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Abstract
The last half-decade has been marked by a rapid expansion of research efforts in the field of so-called liquid biopsies, thereby investigating the potential of blood-derived cell-free tumour DNA (ctDNA) markers for application in clinical oncological management. The analysis of cfDNA appears to be particularly attractive for therapy monitoring purposes, while in terms of early cancer diagnosis and screening the potentials are just starting to be explored. Challenges, both of biological and technical nature, need to be addressed. One such challenge is to overcome the low levels of ctDNA in the circulation, intrinsic to many early-stage cancers. Here, we give an overview of the features of ctDNA and the approaches that are currently being applied with the ultimate aim to detect tumours in a presymptomatic stage. Although many studies report encouraging results, further technical development and larger studies are warranted before application of ctDNA analysis may find its place in clinic.





INTRODUCTION 
The last half-decade has been marked by a rapid expansion of research efforts in the field of clinical oncology on the application of so-called liquid biopsies for cancer detection and treatment monitoring. The term “liquid biopsy”, introduced about 10 years ago, refers to a minimally invasive technique aimed at the collection of non-solid biological tissues, such as blood, saliva or urine, to intercept tumour-derived material1–4. Indeed, tumours release into the circulation various molecules, including tumour DNA, RNA, microRNA, proteins, circulating tumour cells (CTCs) and tumour-derived extracellular vesicles, that may be used as a source of genomic and proteomic information in patients with cancer4–7 (Figure 1). In contrast to traditional biopsies, these liquid biopsies are non-invasive, easily accessible and allow repeated sampling. Furthermore, as they contain a mixture of tumour-derived factors, released from multiple tumour regions or different tumour foci8,9, their use may result in obtaining a thorough representation of the tumour heterogeneity that is present within the tumour. 
Circulating plasma cell-free DNA (cfDNA) is normally present at low levels in the blood of healthy individuals (mean 13 ng/ml) and suggested to be primarily derived from normal cells of the hematopoietic lineage and solid tissues such as vascular endothelial cells, followed by placenta (in pregnant females) and liver10–13. Though poorly understood, the mechanism of the release of cfDNA appears to be dependent on the tissue type and biological process10. The majority of cfDNA is derived from cellular death, mostly apoptosis, although there is evidence for the release from necrotic cells and even active secretion10,14,15. The half-life can vary from 15 minutes to several hours, and, in the circulation, cfDNA can undergo degradation by several mechanisms, including nuclease action, macrophage phagocytosis, uptake by kidneys, liver and spleen14,16. The size distribution of cfDNA fragments is also not random, but corresponds to nucleosome and chromatosomes length positioning of a specific cell (respectively 147 bp and 168 bp), representing an epigenetic footprint of the tissue or origin17,18. In cancer patients, the concentration on the average is higher, varying from 30 to 1000 ng/ml, and a part of cfDNA originates from the tumour, being defined as circulating tumour DNA (ctDNA). In the metastatic settings, ctDNA might represent up to 90% of the total cfDNA pool, while at earlier stages it can be down to 0,01%19. Since ctDNA carries cancer-specific modifications, including DNA mutations, epigenetic changes and copy number alterations (CNAs), interest in its use as a non-invasive diagnostic, prognostic and/or predictive cancer biomarker has grown vastly20–22. This expansion has been accompanied by advancements made in the field of next-generation sequencing (NGS) technologies. A broad range of ctDNA applications is currently being investigated by multiple international research groups and companies, touching different stages of cancer management: (i) prognosis determination and assessment of the tumor size and disease burden; (ii) treatment selection; (iii) identification of new targets for personalized treatment; (iv) monitoring of treatment efficiency and detection of minimal residual disease and relapse; and (v) early detection of primary disease5,7,8,23–27 (Figure 1). 
Several liquid biopsy tests, designed for the identification of cancer-specific mutations, have been already approved by the Food and Drug Administration (FDA) and European Medicins Agency (EMA) as companion diagnostic (CDx) tests to guide therapy decision makings, such as the cobas EGFR Mutation Test for non-small lung cancer or BRACAnalysis CDx for breast and ovarian cancer. Epi proColon® is the first and only FDA-approved blood-based test for the detection of colorectal cancer, based on the analyses of the methylation status of SEPT9 gene (cfr. also below).
The ‘holy grail’ for liquid biopsy application would be early cancer detection, ambitiously in presymptomatic subjects. Early intervention in a majority of cancers is assumed to translate in a better prognosis, a reduction of cancer mortality and, as a consequence, in a reduction of oncology-related costs28. With traditional tests, designed specifically to detect a particular cancer type, it is currently hard to achieve good results both in terms of specificity and sensitivity, which in turn is associated with an increased risk of overdiagnosis and/or failure in disease detection. Furthermore, traditional procedures are often either invasive or expensive, hence not meeting the criteria for an effective early detection/screening test. Valuable examples are CA125, a protein biomarker used for ovarian cancer screening, which has low sensitivity and specificity especially at early stages29, and PSA (Prostate Specific Antigen), used for prostate cancer screening, which is not able to distinguish benign conditions from aggressive cancers30. In both cases, high false-positive rates of the tests lead to unnecessary and potentially risky invasive procedures for the patients. Liquid biopsies being easily obtainable and minimally invasive could serve this purpose, given that their sensitivity/specificity and cost-efficiency would be superior to that of existing tests.
Here we will focus on advances that have thus far been made with regard to research investigations on the application of ctDNA for early cancer detection and screening. 
TYPES OF BIOMARKERS ASSESSED IN CTDNA FOR EARLY CANCER DETECTION  
A variety of approaches have been developed for differentiating ctDNA from cfDNA molecules (Figure 1). Below we summarize the different biomarkers that are currently being investigated in cfDNA, ranging from the amount of circulatory cfDNA to its genetic and epigenetic modifications.
Levels and size of circulating plasma DNA
As mentioned before, the levels of total cfDNA in plasma of cancer patients have been described to be generally higher than those in healthy cases. However, this value as such cannot be applied as an accurate marker for cancer diagnosis. In our own series of over 1000 prospectively enrolled asymptomatic elderly individuals, in which we evaluated the potentiality of cfDNA copy number profiling as a cancer screening tool, no differences were found in the levels of total cfDNA between healthy subjects and those that were subsequently being identified with a cancer31. Nevertheless, several studies found a proportional correlation between tumour size and the amount of tumour-derived ctDNA in plasma. Changes in the allele frequency of tumour-specific mutations in ctDNA appeared to mirror the increase or decrease in tumour burden, pointing to a correlation with tumour size25,32–35 and stage19,36. Investigations in mice xenograft models confirmed the correlation between tumour burden and concentration of ctDNA37. However, multiple other factors affect the amount of ctDNA shed into circulation, like the vascularization level of the tumour, its morphology, the metabolic activity, the presence of anatomic barriers that influence the release of cfDNA in the circulation and clearance mechanisms38. An indolent and slow progressing tumour will have a lower rate of apoptosis and might release less ctDNA into the circulation. Also for encapsulated lesions, as often being encountered with benign tumours or in initial stages of tumour progression, or for poorly vascularized tumours, the amount of shed ctDNA will be lower. Furthermore, the anatomical localization of the tumour will influence the ctDNA quantity in plasma39. A brain tumour, for instance, will be more prone to release free-floating DNA in the spinal fluid rather than in the bloodstream. Finally, a number of other conditions have been shown to boost the total level of cfDNA in the bloodstream, like exercise40, inflammation41,42, stroke43, trauma44, hence confounding the use of such marker for cancer-specific applications. Considering the fact that the total amount of cfDNA is as low as 2000 copies (haploid genome equivalents) per ml plasma and that usually, even in patients with late‐stage cancer, the fraction of mutated tumour DNA in the circulation is on average only 0.4% (corresponding to 6–600 mutant molecules in the 3 ml plasma derived from 8 to 10 mL peripheral blood45), it becomes clear that the levels of cfDNA/ctDNA in plasma may be a biological restricting factor for sensitive early cancer detection and that very sensitive methods are required. 
Another biological feature of circulating cfDNA that has been explored to allow cancer-specific detection is its fragment length. A number of studies suggested that ctDNA is several bases shorter than cfDNA23,46,47. This knowledge could be used to enhance specific isolation of short ctDNA fragments and hence downstream identification of clinically actionable (epi)genetic alterations in ctDNA48, though its application as a biomarker for cancer detection is limited.
Somatic mutations
Somatic mutations are tumour-specific and, as a result, evaluation of these aberrations in ctDNA offers the potential for higher diagnostic accuracy. At the same time, such cancer-specificity requires a priori knowledge of the cancer genotype to analyse. For this reason, cancer mutation profiling in plasma cfDNA is increasingly being investigated as a strategy for treatment decision-making and monitoring of therapy efficiency, though it is less appealing for early cancer detection and screening. Nevertheless, attempts to apply mutation profiling of cfDNA for specific cancer detection have been made. For example, for detection of early-stage breast cancer, the PIK3CA locus was assessed in ctDNA, allowing to achieve a sensitivity of 93% at 100% specificity in the detection of 29 early-stage cancers (stages I-III)49. A large European study, called GENAIR, assessed the significance of plasma DNA TP53 and KRAS2 mutations for subsequent cancer development in healthy subjects in a large longitudinal prospective setup. The results showed that mutations could be detected in plasma cfDNA more than one year before cancer diagnosis50. The predictive association between a cfDNA mutation and subsequent cancer development was however only true for bladder cancer. Unfortunately, no molecular analyses were performed on the tumour tissues in this study. One complicating factor, when assessing cfDNA mutations for cancer detection purposes, is that the presence of certain mutations might be stage-dependent51,52. Also, for certain cancer types, the spectrum of mutations can be very broad and heterogeneous across different subtypes, demanding the development of more comprehensive mutation panels, which in turn has an impact on costs. In a proof-of-concept study, using such a multigene NGS panel to analyse plasma cfDNA of 55 healthy individuals, cancer-related mutations were found in seven healthy volunteers who developed a breast disease (either benign or cancerous) in the 10-year follow-up period53. The CancerSEEK approach was going one step further and combined multi-target cfDNA mutation screening with protein biomarkers testing in blood54. High sensitivity and specificity were achieved, especially for detection of ovarian, stomach, pancreas, liver and oesophagus cancers, where other screening tests are not in place54. The test recently received FDA approval for early detection of pancreatic and ovarian cancer. Given the promising results in term of sensitivity and specificity in the cohort of stage I and stage II patients, a big prospective study in 10.000 healthy individuals was announced in May 2019. 
One confounding factor that might hamper cancer screening based on mutation detection in plasma cfDNA of presymptomatic individuals is clonal haematopoiesis, which refers to an asymptomatic expansion of blood cells descended from a single hematopoietic stem cell55,56. Recent studies have shown that clonal haematopoiesis increases in frequency with ageing and is often driven by somatic mutations in genes that are recurrently mutated in hematologic malignancies. Clonal haematopoiesis is considered to be a risk factor for the development of haematological neoplasms, though it may remain dormant for years57. As haematological dying cells are the major contributors to the pool of cfDNA, clonal haematopoiesis may complicate cancer-screening approaches using circulating plasma DNA. Moreover, several genes involved in clonal haematopoiesis  (such as JAK2, TP53, DNMT3A, KRAS) overlap with those mutated in solid tumours, potentially misleading the interpretation towards tumour-derived alterations58. In this regard, a prospective study, where plasma cfDNA of 1.059 asymptomatic high-risk individuals was screened using a nine gene, 96-mutation panel, demonstrated that 5% of tested persons had mutations in cfDNA59. In the one-year follow-up time, four of them developed cancer. The overall results of this mutation assay were not promising, with a high false positive rate which was related, amongst others, to clonal haematopoiesis. This indicates that a better characterization of the evolution of alterations in cfDNA of healthy individuals is warranted in order to be able to improve technologies for cfDNA cancer screening. 
Copy number alterations
Copy number alterations (CNAs), like point mutations, are common for a large proportion of cancer types. About 90% of solid tumours and 50% of blood-related cancers are characterized by multiple somatic CNAs60. Opposite to mutation detection, copy number profiling does not require a priori knowledge of the tumour aberrations, making it an appealing strategy for cancer screening purposes. Low-pass genome-wide sequencing of plasma cfDNA, with a coverage of only 0,01-0,5x, has been successfully applied to identify cancer-specific copy number alterations throughout the genome in patients with a known cancer diagnosis60–62. Interestingly, the concept of applying such unbiased low-pass sequencing of plasma cfDNA for cancer detection found its origin in the practice of routine non-invasive prenatal testing (NIPT), the latter being designed to screen maternal blood for the presence of foetal-derived chromosomal aneuploidies63. A first case report on a discordant NIPT result in a pregnant woman that was subsequently diagnosed with cancer, created the awareness that NIPT testing could also detect the presence of tumour-derived CNAs in plasma cfDNA64. Since then, incidental findings of an occult maternal malignancy following a ‘false-positive’ NIPT test have been reported repeatedly65,66. In our practise, 10 of 11 pregnant women (out of a total of about 75.000 pregnant women undergoing routine genome-wide NIPT testing) that had detectable (sub)chromosomal aberrations in their NIPT profile and that were subsequently referred to the whole-body magnetic resonance imaging (MRI) unit to screen them for the presence of malignant-like lesions, did present with a tumour67. Furthermore, the aberrant CNA profiles were confirmed to be derived from the malignancy. This amounts to a positive predictive value of 90%, underscoring the potential of this technology for highly specific presymptomatic cancer detection during pregnancy68 and unpublished results. This finding triggered a bigger study to evaluate the performance of the GIPSeq technology, underlying this NIPT test, for cancer screening in the general population. Plasma cfDNA of over 1.000 asymptomatic elderly individuals was screened for the presence of cancer-like CNAs, leading to the diagnosis of 6 haematological cancers31. Twenty-four other cases had detectable CNAs in plasma cfDNA but no cancer diagnosis. In 9 of them, the isolated anomalies in cfDNA were originating from a low-grade mosaicism in peripheral blood cells, pointing to a clonal haematopoiesis-like condition, as has been described above for mutations. Four other participants, with a normal plasma cfDNA copy number profile, were incidentally diagnosed with cancer (3 solid tumours and 1 hematological cancer). For all 4 cases, tumour biopsy DNA was shown to display CNAs, suggesting that those tumours did not shed DNA in the bloodstream or that the tumour load was under the limit of detection of GIPSeq. Another NIPT platform (Genetech NIPT) was recently shown to enable the detection of CNAs in early-stage gynaecological cancers69, highlighting the potential of the NIPT platform to detect early stage cancers. As this approach does not allow detection of copy number neutral tumours, a combination strategy with other cfDNA markers or soluble targets would be preferable to allow broadening the spectrum of targetable cancers. Ideally, such a strategy would also provide information about the localization of the tumour whenever a deviating cfDNA signal in plasma is detected70. Despite the cost-efficiency and fast turnaround time of low-pass sequencing approaches when compared to targeted ultra-deep mutation sequencing of cfDNA, a minimum tumour fraction of 5-10% might be required to reliably detect potential cancer-related CNAs present in cfDNA, limiting the sensitivity of this method in early cancer detection71–73. 
Epigenetic changes
Besides mutational alterations and structural variations, cancer genomes are characterized by epigenetic changes. Compared to normal cells, malignant cells exhibit global genomic hypomethylation, primarily in repetitive elements and pericentromeric regions, but simultaneously show local hypermethylation i.e. 5-methylcytosine (5mC) modification at CpG dinucleotides in promotors of tumour suppressor genes and hypomethylation in those of oncogenes74–77. These changes are also reflected in plasma ctDNA and are increasingly being investigated for different purposes78. Because methylation changes are early events in carcinogenesis and because of their stable features, cfDNA methylation profiling has now gained interest for early cancer detection. Changes in methylation of several gene promoters have been investigated as a potential marker for the detection of early stages of pancreatic cancer79, breast cancer80 and colorectal cancer81 and lung cancer82. Promising results came from the investigation of the methylation of the SEPT9 promoter for lung and colorectal cancer diagnosis83–87. In fact, Epi proColon® now is the first and only FDA approved blood test for colon cancer screening, based on analysis of the SEPT9 methylation status in plasma cfDNA, and intended for use in individuals who are unwilling or unable to be screened by recommended methods88. It should be mentioned that its test performance characteristics (specificity) are outperformed by the traditional faecal test89. Recently 5-hydroxymethylcytosine (5hmC) has been recognised as an emerging class of a stable epigenetic marker, being linked to tumorigenesis90–93. In a recent study in over 2000 Chinese individuals, genome-wide profiling of the 5hmC status in cfDNA allowed detecting patients with early stage or small hepatocellular carcinoma tumours and showed high capacity for distinguishing early hepatocellular carcinoma from high-risk subjects94. As with single nucleotide mutations, investigation of the methylation status of multiple gene loci simultaneously in plasma cfDNA, allowed increasing the sensitivity of cancer detection86,95,96. Furthermore, a genome-wide approach can be used to study changes in global DNA methylation patterns (methylome) using whole-genome bisulfite sequencing (WGBS)85. Theoretically, this method can detect a ctDNA fraction of 0.1%. Although being an added value in terms of sensitivity, specificity might become a restricting factor, since this approach might potentially identify cancer precursor lesions81. Also, the bisulfite conversion step itself, necessary for the detection of methylated cytosines, causes DNA damage and fragmentation, which in turn decreases the quality and quantity of the already low and fragmented input plasma cfDNA material. To overcome those limits, bisulfite-free techniques are currently explored97,98. It is worth mentioning that methylation profiles are depending on age and sex and can be influenced by comorbidities. Very interestingly, different tissues display different DNA methylation signatures, all being reflected in the cfDNA pool that contains a mixture of cfDNA derived from these different tissues11,99–102. Therefore, the use of these methylation signatures in cfDNA is a potential method for tracing the tissue of origin of plasma DNA once a deviating signal is detected in plasma cfDNA. A number of such approaches have now been developed allowing successful identification of the cancer type based on the methylation signals observed in cfDNA11,103,104. Combining cfDNA-screening approaches with these strategies would ameliorate cancer diagnostic procedures, by reducing the number of invasive and potentially risky procedures required to identify the tumour.
Finally, another epigenetic feature resided within a cfDNA molecule is the fragmentation pattern, related to the nucleosome positioning on DNA molecules105. Nucleosome positioning is a chromatin feature, which regulates gene expression through determining the transcription level. As these fragmentation patterns are tissue-specific, nucleosome mapping possesses information on the tissue of origin. However, so far nucleosome patterns have only been investigated in late-stage cancers and no evidence in the potentiality for early detection and screening is yet present.
CONSIDERATIONS FOR FUTURE APPLICATION OF CFDNA FOR CANCER DETECTION
As already mentioned above, the analysis of cfDNA appears to be particularly attractive for therapy monitoring purposes, while in terms of early cancer diagnosis and screening the potentials are just starting to be explored and challenges, both of biological and technical nature, need to be addressed. Firstly, more studies tend to focus on the potential applications of cfDNA rather than on the biological origin of it, leaving a gap in its knowledge. Extended research is required on the biological mechanisms of cfDNA release and clearance in healthy condition as well as in the cancer setting. From a technical point of view, low plasma ctDNA levels, especially in the case of early-stage cancers, remain a challenge. Increasing the amount of starting plasma material and considering a size-selection approach prior to the downstream analysis could help to address this problem. Deep sequencing could further ameliorate the sensitivity, although the cost per patient would become prohibitive to introduce the analysis into routine settings. Ideally, to be more comprehensive and exploit all features of a liquid biopsy, a multi-omics approach, combining more than one biomarker type in plasma cfDNA, should be pursued to allow sensitive cancer screening. Such a strategy, gaining massive datasets, needs to be underbuilt by advanced computing technologies. Multiple studies have demonstrated the utility of machine learning algorithms that significantly improve analytical performances of liquid biopsy tests106. All major players in the liquid biopsy market seem to follow these directions with a main goal to develop a test for early cancer detection. Among the leading companies in this field is Freenome, an artificial intelligence (AI) Genomics Biotech Company, which is currently enrolling cancer patients and healthy individuals in the AI-EMERGE Study to evaluate blood-derived methylation and protein biomarkers using advanced computational biology and machine learning. The initial focus is on early colorectal cancer detection, and intermediate analyses showed promising results107,108. Another big player, Guardant Health, launched a new liquid biopsy test, called Lunar, which is available on the market for research use only and is based on mutation and methylation sequencing of plasma cfDNA and subsequent application of machine learning algorithms. The data presented at AACR meeting 2019 demonstrated encouraging test characteristics for colorectal cancer detection109. Finally, the Illumina spin-off company GRAIL started in 2016 the study called Circulating Cell-free Genome Atlas (CCGA), which aimed to characterize and explore the landscape of genomic cancer signals in blood. GRAIL raised more than $1.5 billion toward its goal of early cancer detection and already enrolled 115,000 patients in two major studies in the U.S. and abroad. Three types of assays were evaluated: whole-genome bisulfite (WGBS), whole-genome sequencing, and targeted (507 genes) sequencing110. The achieved sensitivity of WGBS ranged from 34% (for stage I) to 92% (for stage IV) at 99% specificity for the detection of multiple cancer types111. Moreover, the assay demonstrated high accuracy in the prediction of the tissue of origin. Extended studies are planned in approximately 100.000 women recruited during mammography screening112 and in 50.000 healthy elderly men and women, that represent a high-risk group for lung cancer113. 
The latter approach seems valuable, i.e. validating promising cfDNA tests for early cancer detection first in risk groups selected due to exposure to carcinogens, hereditary predisposition or by age. In a later stage, they can be enrolled towards universal screening in low-risk populations. A major challenge for early cancer detection and screening is the ability of the test to distinguish benign or slow progression conditions from aggressive and malign cancers. An efficient screening test should not only be safe and affordable, but also reliable. High specificity, in particular, is important to avoid overdiagnosis. In fact, the risk is to make more harm than good, leading more individuals to undergo invasive procedures and treatments when the progression of the disease does not require that (cfr. Figure 2). On the other hand, high specificity needs to be coupled with high sensitivity to detect cancer in early stages. Such test might also be able to identify early aberrations that indicate an enhanced risk of future malignant evolution. This information brings an ethical question about how to cope with it. For the clinicians it will be valuable information to start a close surveillance (e.g. watchful waiting) or introduce specific measures for the management of the early-stage disease. However, for the patient this knowledge may cause anxiety and uncertainty about the future.
In summary, many studies report encouraging results from which it appears to be feasible to detect cancer in an early stage using ctDNA. However, there are numerous biological and technical issues that first need to be addressed. Further technical developments and large‐scale studies are warranted. Future combination of multi-omics approaches with highly advanced bio-informatical algorithms may open the door to the implementation of plasma cfDNA as a marker for early cancer detection in the clinic.
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Figure Legends
Figure 1. Schematic overview of possible soluble agents released in the bloodstream of a patient with cancer, of the types of biomarkers that might be evaluated in circulating tumour DNA and the potential applications of ctDNA profiling.
Figure 2. Potential outcomes and consequences for asymptomatic inidividuals undergoing a blood-based test for cancer detection.

