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Abstract: Pancreatic ductal adenocarcinoma is one of the most lethal malignant diseases, with a
mortality rate being close to incidence. Due to its heterogeneity and plasticity, as well as the lack of
distinct symptoms in the early phases, it is very often diagnosed at an advanced stage, resulting in
poor prognosis. Traditional tissue biopsies remain the gold standard for making a diagnosis, but
have an obvious disadvantage in their inapplicability for frequent sampling. Blood-based biopsies
represent a non-invasive method which potentially offers easy and repeated sampling, leading to the
early detection and real-time monitoring of the disease and hopefully an accurate prognosis. Given
the urgent need for a reliable biomarker that can estimate a patient’s condition and response to an
assigned treatment, blood-based biopsies are emerging as a potential new tool for improving patients’
survival and surveillance. In this article, we discuss the current advances and challenges in using
liquid biopsies for pancreatic cancer, focusing on circulating tumour DNA (ctDNA), extracellular
vesicles (EVs), and circulating tumour cells (CTCs), and compare the performance and reliability of
different biomarkers and combinations of biomarkers.

Keywords: pancreatic cancer; tumoural heterogeneity; liquid biopsy

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest malignant diseases,
with a five-year survival rate of 12% [1]. Not only does PDAC not decline, it is predicted to
become the second leading cause of cancer-related death in the Western world within less
than a decade [2,3]. There are several reasons for such a dismal prognosis, including the
absence of distinct symptoms at the early stages of the disease, a lack of reliable screening
markers, and a high metastasis rate.

The only currently available curative option is surgical resection followed by adjuvant
chemotherapy. Due to the abovementioned reasons, only one third of the patients with
PDAC are diagnosed with a non-metastatic disease, for whom a project of surgery could
be considered [4,5]. Nowadays two main chemotherapeutic regimens have proven their
efficacy in PDAC management: FOLFIRINOX and nab-paclitaxel/gemcitabine in metastatic
disease and the former in an adjuvant setting after surgery [6,7]. These regimens are now
increasingly used in a neoadjuvant setting to downstage PDAC that cannot be curatively
resected immediately [8].
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PDAC biology is extremely heterogenous and complex, and its heterogeneity is con-
sidered one of the main reasons for its resistance to treatment. Tumour heterogeneity
exists not only among patients (intertumoural heterogeneity), but within the same tumour
(intratumoural heterogeneity) [9]. PDAC is characterised by genomic instability and a high
mutation rate, with undruggable Kirsten rat sarcoma virus gene (KRAS) mutations detected
in more than 90% of PDAC cases [10]. In addition, the PDAC tumoural microenvironment
(TME) is highly complex and defined by extensive desmoplastic stroma, being an additional
source of intratumoural and spatial heterogeneity.

Finally, temporal heterogeneity originates from PDAC change over the course of time
and treatment [9].

Endoscopically or transcutaneously US-guided tissue sampling, the most widely used
methods for PDAC diagnosis, are invasive surgical approaches that provide information
limited to a single point in space and might therefore fail to capture the complex PDAC
tumoural biology and heterogeneity [11–17]. Furthermore, due to the unfavorable location
of the pancreas and the invasiveness of the procedure, repeated tissue sampling for monitor-
ing analysis is difficult [18,19]. Human samples that could serve as a source for a biomarker
disclosure should be easily accessible, not too complex for isolation, and to be able to
showcase changes in different pathological stages. Here, liquid biopsies are emerging as a
valuable tool to monitor PDAC heterogeneity [20–25]. So far, three of the most prominent
cancer-related blood biopsy components have been cell-free DNA (cfDNA), exosomes, and
circulating tumour cells (CTCs). The research on cfDNA in PDAC dates back to the 1980s,
when Shapiro et al. found a significant increase in cfDNA levels in about 90% of PDAC
patients [26]. Since then, KRAS mutations are most extensively researched circulating
tumour DNA (ctDNA) biomarkers in PDAC. Nevertheless, in the pooled analysis, a KRAS
mutation was detected in 70–80% of the individuals with locally advanced or metastatic
PDAC and 30–68% of those with resectable tumours [27]. This may be explained by the fact
that the quantity of ctDNA may depend on the number of PDAC cells in the bloodstream,
the stage, and the bulk of metastasis. Even though exosomes were also originally described
in the early 1980s, interest in this type of extracellular vesicle and its potential use in the
fight against cancer has significantly increased in the last 15 years, since the discovery that
they harbor mRNA and microRNA. As for the CTCs, although they were first reported in
1869 by Thomas Ashworth, Allard et al. were the first ones who attempted to capture them
in patients suffering from PDAC [28].

In this article, we review the advancement in biomarker identification in blood biopsy
samples of PDAC patients, focusing on the latest discoveries and advancements in the use
of liquid biopsies for the early detection of PDAC, the assessment of prognosis, and the
capacity to predict response to therapies.

2. Protein Biomarkers Currently in Use in Clinical Settings

The well-known carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen
(CEA) are currently the only clinically used blood-based markers for PDAC [29]. A large
meta-analysis that included 57 studies representing 3285 patients with pancreatic can-
cer and 37 studies representing 1882 cases with benign pancreatic disease confirmed an
80% sensitivity and specificity for CA 19-9 (with a 37 U/mL cutoff) and a sensitivity
of 45% and specificity of 85% for CEA (5 ng/mL cutoff) [30]. CA 19-9 can be elevated
in other malignancies and benign hepato-pancreaticobiliary conditions, contributing to
lower diagnostic accuracy for PDAC [31]. Neither of these markers has the necessary
accuracy to screen asymptomatic populations, and they are currently used in clinical con-
text in combination with imaging modalities to guide diagnostic and treatment decisions.
Furthermore, in 5–10% of PDAC patients CA19-9 is not detectable due to a lack of fucosyl-
transferase activity caused by homozygous mutations of the FUT3 gene [30]. The identifi-
cation of novel biomarkers with better performance for PDAC diagnosis and monitoring is
urgently needed.
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3. Cell-Free Nucleic Acids
3.1. Cell-Free DNA

CfDNAs are fragments of DNA that enter the bloodstream through secretion, apopto-
sis, necrosis, and autophagy [32,33]. The majority of cfDNA molecules have a length that
corresponds to the DNA wrapped around a nucleosome [34–36]. The fraction of cfDNAs
that originates from tumoural cells is called ctDNA (Figure 1). The amount of ctDNA in the
blood can vary from less than 0.01% to about 93% and is tightly correlated to the tumour
burden [34,37]. ctDNAs have emerged as promising biomarkers for cancer diagnosis and
monitoring, as they reflect an elevated level of metabolic activity, necrosis, and apoptosis
in the microenvironment of the tumour [38]. ctDNAs can be secreted from primary and
metastatic tumours as well as from circulating tumour cells (CTCs) [39]. Unlike CTCs,
which are very rare, ctDNAs are detected at higher concentrations in blood biopsies origi-
nating from cancer patients, and they are composed of both coding and non-coding genomic
and mitochondrial DNA [40]. After cfDNA’s isolation from blood samples, it is necessary
to perform mutational analysis to identify ctDNAs, since an increase in total cfDNA levels
may be indicative of a non-malignant condition, such as inflammation. Furthermore, the
share of ctDNAs in the pool of cfDNAs can differ significantly among patients, which
might affect the accuracy of estimations of the tumour size and stage [41].
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3.2. Isolation of Cell-Free DNA and Circulating Tumour DNA Detection Methods

Different methods have been developed to analyse ctDNA, each with their own
advantages and limitations. One of the earliest techniques used was polymerase chain
reaction (PCR) which can amplify specific DNA sequences with high sensitivity and low
cost; however, it requires prior knowledge of the mutations to be detected [42]. Later,
other more advanced methods were developed, such as digital PCR (dPCR), real-time
(quantitative) PCR (qPCR), digital droplet PCR (ddPCR) [43–45], and beads–emulsion–
amplification–magnetics (BEAMing) [46]. Their advantage is that they can quantify ctDNA
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with even higher sensitivity (ranging from 0.1% to 0.001%) and high speed, although they
still rely on a known mutational profile of the tumour [47].

A method that overcomes this limitation is next generation sequencing (NGS), which
offers the possibility to analyse a large number of loci with both high sensitivity and high
depth, while having the potential to unravel both known and unknown mutations. NGS
has the advantage of providing a comprehensive view of the genomic alterations in ctDNA,
including single nucleotide variants, structural variations, and copy number variations.
However, NGS has lower sensitivity (around 1%) and requires a significant amount of
cfDNA, which may not be available from plasma samples [44,48,49]. Several NGS-based
methods have been applied to ctDNA analyses, such as tagged amplicon deep sequenc-
ing (TAm-Seq) [50], whole genome sequencing (WGS) [51], ion torrent next generation
sequencing (Ion-AmpliSeq) [52], cancer personalised profiling by deep sequencing (CAPP-
Seq) [53], and sensitive mutation detection using sequencing (SiMSen-Seq) [54], which have
improved the sensitivity and specificity of ctDNA detection, offering similar sensitivity for
ctDNA detection as that of dPCR [55].

3.3. Cell-Free RNA

Similarly to DNA, RNAs can also be shed into the bloodstream by cells. For longer
RNA molecules, studies are confirming the existence of messenger RNA (mRNA), long
non-coding RNA (lncRNA), and circular RNA (circRNA) in blood samples [56]. However,
cell-free RNAs (cfRNAs) are usually partially degraded and present in low concentrations,
unlike RNA molecules enclosed in exosomes (Sections 4.1 and 6.3). Tumour-derived
mRNAs in circulation and their use in PDAC blood biopsies have been investigated and
reported in only a few studies so far [57–59], while most RNA-based PDAC diagnoses
were performed by measuring the levels of representation of non-coding RNAs (ncRNAs),
especially micro RNAs (miRNAs). The obvious drawback of this kind of approach is the
uncertainty of the source of the abovementioned RNAs. Altered levels of miRNA a may be
a result of existing PDAC, but they might also indicate some other pathological condition
or they might simply derive from hematopoietic cells or the immune system [60,61].

Many publications attempt to use either newly discovered or already known miRNAs,
both alone and as a part of panels of biomarkers [62–64]. In some cases, the mentioned
panels included both different miRNAs and CA19-9 or CEA, whereas in others they might
only consist of miRNA panels. Although some reports claim a sensitivity of nearly 100%,
these potential biomarkers lack significant specificity [65].

3.4. Cell-Free RNA Detection Methods

Reverse transcription quantitative PCR (RT-qPCR) and ddPCR are the most common
methods for the detection and profiling of cfRNAs. RT-qPCR is fast, inexpensive, and has
high specificity; however, it has low sensitivity in samples with low cfRNA levels. ddPCR,
on the other hand, has high sensitivity and accuracy, as well as greater reproducibility
and a lower necessary sample volume (compared to RT-qPCR), but requires tedious assay
optimization [66].

4. Extracellular Vesicles

Extracellular vesicles (EVs) are another component of liquid biopsies and an emerging
tool for blood-based profiling of cancer, including PDAC. Even though there are many types
of EVs, the majority of studies so far has focused on exosomes, which originate from the
inward budding of the endosomal compartment and have a diameter of 30–150 nm [67,68].

EVs carry diverse types of cargo, including DNA, RNA, proteins, and lipids. The
membrane of EVs acts as a protective barrier from nucleases, enabling the existence of larger
fragments of nucleic acids than ctDNAs, which are mainly 160–170 bp long [69]. Exosomes
are secreted by all cells, tumoural and non-tumoural [70,71]. Therefore, a challenge of
using EVs, as well as other constituents of blood biopsies, is that genetic information will
be largely diluted with non-cancer cell-derived vesicles, cfDNA, and cfRNA. However,
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contrary to ctDNA, exosomes can be released by living cells, so they can be present in the
bloodstream before necrosis-originating cfNAs, making them useful for the early diagnosis
of tumours. In TME, exosomes mediate communication not only among cancer cells (for
example to confer chemoresistance), but also between cancer cells and other cell types (such
as cancer-associated fibroblasts, PSCs, and β-cells) [72–77]. Tumour-derived exosomes can
affect biological processes such as immune system suppression, lipolysis induction, diabetes
onset, and premetastatic niche formation [78,79]. Some studies suggest that exosomal cargo
determines the preferred site of metastasis [80–82]. The mRNA expression in exosomes
from different PDAC cell lines has been shown to resemble the mRNA signature in the
cells of origin [83,84]. However, there have been reports finding differences in the RNA
and protein profiles of exosomes and their source cells [85–87], suggesting the possibility
of an active and selective loading mechanism employed by extracellular vesicles.

4.1. Exosome Isolation and Enrichment Methods

Methods for isolating exosomes can be size-based, density-based, or affinity-based.
Differential ultracentrifugation (DC) is the most iteratively used technique, followed by
several others, such as density gradient ultracentrifugation (DGC), ultrafiltration (UF),
precipitation, size-exclusion chromatography (SEC), and immunoaffinity capture [88].

These conventional methods are widely available, but they have disadvantages re-
sulting in different characteristics of exosomes in terms of size, surface markers, and
contaminants. Immunoaffinity capture has some obvious advantages such as high purity,
the ability to separate exosomal sub-populations, and the availability of commercial kits,
but it has some potential drawbacks that should not be overlooked, such as exosome
damage during elution, costly reagents, low capacity, and finally, the potential that it may
yield a mixture of apoptotic bodies and microvesicles [89].

Both density and size-based methods result in a contaminated output with a low con-
centration and specificity, whereas affinity-based techniques offer isolation performances
with higher specificity and purity but with low sample yields [47]. Lately, microfluidic
devices, such as physical property-based methods, immune-chip capture, and compre-
hensive separation have been developed in order to boost the performance of exosome
isolation [90,91]. They require a smaller sample volume, less time, and lower quantities
of reagents and have higher portability compared to conventional methods. Disadvan-
tages include the lack of standardized protocols and the need for further improvements
in purity and further cost reductions. In 2020, an efficient and automated platform that
included microfluidic chips and a combination of the cutting-edge microfluidic approach
and the traditional immunomagnetic bead-based technique was developed. This method
offers the possibility to extract a specified subtype of exosomes with a particular protein
biomarker [92].

5. Circulating Tumour Cells (CTCs)

CTCs are a heterogeneous cell population including both viable and apoptotic tu-
moural cells, originating from the primary tumour or its metastases (Figure 2). They can
detach from the tumour and enter the blood or lymph vessels [93]. The number of CTCs
in the blood varies widely, from 10~100 per 106–108 white blood cells (depending on
how they are enriched) [94], to as low as one cell per 108 [70] or even 109 blood cells [40].
CTCs can be isolated as single cells or as clusters called circulating tumour microemboli
(CTM) [38,46,95,96]. CTM may contain different cell types, such as cancer-associated fi-
broblasts, immune cells, platelets, and pancreatic stellate cells [97,98] and have a higher
migration potential and rate of survival than CTCs [99].

The most probable reason behind the rareness of CTCs in circulation is their size.
They are often three to five times bigger than the size of the capillary openings prior to
the entrance into central circulation through the portal vein [100]. Henceforth, the number
of CTCs may vary both spatially and temporally, raising the questions of whether the
sampling location should be redirected in hope of an early diagnosis and whether CTCs are
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the real source of systemic metastasis [101–103]. Another hypothesis, that does not exclude
the first one, concerns immune cell attacks, anoikis, and shear flow as the causes of the low
share of CTCs in circulation [104].
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Cancer cells initially keep the features of the epithelial cells they originate from.
Gradually they change and develop different phenotypes in order to avoid apoptosis and
create metastatic lesions. The main process in cancer onset and progression is epithelial-
to-mesenchymal Transition (EMT), and it represents the main weapon that CTCs use to
upgrade their migration ability and invasion capacity [105,106]. Molecules expressed on
CTCs, such as the epithelial cell adhesion molecule (EpCAM) and E-cadherin, may change
in the course of EMT actions. Molecules that are repeatedly used as CTC reporters are
creatine kinase family members [55].

CTCs in circulation might be detached from various regions of the same tumour,
from several loci, or even from both the primary mass and occult metastasis. Therefore,
they may reflect a whole-body image regarding the tumour burden better than biopsies
taken from a single spot [94]. Furthermore, unlike ctDNA molecules, CTCs provide not
only genetic information, but the RNA and protein signature which is cloaked by the
membrane [107,108].

Even though PDAC and its CTCs are extremely heterogenous, the mutational profile
detected in PDAC-derived CTCs often aligns with those found in the primary tumour and
metastatic lymph nodes [109,110]. Kulemann et al. analysed molecular alterations in the CTCs
of PDAC patients, mostly focusing on the KRAS mutation status. In contrast to what was
expected, they observed significantly better survival (19.4 vs. 7.4 months) in patients with the
CTC KRAS mutation in comparison to those who had a wild type KRAS [111]. Two years
later, the same group conducted an extended investigation and showed worse median overall
survival (OS) in patients with >3 CTCs/mL compared to patients who had values below that
cutoff. Surprisingly, results also showed discordance between KRAS alterations in CTCs and
corresponding primary tumours, thus emphasizing the heterogeneity in KRAS mutations
in CTCs and originating tissue. Interestingly, it was observed that individuals with a CTC
KRASG12V mutation had a significantly longer median OS than those who harbored other
mutations or undetectable KRAS changes [112]. Another study explored the potential and
use of pharmacogenomic (PGx) modeling of circulating tumour and invasive cells (CTICs)
to predict patients’ responses to therapy, progression, and potential resistance according to
genetic mutations. The authors were able to stratify patients as “sensitive” and “resistant” to
several chemotherapy regimens commonly used in PDAC. Furthermore, they showed that
the group labeled as “sensitive” had longer DFS and OS rates than the “resistant” one [113].
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Circulating Tumour Cells Isolation and Enrichment Methods

Different techniques for CTC isolation have been developed over the years, and each
of them can be clustered into a particular type of CTC extraction methodology group.
the first explorations included reverse transcription-PCR (RT-PCR) and ultra/standard
density centrifugation, and were implemented for the isolation of PDAC-derived CTCs
(from whole blood) based on the epithelial cell adhesion molecule (EpCAM), CEA, and
cytokeratin-20 (CK-20) [114–116]. They had poor specificity, exemplified by unsatisfactory
detection rates, such as 25% for EpCAM [116], 26% for CEA mRNA [117], and 34% for
CK-20 [118].

The most cited method for CTC isolation is the CellSearch® (Menarini Silicon Biosys-
tems Inc, Huntington Valley, PA, USA) method, which uses magnetic beads coated with
anti-EpCAM and anti-cytokeratin antibodies (for the enrichment of the epithelial popu-
lation of CTCs) and anti-CD45 (intended for white blood cell depletion). CellSearch® is
the only technology approved by the U. S. Food and Drug Administration (FDA) and
is currently labeled as the gold standard for CTC isolation in metastatic breast, prostate,
and colorectal cancer [70]. Several following studies using CellSearch® reported variable
detection rates from 10 to 50% [102,119–122]. This method enabled diagnoses for 11–48%
of patients in a PDAC cohort with at least 53% of patients having either locally advanced
or metastatic disease [122]. In contrast, for resectable patients, the detection rate dropped
below 7% [123]. Notably, given that CellSearch® technology is used according to the idea
that CTCs do not express the CD45 antigen (a feature of the white blood cells), it disregards
the fact that CTCs can affix to immune cells and platelets, and hence register as CD45
positive [93].

The isolation by size of tumour cells (ISET®) (Rarecells DIAGNOSTICS, Paris, France) [124]
method may emerge as a potential alternative, as it enables separation according to size and
thus being unbiased towards marker molecules.

The advantage that methods based on size differences hold over antigen-affinity
technology is the ability to separate phenotypes independently of marker expression on
the cell surface. Nevertheless, all these approaches need to be accompanied by immuno-
visualization techniques. Microfluidic methodologies such as CTC-iCHIP [125] and NanoV-
elcro [126] are capable of separating CTCs according to both antigen affinity and size, thus
elevating purity and specificity levels.

6. Diagnostic Potential of PDAC Liquid Biopsy Biomarkers

The ideal situation for clearly delineating between the PDAC and healthy liquid biopsy
samples would be the discovery of a robust and unique biomarker with sufficiently high
values for both sensitivity (SN) and specificity (SP). Nevertheless, taking into account
the heterogeneity of PDAC, as well as the interpatient variability, more and more studies
are reorienting towards trying to identify a specific panel combining several potential
biomarkers [56]. It has been proposed that a sufficient biomarker or a panel should perform
with a minimum of 88% SN and 85% SP in order to be considered valuable [65]. In this
paper, we review some of the discoveries that have achieved or surpassed these values.

6.1. Protein Biomarkers

As already mentioned, CA 19-9 and CEA are the most commonly used biomarkers
for the diagnosis of patients with PDAC. However, due to their specificity and sensitivity
limitations, the quest for new circulating protein biomarkers with high specificity and
sensitivity for PDAC is ongoing. The role of glypican-1 (GPC-1), a heparan sulfate pro-
teoglycan (HSP), in pancreatic cancer diagnosis has been controversial. While Kleeff et al.
(1998) reported that GPC-1 was highly expressed in both cancer cells and fibroblasts in
human pancreatic cancer samples [127], Melo et al. (2015) found that GPC-1 was enriched
on exosomes derived from tumour cells and could be detected in serum with a staggering
100% SN and SP [25] (Table 1). However, these findings were not replicated by subsequent
studies. Lai et al. (2017) showed that a panel of exosomal miRNAs (miR-10b, miR-21,
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miR-30c, miR-181a, and miR-let7a) had better diagnostic performance than GPC-1 for
distinguishing PDAC from healthy and chronic pancreatitis (CP) samples [63]. Frampton
et al. (2018) also observed no significant difference in GPC-1 levels between PDAC and
benign pancreatic disease or healthy pancreas [128].

Table 1. Discrimination and diagnostic potential of various biomarkers of PDAC. Listed biomarkers
were curated according to their sensitivity (SN), specificity (SP), and area under the ROC curve (AUC)
values. NM (not mentioned).

Biomarker Patients SN (%) SP (%) AUC Reference Year

PROTEIN BIOMARKERS

CA19.9
3285 PDAC vs. 1882 cases
with benign pancreatic
disease

78.2 82.8
Differs for malignant vs.
benign cases (0.878) and
PDAC vs. CP (0.885)

[30] 2013

CEA
1324 PDAC vs. 301 cases
with benign pancreatic
disease

44.2 84.8
Differs for malignant vs.
benign cases (0.702) and
PDAC vs. CP (0.721)

[30] 2013

ExoGPC-1 246 PDAC vs. 120 HC 100 100 1.0 [25] 2015

HSP-27 35 PDAC vs. 37 HC 100 84 0.98 [129] 2007

COL6A3 44 PDAC vs. 30 HC 93 97 0.975 [59] 2014

CXCL8 42 PDAC vs. 34 HC 98 95 0.9898 [130] 2018

REG1A and
REG1B 41 PDAC vs. 61 HC 92 95 NM [131] 2016

PIM-1 90 PDAC vs. 20 HC 95.6 100 0.984 [132] 2016

MIC-1 2770 PDAC vs. 2082 HC NM NM 0.93 [133] 2023

PROTEIN PANELS

TFPI, TNC, and
CA19.9 37 PDAC vs. 15 HC 90 100 0.99 [134] 2011

ICAM-1, OPG,
and CA19.9 333 PDAC vs. 227 HC 88 90 0.93 [135] 2011

C5, A1BG, and
CA19.9 22 PDAC vs. 29 HC 87 90 0.92 [136] 2013

C4BPA and
CA19.9 52 PDAC vs. 40 HC 85 96 0.93 [137] 2016

IGFBP2,
IGFBP3, and
CA19.9

101 PDAC vs. 38 HC 88 89 0.89 [138] 2016

THBS2 and
CA19.9 288 PDAC vs. 230 HC 87 87 0.97 [139] 2017

TIMP1, LRG1,
and CA19.9 187 PDAC vs. 169 HC 85 95 0.95 [140] 2017

ALB, CRP, IL-8,
and CA19.9 292 PDAC vs. 383 HC 94 90 0.98 [141] 2014

APOA2-
ATQ/AT and
CA19.9

286 PDAC vs. 217 HC 95.4 98.3 0.96 [142] 2015

APOA2,
APOC1, and
CA19.9

111 PDAC vs. 105 HC 93 100 0.96 [143] 2010
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Table 1. Cont.

Biomarker Patients SN (%) SP (%) AUC Reference Year

APOA1, APOE,
APOL1, ITIH3,
and CA19.9

80 PDAC vs. 40 HC 95 94.1 0.99 [144] 2017

APOA1, APOE,
APOL1, and
ITIH3

80 PDAC vs. 40 HC 85 94 0.94 [144] 2017

CA242, CA19.9,
CEA, and
CA125

52 PDAC vs. 40 HC 90 94 NM [145] 2015

POSTN, CA242,
and CA19.9 213 PDAC vs. 74 HC 92 97 0.98 [146] 2018

EPHB3, FGF1,
ID1, IL2, IL10,
IMPDH2, SELL,
and VCAM1

72 PDAC vs. 49 HC 89 91 0.95 [147] 2017

10 peptide
signatures 88 PDAC vs. 185 HC 92% and

95% 95 0.96 [148] 2015

HPT, C3, C4A,
C5, C7, IgG1,
and IgA1

122 PDAC vs. 252 HC 92.1 90.6 0.94 [149] 2014

18 proteins
targeted by
scFv human
recombinant
antibodies

103 PDAC vs. 30 HC 88 85 0.95 [150] 2012

19 proteins
targeted by
scFv human
recombinant
antibodies

156 PDAC vs. 30 HC 99 80 0.98 [151] 2015

29 proteins
targeted by
scFv human
recombinant
antibodies

586 PDAC vs. 1107 HC 95 94 0.97 [152] 2018

CIRCULATING TUMOUR DNA

Quantity of
cfDNA

24 PDAC vs. 38 HC and 21
IPMN vs. 38 HC 83 and 81 92 and 84 0.92 [153] 2016

DNA
methylation of
SST

30 PDAC vs. 18 HC 93 89 0.89 [154] 2020

DNA
methylation of
ADAMTS1 and
BNC1

42 PDAC vs. 26 HC 81 85 NM [155] 2013

DNA
methylation of
ADAMTS1 and
BNC1

39 PDAC vs. 95 HC 97 92 0.95 [156] 2019

Mutations in
amplicons 100 PDAC vs. 29 HC 82 100 NM [157] 2016
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Table 1. Cont.

Biomarker Patients SN (%) SP (%) AUC Reference Year

RNA BIOMARKERS

Exo-miRNA-21 30 PDAC vs. 10 CP 80 90 NM [158] 2020

Exo-miRNA-21 22 PDAC vs. 27 non-PDAC NM NM 0.897 [159] 2013

miR-18a 36 PDAC vs. 30 HC 92 94 0.9369 [160] 2011

miR-1290
19 PDAC vs. 10 HC, 19
PDAC vs. 10 CP and 19
PDAC vs. 10 NPET

88 for
PDAC vs.
HC

84 for
PDAC vs.
HC

0.96, 0.81 and 0.80 [62] 2013

miR-22-3p 35 PDAC vs. 15 HC 97.14 93.33 0.943 [161] 2017

miR-642b-3p 35 PDAC vs. 15 HC 100 100 1.0 [161] 2017

miR-885-5p 35 PDAC vs. 15 HC 100 100 1.0 [161] 2017

Exo-miR-21 27 PDAC vs. 8 CP 81 88 0.89 [162] 2019

Exo-miR-155 27 PDAC vs. 8 CP 89 88 0.90 [162] 2019

Exo-miR-451 52 PDAC vs. 20 HC NM NM 0.9329 [163] 2021

Exo-miR-720 52 PDAC vs. 20 HC NM NM 1.0 [163] 2021

miR-373 103 PDAC vs. 50 HC 81 84 0.852 [164] 2017

WASF2 27 PDAC vs. 13 HC NM NM 0.943 [83] 2019

ARF6 27 PDAC vs. 13 HC NM NM 0.940 [83] 2019

SNORA74A 27 PDAC vs. 13 HC NM NM 0.909 [83] 2019

SNORA25 27 PDAC vs. 13 HC NM NM 0.903 [83] 2019

HULC 20 PDAC vs. 21 HC and 20
PDAC vs. 22 IPMN 80 and 85 95 and 83 0.94 and 0.91 [165] 2020

MIXED AND RNA PANELS

Exo-miR-10b,
21, 30c, 181a,
and let7a

29 PDAC vs. 6 HC and 29
PDAC vs. 11 CP 100 100 1.0 [63] 2017

miR-16,
miR-196a, and
CA19.9

140 PDAC vs. 68 HC and 140
PDAC vs. 111 CP 92 and 88.4 95.6 and

96.3 0.979 and 0.956 [166] 2012

miR-1290,
miR-1246, and
CA19.9

120 PDAC vs. 40 HC and 120
PDAC vs. 40 Non-PDAC
(CP/IPMN/PNET)

96.7 and
92.5 97.5 and 90 0.99 and 0.96 [167] 2020

miR-125a,
miR-4294,
miR-4476,
miR-4530,
miR-6075,
miR-6799,
miR-6836, and
miR-6880

100 PDAC vs. 150 HC 80.3 97.6 0.953 [168] 2015

miR-125a-3p,
miR-642b-3p,
and miR-5100

424 PDAC vs. 2599 HC 98 97 0.95 [169] 2020

Signature of 10
miRNAs 409 PDAC vs. 312 HC 85 85 0.93 [64] 2014

Signature of 12
miRNAs 417 PDAC vs. 307 HC 85 90 0.95 [170] 2016
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Table 1. Cont.

Biomarker Patients SN (%) SP (%) AUC Reference Year

LGLRAD3 and
CA19.9 31 PDAC vs. 31 HC 80 94 0.87 [171] 2017

ABHD11-AS1
and CA19.9 114 PDAC vs. 46 HC 98 100 0.98 [172] 2019

Exo-CLDN1,
FGA,
HIST1H2BK,
ITIH2, KRT19,
MARCH2,
MAL2, and
TIMP1

189 PDAC vs. 74 HC and 186
PDAC vs. 55 CP 96 and 94 100 and 81 0.98 and 0.92 [173] 2020

CIRCULATING TUMOUR CELLS

CK8, CK18, and
CA19.9 41 PDAC vs. 20 HC 80 100 NM [174] 2011

CD45−, CK8,
CK18, and
CK19

15 PDAC vs. 15 HC 80 100 NM [175] 2015

Expression of
C-MET, hTERT,
CK20, and CEA

25 PDAC vs. 15 HC 100 100 NM [176] 2011

Vimentin+,
CD45−,
Hoechst+, and
CA19.9

100 PDAC vs. 30 HC 91 97 0.97 [177] 2019

According to several other studies, the evidence for GPC-1 is weak and inconsis-
tent [178,179]. However, two studies have found some positive results with GPC-1 in
combination with CD63 [180] or after regional intra-arterial chemotherapy [181]. These
studies have limitations such as a low specificity, small sample size, and lack of control
groups. Therefore, the role of GPC-1 as a biomarker for PDAC remains unclear and needs
further investigation.

Several studies have investigated the performance of different protein biomarkers
for detecting PDAC. For example, Li et al. reported that both serum and tissue samples
of PDAC patients had higher levels of REG1A and REG1B proteins, with an SN of 92%
and SP of 95% (n = 44) [131]. However, these findings need to be validated in a larger and
independent cohort before they can be applied clinically. In the same year, the diagnostic
potential of PIM-1 was also evaluated. Preoperative plasma samples were collected for
CP (n = 19), pancreatic neuroendocrine tumours PNETs (n = 20), other pancreatic tumours
(n = 29), and healthy individuals (n = 20) [132]. The diagnostic performance was measured
through receiver operating characteristic (ROC) curve analyses. PIM-1 showed a high SN
of 95.6% and a perfect SP of 100% when distinguishing PDAC from healthy volunteers,
with an AUC of 0.984. In comparison, CA19.9 had the same SP but a lower SN of 74.4% and
an AUC of 0.879. PIM-1 also outperformed CA19.9 when differentiating PDAC from CP;
however, it was less effective when compared to other pancreatic tumours and performed
poorly in discriminating PDAC from PNET [132]. The large meta-analysis including data
from 28 primary studies (with 6127 individuals) was analysed to evaluate the diagnos-
tic performances of various proteins. The study included 6127 participants, including
2770 PDAC patients, 2082 healthy controls, and 1275 samples from benign disease cases.
MIC-1 showed the highest accuracy in distinguishing PDAC and healthy samples with
an AUC = 0.93, surpassing CA19.9. However, MIC-1 was not as effective as CA19.9 in
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discriminating PDAC patients from benign disease cases. Adding MIC-1 to CA19.9 did not
significantly improve its diagnostic potential [133].

Numerous other studies identified relevant single protein markers and multi-protein
panels, and the most prominent findings regarding both groups are summarised in Table 1.

6.2. Cell-Free DNA

The most common methods used for cfDNA analysis are mutation detection (mainly
KRAS for PDAC) [182] and the determination of the cfDNA quantity [153] and the cfDNA
methylation status [154–156]. MutKRAS-ctDNA was tested on EUS-FNA as a potential
biomarker, compared to CTCs, and combined with CA19.9 but failed to reach the high
thresholds [183]. Considering the diagnostic power of cfDNA’s quantity, the highest
accuracy was achieved using a cutoff value of 0.208 ng/µL for IPMN vs. HC, 0.2875 ng/µL
for PDAC vs. HC, and 0.3590 ng/µL for PDAC vs. IPMN. Corresponding SNs and SPs
were 80.95% and 84.21% (for IPMN vs. HC), 83.3% and 92.11% (for PDAC vs. HC), and
75% and 71.43% (for PDAC vs. IPMN) [153]. Even though the use of nanoparticle-enabled
MOB technology unveiled an increased frequency of DNA methylation in the genes BNC1
and ADAMTS1, their diagnostic capacity has not lived up to the potential (79% and 89%
for BNC1 and 48% and 92% for ADAMTS1). However, when combined into a two-marker
panel, the overall SN and SP reached 81% and 85% [155]. In a more recent publication,
Eissa et al. tested this two-marker panel on a larger cohort including 92 HC and recorded
97.3% and 91.6% (SN and SP) [156]. That same year, Manoochehri et al. reported the
diagnostic performance of hypermethylation of the SST gene in discerning PDAC from HC
(SN = 93.3%, SP = 88.9% and AUC of 0.89) [154].

6.3. Circulating and Exosomal RNAs

As mentioned earlier, RNAs are one of the biomolecules that could serve as a single
biomarker besides proteins. Among the various types of RNAs, miRNAs have been the
most widely studied and reported. In particular, exosomal RNAs (exoRNAs) have attracted
increasing interest as exosomes protect RNAs from degradation by RNases, and exoRNAs
derived from tumours reflect the transcriptomic profile of the primary cancer cells more
closely. Moreover, exoRNAs have higher abundance than free circulating RNAs. miR-18a
expression was significantly increased in tumour tissue (p = 0.012) and PDAC cell lines
(p = 0.015) compared to normal tissue and fibroblasts, as well as in plasma samples of
PDAC patients versus controls (p < 0.0001), with an AUC value of 0.9369 [160]. Another
small study (35 PDAC samples and 15 controls) demonstrated the excellent performance
of miR-22-3p (SN of 97.14% and SP of 93.33%, with an AUC value of 0.943), miR-642b-3p
(100%, 100%, and AUC = 1.0), and miR-885-5p (100%, 100%, and AUC = 1.0), surpassing
the accuracy of CA19.9 (91.43%, 100%, AUC = 0.924) [161]. However, the sample size was
small and there was no validation cohort to confirm the findings. A recent study explored
the diagnostic potential of ADAM8-positive EVs and related exo-miR-451 and exo-miR-720,
as these miRNAs showed significant changes in PDAC vs. healthy samples. The AUC
values of these miRNAs were 0.93 and 1, respectively [163].

The idea of discovering a single biomarker that could accurately diagnose PDAC is
becoming less and less realistic; thus, many studies have focused on developing panels
of multiple molecules (mostly consisting of miRNAs or proteins) that can improve the
sensitivity and specificity of PDAC detection. These panels often include the measurement
and comparison of expression levels of various candidates, followed by the selection of the
best ones and the integration with CA19.9 or, less often, CEA.

To compare the expression levels of seven predetermined miRNAs (miR-16, 21, 155,
181a, 181b, 196a, and 210), the RNAs were isolated from the plasma of 140 PDAC patients,
111 CPs, and 68 healthy controls. All of tested miRNAs seemed to be upregulated when
comparing PDAC with CP and PDAC with healthy samples. Logistic modelling has shown
that miR-16 and miR-196a were the only ones with the potential to separate patients as
single markers. Therefore, by creating a signature that consisted of miR-16, miR-196a,
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and CA19.9, the distinguishing potential reached an SN of 92% and an SP of 95.6% for
PDAC vs. controls (AUC = 0.979) and an SN of 88.4% and an SP of 96.3% for PDAC vs. CP
(AUC = 0.956) [166]. Another signature that included CA19.9 and two miRNAs (miR-1290
and miR-1246) was established in a cohort that consisted of 120 PDAC, 40 non-PDAC
controls (10 CPs, 15 IPMNs, and 15 PNETs), and 40 healthy control (HC) samples. For
PDAC vs. healthy controls, this signature reached an SN of 96.7% and an SP of 97.5%.
For PDAC vs. non-PDAC controls, the signature achieved an SN of 92.5% and an SP of
90% [167].

Several years ago, a diagnostic panel containing eight exo-mRNAs (CLDN1, FGA,
HIST1H2BK, ITIH2, KRT19, MARCH2, MAL2, and TIMP1) outperformed CA19.9 in dis-
criminating PDAC from CP patients (AUC of 0.931 vs. 0.873). This poly-exo-mRNA
signature could detect early stage PDAC (stage I and II) with an AUC = 0.949 and
showed high consistency and robustness in the training (AUC = 0.960), internal validation
(AUC = 0.950), and external validation (AUC = 0.936) cohorts [173].

Other studies that have investigated the diagnostic potential of different circulating
and exoRNA single and panel molecules are summarised in Table 1.

6.4. CTCs

While most of the research to date has concentrated on RNAs, CA19.9, CEA, and their
pure or mixed signatures, some studies on CTCs achieved a very high SP with a robust SN.
Remarkably, three studies attained 100% SP [174–176], with one of them reaching 100% SN
as well [176]. It should be kept in mind that study cohorts were small (n = 15–41 for PDAC
and n = 15–20 for HC). A more recent publication involving a larger cohort (n = 100 for
PDAC, n = 30 for HC, and n = 16 for IPMN) identified vimentin+ CTCs (v+ CTCs) in 76% of
PDAC, 6.6% of HC, and 31% of IPMN samples [177]. Expectedly, v+ PDAC-derived CTCs
exhibited a noticeably higher migratory capacity (than EpCAM positive ones), implying
that vimentin could be used as a surface biomarker for PDAC-originating cells with a
mesenchymal/basal phenotype. Additionally, v+ CTCs were mainly detected in patients in
more advanced stages and with metastasis. The inclusion of CTCs (vimentin+, CD45−, and
Hoechst+) improved the accuracy of CA19.9, achieving an AUC of 0.968 [177].

7. Prognostic and Predictive Potential of Liquid Biopsy Biomarkers
7.1. Protein Biomarkers

CA19.9 has been used not only as the diagnostic tool for PDAC, but also as a prognostic
marker. Hence, it was shown that patients with resectable PDACs who had preoperative CA19.9
levels higher than the median had worse OS [184]. Likewise, another study showed lowered
median preoperative CA19.9 values in N0 patients (without nodal disease) and an association
of postoperative CA19.9 serum decrease (especially if falling under 200 U/mL) with improved
OS [185]. Finally, it was demonstrated that patients receiving chemotherapy for locally advanced
unresectable or metastatic PDAC who had CA19.9 values below 37 U/mL had a significantly
longer OS compared to those with CA19.9 > 37 U/mL [186].

One of the key PDAC features is its dense fibrotic stroma. During development, the
stroma is constantly rearranged in order to withstand the expansion of the tumour. That
process is conducted not only by cancer cells, but with the aid of cancer-associated fibrob-
lasts (CAFs) as well. Consequently, extracellular matrix (ECM) components of the stroma
enter the bloodstream [187]. Hence, osteopontin (OPN), one of the ECM proteins, has
been shown to be overexpressed in PDAC samples, and its elevated values (>150 ng/mL)
were reported to be in correlation with worse OS [188]. In a more recent study, several
ECM-related proteins were measured using ELISA in pre-treatment serum from stage
III/IV PDAC patients who received 5-fluorouracil. Higher levels of all collagen fragments
seemed to be associated with significantly shorter OS. Thus, elevated pro-peptides of
type III collagen (PRO-C3, formation) correlated with worse OS, whereas a higher ratio
of matrix metalloprotease-degraded type III collagen (C3M, degradation) and PRO-C3
(C3M/PRO-C3) led to better OS [189].
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7.2. ctDNA

A study involving 105 PDAC patients who had undergone pancreatoduodenectomy
compared OS and DFS according to ctDNA detection and presence [190]. Although
mutKRAS (detected by ddPCR) was identified in 86 primary tumour samples, mutKRAS
ctDNA was recognised in 31% of matching plasma specimens. Expectedly, patients who
were ctDNA positive had worse OS and disease-free survival (DFS) [190]. In a small study
with 27 patients, KRAS mutations were detected in 70.4% of individuals at baseline. Even
though there was no statistically important difference in PFS and OS according to the
presence or absence of mutKRAS ctDNA at the baseline, a clear correlation between PFS
and the changes in mutKRAS ctDNA levels after the first cycle of chemotherapy was shown.
Patients who had increased ctDNA levels at Day 15 had worse outcomes than those who
had stable or decreased levels, and a two-month radiological evaluation confirmed the
disease progression [191].

Wei et al. investigated the use of ctDNA as a biomarker for tumour burden and
prognosis in PDAC patients who received FOLFIRINOX chemotherapy. They measured
the ctDNA mutant allele frequency (MAF) in plasma samples from 28 patients and found
that patients with multiple liver metastases had higher ctDNA MAF than those with one or
two lesions, indicating a positive correlation between ctDNA MAF, and tumour burdens.
They also divided the patients into two groups based on a ctDNA MAF cutoff of 1.5% and
compared their OS. They observed that patients with high ctDNA MAF (≥1.5%) had worse
OS than those with low ctDNA MAF (<1.5%). However, this result was not confirmed by
multivariate Cox regression analysis, possibly due to the small sample size. Moreover, they
reported that 12 patients who had a partial response or stable disease after chemotherapy
showed a significant decrease in ctDNA MAF, except for one patient [192].

Other significant studies concerning prognostic and predictive potential of ctDNA are
summarised in Table 2.

Table 2. Prognostic and predictive potential of various biomarkers. Listed biomarkers are curated
according to their overall survival (OS).

Biomarker OS Reference Year

PROTEIN BIOMARKERS

CA19.9 < 37 U/mL Better prognosis [186] 2013

CA19.9 > 37 U/mL Worse prognosis [186] 2013

OPN < 150 ng/mL 337 days vs. 179 days [188] 2013

Elevated PRO-C3 Worse prognosis [189] 2019

Elevated ratio C3M/PRO-C3 Better prognosis [189] 2019

CIRCULATING TUMOUR DNA

MutKRAS (G12D, G12V, and G12R) 13.6 vs. 27.6 months [190] 2016

MutKRAS (G12V) 4.7 vs. 6.0 months [193] 2017

ERBB2 exon 17 mutation 4.7 vs. 5.7 months [193] 2017

MutKRAS (G12D) 6.5 vs. 11.5 months [191] 2017

CtDNA MAF ≥ 1.5% Worse prognosis [192] 2019

MutKRAS Worse prognosis [194] 2018

MutKRAS Worse prognosis [195] 2019

EXO-DNA, EXO-RNA, AND CELL-FREE MICRO RNA

MAFs ≥ 5% in exoDNA Worse prognosis [69] 2019

Exo-miR-222 10 vs. 17 months [196] 2018

Exo-miR-451a Worse prognosis [197] 2018
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Table 2. Cont.

Biomarker OS Reference Year

Exo-miR-4525, exo-miR-451a, and miR-21 Worse prognosis [198] 2019

Exo-miR-21 344 vs. 846 days [199] 2018

Exo-miR-200b in EpCAM positive
exosomes 9 vs. 18 months [200] 2020

Exo-miR-200c in total serum exosomes 11 vs. 18 months [200] 2020

Cell free miR-744 Not mentioned [201] 2015

Combination of miR-181a-5p and CA19.9
(only in patients receiving FOLFIRINOX) 11.1 vs. 25.7 months [202] 2020

GPC1+ exosomes Worse prognosis [25] 2015

CIRCULATING TUMOUR CELLS

>20% GPC1+ vesicles and/or CellSearch®

CTC+ clusters
Worse prognosis [203] 2019

CTC+ Worse prognosis [204] 2014

CTC+ in patients who received
neoadjuvant chemotherapy Worse prognosis [205] 2018

CTC+ Worse prognosis [206] 2020

7.3. Exosomes, exoDNA, exoRNA, and Cell-Free microRNA Signatures

The role of exosomes and their surface molecules in predicting and influencing the
outcomes of PDAC has been extensively studied. A study of Bernard et al. involved
194 PDAC patients with locally advanced or metastatic disease who received treatment.
A subset of 34 locally advanced PDAC patients were followed longitudinally during
neoadjuvant chemotherapy. A key finding was that a reduction in exo-mutKRAS MAF
after neoadjuvant chemotherapy (compared to baseline) was significantly associated with
surgical resection (which occurred in 12 out of 17 patients who underwent surgery). Patients
who were not eligible for surgery (the remaining n = 17) had either an increase or no
significant change in exo-mutKRAS MAF in 94% of the cases. Among metastatic patients,
those who progressed or died during observation had worse survival with mutKRAS in
both ctDNA and exoDNA. Therefore, while mutKRAS ctDNA had prognostic value, as
discussed earlier, its exosomal counterpart seemed to perform better and provide earlier
information [69].

Some publications have also highlighted the role of miRNAs and have shown that
PDAC-derived exosomes carrying miR-222 can enhance cell invasion and proliferation,
which can also induce increased cell survival and metastasis. Therefore, high levels of exo-
miR-222 from plasma were significantly associated with tumour size and the TNM stage,
and it became an independent risk factor for PDAC patients’ survival [196]. Exosomal miR-
451a, when present in high amounts, has been shown to be an indicator of notably worse
OS and DFS [197]. Additionally, elevated miR-451a combined with high expression of
exo-miR-4525 and exo-miR-21 was significantly associated with recurrence [198]. In PDAC
and IPMN patients, exo-miR-21, exo-miR-451a, and exo-miR-191 showed a significant
increase in expression compared to the HC. This led to a correlation between exo-miR-451a
and mural nodules in IPMN, a potential role of exo-miR-21 as a prognostic indicator for
the OS, and their statistical significance as biomarkers of chemo-resistance [199]. Reese
et al. demonstrated that miR-200b in EpCAM-positive serum exosomes could serve as an
independent predictor of PDAC prognosis according to multivariate analysis [200].

Several studies have suggested that plasma miRNA profiles can be useful for pre-
dicting and assessing the outcomes of PDAC patients. For example, miR-744 was found
to be highly expressed in PDAC tissues and cells compared to normal counterparts, and
its plasma levels were associated with lymph node metastasis, recurrence, and poor PFS
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independent of other factors. Moreover, miR-744 overexpression conferred gemcitabine
resistance in vitro [201]. Another study reported that plasma levels of miR-181a-5p were
significantly reduced in patients who showed no progression after FOLFIRINOX treatment.
This reduction was correlated with better OS and PFS, especially in patients who had a
significant drop in CA19.9 as well. However, this combination of markers did not correlate
with PFS and OS in patients who received gemcitabine–nab-paclitaxel treatment [202].

7.4. Circulating Tumour Cells

Possible ways to use CTCs to predict how well a treatment works are under active
investigation for different kinds of cancer. Interestingly, an approach combining GPC1+
exosomes and CTCs to enhance the prognostic and/or predictive value was proposed
several years ago. Neither of them was prognostic alone, but when combined, patients
with >20% GPC1+ vesicles and/or CellSearch® CTC+ clusters had worse OS. For PFS,
poorer outcomes were linked to the presence of GPC1+ exosomes and/or CellSearch®

CTC+ clusters [203]. In a study including 41 samples that investigated the influence of the
first round of chemotherapy on the number of detected CTCs, 80.5% of PDAC samples
were reported positive for the CTC detection, while after administering 5-fluorouracil,
only 29.3% of them were positive. The study also found that some apoptotic CTCs were
detected after the first round of treatment in patients with advanced PDAC, which could be
a potential indicator of the chemotherapy efficacy [174]. Meta-analysis conducted several
years later confirmed that patients with detected CTCs had significantly worse OS and PFS
than patients without CTCs [204].

Interestingly, a study aiming to evaluate the usefulness of real-time RT-PCR for Ep-
CAM detection (used as a surrogate marker for the quantification of CTCs) reported no
correlation between EpCAM positivity and DFS at any time point [116]. In a more recent
comprehensive study that included 136 PDAC patients, 56 patients received neoadjuvant
therapy prior to surgery and had significantly fewer CTCs compared to chemo-naïve pa-
tients. The preoperative numbers of all CTC subtypes were the only predictors of early
recurrence within 12 months after resection in this cohort. Patients who received neoad-
juvant chemotherapy and had no CTCs detected had significantly better OS, while in the
chemo-naïve group, the association between CTCs and worse OS was not statistically sig-
nificant. Moreover, they discovered that elevated levels of CTCs preceded recurrence [205].
Finally, another meta-analysis confirmed what many mentioned studies reported; CTC+
patients had significantly worse OS and PFS than CTC- patients [206].

8. Conclusions and Clinical Perspectives

PDAC is a deadly disease that requires early detection for effective treatment. Liquid
biopsies are a promising technique that can provide noninvasive, repeatable, and real-time
screening of PDAC patients. However, PDAC is a complex and heterogeneous disease that
may share molecular features with other cancers and other pathological conditions, which
can affect the accuracy and reliability of potential biomarkers.

Therefore, a better strategy may be to look for a combination of multiple biomarkers
that can distinguish PDAC from other conditions. A novel direction may be to investigate
the role of intercellular communication, especially through exosomes and their cargo, in
PDAC progression and diagnosis. Taking into account that exoRNAs stem from living cells
and that ctDNAs are the consequence of apoptosis and/or necrosis, it has been proposed
to combine them in order to account for tumoural heterogeneity [94]. This area has a lot of
potential for improvement, especially in identifying the surface proteins of exosomes that
originate from PDAC cells.

None of the components of liquid biopsies apart from CA19.9 have become part of
PDAC clinical practice so far. For some, this is due to unsatisfactory SN and/or SP values
and the shortfall of their validation, for others it is because of a lack of standardization and
automatization of appropriate lab methods. However, liquid biopsies are a prospective
tool in PDAC patient care and follow-up. It would be of invaluable help and importance
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for both patients and the doctors to reach the stage of PDAC clinical practice where liquid
biopsies could be used for observation of the treatment efficacy, unhesitating prognosis,
and assessment of a relapse simply by testing the presence and level of one or several
blood-derived molecules. Interestingly, they might be able to indicate the direction and
route that the disease has taken. Another invaluable application for potential biomarkers
could be to act as navigators for resectable tumours, hence facilitating decision-making
between neoadjuvant therapy and immediate surgery. Moreover, detection of a certain
marker may represent a recent metastasis onset, thus sparing patients a futile resection.
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Better Biomarker for Diagnosis and Prediction of Pancreatic Cancer than Its Specific Receptor CXCR2, C-Reactive Protein, and
Classic Tumor Markers CA 19-9 and CEA. Pol. Arch. Intern. Med. 2018, 128, 524–531. [CrossRef]

131. Li, Q.; Wang, H.; Zogopoulos, G.; Shao, Q.; Dong, K.; Lv, F.; Nwilati, K.; Gui, X.-Y.; Cuggia, A.; Liu, J.-L.; et al. Reg proteins
promote acinar-to-ductal metaplasia and act as novel diagnostic and prognostic markers in pancreatic ductal adenocarcinoma.
Oncotarget 2016, 7, 77838. [CrossRef] [PubMed]

132. Xu, J.; Xiong, G.; Cao, Z.; Huang, H.; Wang, T.; You, L.; Zhou, L.; Zheng, L.; Hu, Y.; Zhang, T.; et al. PIM-1 Contributes to the
Malignancy of Pancreatic Cancer and Displays Diagnostic and Prognostic Value. J. Exp. Clin. Cancer Res. 2016, 35, 133. [CrossRef]
[PubMed]

133. Boyd, L.N.C.; Ali, M.; Leeflang, M.M.G.; Treglia, G.; de Vries, R.; Le Large, T.Y.S.; Besselink, M.G.; Giovannetti, E.; van
Laarhoven, H.W.M.; Kazemier, G. Diagnostic Accuracy and Added Value of Blood-Based Protein Biomarkers for Pancreatic Cancer:
A Meta-Analysis of Aggregate and Individual Participant Data. eClinicalMedicine 2023, 55, 101747. [CrossRef] [PubMed]

134. Balasenthil, S.; Chen, N.; Lott, S.T.; Chen, J.; Carter, J.; Grizzle, W.E.; Frazier, M.L.; Sen, S.; Killary, A.M.N. A Migration Signature
and Plasma Biomarker Panel for Pancreatic Adenocarcinoma. Cancer Prev. Res. 2011, 4, 137–149. [CrossRef] [PubMed]

135. Brand, R.E.; Nolen, B.M.; Zeh, H.J.; Allen, P.J.; Eloubeidi, M.A.; Goldberg, M.; Elton, E.; Arnoletti, J.P.; Christein, J.D.; Vickers, S.M.;
et al. Serum Biomarker Panels for the Detection of Pancreatic Cancer. Clin. Cancer Res. 2011, 17, 805–816. [CrossRef] [PubMed]

https://doi.org/10.1016/j.molonc.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26897752
https://doi.org/10.1186/1471-2407-11-47
https://www.ncbi.nlm.nih.gov/pubmed/21281486
https://doi.org/10.1158/1078-0432.CCR-03-0130
https://doi.org/10.1007/s00432-005-0008-1
https://doi.org/10.1093/annonc/mdt176
https://doi.org/10.1038/bjc.2011.545
https://doi.org/10.1007/s00534-007-1250-5
https://www.ncbi.nlm.nih.gov/pubmed/18392713
https://doi.org/10.1016/j.ejso.2017.01.241
https://www.ncbi.nlm.nih.gov/pubmed/28233633
https://doi.org/10.1097/SLA.0000000000003035
https://www.ncbi.nlm.nih.gov/pubmed/30216219
https://doi.org/10.1016/S0002-9440(10)64706-2
https://www.ncbi.nlm.nih.gov/pubmed/10623654
https://doi.org/10.1126/scitranslmed.3005616
https://www.ncbi.nlm.nih.gov/pubmed/23552373
https://doi.org/10.1016/j.addr.2018.03.006
https://www.ncbi.nlm.nih.gov/pubmed/29551650
https://doi.org/10.1172/JCI4105
https://www.ncbi.nlm.nih.gov/pubmed/9802880
https://doi.org/10.18632/oncotarget.24873
https://doi.org/10.1373/clinchem.2006.079194
https://doi.org/10.20452/pamw.4307
https://doi.org/10.18632/oncotarget.12834
https://www.ncbi.nlm.nih.gov/pubmed/27788482
https://doi.org/10.1186/s13046-016-0406-z
https://www.ncbi.nlm.nih.gov/pubmed/27596051
https://doi.org/10.1016/j.eclinm.2022.101747
https://www.ncbi.nlm.nih.gov/pubmed/36457649
https://doi.org/10.1158/1940-6207.CAPR-10-0025
https://www.ncbi.nlm.nih.gov/pubmed/21071578
https://doi.org/10.1158/1078-0432.CCR-10-0248
https://www.ncbi.nlm.nih.gov/pubmed/21325298


Cells 2024, 13, 3 23 of 26

136. Tonack, S.; Jenkinson, C.; Cox, T.; Elliott, V.; Jenkins, R.E.; Kitteringham, N.R.; Greenhalf, W.; Shaw, V.; Michalski, C.W.; Friess, H.;
et al. ITRAQ Reveals Candidate Pancreatic Cancer Serum Biomarkers: Influence of Obstructive Jaundice on Their Performance.
Br. J. Cancer 2013, 108, 1846–1853. [CrossRef] [PubMed]

137. Sogawa, K.; Takano, S.; Iida, F.; Satoh, M.; Tsuchida, S.; Kawashima, Y.; Yoshitomi, H.; Sanda, A.; Kodera, Y.; Takizawa, H.;
et al. Identification of a Novel Serum Biomarker for Pancreatic Cancer, C4b-Binding Protein α-Chain (C4BPA) by Quantitative
Proteomic Analysis Using Tandem Mass Tags. Br. J. Cancer 2016, 115, 949–956. [CrossRef] [PubMed]

138. Yoneyama, T.; Ohtsuki, S.; Honda, K.; Kobayashi, M.; Iwasaki, M.; Uchida, Y.; Okusaka, T.; Nakamori, S.; Shimahara, M.; Ueno, T.;
et al. Identification of IGFBP2 and IGFBP3 as Compensatory Biomarkers for CA19-9 in Early-Stage Pancreatic Cancer Using a
Combination of Antibody-Based and LC-MS/MS-Based Proteomics. PLoS ONE 2016, 11, e0161009. [CrossRef]

139. Kim, J.; Bamlet, W.R.; Oberg, A.L.; Chaffee, K.G.; Donahue, G.; Cao, X.-J.; Chari, S.; Garcia, B.A.; Petersen, G.M.; Zaret, K.S.
Detection of early pancreatic ductal adenocarcinoma with thrombospondin-2 and CA19-9 blood markers. Sci. Transl. Med. 2017,
9, eaah5583. [CrossRef]

140. Capello, M.; Bantis, L.E.; Scelo, G.; Zhao, Y.; Li, P.; Dhillon, D.S.; Patel, N.J.; Kundnani, D.L.; Wang, H.; Abbruzzese, J.L.; et al.
Sequential Validation of Blood-Based Protein Biomarker Candidates for Early-Stage Pancreatic Cancer. J. Natl. Cancer. Inst. 2017,
109, djw266. [CrossRef]

141. Zhang, P.; Zou, M.; Wen, X.; Gu, F.; Li, J.; Liu, G.; Dong, J.; Deng, X.; Gao, J.; Li, X.; et al. Development of Serum Parameters Panels
for the Early Detection of Pancreatic Cancer. Int. J. Cancer 2014, 134, 2646–2655. [CrossRef] [PubMed]

142. Honda, K.; Kobayashi, M.; Okusaka, T.; Rinaudo, J.A.; Huang, Y.; Marsh, T.; Sanada, M.; Sasajima, Y.; Nakamori, S.; Shimahara,
M.; et al. Plasma Biomarker for Detection of Early Stage Pancreatic Cancer and Risk Factors for Pancreatic Malignancy Using
Antibodies for Apolipoprotein-AII Isoforms. Sci. Rep. 2015, 5, 15921. [CrossRef] [PubMed]

143. Xue, A.; Scarlett, C.J.; Chung, L.; Butturini, G.; Scarpa, A.; Gandy, R.; Wilson, S.R.; Baxter, R.C.; Smith, R.C. Discovery of Serum
Biomarkers for Pancreatic Adenocarcinoma Using Proteomic Analysis. Br. J. Cancer 2010, 103, 391–400. [CrossRef] [PubMed]

144. Liu, X.; Zheng, W.; Wang, W.; Shen, H.; Liu, L.; Lou, W.; Wang, X.; Yang, P. A New Panel of Pancreatic Cancer Biomarkers
Discovered Using a Mass Spectrometry-Based Pipeline. Br. J. Cancer 2017, 117, 1846–1854. [CrossRef]

145. Gu, Y.L.; Lan, C.; Pei, H.; Yang, S.N.; Liu, Y.F.; Xiao, L.L. Applicative Value of Serum CA19-9, CEA, CA125 and CA242 in Diagnosis
and Prognosis for Patients with Pancreatic Cancer Treated by Concurrent Chemoradiotherapy. Asian Pac. J. Cancer Prev. 2015, 16,
6569–6573. [CrossRef]

146. Dong, D.; Jia, L.; Zhang, L.; Ma, N.; Zhang, A.; Zhou, Y.; Ren, L. Periostin and CA242 as Potential Diagnostic Serum Biomarkers
Complementing CA19.9 in Detecting Pancreatic Cancer. Cancer Sci. 2018, 109, 2841–2851. [CrossRef]

147. Mustafa, S.; Pan, L.; Marzoq, A.; Fawaz, M.; Sander, L.; Rückert, F.; Schrenk, A.; Hartl, C.; Uhler, R.; Yildirim, A.; et al. Comparison
of the tumor cell secretome and patient sera for an accurate serum-based diagnosis of pancreatic ductal adenocarcinoma.
Oncotarget 2017, 8, 11963. [CrossRef]

148. Velstra, B.; Vonk, M.A.; Bonsing, B.A.; Mertens, B.J.; Nicolardi, S.; Huijbers, A.; Vasen, H.; Deelder, A.M.; Mesker, W.E.; van der
Burgt, Y.E.M.; et al. Serum Peptide Signatures for Pancreatic Cancer Based on Mass Spectrometry: A Comparison to CA19-9
Levels and Routine Imaging Techniques. J. Cancer Res. Clin. Oncol. 2015, 141, 531–541. [CrossRef]

149. Wang, Y.; Song, G.; Wang, Y.; Qiu, L.; Qin, X.; Liu, H.; Li, F.; Wang, X.; Li, F.; Guo, S.; et al. Elevated Serum Levels of Circulating
Immunoinflammation-Related Protein Complexes Are Associated with Cancer. J. Proteome Res. 2014, 13, 710–719. [CrossRef]

150. Wingren, C.; Sandström, A.; Segersvärd, R.; Carlsson, A.; Andersson, R.; Löhr, M.; Borrebaeck, C.A.K. Identification of Serum
Biomarker Signatures Associated with Pancreatic Cancer. Cancer Res. 2012, 72, 2481–2490. [CrossRef]

151. Gerdtsson, A.S.; Malats, N.; Säll, A.; Real, F.X.; Porta, M.; Skoog, P.; Persson, H.; Wingren, C.; Borrebaeck, C.A.K. A Multicenter
Trial Defining a Serum Protein Signature Associated with Pancreatic Ductal Adenocarcinoma. Int. J. Proteom. 2015, 2015, 587250.
[CrossRef] [PubMed]

152. Mellby, L.D.; Nyberg, A.P.; Johansen, J.S.; Wingren, C.; Nordestgaard, B.G.; Bojesen, S.E.; Mitchell, B.L.; Sheppard, B.C.; Sears,
R.C.; Borrebaeck, C.A.K. Serum Biomarker Signature-Based Liquid Biopsy for Diagnosis of Early-Stage Pancreatic Cancer. J. Clin.
Oncol. 2018, 36, 2887–2894. [CrossRef] [PubMed]

153. Berger, A.W.; Schwerdel, D.; Costa, I.G.; Hackert, T.; Strobel, O.; Lam, S.; Barth, T.F.; Schröppel, B.; Meining, A.; Büchler, M.W.; et al.
Detection of Hot-Spot Mutations in Circulating Cell-Free DNA From Patients with Intraductal Papillary Mucinous Neoplasms of
the Pancreas. Gastroenterology 2016, 151, 267–270. [CrossRef] [PubMed]

154. Manoochehri, M.; Wu, Y.; Giese, N.A.; Strobel, O.; Kutschmann, S.; Haller, F.; Hoheisel, J.D.; Moskalev, E.A.; Hackert, T.; Bauer,
A.S. SST Gene Hypermethylation Acts as a Pan-Cancer Marker for Pancreatic Ductal Adenocarcinoma and Multiple Other
Tumors: Toward Its Use for Blood-Based Diagnosis. Mol. Oncol. 2020, 14, 1252–1267. [CrossRef] [PubMed]

155. Yi, J.M.; Guzzetta, A.A.; Bailey, V.J.; Downing, S.R.; Van Neste, L.; Chiappinelli, K.B.; Keeley, B.P.; Stark, A.; Herrera, A.; Wolfgang,
C.; et al. Novel Methylation Biomarker Panel for the Early Detection of Pancreatic Cancer. Clin. Cancer Res. 2013, 19, 6544–6555.
[CrossRef] [PubMed]

156. Eissa, M.A.L.; Lerner, L.; Abdelfatah, E.; Shankar, N.; Canner, J.K.; Hasan, N.M.; Yaghoobi, V.; Huang, B.; Kerner, Z.; Takaesu, F.;
et al. Promoter Methylation of ADAMTS1 and BNC1 as Potential Biomarkers for Early Detection of Pancreatic Cancer in Blood.
Clin. Epigenet. 2019, 11, 59. [CrossRef]

https://doi.org/10.1038/bjc.2013.150
https://www.ncbi.nlm.nih.gov/pubmed/23579209
https://doi.org/10.1038/bjc.2016.295
https://www.ncbi.nlm.nih.gov/pubmed/27657339
https://doi.org/10.1371/journal.pone.0161009
https://doi.org/10.1126/scitranslmed.aah5583
https://doi.org/10.1093/jnci/djw266
https://doi.org/10.1002/ijc.28584
https://www.ncbi.nlm.nih.gov/pubmed/24615168
https://doi.org/10.1038/srep15921
https://www.ncbi.nlm.nih.gov/pubmed/26549697
https://doi.org/10.1038/sj.bjc.6605764
https://www.ncbi.nlm.nih.gov/pubmed/20588270
https://doi.org/10.1038/bjc.2017.365
https://doi.org/10.7314/APJCP.2015.16.15.6569
https://doi.org/10.1111/cas.13712
https://doi.org/10.18632/oncotarget.14449
https://doi.org/10.1007/s00432-014-1812-2
https://doi.org/10.1021/pr4008255
https://doi.org/10.1158/0008-5472.CAN-11-2883
https://doi.org/10.1155/2015/587250
https://www.ncbi.nlm.nih.gov/pubmed/26587286
https://doi.org/10.1200/JCO.2017.77.6658
https://www.ncbi.nlm.nih.gov/pubmed/30106639
https://doi.org/10.1053/j.gastro.2016.04.034
https://www.ncbi.nlm.nih.gov/pubmed/27343369
https://doi.org/10.1002/1878-0261.12684
https://www.ncbi.nlm.nih.gov/pubmed/32243066
https://doi.org/10.1158/1078-0432.CCR-12-3224
https://www.ncbi.nlm.nih.gov/pubmed/24088737
https://doi.org/10.1186/s13148-019-0650-0


Cells 2024, 13, 3 24 of 26

157. Pécuchet, N.; Rozenholc, Y.; Zonta, E.; Pietraz, D.; Didelot, A.; Combe, P.; Gibault, L.; Bachet, J.B.; Taly, V.; Fabre, E.; et al. Analysis
of Base-Position Error Rate of next-Generation Sequencing to Detect Tumor Mutations in Circulating DNA. Clin. Chem. 2016, 62,
1492–1503. [CrossRef]

158. Pu, X.; Ding, G.; Wu, M.; Zhou, S.; Jia, S.; Cao, L. Elevated Expression of Exosomal MicroRNA-21 as a Potential Biomarker for the
Early Diagnosis of Pancreatic Cancer Using a Tethered Cationic Lipoplex Nanoparticle Biochip. Oncol. Lett. 2020, 19, 2062–2070.
[CrossRef]

159. Que, R.; Ding, G.; Chen, J.; Cao, L. Analysis of Serum Exosomal MicroRNAs and Clinicopathologic Features of Patients with
Pancreatic Adenocarcinoma. World J. Surg. Oncol. 2013, 11, 219. [CrossRef]

160. Morimura, R.; Komatsu, S.; Ichikawa, D.; Takeshita, H.; Tsujiura, M.; Nagata, H.; Konishi, H.; Shiozaki, A.; Ikoma, H.; Okamoto,
K.; et al. Novel Diagnostic Value of Circulating MiR-18a in Plasma of Patients with Pancreatic Cancer. Br. J. Cancer 2011, 105,
1733–1740. [CrossRef]

161. Hussein, N.A.E.M.; Kholy, Z.A.E.; Anwar, M.M.; Ahmad, M.A.; Ahmad, S.M. Plasma MiR-22-3p, MiR-642b-3p and MiR-885-5p as
Diagnostic Biomarkers for Pancreatic Cancer. J. Cancer Res. Clin. Oncol. 2017, 143, 83–93. [CrossRef] [PubMed]

162. Nakamura, S.; Sadakari, Y.; Ohtsuka, T.; Okayama, T.; Nakashima, Y.; Gotoh, Y.; Saeki, K.; Mori, Y.; Nakata, K.; Miyasaka, Y.; et al.
Pancreatic Juice Exosomal MicroRNAs as Biomarkers for Detection of Pancreatic Ductal Adenocarcinoma. Ann. Surg. Oncol. 2019,
26, 2104–2111. [CrossRef] [PubMed]

163. Verel-Yilmaz, Y.; Fernández, J.P.; Schäfer, A.; Nevermann, S.; Cook, L.; Gercke, N.; Helmprobst, F.; Jaworek, C.; Pogge von Strandmann,
E.; Pagenstecher, A.; et al. Extracellular Vesicle-Based Detection of Pancreatic Cancer. Front. Cell. Dev. Biol. 2021, 9, 697939. [CrossRef]
[PubMed]

164. Hua, Y.; Chen, H.; Wang, L.; Wang, F.; Wang, P.; Ning, Z.; Li, Y.; Liu, L.; Chen, Z.; Meng, Z. Low Serum MiR-373 Predicts Poor
Prognosis in Patients with Pancreatic Cancer. Cancer Biomark. 2017, 20, 95–100. [CrossRef]

165. Takahashi, K.; Ota, Y.; Kogure, T.; Suzuki, Y.; Iwamoto, H.; Yamakita, K.; Kitano, Y.; Fujii, S.; Haneda, M.; Patel, T.; et al. Circulating
Extracellular Vesicle-Encapsulated HULC Is a Potential Biomarker for Human Pancreatic Cancer. Cancer Sci. 2020, 111, 98–111.
[CrossRef] [PubMed]

166. Liu, J.; Gao, J.; Du, Y.; Li, Z.; Ren, Y.; Gu, J.; Wang, X.; Gong, Y.; Wang, W.; Kong, X. Combination of Plasma MicroRNAs with
Serum CA19-9 for Early Detection of Pancreatic Cancer. Int. J. Cancer 2012, 131, 683–691. [CrossRef]

167. Wei, J.; Yang, L.; Wu, Y.N.; Xu, J. Serum MiR-1290 and MiR-1246 as Potential Diagnostic Biomarkers of Human Pancreatic Cancer.
J. Cancer 2020, 11, 1325–1333. [CrossRef]

168. Kojima, M.; Sudo, H.; Kawauchi, J.; Takizawa, S.; Kondou, S.; Nobumasa, H.; Ochiai, A. MicroRNA Markers for the Diagnosis of
Pancreatic and Biliary-Tract Cancers. PLoS ONE 2015, 10, e0118220. [CrossRef]

169. Shams, R.; Saberi, S.; Zali, M.; Sadeghi, A.; Ghafouri-Fard, S.; Aghdaei, H.A. Identification of Potential MicroRNA Panels for
Pancreatic Cancer Diagnosis Using Microarray Datasets and Bioinformatics Methods. Sci. Rep. 2020, 10, 7559. [CrossRef]

170. Johansen, J.S.; Calatayud, D.; Albieri, V.; Schultz, N.A.; Dehlendorff, C.; Werner, J.; Jensen, B.V.; Pfeiffer, P.; Bojesen, S.E.; Giese, N.;
et al. The Potential Diagnostic Value of Serum MicroRNA Signature in Patients with Pancreatic Cancer. Int. J. Cancer 2016, 139,
2312–2324. [CrossRef]

171. Yang, F.; Liu, D.Y.; Guo, J.T.; Ge, N.; Zhu, P.; Liu, X.; Wang, S.; Wang, G.X.; Sun, S.Y. Circular RNA Circ-LDLRAD3 as a Biomarker
in Diagnosis of Pancreatic Cancer. World J. Gastroenterol. 2017, 23, 8345–8354. [CrossRef] [PubMed]

172. Liu, Y.; Feng, W.; Liu, W.; Kong, X.; Li, L.; He, J.; Wang, D.; Zhang, M.; Zhou, G.; Xu, W.; et al. Circulating LncRNA ABHD11-AS1
Serves as a Biomarker for Early Pancreatic Cancer Diagnosis. J. Cancer 2019, 10, 3746–3756. [CrossRef] [PubMed]

173. Yu, S.; Li, Y.; Liao, Z.; Wang, Z.; Wang, Z.; Li, Y.; Qian, L.; Zhao, J.; Zong, H.; Kang, B.; et al. Plasma Extracellular Vesicle Long RNA
Profiling Identifies a Diagnostic Signature for the Detection of Pancreatic Ductal Adenocarcinoma. Gut 2020, 69, 540. [CrossRef]
[PubMed]

174. Ren, C.; Han, C.; Zhang, J.; He, P.; Wang, D.; Wang, B.; Zhao, P.; Zhao, X. Detection of Apoptotic Circulating Tumor Cells in
Advanced Pancreatic Cancer Following 5-Fluorouracil Chemotherapy. Cancer Biol. Ther. 2011, 12, 700–706. [CrossRef] [PubMed]

175. Zhang, J.; Li, S.; Liu, F.; Zhou, L.; Shao, N.; Zhao, X. SELEX Aptamer Used as a Probe to Detect Circulating Tumor Cells in
Peripheral Blood of Pancreatic Cancer Patients. PLoS ONE 2015, 10, e0121920. [CrossRef]

176. Zhou, J.; Hu, L.; Yu, Z.; Zheng, J.; Yang, D.; Bouvet, M.; Hoffman, R.M. Marker Expression in Circulating Cancer Cells of
Pancreatic Cancer Patients. J. Surg. Res. 2011, 171, 631–636. [CrossRef]

177. Wei, T.; Zhang, X.; Zhang, Q.; Yang, J.; Chen, Q.; Wang, J.; Li, X.; Chen, J.; Ma, T.; Li, G.; et al. Vimentin-Positive Circulating Tumor
Cells as a Biomarker for Diagnosis and Treatment Monitoring in Patients with Pancreatic Cancer. Cancer Lett. 2019, 452, 237–243.
[CrossRef]

178. Lucien, F.; Lac, V.; Billadeau, D.D.; Borgida, A.; Gallinger, S.; Leong, H.S. Glypican-1 and glycoprotein 2 bearing extracellular
vesicles do not discern pancreatic cancer from benign pancreatic diseases. Oncotarget 2019, 10, 1045–1055. [CrossRef]

179. Zhou, C.; Dong, Y.; Sun, X.; Sui, X.; Zhu, H.; Zhao, Y.; Zhang, Y.; Mason, C.; Zhu, Q.; Han, S. High Levels of Serum Glypican-1
Indicate Poor Prognosis in Pancreatic Ductal Adenocarcinoma. Cancer Med. 2018, 7, 5525–5533. [CrossRef]

180. Lewis, J.M.; Vyas, A.D.; Qiu, Y.; Messer, K.S.; White, R.; Heller, M.J. Integrated Analysis of Exosomal Protein Biomarkers on
Alternating Current Electrokinetic Chips Enables Rapid Detection of Pancreatic Cancer in Patient Blood. ACS Nano 2018, 12,
3311–3320. [CrossRef]

https://doi.org/10.1373/clinchem.2016.258236
https://doi.org/10.3892/ol.2020.11302
https://doi.org/10.1186/1477-7819-11-219
https://doi.org/10.1038/bjc.2011.453
https://doi.org/10.1007/s00432-016-2248-7
https://www.ncbi.nlm.nih.gov/pubmed/27631726
https://doi.org/10.1245/s10434-019-07269-z
https://www.ncbi.nlm.nih.gov/pubmed/30820789
https://doi.org/10.3389/fcell.2021.697939
https://www.ncbi.nlm.nih.gov/pubmed/34368146
https://doi.org/10.3233/CBM-170231
https://doi.org/10.1111/cas.14232
https://www.ncbi.nlm.nih.gov/pubmed/31715081
https://doi.org/10.1002/ijc.26422
https://doi.org/10.7150/jca.38048
https://doi.org/10.1371/journal.pone.0118220
https://doi.org/10.1038/s41598-020-64569-1
https://doi.org/10.1002/ijc.30291
https://doi.org/10.3748/wjg.v23.i47.8345
https://www.ncbi.nlm.nih.gov/pubmed/29307994
https://doi.org/10.7150/jca.32052
https://www.ncbi.nlm.nih.gov/pubmed/31333792
https://doi.org/10.1136/gutjnl-2019-318860
https://www.ncbi.nlm.nih.gov/pubmed/31562239
https://doi.org/10.4161/cbt.12.8.15960
https://www.ncbi.nlm.nih.gov/pubmed/21811100
https://doi.org/10.1371/journal.pone.0121920
https://doi.org/10.1016/j.jss.2010.05.007
https://doi.org/10.1016/j.canlet.2019.03.009
https://doi.org/10.18632/oncotarget.26620
https://doi.org/10.1002/cam4.1833
https://doi.org/10.1021/acsnano.7b08199


Cells 2024, 13, 3 25 of 26

181. Qian, J.Y.; Tan, Y.L.; Zhang, Y.; Yang, Y.F.; Li, X.Q. Prognostic Value of Glypican-1 for Patients with Advanced Pancreatic Cancer
Following Regional Intra-Arterial Chemotherapy. Oncol. Lett. 2018, 16, 1253–1258. [CrossRef] [PubMed]

182. Kim, M.K.; Woo, S.M.; Park, B.; Yoon, K.A.; Kim, Y.H.; Joo, J.; Lee, W.J.; Han, S.S.; Park, S.J.; Kong, S.Y. Prognostic Implications of
Multiplex Detection of KRAS Mutations in Cell-Free DNA from Patients with Pancreatic Ductal Adenocarcinoma. Clin. Chem.
2018, 64, 726–734. [CrossRef] [PubMed]

183. Sefrioui, D.; Blanchard, F.; Toure, E.; Basile, P.; Beaussire, L.; Dolfus, C.; Perdrix, A.; Paresy, M.; Antonietti, M.; Iwanicki-Caron,
I.; et al. Diagnostic Value of CA19.9, Circulating Tumour DNA and Circulating Tumour Cells in Patients with Solid Pancreatic
Tumours. Br. J. Cancer 2017, 117, 1017–1025. [CrossRef] [PubMed]

184. Palmquist, C.; Dehlendorff, C.; Calatayud, D.; Hansen, C.P.; Hasselby, J.P.; Johansen, J.S. Prediction of Unresectability and
Prognosis in Patients Undergoing Surgery on Suspicion of Pancreatic Cancer Using Carbohydrate Antigen 19-9, Interleukin 6,
and YKL-40. Pancreas 2020, 49, 53–61. [CrossRef] [PubMed]

185. Ferrone, C.R.; Finkelstein, D.M.; Thayer, S.P.; Muzikansky, A.; Fernandez-Del Castillo, C.; Warshaw, A.L. Perioperative CA19-9
Levels Can Predict Stage and Survival in Patients with Resectable Pancreatic Adenocarcinoma. J. Clin. Oncol. 2006, 24, 2897–2902.
[CrossRef] [PubMed]

186. Berardi, R.; Mandolesi, A.; Pellei, C.; Maccaroni, E.; Onofri, A.; Lucarelli, A.; Biagetti, S.; Alfonsi, S.; Caramanti, M.; Savini, A.; et al.
Prognostic Factors in Pancreatic Cancer: The Role of Perineural, Vascular and Lymphatic Invasion and of Ca19-9. J. Gastrointest.
Dig. Syst. 2013, 3, 2. [CrossRef]

187. Franklin, O.; Öhlund, D.; Lundin, C.; Öman, M.; Naredi, P.; Wang, W.; Sund, M. Combining Conventional and Stroma-Derived
Tumour Markers in Pancreatic Ductal Adenocarcinoma. Cancer Biomark. 2015, 15, 1–10. [CrossRef]

188. Poruk, K.E.; Firpo, M.A.; Scaife, C.L.; Adler, D.G.; Emerson, L.L.; Boucher, K.M.; Mulvihill, S.J. Serum Osteopontin and Tissue
Inhibitor of Metalloproteinase 1 as Diagnostic and Prognostic Biomarkers for Pancreatic Adenocarcinoma. Pancreas 2013, 42,
193–197. [CrossRef]

189. Willumsen, N.; Ali, S.M.; Leitzel, K.; Drabick, J.J.; Yee, N.; Polimera, H.V.; Nagabhairu, V.; Krecko, L.; Ali, A.; Maddukuri, A.;
et al. Collagen Fragments Quantified in Serum as Measures of Desmoplasia Associate with Survival Outcome in Patients with
Advanced Pancreatic Cancer. Sci. Rep. 2019, 9, 19761. [CrossRef]

190. Hadano, N.; Murakami, Y.; Uemura, K.; Hashimoto, Y.; Kondo, N.; Nakagawa, N.; Sueda, T.; Hiyama, E. Prognostic Value
of Circulating Tumour DNA in Patients Undergoing Curative Resection for Pancreatic Cancer. Br. J. Cancer 2016, 115, 59–65.
[CrossRef]

191. Del Re, M.; Vivaldi, C.; Rofi, E.; Vasile, E.; Miccoli, M.; Caparello, C.; D’Arienzo, P.D.; Fornaro, L.; Falcone, A.; Danesi, R. 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. [CrossRef] [PubMed]

192. Wei, T.; Zhang, Q.; Li, X.; Su, W.; Li, G.; Ma, T.; Gao, S.; Lou, J.; Que, R.; Zheng, L.; et al. Monitoring Tumor Burden in Response to
FOLFIRINOX Chemotherapy via Profiling Circulating Cell-Free DNA in Pancreatic Cancer. Mol. Cancer Ther. 2019, 18, 196–203.
[CrossRef] [PubMed]

193. Cheng, H.; Liu, C.; Jiang, J.; Luo, G.; Lu, Y.; Jin, K.; Guo, M.; Zhang, Z.; Xu, J.; Liu, L.; et al. Analysis of CtDNA to Predict Prognosis
and Monitor Treatment Responses in Metastatic Pancreatic Cancer Patients. Int. J. Cancer 2017, 140, 2344–2350. [CrossRef]
[PubMed]

194. Kruger, S.; Heinemann, V.; Ross, C.; Diehl, F.; Nagel, D.; Ormanns, S.; Liebmann, S.; Prinz-Bravin, I.; Westphalen, C.B.; Haas,
M.; et al. RepeatedmutKRAS CtDNA Measurements Represent a Novel and Promising Tool for Early Response Prediction and
Therapy Monitoring in Advanced Pancreatic Cancer. Ann. Oncol. 2018, 29, 2348–2355. [CrossRef] [PubMed]

195. Watanabe, F.; Suzuki, K.; Tamaki, S.; Abe, I.; Endo, Y.; Takayama, Y.; Ishikawa, H.; Kakizawa, N.; Saito, M.; Futsuhara, K.;
et al. Longitudinal Monitoring of KRAS-Mutated Circulating Tumor DNA Enables the Prediction of Prognosis and Therapeutic
Responses in Patients with Pancreatic Cancer. PLoS ONE 2019, 14, e0227366. [CrossRef] [PubMed]

196. Li, Z.; Tao, Y.; Wang, X.; Jiang, P.; Li, J.; Peng, M.; Zhang, X.; Chen, K.; Liu, H.; Zhen, P.; et al. Tumor-Secreted Exosomal MiR-222
Promotes Tumor Progression via Regulating P27 Expression and Re-Localization in Pancreatic Cancer. Cell. Physiol. Biochem.
2018, 51, 610–629. [CrossRef] [PubMed]

197. Takahasi, K.; Iinuma, H.; Wada, K.; Minezaki, S.; Kawamura, S.; Kainuma, M.; Ikeda, Y.; Shibuya, M.; Miura, F.; Sano, K.
Usefulness of Exosome-Encapsulated MicroRNA-451a as a Minimally Invasive Biomarker for Prediction of Recurrence and
Prognosis in Pancreatic Ductal Adenocarcinoma. J. Hepato-Biliary-Pancreat. Pancreat. Sci. 2018, 25, 155–161. [CrossRef] [PubMed]

198. Kawamura, S.; Iinuma, H.; Wada, K.; Takahashi, K.; Minezaki, S.; Kainuma, M.; Shibuya, M.; Miura, F.; Sano, K. Exosome-
Encapsulated MicroRNA-4525, MicroRNA-451a and MicroRNA-21 in Portal Vein Blood Is a High-Sensitive Liquid Biomarker for
the Selection of High-Risk Pancreatic Ductal Adenocarcinoma Patients. J. Hepato-Biliary-Pancreat. Pancreat. Sci. 2019, 26, 63–72.
[CrossRef]

199. Goto, T.; Fujiya, M.; Konishi, H.; Sasajima, J.; Fujibayashi, S.; Hayashi, A.; Utsumi, T.; Sato, H.; Iwama, T.; Ijiri, M.; et al.
An Elevated Expression of Serum Exosomal MicroRNA-191, -21, -451a of Pancreatic Neoplasm Is Considered to Be Efficient
Diagnostic Marker. BMC Cancer 2018, 18, 116. [CrossRef]

200. Reese, M.; Flammang, I.; Yang, Z.; Dhayat, S.A. Potential of Exosomal MicroRNA-200b as Liquid Biopsy Marker in Pancreatic
Ductal Adenocarcinoma. Cancers 2020, 12, 197. [CrossRef]

https://doi.org/10.3892/ol.2018.8701
https://www.ncbi.nlm.nih.gov/pubmed/29963198
https://doi.org/10.1373/clinchem.2017.283721
https://www.ncbi.nlm.nih.gov/pubmed/29352043
https://doi.org/10.1038/bjc.2017.250
https://www.ncbi.nlm.nih.gov/pubmed/28772284
https://doi.org/10.1097/MPA.0000000000001466
https://www.ncbi.nlm.nih.gov/pubmed/31856080
https://doi.org/10.1200/JCO.2005.05.3934
https://www.ncbi.nlm.nih.gov/pubmed/16782929
https://doi.org/10.4172/2161-069X.1000134
https://doi.org/10.3233/CBM-140430
https://doi.org/10.1097/MPA.0b013e31825e354d
https://doi.org/10.1038/s41598-019-56268-3
https://doi.org/10.1038/bjc.2016.175
https://doi.org/10.1038/s41598-017-08297-z
https://www.ncbi.nlm.nih.gov/pubmed/28801547
https://doi.org/10.1158/1535-7163.MCT-17-1298
https://www.ncbi.nlm.nih.gov/pubmed/30301865
https://doi.org/10.1002/ijc.30650
https://www.ncbi.nlm.nih.gov/pubmed/28205231
https://doi.org/10.1093/annonc/mdy417
https://www.ncbi.nlm.nih.gov/pubmed/30346475
https://doi.org/10.1371/journal.pone.0227366
https://www.ncbi.nlm.nih.gov/pubmed/31891652
https://doi.org/10.1159/000495281
https://www.ncbi.nlm.nih.gov/pubmed/30458449
https://doi.org/10.1002/jhbp.524
https://www.ncbi.nlm.nih.gov/pubmed/29130611
https://doi.org/10.1002/jhbp.601
https://doi.org/10.1186/s12885-018-4006-5
https://doi.org/10.3390/cancers12010197


Cells 2024, 13, 3 26 of 26

201. Miyamae, M.; Komatsu, S.; Ichikawa, D.; Kawaguchi, T.; Hirajima, S.; Okajima, W.; Ohashi, T.; Imamura, T.; Konishi, H.; Shiozaki,
A.; et al. Plasma MicroRNA Profiles: Identification of MiR-744 as a Novel Diagnostic and Prognostic Biomarker in Pancreatic
Cancer. Br. J. Cancer 2015, 113, 1467–1476. [CrossRef] [PubMed]

202. Meijer, L.L.; Garajová, I.; Caparello, C.; Le Large, T.Y.S.; Frampton, A.E.; Vasile, E.; Funel, N.; Kazemier, G.; Giovannetti,
E. Plasma MiR-181a-5p Downregulation Predicts Response and Improved Survival after FOLFIRINOX in Pancreatic Ductal
Adenocarcinoma. Ann. Surg. 2020, 271, 1137–1147. [CrossRef] [PubMed]

203. Buscail, E.; Alix-Panabières, C.; Quincy, P.; Cauvin, T.; Chauvet, A.; Degrandi, O.; Caumont, C.; Verdon, S.; Lamrissi, I.;
Moranvillier, I.; et al. High Clinical Value of Liquid Biopsy to Detect Circulating Tumor Cells and Tumor Exosomes in Pancreatic
Ductal Adenocarcinoma Patients Eligible for Up-Front Surgery. Cancers 2019, 11, 1656. [CrossRef] [PubMed]

204. Han, L.; Chen, W.; Zhao, Q. Prognostic Value of Circulating Tumor Cells in Patients with Pancreatic Cancer: A Meta-Analysis.
Tumour Biol. 2013, 35, 2473–2480. [CrossRef]

205. Gemenetzis, G.; Groot, V.P.; Yu, J.; Ding, D.; Teinor, J.A.; Javed, A.A.; Wood, L.D.; Burkhart, R.A.; Cameron, J.L.; Makary, M.A.;
et al. Circulating Tumor Cells Dynamics in Pancreatic Adenocarcinoma Correlate with Disease Status: Results of the Prospective
CLUSTER Study. Ann. Surg. 2018, 268, 408–420. [CrossRef]

206. Wang, Y.; Yu, X.; Hartmann, D.; Zhou, J. Circulating Tumor Cells in Peripheral Blood of Pancreatic Cancer Patients and Their
Prognostic Role: A Systematic Review and Meta-Analysis. HPB 2020, 22, 660–669. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/bjc.2015.366
https://www.ncbi.nlm.nih.gov/pubmed/26505678
https://doi.org/10.1097/SLA.0000000000003084
https://www.ncbi.nlm.nih.gov/pubmed/30394883
https://doi.org/10.3390/cancers11111656
https://www.ncbi.nlm.nih.gov/pubmed/31717747
https://doi.org/10.1007/s13277-013-1327-5
https://doi.org/10.1097/SLA.0000000000002925
https://doi.org/10.1016/j.hpb.2019.11.003

	Introduction 
	Protein Biomarkers Currently in Use in Clinical Settings 
	Cell-Free Nucleic Acids 
	Cell-Free DNA 
	Isolation of Cell-Free DNA and Circulating Tumour DNA Detection Methods 
	Cell-Free RNA 
	Cell-Free RNA Detection Methods 

	Extracellular Vesicles 
	Exosome Isolation and Enrichment Methods 

	Circulating Tumour Cells (CTCs) 
	Diagnostic Potential of PDAC Liquid Biopsy Biomarkers 
	Protein Biomarkers 
	Cell-Free DNA 
	Circulating and Exosomal RNAs 
	CTCs 

	Prognostic and Predictive Potential of Liquid Biopsy Biomarkers 
	Protein Biomarkers 
	ctDNA 
	Exosomes, exoDNA, exoRNA, and Cell-Free microRNA Signatures 
	Circulating Tumour Cells 

	Conclusions and Clinical Perspectives 
	References

