours, we hypothesised that detecting KRAS or TP53 

mutations in plasma cfDNA would indicate a high likelihood that the neoplasia was a PDAC. 

Conversely, given the high proportion of patients with a somatic MEN1 mutation in pNET 

tumours and the relative rarity of somatic MEN1 mutations in PDACs, detecting a MEN1 

mutation in ctDNA would indicate that the neoplasia was more likely to be a pNET than a 

PDAC.  
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Clinical question two – can a ctDNA approach be used for the longitudinal monitoring of pNET 

patients? This question is particularly relevant for pNET patients who have either: (i) a small 

localised pancreatic tumour or (ii) metastases at the time of diagnosis, so surgery is not a 

curative option. For these two patient groups, a “watch and wait” approach is sometimes 

taken. Under the “watch and wait” scenario in NZ, patients in both groups (i) and (ii) above 

will undergo tumour surveillance by annual or three-monthly CT imaging, respectively. 

Unfortunately, there are no commonly available technologies to complement the relatively 

infrequent CT scanning currently used in the watch and wait scenarios. One candidate 

technology, which is only now becoming available in NZ, is Gallium 68 (68Ga) 1,4,7,10-tetra-

azacyclododecane-1,4,7,10-tetra-acetic acid (DOTA)–octreotate (GaTate) positron emission 

tomography (PET)/CT imaging. This technology relies on the observation that approximately 

70% of pNETs express somatostatin receptors [517]. These receptors can be detected by 

PET/CT when the somatostatin analogue octreotate within the GaTate complex binds to the 

somatostatin receptors on these cells. The somatostatin analogue octreotate is also used 

therapeutically when conjugated with a different isotope (177Lu) in LuTate for Peptide 

Receptor Radionuclide Therapy (PRRT). In NZ, access to GaTate PET/CT imaging is, at the time 

of writing is restricted to the main centres and is only funded for use in specific settings (e.g. 

before surgery or before PRRT) [518]. There is currently no funding in NZ for GaTate PET-CT 

for monitoring pNET patients under “watch and wait” clinical observation. Alternative 

surveillance options, such as ctDNA analysis, if effective, are required for these patients.  

To assess the feasibility of ctDNA analysis to address both of these clinical questions, this 

chapter will describe the utilisation of a three-gene NGS panel (MEN1, KRAS and TP53), 

designed to identify patient-specific mutations in tumour or plasma cfDNA. Since somatic 

MEN1, KRAS and TP53 mutations are not found exclusively in hotspot regions, the NGS panel 

was designed to encompass the entire exonic regions of the three genes. In addition to this 

NGS panel, personalised ddPCR assays were also designed for the quantitation of mutations.  
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5.1.3 Pan-cancer NGS for ctDNA analysis of a broad range of cancer types 

In addition to addressing these two pancreatic tumour-related clinical questions, I also wished 

to investigate the feasibility of employing a single pan-cancer sequencing approach to identify 

mutations in ctDNA samples from multiple cancer types. Many researchers internationally 

have taken a pan-cancer approach that provides the highest chance of capturing actionable 

genomic information from the plasma from as many patients as possible [312, 346, 519, 520]. 

Therefore, in this chapter, a pilot study is performed using the Oncomine Pan-Cancer Cell-

Free Assay, using stored plasma ctDNA samples from patients with existing cancer diagnoses. 
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5.2 Chapter aims 

Three aims will be addressed in this chapter. The first two specifically address clinical 

questions posed to us by collaborating oncologists and patient groups.  

1. Investigate whether the use of ctDNA is feasible to distinguish whether a pancreatic 

mass identified by radiological imaging is a PDAC or pNET, without the need for a 

surgical biopsy. 

2. Once a mutation is identified in tumour gDNA or cfDNA isolated from plasma, evaluate 

whether a personalised ddPCR approach could benefit the clinical management of 

pNET patients undergoing long-term surveillance.   

3. Investigate the technical utility of a pan-cancer sequencing approach with a pilot study 

that tested cfDNA samples from patients with a range of cancer types. 
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5.3 Methods 

5.3.1 Sample collection schedule and processing 

pNET and PDAC patients were consented and samples collected between December 2015 and 

December 2019, under NZ HDEC ethical approval 14/NTA/138. Plasma samples were 

collected from patients undergoing surgical resection of a pancreatic mass. Where tumour 

tissue was available for our study, this was collected with patient consent under NZ HDEC 

ethical approval 13/NTA/69. All colorectal (CRC) and breast cancer (BrCa) blood samples were 

collected by the University of Otago under NZ HDEC ethical approval 16/STH/158 and 

MEC/09/06/060, respectively.  

For pNET, PDAC and Gastroblastoma (GB) patients, blood collection and processing as 

described in section 2.1.1 with the following alterations – the first centrifugation was 

conducted at 1,500x g for 10 minutes, and the second centrifugation was conducted at 

10,000x g for 10 minutes at 4oC. For BrCa and CRC samples, blood collection and processing 

was as described in [315]. CRC and BrCa patient cfDNA samples were shipped frozen on dry 

ice from the University of Otago.  

For pNET, PDAC and GB patient plasma samples, cfDNA was extracted with the QIAamp CNA 

(section 2.3.1). Tumour tissue gDNA was extracted from FF or FFPE tissue (section 2.3.5 and 

2.3.4, respectively). Details of where tumour tissue was available for analysis and the timing 

of blood samples are described in Table 23 and Table 24. Melanoma cfDNA and tumour gDNA 

were available from previous investigations conducted in Chapter 4. In addition, commercial 

reference pool samples were purchased from Seracare (Seraseq ctDNA complete mutation 

mix AF 5%, and WT mix). 

For all pNET and PDAC patients to be investigated for clinical question one (pancreatic mass 

of unknown type), diagnosis occurred after presenting to the clinic with various symptoms. 

Clinical investigations including ultrasound scan (USS), EUS and radiological imaging included 

CT or GaTate PET/CT. For these patients, a single blood sample was analysed, as well as 

tumour gDNA where available. For clinical question 2 (personalised longitudinal monitoring), 

pNET patients with diagnosed metastatic disease, MEN1 syndrome or those with a pNET 

identified incidentally during investigation for another pathology were investigated.  



 

195 

5.3.2 Library preparation and sample sequencing 

NGS libraries for the AmpliSeq HD pNET/PDAC three-gene panel were constructed with an 

average of 8ng input of either cfDNA (range 2.3-20ng) or 20ng input tumour gDNA samples 

(section 2.7.4). The Oncomine Pan-Cancer Cell-Free sequencing libraries were constructed 

with 10-20ng input cfDNA (section 2.7.5). The library quality was evaluated with an Agilent 

D1000 hsDNA TapeStation (section 2.2.3) and library concentration was determined by qPCR 

(section 2.2.2). AmpliSeq three-gene NGS libraries were run as a 4-plex on a 318v2 sequencing 

chip, and sequencing analysis was performed by a ThermoFisher Ion PGM sequencer (section 

2.8). Bioinformatic analyses and mutation reporting were performed using the Ion Reporter 

version 5.10 software tool and manual curation using the IGV genome browser [428]. 

Oncomine Pan-Cancer Cell-Free sequencing libraries were run as a 4-plex on an Ion 540 

sequencing chips on a ThermoFisher S5 sequencer (section 2.9). Oncomine Pan-Cancer 

bioinformatic analyses and mutation calling was performed on the Ion Reporter Cloud server, 

using the Oncomine Tag-Seq Pan-Cancer Liquid Biopsy workflow version 5.14. In addition to 

the Ion Reporter analysis, the manual inspection of the NGS data was conducted in IGV. 

 

5.3.3 Design and testing of personalised ddPCR assays 

Nine custom ddPCR assays to quantitate specific ctDNA mutations were designed for nine 

pNET patients and one GB patient (section 2.5.1). Synthetic double-stranded gBlock 

fragments were synthesised with either the WT sequence or the mutant sequence for ddPCR 

assay optimisation (section 2.4.4.2). ddPCR assays were conducted as described in section 

2.5.2. Mutations identified by AmpliSeq NGS were reported as a variant allele frequency (the 

number of unique variant molecules detected/total unique molecules identified). The 

quantification of ctDNA was conducted with ddPCR assays, and the results were reported as 

copies/mL plasma.  

Throughout this chapter, mutations will be referred to in the main text by the amino acid 

change they generate in the encoded protein. Amino acid alterations that lead to a non-sense 

mutation are represented by a *. Mutations that result in a frameshift mutation are 
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represented by the notation “fs”. A full list of all mutations reported in the NGS data, including 

both the amino acid coding change and the nucleotide alteration, is shown in Table 22. 

 

Table 22  Amino acid and nucleotide description of mutations identified in the patient samples 
analysed in this chapter 

Nucleotide change Amino acid alteration Nomenclature used in this thesis 

BRAF c.1799T>A V600E BRAF V600E 

ESR1 c.1613A>G D538G ESR1 D538G 

IDH2 c.419G>T R140Q IDH2 R140Q 

KRAS c.35G>C G12A KRAS G12A 

KRAS c.35G>T G12V KRAS G12V 

KRAS c.183A>C Q61H KRAS Q61H 

MEN1 c.778G>T E260* MEN1 E260* 

MEN1 c.32_33del F11fs MEN1 F11fs 

MEN1 c.1106delT F369fs MEN1 F369fs 

MEN1 c.163_164delCC P55fs MEN1 P55fs 

MEN1 c.1365+2T>G splice site MEN1 splice site 

MEN1 c.58delG V20fs MEN1 V20fs 

MEN1 c.562T>C W188R MEN1 W188R 

NRAS c.181C>A Q61K NRAS Q61K 

PIK3CA c.3145G>C G1049R PIK3CA G1049R 

PIK3CA c.1633G>A E545K PIK3CA E545K 

TP53 c.712T>G C238G TP53 C238G 

TP53 c.859G>A E287K TP53 E287K 

TP53 c.326T>C F109S TP53 F109S 

TP53 c.731G>A G244D TP53 G244D 

TP53 c.792_794del L265fs TP53 L265fs 

TP53 c.455C>T P152L TP53 P152L 

TP53 c.832C>G P278A TP53 P278A 

TP53 c.494A>G Q165R TP53 Q165R 

TP53 c.992_993insT Q331HfsTer6 TP53 Q331HfsTer6 

TP53 c.524G>A R175H TP53 R175H 

TP53 c.743G>A R248Q TP53 R248Q 

TP53 c.742C>T R248W TP53 R248W 

TP53 c.818G>A R273H TP53 R273H 

TP53 193C>G splice site TP53 splice site 

TP53 c.646G>A V216M TP53 V216M 

TP53 c.487T>C Y163H TP53 Y163H 

TP53 c.701A>G Y234C TP53 Y234C 
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5.3.4 Patient demographics  

In total, 16 PDAC patients and 29 pNET patients consented to this study. Blood and tumour 

DNA samples were used for research addressing either clinical question 1 (pancreatic mass of 

unknown origin) or clinical question 2 (personalised longitudinal monitoring). Some pNET 

patients’ blood samples were analysed under both aims. Tumour gDNA was available for 

analysis for eight PDAC and 14 pNET patients. For the remaining patients, either no surgery 

was undertaken, or surgery was abandoned. For all PDAC patients and 24 pNET patients, a 

single plasma sample designated “P1” was available for analysis. For five pNET patients, 

additional plasma samples were available for analysis, and these were designated “P2” and 

“P3” samples. For those patients with tumour DNA analysed, the tumour sample is indicated 

by the patient identifier followed by “T”. The timing of blood collections and patient 

demographics are shown in Table 23 and Table 24. Patient demographics for the patient 

samples analysed with the Oncomine Pan-Cancer Cell-Free Assay and demographics for 

patient A0028 (GB) are shown in Table 25.  



 

198 

Table 23  Demographics for PDAC patient cohort 
All patients recruited to this arm of our research study had acute presentation followed by the diagnosis of PDAC. Not available=no tumour available for 
genomic analysis. Status at follow up: NED=no evidence of disease. AWD=alive with disease. *No further follow-up information was available in the clinical 
records for these patients outside Auckland District Health Boards. For three patients, the only clinical staging information available classified the patients as 
“metastatic”. USS=ultrasound, EUS= endoscopic ultrasound, TNM staging system as described in section 1.6.1. 

Patient Clinical 

question 

Ethnicity Investigation Tumour Time of blood 

sample collection 

TNM stage Time of 

surgery to last 

follow up 

Status at last 

follow-up 

PDAC001 1 NZ EU USS Not available 10 days prior 

surgery 

T2 N1 M0 23 months NED 

PDAC002 1 NZ EU EUS Yes Day of surgery T1 N2 M0 23 months Palliative 

PDAC003 1 Indian CT/Biopsy Unresectable  12 days post-

biopsy 

T2 N0 M1 3 months Deceased 

PDAC004 1 NZ EU CT Yes Day of surgery T4 N2 M0 7 months Deceased 

PDAC005 1 NZ EU CT Not available Day of surgery T2 N1 M0 10 months Deceased 

PDAC006 1 NZ EU CT Yes Day of surgery T2 N0 M0 20 months NED 

PDAC007 1 NZ EU Referral Not available Day of surgery T3 N2 M0 11 months Deceased 

PDAC008 1 NZ EU CT Yes Day of surgery T3 N0 M0 15 months AWD 

PDAC009 1 NZ EU CT/EUS Yes Day of surgery T2 N0 M0 11 months NED 

PDAC010 1 NZ EU CT Yes Day of surgery T2 N0 M0 10 months AWD 

PDAC011 1 NZ EU CT Unresectable  Day of surgery T3 N1 N0 10 months Deceased 

PDAC012 1 NZ EU USS/EUS/MRI Yes Day of surgery T4 N2 M0 9 months ALW 

PDAC013 1 NZ EU CT Yes Day of surgery T3 N1 M0 4 months AWD 

PDAC014 1 NZ EU CT Not available Day of surgery T3 N1 M0 1 month Alive* 

PDAC015 1 Egyptian CT Not available Day of surgery T2 N1 M0 <1 month Alive* 

PDAC016 1 NZ EU CT/EUS Yes Day of surgery T3 N0 M0 <1 month Alive* 
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Table 24  Demographics for pNET patient cohort 
All patients recruited to this arm of our research study had acute presentation followed by the diagnosis of pNET. Not available=no tumour available for 
genomic analysis. NED=no evidence of disease, AWD=alive with disease. MEN1*=patient with inherited MEN1 syndrome. Tumour grade as defined by WHO 
classification in Table 21. USS=ultrasound, EUS=endoscopic ultrasound, CT=computerised tomography, PET-CT=positron emission tomography, MRI=magnetic 
resonance imaging. G3 neuroendocrine neoplasms can be split into well-differentiated (WD) NETs and poorly differentiated (PD) NECs. N/A – never biopsied 

Patient Clinical 

Question 

Ethnicity Investigation Tumour Timing of blood sample(s) used 

in this study 

WHO 

Grade 

Time of 

surgery to last 

follow up 

Status, at 

last, follow 

up 

NET001 1 Samoan CT/EUS Yes Day of surgery G3 (PD) 7 months Deceased 

NET002 1 NZ EU CT/MRI/EUS Yes Day of surgery G2 24 months NED 

NET003 1 Māori EUS Yes Day of surgery G1 12 months NED 

NET004 1, 2 NZ EU CT Yes Day of surgery G2 21 months NED 

NET005 1 NZ EU CT Not available Day of surgery G1 1 month NED 

NET006 1 NZ EU MRI/PET-CT Not available Day of surgery G2 11 months NED 

NET007 1 Sri Lankan CT/PET-CT Not available 1 day post-surgery G1 16 months NED 

NET008  1 NZ EU MRI/PET-CT Yes 3 days pre- and 12 days post-

surgery 

G1 15 months NED 

NET009 1 Sth American CT Yes Day of surgery G1 5 months NED 

NET010 1 Samoan EU USS Not available Day of surgery G2 7 months NED 

NET011 1, 2 NZ EU MRI/PET-CT Not available Day of surgery G1 11 month NED 

NET012 1, 2 NZ EU CT Not resected N/A N/A 7 months AWD 

NET013 2 Māori NZ EU CT/MRI Yes Day of surgery G2 10 months NED 

NET014 2 Māori NZ EU MRI Yes 1 day pre-surgery G2 14 months AWD MEN1* 

NET015 2 Indian Liver biopsy Yes 6 months post-PRRT, 46 months 

later 

G3 (PD) 49 months Alive 

NET016 2 Māori 

Tongan 

CT/MRI Yes Day of surgery G2 10 months NED 
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NET017 2 NZ EU Surgery x 2 Yes Day of surgery 3 years post-

surgery  

G2/G1 48 months NED 

NET018 2 NZ EU CT liver biopsy Yes 2 days & 7 months post-surgery G2 49 months NED 

NET019 2 EU EUS/MRI Yes 3 months pre-, day of, 18 

months post-surgery 

G2 45 months AWD 

NET020 2 NZ EU PET-CT Yes Day of surgery G1 47 months AWD MEN1* 

NET021 2 EU EUS/CT Not available 2 months post radiotherapy  G3 (PD) 17 months Deceased 

NET022 2 NZ EU CT Not available 9 months post PRRT  G2 22 months AWD 

NET023 2 NZ EU CT-PET Not available 4 months pre- octreotide/PRRT G2 41 months AWD 

NET024 2 EU CT/biopsy Not available During chemotherapy  G3 (WD) 21 months AWD 

NET025 2 EU MRI Not available During surveillance G1 25 months AWD MEN1* 

NET026 2 Māori CT/biopsy Not available During chemotherapy G3 (WD) 15 months Deceased 

NET027 2 Māori USS/CT Not available 1 month post-chemotherapy G3 10 months Deceased 

NET028 2 NZ EU CT/EUS Not available During chemotherapy G3 3 months Deceased 

NET029 2 Samoan CT Not available During chemotherapy G2 1 month Deceased 
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Table 25  Patient demographics for samples analysed by pan-cancer NGS  
Patients from five cancer types were included in the pan-cancer analysis. CRC and BrCa cfDNA were 
provided by the University of Otago. For these patients, tumour genomics analysis was conducted by 
the University of Otago where indicated. Melanoma patient cfDNA NGS analysis was conducted in 
Chapter 4.   

Patient Cancer type Tumour 
genomics 
information 
available 

Metastatic site Deceased at 
the time of 
writing 

CRC001 Caecal carcinoma Yes  Liver Yes 

CRC002 Sigmoid carcinoma Yes Liver Yes 

BRC002 Breast cancer Yes  Chest wall, Bone No 

BRC003 Breast cancer No Lung  Yes 

BRC048 Breast cancer Yes Bone  No 

BRC051 Breast cancer Yes Lung, Pericardium No 

BRC053 Breast cancer Yes Chest wall, lymph node, Bone  Yes 

BRC093 Breast cancer Yes  Liver, Pericardium  Yes 

BRC094 Breast cancer No Bone No 

BRC100 Breast cancer Yes Liver No 

BRC101 Breast cancer Yes Bone, Lung, Spleen No 

MEL0018 Melanoma  No Many sites Yes 

MEL0051 Melanoma Yes Chest wall No 

NET012 PNET No Not metastatic No 

NET001 NEC Yes Not metastatic at surgery Yes 

A0028 GB Yes Liver No 
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5.4 Results  

Discussions with the patient advocacy group, the Unicorn Foundation, were a key driver 

behind the pancreatic cancer questions addressed here (Aims 1 and 2). Two of the most 

significant concerns of pNET patients were about early diagnosis and longitudinal surveillance 

of disease. While the investigation into the early diagnosis of pNET cancer is outside the scope 

of this thesis, the ability to determine the type of a pancreatic mass identified radiologically 

was one aspect of the diagnostic procedure where ctDNA analysis of patient plasma samples 

may provide additional clinical information. A second possible role for ctDNA analysis on 

plasma samples is to monitor patient disease with a personalised ddPCR assay. To achieve the 

aims of this chapter, I undertook three pilot studies which are presented separately below.   

 

5.4.1 Clinical Question One: can a ctDNA approach distinguish whether a 

pancreatic mass identified by radiological imaging is a PDAC or pNET 

without the need for a biopsy? 

A retrospective pilot study was conducted using the AmpliSeq three-gene NGS panel on pre-

surgical (P1) cfDNA samples from 12 pNET and 16 PDAC patients. All patients had a previous 

histological diagnosis based on either a biopsy or resected tumour tissue. Alongside this 

cfDNA analysis, tumour tissue gDNA was also analysed where available, using the AmpliSeq 

three-gene NGS panel for approximately half of the pNET (6/12) and PDAC (7/16) and 

patients. A summary of samples sequenced, and mutations identified is shown in Figure 41.  
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Figure 41  Overview of samples analysed for clinical question one (PDAC or pNET) 
A flowchart summarising the pre-surgical cfDNA samples analysed for PDAC and pNET patients with 
the AmpliSeq three-gene panel is shown. NGS of tumour tissue gDNA was also conducted where 
available. Mutations identified in each sample are listed in Table 26. 

 

5.4.1.1 NGS analysis of pNET and PDAC tumour gDNA and cfDNA isolated from plasma 

Following AmpliSeq three-gene panel NGS analysis of cfDNA samples investigated for clinical 

question one, mutations were identified in the ctDNA for 25% of PDAC and 42% of pNET 

patients. Following further NGS analysis on the tumour gDNA for PDAC and pNET patients, 

mutations were identified for a total of 89%, and 67% of patients analysed, respectively. A 

complete list of the mutations identified and the concordance between the mutations 

reported in the NGS data from the tumour gDNA and cfDNA is shown in Table 26.  
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Table 26  Mutations reported in the NGS data from tumour gDNA and cfDNA from pNET and PDAC 
patient samples 
For clinical question one, all mutations identified from AmpliSeq three-gene NGS data for PDAC and 
pNET tumour gDNA and cfDNA is shown. For mutations reported in the NGS data, the VAF % is shown. 
For some samples, the mutation was only detected with the ddPCR assay. *Shows mutations identified 
in the cfDNA only and not in the tumour gDNA. Concordant mutations reported in the NGS data for 
both the tumour gDNA and cfDNA are shown in blue font. 

Patient Cancer Mutations identified from tumour 

gDNA using NGS (VAF %) or using  

ddPCR only 

Mutations identified from cfDNA 

NGS with VAF % 

PDAC002 PDAC KRAS G12D – ddPCR only           

TP53 V216M – VAF 1.3% 

No  

PDAC003 PDAC No tumour DNA available KRAS G12D – VAF 3.5%              

TP53 L265fs – VAF 4.5% 

PDAC004 PDAC KRAS G12V – VAF 2.6% No  

PDAC005 PDAC No tumour DNA available No  

PDAC006 PDAC KRAS G12V – VAF 1.8% No  

PDAC007 PDAC No tumour DNA available TP53 Y163H* - VAF 2.5% 

PDAC008 PDAC KRAS G12D - ddPCR only           No  

PDAC009 PDAC KRAS G12D – ddPCR only No  

PDAC010 PDAC TP53 C238G – VAF 21%                

KRAS G12D – ddPCR only 

TP53 Y163H* - VAF 0.9% 

PDAC011 PDAC No tumour DNA available TP53 Y163H* - VAF 1% 

PDAC012 PDAC TP53 R273H – VAF 5.6% No  

PDAC013 PDAC KRAS G12V  – VAF 7.7% No  

PDAC016 PDAC KRAS G12A  – ddPCR only No  

NET001 pNET KRAS Q61H  – VAF 8.5%                 

TP53 splice site – VAF 68% 

KRAS Q61H - VAF 1.07%              

TP53 splice site – VAF 1.2% 

NET002 pNET MEN1 F369fs – VAF 82% No 

NET003 pNET MEN1 splice site – VAF 50% No 

NET004 pNET MEN1 P55fs – VAF 70% MEN1 P55fs –  VAF 4.2% 

NET005 pNET No tumour DNA available TP53 P278A* - VAF 0.9%            

TP53 Y163H* - VAF 1.3% 

NET011 pNET No tumour DNA available TP53 P278A* - VAF 1.1%             

TP53 Y163H* - VAG 2.3% 

NET012 pNET No tumour DNA available TP53 G244D* - VAF 0.45% 
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5.4.1.1.1 Description of mutations identified by AmpliSeq NGS of PDAC patient samples 

NGS analysis was conducted on the cfDNA plasma samples for all 16 PDAC patients. 

Unexpectedly, a KRAS G12 mutation was only detected in the plasma from one patient, 

PDAC003. While no tumour gDNA was available for this patient for analysis, the NGS 

conducted on cfDNA identified a KRAS G12D and a TP53 L265fs mutation. At the time of blood 

collection, patient PDAC003 had multiple metastatic deposits on imaging, and histological 

analysis of a pelvic mass biopsy was consistent with a PDAC.  

Since tumour tissue gDNA was available for nine PDAC patients, this was analysed with NGS 

to investigate whether the lack of detection of KRAS G12 mutations in cfDNA from plasma 

was due to the absence of a mutation or due to the ctDNA not being detectable in the 

peripheral blood. Following NGS of the tumour gDNA samples, the Ion Reporter software only 

reported KRAS G12 mutations for three PDAC patients. Interestingly, the relative frequency 

of the variant allele in the tumour gDNA NGS data for these patients was much lower than 

expected for tumour DNA (1.8-7.7%) (Table 26). One possible explanation could be a low level 

of neoplastic cellularity (5-20%) that is sometimes present in primary pancreatic cancers 

[521].  

Because we observed the mutation at a lower than expected frequency for these three 

patients, we hypothesised that the tumour DNA might carry a KRAS mutation at a frequency 

below the default cut-off for the bioinformatics software reporting. To investigate this 

possibility, the manual inspection of all tumour gDNA sequence reads for the PDAC patients 

was undertaken using IGV. As a result, mutations in KRAS G12A, G12D or G12V were identified 

in the tumour gDNA data for a further five PDAC patients. Custom ddPCR assays designed to 

detect these mutations were then used to validate the mutation in the tumour gDNA (Table 

26). In total, KRAS mutations were validated in the tumour gDNA samples by ddPCR for eight 

patients. To investigate whether any mutant ctDNA could be detected in the patient plasma 

samples, the specific ddPCR assay to detect KRAS G12 ctDNA was tested for each sample. 

However, following ddPCR with the indicated KRAS G12 assay, no KRAS mutation was 

detected in the plasma samples for these patients.  
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In addition to the KRAS mutations detected in the PDAC tumour gDNA described above, TP53 

mutations were also identified for three patients (Table 26). Similar to the observation with 

the KRAS mutation, all of the TP53 mutations detected in the PDAC tumour gDNA were 

present at a low frequency. None of these TP53 mutations were detected in the NGS from 

patients cfDNA samples.              

Finally, TP53 Y163H mutations were identified in the cfDNA plasma NGS for PDAC007, 

PDAC010 and PDAC011. A ddPCR assay designed to detect TP53 Y163H confirmed that the 

mutation was present in the patient plasma samples for all three patients. For patients 

PDAC007 and PDAC011, no tumour gDNA was available for analysis. For patient PDAC010, the 

tumour gDNA NGS did not identify the TP53 Y163H mutation; however, TP53 C238G and KRAS 

G12D mutations were detected.  

 

5.4.1.1.2 Description of mutations identified by AmpliSeq NGS of pNET patient samples 

In total, samples from 12 pNET patients were investigated by NGS analysis, including six 

patients who had tumour gDNA available. For three patients, MEN1 mutations were identified 

in the data generated from the tumour gDNA NGS analysis (Table 26). For two pNET patients 

(NET002 and NET003) with grade 1 tumours, the MEN1 mutation was only identified in 

tumour gDNA data. 

For patient NET004, who had a localised grade 2 pNET, a MEN1 mutation was identified by 

NGS of both the tumour gDNA and blood plasma cfDNA. For this patient, the clear 

identification of a MEN1 mutation in the cfDNA isolated from plasma would suggest the 

tumour mass identified radiologically is a pNET. For this patient annual clinical surveillance by 

CT imaging subsequently identified disease recurrence leading to additional surgery. 

Mutations in genes other than MEN1 were identified for four pNET patients. Patient NET001, 

who had a poorly differentiated NEC, had two mutations (KRAS Q61H and TP53 splice site) 

identified by NGS analysis of tumour gDNA and plasma cfDNA. In addition, for three pNET 

patients, TP53 mutations were identified in the cfDNA isolated from plasma, but no tumour 

samples were available for analysis. In both NET005 and NET011, two mutations in TP53 
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P278A and TP53 Y163H were detected in cfDNA. For patient NET012, a TP53 G244D mutation 

was identified in the cfDNA NGS. 

 

5.4.1.1.3 Comparative analysis of mutations identified in pNET and PDAC patients 

Overall, results from sequencing of cfDNA isolated from the plasma of PDAC and pNET 

patients suggested that with the samples and technologies available, ctDNA analysis could 

not distinguish between the two different tumour types, thereby answering the clinical 

question one. In addition, identifying both a KRAS and multiple TP53 mutations in the data 

generated from sequencing of the pNET patient cfDNA samples was unexpected, which will 

be further explored in the Discussion below.  

 

5.4.2 Clinical Question Two: Evaluation of personalised ddPCR approach for the 

long-term surveillance of pNET patients 

Samples from twenty patients were included in evaluating clinical question two (personalised 

long-term surveillance). This included samples from 17 pNET patients with non-resectable or 

metastatic disease and three pNET samples with a mutation identified following an analysis 

conducted in clinical question one. Plasma cfDNA was available for all patients, and tumour 

gDNA was available for 8/17 patients. For all cfDNA and tumour gDNA samples available, NGS 

analysis with the AmpliSeq HD three-gene panel was conducted. Mutations were identified in 

the NGS data from tumour gDNA for five patients. For a further ten patients, mutations were 

identified in the data from the NGS performed from cfDNA samples. An overview of the 

samples analysed and mutations detected is shown in Figure 42.
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Figure 42  Overview of results following sample analysis for clinical question two (personalised long-term surveillance) 
Plasma cfDNA and tumour gDNA samples from patients under clinical surveillance for pNETs were investigated by NGS with AmpliSeq three-gene panel. Ten 
mutations were identified in the NGS data of tumour gDNA or cfDNA isolated from plasma from 17 patients. Mutations for three patients were identified in 
clinical question one and were included in this analysis. Nine custom ddPCR assays were used to validate mutations in the cfDNA from nine patients. For a 
further seven patients, no mutation was identified by NGS, of which no tumour gDNA available for analysis for five patients.
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5.4.2.1 Development of patient-specific ddPCR assays for longitudinal monitoring 

Since ddPCR methods generated in this thesis were successful for longitudinal monitoring of 

patients with melanoma (Chapter 4), custom ddPCR assays were also designed and optimised 

with gBlocks for nine pNET patients (Table 27). A different personalised ddPCR assay was 

required for each patient, except for two patients with the same TP53 P278A and TP53 Y163H 

mutation.  

 

Table 27  Mutations identified by NGS with AmpliSeq three-gene panel of tumour gDNA and cfDNA 
from pNET patients investigated for clinical question two 
All mutations identified from sequencing pNET tumour gDNA and cfDNA isolated from plasma are 
shown. Where ddPCR assays were designed is shown. T=tumour, P1, P2=first or second collected 
plasma sample respectively. NA=no tumour was available. LOH = loss of heterozygosity. 

Patient and 

Samples analysed  

Mutations identified 

from tumour gDNA NGS 

Mutations identified from 

cfDNA NGS 

Custom ddPCR 

assay designed? 

NET013 - T and P1 No mutation detected TP53 E287K  Yes, TP53 E287K  

NET014 - T and P1 MEN1 LOH No mutation identified No 

NET015 - P1 MEN1 E260* MEN1 E260*  Yes, MEN1 E260* 

NET017 – T and P1 MEN1 V20fs No mutation identified No 

NET019 – T and P2 No mutation identified TP53 P278A, TP53 Y163H  Yes, TP53 P278A, 

TP53 Y163H 

NET018 – T and P1 MEN1 W188R No mutation identified No 

NET021 – P1 NA TP53 Q165R, TP53 F109S Yes, TP53 F109S 

NET025 – P1  NA MEN1 germline variant No 

NET027 – P1 NA MEN1 F11fs  Yes, MEN1 F11fs 

NET029 – P1  NA TP53 Y234C  Yes, TP53 Y234C 

NET004 – T and P1 MEN1 P55fs MEN1 P55fs Yes, MEN1 P55fs 

NET011 – P1  NA TP53 P278A,  TP53 Y163H  Yes, TP53 P278A, 

TP53 Y163H 

NET012 – P1  NA TP53 G244D (c.731G>A) Yes, TP53 G244D 

NET016 – T and P1 No mutation identified No mutation identified No 

NET020 – T and P1  No mutation identified No mutation identified No 

NET023 – P1 NA No mutation identified No 

NET024 – P1  NA No mutation identified No 

NET028 – P1  NA No mutation identified No 

NET022 – P1  NA No mutation identified No 

NET026 – P1  NA No mutation identified No 
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For two patients (NET012 and NET021), the designed ddPCR assays (TP53 G244D and TP53 

F109S, respectively) did not detect the specific ctDNA. For NET012, the TP53 G244D ddPCR 

assay was successfully optimised, but no ctDNA was detected in the patient plasma sample. 

This suggests a possible false-positive mutation was identified in the NGS data. For patient 

NET021, the optimisation of the ddPCR assay with gBlock control was not successful, 

suggesting a poorly designed ddPCR assay, so no further analysis was conducted.  

For patient NET013, the mutation identified (TP53 E287K) was validated in the cfDNA by 

ddPCR assay. However, this mutation has been identified in the cfDNA from several 

melanoma patients. Since the significance of this mutation is currently uncertain, detection 

of ctDNA for TP53 E287K will not be discussed in the context of patient monitoring (but is 

further explored in Section 6.5.6).  

The ddPCR validation of the mutation identified by sequencing of cfDNA is presented below 

for the remaining six patients. 

 

5.4.2.1.1 Scenario 1 – Longitudinal monitoring of metastatic pNET patient NET015 

A clinical overview for the pancreatic NEC patient NET015 is shown in Figure 43. Tumour gDNA 

analysis was conducted on a liver biopsy (NET015 T). Three plasma samples were also 

available for analysis: 1mL of plasma collected at the time of surgery (NET015 P1), and 

samples collected in 2016 (NET015 P2) and 2019 (NET015 P3). NGS with the three-gene panel 

was conducted on gDNA from the liver biopsy (NET015 T), P2 and P3 cfDNA samples. A MEN1 

nonsense mutation (E260*) was identified in the tumour gDNA and P3 cfDNA sample. This 

mutation was confirmed with a custom ddPCR assay to detect MEN1 E260* in the tumour 

gDNA, the P1 and P3 plasma samples. No mutation was detected in the P2 plasma sample, 

which was collected soon after PRRT treatment. This provides an example of a mutation 

detected early in the patient clinical course, which could have complemented their clinical 

care if monitored longitudinally.  
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Figure 43  Longitudinal monitoring of a MEN1 mutation in NET015 patient samples and their clinical 
timeline  
The level of MEN1 E260* ctDNA was quantitated with a custom ddPCR assay using tumour gDNA and 
cfDNA from P1-P3 samples as a template. In the ddPCR 2-D plots, blue droplets represent the 
detection of template with the mutant sequence. Green droplets represent the detection of template 
with the WT sequence. Orange droplets represent the detection of both mutant and WT sequences. 
Grey droplets have no target DNA amplification. The clinical timeline for patient NET015 shows 
radiological imaging (as schematic forks) confirming treatment response (green), disease progression 
(red) or stable disease (yellow).  

 

 

5.4.2.1.2 Scenario 2 – Post-surgical monitoring for tumour recurrence 

Since ddPCR had been used for post-surgical surveillance of ctDNA for melanoma patients 

(section 4.5.1), the potential utility of ddPCR surveillance for post-surgical pNET patients was 

investigated. In three post-surgical patients, NGS analysis of the cfDNA identified mutations 

in MEN1 P55fs (NET004) and TP53 P278A and TP53 Y163H (NET011 and NET019). Three 

custom ddPCR assays were designed and optimised to detect mutations in the P1 plasma, and 

these will be described below.  
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Patient NET004 underwent resection of a localised, well-differentiated grade 2 pNET. NGS 

analysis of tumour gDNA and cfDNA identified a MEN1 P55fs mutation in the data from both 

samples. This mutation was confirmed in both tumour gDNA and the P1 plasma sample using 

a custom MEN1 P55fs ddPCR assay (Figure 44). This patient subsequently developed 

additional metastases, which could, in principle, have been detected using these NGS or 

ddPCR assays to complement the standard of care surveillance. 

 

Figure 44  ddPCR assay results for a MEN1 mutation in NET004 patient samples and their clinical 
timeline  
The level of MEN1 P55fs ctDNA was quantitated by ddPCR using tumour gDNA and cfDNA from the P1 
plasma sample as a template. In the ddPCR 2-D plots, blue droplets represent the detection of 
template with the mutant sequence. Green droplets represent the detection of template with the WT 
sequence. Orange droplets represent the detection of both mutant and WT sequences. Grey droplets 
have no target DNA amplification. The clinical timeline for patient NET004 shows radiological imaging 
(as schematic forks), Initial tumour identification (yellow) and tumour progression (red).  
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Patient NET011 underwent surgical resection of a pancreatic mass, but no tumour tissue was 

available for genomic analysis. NGS analysis conducted on the cfDNA from the pre-surgical P1 

sample identified TP53 P278A and TP53 Y163H mutations. Both mutations were confirmed in 

the P1 plasma sample using custom ddPCR assays. The possibility that these TP53 mutations 

may have arisen from non-tumour origins, such as clonal haematopoiesis (CH), was 

investigated using custom ddPCR analysis of PBL gDNA. However, no mutations could be 

detected in the PBL sample, which supports the premise that the mutation is tumour derived. 

Example ddPCR plots for the detection of TP53 P278A in the P1 plasma and PBL gDNA are 

shown in Figure 45. 

 

 

Figure 45  ddPCR assay results for a TP53 mutation in NET011 patient samples and their clinical 
timeline  
The level of TP53 P278A ctDNA was quantitated in (a) cfDNA isolated from the P1 plasma sample and 
(b) PBL gDNA where no mutant molecules were detected by ddPCR assay. In the ddPCR 2-D plots, blue 
droplets represent the detection of template with the mutant sequence. Green droplets represent the 
detection of template with the WT sequence. Orange droplets represent the detection of both mutant 
and WT sequences. Grey droplets have no target DNA amplification. Below is the clinical patient 
timeline for NET011 demonstrates radiological images (as schematic forks) taken for initial tumour 
identification (yellow).   
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Patient NET019 had multiple partial resections of a grade 2 pNET. Tumour gDNA and three 

plasma samples were available for analysis. Plasma sample P1 was collected four months 

before surgery, P2 immediately before surgery, and P3 was collected 14 months post-surgery. 

NGS analysis was conducted on the tumour gDNA and all three plasma cfDNA samples. NGS 

analysis of the P2 plasma sample identified TP53 P278A and TP53 Y163H mutations. However, 

these mutations were not detected in the tumour gDNA, P1 or P3 cfDNA samples (Figure 46). 

This result was further confirmed with the ddPCR assays to detect TP53 P278A and TP53 

Y163H, and ctDNA was only detected in the P2 plasma sample. At the time of the P1 plasma 

collection, patient NET019 only had a small stable lesion, and at the time of the P3 plasma 

sample collection (14 months after surgical resection), the patient had no evidence of disease 

recurrence. The timing of these two blood collections could explain the lack of detection of 

these TP53 mutations. Since the patient subsequently relapsed, like patients NET004 and 

NET011, in principle, cfDNA analysis could have complemented standard of care surveillance 

for early detection of disease recurrence. As with patient NET011, the possibility that the TP53 

mutations may have arisen due to CH was investigated using custom ddPCR analysis of PBL 

gDNA. However, no mutation could be detected in PBL for either variant. Example ddPCR plots 

for the detection of TP53 P278A in the P2 plasma and PBL gDNA are shown in Figure 46.  
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Figure 46  ddPCR assay of a TP53 mutation in NET019 patient samples and their clinical timeline  
The level of TP53 P278A ctDNA was quantitated in (a) cfDNA isolated from the P2 plasma sample 
and (b) PBL gDNA where no mutant molecules were detected by ddPCR assay. In the ddPCR 2-D 
plots, blue droplets represent the detection of template with the mutant sequence. Green droplets 
represent the detection of template with the WT sequence. Orange droplets represent the 
detection of both mutant and WT sequences. Grey droplets have no target DNA amplification. 
Below, the clinical patient timeline for NET019 demonstrates radiological images (as schematic 
forks), which identified disease progression (red) before the second surgery. Two further CT scans 
show no disease recurrence (green), which correlate with the lack of ctDNA detectable in the blood 
sample taken in 2018. Disease progression was confirmed radiologically in 2019, but a “watch and 
wait” surveillance approach is being taken.  

 

5.4.2.1.3 Scenario 3 – Possible role of ctDNA analysis in more advanced NET patients 

In this study, the tumours of pNET patients NET029 and NET027 had already metastasised to 

the liver at the time of diagnosis. For patient NET029, a single blood sample collected four 

years after the initial diagnosis was available for analysis. NGS analysis of the cfDNA isolated 

from the P1 plasma sample identified a TP53 Y234C mutation, and a custom TP53 Y234C 
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ddPCR assay confirmed this mutation in the plasma sample (Figure 47). At the time of blood 

collection, the patient had a significant burden of disease.  

 

Figure 47  ddPCR assays for mutations identified in samples from patients NET029 and NET027 and 
their clinical timelines  
For two metastatic pNET patients, the levels of TP53 Y234C (NET029) and MEN1 F11fs (NET027) were 
quantitated in the P1 plasma samples with ddPCR assays. In the ddPCR 2-D plots, blue droplets 
represent the detection of template with the mutant sequence. Green droplets represent the 
detection of template with the WT sequence. Orange droplets represent the detection of both mutant 
and WT sequences. Grey droplets have no target DNA amplification. For NET029, the high proportion 
of orange droplets observed reflects the high concentration of cfDNA used as a template for ddPCR 
and the high frequency of mutation present in the plasma. The clinical patient timelines for both 
patients show radiological imaging (as schematic forks) used for diagnosis (yellow) to the right-hand 
side. Radiological imaging used for disease progression (red fork) or tumour response (green fork) are 
also indicated on the timelines.  

 

Patient NET027 had an inoperable metastatic grade 3 NET, and one plasma sample was 

collected six months after diagnosis. NGS analysis of the cfDNA isolated from the P1 plasma 

sample identified a MEN1 F11fs mutation and a custom ddPCR assay confirmed this mutation 

in the plasma sample (Figure 47).  

We suggest that for both NET029 and NET027 patients, longitudinal use of an NGS panel or 

personalised ddPCR approach with cfDNA, if incorporated earlier into patient care, may have 

provided additional information to complement the standard of care. 
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5.4.2.1.4 Case Study – Personalised cancer monitoring of a rare gastroblastoma patient 

A further opportunity arose to translate ctDNA technologies to patient care in a research 

setting during my PhD studies. A young woman (study number A0028) presented with 

abdominal pain, and imaging identified a mass in the stomach and two separate hepatic 

metastases. Histological analysis of a biopsy showed suspicion of a high-grade, poorly 

differentiated NEC. Following four cycles of neoadjuvant chemotherapy, the patient 

underwent total gastrectomy and excision of the hepatic metastases. However, a recurrence 

of the hepatic metastasis two months post-surgery resulted in additional biopsy samples. 

Following further histological analysis by multiple pathologists, the reclassification of this 

tumour from a NEC to a gastroblastoma (GB) was considered. GBs are a rare cancer type first 

described in 2009 [522], and only eleven cases have been reported in the literature. A recent 

genomic analysis of four GB cases found an oncogenic MALAT1–GLI1 fusion present in all 

cases [523]. Whole-exome DNA sequencing (WES) and RNAseq analysis of tissue isolated from 

the three different tumours from patient A0028 was conducted by my wider research group. 

Bioinformatic analyses of the NGS data failed to identify a MALAT1–GLI1 fusion. However, 

analysis of the WES data identified a novel 53MB heterozygous deletion that led to the fusion 

between the AMER1 and WWC3 genes on the X chromosome. However, no evidence of this 

fusion was identified in RNAseq analysis even on manual inspection of locally aligned and de 

novo assembled sequence reads, suggesting it was not expressed. 

To investigate whether ctDNA with this novel fusion could be identified in the plasma from 

this patient, a custom single probe ddPCR assay was designed. The probe was designed to 

span the WWC3:AMER1 fusion site identified in the gDNA. During the time this patient was 

enrolled on our research study, three blood samples were collected at different times during 

disease progression (P1, P2 and P3), as shown in Figure 48a. The custom ddPCR assay 

detected the novel WWC3:AMER1 fusion in gDNA from all three tumour tissues (T1, T2 and 

T3) and cfDNA isolated from all three plasma samples (P1, P2 and P3) as shown in Figure 48b.    
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Figure 48  Clinical timeline and ddPCR assay for the detection of WWC3:AMER1 gene fusion in samples from patient A0028 
(a) The clinical patient timeline for A0028 shows multiple radiological imaging (as schematic forks) used for diagnosis (yellow), treatment response (green), 
stable disease (blue) or progression (red). (b)The ddPCR assay to detect the WWC3:AMER1 gene fusion in A0028 patient samples is represented in a 1-D plot 
as this is a single probe assay. The blue droplets represent the detection of template with the mutant sequence in three tumour gDNA samples (T1-T3) and 
three plasma cfDNA samples (P1-P3). The pink line represents the amplitude threshold of 1000 for the identification of a mutant droplet. The grey droplets 
beneath the threshold have no target DNA amplification. (c) A schematic showing the design of the ddPCR assay for the detection of the fusion product.
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The concentration of WWC3:AMER1 gene fusion product was determined by ddPCR assay of 

tumour gDNA, and cfDNA plasma samples are shown in Table 28. A high concentration of 

ctDNA corresponding to the specific fusion could be detected in both pre-surgical plasma 

samples (P1 and P3). However, following tumour resection with curative intent (T2), ctDNA 

was detected at a low level (5.4 copies/mL plasma) in the P2 plasma sample. This result was 

confirmed with a replicate ddPCR analysis and could potentially reflect residual disease. Four 

months after the collection of the P2 plasma sample, radiology confirmed disease 

progression. This provides a further example where personalised longitudinal monitoring for 

disease recurrence could offer a valuable adjuvant detection method alongside standard of 

care.  

 

Table 28  Quantitation of ctDNA with WWC3:AMER1 fusion in samples from patient A0028 
*Two independent ddPCR reactions were conducted for the P2 plasma cfDNA sample. The result 
reported is the average of the two ddPCR reactions. 

Samples WWC3:AMER1 ctDNA concentration  

A0028 T1 Gastric Biopsy 169 copies/ng tumour 

A0028 T2 Liver Tumour 204 copies/ng tumour 

A0028 T3 Liver Tumour 228 copies/ng tumour 

P1 pre-surgical blood 676 copies/mL plasma 

P2  post-surgical blood 5.4 copies/mL plasma* 

P3 pre-surgical blood 641 copies/mL plasma 
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5.4.3 Evaluation of the Oncomine Pan-Cancer Cell-Free Assay for analysis of ctDNA 

from patient samples 

To assess the potential benefit of a NGS panel investigating a larger number of genes that 

may be mutated in different cancer types, the Oncomine Pan-Cancer Cell-Free Assay was 

selected. This panel as also selected because evidence exists indicating that this assay may be 

suitable for clinical accreditation [351]. Plasma cfDNA samples from patients with different 

cancer types (melanoma, pNET, PDAC, CRC and BrCa) were utilised for an initial pilot study. 

For half of the samples included, genomic analysis of cfDNA had been conducted with smaller 

custom NGS panels (section 4.5 and 5.4.1.1), or tumour tissue gDNA with the QIAseq Targeted 

DNA Breast and Colorectal panels (Guilford Laboratory at the University of Otago). The results 

from previous genomic analyses allowed for the direct comparison to results obtained from 

the pan-cancer panel. 

Following pan-cancer NGS analysis of the cfDNA samples in the pilot study, mutations were 

identified in 12/14 samples (86%). The complete list of mutations identified from this analysis, 

along with previous mutations identified, are shown in Table 29. At the time of writing this 

thesis, orthogonal validation of the mutations by ddPCR assay had been conducted for nine 

patients (Table 29).   

For seven patients, previous genomic analysis information on tumour tissue gDNA or cfDNA 

samples was available. Following pan-cancer NGS, concordant mutations were identified for 

five patients. For two patients, mutations previously identified in cfDNA samples analysed 

with the AmpliSeq NGS panels were not detected in the data from the pan-cancer NGS 

analysis of P5 and P1 cfDNA samples from patients MEL0018 and MEL0012, respectively.  

Interestingly for patient NET0015, a low-frequency IDH2 R140Q (VAF 0.15%) mutation was 

identified in the pan-cancer NGS analysis of the cfDNA sample. Since no ddPCR assay has been 

designed to validate this mutation, the origin of this low-frequency mutation remains 

uncertain. 
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Table 29  Mutations identified from Oncomine Pan-Cancer Cell-Free Assay analysis of cfDNA samples from patients with multiple cancer types 
Pan-cancer sequencing of cfDNA isolated from plasma from five different cancer types led to the identification of mutations for 12/14 patient samples. 
Genomic mutations identified previously were from tumour gDNA NGS for BrCa or CRC samples with QIAseq Targeted DNA panels, or AmpliSeq NGS of cfDNA 
for melanoma, pNET or PDAC samples. UoO=University of Otago. For some reported mutations, a custom ddPCR assay was used to orthogonally validate. 

Patient 

Sample  

Cancer type Previous mutations 

identified 

Oncomine Pan-Cancer mutations 

identified in cfDNA and the VAF % 

Confirmed by ddPCR in cfDNA? 

BRC002 P9 BrCa TP53 R175H TP53 R175H 1.5%, ESR1 D538G 0.4% TP53/ESR1 mutation confirmed at UoO 

BRC003 P3 BrCa  Not performed PIK3CA G1049R 3%, TP53 R248Q 3.2%,                

ERBB2 amplification CNV ratio : 3.2 

PIK3CA/TP53 mutation confirmed at UoO 

BRC048 P10 BrCa KRAS G12V KRAS G12V 11.8% KRAS mutation confirmed at UoO 

BRC051 P1 BrCa Not performed No mutations identified  

BRC053 P8 BrCa  No mutation identified TP53 R175H 52.5% TP53 mutation confirmed at UoO 

BRC093 P7 BrCa Not performed PIK3CA E545K 2%, TP53 R248W 1.1% PIK3CA/TP53 mutation confirmed at UoO 

BRC094 P2 BrCa Not performed No mutations identified  

BRC100 P1 BrCa No mutation identified TP53 P152L 0.4% No 

BRC101 P1 BrCa No mutation identified TP53 p.Q331HfsTer6 (VAF 1.7%) 

ERBB2 amplification CNV ration : 2.4  

No 

CRC001 P1 CRC TP53 R248Q TP53 R248Q 9.1% TP53 mutation confirmed at UoO 

MEL0018 P5 Melanoma  BRAF V600E, NRAS Q61K NRAS Q61K 1.1% Yes – Chapter 4 

MEL0051 P1 Melanoma  BRAF V600E BRAF V600E 5.2% Yes – Chapter 4 

NET006  P1 PDAC KRAS G12D, TP53 L265fs KRAS G12D 16.8%, TP53 L265fs 9% Yes – 5.4.1.1 

NET012  P1 pNET  TP53 G244D IDH2 R140Q 0.15% No  
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5.4.3.1 Description of novel mutations identified with the Oncomine Pan-Cancer Cell-Free 

Assay 

The pilot analysis of cfDNA samples using the Oncomine Pan-Cancer Cell-Free Assay identified 

mutations for seven patients that had not previously been reported. This included mutations 

for five breast cancer patients, where previous tumour gDNA analysis had either failed or did 

not identify any mutations for patient monitoring. For the four BrCa patients (BRC002, 

BRC003, BRC053 and BRC093), at least one mutation was identified in the pan-cancer NGS 

analysis of the cfDNA sample has been validated by ddPCR assay (performed at the University 

of Otago). Examples of how this pan-cancer analysis provided further information for patient 

monitoring are detailed below.   

For patient BRC002, cfDNA from the P9 plasma sample was available for pan-cancer NGS 

analysis. Following pan-cancer analysis, the previously identified TP53 R175H mutation was 

identified and a second mutation in ESR1 D538G. Prof Guilford’s team designed an ESR1 

D523G ddPCR assay to quantitate the level of ctDNA for 12 successive plasma samples from 

this patient (Figure 49). Interestingly, ctDNA with the ESR1 mutation was only detected in the 

P7-P12 plasma samples, coinciding with disease recurrence.  

For patient BRC053, no mutation had previously been identified in the tumour gDNA NGS 

data. However, following Oncomine Pan-Cancer Cell-Free NGS analysis of the cfDNA from the 

P8 plasma sample, a TP53 R175H mutation was detected at an unexpectedly high frequency 

(VAF of 52%). The TP53 R175H mutation was validated with a custom ddPCR assay (performed 

at the University of Otago) in the P1-P8 plasma samples, as shown in Figure 49. Interestingly, 

the proportion of TP53 R175H mutant droplets detected by ddPCR assay in the cfDNA from 

the P8 plasma sample was 51.2%, correlating with the high frequency observed in the NGS 

analysis of the P8 plasma cfDNA. BRC053 did display aggressive disease and passed away 15 

months after diagnosis with metastatic breast cancer. 

The ddPCR results for BRC002 and BRC053 are summarised along with treatment information, 

and the standard of care measured CA 15-3 biomarker levels [121] are shown in Figure 49. 
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Figure 49  Clinical timeline and ddPCR quantitation of TP53 and ESR1 mutations in patient BRC002 
and patient BRC053 cfDNA samples  
Disease response monitoring for BRC002 and BRC053 with ctDNA and CA 15-3 biomarkers following 
multiple drug treatments. For BRC002, a TP53 R175H (c.524G>A) mutation was previously identified 
and quantitated at the University of Otago. Pan-cancer analysis of the cfDNA from the P7 plasma 
(marked with a blue arrow) identified an ESR1 D538G mutation. The ESR1 mutation was quantitated 
in all 12 patient cfDNA samples by ddPCR. For BRC053, pan-cancer NGS of cfDNA isolated from the 
P12 plasma sample (marked with a blue arrow) identified a TP53 R175H (c.524G>A) mutation. The 
TP53 R175H mutation was quantitated in the cfDNA from all 12 plasma samples. For both patients, 
the level of the standard of care biomarker CA 15-3 is plotted on the secondary axis. All ddPCR results 
and patient figures were generated at the University of Otago. 
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For patient BRC003, no tumour gDNA NGS analysis could be performed due to low-quality 

FFPE material. We performed NGS analysis on the cfDNA from the P3 plasma sample with the 

Oncomine Pan-Cancer Cell-Free, and three novel mutations were detected. Two missense 

mutations PIK3CA G1049R, TP53 R248Q, were identified and an ERBB2 amplification. The 

plasma sample analysed for BRC003 was collected after this patient had undergone disease 

progression following first-line endocrine therapy.  

Overall, a pan-cancer approach for identifying mutations from cfDNA isolated from multiple 

different tumour types in this pilot experiment successfully identified mutations for 86% of 

patients. Interestingly, the smaller NGS panels with fewer genes successfully identified the 

ctDNA for each melanoma, pNET and PDAC patients, and the pan-cancer analysis conducted 

on the cfDNA samples did not provide any further information. However, for the BrCa patient 

samples, the pan-cancer analysis provided two benefits. Firstly, where tumour gDNA tissue 

was not suitable for sequencing, the NGS analysis from the cfDNA demonstrated a feasible 

alternative. Secondly, analysis of the cfDNA allowed the identification of mutations not 

present in the analysed tumour gDNA sample but had subsequently evolved during treatment 

were identified in the cfDNA samples. This will be explored further in the Discussion below. 
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5.5 Discussion 

This chapter focused on two clinical questions. The first clinical question addressed whether 

NGS conducted on ctDNA could be used to distinguish whether a pancreatic mass identified 

by radiological imaging is a PDAC or pNET without the need for a biopsy? The second clinical 

question evaluated whether a personalised ddPCR approach could be used for the long-term 

surveillance of pNET patients. In addition to the clinical questions, a pilot experiment was 

undertaken to assess the utility of a pan-cancer sequencing approach to identify mutations in 

cfDNA from a range of cancer types. Each of these will be discussed separately below. 

 

5.5.1 Clinical question one (distinguishing pNET from PDAC) 

The first clinical question was investigated by sequencing cfDNA isolated from pNET and PDAC 

patient plasma samples with the AmpliSeq three-gene panel. The expectation was that KRAS 

and TP53 mutations would be identified in the cfDNA of PDAC patients, and MEN1 mutations 

would be identified in the cfDNA from pNET patients. In total, mutations were identified in 

the cfDNA for 5/12 pNET samples, and only one of these mutations was in MEN1. For PDAC 

patients, mutations were identified in the cfDNA for 4/16 PDAC patients, and only one of 

these was in KRAS. Across both patient cohorts, the number of mutations detected for MEN1 

and KRAS was lower than expected [51, 524]. 

Because the detection of KRAS in cfDNA from PDAC patient plasma was at a far lower rate 

than we expected, so we performed NGS analysis on the tumour gDNA for nine patients. From 

this analysis, mutations in KRAS or TP53 were identified in the tumour gDNA for eight patients. 

One possible explanation for the inability to detect these mutations in the ctDNA is that seven 

PDAC patients had localised disease at the time of surgery. Only patient PDAC003 had 

confirmed metastatic disease at the time of blood collection. It has been reported that the 

ability to detect ctDNA from patients with localised pancreatic tumours can be less than 50% 

[160, 525]. 

From the pNET patient cohort, a MEN1 mutation was detected in the cfDNA from patient 

NET004 and provided evidence to support a pNET diagnosis. However, the detection of TP53 

and KRAS mutations for NEC patient NET001 was surprising. While TP53 mutations have been 
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reported in NEC patients [526], the detection of a KRAS mutation was unexpected as KRAS 

mutations have not been identified in the NGS data from pNETs [490]. This raises the question 

of whether the histological diagnosis of this patient tumour was correct. A second possible 

explanation is that this patient could have a rare collision tumour, where the development of 

both a pNET and a PDAC at the same site can occur [527, 528].  

Overall, the NGS analysis of cfDNA from pNET and PDAC plasma samples identified a higher 

proportion of TP53 mutations than expected. These NGS results may represent the true 

mutational heterogeneity present in these pNET patients. Our results are supported by a 

recent study, where a high proportion of TP53 mutations (52%) were identified in the 

sequencing data of cfDNA from NET patients (n=320) [529]. Overall, our proposed strategy to 

distinguish pancreatic tumour types using NGS of cfDNA does not appear feasible because of 

the low number of mutations detected in the plasma and the non-exclusive detection of TP53 

and KRAS in pNET and PDAC tumours.  

 

5.5.2 Clinical question two (monitoring disease progression in pNET patients) 

In order to determine whether personalised monitoring of cfDNA with a ddPCR assay could 

complement the current standard of care for patient management, custom assays were used 

to detect specific tumour-associated mutations for seven pNET patients. For all seven 

patients, the mutation detected by NGS analysis of cfDNA samples was validated with the 

ddPCR assay. In particular, the utility of such monitoring was clearly illustrated for two 

patients. For patient NET015, a MEN1 E260* mutation was identified in both tumour gDNA 

(resected in 2013) and cfDNA from a plasma sample collected after disease progression in 

2019. Monitoring of MEN1 E260* ctDNA levels by ddPCR assay showed that this mutation was 

detectable in plasma samples collected over a six-year period (2013-2019). These results 

demonstrate that for this patient, monitoring the MEN1 mutation in plasma samples over the 

patient's disease course may have provided benefit to the standard of care surveillance. 

The second example of successful monitoring for ctDNA was for patient A0028, where a 

ddPCR assay to detect a novel gene fusion between AMER1 and WWC3 genes was developed. 

The ddPCR assay detected a small number of positive droplets following curative surgery, 
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which may indicate minimal residual disease. At the time of writing this thesis, this patient 

remains disease-free. However, due to the aggressive nature of this cancer, the use of ctDNA 

analysis test regularly for disease recurrence for this patient provides an excellent example of 

how this approach could complement the standard of care surveillance. 

The data from three other patients demonstrated the limitation of a ctDNA approach in some 

situations. These patients included patient NET014, where a loss of heterozygosity (LOH) for 

the MEN1 gene was identified in the NGS data from the tumour gDNA. The ability to detect a 

LOH in the cfDNA from plasma is difficult due to the high proportion of “normal DNA” released 

in the body. A second patient NET025, was identified to carry a MEN1 germline mutation  

(chr11:64,572,060, MEN1 R532*). Clinically this patient displayed MEN1 syndrome. However, 

since the variant is present in the patient germline, and monitoring by ctDNA analysis would 

be irrelevant to clinical care as somatic mutations in the tumour would need to be identified 

to form the basis of a monitoring strategy.  

Finally, multiple mutations were detected in both pNET and PDAC patient samples, and these 

mutations are of unknown significance. The detection of co-occurring TP53 Y163H and TP53 

P278A mutations in the cfDNA from two pNET patients was interesting and unexpected. While 

sample contamination cannot be definitively excluded, the template cfDNA isolation and the 

library preparation for these two patients were conducted on different days, making this 

possibility unlikely. While these two mutations were validated by ddPCR assay for both 

patients, further investigation is required into the origin and significance of these mutations 

before being selected for patient monitoring. This is especially true for the TP53 Y163H 

mutation, which was also detected in the cfDNA analysis for several melanoma patients. Since 

the acquisition of TP53 mutations has been identified in the plasma of healthy individuals as 

a consequence of ageing-associated clonal haematopoiesis, the utility of TP53 variants for 

patient monitoring requires further investigation [400] (further discussed in 6.5.6).  

Overall, while this study has been limited by only having a single time point blood sample for 

most patients, the results suggest that personalised ddPCR assays could in principle, provide 

a feasible approach for monitoring for disease progression and complement the standard of 

care surveillance for pNET patients. Future work will look to develop a clinical trial for the 

prospective analysis of patient plasma samples. 
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5.5.3 Evaluation of a pan-cancer sequencing approach for ctDNA analysis 

A pan-cancer experiment was undertaken to investigate the utility of a broader sequencing 

panel approach to detect mutations in the cfDNA isolated from plasma of several cancer 

types. Since there is evidence in the literature that this panel could be clinically validated 

[351], our study was designed to assess a “one size fits all” panel for clinical validation and 

possibly accreditation. In a pilot experiment, cfDNA from patients with five different cancer 

types was analysed with the Oncomine Pan-Cancer Cell-Free Assay. Nine BrCa cfDNA samples 

from the University of Otago were analysed, and mutations were successfully identified for 

7/9 (78%) patients, including six previously unidentified mutations.  

For patient BRC002, identifying a novel ESR1 mutation in a plasma sample collected after the 

failure of endocrine therapy suggests that the development of this mutation could have been 

associated with treatment failure [530]. For BRC003, no mutations were identified in the 

tumour gDNA analysis conducted at the University of Otago. However, following NGS analysis 

of the cfDNA with the pan-cancer panel, an ERBB2 amplification and mutations in PIK3CA and 

TP53 were detected. The plasma sample analysed for BRC003 was collected after this patient 

had undergone disease progression following first-line endocrine therapy. Following the 

identification of the PIK3CA mutation in the cfDNA, we hypothesise that this mutation could 

have developed as an acquired resistance mechanism to ERBB2 treatment and contributed to 

patient disease relapse and subsequent death [531, 532].  

The benefit of the pan-cancer NGS approach over a custom small amplicon approach for the 

remaining five patients with melanoma, pNET and PDAC cancer was less pronounced. While 

concordant results were observed for 3/5 patients, two patients had discordant results 

between the two NGS approaches. For patient MEL0018 NGS conducted on the P5 plasma 

sample with AmpliSeq melanoma panel identified a low-frequency BRAF V600E mutation 

(0.35%). This mutation was not identified in the pan-cancer NGS analysis conducted on the 

same cfDNA sample. The inability to detect this mutation could have resulted from a 

combination of two factors. Firstly, to generate pan-cancer sequencing libraries, two initial 

cycles of PCR were conducted to attach the UMTs to the DNA fragments. The protocol to 

generate AmpliSeq HD sequencing libraries includes three cycles of PCR. Secondly, since the 

frequency of this mutation detected by AmpliSeq NGS is very low, sampling error or cfDNA 
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degradation could have led to this observed variability. Analytical variables that could 

contribute to differences in sensitivity are further discussed in 6.5.7.   

For patient NET012, a TP53 G244D mutation was identified cfDNA analysis with the AmpliSeq 

HD three-gene panel. However, the pan-cancer NGS analysis conducted on the same cfDNA 

sample did not identify this mutation. In addition, a custom ddPCR assay designed to detect 

TP53 G244D did not identify any ctDNA in the patient plasma. This result suggests that the 

AmpliSeq HD analysis result may have been a false positive. Interestingly, for this patient, a 

mutation in IDH2 R140 was reported in the pan-cancer sequencing (VAF 0.15%). Since no 

ddPCR assay had been designed, this mutation could not be validated. While mutations in 

IDH2 have been commonly associated with haematopoietic and lymphoid cancers, they have 

also been identified in the PBL gDNA from healthy individuals, and it has been suggested that 

IDH2 mutations may be derived from CH [533, 534]. Future work would include investigating 

the patient PBL gDNA to identify whether this mutation may be derived from CH.  

Overall, for one melanoma patient sample, the cancer-specific AmpliSeq HD NGS panel did 

detect a low-level mutation that was not detected following pan-cancer analysis. However, 

the results for the remaining samples in this small pilot experiment suggests that a pan-cancer 

panel would be a feasible NGS approach for detecting ctDNA in the plasma of patients with 

different cancer types.  
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5.6 Conclusion 

In this chapter, I have presented three pilot studies to address different clinical questions. For 

clinical question one (distinguishing pNET from PDAC), ctDNA sequencing did not robustly 

distinguish between a PDAC and pNET identified by radiological imaging. A limitation of the 

patient cohort enrolled in this study was the high number of low grade or localised tumours, 

which may have contributed to the small number of patients in which ctDNA was detected. 

In addition to this, the mutational profiles of KRAS/TP53 in PDACs and MEN1 in pNETs were 

unexpected, which is required for distinguishing between a PDAC and pNET with this 

approach.  

The second pilot study (monitoring disease progression in pNET patients) was conducted to 

evaluate the ability of personalised ddPCR assays to complement the standard of care 

surveillance for monitoring pNET patients over time. Despite sample size limitations, our 

results suggest that after further study with larger sample sizes, this could represent a feasible 

surveillance approach for selected pNET patients.  

Finally, a pan-cancer strategy was shown to be a successful approach for detecting mutations 

in the cfDNA from patients with five different cancer types. This was particularly evident in 

the BrCa samples, where mutations and ERBB2 gene amplifications were detected. Our 

results suggested that a pan-cancer approach may potentially be equivalent to custom 

AmpliSeq panels. Implementing a single pan-cancer NGS panel to detect mutations in multiple 

cancer types could have significant benefit. Further investigations into how ctDNA analysis 

assays can be developed for possible clinical validation will be investigated in Chapter 6.   
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Chapter 6 Towards clinical implementation of ctDNA analysis   

6.1 Introduction 

The research presented in the previous chapters of this thesis was performed to assess 

whether ctDNA analysis technology could be feasible for clinical implementation in NZ cancer 

care. In Chapter 3, a technical evaluation of three different genomic analysis platforms to 

detect ctDNA mutations in plasma (Mass Spectroscopy, ddPCR and NGS) was conducted, and 

from this, NGS and ddPCR approaches were selected for further patient sample analysis. Then 

in Chapter 4, I showed that the results of NGS and ddPCR assays for the analysis of ctDNA 

from two melanoma patient cohorts were concordant, moderately sensitive, and specific. 

These results encouraged further investigation in Chapter 5 as to whether ctDNA analysis 

approaches may have clinical utility in other cancer types. In this final results thesis chapter, 

I describe the investigation of several specific aspects of assay design and optimisation 

required in preparation for clinical implementation of ctDNA analysis platforms in NZ.  

 

6.1.1 The potential role of ctDNA assays in precision oncology in New Zealand 

In previous chapters, I described the potential role of ctDNA analysis in precision oncology 

and its rapid entry into clinical practice internationally through numerous clinical trials. 

Recent FDA approvals for plasma ctDNA multigene screening assays have led to increased use 

of these assays in clinical decision-making. However, in NZ, the opportunities that plasma 

ctDNA analysis offer to precision oncology may be different from opportunities in other 

countries. In NZ, there is clear inequity in cancer outcomes between Māori and non-Māori 

[229, 235], and to a lesser extent between patients living in geographically remote and urban 

regions [249]. In some regions, Māori are more likely to live in geographically remote settings 

than non-Māori, compounding the disparity [249]. The development of the capacity for 

collecting blood samples in cell-stabilising tubes that allow for delayed processing, along with 

the implementation of minimally invasive liquid biopsy assay to monitor ctDNA, may provide 

one of many tools for addressing these issues.  
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6.1.2 Platforms for the analysis of ctDNA samples in a clinical setting 

The identification of ctDNA mutations in blood plasma cfDNA can be performed using several 

different genomic analysis platforms. While ddPCR is considered the most sensitive and 

quantitative method for assessing mutation levels in patient plasma samples, the number of 

mutations that can be investigated within a single sample is generally limited to 1-2 [535]. 

Between the ddPCR and NGS, NGS platforms allow the simultaneous identification of multiple 

unknown mutations within a patient plasma sample. However, in general, the sensitivity of 

NGS is limited by the inherent error rate of the PCR amplification step with Taq polymerase 

during the creation of the sequencing library (0.1%-1%) [177]. Several other variables, such 

as secondary structures and GC-content present in DNA regions being investigated, can result 

in some DNA regions being amplified less efficiently than others [536, 537]. Finally, inhibitors 

that can be co-purified from plasma samples can also interfere with enzymatic steps of the 

library preparation for NGS, which is less of an issue for ddPCR due to the template 

partitioning [367]. In the past five years, technical developments have led to significant 

improvement in the sensitivity and specificity of diagnostic sequencing methods [538]. These 

improvements include the incorporation of unique molecular tags (UMTs; also known as 

unique molecular identifiers, UMIs) before the PCR amplification step of sequence library 

preparation, allowing accurate bioinformatic identification of duplicates [397], and improved 

bioinformatics tools [395].  

In the clinical setting, the process of the development and implementation of ctDNA analysis 

assays remains difficult, arduous, and hugely expensive, making it an unrealistic goal for most 

laboratories to achieve [159]. Even for the assays that have obtained clinical accreditation, 

two recent publications have raised concerns about the lack of reproducibility between 

mutations identified in the same ctDNA samples by different providers [318, 412]. Pre-

analytical variables that can occur before ctDNA analysis have been identified as sources of 

significant discordance. The urgent need to generate guidelines and procedures for the 

development and ongoing assessment of ctDNA analysis assays in a clinical context has been 

recognised [333, 387].  
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6.1.3 BloodPAC Consortium for the clinical advancement of liquid biopsy NGS 

For solid tumour analysis by NGS, guidelines for clinical validation have progressively 

emerged, and consensus recommendations were generated by the Association for Molecular 

Pathology and College of American Pathologists in 2017 [210]. These recommendations 

define both an optimisation and familiarisation (O&F) phase, followed by a clinical validation 

phase (see Introduction section 1.4.1, above). Paralleling this solid tumour consensus for 

ctDNA, an international consortium, Blood Profiling Atlas in Cancer Project (BloodPAC), was 

formed in October 2016 [391]. BloodPAC includes academic, government, biotechnology, 

diagnostic, and pharmaceutical representatives. One goal is to create a collaborative 

infrastructure for liquid biopsy assay development [391]. In 2020, an Analytical Variables 

Working Group, in collaboration with the FDA, published a set of generic analytical validation 

standards for developing ctDNA sequencing assays. These recommendations were designed 

to ensure the robust standardisation of NGS-based ctDNA assays to inform treatment 

decisions while specifically addressing the unique challenges of ctDNA testing [388]. The 

intent of creating generic analytical validation protocols by BloodPAC is solely to demonstrate 

and document assay performance, independent of technology or design [388].  

A key difference between the recommendations for solid tumour NGS and those made by 

BloodPAC is that the BloodPAC protocols refer to the final clinical validation of a “locked test”. 

All aspects of the development of the ctDNA assay, including extraction method, blood 

collection tubes and sequencing technology, need to be addressed before starting the clinical 

validation process. While BloodPAC does not define protocols for the pre-clinical validation 

steps, these align closely to the O&F phase for solid tumour NGS (Figure 50) [210]. 

In total, four methods for the development of standards and 11 analytical validation protocols 

were suggested [388]. The methods for developing standards included (i) collection of normal 

human plasma, (ii) collection of patients cfDNA samples with known mutations, (iii) extraction 

of mutant-positive ctDNA from the supernatant of cell line cultures and (iv) extraction of cell 

line gDNA. For all standards containing mutations, the fraction of ctDNA should be 

quantitated and diluted into normal cfDNA to the desired minor allele frequency (MAF). The 

11 BloodPAC analytical validation protocols and a schematic of how these validation protocols 

may fit together with an O&F phase for assay design are proposed in Figure 50. 
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Figure 50  BloodPAC recommendations for the clinical validation of liquid biopsy NGS 
BloodPAC protocols have been defined as generic recommendations for validation of sequencing for ctDNA analysis [388]. Contrived Sample Functional 
Characterization Study (CSFCS) can be conducted under an O&F phase, but all clinical validation needs to be conducted after the assay is locked. UMT=unique 
molecular tag. LOB=Limit of blank. LOD=limit of detection. LOQ= limit of quantification.  PPA=positive percentage agreement. PPV=positive predictive value.
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With the BloodPAC recommendations, there is only one point of overlap between the O&F 

and the clinical validation phases. Following the development of standard material for the 

contrived sample functional characterisation study (CSFSC), pooled samples can be aliquoted, 

frozen, and used for both the O&F and clinical validation phase of assay development. While 

the data generated from the O&F cannot be used for clinical validation, the samples analysed 

as part of the CSFC study can be combined to support the number required for the limit of 

detection (LOD) or linearity study. The utilisation of the patient NGS data helps somewhat to 

reduce the overall number of samples that require analysis to achieve validation [388].  

Zooming out to implementation in the NZ clinical setting, while clinical implementation of 

ctDNA analysis will be invaluable for addressing inequity in providing cancer care to NZ 

patients, significant technical and implementation challenges lie ahead. The work in this 

chapter attempts to address some of the more obvious and important challenges in 

preparation for expanded NZ clinical trials of ctDNA analysis. 
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6.2 Chapter aims 

Seven main aims will be addressed in this chapter. These cover different aspects that need to 

be addressed to develop ctDNA analysis assays towards clinical implementation. Each aim is 

detailed below.  

1. Establish positive controls for thresholding ddPCR assays and define the false-positive 

rates for each ddPCR assay.  

2. Assess a commercially available reference material containing multiple mutations as 

a positive control for NGS. 

3. Evaluate the reproducibility of cfDNA extraction from patient plasma samples. 

4. Test the effect of freeze-thaw cycles of cfDNA template on the reproducibility of 

ddPCR assays.   

5. Evaluate the concordance between mutations identified by AmpliSeq NGS and the 

orthogonal validation of these with ddPCR assays.  

6. Determine the ability to identify mutations in ctDNA isolated from plasma collected in 

cell-stabilising and standard EDTA tubes. 

7. Investigate the origins of mutations of unknown significance identified in cfDNA from 

plasma and whether they could be from non-tumour origins.  
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6.3 Methods 

6.3.1 Sample collection and processing 

Six healthy volunteers were consented, and blood samples collected under NZ HDEC ethical 

approval 14/NTA/138. All samples were collected between December 2015 to December 

2019. Blood samples were processed as described in section 2.1.1. To investigate the genomic 

landscape of cfDNA isolated from healthy volunteers, cfDNA was isolated from their plasma 

with the QIAamp Circulating Nucleic Acid Kit and analysed by AmpliSeq three-gene NGS panel 

(section 2.3.1 and 2.7.4). Only minimal patient demographics information was available for 

these volunteers, including age (ranging 54-73) and that they were in good health with no 

previous cancer diagnosis.  

 

6.3.2 Developing reference material for ddPCR assays  

In order to create a reference control sample that falls robustly within the reasonable dynamic 

range that would be expected for patient ctDNA quantification by ddPCR [381, 539],  synthetic 

double-stranded DNA fragments containing either a WT or mutant nucleotide for common 

melanoma mutations were synthesised (gBlocks IDT). These gBlock fragments ranged 

between 143bp to 393bp. All gBlock fragments were cloned into the vector pGEM-T Easy 

(section 2.4.3). Serial dilutions of the cloned gBlocks were created to identify the appropriate 

concentration of WT and mutant constructs that would yield between 3-100 copies/mL 

following ddPCR quantitation. A tenfold dilution series between 1ng/µl to 1fg/µl of WT and 

mutant constructs was created with nuclease-free water, and the ctDNA was quantitated by 

ddPCR (section 2.5.2). 

 

6.3.3 Determination of the false positive rate for ddPCR 

The false-positive rate (FPR) was determined for each ddPCR assay by running three reactions 

of ddPCR containing WT DNA (80fg cloned gBlock of WT sequence) in each reaction. For the 

TERT promoter ddPCR assays, the FPR was determined with 100ng of cell line gDNA (section 
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2.4.1). When a ddPCR assay was conducted with only WT template, the FPR was defined as 

the number of false-positive droplets as a proportion of total WT droplets detected. The 

ddPCR experiments were performed with the optimal annealing temperature of 61.4oC 

(section 3.4.1.1).  

 

6.3.4 Reference control samples for NGS with the Oncomine Pan-Cancer Cell-Free 

Assay 

Three concentrations of the commercially available reference control sample Seraseq ctDNA 

Complete Mutation Mix (SeraCare) (subsequently referred to as Seraseq) were utilised to 

investigate the sensitivity to detect multiple mutations with the Oncomine Pan-Cancer Cell-

Free Assay. The Seraseq reference control sample contained 25 mutations across 16 genes at 

an approximate VAF of 5%. Three dilutions of the reference control sample containing 

mutations at a frequency of approximately 1%, 0.5% and 0.25% were created by serial dilution 

of the Serseq 5% reference control sample with the Seraseq ctDNA Complete Mutation Mix 

WT (SeraCare). The creation of contrived reference control samples was conducted in line 

with the BloodPAC recommendations [391]. 

Three Oncomine Pan-Cancer Cell-Free NGS libraries were created with the three dilutions of 

the Seraseq ctDNA reference sample (section 2.7.5). These libraries were quantitated (section 

2.2.2), run on the Ion Torrent S5 sequencing system (section 2.9), and NGS analysis was 

performed with Ion Reporter software version 5.14 (section 2.9).  

 

6.3.5 Collection and processing of cell-stabilising blood collection tubes for ctDNA 

To investigate the utility of cell-stabilising blood tubes, 33 melanoma patient blood samples 

were collected in both EDTA and Roche Cell-Free DNA Collection tubes. Three EDTA tubes of 

blood (approximately 10mL each) was collected and processed by centrifugation for plasma 

and buffy coat samples within four hours of collection. One Roche Cell-Free DNA Collection 

tube of blood (approximately 8mL) was collected, and the plasma was processed after storage 

at room temperature for seven days (section 2.1.1). cfDNA was extracted from plasma 
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samples collected in both EDTA and Roche Cell-Free DNA Collection tubes (section 2.3.1), and 

then ddPCR performed on specific mutations, as identified in Chapter 4.  

 

6.3.6 Isolation of gDNA from blood leukocyte DNA 

Peripheral blood leukocyte (PBL) DNA was extracted from the buffy coat portion of whole 

blood using the QIAamp blood mini  (section 2.3.3). 20ng of PBL gDNA was used as a template 

for ddPCR analysis (section 2.5.2) to investigate whether the mutations identified in patient 

plasma samples were from CH origin.  
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6.4 Results 

6.4.1 Development of reproducible positive controls for ddPCR 

To ensure the consistent and reproducible quantitation of mutations by ddPCR analysis, 

synthetic double-stranded DNA (gBlock) fragments were designed to the WT or mutant 

sequences of the ten most frequently mutated melanoma mutations (as identified in Chapter 

4). Previous experience in our laboratory had identified that resuspended, native gBlocks 

were prone to degradation, especially after multiple freeze-thaw cycles. To stabilise the 

gBlocks, these were cloned into the pGEM-T Easy vector. Restriction analysis with EcoRI was 

conducted on the putative positive pGEM-T Easy clones to release the cloned fragment from 

the vector backbone. These reactions were then visualised on an agarose gel following 

electrophoresis, and when the anticipated DNA fragment size was identified, Sanger 

sequencing was conducted to confirm the correct sequence. Representative examples of the 

construct cloning and confirmation are shown in Figure 51. 
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Figure 51  Cloning of gBlock fragments as positive controls for ddPCR assays 
Representative examples of the cloning of NRAS WT, NRAS Q61K and NRAS Q61R gBlock fragments into the plasmid vector pGEM-T Easy. Each gBlock contains 
either the WT nucleotide or the nucleotide that leads to a protein-coding change. Confirmation of the cloning of the g-Block fragment into the pGEM-T Easy 
vector was performed with EcoRI restriction analysis. Agarose gel electrophoresis of the restriction digested reaction allowed the visualisation of the expected 
gBlock fragment (158bp) and the pGEM-T Easy backbone (3,000bp). Sanger sequencing confirmed the presence of the correct nucleotide (as highlighted in 
yellow). The nucleotide sequences of the gBlock fragments are shown in section 2.4.3. 
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We wanted to determine a suitable concentration of gBlocks that would allow ongoing quality 

assurance and to ensure the reproducibility of ddPCR assays. For the BRAF V600E ddPCR 

assay, a ten-fold dilution series of constructs (with WT and mutant constructs combined at 

equal amounts) was tested at final concentrations between 1ng and 1fg. For the highest three 

concentrations, the ddPCR reaction was saturated, meaning that every ddPCR droplet had a 

template present, so these results could not be included in the analysis. The 100fg 

concentration produced too many double-positive droplets to provide accurate quantitation, 

but the lowest two concentrations (10fg-1fg) were within the dynamic range for quantitation 

by ddPCR [360]. The 2-D plot for the ddPCR quantification of 100-1fg gBlock constructs for 

BRAF WT and BRAF V600E is shown in Figure 52.  

 

 

Figure 52  Quantitation of positive control constructs for ddPCR of BRAF V600E 
WT and BRAF V600E constructs were combined to make a final concentration of (a) 100fg, (b) 10fg 
and (c) 1fg, and these were used as a template to detect BRAF V600E by ddPCR assay. Blue droplets 
represent the detection of the mutant construct. Green droplets represent the detection of the 
construct with the WT sequence. Orange droplets represent the detection of both mutant and WT 
constructs. Grey droplets have no target DNA amplification. 

 

Based on the results generated for the BRAF V600E gBlock constructs, 10fg and 1fg dilutions 

of the gBlock constructs for the seven of the most frequently used ddPCR screening assays in 

this thesis were conducted. These results from these ddPCR reactions are shown in Table 30. 

The nucleotide sequences of each gBlock is shown in section 2.4.3.   
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Table 30  Quantitation of two dilutions of cloned gBlock constructs by ddPCR 
ddPCR assays were performed using templates from both WT and mutant gBlock constructs at a final 
template concentration of 10fg and 1fg. The copies of WT and mutant droplets per reaction are 
reported. 

Constructs in assay  10fg constructs copies/L 

       mutant                      WT 

1fg constructs  copies/L 

      mutant                      WT 

BRAF WT and V600E 24.7 29.9 4.0 7.2 

BRAF WT and V600K 19.8 32.2 2.14 7.2 

BRAF WT and K601E 29.6 29.4 2.4 6.5 

NRAS WT and Q61K 27.9 34.8 2.4 3.4 

NRAS WT and Q61R 21.5 26 4.5 3.2 

TP53 WT and Y163H 33.3 38.7 3.08 1.3 

TP53 WT and E287K 28.8 43.1 2.72 4.7 

 

Following analysis of the gBlock constructs by ddPCR assay, the number of positive droplets 

identified for each mutant and WT products for the two dilutions did not demonstrate the 

expected level of linearity for mutation quantitation. One possible explanation could be 

variability in pipetting introduced during the serial dilution of the constructs that may have 

impacted the linearity of the number of droplets detected. 

 

6.4.2 Defining the false-positive rates for ddPCR assays 

ddPCR assays are designed to accurately differentiate between two templates that vary by 

only 1-2 base pairs; therefore, strict assay design parameters must be followed [540]. Despite 

best efforts, false-positive droplets can arise from several different sources. These include 

non-specific hybridisation of probes, optical errors, high template concentrations, and 

biological sources such as template contamination [416, 541]. The rate at which aberrant 

false-positive droplets are generated needs to be determined for each ddPCR assay. This is 

calculated following analysis of WT template only with each ddPCR assay. By defining the false 

positive rate (FPR) for each assay, a threshold can be set above this level to allow confidence 

to report a positive mutation in a patient cfDNA sample [542]. For each custom ddPCR assay 

designed to detect ctDNA mutations from melanoma, the FPR rate was determined 

separately by setting up three independent ddPCR reactions using only WT gBlock constructs 

as template. For each ddPCR assay, a high concentration of WT DNA template was used to 
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generate between 2000-10,000 WT positive droplets per ddPCR reaction. For five ddPCR 

assays, no false-positive droplets were identified. For the remaining four ddPCR assays, 

between 2 and 6 false-positive droplets were detected. An example of a false positive droplet 

generated with the BRAF V600E ddPCR assay is shown in Figure 53a. The FPR rate for each 

ddPCR assay was calculated by dividing the number of false-positive droplets by the total 

number of WT copies detected (Figure 53b).   

The calculated FPR rate for all melanoma ddPCR assays was very low (<0.03%). This FPR is in 

line with what has been reported [380]. However, two FP droplets were generated in a single 

ddPCR reaction for both BRAF V600E and NRAS Q61K. If two FP droplets were generated in a 

patient cfDNA sample analysed by ddPCR assay, this would equate to detecting a mutation at 

approximately 2 copies/mL plasma. To ensure confident reporting of positive mutations by 

ddPCR assay, a threshold of >2.5 copies/mL plasma was implemented before a patient sample 

would be considered positive for the detected mutation. This threshold was applied to all 

patient ctDNA samples analysed by ddPCR in this thesis.  

All remaining ddPCR assays used in this thesis (Chapter 5) were designed to detect one 

mutation in a single patient sample test. A preliminary investigation into the FPR was 

performed with a single ddPCR reaction. No false positives droplets were observed for any of 

these ddPCR assays when WT only template was analysed (data not shown). As these assays 

were used for a proof-of-principal study, no further investigation was conducted into the FPR 

at this time.   
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Figure 53  Example of a false-positive result for ddPCR assay and FPR results from nine ddPCR assays 
The FPR rate was determined for nine ddPCR assays using 80fg WT gBlock or 100ng cell line gDNA (TERT promoter ddPCR assays). (a) An example of a false 
positive droplet detected in the WT template by BRAF V600E ddPCR assay is shown as a blue dot. Droplets containing WT BRAF template are shown as green 
dots. Droplets with no target DNA amplification are shown as grey dots. (b)The FPR was calculated by dividing the total number of false-positive mutant 
droplets detected in the three ddPCR reactions by the total number of WT droplets. 
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6.4.3 Investigate commercial reference control samples for ctDNA analysis by NGS  

Due to the requirement for robust quality control (QC) and quality assurance (QA) in a clinical 

testing environment, a commercial multiplex reference control sample was evaluated with 

the Oncomine Pan-Cancer Cell-Free Assay. Three Seraseq reference pools were created, each 

containing different frequencies (0.25%, 0.5% and 1%) of mutations. Following pan-cancer 

library construction and NGS, Ion Reporter bioinformatic software reported 12/25 mutations 

in the Seraseq reference control samples. The frequency of each of the 12 mutations detected 

in the 0.25%, 0.5% or 1% reference samples is shown in Figure 54.  

 

 

Figure 54  Detection of dilutions of the Seraseq reference control sample by pan-cancer NGS 
The reported VAF of 12 mutations detected following NGS analysis with the Oncomine Pan-Cancer 
Cell-Free Assay is plotted for the three different frequency Seraseq reference samples (0.25%, 0.5% 
and 1%).   

 

For each dilution of the Seraseq reference standard, the 12 mutations were detected by NGS 

analysis down to 0.25% frequency. While the detection of these mutations was relatively 

linear across the dilutions, some mutations were detected at higher or lower than the 

expected frequency (e.g. NRAS Q61R and KRAS Q61H, respectively). In addition to the 12 
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mutations detected following pan-cancer NGS, a further 13 mutations present in the Seraseq 

reference sample were not reported from the pan-cancer NGS analysis. While ten of these 

mutations were not included in the sequencing panel design, the remaining three mutations 

were in regions of low sequencing depth. One of these mutations not detected was EGFR 

L858R (c.2573T>G). This mutation is one of the most prevalent mutations in lung cancer, and 

the detection of this mutation confers sensitivity to a range of different TKI treatments [543]. 

Following the manual inspection of the NGS data in IGV, this particular amplicon had low 

sequencing coverage. In contrast, the mutation EGFR T790M (c.2369C>T) located nearby had 

good sequencing coverage and was reported. These results suggest that there might be an 

issue with the amplicon design for the region surrounding the EGFR L858R mutation. 

Overall, robust detection of the 0.25% Seraseq reference standard at the sequencing depth 

(29,000 reads) was achieved. Based on this result, we would be confident in reporting a 

mutation in a patient cfDNA sample at a frequency of >0.25%. The use of the reference 

material allowed the identification of the region with low sequencing coverage, and so for 

this amplicon, a sensitivity of 0.25% was not achieved. 
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6.4.4 Investigate the reproducibility of cfDNA extraction of patient plasma samples 

For 38 patient plasma samples, cfDNA was extracted from two different aliquots of plasma at 

different times. Following cfDNA extraction with the QIAamp Circulating Nucleic Acid Kit, the 

concentration of each eluate was determined by Qubit fluorometry and is plotted as ng/L in 

Figure 55.  

 

Figure 55  Scatterplot showing the concentration of cfDNA following two separate extractions of 
patient plasma samples 
cfDNA was isolated from 38 patient plasma samples on two separate days. The variability in the 
eluate cfDNA concentration determined by Qubit fluorometry is plotted as ng/mL. The correlation 
coefficient was R2=0.9624. The trendline is shown in blue. 

 

Our results show that for some cfDNA extractions, the concentration of the eluate had a much 

higher than expected level of variability. Our results are in line with a report in the literature 

that found there was variability in the cfDNA extraction efficiency with the QIAamp Circulating 

Nucleic Acid Kit [333]. In addition, the authors suggest that quantitating cfDNA by Qubit 

fluorometry may also introduce some variability [333]. Future investigation to fully explore 

the impact of the variability introduced during the extraction and quantitation of cfDNA. 
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6.4.5 Investigate the reproducibility of ddPCR on cfDNA samples following separate 

freeze-thaw cycles 

The effect of multiple freeze-thaw cycles on the integrity of cfDNA was investigated as a 

possible source of variability for ctDNA analysis by ddPCR assay. To investigate the impact of 

this, cfDNA from 65 plasma samples was quantitated by ddPCR analysis on defrost samples 

on two different days. The differences in the levels of ctDNA quantitated across five different 

ddPCR assays is shown in Figure 56. 

Following one or two freeze-thaws of patient cfDNA samples, the expected mutation was 

detected by ddPCR assay in both reactions for 62/65 samples (95%). The concentration of 

ctDNA quantitated by ddPCR demonstrated a correlation coefficient of R2=0.9984. For three 

cfDNA samples, the ddPCR assay detected a BRAF V600E mutation in the template after one, 

but not two freeze-thaws. However, for all three of these samples, the concentration of the 

mutation was very low (<4 copies/mL plasma), and it may have been other factors such as 

stoichiometric sampling that resulted in this variability. Another possible factor that could 

have impacted the detection of ctDNA was the low concentration template that these three 

samples had in the ddPCR assay. For these three samples, the average template input for the 

ddPCR assay was 3.75ng. In comparison, the average cfDNA input for the remaining 62 cfDNA 

samples was 8.3ng. It has been shown that there is increased variability in quantification when 

the input cfDNA concentration is low [544].  
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Figure 56  Scatterplot showing the quantitation of ctDNA following one or two freeze-thaw cycles 
The concentration of ctDNA by ddPCR assay following one freeze-thaw is plotted on the x-axis. The 
concentration of ctDNA in the same sample by ddPCR assay following a second freeze-thaw is plotted 
on the y-axis. Each coloured circle represents a different mutation quantitated by ddPCR assay. The 
correlation coefficient was  R2 =0.9984. The blue dotted line that is drawn represents the threshold 
for reporting a mutation of  >2.5 copies/mL input plasma. The trendline is shown in yellow. 

 

Overall, these results suggest that the quantitation of mutation by ddPCR assay is robust. If 

required, repeating a ddPCR analysis on a stored cfDNA sample is unlikely to affect the test 

result. 
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6.4.6 Investigate the correlation between the mutations identified by AmpliSeq 

NGS and ctDNA quantitation by ddPCR 

The majority of the research presented in this thesis combines the identification of mutations 

in patient plasma by AmpliSeq NGS and the quantitation of the ctDNA in plasma with 

mutation-specific ddPCR assays. Following NGS and bioinformatic analysis, the number of 

variant molecular tags (VMTs) were reported for each mutation. To investigate the relative 

sensitivity and quantitation of the NGS, the number of VMTs reported for each mutation were 

directly compared to the number of copies/mL quantitated by ddPCR in the cfDNA from 

patient plasma.  

In total, NGS with the AmpliSeq melanoma panel was performed on 42 different plasma 

samples collected from 18 individual melanoma patients. Bioinformatic analysis of the NGS 

data identified 62 different ctDNA mutations, and for each, a ddPCR assay designed to detect 

the individual mutation was conducted on the cfDNA sample. For each mutation detected by 

NGS analysis, the corresponding mutation was orthogonally validated by ddPCR assay. This 

gave a positive predictive value (PPV) of 1, and the correlation coefficient was R2=0.831. 

(Figure 57).  
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Figure 57  Scatterplot showing the correlation between the number of VMTs detected by NGS and 
the quantitation of ctDNA by ddPCR assay 
Following NGS of patient cfDNA samples, the number of VMTs reported for a mutation is plotted on 
the x-axis. For all mutations detected by NGS, the corresponding ddPCR assay was used to quantitate 
this mutation in the patient cfDNA and is presented on the y-axis as copies/mL plasma. The coloured 
circles represent the different mutations identified by NGS and quantitated with ddPCR assays. The 
correlation coefficient was  R2 =0.831. The trendline is shown in blue. 
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6.4.7 Can the identification of ctDNA mutations be affected by using cell-stabilising 

collection tubes in place of EDTA collection tubes? 

A key issue with blood samples collected in standard EDTA tubes is that plasma requires 

processing within four hours [329]. Specialised cell-stabilising collection tubes, such as the 

Roche Cell-free DNA collection tubes, ensure the stability of the blood cells. The collection of 

blood in these tubes allow for delayed processing (up to 14 days) (further described in section 

1.7.1.1). For clinical testing, there are significant advantages to collecting samples that do not 

require immediate processing, especially where samples may be collected from patients in 

geographically remote locations. Based upon the experience of pathologists working in NZ, 

seven days was selected as a realistic time frame for samples to be shipped from 

geographically remote sites to a centralised processing laboratory.  

Therefore, to investigate how well ctDNA mutations could be detected in plasma from EDTA 

and cell-stabilising tubes, 33 different blood samples were collected from 19 melanoma 

patients in both standard EDTA and Roche Cell-free DNA collection tubes (subsequentially 

referred to as cell-stabilising). For each of these patients, mutations had been identified in 

the ctDNA analysis conducted in Chapter 4 following EDTA blood collection with immediate 

processing (up to 4 hours). In contrast, the equivalent blood samples collected in cell-

stabilising tubes were processed for plasma after storage for seven days at room 

temperature. For each cfDNA sample isolated from EDTA and cell-stabilising tubes, ddPCR 

assays were conducted to quantitate the relevant ctDNA mutation. For 30/33 (91%) of the 

patient samples, the same mutation was detected in the EDTA blood and the cell-stabilising 

blood samples. In addition, when the concentration of ctDNA detected by ddPCR assay for 

blood samples collected with the two tube types was plotted, a correlation coefficient of 

R2=0.8907 was observed (Figure 58). These results also included 12 patient samples where 

the ctDNA for the known mutation was not detectable in samples collected with either tube 

type.  
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Figure 58  Scatterplot showing a comparison of the results from ddPCR assays for ctDNA mutations 
in blood samples collected in either EDTA or cell-stabilising tubes 
The quantitation by ddPCR assay for mutation detection in EDTA collected blood samples is plotted 
on the x-axis. The cell-stabilising collected blood samples are plotted on the y-axis. For each patient 
plasma sample, the known mutation was quantitated by ddPCR and reported as copies/mL plasma. 
The coloured circles represent the different mutations identified and quantitated by ddPCR assay. The 
correlation coefficient was  R2=0.8907. The trendline is shown in blue. 

 

For three samples, ctDNA was only detected in either the EDTA tube (n=2) or the cell-

stabilising tube (n=1). The concentration of ctDNA was relatively low (<13 copies/mL of 

plasma) for all three of these samples. The discordance observed may be due to variability in 

either the purification of cfDNA or the quantitation by ddPCR assay, which can occur when 

mutations are present at low concentrations. In addition, for many of the ctDNA samples 

analysed from the two tube types, the mutation quantitated by ddPCR assay showed some 

variability. Several factors could have contributed to these differences, including the different 

blood tube types and cfDNA isolation efficiencies identified in section 6.4.4. Despite these 

differences, we have concluded that both the EDTA and cell-stabilising blood collection tubes 

performed equally in our study. 
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The utility of cell-stabilising tubes for ctDNA NGS analysis was also evaluated in a small study 

that included samples from three patients. For these three patients, AmpliSeq HD NGS had 

been conducted on the EDTA collected blood sample. Following NGS analysis, between two 

and six mutations were detected in the patient cfDNA samples (Chapter 4). For these patients, 

a blood sample had also been collected in the cell-stabilising tube. cfDNA isolated from this 

plasma was then used as a template for creating an AmpliSeq HD melanoma library. Following 

NGS analysis of the cfDNA, our results showed that all mutations detected in the EDTA 

collected sample were also detected in the cell-stabilising tube sample. Interestingly, two 

mutations were detected at a low VAF in samples collected in cell-stabilising tubes and not in 

the EDTA collected blood. The concordance between the detection of mutations in NGS 

conducted on cfDNA isolated from the EDTA and cell-stabilising blood tubes and the relative 

frequency detected (expressed as a VAF) is shown in Table 31. 

 

Table 31  Mutations identified by NGS by AmpliSeq melanoma of EDTA and cell-stabilising blood 
samples 
Three patient samples were collected in both EDTA and cell-stabilising tubes. Isolated cfDNA from 
both tube types was analysed by NGS with the AmpliSeq HD melanoma panel. The mutations 
identified in the sequencing are reported as a VAF.   

Patient sample Mutation Identified EDTA cfDNA VAF % Cell-stabilising 
cfDNA VAF % 

MEL0017P6 BRAF V600E (c.1799T>A) 

SPATA8 E18K (c.52G>A) 

17.7% 

11.6% 

20.9% 

6.2% 

MEL0021P6 BRAF V600E (c.1799T>A) 

STK19 C84R (c.250T>C) 

CDKN2A W110*(c.330G>A) 

NF1 R440* (c.1318C>T) 

NRAS Q61R (c.182A>G) 

TP53 Y163H (c.487T>C) 

7.9% 

2.7% 

1.8% 

0.64% 

Not detected by NGS 

Not detected by NGS 

15.1% 

0.35% 

0.57% 

 1.7% 

0.51% 

0.8% 

MEL0045P4 BRAF V600E (c.1799T>A) 

TP53 Y163H (c.487T>C) 

0.3% 

0.34% 

0.5 

0.7 
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While there was a concordance of 80% for the mutation detected in the two tube types of 

80% (8/10), our results also showed some differences in the relative abundance of ctDNA 

detected for these three patient samples. There could be several explanations for these 

observed differences, including the collection tube with delayed processing and variability in 

the cfDNA extraction, library generation, and NGS process. While two mutations were not 

detected by NGS from the EDTA collected blood, both mutations were confirmed by ddPCR 

assay. The results from this quantitation suggest that the sample collected in the EDTA tube 

for patient MEL0021 had less ctDNA than the sample isolated from the cell-stabilising tube 

(e.g. NRAS Q61R was quantitated at 29 copies/mL in the cell-stabilising tube, but 5 copies/mL 

in the EDTA sample). Based on this result, we hypothesise that the lack of detection in the 

EDTA sample may reflect differences in cfDNA extraction. 

Overall, despite the differences observed in the relative frequency of the mutations detected, 

these results suggest that NGS analysis of samples collected in cell-stabilising tubes with 

delayed plasma processing are likely to be suitable for NGS-based ctDNA analysis.   
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6.4.8 Investigate the impact of variants of unknown significance for ctDNA analysis 

One complication for ctDNA analysis research is the identification of apparent mutations that 

are of unknown significance. Results generated throughout this thesis identified two 

recurrent TP53 mutations (TP53 Y163H and TP53 E287K) in the cfDNA isolated from multiple 

cancer types. The significance and the source of these two mutations in our patient cohort 

samples are currently unknown. These TP53 mutations were identified in cfDNA isolated from 

melanoma, PDAC and pNET patient plasma samples (Table 32). 

 

Table 32  Detection of TP53 Y163H and TP53 E287K mutations in ctDNA samples 
Following the analysis of cfDNA samples with AmpliSeq NGS, mutations were identified for either TP53 
Y163H, TP53 E287K, or both in melanoma, PDAC and pNET patient cfDNA samples. 

Samples TP53 Y163H only TP53 E287K only TP53 Y163H and E287K 

Melanoma 8 patients 0 patients 6 patients 

PDAC 2 patients 0 patient 1 patient 

pNET 3 patients 1 patient 0 patients 

 

For each patient cfDNA sample (Table 32), the TP53 Y163H and TP53 E287K mutations were 

orthogonally validated by ddPCR assay. For six of these patients, tumour gDNA was available 

for analysis (four melanoma, 1 PDAC and 2 pNETs). However, TP53 Y163H or TP53 E287K was 

not identified in the tumour gDNA analysed by NGS or ddPCR assay. From this preliminary 

analysis, our results suggest these TP53 mutations may not be tumour derived.  

To investigate whether these two TP53 variants may be present in the normal population, a 

pilot experiment was conducted on the cfDNA isolated from six healthy volunteers. Both NGS 

with AmpliSeq three-gene panel and ddPCR for TP53 Y163H and TP53 E287K mutations were 

conducted on cfDNA isolated from healthy volunteer plasma. Following NGS analysis, no 

mutations were reported for any of the healthy volunteers. Interestingly, following ddPCR 

analysis for TP53 Y163H and TP53 E287K mutations, positive droplets were identified for TP53 

Y163H for one healthy volunteer (23 copies/mL plasma). Since this patient was a healthy 

volunteer, limited patient demographic information was available, and no further analysis 

could be conducted.  
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In the literature, an increasing number of reports have identified that the clonal expansion of 

the haematopoietic system can be a source of variants of non-tumour origin [400, 407, 545]. 

Following NGS analysis of healthy derived PBL gDNA, variants in TP53 have been frequently 

detected [546]. To reduce the possibility that the mutations observed in our cfDNA analyses 

were derived from clonal haematopoiesis (CH), gDNA derived from the PBL portion of the 

blood sample was investigated for a representative group of patients. For these patients, PBL 

gDNA was used as a template for the ddPCR assay to detect the TP53 variant identified in 

their cfDNA sample as well as their putative driver mutation. The results from the ddPCR 

amplification on the PBL gDNA samples are shown in Table 33. 

Following ddPCR amplification of the PBL gDNA, FAM positive droplets were identified for 

three patients (MEL0012, MEL0021 and A0028). For MEL0012, two droplets were generated 

for each of BRAF V600E and TP53 Y163H by ddPCR assay. For MEL0021 and A0028, a single 

droplet was generated for TP53 Y163H and the GB deletion ddPCR assay, respectively. When 

one or two droplets are observed in a ddPCR assay, this would equate to approximately 1-2 

copies of a particular variant detected in a ddPCR reaction. Since 1-2 copies/reaction falls 

within the range observed when the FPR rate was being calculated for each ddPCR assay (as 

described in 6.4.2), the small number of positive droplets generated for these samples could 

be false positives. Overall, in this pilot analysis, our results suggest that the mutations 

identified in the ctDNA from patient plasma samples are unlikely to be derived from CH. Since 

there are other possible non-tumour sources where variants can originate, further research 

would be required to exclude these.   
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Table 33  Table showing PBL gDNA analysed for mutations by ddPCR assay 
PBL gDNA was used as the template for the ddPCR assay to detect mutations identified in the cfDNA. 
The ddPCR assay tested, the nucleotide alteration and the number of droplets detected with the 

ddPCR assay are shown. 

Patient  Tumour Type ddPCR assays 
tested on PBL 
gDNA 

Nucleotide alteration 
detected by ddPCR 

Number of droplets 
detected  

MEL0005 Melanoma BRAF V600E           
TP53 Y163H   

c.1799T>A           
c.487T>C 

0 droplets                        
0 droplets 

MEL0012 Melanoma  BRAF V600E           
TP53 Y163H             
TP53 E287K  

c.1799T>A              
c.487T>C                
c.859G>A 

2 droplets BRAF V600E,                              
2 droplets TP53 Y163H  
0 droplets 

MEL0021 Melanoma BRAF V600E         
TP53 Y163H 

c.1799T>A            
c.487T>C 

0 droplet                                        
1 droplet TP53 Y163H 

MEL0026 Melanoma BRAF V600E  c.1799T>A 0 droplets 

MEL0027 Melanoma BRAF V600E c.1799T>A 0 droplets 

MEL0039 Melanoma BRAF V600E      
TP53 Y163H         
TP53 E287K  

c.1799T>A         
c.487T>C               
c.859G>A 

0 droplets                        
0 droplets                         
0 droplets 

MEL0040 Melanoma BRAF V600E      
TP53 E287K  

c.1799T>A             
c.859G>A 

0 droplets                          
0 droplets 

PDAC003 PDAC KRAS G12S  c.34G>A 0 droplets 

NET004 pNET MEN1 P55fs  c.163_164delCC 0 droplets 

NET005 pNET TP53 P278A c.832C>G 0 droplets 

NET011 pNET TP53 P278A c.832C>G 0 droplets 

NET019 pNET TP53 P278A  c.832C>G 0 droplets 

NET029 pNET TP53 Y234C c.701A>G 0 droplets 

A0028 Gastroblastoma GB deletion  1 droplet  
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6.5 Discussion 

For solid tumour sequencing, a pivotal publication by Jennings et al. separated the clinical 

workflow into two key phases, the O&F phase and the clinical validation phase (as described 

in section 1.4.1) [210]. More recently, specific guidelines for the clinical validation of liquid 

biopsy sequencing assays have been recommended by the BloodPAC consortium [388]. The 

BloodPAC protocols refer specifically to the final clinical validation of a ctDNA analysis test 

that has already demonstrated clinical utility and completed technical evaluation. In Chapter 

6, some technical aspects were evaluated for ctDNA analysis assays [210]. Aspects including 

the development and assessment of reference control samples, testing the reproducibility of 

the ddPCR assays, and identifying the potential impact of non-tumour derived mutations 

were investigated will be discussed below. A schematic proposing how the O&F protocols that 

form the basis of solid tumour NGS may be aligned with the BloodPAC protocols to develop 

ctDNA analysis assays is shown in Figure 50.  

 

6.5.1 Establish positive controls for thresholding ddPCR assays and define the FPR 

for each ddPCR assay 

Developing robust and reproducible reference control sample material is essential for the 

O&F phase of ctDNA analysis test development. Reference or contrived material can be used 

at several of the steps of the validation process and the ongoing quality assurance of the 

ctDNA analysis platform. In this thesis, two different types of reference materials were 

developed and evaluated for the use with ddPCR assays and NGS analysis.  

gBlock fragments designed for common melanoma mutations were cloned into plasmids as 

positive controls for ddPCR assays. Two different gBlock construct concentrations were 

identified as producing a biologically relevant number of positive droplets. These controls will 

need to be included in every ddPCR run to ensure ongoing standardisation and run-to-run 

reproducibility when these assays are used in a clinical setting. Despite the gBlock dilutions 

not demonstrating the expected level of linearity for mutation quantitation due to 

uncontrollable inaccuracies in quantification, our results indicate that these references 
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control samples can now be used as standards. These standards will be aliquoted and frozen 

for single-use purposes.  

For ddPCR ctDNA assays to be translated into a clinical setting, the FPR needs to be evaluated 

for every assay. Several independent factors can contribute to the FPR, ranging from assay 

design, bleed of the fluorescent probe into other channels, high and low concentration 

templates, and optical errors within the ddPCR system [541]. To ensure diagnostic certainty 

for mutation calling by ddPCR, the FPR was determined for ddPCR assays. While the rate we 

observed for our custom ddPCR assays was very low (<0.03%), for two ddPCR assays, two 

false-positive droplets were observed in a single reaction, equivalent to approximately 2 

copies/mL plasma. For this reason, a conservative approach was taken, and a threshold of 

>2.5 copies/mL plasma was set for reporting a mutation by ddPCR analysis. A similar approach 

has been taken for reporting mutations in melanoma by colleagues in Australia [547].  

 

6.5.2 Assess a commercially available multiplex positive control for NGS 

Due to the increased complexity of NGS, the Seraseq complete ctDNA mutation mix reference 

standard was investigated as a control for NGS analysis with the Oncomine Pan-Cancer Cell-

Free Assay. This Pan-Cancer assay was selected for evaluation rather than the custom 

AmpliSeq HD panels because there was evidence in the literature that this panel could be 

clinically validated [351].  

From the 25 mutations present in the Seraseq reference sample, 12 mutations were reported 

following NGS analysis of three dilutions of the reference sample with different VAFs (0.25%, 

0.5% and 1%). In this reference sample, DNA containing five different EGFR mutations were 

included. However, three of these mutations were not detected following pan-cancer analysis 

due to the low sequencing coverage of these amplicons. Since one of the regions affected 

covers an EGRF mutation which is used to guide treatment selection for lung cancer patients, 

discussions are underway with ThermoFisher to rectify this technical issue.  

Overall, the NGS results from the dilutions of the reference sample suggest that we would 

have confidence reporting mutations above 0.25% VAF for all regions of the NGS panel except 
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the EGFR region that demonstrated low sequencing coverage. The use of the reference 

samples assisted in the identification of the low coverage regions of the NGS panel and 

reinforced the importance of the ongoing use of reference samples material alongside patient 

samples to ensure confidence in mutation reporting. Future work will include the 

investigation of increased dilutions of the reference material to investigate lower VAFs. This 

will enable the reporting of mutations in relationship to a LOD and will be an essential step 

towards moving NGS for cfDNA towards clinical validation.  

 

6.5.3 Investigating the effect of freeze-thaw cycles on the reproducibility of ddPCR 

assays 

Investigation into the reproducibility of ctDNA quantitation by ddPCR was evaluated in this 

chapter. Often, during the development of a custom ddPCR assay, it is common to conduct 

replicate reactions to demonstrate technical reproducibility. However, in a real clinical 

situation, with limited patient sample material, a single ddPCR may be used to quantitate the 

level of ctDNA in a patient plasma sample. To evaluate whether a single ddPCR analysis was 

robust for detecting and quantifying ctDNA, we compared the results generated from two 

independent ddPCR analysis conducted on the same cfDNA template on different days 

following a freeze-thaw cycle. Our results demonstrated a high level of reproducibility for the 

cfDNA template quantitated with five different ddPCR assays. Based on the quantitation of 

the ctDNA, the results suggested that there were no significant adverse effects on the quality 

of sample cfDNA. These results concord with similar findings reported in the literature, where 

up to five freeze-thaws did not adversely affect the cfDNA quality [548]. In a clinical scenario, 

our results suggest that a repeated freeze-thaw of cfDNA to conduct a second ddPCR reaction 

to confirm or repeat an assay would provide a reliable quantitation of ctDNA.  
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6.5.4 Concordance between mutations identified by AmpliSeq NGS and their 

quantitation with ddPCR assays 

For every melanoma patient who underwent NGS analysis of cfDNA with the AmpliSeq 

melanoma panel, at least one mutation was orthogonally validated by ddPCR assay. For all 

mutations reported by NGS, the ddPCR assay was used for orthogonal validation, and 

therefore, no false positives were identified. Additionally, the correlation between the 

number of VMTs detected by NGS analysis and the concentration of ctDNA quantitated by 

ddPCR assay was more linear than expected. The direct correlation of ctDNA quantitated by 

NGS and ddPCR in plasma samples has not been widely examined in the literature. One 

publication demonstrated a strong correlation between NGS and ddPCR with 30ng cfDNA 

input for both platforms [384]. When compared to our NGS and ddPCR analysis, we 

demonstrated a similar positive correlation with much less DNA input (5-10ng). This indicates 

that the AmpliSeq NGS approach taken may be suitable for analysing patient samples with 

lower concentrations of ctDNA present in their peripheral blood.   

 

6.5.5 Confirmation of the ability to identify mutations in ctDNA isolated from 

plasma collected in cell-stabilising tubes and standard EDTA tubes 

To ensure that blood samples can be collected in geographically remote/marae clinics and 

shipped to a centralised processing facility, cell-stabilising blood tubes will need to be 

implemented into NZ to allow processing up to seven days after collection. Many publications 

have demonstrated the effectiveness of cell-stabilising blood collection tubes that maintain 

the integrity of white blood cells to allow delayed plasma processing mutations [319, 323-

325]. However, the effects of an extended timeframe on processing and detecting actual rare 

mutations in the ctDNA have not been fully explored. In this chapter, the comparison between 

the two collection tube types provided strong evidence that ddPCR quantitation of patient 

ctDNA from blood collected in cell-stabilising blood tubes with delayed processing (seven 

days) would produce equivalent results to the standard EDTA tubes. NGS was also performed 

on cfDNA isolated from both the EDTA and cell-stabilising collected samples for three patient 

samples. In total for these three patients, ten mutations were identified. This included two 

mutations that were only detectable in the sample collected in the cell-stabilising tube. These 
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mutations were present at a low VAF and may have been subjected to pre-analytical 

variability or sampling error.  

Overall, the ddPCR and NGS results generated for blood collected in both tube types indicate 

that cell-stabilising tubes are likely to be suitable for geographically remote collections that 

require delayed processing. Future work will be performed to validate further the effect of 

delayed processing on mutations detected by NGS.  

 

6.5.6 Investigation into the impact of mutations of unknown significance in the 

cfDNA from patient samples 

Frequently, mutations of unknown significance or novel low-frequency variants (<1%) are 

detected in the plasma of patients. In this thesis, two recurrent TP53 mutations were 

identified across multiple cancer types at a much higher frequency than expected. Both TP53 

Y163H and TP53 E287K mutations have been reported in the COSMIC database (39 and 17, 

respectively), including two reports of TP53 Y163H mutations in skin and pancreatic tumours 

and six reports of TP53 E287K in tumours of the skin. Interestingly, there are no reports in the 

population databases (ExAC) for TP53 Y163H and one report for TP53 E287K. Both mutations 

cause a missense mutation in the DNA binding domain of TP53, which is predicted to be 

pathogenic in COSMIC.  

In pilot analysis investigating whether these mutations were present in the cfDNA from 

healthy volunteers, both NGS and ddPCR analysis was conducted. A small number of positive 

droplets was detected for one healthy volunteer when the cfDNA template was used in a 

ddPCR assay for TP53 Y163H. Unfortunately, the significance of this finding cannot be further 

explored as there was no identifying information collected for the healthy volunteers.  

Furthermore, we wanted to investigate whether the driver mutations identified in the patient 

samples and the TP53 mutations could have originated from a non-tumour origin. Since the 

expansion of the haemopoietic system has been identified as a key source of non-tumour 

variants, PBL gDNA was used as a template for ddPCR screening of these mutations. None of 
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the patient PBL samples were positive for these mutations, indicating that they were not of 

CH origin.  

While this is not an exhaustive investigation of the possible sources of non-tumour variants, 

these results suggest that the driver mutations quantitated for different patients in this thesis 

were most likely derived from tumour origin.  However, the origin of the recurrent TP53 

mutations remains undetermined, and future work will include the investigations of other 

possible sources of these variants. These analyses will include expanding the investigation of 

cfDNA from healthy volunteers and analysis of cfDNA from additional tumour types. 

 

6.5.7 Investigating the sources of errors and variability in ctDNA analysis assays 

Several different sources of variability have been identified as factors that can contribute to 

discordance in ctDNA analysis. Optimisation of several aspects of the O&F phase of ctDNA 

assay development has been recommended to minimise the impact of these variables. The 

first source of variability identified is with the extraction and quantitation of cfDNA from 

patient plasma samples. All samples investigated in this thesis were extracted with the 

QIAamp Circulating Nucleic Acid Kit, and the concentration of cfDNA samples was determined 

by high sensitivity Qubit fluorometry. For 38 patients, a second cfDNA extraction from frozen 

stocks of patient plasma was performed. The concentration of cfDNA for each replicate 

purification showed a higher level of variability than expected. While the majority of cfDNA 

samples demonstrated concentration variability of 20-30% variability, up to 55% variability 

was identified for a small number of samples. Similar variability in the extraction and 

quantitation of cfDNA has been reported in the literature [333]. While the impact of the 

differences in the extraction and quantitation of cfDNA from a single patient was outside the 

scope of this thesis, we hypothesise that this could have contributed to the differences 

observed in results observed between the detection of mutations in the EDTA and cell-

stabilising tube samples by NS analysis. Future work will be undertaken to identify and 

minimise these variables.  

The second source of error that can occur in ctDNA analysis is stoichiometric sampling error. 

As the ctDNA fraction decreases in a sample, there is an assay-independent chance of 
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obtaining a false negative result due to sampling error. Our experiment investigated duplicate 

ddPCR quantitation of ctDNA following two different freeze-thaw cycles, three samples were 

detectable in the first ddPCR analysis and not the second. While degradation of cfDNA cannot 

be excluded, it is most likely that the discordance was due to sampling error since all three 

samples had a low level of ctDNA (<4 copies/mL input plasma). Additionally, for the three 

patient samples where a mutation was only detected in one replicate of ddPCR, the average 

cfDNA input of 3.75ng, and it has been reported that when the same frequency of mutation 

is present in decreasing concentrations of cfDNA template input, the quantitation of the 

mutation by ddPCR assay becomes increasingly variable [215]. This indicates that the input 

concentration in a reaction likely provides a “carrier” effect for the ctDNA [549].  

The results presented in this chapter indicate that both pre-analytical variables and sampling 

error may affect the robust detection of low-frequency mutations with ctDNA analysis assays. 

However, in our results, we identified only a limited amount of discordance between 

mutations identified either by ddPCR or NGS analysis. All discordant calls were observed for 

mutations with a low allele frequency. We will continue to take the approach of orthogonal 

validation to ensure certainty for reporting low-frequency mutations.  
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6.6 Conclusions 

Overall, the results presented in this chapter form the first steps towards the development of 

ctDNA analysis platforms for clinical use in NZ. Until now, the lack of standardisation for the 

development, validation, and clinical accreditation of ctDNA analysis assays has been a 

significant hurdle for widespread implementation worldwide. Recent recommendations 

made by the BloodPAC consortium have established a framework for the clinical validation of 

ctDNA NGS. However, these protocols were not set up with the intent of assay design and 

development.  

Preliminary investigations demonstrated that gBlock control material and a commercially 

sourced reference sample could be utilised for determining the LOD of ctDNA analysis 

platforms. For the identification and quantitation of patient ctDNA, ddPCR was found to be 

robust and reproducible. The relative level of mutations detected by NGS analysis showed a 

surprisingly high correlation with the quantitated level of ctDNA by ddPCR assay, and no false-

positive results were observed. Proof-of-principle experiments suggested that cell-stabilising 

blood tubes and delayed processing would provide a good option for collecting blood samples 

in geographically remote locations. Finally, an initial investigation into one possible source of 

non-tumour mutations supported the idea that the driver mutations identified in patient 

samples in this thesis were likely tumour derived. While we did not elucidate the origin of the 

recurrent TP53 Y163H and TP53 E287K mutations, these are of a great deal of interest. 

Although, until the source and the significance of these mutations are determined, their 

presence in patient cfDNA samples will not influence any patient-specific decisions.   

Whilst many challenges lie ahead, the work presented in this Chapter lays a foundation to 

validate ctDNA assays for clinical use in NZ. 
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Chapter 7 Conclusions 

7.1 Research summary 

The work conducted in this thesis was undertaken to investigate the potential to use ctDNA 

analysis to facilitate patient care in various clinical settings in New Zealand. This included 

ctDNA analysis to improve monitoring for relapse or treatment response in cancer patients, 

particularly to address health inequities suffered by Māori and patients who live in rural areas. 

The overarching aim was to develop molecular tools that provide a minimally invasive 

approach and are highly sensitive, affordable, and equitable for all patients regardless of 

ethnicity, socioeconomic status, or geographical remoteness. With this in mind, I set out to 

develop assays to analyse plasma-derived cfDNA across three different technology platforms. 

Following a head to head comparison of these technologies with biological reference 

material, two different approaches for ctDNA analysis were selected for patient samples 

(ddPCR and AmpliSeq HD NGS). These two technologies each have advantages and 

disadvantages depending on the cancer type and the clinical scenario. For ddPCR analysis, the 

assays are easy to design, cost-effective to perform, highly specific and have a high level of 

sensitivity. However, these assays rely on prior knowledge of the mutation to be analysed, 

and there is a limit to the number of mutations that can be detected in a single ddPCR 

reaction. In contrast, NGS analysis of cfDNA samples allows screening for a larger number of 

mutations without specific prior knowledge and can potentially reveal all of the mutations 

present in a patient’s tumour that enter the blood. However, NGS analysis is relatively 

expensive to perform compared to ddPCR analysis, and because the abundance of ctDNA 

present in the plasma is generally low, significant technical development is required to ensure 

the robust reporting of results to minimise false positives and false-negative calls. 

One of the key findings of this thesis is that the type of technology utilised for ctDNA analysis 

needs to be selected in the context of the study objective and the cancer type. For many 

melanoma patients, the identification of recurrent mutations in BRAF and NRAS have been 

identified in the NGS analysis of tumour gDNA [13]. Based on screening for these mutations 

by ddPCR, the results from our melanoma patient cfDNA samples demonstrated that ddPCR 

analysis could be successfully used to identified and quantitate these mutations in the cfDNA. 
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In comparison, a ddPCR approach was not suitable for identifying mutations in the plasma of 

pNET patients as no recurrent hot-spot mutations have been identified for these patients [51, 

52]. To overcome this for pNET tumours, an NGS approach was taken to identify mutations in 

patient tumour gDNA and cfDNA samples, then patient-specific ddPCR assays were designed 

and optimised for the quantitation of ctDNA in the plasma samples.  

Further investigation into the utility of NGS technology was undertaken with a pan-cancer 

panel to identify mutations in cfDNA from patients with different cancer types. Analysis of 

cfDNA isolated from five different cancer types, including melanoma, pNETs and breast 

cancer, identified mutations for 87% of samples. For the melanoma and pNET patient 

samples, no additional information was provided from pan-cancer analysis compared to the 

previous NGS analysis performed with the cancer-specific AmpliSeq HD panels. However, 

cfDNA analysed for the nine breast cancer patients with the pan-cancer panel detected 

previously unidentified mutations for six patients. The detection of these mutations provides 

an option for designing a ddPCR assay to monitor patient treatment response. Furthermore, 

for two breast cancer patients, our results revealed clinically relevant mutations that likely 

evolved in response to therapy [530, 531]. These results suggest that a  pan-cancer NGS 

approach was feasible for analysing cfDNA samples from a broad range of cancer types. This 

approach also offers the benefit of potentially only having to validate a single NGS panel for 

cfDNA analysis.  

The importance of evaluating new technologies for ctDNA analysis was highlighted in this 

thesis. A good example of this was the evaluation of two custom tumour specific – QIAseq 

Targeted DNA and AmpliSeq HD panel. The QIAseq Targeted DNA panel was launched in 2016 

and is based on the enzymatic ligation of the gene-specific primer onto the DNA fragments 

and the subsequent purification of these products before creating a sequencing library. In 

contrast, AmpliSeq HD technology was launched in 2018, and gene-specific primers are 

attached to the DNA fragment through PCR amplification during the creation of the 

sequencing library. My results showed that the AmpliSeq HD technology had higher sensitivity 

than QIAseq NGS analysis for the detection of the ctDNAs I was assessing. We believe that 

factors such as inefficiencies introduced with primer ligation and the subsequent template 

purification with magnet beads likely contributed to the decreased sensitivity of the QIAseq 

approach due to template loss. While at the time of writing this thesis, the most sensitive 
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approaches for ctDNA analysis by NGS were found to be by AmpliSeq HD small cancer-specific 

panels or by the Oncomine Pan-cancer panel, there is a need to continue evaluating emerging 

technologies. One such example is the rapid development of the Oxford Nanopore 

sequencing technology. Through concatenated copies of single DNA molecules, results have 

been generated demonstrating the sensitive, rapid, and low-cost ctDNA analysis for patient 

samples [550, 551]. In addition, since this technology does not require PCR amplification and 

library preparation, there is potential for the future development of this technology for point 

of care sample analysis at a GP or Marae clinic.   

For ddPCR analysis, two recent developments have been made to improve the utility of this 

technology. The first was the release of the QX One digital PCR system, which has four 

detection channels. These additional fluorescence channels would allow for straightforward 

multiplexing to detect multiple mutations at a high level of sensitivity in a single ddPCR 

reaction. For example, in this thesis, the development of a quadplex ddPCR assay successfully 

allowed the screening of the four most common mutations present in approximately 70% of 

melanoma patients, but this assay demonstrated lower sensitivity when compared to the 

single mutation detection ddPCR assay. With the increased number of fluorescent channels 

available with the QX One system, this quadplex assay could easily be further developed to 

detect each mutation in a different fluorescence channel. This may help overcome the 

sensitivity issues observed with the melanoma quadplex assay and provide a feasible 

approach for the screen on mutations for melanoma. Additionally, this technology could allow 

the monitoring of multiple mutations within a single ddPCR reaction. Alongside, the 

development of a more concentrated mastermix for amplification allows the increased 

volume of cfDNA template to be analysed in a single ddPCR reaction, which could lead to 

increased sensitivity. This could be particularly useful for the detection of minimal residual 

disease.  

My results suggest that for cancer such as melanoma, where a defined number of mutations 

are known, ddPCR analysis would be the obvious choice for patient monitoring using cfDNA 

samples. However, our NGS analysis of cfDNA revealed that 42% of melanoma patients had 

multiple mutations detected in the plasma sample. This included concurrent identification of 

BRAF and NRAS mutations in the ctDNA extracted from plasma samples collected at multiple 

time points for six individual melanoma patients. These findings challenge the generally 
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accepted dogma in melanoma, where BRAF and NRAS mutations are considered to be 

mutually exclusive [13, 552]. Since these mutations lead to the activation of the same MAPK 

pathway, why these mutations would be present within one patient needs to be explored. 

Sequencing of multiple regions of melanoma tumour gDNA has demonstrated that the 

tumours are heterogeneous [553], and the dissemination of melanoma to metastatic sites 

can occur from distinct primary tumour subpopulations [554]. In my data, mutations detected 

were at vastly different concentrations in the cfDNA of single patients, suggesting that these 

may be present in heterogeneous regions of the same tumour or different tumours. Analysis 

of publicly available NGS data from melanoma tumour gDNA has shown that for a small 

number of patients, both BRAF and NRAS mutations have been detected in the same analysis 

[476, 555, 556]. However, for the melanoma patients in our cohort where both BRAF and 

NRAS mutations were identified by ctDNA analysis no previous TKI therapy had been 

administered. Furthermore, for two of these patients, the BRAF and NRAS mutations were 

detected in the pre-treatment cfDNA sample, and one further patient in the cfDNA sample 

collected after one cycle of immunotherapy. These results suggest that for these patients, the 

development of these mutations was unlikely to be as a consequence of resistance to 

treatment. Instead, we hypothesise that these mutations evolved independently of one 

another as part of the tumour evolution process [557, 558]. It remains possible that these 

mutations could be the result of a technical artefact that I have not yet been able to 

characterise. This is an area where I cannot yet provide a fully satisfactory explanation. It 

remains as open question to explore in my post-PhD work.   

Overall, the identification of this heterogeneity present in melanoma patients has several 

implications. Firstly, the detection of concurrent BRAF and NRAS mutations, if authentic,  

could alter the decision-making process for the use of targeted therapies. For example, the 

companion biomarker test based on the detection of a BRAF mutation at codon 600 is 

routinely used in the clinic to guide the selection of treatments, including TKIs [454]. However, 

for a proportion of melanoma patients, these TKI treatments are ineffective, or the patients 

quickly develop resistance to treatment [31]. Since our results suggest that it is plausible for 

both a BRAF and NRAS mutation to develop concurrently within a single patient, this 

information could potentially be used to predict which patients may not respond to TKI 

monotherapy targeting BRAF [559]. In addition, since an increasing number of clinical trials 
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are being conducted to investigate the utility of combination treatments for melanoma, the 

information generated from cfDNA analysis could provide further information to aid in 

selecting appropriate treatments [559]. 

The second implication of this observed heterogeneity relates to selecting a ddPCR assay to 

monitor response to therapy in melanoma patients. In melanoma patients, identifying a BRAF 

V600E mutation would likely direct the selection of this ddPCR assay for monitoring. However, 

our results demonstrated that mutations other than BRAF V600E were detected for 58% of 

patients. For these patients, the monitoring of a single BRAF V600E mutation in order to 

follow treatment response might not reflect all of the tumours present in the patient, thus 

not provide an accurate measurement of tumour response.  

An interesting and still unexplained result was identifying TP53 mutations of unknown 

significance in the cfDNA analysis from patient samples across several cancer types. The most 

frequently identified mutation of unknown significance in the cfDNA samples was TP53 

Y163H. While this mutation has been reported in the COSMIC database, this particular 

alteration has not been functionally or clinically validated. However, the closely related 

mutations TP53 Y163C has been interpreted as pathogenic following assessment by the 

ClinGen TP53 Variant Curation Expert Panel (ClinVar) [422, 560]. The frequency that TP53 

Y163H was detected in our patient cohorts was higher than expected, with 33% of melanoma, 

10% of pNET and 19% of PDAC patients. In addition to this, a low level of the variant was 

detected for one healthy volunteer. However, since we cannot follow up on the status of the 

healthy volunteer (they could in theory have had an early neoplasia they were unaware of), 

the significance of this variant being identified in their plasma is unknown. While my results 

suggested that this variant was not present in the tumour tissue analysed, they were also not 

identified in the PBL portion of the peripheral blood, reducing the chance of these mutations 

being derived from CH. While it is tempting to speculate that the detection of these mutations 

may indicate some commonality between the different cancer types, further investigation to 

identify the exact source and significance of these variants, including whether poorly 

understood technical artefacts could have produced these variants, is required. 

Overall, the NGS analysis of cfDNA revealed an unexpected heterogeneity of mutations 

detected in the plasma samples, which was especially evident for melanoma patients. While 
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there are no similar findings published in the literature as far as I could determine, one 

possible reason for this is that the limited amount of cfDNA NGS data is currently available. 

Even though there are now a small number of ctDNA NGS datasets available in cBioPortal, 

there is only one melanoma patient ctDNA analysis included. We hypothesise that as the 

number of patients that undergo NGS on cfDNA samples increases, a more comprehensive 

picture of tumour heterogeneity will be revealed in the plasma samples from patients with 

advanced cancer.  

From work presented in this thesis, I have identified two key limitations. Firstly, the frequency 

of blood sample collection under our current ethics was a significant limitation that was 

particularly apparent with the melanoma surgical patient cohort. Interruptions such as the 

COVID crisis further impacted our ability to collect samples at a frequency that would allow 

for a detailed analysis.  

A second limitation of ctDNA analysis work is that it may not be suitable for patients with 

every cancer type. For example, our melanoma results demonstrated that detecting ctDNA in 

patients with either brain metastasis or lung tumours was more challenging than for tumours 

in other anatomical sites. In addition, a ctDNA based approach appeared to be less effective 

for patients with pancreatic tumours, especially where the patients had low grade or localised 

tumours. While it has been reported that some cancers present in different locations are 

known to be more challenging to detect [160], the biology behind this has not yet been fully 

elucidated (as reviewed in [561]. We hypothesise that factors such as first-pass metabolism 

and ongoing catabolism could remove a significant proportion of the ctDNA from the blood, 

impacting the detection of tumours located in some organs [160, 562]. Interestingly, 

collaborators in Australia have reported similar difficulty in detecting ctDNA from patients 

with lung lesions (Dr L Calapre, Edith Cowan University, personal communication). Future 

plans will look at ways to overcome these limitations, such as investigating alternative bodily 

fluids that may be more suitable for ctDNA analysis for some cancer types [563]. Additionally, 

the utilisation of different markers of disease such as protein markers, RNA or methylation 

profiles could be used in conjunction with ctDNA analysis to improve the sensitivity for these 

cancer types, as reviewed in [411].  
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7.2 Future directions 

The work in this thesis was undertaken with the intent of generating evidence supporting the 

use of ctDNA analysis to identify mutations in patient plasma samples. All research studies 

conducted in this thesis were done so following consultation with multiple clinicians to ensure 

the clinically relevant, patient-focused questions are being addressed in our research. 

However, patients were consented under ethical approvals that did not allow routine 

reporting of results to clinicians and patients. While a facility was retained to report a study 

finding to the attending clinicians in exceptional circumstances, when the finding was judged 

by the lead study investigator to have particular clinical relevance, this facility has not yet 

been used. As evidence mounts both locally and internationally, in post-PhD work we will 

transition to a trial design that will allow direct clinical use of ctDNA results.  

While our group aims to achieve widespread implementation of ctDNA analysis into clinical 

practice in NZ, our clinical advisors suggest there are still hurdles to overcome before ctDNA 

analysis can be routinely used in NZ cancer care outside of a trial setting [159, 564, 565]. 

Therefore, initial investigations into the technical aspects of ddPCR assays and NGS analysis 

were undertaken in order to address how to develop ddPCR and NGS for clinical use. This 

included investigations that demonstrated ddPCR was reproducible and that the detection of 

mutations with AmpliSeq HD NGS analysis was robust and highly sensitive. In addition, 

preliminary work was conducted in this thesis to address some of the pre-analytical variables 

that impact ctDNA analysis. Although I still have some way to go to complete the clinical 

validation described in Figure 4 of Chapter 1. Figure 59 summarises the preliminary 

investigations conducted as part of my work (shown in green font) and highlights where 

outstanding work is required to progress ctDNA analysis towards routine clinical 

implementation (shown in black font) [159].  
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Figure 59  Analytical variables identified for the analysis of cfDNA by sequencing 
Several different points have been identified where variability can occur during the purification, 
quantitation and analysis of the cfDNA samples from patient plasma. Initial investigation into the 
impact of these variables on detecting ctDNA has been conducted (shown in green font) and variables 
where further work is required (shown in black font).   

 

To date, there are no universally applicable guidelines in NZ for clinical validation of ctDNA 

analysis. However, we believe that working alongside the NZ accreditation body (IANZ), a 

roadmap for clinical implementation can be developed. Furthermore, collaboration and 

alignment of technologies with Australian researchers will be helpful, which we have already 

commenced [564].  

The next step for the melanoma patient study is to continue the current post-surgical 

surveillance of patients described above and simultaneously generate more focused trials to 

recruit melanoma patients who have undergone curative surgery but for whom localised 

macroscopic disease was identified. Following discussions with Auckland-based melanoma 

clinicians at their May 2021 clinical multi-disciplinary meeting, monitoring for minimal 

residual disease or disease recurrence by ctDNA analysis will be used in conjunction with 

standard of care clinical assessment for patients at the highest risk of disease relapse. A 
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second melanoma study of interest will explore the possibility of developing a clinical trial in 

NZ where ctDNA analysis is used in conjunction with a clinical assessment to stratify high-risk 

stage III melanoma patients to receive adjuvant immunotherapy [566-568].  

My pilot study to monitor ctDNA in the plasma from pNET patients with personalised ddPCR 

assays suggested that this may be a feasible approach for patient surveillance. Future work 

will include developing a clinical trial to prospectively utilise ddPCR analysis to track and 

monitor patient-specific mutations in sequential blood tests. Following the presentation of 

the ctDNA analysis results to members of the neuroendocrine tumour patient advocacy 

group, The Unicorn Foundation, we received widespread positive reactions to the idea that 

an alternative monitoring tool could be developed. From patient discussions alongside 

evidence in the literature, up to 40% of patients with long-term cancer management can 

experience depression [569, 570]. The concept of an additional tool for patient monitoring 

was well received. Discussions are underway with Auckland-based oncologists to design a 

clinical trial. Ethical approvals will be expanded for this project to allow information to be 

returned to treating clinicians.  

The reporting of ctDNA analysis results to clinicians needs careful consideration as we move 

towards clinical implementation. In particular, for post-surgical monitoring of disease 

recurrence, what does the detection of ctDNA in a single patient sample mean? Based on my 

results, our recommendation would be to collect an additional blood test within 1-2 weeks 

and then repeat the ctDNA analysis on this sample to validate the result before further clinical 

investigation occurs. We are also considering how formal statistical modelling of longitudinal 

trends in each patient’s ctDNA level could be used.  

Our recommendations for the ongoing ctDNA analysis of melanoma patient samples would 

include performing NGS analysis for all patients in the pre-treatment immunotherapy or pre-

surgical sample. The results from this analysis would be used to help guide the selection of 

ddPCR assays to monitor for the patient's response to immunotherapy treatment or 

surveillance for disease recurrence in surgical patients. Furthermore, we would recommend 

NGS analysis of a cfDNA sample collected 3-6 months after commencing immunotherapy 

treatment. These results may help identify any mutational evolution or sub-clonality that may 

have occurred in response to treatment.  
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A goal of my work was to improve cancer monitoring for NZ patients, particularly those who 

live in geographically remote regions of NZ. My pilot results suggested that blood samples 

could be collected in cell-stabilising tubes that were then processed for plasma after a seven-

day delay. The next step is to implement the collection of blood samples in these tubes at a 

patient’s nearest medical laboratory or marae clinic for analysis at a centralised diagnostic 

laboratory. We expect this will improve access to cancer monitoring and provide an 

economical and convenient strategy to complement the standard of care monitoring for 

patients who live in remote areas of NZ or have difficulty accessing clinical services generally 

located in major cities. It is possible that eventually the genomic analysis could also be done 

in remote clinics using for example MinIon technologies, however this poses significant 

quality assurance issues that would need to be overcome. 

Internationally, there is growing momentum to integrate ctDNA analysis into patient cancer 

care. In NZ, there is significant interest in incorporating ctDNA analysis into additional projects 

outside of the cancer streams studied in this thesis. One such study involves collaboration 

with a lung screening pilot programme run by Waitemata District Health Board. This Māori-

specific pilot study involves low dose CT (LDCT) imaging of high-risk patients to detect early 

lung cancer in high-risk populations. Plans are in place to apply for funding to investigate the 

utility of ctDNA analysis in conjunction with LDCT screening to develop a model to identify 

patients at high risk for developing lung cancer.  

Currently, in NZ, immunotherapy is only publicly funded for patients with metastatic 

melanoma. However, internationally, there is an increasing number of tumour types where 

immunotherapy treatment is indicated [84]. While it is widely acknowledged that these new 

therapies come at a significant financial cost [571, 572], a 2019 report identified that out of 

all OECD countries, NZ had the lowest access to drugs (with just 24/403 modern medicines 

publicly funded in NZ) [573]. Within the stretched healthcare budget in NZ, new tools such as 

ctDNA analysis to monitor early patient response to immunotherapies will be critical to 

ensure that the funded therapies are distributed to the patients most likely to benefit. The 

work conducted in this thesis has started to lay the foundation for how we could develop and 

implement ctDNA analysis platforms to complement the standard of care testing for patients 

with a broad range of cancer types in New Zealand. 
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In conclusion, the work conducted in this thesis has provided a step forward in the 

development and evaluation of ctDNA analysis to identify mutations and allow longitudinal 

monitoring of disease progression in patient plasma samples. None of this work would have 

been possible without the collaboration of clinicians who have willingly given up their time to 

provide guidance, assistance with preparing ethics and patient recruitment. Finally, the 

generosity of the patients and their families who consented to be part of these research 

studies, without their selflessness support, this research could not have happened.  
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