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a b s t r a c t

Pancreatic ductal adenocarcinoma (PDAC) is predicted to become the second leading cause of cancer-
related mortality within the next decade, with limited effective treatment options and a dismal long-
term prognosis for patients. Genomic profiling has not yet manifested clinical benefits for diagnosis,
treatment or prognosis in PDAC, due to the lack of available tissues for sequencing and the confounding
effects of low tumour cellularity in many biopsy specimens. Increasing focus is now turning to the use of
minimally invasive liquid biopsies to enhance the characterisation of actionable PDAC tumour genomes.
Circulating tumour DNA (ctDNA) is the most comprehensively studied liquid biopsy analyte in blood and
can provide insight into the molecular profile and biological characteristics of individual PDAC tumours,
in real-time and in advance of traditional imaging modalities. This can pave the way for identification of
new therapeutic targets, novel risk variants and markers of tumour response, to supplement diagnostic
screening and provide enhanced scrutiny in treatment stratification. In the roadmap towards the
application of precision medicine for clinical management in PDAC, ctDNA analyses may serve a leading
role in streamlining candidate biomarkers for clinical integration. In this review, we highlight recent
developments in the use of ctDNA-based liquid biopsies for PDAC and provide new insights into the
technical, analytical and biological challenges that must be overcome for this potential to be realised.
© 2021 IAP and EPC. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Pancreatic ductal adenocarcinoma (PDAC) is themost frequently
occurring cancer of the exocrine pancreas and a leading cause of
cancer deaths worldwide [1]. PDAC tumours have a propensity for
perineural and vascular local growth, in addition to early distant
metastasis [2]. This precludes surgical resection for >80% patients,
which is currently the only possible curative treatment [2]. Early
diagnosis of curable disease remains a significant challenge in
primary care, due to the absence of cancer-specific symptoms and
the lack of sensitive and specific biomarkers for prospective
screening of high-risk populations [3].

Systemic chemotherapy and the more recent use of combina-
torial treatments are therefore regarded as the standard of care for
the majority of patients who are diagnosed with inoperable dis-
ease. However, significant benefits from these therapies have only
been observed in small, yet to be characterised groups of patients,
r B.V. This is an open access article
and the impact on overall survival rates in PDAC has been marginal
(5-year overall survival rate ~7%, with most survivors seen in the
~15% of patients with localised, resectable disease) [1]. Resistance
to conventional chemotherapies remains a hallmark of PDAC tu-
mours, owing to a complex interplay between genetic and epige-
netic alterations, and a highly desmoplastic, hypoxic, hypovascular
tumourmicroenvironment [4]. Together, these factors highlight the
need for novel, molecularly-guided strategies to facilitate improved
detection, monitoring and treatment of PDAC.

Liquid biopsies are an emerging application of precision medi-
cine, with the potential to inform targeted strategies for early
diagnosis, treatment and response monitoring in patients. In this
review, we evaluate the clinical significance, technical complexities
and biological challenges associated with the most comprehen-
sively studied liquid biopsy analyte in PDAC samples to date,
circulating tumour DNA (ctDNA).
Molecular landscape of PDAC tumours

Genome sequencing of PDAC primary tumour lesions has
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confirmed the presence of frequent mutations across four key
driver genes (KRAS, TP53, SMAD4, CDKN2A) that are altered in
>90% of patients [5,6]. In contrast, somatic variants within alter-
native driver genes that are commonly targeted for treatment in
other cancer types (e.g. BRAF, KIT) occur at only a low median
prevalence of �5% in PDAC, reflecting extensive inter-tumoural
genetic heterogeneity (Fig. 1a) [5,6]. Efforts to characterise these
variations have grouped individual mutations according to molec-
ular mechanisms or biological pathways, in order to constitute
more clinically meaningful proportions and to determine tumour
subtypes [7e12]. Results from recent subtyping studies, combining
the analysis of transcriptomic variation with proteomic and/or
immunohistochemistry profiling, have provided growing
consensus for the presence of two overarching molecular subtypes
of PDAC tumours amongst high-cellularity samples (Fig. 1b)
[13e15]. However, clear subtype-specific therapeutic vulnerabil-
ities have not yet been demonstrated for these classifications,
despite their established relevance for prognosis (Fig. 1b) [7e11].

These findings highlight several challenges facing tissue-based
molecular classifications of PDAC tumours, particularly concern-
ing the low neoplastic cellularity of most tumours and the overall
lack of resected tumour tissue specimens. This demonstrates the
need for alternative sources of tumour analytes that can be
sequenced alongside tumour tissues, in order to improve the
characterisation of actionable variants within individual patients.
Analytes that can be sampled using only minimally invasive
methods can allow for genotyping of resectable, and advanced
unresectable PDAC tumours that have been vastly understudied to
date, due to the unavailability of suitable biopsy specimens [2].
Minimally invasive sampling can also provide new opportunities
for longitudinal molecular analysis in PDAC tumours, for the
development of integrated tumour monitoring strategies [16,17].
Sampling and analysis of ctDNA in PDAC

Cell free DNA (cfDNA) in peripheral blood comprises a range of
extracellular DNA molecules from various sources, including frag-
ments of circulating tumour DNA (ctDNA) shed from primary and/
Fig. 1. Actionable mutations and molecular subtypes of PDAC tumours. (A) Around 25% of PD
clinical/pre-clinical evidence of predicted benefit from targeted treatments. Approximately 5
within the DNA damage repair pathway. Additional lower-prevalence mutations have also
have been studied in combination with chromosomal structural variants or transcriptomic/p
subtypes have been characterised by Waddell et al. (2015) based on unique patterns of chr
also been proposed, with most studies converging on the presence of two prognostically re
progenitor (better prognosis) or basal/squamous phenotype (poorer prognosis). These find
damage repair deficiency; HR, homologous recombination; (i), inhibitor.
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or metastatic lesions in patients with cancer [18]. Studies in
gastrointestinal (GI) cancers have shown that ctDNA fragments can
be isolated from patient plasma and analysed within a clinically
meaningful timeframe [19]. Furthermore, molecular analyses of
ctDNA and matched tissue biopsy specimens have demonstrated
that ctDNA can provide valuable aggregate information onmultiple
clonal subsets within both primary tumours and metastases in
patients, and may provide greater utility for the identification of
heterogeneous and clinically relevant tumour subclones, compared
to a single-lesion biopsy [20e23].
Sources of ctDNA in peripheral blood

Circulating tumour DNA is thought to be most commonly
released into the circulation during apoptotic tumour cell death
(Fig. 2) [24]. However, the release of ctDNA from dying tumour cells
can be influenced by tumour type, stage, clonality, replication rates
and response to treatment, contributing to significant inter-
individual variations between the fractional abundance of ctDNA
in blood (Table 1) [25,26]. Moreover, the short half-life of ctDNA
fragments in circulation ranges from ~16 min up to several hours
(Fig. 2c) [27,28]. This highlights the importance of carefully defining
sample collection times for ctDNA analysis, particularly for post-
treatment sampling to monitor tumour response.
Methods used for ctDNA detection

Somatic mutations and copy number alterations
The ability to detect tumour-derived somatic mutations in

plasma depends on the number of isolated ctDNA template mole-
cules, which in turn dictates the allelic fractions of mutations
present. This can be further affected by the pre-analytical effects of
different plasma processing protocols on the isolation efficiency
and resulting mutant allele fractions (MAFs) of ctDNA (Fig. 3)
[29,30]. Whilst the fractional abundances of ctDNA can exceed 10%
of total cfDNA in patients with advanced cancers, levels are typi-
cally much lower (�1%) in patients with early orminimal residual
disease (MRD), presenting a significantly greater challenge for
AC tumours harbour actionable molecular alterations, for which there is existing strong
0% of PDAC tumours with actionable molecular alterations are known to bear mutations
been detected within alternative oncogenic drivers, as shown. (B) Somatic alterations
roteomic profiles to identify underlying molecular subtypes of PDAC tumours. Genomic
omosomal structural variation. Several transcriptomic subtypes of PDAC tumours have
levant tumour subtypes amongst high cellularity samples (pink), of either a classical/
ings have been reflected in recent integrated subtype classification studies. DDR, DNA



Fig. 2. Origins of circulating tumour DNA in the blood. (A) Haematopoietic cells are the predominant source of basal cfDNA levels in both cancer patients and healthy individuals,
with fragments bearing distinct epigenetic characteristics consistent with lymphoid and myeloid cells-of-origin. In contrast, tumour lesions comprise a complex mixture of
neoplastic cells and cells of the surrounding microenvironment, including stromal cells, immune cells and endothelial cells. These different cell types shed varying levels of tumour-
derived ctDNA into the pool of circulating cfDNA throughout tumorigenesis and disease progression. (B) ctDNA can be released into the circulation during tumour cell apoptosis,
necrosis or active secretion via extracellular vesicles and/or proliferating tumour cells. (C) Mechanisms of ctDNA clearance from the blood are less well understood, but likely
include digestion by nucleases, renal uptake or clearance by the liver and spleen. ctDNA, circulating tumour DNA; cfDNA, cell-free DNA; EV, extracellular vesicles; TME, tumour
microenvironment.
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detection efforts [26,31,32]. Furthermore, pan-cancer comparisons
have demonstrated that plasma samples from patients with PDAC
generally harbour lower ctDNA burdens, compared to other solid
tumour types, including breast and ovarian cancer [26,33]. This
highlights a profound obstacle for accurate ctDNA detection in
PDAC plasma samples, particularly from patients with early-stage
disease, as rare mutant molecules are more likely to be affected
by stochastic sampling variations [34]. These effects are likely to
explain the low concordance between reported ctDNA detection
rates across PDAC studies to date (Table 1) [34]. Tumour-specific
amplifications and deletions can also be identified through
shallow (~0.1X coverage) whole genome sequencing (sWGS) of
matched ctDNA and germline DNA. However, the limit of detection
of sWGS approaches for ctDNA is ~5e10%, which can severely
restrict sensitivity for profiling early disease in PDAC [35,36].

Methylation profiling
Although methylation profiling has not been performed exten-

sively throughout PDAC ctDNA studies, this approach is gaining
traction for its ability to provide complementary information to
mutation analyses, particularly in the context of early disease
[37e43]. Lehmann-Werman et al. (2016) identified 2 CpG sites
(within the CUX2 and REG1A loci), that were differentially unme-
thylated in the exocrine pancreas compared to the endocrine
pancreas and other tissues [38]. Forty-eight percent of patients
with pancreatic cancer were found to have circulating levels of
unmethylated exocrine pancreas markers above background
365
(highest signal observed in healthy controls), with stronger signals
observed in patients with stage III/IV disease [38]. Differences be-
tween circulating methylation profiles were also demonstrated
between patients with PDAC and chronic pancreatitis, reflecting the
potential for combined approaches targeting methylation and
mutation profiles to improve both the sensitivity and specificity for
ctDNA detection [38]. In addition to these findings, Eissa et al.
(2019) recently reported that the methylation status of the genes
ADAMTS1 and BNC1 may be a promising ctDNA biomarker of early-
stage PDAC, with high sensitivity (94.8%) and specificity (91.6%) for
detection of localised (stage I and II) disease [39].

Biological characteristics
Furthermore, several studies have provided proof-of-principle

for the combined analysis of genome-wide ctDNA fragmentation
patterns with mutation profiles, to improve the overall sensitivity
for ctDNA detection [21]. Mutant ctDNA in PDAC has been detected
in both short (�150bp) and long (>150bp) fragments, using size
selection and/or profiling methods in combination with bio-
informatic algorithms to determine the degree of ctDNA enrich-
ment (Fig. 4) [21,33,44,45]. However, the proportion of short ctDNA
fragments is known to be lower in PDAC compared to other solid
tumour types, suggesting tissue-specific differences between
ctDNA cleavage and fragmentation patterns [33]. In contrast, indi-
vidual studies have each differed in their definition of ‘long’ ctDNA
fragments (e.g. Mouliere et al. (�320bp) vs Christiano et al. (151-
220bp)), rendering accurate cross-cohort and study comparisons



Table 1
Summary of ctDNA detection and prognostic significance in PDAC.

Study Biomarker Source
media

Sampling
volume

Sampling point Method of ctDNA
detection

Detection technique Cohort

Singh et al.,
2020

Prognostic Plasma e e Methylation Real-time SYBR Green PCR (SPARC, UCHL1,
NPTX2, PENK)

n ¼ 65

Strijker
et al.,
2020

Prognostic Plasma 4 mL plasma Pre-treatment Mutation Targeted NGS (34 amplicons panel covering
KRAS, TP53, NRAS, SMAD4, CDKN2A, PIK3CA,
GNAS, BRAF)

n ¼ 58

Sugimori
et al.,
2020

Prognostic,
predictive

Serum 2e3 mL
serum

Pre-
treatment þ during
treatment

Mutation dPCR (KRAS codon 12/13) n ¼ 45

Bernard
et al.,
2019

Predictive,
prognostic

Plasma 1 mL plasma Pre-
treatment þ during
treatment

Mutation ddPCR (multiplex assay: KRAS G12D, G12V,
G12R, G12C, G12S, G12A, G13D)

n ¼ 194

Eissa et al.,
2019

Diagnostic Plasma 2 mL plasma Pre-surgery Methylation Quantitative methylation-specific PCR
(ADAMTS1, BNC1)

n ¼ 39

Gall et al.,
2019

Prognostic Plasma e Pre-surgery Mutation Targeted NGS n ¼ 16

Groot et al.,
2019

Prognostic Plasma 40 mL whole
blood

Pre-surgery þ post-
surgery

Mutation ddPCR (KRAS G12D, G12V, G12R, Q61H) n ¼ 59

Lee et al.,
2019

Pharmacodynamic,
prognostic

Plasma 3.5 mL
plasma

Pre-surgery þ post-
surgery

Mutation Safe-SeqS (KRAS) n ¼ 42

Liu et al.,
2019

Diagnostic Plasma 5e10 mL
plasma

Pre-treatment Mutation/Fragment
size

Targeted NGS (62-gene panel) n ¼ 80

Mohan
et al.,
2019

Prognostic Plasma e Pre-treatment Mutation/Copy
number

Targeted NGS (641-gene panel) n ¼ 55

Patel et al.,
2019

Pharmacodynamic,
prognostic

Plasma 10 mL whole
blood

Pre-treatment/post-
treatment

Mutation Targeted NGS (54e73 gene panel) n ¼ 112

Pratt et al.,
2019

Diagnostic Plasma 1e2 mL
plasma

Pre-
treatment þ post-
treatment

Mutation ddPCR n ¼ 7

Wang et al.,
2019

Diagnostic Plasma 1e4 mL
whole blood

Pre-treatment Mutation ddPCR (KRAS codon 12, 13) n ¼ 95

Watanabe
et al.,
2019

Pharmacodynamic Plasma 2 mL plasma Pre-
treatment þ post-
treatment

Mutation ddPCR (KRAS G12D, G12V, G12R, Q61H) n ¼ 78

Wei et el.
2019

Predictive Plasma e Pre-
treatment þ post-
treatment

Mutation Targeted NGS (560-gene panel) n ¼ 38

Berger et al.,
2018

Pharmacodynamic,
predictive

Plasma 2 mL plasma Pre-
treatment þ post-
treatment

Mutation Targeted NGS (TP53, SMAD4, CDKN2A, KRAS,
APC, ATM, FBXW7) and ddPCR

n ¼ 20

Cohen et al.,
2018

Diagnostic Plasma 7.5 mL
plasma

Pre-surgery Mutation þ proteins Targeted NGS (16-gene panel) n ¼ 93

Hellwig
et al.,
2018

e Plasma 8 mL plasma e Mutation/Fragment
size

ddPCR, targeted NGS (128-gene panel) n ¼ 2 PDAC

Kim et al.,
2018

Prognostic Plasma 1 mL plasma Pre-
treatment þ post-
treatment

Mutation ddPCR (multiplex assay: KRAS G12D, G12V,
G12R, G12C, G12S, G12A, G13D)

n ¼ 77

Kruger et al.,
2018

Predictive,
prognostic

Plasma e Pre-
treatment þ during
treatment

Mutation þ proteins dPCR (KRAS) n ¼ 54

Lapin et al.,
2018

Prognostic Plasma 4mL (1e2mL
for 8
patients)

Pre-
treatment þ post-
treatment

Fragment size
analysis

Fragment size analysis n ¼ 61

Lin et al.,
2018

Predictive Plasma 2 mL plasma Pre-treatment Mutation ddPCR (KRAS) n ¼ 65

Mouliere
et al.,
2018

e Plasma 2 mL plasma Pre-
treatment þ post-
treatment

Mutation/Fragment
size

Fragment size analysis, sWGS, TAM-Seq, WES n ¼ 7 PDAC

Nakano
et al.,
2018

Predictive,
prognostic

Serum 1e4 mL
serum

Pre-surgery þ post-
surgery

Mutation PNA clamp PCR (KRAS codons 12, 13) n ¼ 45

Park et al.,
2018

Diagnostic,
predictive

Plasma 2e5 mL
plasma

Pre-
treatment þ post-
treatment

Mutation Targeted NGS (83-gene panel) n ¼ 17

Perets et al.,
2018

Pharmacodynamic,
predictive

Plasma e During treatment Mutation Targeted NGS (KRAS exon 2) n ¼ 17

Riviere
et al.,
2018

Pharmacodynamic Plasma e e Mutation Targeted NGS (68-gene panel, Guardant360) n ¼ 25

Shroff et al.,
2018

Predictive Plasma e Pre-treatment Mutation Targeted NGS (62-gene panel, Foundation
Medicine)

n ¼ 16
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Adamo
et al.,
2017

Prognostic Plasma e Pre-treatment Mutation ddPCR, targeted NGS (50 gene-panel)) n ¼ 26

Ako et al.,
2017

Prognostic Serum,
plasma
(paired)

1 mL Post-treatment Mutation ddPCR (KRAS G12D, G12V, G12R) n ¼ 40

Allenson
et al.,
2017

Diagnostic Plasma 0.9e1.5 mL
plasma

Pre-surgery þ post-
surgery

Mutation ddPCR (multiplex assay: KRAS G12D, G12V,
G12R, G12C, G12S, G12A, G13D)

n ¼ 52

Cohen et al.,
2017

Diagnostic Plasma 7.5 mL
plasma

Pre-surgery Mutation þ proteins Targeted NGS n ¼ 221

Del Re et al.,
2017

Pharmacodynamic Plasma 3 mL plasma Pre-
treatment þ during
treatment

Mutation ddPCR (KRAS (G12D, G12V, G12R, G13D)) n ¼ 27

Henriksen
et al.,
2017

Prognostic Plasma 500mL plasma Pre-treatment Methylation Methylation-specific PCR (28-gene panel) n ¼ 95

Pishvaian
et al.,
2017

Prognostic Plasma 20 mL whole
blood

Post-treatment Mutation Targeted NGS (68-gene panel, Guardant360) n ¼ 34 (n ¼ 26
ctDNA
analysis)

Song et al.,
2017

Diagnostic Plasma e Pre-
treatment þ post-
treatment

5hmC analysis 5hmC sequencing n ¼ 7

Van
Laethem
et al.,
2017

Predictive Plasma e During treatment Mutation dPCR (KRAS) n ¼ 60

Vietsch
et al.,
2017

Pharmacodynamic,
predictive

Plasma 200mL plasma Pre-surgery þ post-
surgery

Mutation Targeted NGS n ¼ 5

Berger et al.,
2016

Diagnostic Plasma 2 mL plasma e Mutation ddPCR (GNAS GNAS R201C, R201H, KRAS G12D/
G12V)

n ¼ 24

Brychta
et al.,
2016

Diagnostic Plasma 2 mL plasma Pre-surgery Mutation Chip-based dPCR (KRAS codon 12) n ¼ 50

Hadano
et al.,
2016

Prognostic Plasma 1 mL plasma Pre-surgery Mutation ddPCR (G12D, G12V, G12R) n ¼ 105

Henriksen
et al.,
2016

Diagnostic Plasma 500mL plasma Pre-treatment Methylation Methylation-specific PCR (28-gene panel) n ¼ 95

Pietrasz
et al.,
2016

Prognostic Plasma 2 mL plasma Pre-treatment Mutation ddPCR (KRAS G12D, V, R), targeted NGS n ¼ 135

Takai et al.,
2015

Predictive Plasma 2 mL plasma Pre-treatment Mutation ddPCR (KRAS G12D/V/R and G13D), targeted NGS
(60-gene panel)

n ¼ 259

Zill et al.,
2015

Pharmacodynamic Plasma 1 mL plasma Pre-
treatment þ during
treatment

Mutation Targeted NGS (54-gene panel) n ¼ 18

Bettegowda
et al.,
2014

Diagnostic Plasma 2 mL plasma Pre-treatment Mutation dPCR, PCR/ligation, Safe-SeqS n ¼ 155

Abbreviations: 5hmC, 5-hydroxymethylcytosine; CP, chronic pancreatitis; ddPCR, droplet digital PCR; NGS, next-generation sequencing; Safe-SeqS, Safe Sequencing
System; TAM-Seq, tagged amplicon deep sequencing; sWGS, shallow whole genome sequencing; WES, whole exome sequencing.
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difficult [21,33]. Therefore, the validity of approaches to combine
the analysis of ctDNA fragmentation patterns with mutation pro-
files requires rigorous testing in large PDAC sample cohorts to
evaluate potential for clinical applicability.

Techniques for ctDNA analysis

Next-generation sequencing/digital PCR
Numerous techniques for ctDNA analysis have been evaluated to

date. Of these, targeted gene sequencing and droplet digital PCR
(ddPCR), have been the most widely explored [16,31,46e48]. In
contrast, untargeted methods of detection, such as whole exome
sequencing (WES), have not been extensively used in PDAC sam-
ples, despite the advantages for identification and tracking of novel
genetic changes acquired during treatment and without prior in-
formation about individual tumour genomes [49e51]. This is
mainly due to high costs and lower overall sensitivities of genome-
367
wide sequencing methods. A way forward is the use of sWGS to
estimate ctDNA copy number and fractional abundances in plasma
samples prior to WES, to ensure that only samples with a suffi-
ciently high tumour fraction are used for WES profiling [52].
Studies in neuroblastoma and lung cancer have also combined
analytical pipelines with various in silico error correction ap-
proaches to minimise false positive results in exome-wide ctDNA
sequencing data, and are promising in the context of PDAC [49,51].
Such strategies for broad genomic profiling offer the potential to
circumvent the limitations associated with high levels of inter-
tumoural genetic heterogeneity in PDAC, by enabling patient-
specific analysis of the landscape of mutated genes in ctDNA.
These methods can be applied to the study of both resectable and
unresectable patients, in cases where access to matched tumour
tissues is limited. The development of optimised analytical pipe-
lines that can enable mutation calling of low frequency ctDNA
variants, and distnguish these from an increase in false positive



Extracted cfDNA yield % ctDNA
detection
(resectable
cases)

% ctDNA
detection
(unresectable
cases)

% ctDNA detection (total cohort) Conclusions for OS Conclusions for PFS

e e e Methylation indices for all 4 genes
higher in PDAC cases, compared to
healthy individuals.

Higher ctDNA methylation indices for
SPARC and NPTX2 associated with a
poorer OS.

e

Median 3.2 ng/mL (range
0.58e23)

e 44.80% 44.80% Median OS 3.2 months (95% CI 1.6
e4.9) vs 8.4 (95% CI 1.6e15.1) months
(detection vs undetectable ctDNA,
respectively) (0 ¼ 0.005).

e

e e 51% (baseline) 51% (baseline) e Median PFS 248.5 vs 50 days
(p < 0.001) for consistent detection vs
absence of mutant KRAS ctDNA
following chemotherapeutic
treatment.

e 34%
(baseline)

53% (baseline) 44% (baseline) Presence of ctDNA associated with
shorter OS (HR, 2.36; 95% CI, 1.16
e4.79; p ¼ 0.018), with median OS of
258 vs 440 days (detection vs no
detection, respectively). On
multivariate analysis, ctDNA
detection was a significant predictor
of poorer OS in combination with
CA19-9 >300 U/mL at pre-treatment
baseline sampling (HR, 6.37; 95% CI,
2.36e17.24; p ¼ 0.0003).

Presence of ctDNA associated with
significantly shorter PFS (log-rank
test: HR, 1.93; 95% CI, 1.15e3.22;
p ¼ 0.012). Median PFS of 118 vs 321
days (detection vs no detection).

e 97% 100% Methylation of either gene in
combination panel: 97.3%
(sensitivity) þ 91.6% (specificity).
Individual genes: ADAMTS1 87.2%
(sensitivity) þ 95.8% (specificity),
BNC1 64.1% (sensitivity) þ 93.7%
(specificity).

e e

Mean 63.67 ± 24.37 ng/
mL

12.50% e 12.50% e e

e 49% (pre-
surgery)

e 49% (pre-surgery) Pre-operative ctDNA detection vs
absence: median OS 14 months vs
median OS not reached (p < 0.001).
Post-operative ctDNA detection vs
absence: median OS of 17 months vs
median OS not yet reached at 30
months (p ¼ 0.011).

Median PFS 8 months vs 19 months
(p < 0.001) for pre-surgery ctDNA
detection vs absence. Median PFS of 5
months vs 15 months (p < 0.001) for
post-surgical ctDNA detection vs.
absence. Post-surgical ctDNA
detection predicted clinical
recurrence (sensitivity 90% (95% CI 74
e98%), specificity 88% (95% CI 62
e98%)) with median lead time of 84
days.

e 62% (pre-
surgery),
37% (post-
surgery)

e 62% (pre-surgery), 37% (post-surgery) Pre-operative ctDNA detection
associated with shorter OS at median
follow-up (38.4 months): HR
4.1; p ¼ 0.015. Post-operative ctDNA
detection associated with shorter OS:
HR 4.0; p ¼ 0.003.

Pre-surgery ctDNA detection
associated with significantly shorter
PFS at median follow-up (38.4
months): HR 4.1; p ¼ 0.002. ctDNA
detection was significant predictor of
disease recurrence (HR 6.3; 95% CI 2.4
e16.2; p� 0.0001) and death (HR 7.5;
95% CI 2.1e27.7; p ¼ 0.002) during
multivariate analyses.

Median 16.2 ng/mL
(range 9.3e25.9)

88% 95% 90% On multivariate analysis, mutant
KRAS copy number was a significant
predicter of poorer OS (HR: 3.3, 95%
CI: 1.1e10.6; p ¼ 0.037)).

e

e e 62.5%
(locally-
advanced),
87%
(metastatic)

76% Combined presence of KRAS ctDNA
mutations and KRAS copy number
gain associated with poorer overall
prognosis (median survival 2.5
months, log-rank p-value < 0.0001).

e

5e30 ng total yield e e 70% In univariate analysis, presence
of KRAS mutations in ctDNA and
percentage ctDNA abundance (�0.6%)
associated with poorer OS.

e

Median 3e49 ng/mL e 86% 86% e e

e e e 47.40% e e

L. Sivapalan, H.M. Kocher, H. Ross-Adams et al. Pancreatology 21 (2021) 363e378
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e 48.70% 71.80% 62.80% Post-operative emergence of KRAS
mutant ctDNA (HR ¼ 54.5, 95% CI:
6.64e447.6, p < 0.001 significant
factor for poorer OS. Emergence of
KRAS mutant ctDNA (HR ¼ 10.4, 95%
CI: 2.95e37.0, p < 0.001) was only
significant factor for OS in
unresectable patients.

Emergence of KRAS mutant ctDNA
within 6 months of chemotherapy
significantly associated with poorer
PFS (median PFS: 14.9 months versus
4.8 months).

Median 28.4 ng/mL e e 66% Poorer prognosis observed in patients
with ctDNA MAF >1.5%, compared to
patients with <1.5% ctDNA MAF.

e

e e 80% 80% e Combined ctDNA MAFs of KRAS and
TP53 during treatment were
significantly correlated with PFS
(Spearman, r ¼ �0.8609, p ¼ 0.0013).

Median 7.54 ng/mL e e 72% (mutations þ proteins) e e

20.1 ± 14.5 ng/mL (yield
across PDAC, colorectal,
melanoma cohorts)

e e 100% e e

Median 427 ng/mL 69% 83% (locally-
advanced),
86%
(metastatic)

78% Low (�41.5%) vs high ((>41.5%) KRAS
ctDNA MAF associated with OS: 13 vs
8 months. Mutant KRAS ctDNA
concentration identified as a
prognostic factor for OS (HR 1.97, 95%
CI 1.05e3.67).

High (>41.5%) vs low (<41.5%) KRAS
ctDNA MAF associated with shorter
PFS: 12.6 vs 4.7 months. Mutant KRAS
ctDNA concentration identified as a
prognostic factor for PFS (HR 2.08,
95%CI 1.20e3.63).

e e 67% 67% Presence of KRAS mutant ctDNA and
higher pre-treatment levels of CA19-
9, CEA and CYFRA 21-1 were
significantly correlated with a poorer
OS.

Serial measurement of KRAS mutant
ctDNA during follow-up was superior
to protein-based markers for
detection of tumour progression:
sensitivity (83%), specificity (100%).

Locally advanced:
median 3.26 ng/mL
(range 1.16e7.98);
Metastatic: median
6.58 ng/mL (range 0.53
e1911.63)

e e cfDNA fragment size: healthy controls
(median 176.5bp, range 168e185bp),
locally-advanced PDAC (median
170bp, range 167e173bp), metastatic
(median 167bp, range 148e180bp).
Fragment sizes significantly larger in
healthy controls vs locally-advanced
(p ¼ 0.001)/metastatic (p < 0.001)
PDAC.

Short pre-treatment cfDNA fragment
sizes (�167 bp) were associated with
poorer OS (4.6 months vs 10.5
months; log-rank p ¼ 0.001). Pre-
treatment cfDNA levels were
independent predicter of poorer OS
(HR ¼ 2.236, p ¼ 0.028).

Pre-treatment cfDNA levels were
independent predicter of shorter PFS
(HR ¼ 3.049, p ¼ 0.005).

e e e 80% ctDNA detection vs absence: median
OS 11.4 months vs 14.3 months
(P < 0.001). On multivariate analysis,
ctDNA presence identified as
independent prognostic factor
associated with poorer OS (HR ¼ 3.1,
95% CI: 1.6e4.9, p < 0.001).

e

e e e 17% (across low-ctDNA cancers:
glioma, renal, bladder, and
pancreatic)

e e

e 24.4% (pre-
surgery),
44.4%
(post-
surgery)

e 24.4% (pre-surgery), 44.4% (post-
surgery)

Change in KRAS mutation dynamics
(pre-surgery wild-type to post-
surgery mutant) significantly
associated with poorer OS (HR 9.42,
95%CI 2.02e44.04, p ¼ 0.004)).

e

e e e 88.20% e e

e e 29.40% 29.40% Mutant KRAS ctDNA detection vs
absence: 8 vs. 37.5 months.

e

e e e 64% (known mutations), 100% (all
mutations)

e e

e e 69% 69% e e

Median 585 ng/mL
(range 120e4180)

17% 40% 35% Presence of KRAS mutant ctDNA vs
absence: 60 vs. 197 days. KRAS
mutant ctDNA identified as
prognostic factor for OS (HR 2.89 95%
CI 1.2e7.3).

e

17.9 ng/mL (plasma),
129 ng/mL (serum)

e e 48% (serum), 48% (plasma) Presence of KRAS G12V alleles in
serum or plasma ctDNA associated
with poorer OS (p < 0.01).

e

e 45.50% 58% 50% Presence of KRAS mutant ctDNA vs
absence (metastatic patients): 115
days vs. 506 days OS (p ¼ 0.107).

e

Median 5.92 ng/mL
(range 0.51e121.81)

30% e 30% ctDNA detection using combination
assay was independent predictor of
OS (HR ¼ 1.76, 95% CI 1.10e2.84,
p ¼ 0.018, multivariate analyses).

e
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e e 70% (baseline) 70% (baseline) Increase vs reduction in KRAS mutant
ctDNA abundance at day 15 follow-up
(median OS 6.5 vs 11.5 months,
p ¼ 0.009).

Increase vs stability/reduction in
KRAS mutant ctDNA abundance at
day 15 follow-up (median PFS 2.5 vs
7.5 months, p ¼ 0.03).

e e e e Decreased 6-month, 1-year and 2-
year OS observed for patients with 0
e10 hypermethylated genes in ctDNA
(73% (95% CI; 61%e82%), 56% (95% CI;
43%e66%).

e

e e e 73% ctDNA detection vs absence: 11/24
deaths vs. 1/10 deaths (log-rank
p ¼ 0.045).

e

e e e Up-regulation and down-regulation
of 5hmC genes (ZFP36L1, DCXR,
GPR21, SLC19A3) in PDAC, compared
to healthy controls.

e e

e e 65% 65% Presence vs absence of KRAS mutant
ctDNA: median OS 6.6 months vs 18.2
months, respectively.

Presence vs absence of KRAS mutant
ctDNA: median PFS 5.3 months vs 8.8
months, respectively.

e 100% (range
5e12
mutations
in 14/56
genes
assessed)

e 100% e

Median 4.22 ng/
mL ± 2.501

e 25% (GNAS),
42% (KRAS)

25% (GNAS), 42% (KRAS) e e

Median 43.9 ng/mL
(range 4.14e250)

35% e 35% e e

e e e 31% Presence vs absence of KRAS mutant
ctDNA: 13.6 vs. 27.6 months.
Presence vs absence of KRAS mutant
ctDNA identified as prognostic factor
for OS (HR 3.2, 95%CI 1.8e5.4).

Presence vs absence of KRAS mutant
ctDNA: 6.1 vs. 16.1 months PFS.

Median 11.60 ng/mL
(range 0.60e957.17)

e e Mean number of methylated genes in
PDAC cases (8.41 (95% CI 7.62e9.20))
significantly higher than in acute/
chronic pancreatitis controls (4.74
(95% CI 4.40e5.08)) (p < 0.001).
Combined model (age
>65 þ hypermethylation frequencies
of BMP3, RASSF1A, BNC1, MESTv2,
TFPI2, APC, SFRP1 and SFRP2): 76%
(sensitivity), 83% (specificity) for
PDAC.

e e

Mean 92 ± 201 ng/mL
(resectable 52.5 ± 79.5,
unresectable
105.8 ± 227.25)

19% 48% 41% Presence vs absence of ctDNA:
(unresectable patients) 6.5 vs. 19
months OS (log-rank p < 0.001);
(resectable patients) 19.3 vs. 32.2
months (p ¼ 0.027). ctDNA detection
identified as prognostic factor for OS
(HR 1.96, 95%CI 1.2e3.2).

Presence vs absence of ctDNA:
(resectable patients): 4.6 vs. 17.6
months (log-rank p ¼ 0.03).

Median 20.13 ng/2 mL
plasma (stage IV 21.65,
stage I-III 17.59)

8.30% 47% 32% Presence of KRAS mutant ctDNA
identified as prognostic factor
associated with poorer OS (HR 3.04).

e

e e 89% 89% e e

e �49%
(localised)

>80%
(metastatic)

�49% (localised), >80% (metastatic) e e

L. Sivapalan, H.M. Kocher, H. Ross-Adams et al. Pancreatology 21 (2021) 363e378
calls and/or sequencing artefacts in WES data will be essential for
the successsful application of broad genomic profiling in PDAC
samples with a low ctDNA burden.

In contrast, targeted deep sequencing (>10,000X) can detect
ctDNA mutations with MAFs as low as <0.2% [53e55]. Similarly,
digital PCR platforms can be applied to the analysis of known ctDNA
mutations at <0.1% MAFs [56]. The improved sensitivities provided
by targeted detection methods highlights their particular utility for
the identification and personalised monitoring of rare mutant
ctDNA molecules in the MRD setting (Fig. 5). Such personalised
ctDNA monitoring strategies, combining genomic profiling of
tumour tissues with targeted deep sequencing or ddPCR detection
of tumour-derived ctDNA mutations, have been trialled across
several solid tumour types, including breast and renal cancer,
370
providing clinical value in select patients [57,58]. However, per-
sonalised ctDNA profiling can be costly, and potential applications
of this approach in PDAC will be limited to the minority of resect-
able cases with suitable and substantial primary tumour tissues
available for sequencing.

As such, most gene panels that have been tested for clinical
utility in PDAC samples have only targeted hotspot regions within
the KRAS proto-oncogene, owing to the prevalence (>90%) of KRAS
gene mutations in PDAC tumour tissues (Table 1) [17,59,60]. How-
ever, mutant KRAS detection rates have varied significantly across
PDAC ctDNA studies (Table 1). This is likely to be the result of a
combination of sampling variation, varying sensitivities of plat-
forms used for ctDNA detection and inter-patient differences be-
tween ctDNA fractions in blood plasma. Despite this variability in
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detection rates, the prognostic relevance of KRASmutation states in
PDAC plasma ctDNA samples has been widely shown [59,61],
highlighting a need for further investigation into the molecular
determinants of these findings. Towards this end, oncogenic dosage
gain and variation of mutant KRAS has recently been shown to play
a critical role in PDAC biology by driving early tumorigenesis and
phenotypic diversification [62]. An increase in gene dosage of
mutant KRAS can result from copy number gains of KRAS itself or
alternative oncogenic amplifications (MYC, YAP1, NFkB2) in combi-
nation with heterozygous KRAS mutations [62]. These events are
associated with high tumour metastatic potential and poor overall
clinical outcomes in patients [62]. Oncogenic gains and mutant
KRAS dosages are further associated with different combinations of
secondary hallmark tumour suppressor alterations (CDKN2A, TGFb
pathway, TP53), which can be evaluated in ctDNA throughmutation
and copy number profiling [62]. The established prognostic utility
of this biomarker indicates promise for the combined analysis of
KRASmutations and copy number alterations targeting highlighted
key genes in PDAC ctDNA samples, with early studies having
already demonstrated clinical potential [60]. Follow-up in-
vestigations in large PDAC sample cohorts will be essential to
further assess biomarker performance against the accuracy of
prognosis.
Bioinformatic analysis of ctDNA sequencing data
Numerous bioinformatic pipelines have been developed for the

analysis of ctDNA sequencing data. Each approach has differed in
the application of error-correction or mitigation methods used to
amplify mutant signals in low input samples. Low DNA inputs for
sequencing can be compensated for by increasing the number of
targets that are interrogated in each sample and establishing a
threshold to classify samples as positive, or by increasing the per-
sample sequencing depth. However, increasing the depth of
sequencing in low-input ctDNA libraries can cause a proportional
increase in PCR duplication rates, which can result in a high number
of redundant reads within final datasets [63]. This can be exacer-
bated by the narrow size distribution profile of cf-/ctDNA frag-
ments, which can further lower the complexity of final sequencing
libraries [63,64]. These duplicates are normally marked using tools
such as Picard MarkDuplicates or Samtools rmdup, and are
excluded during variant calling [63]. Whilst effective for the anal-
ysis of genomic DNA samples, de-duplication using these tools is
not advised for the analysis of fragmented DNA, as numerous
sequencing reads originating from distinct fragments of ctDNAmay
coincidentally share identical mapping coordinates [63]. Marking
these reads as duplicates could lead to the simultaneous loss of
both true PCR duplicates and genuine ctDNA reads of interest. The
resulting decrease in overall sensitivity can have a profound impact
on ctDNA detection, particularly in cancers with a low ctDNA
burden (such as PDAC), or when profiling early disease or MRD.
These effects can be mitigated by attaching unique molecular in-
dexes (UMIs) to each DNA molecule during library preparation,
thus identifying PCR duplicates and sequencing errors to be
excluded from subsequent analyses [65,66].

Artefacts introduced during library preparation can also signif-
icantly affect analytical sensitivity during ctDNA sequencing,
particularly at low MAFs �0.1% [67]. For example, the use of
hybridisation capture baits for enrichment of target genomic re-
gions during exome or gene panel sequencing has been shown to
introduce 8-oxoguanine artefacts in sequences at C > A bases, as a
result of ex vivo oxidative damage [67]. It is vital that appropriate in
silico error correction methods (e.g. OxoG3 filter, Broad Institute)
are applied to minimise the influence of these artefacts on the ac-
curacy of ctDNA detection [67].
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Evaluating the clinical potential of ctDNA in PDAC

Recent advances have demonstrated opportunities for the
clinical use of ctDNA fragments as prognostic, diagnostic and
pharmacodynamic biomarkers for PDAC, and have shown utility for
the identification of therapeutically targetable molecular alter-
ations within individual patients. These findings have provided a
foundation for larger prospective studies to assess the clinical
benefit of ctDNA analysis for patient management in PDAC.

Prognostic biomarker

The prognostic relevance of ctDNA detection in patients with
PDAC has been demonstrated across several recent studies
[59,61,68e75]. Hadano et al. (2016) used ddPCR to detect KRAS
codon 12 mutations in ctDNA from 105 patients with resectable
PDAC [59]. No significant associations were observed between
mutant KRAS status in tumour tissues and overall survival in pa-
tients [59]. In contrast, the presence of detectable KRAS mutant
alleles within ctDNA was associated with a significantly poorer
prognosis, according to both disease-free and overall survival an-
alyses (Table 1) [59]. In a similar study, Pietrasz et al. (2017) used
targeted sequencing in combination with ddPCR, for the detection
and validation of known PDAC driver mutations in ctDNA from
prospectively sampled patients [61]. The presence of KRAS mutant
ctDNAwas shown to be strongly correlated with tumour grade and
was independently associated with a poorer overall survival in
patients [61]. These findings suggest that ctDNA abundance may be
influenced by the biological characteristics of individual PDAC
tumour lesions, in addition to overall disease burden. Recently,
studies have also demonstrated a significant correlation between
the detection of mutant KRAS ctDNA at pre-treatment sampling and
the presence of liver metastases in patients, indicating potential
tissue-specific patterns between ctDNA release from primary and
metastatic lesions, which warrant further assessment [20].

Diagnostic biomarker

The analysis of ctDNA can also provide a useful tool for the early
diagnosis of PDAC tumours, when surgical resection is most likely
to improve survival [31,32,45,76e80]. In a sample cohort of 221
resectable (stage I-II) PDAC patients, KRAS mutant ctDNA was
detected in 30% of cases, with 94% of mutations present within
codon 12 and a further 6% within codon 61 [31]. However, the
number of ctDNA template molecules detected in individual pa-
tients remained low across the cohort, with 38% of patients har-
bouring fewer than 2 mutant templates per mL plasma [31]. More
recently, the same group reported on the development of a pan-
cancer multi-analyte screening test, called CancerSEEK, capable of
detecting somatic mutations across 16 genes in ctDNA (including
KRAS), and quantifying 8 cancer-associated proteins (carbohydrate
antigen 125 (CA-125), CA19-9, CEA, HGF, myeloperoxidase, pro-
lactin, OPN, tissue inhibitor of metalloproteinases 1 (TIMP-1)) in
blood [32]. The test was used in 1005 patients previously diagnosed
with stage I-III colorectal, breast, gastric, liver, oesophageal, ovarian
and pancreatic cancers, with sensitivities of detection that ranged
from 98% in ovarian cancer to ~70% in pancreatic cancer (Table 1)
[32]. The application of a supervisedmachine-learning algorithm to
the multi-analyte datawas able to accurately predict the location of
cancer in ~80% of pancreatic cancer patients with a positive Can-
cerSEEK test [32]. Whilst these data provide the practical frame-
work for a pan-cancer multi-analyte blood test, considerable
improvements in sensitivity are required for the implementation of
ctDNA-based diagnostic screening for sporadic PDAC [32]. All in-
dividuals included in the study (including PDAC cases) had been
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already diagnosedwith known, inmost cases symptomatic, cancers
[32]. Whilst the median sensitivity for detection of stage II-III
cancers was 73e78%, it was only 43% for stage I disease [32].
These values are likely to be considerably lower in a true screening
setting with a lower prevalence of advanced disease, with a further
reduction in specificity from the prevalence of cases amongst a
larger proportion of non-cancer patients [32].

Pharmacodynamic biomarker

Longitudinal ctDNA monitoring has not been performed
extensively in PDAC cases, owing to the short patient survival times
and difficulties in maintaining regular serial blood sample collec-
tions outside of an established clinical trial setting. Therefore,
CA19-9 remains the only blood biomarker currently used in clinical
management for monitoring responses to treatment in patients
[81]. However, it performs poorly in detecting small tumours, and
cannot be used in non-secreting, Lewis AB- patients (~10% of all
PDAC cases) [81]. Del Re et al. (2017) observed a significantly poorer
survival in patients who displayed an increase in mutant KRAS
ctDNA abundance at 15 days of post-treatment follow-up,
compared to patients who displayed either a decrease or stabili-
sation of detectable ctDNA levels (Table 1) [82]. Radiological eval-
uation two months after treatment revealed clinical disease
progression in all patients who displayed an increase in ctDNA
concentration at day 15, indicating the potential for ctDNA profiling
to enable early detection of progressive disease [82]. Similarly,
Watanabe et al. (2019) demonstrated that the presence/emergence
of KRAS mutant ctDNA within one year of surgical primary tumour
resectionwas associated with a significantly poorer overall survival
in PDAC patients (Table 1), which was not observed for CA19-9 [17].
Comparable findings were observed in unresectable chemo-
therapy-naïve cases sampled following first-line treatment, high-
lighting the potential of longitudinal ctDNA tracking for monitoring
therapeutic responses in both early and advanced disease settings
(Table 1) [17]. These encouraging early results provide a platform
for further investigations into the landscape of actionable muta-
tions in PDAC ctDNA samples, and how these may be influenced by
different clinical treatments (e.g chemotherapy vs chemo-
radiotherapy) [17,82e86]. This will be essential to circumvent the
limitations associated with variable detection rates of mutant KRAS
in ctDNA and extend the applications of longitudinal ctDNA
monitoring as a pharmacodynamic biomarker for use in larger
numbers of patients with PDAC.

Predictive biomarker

Deep sequencing of PDAC ctDNA samples has also been used to
identify high-confidence tumour mutations within therapeutically
targetable genes in patients; although to date this approach has
been limited to patients with high ctDNA levels [55,83,87e92]. Zill
et al. (2015) conducted a prospective analysis of ctDNA samples
from patients with advanced pancreaticobiliary tumours, including
18 PDAC patients, using an NGS approach targeting a custom 54-
gene panel, without a priori knowledge of individual tumour ge-
notypes [88]. Multiple clinically meaningful ctDNA alterations were
detected in patients, for whom tissue sequencing was not possible
due to insufficient quantities of suitable material [88]. Predictive
mutations detected in ctDNA from this cohort included a canonical
activating EGFR exon 19 deletion, which was detected in the blood
of a patient with PDAC 7 months prior to identification during a
repeat clinical biopsy [88]. The emergence of the deletion variant
during initial treatment with FOLFIRINOX followed by
Capecitabine-Oxaliplatin, prompted a switch in treatment to the
EGFR inhibitor Erlotinib, which coincided with an improvement in
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patient response [88]. Similarly, Takai et al. (2015) used a custom
60-gene panel on patients with �1% KRASMAF in plasma [47]. This
led to the identification of ctDNA mutations within several thera-
peutically targetable genes (including ATM, EGFR, MAP2K4 and
PIK3CA) in 14 of 48 patients tested [67]. Notably, individual muta-
tions occurred at a low prevalence in patients (n� 5), reflecting the
extent of inter-tumoural genetic heterogeneity previously charac-
terised in PDAC tumour tissues [47].

Challenges to be overcome

Need for more precise determination of ctDNA release mechanisms

Several key challenges remain to be overcome, in order to
improve the efficiency of ctDNA detection in PDAC and enable
clinical implementation. The first is to improve understanding of
the mechanisms governing the release of tumour-derived analytes
into circulation. This will be essential to determine the kinetics of
tumour shedding in PDAC and other cancers. Tumour cell death
through apoptosis has long been considered as the most likely
origin of ctDNA [33]. However, direct correlations between tumour
apoptotic indices and fractional abundances of ctDNA are yet to be
proven. Recent studies have suggested that changes within ctDNA
dynamics may also be associated with actively proliferating tumour
cells [25]. Abbosh et al. (2017) reported a positive correlation be-
tween ctDNA detection in patients with non-small-cell lung carci-
noma (NSCLC), 2-[18F] fluoro-2-deoxyglucose (FDG) avidity on PET
imaging and tumour Ki67 proliferation indices, all of which were
markers of a poorer overall prognosis [25]. In addition to individual
tumour growth and proliferation rates, it is unknown whether
different primary tumour or metastatic clones shed ctDNA homo-
geneously. Further study into the factors governing ctDNA release
from spatially distinct tumour clones, and the extent to which they
influence overall ctDNA detection rates in PDAC and other cancers,
is required.

Standardisation across pre-analytical workflows

Standardisation across pre-analytical workflows is further
required to reduce the variability between ctDNA detection rates in
PDAC and improve inter-lab concordance. This need for unified
guidance on the handling, documentation and processing of blood
samples for circulating DNA isolation was addressed by the Inter-
national Organisation for Standardisation (ISO), that recently pub-
lished a set of standards for the appropriate processing of blood
samples [93]. To facilitate routine ctDNA testing within a clinical
setting, up-to-date validations and external quality assurances of
these protocols are required. These have been the recent focus of
several international consortia efforts, including CANCER-ID
(https://www.cancer-id.eu/) and BloodPAC (https://www.
bloodpac.org/).

Technical limitations to ctDNA detection

Limited starting material can present a considerable technical
limitation for the detection of rare tumour-derived markers in
blood [31]. The likelihood of capturing rare PDAC ctDNA molecules
during blood draw and subsequently incorporating them into a
final sequencing library can be directly influenced by the overall
concentration of mutant fragments that are present in a patient’s
blood. Across most commonly used plasma volumes (~1e4mL), the
accurate sampling of rare mutant ctDNA alleles, present at MAFs of
0.1% or even 0.01% (Table 1), can therefore represent a physical
limitation to ctDNA detection, particularly during early disease or
MRD [25].

https://www.cancer-id.eu/
https://www.bloodpac.org/
https://www.bloodpac.org/


Fig. 3. Guidelines for cfDNA isolation and analysis from peripheral blood. Recommended (1) preanalytical considerations and specific application requirements for (2) blood
collection, (3) plasma processing, (4) cfDNA isolation and (5) cfDNA storage are shown. Best practice suggests that whole blood samples are processed as soon as possible following
blood draw for plasma retrieval, particularly when collected in EDTA tubes. Cell stabilising collection tubes are also commercially available, that maintain sample integrity during
transport, or when immediate in-house processing is not possible. During cfDNA extraction, the required concentration of input DNA for downstream applications should be
considered when deciding on elution volumes (e.g. to provide the highest possible concentration of ctDNA fragments that are otherwise present at low concentrations in human
plasma). Total extracted DNA yields can be measured using fluorometric or PCR-based approaches, and the quality of isolated DNA determined through the analysis of fragment size
distributions. qPCR assays can also be used to make complementary assessments of cf-/ctDNA integrity and improve the stringency of sample validations for next-generation
sequencing and digital PCR applications. Care should be taken when storing cfDNA samples to limit freeze thaw cycles, which can damage the integrity of fragmented cfDNA.
BCT, blood collection tube.
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Biological challenges to ctDNA detection

Several confounding biological factors can also influence the
accuracy of ctDNA detection from blood samples, posing significant
challenges for clinical implementation. Firstly, the fractional
abundance of ctDNA in blood can be directly influenced by tumour
volumes and the number of ctDNA-releasing cells [25,48]. Findings
from the TRACERx study revealed that radiological primary tumour
volumes in patients with NSCLC were correlated with mean plasma
MAFs of clonal ctDNA variants [25]. Based these results, a ctDNA
MAF of 0.1% corresponded to an estimated tumour volume of
10 cm3 and a MAF of 1.4% with a tumour volume of 100 cm3 [25]. A
tumour of volume 1 cm3 was predicted to correspond to a mean
plasma clonal MAF of 0.008% [25]. This presents a direct challenge
for the detection of ctDNA fragments released from PDAC lesions,
which typically range from�2 cm to ~5 cm in diameter [96,97]. The
tumour microenvironment in PDAC can further impair the release
of ctDNA fragments into the circulation. PDAC tumours are char-
acterised by extensive desmoplasia, which results in elevated intra-
tumoural pressure and hypovascularity [4]. Coupled with a recip-
rocally low neoplastic cellularity, these features present a rigid
barrier to the release of ctDNA fragments into the blood, under-
pinning the low ctDNA burdens typically observed in patients [4].

Furthermore, the presence of a genuine (non-artefactual) bio-
logical mutation in plasma may not necessarily be specific for a
population of tumour cells. Both lymphoid and myeloid cells of the
haematopoietic lineage are known to accumulate somatic muta-
tions during ageing, which can cause false positive genotype results
in plasma [94,95]. Whilst the majority of random mutations ac-
quired during the division of haematopoietic stem/progenitor cells
do not have a functional impact, mutations within certain cancer
driver genes may confer selective fitness advantages, such as self-
renewal or proliferation, which can lead to the clonal expansion
of affected cell populations [94,95]. Mutations that accumulate
under such circumstances are a form of somatic mosaicism, termed
clonal haematopoiesis of indeterminate potential (CHIP), which
can confound the interpretation of tumour-derived (ctDNA)
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variants in blood [18]. Studies show that 5e6% of individuals over
the age of 70 years carry somatic driver mutations associated with
haematological neoplasia, including low level BCR-ABL fusions and
oncogenic BCL2 translocations [94,95]. Therefore, matched plasma-
buffy coat sampling is imperative during ctDNA sequencing, in or-
der to identify and effectively filter out CHIP-associated mutations
from peripheral blood leucocytes, which could otherwise
contribute to false positive ctDNA detection rates [18].

Future directions

Over recent years, ctDNA testing has been increasingly incor-
porated into clinical trials for GI cancers, including PDAC, high-
lighting important progress towards clinical use. The majority of
these trials have focussed on the utility of ctDNA-based patient
stratification towards targeted therapies. In the recent TARGET
programme, patients with advanced cancers were matched to
appropriate early phase clinical trials based on the analysis of
ctDNA mutations within a 641-cancer gene panel assay [19].
Overall, 41 out of 100 patients were found to harbour actionable
ctDNA mutations, of which 11 went on to receive matched thera-
pies with evidence of stable disease or partial response [19].
Interim results from the GOZILA study in patients with metastatic
colorectal cancers (CRC), further showed that ctDNA analysis can be
equally as informative as tumour tissues, for the identification of
patients with HERC2-amplified metastatic CRC, who can benefit
from dual HERC2-targeted therapy (trastuzumab and pertuzumab
combination) [98]. More recently, the study also reported on
extended findings across patients with multiple advanced GI can-
cers, including PDAC [99]. Several clinically actionable variants
were detectable in ctDNA from PDAC patients, including pathogenic
germline BRCA mutations for which polyadenosine-diphosphate-
ribose polymerase (PARP) inhibitor therapy is indicated [99].

However, growing indications suggest that the successful
application of a single marker or blood-derived analyte for accurate
longitudinal monitoring of early stage PDAC tumours, or unre-
sectable cases where there is no prior information about tumour



Fig. 4. Cell-free DNA fragmentation patterns in PDAC. (A) Cell free DNA molecules display a characteristic modal fragment size ~167bp; 147bp of DNA are wrapped around a
nucleosome with a 10bp periodicity corresponding to the helical pitch of DNA on the nucleosome core, and 20bp of linker DNA constitute the remainder of cfDNA fragments.
Although DNA within the nucleosome core is protected from endonuclease activity, regions of linker DNA remain vulnerable to digestion, leading to small variations in this modal
fragment size between cfDNA samples, which can be explained by varying linker lengths. (B) In contrast, ctDNA fragmentation profiles have been shown to be more variable than
non-tumour cfDNA, as tumour cell necrosis and mechanisms of active release can also contribute to overall levels of tumour-derived ctDNA fragments in blood. Mutant ctDNA
fragments in PDAC have been detected at both short (�150bp) and long (>150bp) fragment sizes, with varying degrees of enrichment observed within each size fraction. (C)
Patterns of cfDNA and ctDNA cleavage are evidenced in fragment size distribution profiles, as shown in (B).
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molecular profiles, is unlikely to yield sufficient sensitivity or
specificity for clinical use (Fig. 5) [31,32]. In such cases, clinically
useful biomarkers for tumour monitoring may only be identified by
using integrated detection strategies to supplement mutation data
from ctDNA with information on somatic copy number alterations,
methylation profiles or gene/protein expression, from alternative
sources of blood-derived analytes (Fig. 5) [31,32]. Combined multi-
analyte strategies can also present significant advantages for
374
tumour profiling in cancers with high levels of inter-tumoural
molecular heterogeneity, such as PDAC, by reducing the effects of
sampling variation on overall detection rates [34]. Recent studies
have highlighted promising exosome-derived biomarkers for use in
future combined strategies, including the cell surface proteoglycan,
GPC1, which has been shown to be specifically enriched on PDAC
tumour-derived exosomes [100]. Such combined platforms will
need to be tested and validated across large-scale multi-centre



Fig. 5. Longitudinal monitoring of PDAC tumours using multianalyte liquid biopsies. (A) Longitudinal monitoring of tumour response to adjuvant treatment, or disease progression
following surgical primary tumour resection, is currently performed using routine imaging and by tracking levels of the tumour marker CA19-9 in blood. These measurements can
be complemented using liquid biopsy approaches. In resectable cases with matched tumour biopsies available for genomic profiling, personalised assays can be developed to
enhance the sensitivity for detection and tracking of rare mutant molecules in blood. (B) New and effective means of monitoring treatment response in patients with unresectable
PDAC remains of significant clinical need. In the absence of resected tissue samples for tumour genotyping, multi-analyte liquid biopsy approaches, combining ctDNA and/or CTC
detection with the analysis of miRNA and proteins in blood, present an alternative method to enhance the sensitivity for detection of tumour molecules. Unresectable patients also
typically have a greater tumour burden and increased levels of circulating tumour molecules in peripheral blood, compared to patients with earlier stages of resectable disease,
making them suitable candidates for combined orthogonal sampling and multi-marker profiling. CTC, circulating tumour cell; miRNA, microRNA, SCNA, somatic copy number
alterations; TEP, tumour educated platelets.
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cohorts, with sufficient sample numbers to establish clinical val-
idity and utility.
Conclusions

As the most widely studied liquid biopsy analyte in peripheral
blood, ctDNA has been investigated for a variety of research and
clinical applications. Studies have demonstrated its utility for
complementary analysis of tumour genomic profiles and high-
lighted potential to improve the characterisation of actionable
PDAC variants. The clinical relevance of ctDNA profiling in PDAC has
375
also been shown, indicating promise for future uses in early
detection, treatment monitoring and the prediction of prognosis in
patients. However, the extent of inter-tumoural molecular hetero-
geneity in PDAC suggests that the clinical uptake of liquid biopsy
testing may require greater sensitivity and specificity than that
provided by single-analyte approaches targeting ctDNA alone. To-
wards this end, multi-analyte strategies targeting a range of
tumour-derived molecules may represent the future of liquid bi-
opsies for clinical use, with the potential to extend the analytical
validity and clinical utility of single-analyte tests. Such methods
require rigorous testing in large-scale prospective studies to
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determine the clinical validity of liquid biopsy profiling for the
management of PDAC in patients.
Acknowledgements

L Sivapalan is funded by Cancer Research UK. H Ross-Adams is
funded by Pancreatic Cancer Action. HM Kocher and C Chelala are
funded by HEFCE. The authors declare no conflicts of interest.

References

[1] Siegel RL, Miller KD, Jemal A. Cancer statistics. CA Cancer J Clin 2020;70:
7e30. https://doi.org/10.3322/caac.21590.

[2] Aguirre AJ, Nowak JA, Camarda ND, Moffitt RA, Ghazani AA, Hazar-
Rethinam M, et al. Real-time genomic characterization of advanced
pancreatic cancer to enable precision medicine. Canc Discov 2018;8:
1096e111. https://doi.org/10.1158/2159-8290.CD-18-0275.

[3] Pereira SP, Oldfield L, Ney A, Hart PA, Keane MG, Pandol SJ, et al. Early
detection of pancreatic cancer. Lancet Gastroenterol Hepatol 2020;5:
698e710. https://doi.org/10.1016/S2468-1253(19)30416-9.

[4] Neesse A, Michl P, Frese KK, Feig C, Cook N, Jacobetz MA, et al. Stromal
biology and therapy in pancreatic cancer. Gut 2011;60:861e8. https://
doi.org/10.1136/gut.2010.226092.

[5] Bailey P, Chang DK, Nones K, Johns AL, Patch A-M, Gingras M-C, et al.
Genomic analyses identify molecular subtypes of pancreatic cancer. Nature
2016;531:47.

[6] Waddell N, Pajic M, Patch A-M, Chang DK, Kassahn KS, Bailey P, et al. Whole
genomes redefine the mutational landscape of pancreatic cancer. Nature
2015;518:495.

[7] Collisson EA, Sadanandam A, Olson P, Gibb WJ, Truitt M, Gu S, et al. Subtypes
of pancreatic ductal adenocarcinoma and their differing responses to ther-
apy. Nat Med 2011;17:500e3. https://doi.org/10.1038/nm.2344.

[8] Moffitt RA, Marayati R, Flate EL, Volmar KE, Loeza SGH, Hoadley KA, et al.
Virtual microdissection identifies distinct tumor- and stroma-specific sub-
types of pancreatic ductal adenocarcinoma. Nat Genet 2015;47:1168e78.
https://doi.org/10.1038/ng.3398.

[9] Bailey P, Chang DK, Nones K, Johns AL, Patch A, Gingras M, et al. Genomic
analyses identify molecular subtypes of pancreatic cancer. Nature 2016;531:
47e52. https://doi.org/10.1038/nature16965.

[10] Sivakumar S, de Santiago I, Chlon L, Markowetz F. Master regulators of
oncogenic KRAS response in pancreatic cancer: an integrative network
biology analysis. PLoS Med 2017;14:e1002223.

[11] de Santiago I, Yau C, Heij L, Middleton MR, Markowetz F, Grabsch HI, et al.
Immunophenotypes of pancreatic ductal adenocarcinoma: meta-analysis of
transcriptional subtypes. Int J Canc 2019;145:1125e37. https://doi.org/
10.1002/ijc.32186.

[12] Waddell N, Pajic M, Patch A-M, Chang DK, Kassahn KS, Bailey P, et al. Whole
genomes redefine the mutational landscape of pancreatic cancer. Nature
2015;518:495e501. https://doi.org/10.1038/nature14169.

[13] Integrated genomic characterization of pancreatic ductal adenocarcinoma.
Canc Cell 2017;32:185e203. https://doi.org/10.1016/j.ccell.2017.07.007. e13.

[14] Sinkala M, Mulder N, Martin D. Machine learning and network analyses
reveal disease subtypes of pancreatic cancer and their molecular charac-
teristics. Sci Rep 2020;10:1212. https://doi.org/10.1038/s41598-020-58290-
2.

[15] Puleo F, Nicolle R, Blum Y, Cros J, Marisa L, Demetter P, et al. Stratification of
pancreatic ductal adenocarcinomas based on tumor and microenvironment
features. Gastroenterology 2018;155:1999e2013. https://doi.org/10.1053/
j.gastro.2018.08.033. e3.

[16] Sugimori M, Sugimori K, Tsuchiya H, Suzuki Y, Tsuyuki S, Kaneta Y, et al.
Quantitative monitoring of circulating tumor DNA in patients with advanced
pancreatic cancer undergoing chemotherapy. Canc Sci 2020;111:266e78.
https://doi.org/10.1111/cas.14245.

[17] Watanabe F, Suzuki K, Tamaki S, Abe I, Endo Y, Takayama Y, et al. Longitu-
dinal monitoring of KRAS-mutated circulating tumor DNA enables the pre-
diction of prognosis and therapeutic responses in patients with pancreatic
cancer. PloS One 2020;14:e0227366.

[18] Razavi P, Li BT, Brown DN, Jung B, Hubbell E, Shen R, et al. High-intensity
sequencing reveals the sources of plasma circulating cell-free DNA variants.
Nat Med 2019;25:1928e37. https://doi.org/10.1038/s41591-019-0652-7.

[19] Rothwell DG, Ayub M, Cook N, Thistlethwaite F, Carter L, Dean E, et al. Utility
of ctDNA to support patient selection for early phase clinical trials: the
TARGET study. Nat Med 2019;25:738e43. https://doi.org/10.1038/s41591-
019-0380-z.

[20] Bernard V, Kim DU, San Lucas FA, Castillo J, Allenson K, Mulu FC, et al.
Circulating nucleic acids are associated with outcomes of patients with
pancreatic cancer. Gastroenterology 2019;156:108e18. https://doi.org/
10.1053/j.gastro.2018.09.022. .e4.

[21] Cristiano S, Leal A, Phallen J, Fiksel J, Adleff V, Bruhm DC, et al. Genome-wide
cell-free DNA fragmentation in patients with cancer. Nature 2019;570:
385e9. https://doi.org/10.1038/s41586-019-1272-6.
376
[22] Zill OA, Banks KC, Fairclough SR, Mortimer SA, Vowles JV, Mokhtari R, et al.
The landscape of actionable genomic alterations in cell-free circulating tu-
mor DNA from 21,807 advanced cancer patients. Clin Canc Res 2018;24:
3528e38. https://doi.org/10.1158/1078-0432.CCR-17-3837.

[23] Parikh AR, Leshchiner I, Elagina L, Goyal L, Levovitz C, Siravegna G, et al.
Liquid versus tissue biopsy for detecting acquired resistance and tumor
heterogeneity in gastrointestinal cancers. Nat Med 2019;25:1415e21.
https://doi.org/10.1038/s41591-019-0561-9.

[24] Thierry AR, El Messaoudi S, Gahan PB, Anker P, Stroun M. Origins, structures,
and functions of circulating DNA in oncology. Canc Metastasis Rev 2016;35:
347e76. https://doi.org/10.1007/s10555-016-9629-x.

[25] Abbosh C, Birkbak NJ, Wilson GA, Jamal-Hanjani M, Constantin T, Salari R,
et al. Phylogenetic ctDNA analysis depicts early-stage lung cancer evolution.
Nature 2017;545:446.

[26] Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, Agrawal N, et al.
Detection of circulating tumor DNA in early- and late-stage human malig-
nancies. Sci Transl Med 2014;6:224ra24. https://doi.org/10.1126/
scitranslmed.3007094.

[27] Lo YM, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM. Rapid clearance of
fetal DNA from maternal plasma. Am J Hum Genet 1999;64:218e24.

[28] Chen K, Zhao H, Shi Y, Yang F, Wang LT, Kang G, et al. Perioperative dynamic
changes in circulating tumor DNA in patients with lung cancer (DYNAMIC).
Clin Canc Res 2019. https://doi.org/10.1158/1078-0432.CCR-19-1213.

[29] Sorber L, Zwaenepoel K, Deschoolmeester V, Roeyen G, Lardon F, Rolfo C,
et al. A comparison of cell-free DNA isolation kits: isolation and quantifica-
tion of cell-free DNA in plasma. J Mol Diagn 2017;19:162e8. https://doi.org/
10.1016/j.jmoldx.2016.09.009.

[30] Risberg B, Tsui DWY, Biggs H, Ruiz-Valdepenas Martin de Almagro A,
Dawson S-J, Hodgkin C, et al. Effects of collection and processing procedures
on plasma circulating cell-free DNA from cancer patients. J Mol Diagn
2018;20:883e92. https://doi.org/10.1016/j.jmoldx.2018.07.005.

[31] Cohen JD, Javed AA, Thoburn C, Wong F, Tie J, Gibbs P, et al. Combined
circulating tumor DNA and protein biomarker-based liquid biopsy for the
earlier detection of pancreatic cancers. Proc Natl Acad Sci U S A 2017;114:
10202e7. https://doi.org/10.1073/pnas.1704961114.

[32] Cohen JD, Cohen JD, Li L, Wang Y, Thoburn C, Afsari B, et al. In: Detection and
localization of surgically resectable cancers with a multi-analyte blood test,
vol. 3247; 2018. p. 1e10.

[33] Mouliere F, Chandrananda D, Piskorz AM, Moore EK, Morris J, Ahlborn LB,
et al. Enhanced detection of circulating tumor DNA by fragment size analysis.
Sci Transl Med 2018;10. https://doi.org/10.1126/scitranslmed.aat4921.

[34] Heitzer E, Haque IS, Roberts CES, Speicher MR. Current and future perspec-
tives of liquid biopsies in genomics-driven oncology. Nat Rev Genet 2019;20:
71e88. https://doi.org/10.1038/s41576-018-0071-5.

[35] Adalsteinsson VA, Ha G, Freeman SS, Choudhury AD, Stover DG, Parsons HA,
et al. Scalable whole-exome sequencing of cell-free DNA reveals high
concordance with metastatic tumors. Nat Commun 2017;8:1324. https://
doi.org/10.1038/s41467-017-00965-y.

[36] Heitzer E, Ulz P, Belic J, Gutschi S, Quehenberger F, Fischereder K, et al. Tu-
mor-associated copy number changes in the circulation of patients with
prostate cancer identified through whole-genome sequencing. Genome Med
2013;5:30. https://doi.org/10.1186/gm434.

[37] Singh N, Rashid S, Rashid S, Dash NR, Gupta S, Saraya A. Clinical significance
of promoter methylation status of tumor suppressor genes in circulating
DNA of pancreatic cancer patients. J Canc Res Clin Oncol 2020;146:897e907.
https://doi.org/10.1007/s00432-020-03169-y.

[38] Lehmann-Werman R, Neiman D, Zemmour H, Moss J, Magenheim J, Vaknin-
Dembinsky A, et al. Identification of tissue-specific cell death using
methylation patterns of circulating DNA. Proc Natl Acad Sci U S A 2016;113:
E1826e34. https://doi.org/10.1073/pnas.1519286113.

[39] Eissa MAL, Lerner L, Abdelfatah E, Shankar N, Canner JK, Hasan NM, et al.
Promoter methylation of ADAMTS1 and BNC1 as potential biomarkers for
early detection of pancreatic cancer in blood. Clin Epigenet 2019;11:59.
https://doi.org/10.1186/s13148-019-0650-0.

[40] Henriksen SD, Madsen PH, Larsen AC, Johansen MB, Pedersen IS, Krarup H,
et al. Cell-free DNA promoter hypermethylation in plasma as a predictive
marker for survival of patients with pancreatic adenocarcinoma. Oncotarget
2017;8:93942e56. https://doi.org/10.18632/oncotarget.21397.

[41] Song C-X, Yin S, Ma L, Wheeler A, Chen Y, Zhang Y, et al. 5-
Hydroxymethylcytosine signatures in cell-free DNA provide information
about tumor types and stages. Cell Res 2017;27:1231e42. https://doi.org/
10.1038/cr.2017.106.

[42] Henriksen SD, Madsen PH, Larsen AC, Johansen MB, Drewes AM, Pedersen IS,
et al. Cell-free DNA promoter hypermethylation in plasma as a diagnostic
marker for pancreatic adenocarcinoma. Clin Epigenet 2016;8:117. https://
doi.org/10.1186/s13148-016-0286-2.

[43] Melnikov AA, Scholtens D, Talamonti MS, Bentrem DJ, Levenson VV.
Methylation profile of circulating plasma DNA in patients with pancreatic
cancer. J Surg Oncol 2009;99:119e22. https://doi.org/10.1002/jso.21208.

[44] Lapin M, Oltedal S, Tjensvoll K, Buhl T, Smaaland R, Garresori H, et al.
Fragment size and level of cell-free DNA provide prognostic information in
patients with advanced pancreatic cancer. J Transl Med 2018;16:300. https://
doi.org/10.1186/s12967-018-1677-2.

[45] Liu X, Liu L, Ji Y, Li C, Wei T, Yang X, et al. Enrichment of short mutant cell-
free DNA fragments enhanced detection of pancreatic cancer. EBioMedicine

https://doi.org/10.3322/caac.21590
https://doi.org/10.1158/2159-8290.CD-18-0275
https://doi.org/10.1016/S2468-1253(19)30416-9
https://doi.org/10.1136/gut.2010.226092
https://doi.org/10.1136/gut.2010.226092
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref5
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref5
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref5
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref6
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref6
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref6
https://doi.org/10.1038/nm.2344
https://doi.org/10.1038/ng.3398
https://doi.org/10.1038/nature16965
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref10
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref10
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref10
https://doi.org/10.1002/ijc.32186
https://doi.org/10.1002/ijc.32186
https://doi.org/10.1038/nature14169
https://doi.org/10.1016/j.ccell.2017.07.007
https://doi.org/10.1038/s41598-020-58290-2
https://doi.org/10.1038/s41598-020-58290-2
https://doi.org/10.1053/j.gastro.2018.08.033
https://doi.org/10.1053/j.gastro.2018.08.033
https://doi.org/10.1111/cas.14245
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref17
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref17
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref17
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref17
https://doi.org/10.1038/s41591-019-0652-7
https://doi.org/10.1038/s41591-019-0380-z
https://doi.org/10.1038/s41591-019-0380-z
https://doi.org/10.1053/j.gastro.2018.09.022
https://doi.org/10.1053/j.gastro.2018.09.022
https://doi.org/10.1038/s41586-019-1272-6
https://doi.org/10.1158/1078-0432.CCR-17-3837
https://doi.org/10.1038/s41591-019-0561-9
https://doi.org/10.1007/s10555-016-9629-x
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref25
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref25
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref25
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1126/scitranslmed.3007094
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref27
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref27
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref27
https://doi.org/10.1158/1078-0432.CCR-19-1213
https://doi.org/10.1016/j.jmoldx.2016.09.009
https://doi.org/10.1016/j.jmoldx.2016.09.009
https://doi.org/10.1016/j.jmoldx.2018.07.005
https://doi.org/10.1073/pnas.1704961114
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref32
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref32
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref32
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref32
https://doi.org/10.1126/scitranslmed.aat4921
https://doi.org/10.1038/s41576-018-0071-5
https://doi.org/10.1038/s41467-017-00965-y
https://doi.org/10.1038/s41467-017-00965-y
https://doi.org/10.1186/gm434
https://doi.org/10.1007/s00432-020-03169-y
https://doi.org/10.1073/pnas.1519286113
https://doi.org/10.1186/s13148-019-0650-0
https://doi.org/10.18632/oncotarget.21397
https://doi.org/10.1038/cr.2017.106
https://doi.org/10.1038/cr.2017.106
https://doi.org/10.1186/s13148-016-0286-2
https://doi.org/10.1186/s13148-016-0286-2
https://doi.org/10.1002/jso.21208
https://doi.org/10.1186/s12967-018-1677-2
https://doi.org/10.1186/s12967-018-1677-2


L. Sivapalan, H.M. Kocher, H. Ross-Adams et al. Pancreatology 21 (2021) 363e378
2019;41:345e56. https://doi.org/10.1016/j.ebiom.2019.02.010.
[46] Nakano Y, Kitago M, Matsuda S, Nakamura Y, Fujita Y, Imai S, et al. KRAS

mutations in cell-free DNA from preoperative and postoperative sera as a
pancreatic cancer marker: a retrospective study. Br J Canc 2018;118:662e9.
https://doi.org/10.1038/bjc.2017.479.

[47] Takai E, Totoki Y, Nakamura H, Morizane C, Nara S, Hama N, et al. Clinical
utility of circulating tumor DNA for molecular assessment in pancreatic
cancer. Sci Rep 2016;5:18425. https://doi.org/10.1038/srep18425.

[48] Strickler JH, Loree JM, Ahronian LG, Parikh AR, Niedzwiecki D, Pereira AAL,
et al. Genomic landscape of cell-free DNA in patients with colorectal cancer.
Canc Discov 2018;8:164e73. https://doi.org/10.1158/2159-8290.CD-17-
1009.

[49] Chicard M, Colmet-Daage L, Clement N, Danzon A, Bohec M, Bernard V, et al.
Whole-exome sequencing of cell-free DNA reveals temporo-spatial hetero-
geneity and identifies treatment-resistant clones in neuroblastoma. Clin
Canc Res 2018;24:939e49. https://doi.org/10.1158/1078-0432.CCR-17-1586.

[50] Beltran H, Romanel A, Casiraghi N, Sigouros M, Benelli M, Xiang J, et al.
Whole exome sequencing (WES) of circulating tumor DNA (ctDNA) in pa-
tients with neuroendocrine prostate cancer (NEPC) informs tumor hetero-
geneity. J Clin Oncol 2017;35:5011. https://doi.org/10.1200/JCO.2017.35.15_
suppl.5011.

[51] Giroux Leprieur E, H�elias-Rodzewicz Z, Takam Kamga P, Costantini A, Julie C,
Corjon A, et al. Sequential ctDNA whole-exome sequencing in advanced lung
adenocarcinoma with initial durable tumor response on immune checkpoint
inhibitor and late progression. J Immunother Cancer 2020;8:e000527.
https://doi.org/10.1136/jitc-2020-000527.

[52] Manier S, Park J, Capelletti M, Bustoros M, Freeman SS, Ha G, et al. Whole-
exome sequencing of cell-free DNA and circulating tumor cells in multiple
myeloma. Nat Commun 2018;9:1691. https://doi.org/10.1038/s41467-018-
04001-5.

[53] Park G, Park JK, Son D-S, Shin S-H, Kim YJ, Jeon H-J, et al. Utility of targeted
deep sequencing for detecting circulating tumor DNA in pancreatic cancer
patients. Sci Rep 2018;8:11631. https://doi.org/10.1038/s41598-018-30100-
w.

[54] Iwahashi N, Sakai K, Noguchi T, Yahata T, Matsukawa H, Toujima S, et al.
Liquid biopsy-based comprehensive gene mutation profiling for gynecolog-
ical cancer using CAncer Personalized Profiling by deep Sequencing. Sci Rep
2019;9:10426. https://doi.org/10.1038/s41598-019-47030-w.

[55] Berger AW, Schwerdel D, Ettrich TJ, Hann A, Schmidt SA, Kleger A, et al.
Targeted deep sequencing of circulating tumor DNA in metastatic pancreatic
cancer. Oncotarget 2018;9:2076e85. https://doi.org/10.18632/
oncotarget.23330.

[56] van Ginkel JH, Huibers MMH, van Es Rjj, de Bree R, Willems SM. Droplet
digital PCR for detection and quantification of circulating tumor DNA in
plasma of head and neck cancer patients. BMC Canc 2017;17:428. https://
doi.org/10.1186/s12885-017-3424-0.

[57] Butler TM, Boniface CT, Johnson-Camacho K, Tabatabaei S, Melendez D,
Kelley T, et al. Circulating tumor DNA dynamics using patient-customized
assays are associated with outcome in neoadjuvantly treated breast cancer.
Cold Spring Harb Mol Case Stud 2019;5:a003772. https://doi.org/10.1101/
mcs.a003772.

[58] Wan JCM, Heider K, Gale D, Murphy S, Fisher E, Mouliere F, et al. ctDNA
monitoring using patient-specific sequencing and integration of variant
reads. Sci Transl Med 2020;12. https://doi.org/10.1126/
scitranslmed.aaz8084.

[59] Hadano N, Murakami Y, Uemura K, Hashimoto Y, Kondo N, Nakagawa N,
et al. Prognostic value of circulating tumour DNA in patients undergoing
curative resection for pancreatic cancer. Br J Canc 2016;115:59e65. https://
doi.org/10.1038/bjc.2016.175.

[60] Mohan S, Ayub M, Rothwell DG, Gulati S, Kilerci B, Hollebecque A, et al.
Analysis of circulating cell-free DNA identifies KRAS copy number gain and
mutation as a novel prognostic marker in Pancreatic cancer. Sci Rep 2019;9:
11610. https://doi.org/10.1038/s41598-019-47489-7.

[61] Pietrasz D, Pecuchet N, Garlan F, Didelot A, Dubreuil O, Doat S, et al. Plasma
circulating tumor DNA in pancreatic cancer patients is a prognostic marker.
Clin Canc Res 2017;23:116e23. https://doi.org/10.1158/1078-0432.CCR-16-
0806.

[62] Mueller S, Engleitner T, Maresch R, Zukowska M, Lange S, Kaltenbacher T,
et al. Evolutionary routes and KRAS dosage define pancreatic cancer phe-
notypes. Nature 2018;554:62e8. https://doi.org/10.1038/nature25459.

[63] Chen S, Liu M, Zhou Y. Bioinformatics analysis for cell-free tumor DNA
sequencing data. Methods Mol Biol 2018;1754:67e95. https://doi.org/
10.1007/978-1-4939-7717-8_5.

[64] Hellwig S, Nix DA, Gligorich KM, O’Shea JM, Thomas A, Fuertes CL, et al.
Automated size selection for short cell-free DNA fragments enriches for
circulating tumor DNA and improves error correction during next generation
sequencing. PloS One 2018;13:1e24. https://doi.org/10.1371/
journal.pone.0197333.

[65] Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, et al.
Integrated digital error suppression for improved detection of circulating
tumor DNA. Nat Biotechnol 2016;34:547e55. https://doi.org/10.1038/
nbt.3520.

[66] Phallen J, Sausen M, Adleff V, Leal A, Hruban C, White J, et al. Direct detection
of early-stage cancers using circulating tumor DNA. Sci Transl Med 2017;9:
eaan2415. https://doi.org/10.1126/scitranslmed.aan2415.
377
[67] Costello M, Pugh TJ, Fennell TJ, Stewart C, Lichtenstein L, Meldrim JC, et al.
Discovery and characterization of artifactual mutations in deep coverage
targeted capture sequencing data due to oxidative DNA damage during
sample preparation. Nucleic Acids Res 2013;41:e67. https://doi.org/10.1093/
nar/gks1443.

[68] Strijker M, Soer EC, de Pastena M, Creemers A, Balduzzi A, Beagan JJ, et al.
Circulating tumor DNA quantity is related to tumor volume and both predict
survival in metastatic pancreatic ductal adenocarcinoma. Int J Canc
2020;146:1445e56. https://doi.org/10.1002/ijc.32586.

[69] Gall TMH, Gerrard G, Frampton AE, Castellano L, Ahmad R, Habib N, et al. Can
we predict long-term survival in resectable pancreatic ductal adenocarci-
noma? Oncotarget 2019;10:696e706. https://doi.org/10.18632/
oncotarget.26511.

[70] Groot VP, Mosier S, Javed AA, Teinor JA, Gemenetzis G, Ding D, et al. Circu-
lating tumor DNA as a clinical test in resected pancreatic cancer. Clin Cancer
Res an Off J Am Assoc Cancer Res 2019;25:4973e84. https://doi.org/10.1158/
1078-0432.CCR-19-0197.

[71] Patel H, Okamura R, Fanta P, Patel C, Lanman RB, Raymond VM, et al. Clinical
correlates of blood-derived circulating tumor DNA in pancreatic cancer.
J Hematol Oncol 2019;12:130. https://doi.org/10.1186/s13045-019-0824-4.

[72] Kim MK, Woo SM, Park B, Yoon K-A, Kim Y-H, Joo J, et al. Prognostic im-
plications of multiplex detection of KRAS mutations in cell-free DNA from
patients with pancreatic ductal adenocarcinoma. Clin Chem 2018;64:
726e34. https://doi.org/10.1373/clinchem.2017.283721.

[73] Kruger S, Heinemann V, Ross C, Diehl F, Nagel D, Ormanns S, et al. Repeated
mutKRAS ctDNA measurements represent a novel and promising tool for
early response prediction and therapy monitoring in advanced pancreatic
cancer. Ann Oncol Off J Eur Soc Med Oncol 2018;29:2348e55. https://
doi.org/10.1093/annonc/mdy417.

[74] Adamo P, Cowley CM, Neal CP, Mistry V, Page K, Dennison AR, et al. Profiling
tumour heterogeneity through circulating tumour DNA in patients with
pancreatic cancer. Oncotarget 2017;8:87221e33. https://doi.org/10.18632/
oncotarget.20250.

[75] Ako S, Nouso K, Kinugasa H, Dohi C, Matushita H, Mizukawa S, et al. Utility of
serum DNA as a marker for KRAS mutations in pancreatic cancer tissue.
Pancreatol Off J Int Assoc Pancreatol . [et Al 2017;17:285e90. https://doi.org/
10.1016/j.pan.2016.12.011.

[76] Berger AW, Schwerdel D, Costa IG, Hackert T, Strobel O, Lam S, et al.
Detection of hot-spot mutations in circulating cell-free DNA from patients
with intraductal papillary mucinous neoplasms of the pancreas. Gastroen-
terology 2016;151:267e70. https://doi.org/10.1053/j.gastro.2016.04.034.

[77] Brychta N, Krahn T, von Ahsen O. Detection of KRAS mutations in circulating
tumor DNA by digital PCR in early stages of pancreatic cancer. Clin Chem
2016;62:1482e91. https://doi.org/10.1373/clinchem.2016.257469.

[78] Pratt ED, Cowan RW, Manning SL, Qiao E, Cameron H, Schradle K, et al.
Multiplex enrichment and detection of rare KRAS mutations in liquid biopsy
samples using digital droplet pre-amplification. Anal Chem 2019;91:
7516e23. https://doi.org/10.1021/acs.analchem.8b01605.

[79] Wang Z-Y, Ding X-Q, Zhu H, Wang R-X, Pan X-R, Tong J-H. KRAS mutant
allele fraction in circulating cell-free DNA correlates with clinical stage in
pancreatic cancer patients. Front Oncol 2019;9:1295. https://doi.org/
10.3389/fonc.2019.01295.

[80] Allenson K, Castillo J, San Lucas FA, Scelo G, Kim DU, Bernard V, et al. High
prevalence of mutant KRAS in circulating exosome-derived DNA from early-
stage pancreatic cancer patients. Ann Oncol Off J Eur Soc Med Oncol 2017;28:
741e7. https://doi.org/10.1093/annonc/mdx004.

[81] Ballehaninna UK, Chamberlain RS. The clinical utility of serum CA 19-9 in the
diagnosis, prognosis and management of pancreatic adenocarcinoma: an
evidence based appraisal. J Gastrointest Oncol 2012;3:105e19. https://
doi.org/10.3978/j.issn.2078-6891.2011.021.

[82] Del Re M, Vivaldi C, Rofi E, Vasile E, Miccoli M, Caparello C, et al. Early
changes in plasma DNA levels of mutant KRAS as a sensitive marker of
response to chemotherapy in pancreatic cancer. Sci Rep 2017;7:7931.
https://doi.org/10.1038/s41598-017-08297-z.

[83] Van Laethem J-L, Riess H, Jassem J, Haas M, Martens UM, Weekes C, et al.
Phase I/II study of refametinib (BAY 86-9766) in combination with gemci-
tabine in advanced pancreatic cancer. Targeted Oncol 2017;12:97e109.
https://doi.org/10.1007/s11523-016-0469-y.

[84] Lee B, Lipton L, Cohen J, Tie J, Javed AA, Li L, et al. Circulating tumor DNA as a
potential marker of adjuvant chemotherapy benefit following surgery for
localized pancreatic cancer. Ann Oncol Off J Eur Soc Med Oncol 2019;30:
1472e8. https://doi.org/10.1093/annonc/mdz200.

[85] Perets R, Greenberg O, Shentzer T, Semenisty V, Epelbaum R, Bick T, et al.
Mutant KRAS circulating tumor DNA is an accurate tool for pancreatic cancer
monitoring. Oncol 2018. https://doi.org/10.1634/theoncologist.2017-0467.

[86] Riviere P, Fanta PT, Ikeda S, Baumgartner J, Heestand GM, Kurzrock R. The
mutational landscape of gastrointestinal malignancies as reflected by
circulating tumor DNA. Mol Canc Therapeut 2018;17:297e305. https://
doi.org/10.1158/1535-7163.MCT-17-0360.

[87] Vietsch EE, Graham GT, McCutcheon JN, Javaid A, Giaccone G, Marshall JL,
et al. Circulating cell-free DNA mutation patterns in early and late stage
colon and pancreatic cancer. Cancer Genet 2017;218e219:39e50. https://
doi.org/10.1016/j.cancergen.2017.08.006.

[88] Zill OA, Greene C, Sebisanovic D, Siew LM, Leng J, Vu M, et al. Cell-free DNA
next-generation sequencing in pancreatobiliary carcinomas. Canc Discov

https://doi.org/10.1016/j.ebiom.2019.02.010
https://doi.org/10.1038/bjc.2017.479
https://doi.org/10.1038/srep18425
https://doi.org/10.1158/2159-8290.CD-17-1009
https://doi.org/10.1158/2159-8290.CD-17-1009
https://doi.org/10.1158/1078-0432.CCR-17-1586
https://doi.org/10.1200/JCO.2017.35.15_suppl.5011
https://doi.org/10.1200/JCO.2017.35.15_suppl.5011
https://doi.org/10.1136/jitc-2020-000527
https://doi.org/10.1038/s41467-018-04001-5
https://doi.org/10.1038/s41467-018-04001-5
https://doi.org/10.1038/s41598-018-30100-w
https://doi.org/10.1038/s41598-018-30100-w
https://doi.org/10.1038/s41598-019-47030-w
https://doi.org/10.18632/oncotarget.23330
https://doi.org/10.18632/oncotarget.23330
https://doi.org/10.1186/s12885-017-3424-0
https://doi.org/10.1186/s12885-017-3424-0
https://doi.org/10.1101/mcs.a003772
https://doi.org/10.1101/mcs.a003772
https://doi.org/10.1126/scitranslmed.aaz8084
https://doi.org/10.1126/scitranslmed.aaz8084
https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1038/s41598-019-47489-7
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1038/nature25459
https://doi.org/10.1007/978-1-4939-7717-8_5
https://doi.org/10.1007/978-1-4939-7717-8_5
https://doi.org/10.1371/journal.pone.0197333
https://doi.org/10.1371/journal.pone.0197333
https://doi.org/10.1038/nbt.3520
https://doi.org/10.1038/nbt.3520
https://doi.org/10.1126/scitranslmed.aan2415
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1093/nar/gks1443
https://doi.org/10.1002/ijc.32586
https://doi.org/10.18632/oncotarget.26511
https://doi.org/10.18632/oncotarget.26511
https://doi.org/10.1158/1078-0432.CCR-19-0197
https://doi.org/10.1158/1078-0432.CCR-19-0197
https://doi.org/10.1186/s13045-019-0824-4
https://doi.org/10.1373/clinchem.2017.283721
https://doi.org/10.1093/annonc/mdy417
https://doi.org/10.1093/annonc/mdy417
https://doi.org/10.18632/oncotarget.20250
https://doi.org/10.18632/oncotarget.20250
https://doi.org/10.1016/j.pan.2016.12.011
https://doi.org/10.1016/j.pan.2016.12.011
https://doi.org/10.1053/j.gastro.2016.04.034
https://doi.org/10.1373/clinchem.2016.257469
https://doi.org/10.1021/acs.analchem.8b01605
https://doi.org/10.3389/fonc.2019.01295
https://doi.org/10.3389/fonc.2019.01295
https://doi.org/10.1093/annonc/mdx004
https://doi.org/10.3978/j.issn.2078-6891.2011.021
https://doi.org/10.3978/j.issn.2078-6891.2011.021
https://doi.org/10.1038/s41598-017-08297-z
https://doi.org/10.1007/s11523-016-0469-y
https://doi.org/10.1093/annonc/mdz200
https://doi.org/10.1634/theoncologist.2017-0467
https://doi.org/10.1158/1535-7163.MCT-17-0360
https://doi.org/10.1158/1535-7163.MCT-17-0360
https://doi.org/10.1016/j.cancergen.2017.08.006
https://doi.org/10.1016/j.cancergen.2017.08.006


L. Sivapalan, H.M. Kocher, H. Ross-Adams et al. Pancreatology 21 (2021) 363e378
2015;5:1040e8. https://doi.org/10.1158/2159-8290.CD-15-0274.
[89] Takai E, Yachida S. Circulating tumor DNA as a liquid biopsy target for

detection of pancreatic cancer. World J Gastroenterol 2016;22:8480e8.
https://doi.org/10.3748/wjg.v22.i38.8480.

[90] Wei T, Zhang Q, Li X, Su W, Li G, Ma T, et al. Monitoring tumor burden in
response to FOLFIRINOX chemotherapy via profiling circulating cell-free
DNA in pancreatic cancer. Mol Canc Therapeut 2019;18:196e203. https://
doi.org/10.1158/1535-7163.MCT-17-1298.

[91] Lin M, Alnaggar M, Liang S, Chen J, Xu K, Dong S, et al. Circulating tumor DNA
as a sensitive marker in patients undergoing irreversible electroporation for
pancreatic cancer. Cell Physiol Biochem Int J Exp Cell Physiol Biochem
Pharmacol 2018;47:1556e64. https://doi.org/10.1159/000490874.

[92] Shroff RT, Hendifar A, McWilliams RR, Geva R, Epelbaum R, Rolfe L, et al.
Rucaparib monotherapy in patients with pancreatic cancer and a known
deleterious BRCA mutation. JCO Precis Oncol 2018;2018. https://doi.org/
10.1200/PO.17.00316.

[93] ISO 20186-3:2019 Molecular in vitro diagnostic examinations d Specifica-
tions for pre-examination. Processes for venous whole blood d Part 3: iso-
lated circulating cell free DNA from plasma. 2019.

[94] Steensma DP, Bejar R, Jaiswal S, Lindsley RC, Sekeres MA, Hasserjian RP, et al.
Clonal hematopoiesis of indeterminate potential and its distinction from
myelodysplastic syndromes. Blood 2015;126:9e16. https://doi.org/10.1182/
378
blood-2015-03-631747.
[95] Hu Y, Ulrich BC, Supplee J, Kuang Y, Lizotte PH, Feeney NB, et al. False-

positive plasma genotyping due to clonal hematopoiesis. Clin Canc Res
2018;24:4437e43. https://doi.org/10.1158/1078-0432.CCR-18-0143.

[96] Yu J, Blackford AL, dal Molin M, Wolfgang CL, Goggins M. Time to progression
of pancreatic ductal adenocarcinoma from low-to-high tumour stages. Gut
2015;64:1783e9. https://doi.org/10.1136/gutjnl-2014-308653.

[97] Li D, Hu B, Zhou Y, Wan T, Si X. Impact of tumor size on survival of patients
with resected pancreatic ductal adenocarcinoma: a systematic review and
meta-analysis. BMC Canc 2018;18:985. https://doi.org/10.1186/s12885-018-
4901-9.

[98] Nakamura Y, Shitara K. Development of circulating tumour DNA analysis for
gastrointestinal cancers. ESMO Open 2020;5:e000600. https://doi.org/
10.1136/esmoopen-2019-000600.

[99] Nakamura Y, Taniguchi H, Ikeda M, Bando H, Kato K, Morizane C, et al.
Clinical utility of circulating tumor DNA sequencing in advanced gastroin-
testinal cancer: SCRUM-Japan GI-SCREEN and GOZILA studies. Nat Med
2020;26:1859e64. https://doi.org/10.1038/s41591-020-1063-5.

[100] Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J, et al.
Glypican-1 identifies cancer exosomes and detects early pancreatic cancer.
https://doi.org/10.1038/nature14581; 2015.

https://doi.org/10.1158/2159-8290.CD-15-0274
https://doi.org/10.3748/wjg.v22.i38.8480
https://doi.org/10.1158/1535-7163.MCT-17-1298
https://doi.org/10.1158/1535-7163.MCT-17-1298
https://doi.org/10.1159/000490874
https://doi.org/10.1200/PO.17.00316
https://doi.org/10.1200/PO.17.00316
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref93
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref93
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref93
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref93
http://refhub.elsevier.com/S1424-3903(20)30877-2/sref93
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1182/blood-2015-03-631747
https://doi.org/10.1158/1078-0432.CCR-18-0143
https://doi.org/10.1136/gutjnl-2014-308653
https://doi.org/10.1186/s12885-018-4901-9
https://doi.org/10.1186/s12885-018-4901-9
https://doi.org/10.1136/esmoopen-2019-000600
https://doi.org/10.1136/esmoopen-2019-000600
https://doi.org/10.1038/s41591-020-1063-5
https://doi.org/10.1038/nature14581

	Molecular profiling of ctDNA in pancreatic cancer: Opportunities and challenges for clinical application
	Introduction
	Molecular landscape of PDAC tumours
	Sampling and analysis of ctDNA in PDAC
	Sources of ctDNA in peripheral blood
	Methods used for ctDNA detection
	Somatic mutations and copy number alterations
	Methylation profiling
	Biological characteristics

	Techniques for ctDNA analysis
	Next-generation sequencing/digital PCR
	Bioinformatic analysis of ctDNA sequencing data


	Evaluating the clinical potential of ctDNA in PDAC
	Prognostic biomarker
	Diagnostic biomarker
	Pharmacodynamic biomarker
	Predictive biomarker

	Challenges to be overcome
	Need for more precise determination of ctDNA release mechanisms
	Standardisation across pre-analytical workflows
	Technical limitations to ctDNA detection
	Biological challenges to ctDNA detection

	Future directions
	Conclusions
	Acknowledgements
	References


