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Abstract: Pancreatic ductal adenocarcinoma contributes significantly to global cancer-related deaths,
featuring only a 10% survival rate over five years. The quest for novel tumor markers is critical to
facilitate early diagnosis and tailor treatment strategies for this disease, which is key to improving
patient outcomes. In pancreatic ductal adenocarcinoma, these markers have been demonstrated to
play a crucial role in early identification, continuous monitoring, and prediction of its prognosis and
have led to better patient outcomes. Nowadays, biopsy specimens serve to ascertain diagnosis and
determine tumor type. However, liquid biopsies present distinct advantages over conventional biopsy
techniques. They offer a noninvasive, easily administered procedure, delivering insights into the
tumor’s status and facilitating real-time monitoring. Liquid biopsies encompass a variety of elements,
such as circulating tumor cells, circulating tumor DNA, extracellular vesicles, microRNAs, circulating
RNA, tumor platelets, and tumor endothelial cells. This review aims to provide an overview of the
clinical applications of liquid biopsy as a technique in the management of pancreatic cancer.

Keywords: pancreatic ductal adenocarcinoma; liquid biopsy; circulating tumor cells; circulating
tumor DNA; circulating free tumor DNA; extracellular vesicles

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), ranking as the fourth leading cause of cancer-
related deaths globally, presents a grim picture with a 5-year survival rate below 10%. This
high mortality rate is due to late detection and notable resistance to chemotherapy [1–8].

Earlier diagnoses and more effective application of current therapies are the main
objectives of healthcare professionals aiming to improve treatment outcomes for PDAC
patients. However, there are still pitfalls that need to be addressed [5–8] (Figure 1):

(1) Upon diagnosis, 80% of PDAC patients find themselves in an irreversible state due
to local advanced or metastatic disease. This stems from the absence of specific symptoms
in PDAC patients and the unavailability of dependable early diagnostic tools.

(2) Among the 20% of patients with localized disease, surgery stands as the sole
prospect for a potential cure. Nevertheless, the recurrence rate postsurgery is high (80%),
raising questions about the degree of tumor removal and the inability to detect residual
disease or hidden metastases during the procedure.

(3) Adjuvant therapy with FOLFIRINOX (a regimen combining 5-fluoracil, leucovorin,
irinotecan, and oxaliplatin) is advised to improve surgical outcomes. Unfortunately, 60% of
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patients undergoing this therapy experience relapse within three years. This raises concerns
about possible treatment toxicity and highlights the need to identify patients most likely
to benefit from such treatments. Additionally, it is challenging to monitor the disease in
real-time to evaluate the effectiveness of treatment.

(4) Neoadjuvant chemotherapy (NAC) has shown promising results in improving
surgical and survival outcomes for patients with borderline resectable PDAC. However,
its effectiveness in these cases remains a topic of debate, underscoring the need to identify
patients who would most benefit from this approach.
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Serum marker carbohydrate-antigen 19-9 (CA19-9) and contrast-enhanced computed
tomography (CT) are the primary methods used to diagnose and monitor recurrence.
However, CA19-9 exhibits limitations in both sensitivity (~80%) and specificity (~75%)
and is not exclusive to PDAC. On the other hand, CT scans mainly detect macroscopic
disease recurrence and provide limited applicability. In addition, the use of solid biopsy for
histological analysis comes with reported limitations and risks [3–8,10–15].

The ideal tumor biomarker should be disease-specific, highly sensitive, and have
a strong positive predictive value, especially for early detection and personalized treat-
ments. Moreover, it should also be easily collectible and cost-effective [3–8,10,11]. Recent
advancements in the understanding of PDAC biology paved the way for new oppor-
tunities in early detection and treatment methods. Liquid biopsy (LB) is an emerging
minimally invasive technique that relies on the analysis of various body fluids to detect
tumor biomarkers. These biomarkers are circulating tumor cells (CTCs), circulating tu-
mor DNA (ctDNA, extracellular vesicles (EVs), microRNAs (miRNA), peripheral blood
circulating RNA, tumor-educated blood platelets (TEPs), and circulating tumor vascular
endothelial cells (CTECs) (Figure 1). Through the identification of multiple biomarkers,
LB enables disease assessment and characterization, providing insights beyond diagnosis
to include essential tumor characteristics such as cancer type and the presence of major
genetic mutations [3–8,10–14].
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Authored by clinicians, this review focuses on LB from a clinical perspective, consider-
ing it as a potentially revolutionary tool for early detection, prognosis, and residual disease
monitoring, along with treatment follow-up in PDAC. The capacity of LB to dynamically
track genetic changes in real-time during treatment not only holds great promise but also
has the potential to significantly reshape the management of PDAC.

2. Methodologies and Technological Approaches for LB
2.1. ctDNA

In 1948, Mandel and Metais reported evidence of cell-free nucleic acid fragments in
human blood [15]. Remarkably, as early as 1977, León and colleagues made intriguing
statements about circulating DNA in cancer patients [13]. Extracellular DNA, also known as
circulating free DNA (cfDNA), encompasses nuclear and/or mitochondrial DNA released
from cells and is found in various physiological circulating fluids. The cfDNA released
by tumor cells is commonly referred to as ctDNA and serves as a highly specific marker
for cancer [14,15]. Studies have revealed that ctDNA often carries oncogenic mutations
commonly observed in PDAC tissues, involving genes such as Kristen rat sarcoma (KRAS),
cyclin-dependent kinase inhibitor 2A (CDKN2A), tumor protein 53 (TP53), and SMAD
family member4 (SMAD4)/Delete in Pancreatic Cancer-4 (DPC4). Notably, mutations
in KRAS or inactivation of p53 are observed in over 90% and 73% of PDAC cases with
detectable ctDNA, respectively [3,8].

Various techniques, such as allele-specific polymerase chain reaction (PCR), digi-
tal PCR (dPCR), droplet digital PCR (ddPCR), beads-emulsion-amplification-magnetics
(BEAMing), and next-generation sequencing (NGS), can be employed to detect ctDNA
from LB samples. While the detection of ctDNA may pose challenges, combining various
techniques can enhance the accuracy and efficiency of this process [3–8] (Table 1).

Table 1. Comparison between biomarkers of pancreatic ductal adenocarcinoma [4,6,8].

ctDNA CTCs EVs

Target

KRAS, TP53, CDKN2A,
SMAD4, BRAF, PIK3CA,

ADAMTS1, BNC1, 5MC, H2AZ,
H2A1.1, H3K4me2, h2ak119ub

CD45, CEP8, CK, EpCAM

KRAS, TP53, RNA:
miRNA, longRNA

Proteins markers: EFGR, EPCAM,
MUC-1, GPC-1, WNT2

Isolation Blood Blood Body fluids

Tumor information Epigenetic information DNA, RNA, Protein DNA, RNA, Protein

Technological
approaches

qPCR, dPCR, ddPCR, NGS,
commercial kits

Immunoaffinity, Physical
methods (size and density)

Density-based, size-based,
affinity-based, commercial kits

Advantages

qPCR: Fast and low-cost
dPCR: High

sensitivity/Specificity
NGS: capability to screen for a
broad range of genetic variants

using high DNA input

Immunoaffinity: Specific,
label-free obtained

Physical methods: Fast, simple,
Low-cost, label-free obtained

Density-based: low cost.
Independent of marker expression.

Size-based: Low-cost, fast,
Independent of marker expression.

Affinity-based: Specificity.
High purity.

Commercial kits: Simple, fast.

Disadvantages

General: No early stages
qPCR: Low sensitivity. Only

points mutations.
dPCR: High cost.

Only points mutations.
NGS: Variable sensitivity.

High cost.

General: Isolation complex and
expensive. Technical variability

Immunoaffinity: capture only one
subpopulation. Low purity.
Physical methods: Needs

immuno-labeling techniques to
distinguish CTCs

General: Isolation complex by
contamination and expensive

Density-based: Time, high volume
sample, can damage EVs.

Size based: contamination.
Affinity-based: low sample yield.

Commercial kits: High cost.
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Table 1. Cont.

ctDNA CTCs EVs

Sensitivity (S) (%)

34–71%
KRAS mutations:
codons 12, 13, 61,

in different stages.

73–76%
CD45/CEP8

100% Mt, 58% resectable
Anti-EpCAM portal vein Blood

67% ES, 80% LA, 85% Mt
KRAS mutations in exoDNA

50% ES
GPC1

miRNAs
Increased expression

Specificity (Sp) (%) 75–81%
Mutations KRAS exon 2

68%
CD45/CEP8

90% ES
GPC1

Combined
techniques (%)

S: 85–98%, Sp: 77–81%
ctDNA (KRAS exon 2)

with CA19.9
S: 47%

ctDNA (KRAS MAFs)
with CA19.9

S: 100%, Sp: 80%
CTCs.with EVs NR

Application

No suitable for
screening of PDAC

Monitoring postoperative
minimal residual disease

Predictor of disease recurrence
and prognosis

Not present in healthy controls
Variable sensitivity
in early diagnosis

Excellent specificity.
Follow-up of disease recurrence

and prognosis
Functional analysis

drug resistance

The highest sensitivity and
specificity in early detection

Evaluated response of resection
or any therapy

Biotherapeutic application

BEAMing: beads-emulsion-amplification-magnetics; CEP8: chromosome 8 centromere; ctDNA: circulating tumor
DNA; CTC: circulating tumor cells; dPCR: digital polymerase chain reaction; ddPCR: droplet digital PCR; EpCAM:
epithelial cell adhesion molecule; ES: early stages; EVs: extracellular vesicles; GPC1: glypican-1; LA: locally
advanced; miRNA: micro-RNA; Mt: metastatic; NGS: next-generation sequencing; NR: not reported.

2.2. CTCs

In 1869, Ashworth reported the presence of circulating cells in peripheral blood
resembling those found in a tumor from a patient with metastatic cancer [16]. Despite
this discovery, CTCs were largely overlooked for over a century until recent times when
they regained attention from scientists exploring their clinical applications [16]. CTCs
are malignant cells that have undergone epithelial–mesenchymal transition (EMT) in the
primary tumor. These cells circulate throughout the body and infiltrate lymphatic and
blood vessels, potentially leading to metastasis. EMT is a crucial process in cancer initiation
and progression. Initially, retaining characteristics of the epithelial cells they originated
from, CTCs undergo various phenotypic changes as EMT progresses, evading apoptosis
and promoting metastasis. Notably, molecules such as epithelial cell adhesion (EpCAM)
and cytokeratin (CK) expressed on CTCs can alter during EMT, enhancing their migration
and invasion abilities [3–8].

The extraction of CTCs from millions of blood cells is significantly challenging, as
it is imperative to prevent any damage or loss to the CTCs throughout the isolation pro-
cess. [3–8,10]. To tackle this challenge, various technologies have been utilized, including
immunoaffinity methods that target specific antigens on the surface of tumor cells, mi-
crofluidic capture devices, and size-based separation methods. Immunoaffinity methods
encompass positive enrichment through epithelial cell markers such as EpCAM or CK,
as well as negative enrichment through CD45 to eliminate leukocytes [3–8,10]. Physical
property-based methods include density gradient centrifugation based on size-exclusion
chromatography. At times, a synergistic approach employing techniques based on the
physical and biological properties of CTCs is utilized for their isolation (Figure 1 and
Table 1).
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2.3. EVs

EVs are secreted by cells and play a pivotal role in intercellular communication,
harboring a diverse array of proteins, DNA, miRNAs, and lipids on their surface or
within them. Recent studies highlight the ability of EVs to modulate the tumor immune
microenvironment and contribute to PDAC progression through the induction of cell
migration and enhancement of tumor aggressiveness. Interestingly, both PDAC cells
and stroma cells have been observed to release and uptake EVs. Notably, a recent study
demonstrated that carcinoma-associated fibroblast-derived EVs could induce cell migration
and EMT in PDAC cells through CD9, thereby enhancing tumor aggressivity [3–8,10]
(Figure 1 and Table 1).

Various methods are available to capture and isolate circulating EVs. These include
size-based, density-based, and affinity-based techniques, each offering different levels
of sensitivity and specificity [3–8,10]. Investigating the RNA content of EVs revealed its
prognostic value for overall survival (OS) and demonstrated that early alterations in EVs
could function as indicators of disease relapse [8,10].

3. Impact of LB in Early and Differential Diagnosis of PDAC

The challenge in the clinical practice in this pathology (pancreatic intraepithelial
neoplasia (PanIN) or early stage PDAC) lies in the early detection to improve the prognosis
of PDAC. LB holds the potential to enhance detection without subjecting the patient to the
risks associated with aggressive diagnostic tools [5]. A systematic review and meta-analysis
from Zhu and colleagues described the studies performed on LB methods in detecting
PDAC [3]. The sensitivity and specificity of LB were 80% and 89%, respectively, with an
area under the curve (AUC) of 0.936 [3,5] (Figure 1 and Table 1).

The analysis of various body fluids, including pancreatic juice, saliva and urine, has
been investigated for the early detection of PDAC. Mutations in KRAS have been detected
in the pancreatic juice and in biliary cytobrush specimens, where selective detection has
been observed in PDAC patients over benign lesions [17]. Mutation levels of KRAS2 were
higher in patients with PDAC compared to chronic pancreatitis (CP). In CP, telomerase
activity and alterations in genes such as CDKN2A/p16, TP53 and SMAD4/DPC4 could
aid in PDAC diagnosis [18,19]. The analysis of biomarkers in saliva offers an easy and
noninvasive way to search for mutations in RNAs and miRNAs of genes such as MBD3L2,
KRAS, ACRV1 and DPMI, among others, which could assist in differentiating pancreatic
cancer patients from CP patients and healthy control [20]. Other biomarkers in RNAs and
miRNAs have been described [21,22]. Analysis of genetic mutations in urine could also
facilitate detection of PDAC [23,24].

Importantly, the efficacy of LB to detect PDAC varies depending on the tumor stage
and biomarker type. For example, ctDNA is less frequently detected in patients with
resectable disease compared to those with unresectable disease [5]. Here, we outline the
utility of various biomarkers in detecting PDAC within the general population and among
specific risk groups (Figure 1 and Table 1).

3.1. ctDNA

Some studies found that cfDNA is detected at higher levels from PDAC patients
compared to pancreatic neuroendocrine tumors or CP patient [25] and have been associated
with poor disease-specific survival [25–27]. Of all mutated genes detected from ctDNA in
PDAC patients, KRAS is the one most frequently found (50–90%). Although mutations can
also be found in healthy controls and patients with CP, its mutation levels are significantly
higher in PDAC [7,26].

In their review, Zhu and colleagues emphasized that although the sensitivity of ctDNA
is marginally lower than that of CTCs, ctDNA provides considerably higher specificity [3].
Notably, while the detection of ctDNA is deemed appropriate for the diagnosis of PDAC,
it is not considered suitable for screening purposes. The limited sensitivity of ctDNA in
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early-stage PDAC is attributed to minimal cellular necrosis at this stage, resulting in the
release of only a small quantity of ctDNA into the peripheral bloodstream [3].

3.2. CTCs

Pancreatic cells can indeed be identified in the bloodstream even before tumor devel-
opment. In contrast to healthy individuals, these cells are detectable in 33% of patients with
cystic lesions [28] and in 73% of those with PDAC [28,29]. Furthermore, other studies have
noted the presence of CTCs in varying proportions in benign, premalignant, or malignant
lesions, but not in healthy controls [30].

The diagnostic efficacy of CTCs, however, has been a topic of debate among researchers
due to their inconsistent sensitivity, which ranges from 21% to 100% [31]. In a study by
Ankeni and colleagues, a NanoVelcro CTCs microfluidic chip was employed to analyze
100 sequential samples from pretreatment PDAC patients. The results showed CTCs in
54 out of 72 confirmed PDAC patients, demonstrating a sensitivity of 75% and a specificity
of 96.4% when used for diagnostic purposes [32].

Given the technical variability in detecting CTCs, some researchers recommend com-
bining the detection of CTCs with other biomarkers to enhance sensitivity up to 100% and
specificity to 80% [33]. Although the specificity of CTCs is lower than that of EVs, their
utilization still presents considerable diagnostic potential in PDAC detection [3].

3.3. EVs

EVs from pancreatic cells are easily detectable in peripheral blood owing to their
abundant levels, a consequence of the exocrine function of these cells, and possess a longer
half-life compared to ctDNA. Interestingly, KRAS mutations in ctDNA were found in
7.4% and 14.8% of healthy donors when tested from exosomal DNA (exoDNA) or cfDNA,
respectively [34], and in 13% of CP patients [35]. Research by Melo et al. demonstrated
that glypican-1 (GPC1) levels in EVs were significantly higher in PDAC patients compared
to those with benign pancreatic diseases or healthy individuals, showcasing remarkable
sensitivity and specificity (100%) [36]. Moreover, studies by Zhang et al. [37] and Lewis
et al. [38] employed ‘chips’ to detect GPC1, aiming to enhance sensitivity and specificity in
distinguishing PDAC from healthy samples. Other studies have shown that combining EVs
analysis with CA19-9 could improve specificity [39]. Notably, EVs analysis proves useful
for both diagnosing and screening PDAC, offering superior diagnostic value compared to
other techniques, partly due to its high AUC of 0.9819 [3]. To summarize, among various
detection methods, EVs exhibit the highest diagnostic efficacy, sensitivity, and AUC [3].

3.4. miRNAs

miRNAs are noncoding, single-stranded RNA molecules up to 22 nucleotides long
that function as posttranscriptional gene expression regulators [40]. Various miRNAs have
been utilized to differentiate PDAC patients from those with benign lesions, CP, and healthy
controls, and a JAMA-published study reported 38 significantly dysregulated miRNAs in
PDAC patients compared to controls [41]. These include miR-223, miR-23b-3p, miR-100,
miR-205, miR-192-5p, a six-miRNA panel, miR-483-3p, miR-99 (a and b), miR-21, miR-25,
and miR-205, among others. The detection of diverse miRNAs could enhance diagnostic ac-
curacy and distinguish PDAC from healthy individuals [42]. In pancreatic conditions such
as intraductal papillary mucinous neoplasm [43] or pancreatic intraepithelial neoplasia [44],
miRNAs have been instrumental in differentiating patients with high-grade dysplasia
or early-stage PDAC from healthy controls. Importantly, a meta-analysis revealed that
miRNAs offer a sensitivity of 79% and specificity of 74% for early PDAC diagnosis. Similar
to other biomarkers, combining analysis of miRNAs with CA19-9 analysis improved the
quality of data, yielding an AUC of 0.84 [45]. Moreover, whilst miRNA analysis from pan-
creatic juice demonstrated a specificity of 88% and sensitivity of 87%, the inclusion of serum
CA19-9 levels enhanced sensitivity to 91% and specificity to 100% [46]. In saliva samples,
hsa-miR-21, hsa-miR-23a, hsa-miR-23b, and miR-29c were significantly upregulated in
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PDAC patients compared to controls, reporting sensitivities of 71.4%, 85.7%, 85.7%, and
57%, respectively, and a specificity of 100% [47].

Numerous studies exploring biomarker combinations in healthy individuals, CP, and
PDAC patients [48,49] have produced various results, with a common trend pointing
towards higher specificity when combining biomarkers. For instance, one study demon-
strated that using at least two biomarkers among CA19-9, CTCs, or ctDNA achieved a
sensitivity and specificity of approximately 80% and 90%, respectively [50,51]. Another
study confirmed that combining CTCs with CA19-9 elevated the positive diagnostic rate
for PDAC to 97.5% [52].

4. Role of LB after Resection of PDAC

Surgery stands as the singular potentially curative intervention for PDAC, given the
tumor’s notable resistance to chemotherapy, radiation, and immunotherapy. Attaining
an R0 resection represents the optimal opportunity for patients to achieve a favorable
prognosis, resulting in an enhanced 5-year survival rate ranging from 8% to 25% [3–8,10,11].
Despite undergoing curative resection, disease recurrence significantly impacts postop-
erative outcomes, with over 70% of resected PDAC patients succumbing to recurrent
disease [3–8]. Consequently, there is a critical need for an effective strategy to identify mini-
mal residual disease (R1) during or postsurgery and to anticipate the risk of recurrence [11].
LB emerges as a promising approach to monitor disease progression in PDAC following
surgical intervention [3–8,10,11] (Figure 1 and Table 1).

4.1. ctDNA

Despite the initial hypothesis suggesting that tumor components are released into the
bloodstream following manipulation, a recent meta-analysis revealed that surgical resection
of resectable primary tumors plays a role in the negativization of ctDNA [11]. However,
this comprehensive analysis failed to establish a significant impact of ctDNA negativization
on the overall survival (OS) and disease-free survival (DFS) rates of PDAC patients. The
authors emphasized the considerable heterogeneity observed within the analyzed studies,
attributing it to variations in postoperative determinations of ctDNA, which extended
beyond 24 h after the removal of surgical specimens. Considering the relatively short half-
life of ctDNA, ranging from minutes to hours, delayed determinations increase the likelihood
of encountering false-negative results. On the other hand, the elevation in ctDNA levels
induced by surgical trauma can persist for 2 to 4 weeks, potentially concealing persistent
ctDNA in patients experiencing relapse. Consequently, the authors recommended conducting
LB between 2 and 4 weeks postsurgery to minimize the risk of false negatives [3–8].

Recent studies have indicated that the detection of ctDNA in preoperative blood
samples from PDAC patients may identify candidates for NAC. Additionally, elevated
ctDNA levels were associated with an increased risk of death, and patients with a LB after
surgery showing as positive for ctDNA exhibited a higher recurrence rate [11]. The per-
sistence of ctDNA positivity postsurgical resection is predictive of a shorter DFS, possibly
indicating the presence of occult micrometastases or residual local disease, supporting the
consideration of additional adjuvant treatment [7,8,10,11].

4.2. CTCs

In a recent randomized trial, the authors implemented a no-touch pancreaticoduo-
denectomy, involving the manipulation of the tumor only after the complete isolation of
vascular and lymphatic drainage vessels [12]. The study reported a reduction in CTCs in
the portal vein when employing the no-touch technique but no discernible improvement
in OS compared to standard surgery. In contrast, a meta-analysis conducted by Vidal
and colleagues failed to demonstrate a decreased release of tumoral components after
surgical manipulation employing the no-touch technique, and no superior OS and DFS
were observed compared to standard surgery [11].
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Importantly, the presence of CTCs has been shown to progressively increase in ad-
vanced diseases. For instance, a study revealed that patients with occult metastases of
PDAC exhibited significantly higher CTCs counts than those without metastatic disease.
Therefore, considering CTC levels becomes crucial in understanding the disease state and
thus determining whether NAC should be favored over surgical treatment [10]. Addition-
ally, a prospective study assessed CTC levels in preoperative PDAC patients, establishing
a direct correlation between elevated CTC levels and disease recurrence at one year in
patients undergoing resection [8].

4.3. EVs

Several studies have suggested that EVs derived from tumors can serve as indicators
of the response to surgery and treatment, offering a potential avenue for a reliable marker
in PDAC. Similar to other markers, the levels of miRNAs originating from EVs return to
normal within 24 h of PDAC resection. However, persistently elevated levels postsurgery
may indicate the presence of hidden metastasis. Such cases warrant vigilant follow-up, and
individuals may require additional treatment following surgery [10]. A study investigating
miR-451a, miR-4525, and miR-21 from EVs obtained from portal venous blood during
pancreatectomy revealed elevated levels emerging as an independent prognostic factor for
OS and DFS [8].

5. Assessment of NAC in PDAC

Evidence from a multicenter, randomized, intention-to-treat phase III trial suggests
that NAC enhances long-term OS in resectable and borderline-resectable PDAC [53]. Con-
cerns among clinicians and surgeons regarding delays in surgical treatment due to NAC
have persisted particularly for patients who experience disease progression under NAC.
In the context of PDAC, careful consideration should be given to interpreting the clinico-
pathological response using radiological criteria alone (RECIST). Due to the fibrosis and
specific changes in the extracellular matrix that can occur after NAC, tumor size may not
show significant alterations. Thus, relying solely on this method for evaluation may not
provide an adequate correlation with these events occurring in the tumor bed after NAC.
Therefore, in practice, therapeutic decisions are typically grounded on the nonprogression
of the disease under chemotherapy rather than on a positive local response.

Advancements in the molecular investigation of PDAC have given rise to a classifica-
tion system comprising four types based on 32 recurrently mutated genes organized into
10 pathways [54]. Beyond identifying potential new therapeutic targets, the molecular
disorders utilized to determine these PDAC subtypes could also prove valuable in the
prognosis and monitoring of NAC in PDAC. While LB is a novel tool and its systematic use
in the follow-up of NAC has not been extensively scrutinized, there are some promising
results that merit consideration. Although the evolution of biomarkers used in LB in
patients with resectable tumors during NAC has not been fully monitored, studies focusing
on disease progression during treatment in these patients consistently indicate a poor
prognosis when these markers persist throughout the disease course.

Serial assessment of mutated KRAS ctDNA in advanced PDAC patients has revealed
a kinetic pattern correlating with radiological response, progression-free survival, and OS.
Importantly, low levels of mutated KRAS ctDNA during therapy serve as an early indica-
tor of positive treatment response [55]. A prospective longitudinal study demonstrated
significantly lower CTCs in patients receiving NAC compared to those undergoing initial
resection. The authors proposed a risk assessment score based on the difference in CTC lev-
els, accurately predicting disease recurrence within the next two months, with 75% and 84%
accuracy for chemotherapy-naïve or post-NAC patients, respectively [56]. According to Yin
and colleagues, even PDAC patients who showed a complete response to NAC still had
somatic CTCs and ctDNA mutations present. This suggests potential early recurrence and
reduced survival rates. The authors proposed a novel approach for assessing pathological
response in PDAC, combining genomic analysis of resected specimens with LB data [57].
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This concept, termed molecular complete response, could become the future gold standard
for evaluating initial treatment response (Figure 1 and Table 1).

6. The Use of LB and in Recurrence and Prognosis of PDAC

The application of LB has yielded promising results in determining the prognosis and
predicting the likelihood of disease recurrence (Figure 1 and Table 1).

6.1. ctDNA

Mendel and colleagues reported that ctDNA levels not only rise in cancer patients but
are significantly higher in those with metastatic disease compared to nonmetastatic cases.
Persistently high or rising ctDNA levels potentially indicate a lack of response to treatment
and/or relapse and serve as a poor prognostic indicator. Serum DNA proves valuable for
therapy evaluation and regimen comparison, although its diagnostic utility is limited given
that a relatively high percentage of cancer patients present apparently normal levels [13].

A study reported that mutations in codon 12 of the KRAS gene lacked associations
with clinicopathological parameters such as vascular encasement, tumor mass, lymphatic
invasion, and metastasis [58]. However, elevated cfDNA levels in plasma (>62 ng/mL) were
significantly associated to lower OS, vascular encasement, and metastasis in PDAC. Another
study reported ctDNA as an independent prognostic biomarker for OS in advanced disease,
with ctDNA-positive patients exhibiting significantly shorter OS (6.5 months) compared to
ctDNA-negative counterparts (19.0 months) [59]. Interestingly, mutations in KRAS, TP53,
SMAD4, CDKN2A, and TGFBR2 were detected in individuals with PDAC. Moreover, it
was reported that preoperative ctDNA-positive patients have notably poorer OS compared
to ctDNA-negative patients, which is only observed in those who undergo pancreatic
resection [60]. Further studies showed that detection of ctDNA before or after the initiation
of chemotherapy correlated with shorter PFS and OS [61]. Finally, Nakano and colleagues
identified postoperative serum KRAS mutations as an independent prognostic factor for
DFS in PDAC patients undergoing curative pancreatectomy. The shift from preoperative
wild-type KRAS to postoperative mutant KRAS was also an independent prognostic factor
for OS [62].

In a study comparing KRAS ctDNA with CA19-9 over time, it was observed that
presurgery or prechemotherapy KRAS-mutated ctDNA had no clear association with
prognosis and recurrence, and increased CA19-9 levels were significantly associated with
recurrence but not prognosis [63]. The detection of KRAS ctDNA, was significantly as-
sociated with prognosis irrespective of recurrence and served as a predictive factor for
prognosis of nonsurgical patients. Importantly, patients showing no emergence of KRAS
ctDNA within a year after surgery displayed a significantly better prognosis, irrespective
of recurrence. Moreover, regardless of tumor resection, the detection of KRAS ctDNA
emerged as the sole independent prognostic factor, and the absence or disappearance of
KRAS KRAS ctDNA within six months of treatment correlated with therapeutic responses
to first-line chemotherapy. These findings highlight the critical role of KRAS in predicting
therapeutic responses and improving patient outcomes [63].

6.2. CTCs

A study reported that individuals with detectable CTCs experienced a markedly
reduced OS duration of 88 days compared to those without CTCs, who had an OS of 393
days [64]. Unfortunately, the study also underscored the limitations of detecting CTCs
using the CellSearch® system, as it has a low detection capability, primarily identifying
CTCs in patients with metastatic disease where treatment options are limited. Another
study demonstrated lower survival rates over a follow-up period of one-and-a-half years
in patients suffering from PDAC [65]. Interestingly, a threshold of ≥3 CTCs in 4 mL
of venous blood proved sufficient to distinguish between local/regional and metastatic
disease, linking the latter to a poorer prognosis in patients with distant disease [32].
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The detection or absence of CTCs has surfaced as an independent prognostic factor in
OS, alongside the presence of peritoneal disease and liver metastases. An analysis examin-
ing the correlation between clinical characteristics and CTC status revealed a statistically
significant association with the occurrence of liver metastases but not with peritoneal
dissemination. These findings suggest that leveraging CTCs as a prognostic biomarker
could offer benefits in the management of PDAC patients [66].

6.3. EVs

In individuals with pancreatic tumors, a high expression of macrophage migration
inhibitory factor (MIF) was detected from PDAC-derived EVs, particularly in patients who
subsequently developed liver metastasis, suggesting MIF as a potential prognostic indicator
for the development of PDAC liver metastasis. In another study, miR-222 contained within
EVs derived from PDAC cells was identified as an independent risk factor for patient
survival [67]. GPC1, which is present in PDAC cells and neighboring stromal fibroblasts, is
also noteworthy. While circulating GPC1 EVs may not definitively distinguishing PDAC
from benign pancreatic conditions, elevated levels were significantly found in larger tumors
(>4 cm) [68]. Hypoxia-induced programmed cell death activates p53-independent apoptotic
pathways, leading to local invasive growth, perifocal tumor cell dissemination, and regional
and distant tumor cell metastasis, and a poor prognosis [69]. Additionally, pancreatic
cancer cells produce miR-301a-3p in a hypoxic environment, which is also enriched in EVs,
predicting a late TNM stage and reduced survival [70].

7. Conclusions

LB heralds a transformative era in the early detection, diagnosis, and management of
PDAC. Improving survival rates necessitates the development of biomarkers that are both
highly sensitive and specific and capable of diagnosing PDAC in its early stages. However,
challenges such as nonstandardized detection techniques, high costs, limited accessibility,
and the absence of clear cut-off levels currently hinder the widespread clinical adoption of
circulating biomarkers. LB emerges as a noninvasive method to assess PDAC treatment
responses, enabling medical teams to promptly adapt treatment plans or switch to more
suitable alternatives as the disease progresses. While LB might not suffice as a standalone
evaluation tool, its potential to complement existing methodologies promises a more
comprehensive and precise assessment. Although research indicates LB’s ability to predict
survival outcomes in PDAC, more extensive studies are required to fully comprehend its
clinical implications. Anticipated advances in research dedicated to identifying, refining,
and clinically validating biomarkers will further enhance LB’s utility. Ultimately, this
noninvasive approach is poised to establish a new standard in PDAC diagnosis, treatment
monitoring, prognostication, and follow-up, potentially becoming a recommended practice
in primary pancreatic cancer treatment guidelines.
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Abbreviations

AUC area under curve
BEAMing beads, emulsion, amplification, magnetics
CA 19-9 carbohydrate antigen
CDKN2A cyclin dependent kinase inhibitor 2A
cfDNA circulating free DNA
CK cytokeratin
CP chronic pancreatitis
CTCs circulating tumor cells
CTEC tumor vascular endothelial cells
ctDNA circulating tumor DNA
DFS disease free survival
DPC4 delete in Pancreatic Cancer-4
dPCR digital PCR
ddPCR droplet digital PCR
ECM extracellular matrix
EMT epithelial–mesenchymal transition
EpCAM epithelial cell adhesion
EV extracellular vesicles
FDA Food and Drug Administration
GPC1 Glypican-1
KRAS Kristen rat sarcoma
LB liquid biopsy
MIF macrophage migration inhibitory factor
miRNA micro-RNA
MST median survival time
NAC Neoadjuvant chemotherapy
NGS next-generation sequencing
OS overall survival
PCR allele-specific polymerase chain reaction
PDAC pancreatic ductal adenocarcinoma
SMAD4 SMAD family member4
TEP tumor-educated platelet
TP53 tumor protein 53

References
1. Kamarajah, S.K.; Burns, W.R.; Frankel, T.L.; Cho, C.S.; Nathan, H. Validation of the American Joint Commission on Cancer (AJCC)

8th Edition Staging System for Patients with Pancreatic Adenocarcinoma: A Surveillance, Epidemiology and End Results (SEER)
Analysis. Ann. Surg. Oncol. 2017, 24, 2023–2030. [CrossRef] [PubMed]

2. Allen, P.J.; Kuk, D.; Castillo, C.F.D.; Basturk, O.; Wolfgang, C.L.; Cameron, J.L.; Lillemoe, K.D.; Ferrone, C.R.; Morales-Oyarvide, V.;
He, Y.; et al. Multi-institutional validation study of the American joint commission on cancer (8th edition) changes for Tand N
staging in patients with pancreatic adenocarcinoma. Ann. Surg. 2017, 265, 185–191. [CrossRef] [PubMed]

3. Zhu, Y.; Zhang, H.; Chen, N.; Hao, J.; Jin, H.; Ma, X. Diagnostic value of various liquid biopsy methods for pancreatic cancer:
A systematic review and meta-analysis. Medicine 2020, 99, e18581. [CrossRef] [PubMed]

4. Watanabe, F.; Suzuki, K.; Noda, H.; Rikiyama, T. Liquid biopsy leads to a paradigm shift in the treatment of pancreatic cancer.
World J. Gastroenterol. 2022, 28, 6478–6496. [CrossRef] [PubMed]

5. Heredia-Soto, V.; Rodríguez-Salas, N.; Feliu, J. Liquid biopsy in pancreatic cancer: Are we ready to apply it in the clinical practice?
Cancers 2021, 13, 1986. [CrossRef]

6. Rofi, E.; Vivaldi, C.; Del Re, M.; Arrigoni, E.; Crucitta, S.; Fuel, N.; Fogli, S.; Vasile, E.; Musettini, G.; Fornaro, L.; et al. The emerginn role
of liquid biopsy in diagnosis, prognosis, an treatment monitoring of pancreatic cancer. Pharmacogenomics 2019, 20, 49–68. [CrossRef]

7. Grunvald, M.W.; Jacobson, R.A.; Kuzel, T.M.; Pappas, S.G.; Masood, A. Current status of circulating tumor DNA liquid biopsy in
pancreatic cancer. Int. J. Mol. Sci. 2020, 21, 7651. [CrossRef]

8. Raufi, A.G.; May, M.S.; Hadfield, M.J.; Seyhan, A.A.; El-Deiry, W.S. Advances in liquid biopsy technology and implications for
pancreatic cancer. Int. J. Mol. Sci. 2023, 24, 4238. [CrossRef]

9. Tempero, M.A.; Malafa, M.P.; Al-Hawari, M.; Behrman, S.W.; Benson, A.B.; Cardin, D.B.; Chiorean, E.G.; Chung, V.; Czito, B.; Del
Chiaro, M.; et al. Pancreatic adenocarcinoma, Version 1.2024, NCCN Clinical practice guidelines in oncology. J. Natl. Cancer Netw.
2021, 19, 430–457. [CrossRef]

https://doi.org/10.1245/s10434-017-5810-x
https://www.ncbi.nlm.nih.gov/pubmed/28213792
https://doi.org/10.1097/SLA.0000000000001763
https://www.ncbi.nlm.nih.gov/pubmed/27163957
https://doi.org/10.1097/MD.0000000000018581
https://www.ncbi.nlm.nih.gov/pubmed/32011436
https://doi.org/10.3748/wjg.v28.i46.6478
https://www.ncbi.nlm.nih.gov/pubmed/36569270
https://doi.org/10.3390/cancers13081986
https://doi.org/10.2217/pgs-2018-0149
https://doi.org/10.3390/ijms21207651
https://doi.org/10.3390/ijms24044238
https://doi.org/10.6004/jnccn.2021.0017


Int. J. Mol. Sci. 2024, 25, 1640 12 of 14

10. Nagai, M.; Sho, M.; Akahori, T.; Nakagawa, K.; Nakamura, K. Application of liquid biopsy for surgical management of pancreatic
cancer. Ann. Gastroenterol. Surg. 2020, 4, 216–223. [CrossRef] [PubMed]

11. Vidal, L.; Pando, E.; Blanco, L.; Fabregat-Franco, C.; Castet, F.; Sierra, A.; Macarulla, T.; Balsells, J.; Charco, R.; Vivancos, A.
Liquid biopsy after resection of pancreatic adenocarcinoma and its relation to oncological outcomes. Systematic review and
meta-analysis. Cancer Treat. Rev. 2023, 120, 102604. [CrossRef]

12. Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the Serum of Cancer Patients and the Effect of Therapy. Cancer Res.
1977, 37, 646–650.

13. Mimeault, M.; Brand, R.E.; Sasson, A.A.; Batra, S.K. Recent advances on the molecular mechanisms involved in pancreatic cancer
progression and therapies. Pancreas 2005, 31, 301–316. [CrossRef]

14. Maitra, A.; Hruban, R.H. Pancreatic Cancer. Annu. Rev. Pathol. Mech. Dis. 2008, 3, 157–188. [CrossRef]
15. Mandel, P.; Metais, P. Nuclear Acids in Human Blood Plasma. Comptes Rendus Seances Soc. Biol. Fil. 1948, 142, 241–243.
16. Ashworth, T.R. A case of cancer in which cells similar to those in the tumours were seen in the blood after death. Med. J. Aust.

1869, 14, 146–147.
17. Yang, J.; Li, S.; Li, J.; Wang, F.; Chen, K.; Zheng, Y.; Wang, J.; Lu, W.; Zhou, Y.; Yin, Q.; et al. A meta-analysis of the diagnostic

value of detecting K-ras mutation in pancreatic juice as a molecular marker for pancreatic cancer. Pancratology 2016, 16, 605–614.
[CrossRef] [PubMed]

18. Shi, C.; Fukushima, N.; Abe, T.; Bian, Y.; Hua, L.; Wendelburg, B.J.; Yeo, C.J.; Hruban, R.H.; Goggins, M.G.; Eshleman, J.R.
Sensitive and quantitative detection of KRAS2 gene mutations in pancreatic duct juice differentiates patients with pancreatic
cancer from chronic pancreatitis, potential for early detection. Cancer Biol. Ther. 2008, 7, 353–360. [CrossRef]

19. Hata, T.; Ishida, M.; Motoi, F.; Yamaguchi, T.; Naitoh, T.; Katayose, Y.; Egawa, S.; Unno, M. Telomerase activity in pancreatic juice
differentiates pancreatic cancer from chronic pancreatitis: A meta-analysis. Pancreatology 2016, 16, 372–381. [CrossRef] [PubMed]

20. Zhang, L.; Farrell, J.J.; Zhou, H.; Elashowff, D.; Akin, D.; Park, N.H.; Chia, D.; Wong, D.T. Salivary transcriptomic biomarkers for
detection of resectable pancreatic cancer. Gastroenterology 2010, 138, 949–957. [CrossRef] [PubMed]

21. Xie, Z.; Chen, X.; Li, J.; Guo, Y.; Li, H.; Pan, X.; Jiang, J.; Liu, H.; Wu, B. Salivary HOTAIR and PVT1 as novel biomarkers for early
pancreatic cancer. Oncotarget 2016, 7, 25408–25419. [CrossRef]

22. Xie, Z.; Yin, X.; Gong, B.; Nice, W.; Wu, B.; Zhang, X.; Huang, J.; Zhang, P.; Zhou, Z.; Li, Z. Salivary microRNAs show potential as
a noninvasive biomarker for detecting resectable pancreatic cancer. Cancer Prev. Res. 2015, 8, 165–173. [CrossRef]

23. Yoshizawa, N.; Sugimoto, K.; Tameda, M.; Inagaki, Y.; Ikejiri, M.; Inoue, H.; Usui, M.; Takei, Y. miR-3940-5p/miR-8069 ratio in
urine exosomes is a novel diagnostic biomarker for pancreatic ductal adenocarcinoma. Once Lett. 2020, 19, 2677–2684. [CrossRef]
[PubMed]

24. Terasawa, H.; Kinugasa, H.; Ako, S.; Hirai, M.; Matsushita, H.; Uchida, D.; Tomoda, T.; Matsumoto, K.; Horiguchi, S.; Kato, H.; et al.
Utility of liquid biopsy using urine in patients with pancreatic ductal adenocarcinoma. Cancer Biol. Ther. 2019, 20, 1348–1353.
[CrossRef] [PubMed]

25. Adamo, P.; Cowley, C.M.; Neal, C.P.; Mistry, V.; Page, K.; Denninson, A.R.; Isherwood, J.; Hastings, R.; Luo, J.; Moore, D.A.; et al.
Profiling tumour heterogeneity through circulating tumour DNA in patients with pancreatic cancer. Oncotarget 2017, 8, 87221–87233.
[CrossRef] [PubMed]

26. Finkelstein, S.D.; Bibbo, M.; Loren, D.E.; Siddiqui, A.A.; Solomides, C.; Kowalski, T.E.; Ellsworth, E. Molecular analysis of
centrifugation supernatant fluid from pancreaticobiliary duct samples can improve cancer detection. Acta Cytol. 2012, 56, 439–447.
[CrossRef] [PubMed]

27. Sikora, K.; Bedin, C.; Vicentini, C.; Malpeli, G.; D’Angelo, E.; Sperandio, N.; Lawlor, R.T.; Bassi, C.; Tortora, G.; Nitti, D.; et al.
Evaluation of cell-free DNA as a biomarker for pancreatic malignancies. Int. J. Biol. Markers 2015, 30, e136–e141. [CrossRef]
[PubMed]

28. Rhim, A.D.; Thege, F.I.; Santana, S.M.; Lannin, T.B.; Saha, T.N.; Tsai, S.; Maggs, L.R.; Kochman, M.L.; Gingsberg, G.G.;
Lieb, J.G.; et al. Detection of circulating pancreas epithelial cells in patients with pancreatic cystic lesions. Gastroenterology
2014, 146, 647–651. [CrossRef] [PubMed]

29. Kulemann, B.; Pitman, M.B.; Liss, A.S.; Valsangkar, N.; Fernández-Del Castillo, C.; Lillemoe, K.D.; Hoeppner, J.;
Mino-Kenudson, M.; Warshaw, A.L.; Thayer, S.P. Circulating tumor cells found in patients with localized and advanced
pancreatic cancer. Pancreas 2015, 44, 547–550. [CrossRef] [PubMed]

30. Cauley, C.E.; Pitman, M.B.; Zhou, J.; Perkins, J.; Coleman, B.; Liss, A.S.; Fernández-Del Castillo, C.; Warshaw, A.L.; Lillemoe, K.D.;
Ayer, S.P. Circulating Epithelial Cells in Patients with Pancreatic Lesions: Clinical and Pathologic Findings. J. Am. Coll. Surg.
2015, 221, 699–707. [CrossRef]

31. Qi, Z.H.; Xu, H.X.; Zhang, S.R.; Xu, J.Z.; Li, S.; Gao, H.L.; Jin, W.; Wang, W.Q.; Wu, C.T.; Ni, Q.X.; et al. The Significance of Liquid
Biopsy in Pancreatic Cancer. J. Cancer 2018, 9, 3417–3426. [CrossRef]

32. Ankeny, J.S.; Court, C.M.; Hou, S.; Li, Q.; Song, M.; Wu, D.; Chen, J.F.; Lee, T.; Lin, M.; Sho, S.; et al. Circulating tumour cells as a
biomarker for diagnosis and staging in pancreatic cancer. Br. J. Cancer 2016, 114, 1367–1375. [CrossRef]

33. Buscail, E.; Alix-Panabieres, C.; Quincy, P.; Cauvin, T.; Chauvet, A.; Degrandi, O.; Caumont, C.; Verdom, 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]

https://doi.org/10.1002/ags3.12317
https://www.ncbi.nlm.nih.gov/pubmed/32490335
https://doi.org/10.1016/j.ctrv.2023.102604
https://doi.org/10.1097/01.mpa.0000175893.04660.1b
https://doi.org/10.1146/annurev.pathmechdis.3.121806.154305
https://doi.org/10.1016/j.pan.2016.04.033
https://www.ncbi.nlm.nih.gov/pubmed/27237100
https://doi.org/10.4161/cbt.7.3.5362
https://doi.org/10.1016/j.pan.2016.01.007
https://www.ncbi.nlm.nih.gov/pubmed/26899542
https://doi.org/10.1053/j.gastro.2009.11.010
https://www.ncbi.nlm.nih.gov/pubmed/19931263
https://doi.org/10.18632/oncotarget.8323
https://doi.org/10.1158/1940-6207.CAPR-14-0192
https://doi.org/10.3892/ol.2020.11357
https://www.ncbi.nlm.nih.gov/pubmed/32218818
https://doi.org/10.1080/15384047.2019.1638685
https://www.ncbi.nlm.nih.gov/pubmed/31328611
https://doi.org/10.18632/oncotarget.20250
https://www.ncbi.nlm.nih.gov/pubmed/29152076
https://doi.org/10.1159/000339638
https://www.ncbi.nlm.nih.gov/pubmed/22846349
https://doi.org/10.5301/jbm.5000088
https://www.ncbi.nlm.nih.gov/pubmed/24832178
https://doi.org/10.1053/j.gastro.2013.12.007
https://www.ncbi.nlm.nih.gov/pubmed/24333829
https://doi.org/10.1097/MPA.0000000000000324
https://www.ncbi.nlm.nih.gov/pubmed/25822154
https://doi.org/10.1016/j.jamcollsurg.2015.05.014
https://doi.org/10.7150/jca.24591
https://doi.org/10.1038/bjc.2016.121
https://doi.org/10.3390/cancers11111656


Int. J. Mol. Sci. 2024, 25, 1640 13 of 14

34. Allenson, K.; Castillo, J.; San Lucas, F.A.; Scale, G.; Kim, D.U.; Bernard, V.; Davis, G.; Kumar, T.; Katz, M.; Overman, M.J.; et al.
High prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage pancreatic cancer patients. Ann. Oncol.
2017, 28, 741–747. [CrossRef] [PubMed]

35. Maire, F.; Micard, S.; Hammel, P.; Voitot, H.; Lévy, P.; Cugnenc, P.H.; Ruszniewski, P.; Puig, P.L. Differential diagnosis between chronic
pancreatitis and pancreatic cancer: Value of the detection of KRAS2 mutations in circulating DNA. Br. J. Cancer 2002, 87, 551–554.
[CrossRef]

36. Melo, S.A.; Luecke, L.B.; Kahlert, C.; Fernandez, A.F.; Gaming, S.T.; Kaye, J.; LeBleu, V.S.; Mittendorf, E.A.; Weitz, J.;
Rahbari, N.; et al. Glypican-1 identifies cancer exosomes and detects early pancreatic cancer. Nature 2015, 523, 177–182. [CrossRef]
[PubMed]

37. Zhang, J.; Zhu, Y.; Shi, J.; Zhang, K.; Zhang, Z.; Zhang, H. Sensitive Signal Amplifying a Diagnostic Biochip Based on a Biomimetic
Periodic Nanostructure for Detecting Cancer Exosomes. ACS Appl. Mater. Interfaces 2020, 12, 33473–33482. [CrossRef] [PubMed]

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

39. Lux, A.; Kahlert, C.; Grützmann, R.; Pilarsky, C. c-Met and PD-l1 on circulating exosomes as diagnostic and prognostic markers
for pancreatic cancer. Int. J. Mol. Sci. 2019, 20, 3305. [CrossRef]

40. Yan, T.B.; Huang, J.Q.; Huang, S.Y.; Ahir, B.K.; Li, L.M.; Mo, Z.N.; Zhong, J.H. Advances in the Detection of Pancreatic Cancer
Through Liquid Biopsy. Front. Oncol. 2021, 11, 801173. [CrossRef]

41. Schultz, N.A.; Dehlendorff, C.; Jensen, B.V.; Bjerregaard, J.K.; Nielsen, K.P.; Bojesen, S.E.; Calatayud, D.; Nielsen, S.E.; Yilmaz, M.;
Holländer, N.H.; et al. MicroRNA biomarkers in whole blood for detection of pancreatic cancer. JAMA 2014, 311, 392–404.
[CrossRef]

42. Yan, Q.; Hu, D.; Li, M.; Chen, Y.; Wu, X.; Ye, Q.; Wang, Z.; He, L.; Zhu, J. The Serum MicroRNA Signatures for Pancreatic Cancer
Detection and Operability Evaluation. Front. Bioeng. Biotechnol. 2020, 8, 379. [CrossRef]

43. Komatsu, S.; Ichikawa, D.; Miyamae, M.; Kawaguchi, T.; Morimura, R.; Hirajima, S.; Okajima, W.; Ohashi, T.; Imamura, T.;
Konishi, H.; et al. Malignant potential in pancreatic neoplasm; New insights provided by circulating miR-223 in plasma.
Expert Opin. Biol. Ther. 2015, 15, 773–785. [CrossRef] [PubMed]

44. Bartsch, D.K.; Gercke, N.; Strauch, K.; Wieboldt, R.; Matthäi, E.; Wagner, V.; Rospleszcz, S.; Schäfer, A.; Franke, F.S.;
Mintziras, I.; et al. The combination of miRNA-196b, LCN2, and TIMP1 is a potential set of circulating biomarkers for screening
individuals at risk for familial pancreatic cancer. J. Clin. Med. 2018, 7, 295. [CrossRef] [PubMed]

45. Peng, C.; Wang, J.; Gao, W.; Huang, L.; Liu, Y.; Li, X.; Li, Z.; Yu, X. Meta-analysis of the diagnostic performance of circulating
micrornas for pancreatic cancer. Int. J. Med. Sci. 2021, 18, 660–671. [CrossRef] [PubMed]

46. Wang, J.; Raimondo, M.; Guha, S.; Chen, J.; Diao, L.; Dong, X.; Wallacew, M.B.; Killary, A.M.; Frazier, M.L.; Woodward, T.A.; et al.
Circulating microRNAs in pancreatic juice as candidate biomarkers of pancreatic cancer. J. Cancer 2014, 5, 696–705. [CrossRef]
[PubMed]

47. Humeau, M.; Vignolle-Vidoni, A.; Sicard, F.; Martins, F.; Burnt, B.; Buscail, L.; Torrisani, J.; Cordelier, P. Salivary microRNA in
pancreatic cancer patients. PLoS ONE 2015, 10, e0130996. [CrossRef] [PubMed]

48. Xiao, D.; Dong, Z.; Zhen, L.; Xia, G.; Huang, X.; Wang, T.; Geo, H.; Yang, B.; Xu, C.; Wu, W.; et al. Combined exosomal GPC1,
CD82, and serum CA19-9 as multiplex targets: A specific, sensitive, and reproducible detection panel for the diagnosis of
pancreaticcancer. Mol. Cancer Res. 2020, 18, 1300–1310. [CrossRef]

49. 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]

50. Sefrioui, D.; Blanchard, F.; Toure, E.; Basile, P.; Beaussire, L.; Dolfus, C.; Perdix, A.; Pares, 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]

51. Wu, H.; Guo, S.; Liu, X.; Li, Y.; Su, Z.; He, Q.; Liu, X.; Zhang, Z.; Yu, L.; Shi, X.; et al. Noninvasive detection of pancreatic ductal
adenocarcinoma using the methylation signature of circulating tumour DNA. BMC Med. 2022, 20, 458. [CrossRef]

52. Xu, Y.; Qin, T.; Li, J.; Wang, X.; Gao, C.; Xu, C.; Hao, J.; Liu, J.; Gao, S.; Ren, H. Detection of circulating tumor cells using negative
enrichment immunofluorescence and an in situ hybridization system in pancreatic cancer. Int. J. Mol. Sci. 2017, 18, 622. [CrossRef]

53. Verstei Jne, E.; van Dam, J.L.; Suker, M.; Janssend, Q.P.; Groothuis, K.; Akkermans-Vogelaar, J.M.; Basselink, M.G.; Bonsing, B.A.;
Buijsen, J.; Busch, O.R.; et al. Neoadjuvant chemoradiotherapy versus upfront surgery for resectable and borderline resectable
pancreatic cancer: Long-term results of the Dutch randomized PREOPANC trial. J. Clin. Oncol. 2022, 40, 1220–1230. [CrossRef]

54. Bailey, P.; Chang, D.K.; Nones, K.; Johns, A.L.; Patch, A.M.; Gingras, M.C.; Miller, D.K.; Christ, A.N.; Bruxner, T.J.C.;
Quinn, M.C.; et al. Genomic analysis identify molecular subtypes of pancreatic cancer. Nature 2016, 531, 47–52. [CrossRef]
[PubMed]

55. Kruger, S.; Heinemann, V.; Ross, C.; Diehl, F.; Nagel, D.; Ormanns, S.; Liebmann, S.; Prinz-Bravin, I.; Westphalen, C.B.;
Haas, M.; 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. 2018, 29, 2348–2355. [CrossRef] [PubMed]

https://doi.org/10.1093/annonc/mdx004
https://www.ncbi.nlm.nih.gov/pubmed/28104621
https://doi.org/10.1038/sj.bjc.6600475
https://doi.org/10.1038/nature14581
https://www.ncbi.nlm.nih.gov/pubmed/26106858
https://doi.org/10.1021/acsami.0c06785
https://www.ncbi.nlm.nih.gov/pubmed/32603586
https://doi.org/10.1021/acsnano.7b08199
https://www.ncbi.nlm.nih.gov/pubmed/29570265
https://doi.org/10.3390/ijms20133305
https://doi.org/10.3389/fonc.2021.801173
https://doi.org/10.1001/jama.2013.284664
https://doi.org/10.3389/fbioe.2020.00379
https://doi.org/10.1517/14712598.2015.1029914
https://www.ncbi.nlm.nih.gov/pubmed/25819175
https://doi.org/10.3390/jcm7100295
https://www.ncbi.nlm.nih.gov/pubmed/30241369
https://doi.org/10.7150/ijms.52706
https://www.ncbi.nlm.nih.gov/pubmed/33437201
https://doi.org/10.7150/jca.10094
https://www.ncbi.nlm.nih.gov/pubmed/25258651
https://doi.org/10.1371/journal.pone.0130996
https://www.ncbi.nlm.nih.gov/pubmed/26121640
https://doi.org/10.1158/1541-7786.MCR-19-0588
https://doi.org/10.3892/ol.2020.11302
https://doi.org/10.1038/bjc.2017.250
https://doi.org/10.1186/s12916-022-02647-z
https://doi.org/10.3390/ijms18040622
https://doi.org/10.1200/JCO.21.02233
https://doi.org/10.1038/nature16965
https://www.ncbi.nlm.nih.gov/pubmed/26909576
https://doi.org/10.1093/annonc/mdy417
https://www.ncbi.nlm.nih.gov/pubmed/30346475


Int. J. Mol. Sci. 2024, 25, 1640 14 of 14

56. Gemenetzis, G.; Groot, V.P.; Yu, J.; Ding, D.; Tenor, J.A.; Javed, A.A.; Wood, L.D.; Burkhart, R.A.; Cameron, J.L.; Makary, M.; et al.
Circulating tumor cells dynamics in pancreatic adenocarcinoma correlate with disease status: Results of the prospective CLUSTER
study. Ann. Surf. 2018, 268, 408–420. [CrossRef] [PubMed]

57. Yin, L.; Pu, N.; Thompson, E.; Miao, Y.; Wolfgang, C.; Yu, J. Improved assessment of response status in patients with pancreatic
cancer treated with neoadjuvant therapy using somatic mutations and liquid biopsy analysis. Clin. Cancer Res. 2021, 27, 740–748.
[CrossRef] [PubMed]

58. Singh, N.; Gupta, S.; Pandey, R.M.; Chauhan, S.S.; Saraya, A. High levels of cell-free circulating nucleic acids in pancreatic cancer
are associated with vascular encasement, metastasis and poor survival. Cancer Investig. 2015, 33, 78–85. [CrossRef]

59. Sausen, M.; Phallen, J.; Adleff, V.; Jones, S.; Leary, R.J.; Barrett, M.T.; Anagnostou, V.; Parpart-Li, S.; Murphy, D.; Li, Q.K.; et al. Clinical
implications of genomic alterations in the tumour and circulation of pancreatic cancer patients. Nat. Commun. 2015, 6, 7686. [CrossRef]

60. 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]
[PubMed]

61. Tjensvoll, K.; Lapin, M.; Buhl, T.; Oltedal, S.; Berry, K.S.O.; Gilje, B.; Soreide, J.A.; Javle, M.; Nordgard, O.; Smaaland, R. Clinical
relevance of circulating KRAS mutated DNA in plasma from patients with advanced pancreatic cancer. Mol. Oncol. 2016, 10, 635–643.
[CrossRef]

62. Nakano, Y.; Kitago, M.; Matsuda, S.; Nakamura, Y.; Fujita, Y.; Imai, S.; Shinoda, M.; Yagi, H.; Abe, Y.; Hibi, T.; et al. KRAS
mutations in cell-free DNA from preoperative and postoperative sera as a pancreatic cancer marker: A retrospective study.
Br. J. Cancer 2018, 118, 662–669. [CrossRef]

63. Watanabe, F.; Suzuki, K.; Tamaki, S.; Abe, I.; Endo, Y.; Takayama, Y.; Ishikawa, H.; Kakizawa, N.; Saito, M.; Futsuhara, K.; et al.
Sequential assessments of KRAS- mutated circulating tumor DNA in longitudinal monitoring enable the prediction of prognosis
and therapeutic responses in patients with pancreatic cancer. J. Clin. Oncol. 2019, 37, e15712. [CrossRef]

64. Earl, J.; Garcia-Nieto, S.; Martinez-Avila, J.C.; Montans, J.; Sanjuanbenito, A.; Rodríguez-Garrote, J.; Lisa, E.; Mendía, E.;
Lobo, E.; Malats, N.; et al. Circulating tumor cells (Ctc) and kras mutant circulating free Dna (cfdna) detection in peripheral blood
as biomarkers in patients diagnosed with exocrine pancreatic cancer. BMC Cancer 2015, 15, 797. [CrossRef] [PubMed]

65. Zhang, Y.; Wang, F.; Ning, N.; Chen, Q.; Yang, Z.; Guo, Y.; Xu, D.; Zhang, D.; Han, T.; Cui, W. Patterns of circulating tumor cells
identified by CEP8, CK and CD45 in pancreatic cancer. Int. J. Cancer 2015, 136, 1228–1233. [CrossRef]

66. Okubo, K.; Uenosono, Y.; Arigami, T.; Makati, Y.; Matsushita, D.; Yanagita, S.; Kuruhara, H.; Sakoda, M.; Kijima, Y.;
Maemura, K.; et al. Clinical impact of circulating tumor cells and therapy response in pancreatic cancer. Eur. J. Surg. Oncol.
2017, 43, 1050–1055. [CrossRef] [PubMed]

67. 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]

68. Frampton, A.E.; Prado, M.M.; López-Jiménez, E.; Fajardo-Puerta, A.B.; Jawad, Z.A.R.; Lawton, P.; Giovanetti, E.; Habib, N.A.;
Castellano, L.; Stebbing, J.; et al. Glypican-1 is enriched in circulating-exosomes in pancreatic cancer and correlates with tumor
burden. Oncotarget 2018, 9, 19006–19013. [CrossRef]

69. Vaupel, P.; Mayer, A. Hypoxia in cancer: Significance and impact on clinical outcome. Cancer Metastasis Rev. 2007, 26, 225–239.
[CrossRef] [PubMed]

70. Wang, X.; Luo, G.; Zhang, K.; Cao, J.; Huang, C.; Jiang, T.; Liu, B.; Su, L.; Qiu, Z. Hypoxic tumor-derived exosomal miR-301a
mediates M2 macrophage polarization via PTEN/PI3Kg to promote pancreatic cancer metastasis. Cancer Res. 2018, 78, 4586–4598.
[CrossRef] [PubMed]

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/10.1097/SLA.0000000000002925
https://www.ncbi.nlm.nih.gov/pubmed/30080739
https://doi.org/10.1158/1078-0432.CCR-20-1746
https://www.ncbi.nlm.nih.gov/pubmed/33082211
https://doi.org/10.3109/07357907.2014.1001894
https://doi.org/10.1038/ncomms8686
https://doi.org/10.1038/bjc.2016.175
https://www.ncbi.nlm.nih.gov/pubmed/27280632
https://doi.org/10.1016/j.molonc.2015.11.012
https://doi.org/10.1038/bjc.2017.479
https://doi.org/10.1200/JCO.2019.37.15_suppl.e15712
https://doi.org/10.1186/s12885-015-1779-7
https://www.ncbi.nlm.nih.gov/pubmed/26498594
https://doi.org/10.1002/ijc.29070
https://doi.org/10.1016/j.ejso.2017.01.241
https://www.ncbi.nlm.nih.gov/pubmed/28233633
https://doi.org/10.1159/000495281
https://doi.org/10.18632/oncotarget.24873
https://doi.org/10.1007/s10555-007-9055-1
https://www.ncbi.nlm.nih.gov/pubmed/17440684
https://doi.org/10.1158/0008-5472.CAN-17-3841
https://www.ncbi.nlm.nih.gov/pubmed/29880482

	Introduction 
	Methodologies and Technological Approaches for LB 
	ctDNA 
	CTCs 
	EVs 

	Impact of LB in Early and Differential Diagnosis of PDAC 
	ctDNA 
	CTCs 
	EVs 
	miRNAs 

	Role of LB after Resection of PDAC 
	ctDNA 
	CTCs 
	EVs 

	Assessment of NAC in PDAC 
	The Use of LB and in Recurrence and Prognosis of PDAC 
	ctDNA 
	CTCs 
	EVs 

	Conclusions 
	References

